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ARTICLE INFO ABSTRACT

Editor: Dimitra A Lambropoulou Widespread use of pesticides globally has led to serious concerns about environmental contamination, particu-

larly with regard to aquatic and soil ecosystems. This work involved investigating concentrations of 64 pesticides
Keywords: in surface-water and soil samples collected in four provinces along the Mekong River in Cambodia during the dry
Pesticides and rainy seasons (276 samples in total), and conducting semi-structured interviews with local farmers about

:Eirlface water pesticide use. Furthermore, an ecological risk assessment of the detected pesticides was performed. In total, 56
Mekong River pesticides were detected in surface water and 43 in soil, with individual pesticides reaching maximum con-
SPE centrations of 1300ng/L in the surface-water samples (tebufenozide) and 1100ng/g dry weight in the soil
QUEChERS samples (bromophos-ethyl). The semi-structured interviews made it quite evident that the instructions that
LC-MS/MS farmers are provided regarding the use of pesticides are rudimentary, and that overuse is common. The perceived

Ecological risk assessment

effect of pesticides was seen as an end-point, and there was a limited process of optimally matching pesticides to
pests and crops. Several pesticides were used regularly on the same crop, and the period between application and
harvest varied. Risk analysis showed that bromophos-ethyl, dichlorvos, and iprobenfos presented a very high risk
to aquatic organisms in both the dry and rainy seasons, with risk quotient values of 850 for both seasons, and of
67 in the dry season and 78 in the rainy season for bromophos-ethyl, and 49 in the dry season and 16 in the rainy
season for dichlorvos. Overall, this work highlights the occurrence of pesticide residues in surface water and soil
along the Mekong River in Cambodia, and emphasizes the urgent need for monitoring and improving pesticide
practices and regulations in the region.
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1. Introduction

Pesticides are used to protect crops and improve production yields by
reducing losses due to insect pests, plant pathogens, and weeds (Boye
et al., 2019; Bureau-Point, 2021; Kazimierczak et al., 2022; Lee and
Choi, 2020; Louati et al., 2023; Louca Christodoulou et al., 2018; Mat-
sukawa et al., 2016; Sulaiman et al., 2019). Approximately 3 million
tonnes of pesticides are utilized annually worldwide: 18 % of this is used
in Europe, 15% in the United States, 10 % in China, and 0.58 % in
Cambodia (FAOSTAT, 2020). Pesticides are subdivided into several
subgroups: 53 % are herbicides, 23 % fungicides and bactericides, 18 %
insecticides, and 3 % other pesticides (FAOSTAT, 2020). However, this
massive use of pesticides has caused great concern regarding global
environmental contamination, in particular in relation to aquatic eco-
systems and water, soil, etc. (Bureau-Point, 2021; Ciglasch, 2006; Der-
balah et al., 2020; Devault et al., 2009; Donets et al., 2022; Ecobichon,
2001; Eissa et al., 2021; Freixo et al., 2015; Ha et al., 2010; Khammanee
et al., 2020; Kruawal et al., 2005; Lee and Choi, 2020; Olisah et al.,
2022; Rapp-Wright et al., 2023; Salem et al., 2021; Sangchan et al.,
2014; Shehu et al., 2022; Silva et al., 2019; Simsek Uygun and Albek,
2022; Stehle et al., 2019; Tan et al., 2020; Toth et al., 2022; Troger et al.,
2021; Vittoria Barbieri et al., 2021; Xu et al., 2020; Yang et al., 2019;
Zarei-Choghan et al., 2022).

Pesticides also have a strong ecotoxic effect on aquatic flora and
organisms (Daramola et al., n.d.; Huang et al., 2020; Sharma et al., 2022;
Ullah and Zorriehzahra, 2014) and cause several adverse effects, such as
changes in behaviour (Ren et al., 2013; Sharbidre and Patode, 2012),
oxidative stress (Bertrand et al., 2016; Bonifacio et al., 2017; Ezeoyili
etal., 2019; Sharma et al., 2022; Sule et al., 2022; Vellingiri et al., 2022;
Wang et al., 2023), neurological damage (Banaee et al., 2012; Bertrand
et al., 2016; Bonifacio et al., 2017; Cooper and Bidwell, 2006; Sharbidre
and Patode, 2012; Vellingiri et al., 2022; Xuereb et al., 2009), and
genotoxicity (Ismail et al., 2018; Sharma et al., 2022; Ullah and Zor-
riehzahra, 2014). For example, carbofuran and oxamyl affect the
behaviour of Chinese rare minnow (Gobiocypris rarus) (Ren et al., 2013)
and carbendazim induces oxidative stress leading to apoptosis, causes
multiorgan toxicity in various animals models, and is teratogenic,
mutagenic, and aneugenic (Sharma et al., 2022). In the range of
0.22-0.64 mg/L, concentrations of carbendazim have been shown to
inhibit the activity of acetylcholinesterase and cause oxidative stress in
the brain of the African cat fish (Clarias gariepinus) (Ezeoyili et al., 2019).

Due to the environmental effects of pesticides they are heavily
regulated in many countries; in the European Union this began in the
1960s, and in the United States in 1972 (Delaplane, 2000). In highly
regulated markets all pesticides are continuously evaluated, and usage
can be either banned or restricted. However, in less regulated markets
pesticides with strong ecological effects are still used, and this is a
particular problem in less wealthy developing countries with predomi-
nantly agricultural economy (Ecobichon, 2001; Rahman, 2021; Sadique
Rahman, 2022).

Cambodia is one of the poorest countries in the world, and has a
largely rural population where most workers are farmers (Asian Devel-
opment Bank, 2021; United Nations Population Division, 2022; World
Population Review, 2022). Pesticide usage in Cambodia is high,
reflecting the importance of agriculture (Schreinemachers et al., 2015,
2017). There is no pesticide manufacturing in Cambodia, however, so all
pesticides are imported from Vietnam, Thailand, and China. Moreover,
estimated usage of pesticides in Cambodia is predicted to increase by
61 % annually (Schreinemachers et al., 2015, 2017). All pesticides that
are legally imported must follow Cambodian legislation regarding
quality assurance and labelling in the Khmer language, which reduces
the risk of misuse. However, it has been shown that illegally imported
pesticides are used, and these pose a greater risk because farmers are
unable to read instructions written when these are in the language of the
origin of the pesticide (Schreinemachers et al., 2017). In spite of this,
screening of pesticides in environmental matrices such as water and soil
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has never been conducted in Cambodia, and published studies have
instead focused on vegetables and rice (Chhay et al., 2017; Malacrino
et al., 2020; Mohammad et al., 2018; Schreinemachers et al., 2015,
2017, 2020), severely limiting the possibility of targeted public-health
interventions.

This study analysed surface-water and soil samples collected in two
seasons at 16 sites along the Mekong River in Cambodia for 64 pesticides
in order to identify pesticide use. In addition, semi-structured interviews
and an environmental risk assessment for the pesticides detected in the
surface-water samples were undertaken by calculating risk quotients.

2. Material and methods
2.1. Chemicals

The pesticide standards and internal standards used in this study
were classified as analytical grade (95-99.8%); chemical abstract
numbers and supplier information are provided in the supplementary
material (see Table S1). Stock solutions of each pesticide were prepared
in methanol or acetonitrile and stored at -18 °C. The 64 pesticides were
selected in relation to current legislation and usage in Cambodia, based
on previous studies and information from local authorities (Kang and
Visarto, 2015; Sokcheng et al., 2021). LC/MS grade methanol and
acetonitrile (Lichrosolv - hypergrade) were purchased from Merck
(Darmstadt, Germany). Purified water was prepared using a Milli-Q
Advantage system and ultraviolet radiation source (Millipore, Bill-
erica, USA). Formic acid (Sigma-Aldrich, Steinheim, Germany) was used
(at 0.1 %) to prepare the mobile chromatographic phases.

2.2. Sampling

We collected samples from four provinces along the Mekong River:
Kompong Cham, Thbong Khmum, Kandal, and Prey Veng (see Fig. 1;
coordinates for these sampling sites are provided in Table S2 and S3 in
the supplementary material). With regard to the soil sample collection,
the criteria were that both dry- and rainy-season crops had been planted
at the site.

A total of 96 surface-water samples and 180 soil samples were
collected; 48 surface-water samples and 90 soil samples during the dry
season between May 20 and 27, 2020, and 48 surface-water samples and
90 soil samples during the rainy season between July 15 and 20, 2020.

Surface-water samples were collected using the manual grab method
in triplicate, at 15-60 cm depth in order to avoid the top surface layer at
each sampling site. Most of the samples were taken 3 m (+/— 1 m) from
the river bank using a telescopic water sampler, and a subset of the
samples was taken in the centre of the main flow from either a boat or
bridge (see Table S2 in the supplementary material). Sampling was
conducted by first rinsing a 500 mL polyethylene bottle three times with
surface water from the sampling site, then submerging and filling it to
approximately 490 mL he samples were immediately stored in ice
coolers at approximately 4 °C, and transported to the Chemistry Labo-
ratory at the Royal University of Phnom Penh in Cambodia within 5 h of
sampling. The samples were kept at -18 °C until they were analysed at
the Environmental Chemistry Laboratory at Umeda University in Sweden.

Soil samples were taken using a random systematic approach at
depths of 0 to 20 cm using a steel scoop. At each sampling location
triplicate samples were collected, and each sample consisted of five in-
dividual core soil samples (each weighed about 100 g); these were
placed in well-labelled, clean polyethene zip-lock bags, and were me-
chanically mixed by shaking. For storage and transportation, the same
protocol was followed as for the surface-water samples. The 500 g of
mixed soil samples were sieved using a sieve (mesh size, 2 mm) and
mixed by a stainless-steel spoon then approximately 30 g of sieved soil
samples were placed in well-labelled and clean polyethene zip-lock bags.
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2.3. Pretreatment

In total, 276 samples of surface water and soil from 16 sampling sites
were analysed for residues of 64 different pesticides. The pesticides were
from three main groups — organophosphates, carbamates, and pyre-
throids — and several smaller ones, including nitrophenol derivatives,
triazine derivative pesticides, etc. Most pesticides are classified by the
World Health Organization as being slightly to extremely hazardous and
are thought to be currently in use in Cambodia (EJF, 2002; PPDB, 202.3;
WHO, 2020). The protocol of sample pretreatment of surface water and
soil sample is in supplementary material.

2.4. LC-MS/MS analysis

Concentrations of the 64 selected pesticides in the surface-water and
soil samples were measured using ultra-high-performance liquid chro-
matography and tandem mass spectrometry (UHPLC-MS/MS) (Loz-
owicka et al., 2016). Analysis was made using a Dionex UltiMate 3000
UHPLC system consisting of two LC pumps (Ultimate LPG 3400SD
quaternary pump and HPG 3400RS binary UHPLC pump) with an
analytical column (Thermo Scientific Hypersil GOLD aQ, 100 x 2.1 mm,
3 pm) equipped with a precolumn (Hypersil GOLD, 10 x 2.1 mm, 3 pm),
connected to a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Scientific). A heated-electrospray ionization (HESI) ion source
was used, operating in positive or negative mode. Chromeleon Xpress
(Thermo Scientific) was used to control the UHPLC system. Chromato-
graphic separation was achieved using a gradient of Milli-Q water,
acetonitrile, and methanol (LiChrosolv, Merck, Darmstadt, Germany). A
gradient of 0.1 % formic acid in Milli-Q water and 0.1 % formic acid in
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acetonitrile was used as a mobile phase. The detailed gradient pro-
gramme is shown in the supplementary information (see Table S4). The
resolution for both quadrupoles was 0.7 full width of the peak at half its
maximum height. The spray voltage was 3500 V, sheath gas 40 arbitrary
units, sweep gas 0 arbitrary units, ion transfer tube temperature 350 °C,
and vaporiser temperature 338 °C.

Two MS/MS transitions — one for quantification and one for quali-
fication — were monitored for all analytes. MS/MS transitions, corre-
sponding collision energies, associated internal standards, and retention
times for each analyte are shown in Table S5 (supplementary material).
Peak identification was performed by matching the sample and refer-
ence standard components using the Xcalibur™ 4.3 software (Thermo
Fisher Scientific). An eight-point calibration curve for the range
1-500 ng/L was used for linearity evaluation and quantification. The
results are presented as ng of pesticide compound per L of surface water
or per g of dry weight (dw) for the surface-water and soil samples,
respectively.

2.5. Quality assurance and quality control

Injection of several blank samples (procedural and instrumental
blanks) was performed regularly during the analytical runs to detect
contamination and sample carry-over. Carry-over effects were also
evaluated by injecting standards at 500 ng/L followed by three mobile
phase blanks. Two transitions were used, with the criterion that the ratio
between the transitions could not deviate more than +30 % from the
ratio of the corresponding calibration standard. Retention times for all
analytes also had to be within +2.5 % of the retention time in the cor-
responding calibration standard. Together, this gave four identification

Fig. 1. Sampling sites in each province.
KC =Kompong Cham, TK = Thbong Khmum, KD =Kandal and PV =Prey Veng. M1-8 are sampling sites along the Mekong River. MS1-4 are sampling sites of
streams near farms from the Mekong River. B1-2 are sampling sites along the Bassac River. BS1-2 are sampling sites of streams near farms from the Bassac River.
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points (the highest possible number), as described in the Commission
Decision 2002/657/EC (European Commision, 2002) concerning the
performance of analytical methods and interpretation of results. The
limit of quantification (LOQ) was determined from the second-lowest
point within the linear range on the calibration curve.

2.6. Semi-structured interviews

Semi-structured interview is a data-collection method that involves
asking questions which are not set in terms of order or phrasing, but are
organised within a predetermined thematic framework (Adams, 2015).
Fourteen informants — twelve farmers, who owned fields in the areas
where soil samples were collected, and two key officials — were chosen as
interviewees. During dry-season cropping from 20 to 27 May 2020 and
rainy-season cropping from 15 to 24 July 2020, semi-structured in-
terviews based on a question form were conducted in order to obtain
information from the informants about the types of pesticides they use,
duration for which they spray pesticides, and when they harvest produce
(summarised in Table S6 in the supplementary material). During the
interviews and field observations, product identification relating to
pesticides and the language on the labels of pesticide packaging was also
performed.

2.7. Environmental risk assessment

The environmental risk assessment for the pesticides detected in the
surface-water samples for the dry and rainy seasons was performed by
calculating the risk quotient (RQ) using Eq. (1).

MEC

RQ = pNEC m
where MEC is the maximum measured environmental concentration
(detected maximum concentration of each pesticide at all sites)
(Abraham Rivera-Jaimes et al., 2018). Where any pesticides were
detected in the range between the limit of detection (LOD) and the LOQ,
the MEC was expressed as zero. The lowest predicted no-effect con-
centration (PNEC) for fresh water was obtained from various databases,
such as the Norman Ecotoxicology and Pesticide Properties Database
(NORMAN Network, 2023; PPDB, 2023) (see Table S1 in the supple-
mentary material). In the case that no lowest PNEC fresh water values
were available in databases, this was calculated by dividing the no-
observed-effect concentration (NOCE) value by an assessment factor
(AF) obtained from Van Leeuwen and Vermeire (Van Leeuwen and
Vermeire, 2007). When RQ < 0.01 the targeted pesticide has a very low
risk to aquatic organisms, and when 0.01 <RQ < 0.1, the ecological risk
level is low. When 0.1 <RQ <1 the targeted pesticide has a moderate
risk to aquatic organisms. When 1 <RQ < 10, the targeted pesticide has
a high risk to aquatic organisms, and when RQ > 10, the ecological risk
level is very high (Van Leeuwen and Vermeire, 2007).

2.8. Data and statistical analysis

The data analysis of the pesticide concentrations in the surface-water
(ng/L) and soil (ng/g dw) samples are presented as maximum and
average values for each pesticide. The values below the LOQ for each
pesticide in triplicate surface-water samples and individual soil samples
for each site were replaced by LOQ/2 (Osorio et al., 2016) in order to get
the average concentration for each pesticide. Detection frequency (%) is
presented as the percentage of samples with pesticides detected above
the LOQ based on average concentration of all of the samples analysed.
Pearson correlation coefficients (values below LOQ were set as zero)
were used to identify the correlation between average pesticide con-
centrations in surface water in the dry and rainy seasons, between
average pesticide concentrations in soil in the dry and rainy seasons, and
between average pesticide concentrations in surface water and in soil in
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the dry and rainy seasons. Welch’s t-test (two tails, unequal variances)
with a 95 % confidence interval was used to compare concentrations of
each pesticide at each site for the dry and rainy seasons. In these sta-
tistical calculations, values below the LOQ for each pesticide were
replaced by LOQ/2, and standard deviations were set to the theoretical
maximum value. A p-value below 0.05 was considered to be statistically
significant. In order to obtain an overview of the results, principal
component analysis (PCA) was used. PCA is a latent vector-based
method that compresses data into orthogonal vectors that summarise
the variation and correlation patterns in the data. PCA is a very powerful
tool, and typically two to five principal components (PCs) are sufficient
to represent the structured information in a multivariate table. PCA was
used to provide an overview of the possible correlations between soil
concentrations and crop type.

Microsoft Office Excel 2019 (WA, USA) was used to calculate con-
centrations of analytes, create all figures, and perform Pearson
correlation-coefficient analysis. Simca-P 17 (Umetrics, USA) was used to
perform PCA.

3. Results and discussion
3.1. Quality assurance and quality control

The analytical method performance was stable throughout the study.
All retention times were within 1.5 % of the corresponding standards, no
carry-over effects were observed, no pesticides were detected in the
instrumental or procedural blank samples, and R? values were above
0.97 for all calibration curves in the given concentration ranges (see
Table S5 in the supplementary material). LOQs for the analysed pesti-
cides are shown in the supplementary material (Table S4).

3.2. Surface water

A total of 56 out of the 64 pesticides were detected in the 96 surface-
water samples, with average concentrations for individual pesticides
ranging from 0.05 to 1300 ng/L (see Fig. 2 and Table S7 in the supple-
mentary material). Our results are comparable with those of previous
published studies, e.g. a study of 24 pesticides at three different tribu-
taries of the Mae Sa River in Northern Thailand detected pesticides in
concentrations ranging from 10 to 590ng/L (Ciglasch, 2006). In a
research project that focused on 2362 contaminants, 586 pesticides were
detected up to a maximum concentration of 1171 ng/L in the Danube
River Basin, Europe’s second largest river basin (Ng et al., 2023).
Furthermore, a review article that focused on approximately 150 pes-
ticides — mostly herbicides and insecticides — found that these were
detected in a range from 7 to 322 ng/L at 609 urban surface water sites
in the United States (Stehle et al., 2019).

The five pesticides with the highest detected concentration levels in
surface water in our study were the insecticide tebufenozide (1300 ng/
L), the herbicide isocarbamid (700ng/L), the herbicide fluroxypyr
(520 ng/L), the fungicide metabolite N,N-dimethyl-N-(4-methylphenyl)
sulfamide (DMST; 200ng/L), and the fungicide atrazine-desethyl
(120 ng/L) (Fig. 2 and Table S7 in the supplementary material). This
contrasts with previous studies, which detected the insecticide tebufe-
nozide in the Rhone River delta (France) at a maximum concentration
level of 120 ng/L (Comoretto et al., 2007) and in the River Thur in
Switzerland at a concentration of 2.6 ng/L (NORMAN Network, 2023),
and the herbicide fluroxypyr in the Rivers Derg and Finn in Northwest
Ireland at a maximum concentration of 28.7 ng/L (Farrow et al., 2022)
and in a river near Bruyeres-le-Chatel in France at a concentration of
54ng/L (NORMAN Network, 2023). In addition, in this study the
highest detected concentration of DMST was 310 ng/L in surface water,
contrasting with a value of 10-12ng/L detected in Arcachon Bay in
France (REPAR, 2011). Very few studies have screened for isocarbamid
in surface water, so there is limited information on this. To the best of
our knowledge we present the first record of the herbicide isocarbamid
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Fig. 2. Surface water average concentration in ng/L in both dry and rainy seasons.
W 2,6-Dichlorobenzamide B Acetamiprid Ametryn M Atraton
M Atrazine-desethyl B Azamethiphos B Aziprotryne B Azoxystrobin
Bentazon B Bromophos-ethyl B Bromoxynil M Bupirimate
Buprofezin Butoxycarboxim Carbendazim M Carbofuran
B Cyclanilide B Cyproconazole Desmetryne Dichlorvos
Dicrotophos B Dimethametryn B Dimethomorph EDMST
DNOC Etrimfos Fenfuram ®Fenobucarb
EFlufenoxuron Fluometuron mFluroxypyr m Flutriafol
M Furalaxyl ¥ Imazamethabenz-methyl "Indoxacarb Iprobenfos
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B Oxamyl Phenmedipham Pyrifenox Pyriftalid
B Pyroquilon B Quinoclamine mSimeton Sulfentrazone
Tebufenozide Tebutam mThiacloprid ¥ Triadimefon
Triazophos M Triazoxide ETriticonazole

M1-8 are sampling sites along the Mekong River. MS1-4 are sampling sites of streams near farms from the Mekong River. B1-2 are sampling sites along the Bassac
River. BS1-2 are sampling sites of streams near farms from the Bassac River. At each site, n=3.
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in surface water, with a maximum value of 1100 ng/L.

The average detection frequency for the 64 individual pesticides was
55 % for the dry season and 57 % for the rainy season. 13 of the 64
pesticides had 100 % detection frequencies in both the dry and rainy
seasons at all investigated sites (see Fig. 2 and Table S7 in the supple-
mentary material). These pesticides were six insecticides; carbofuran,
indoxacarb, isoprothiolane, methomyl, tebufenozide, triazophos, five
herbicides; 2,6-dichlorobenzamide, ametryn, atrazine-desethyl, DNOC,
quinoclamine, and two fungicides; iprobenfos and metabolite DMST.

Fig. 2 shows the concentrations of pesticides for the dry and rainy
seasons. The differences between the most and least polluted sites were
not pronounced. Based on the total sum of average concentrations of all
pesticides for both seasons, the most polluted site was a tributary of the
Mekong River (Site MS4; 2600 ng/), and the least polluted site was
found along the Mekong River (Site M4; 810 ng/L) (see Table S7 in the
supplementary material). The main reason for the high levels at Site MS4
is likely to be high pesticide use in combination with the good drainage
of the fields.

The statistical comparisons of pesticide residue concentrations in
surface-water samples for the dry and rainy seasons show that 71 out of
1024 (64 pesticides at 16 sites) observations were significantly different
(Welch’s t-test, p < 0.05) (see Table S7 in the supplementary material).
Three of the 64 pesticides showed a seasonal pattern: the herbicide
ametryn increased in average concentration in the rainy season at 11
sites (M2, M4, M5, M6, M7, M8, MS1, MS3, MS4, B2, and BS1) according
to Welch’s t-test (p < 0.05) (see Table S7 in the supplementary mate-
rial). This implies that this pesticide is used more in the rainy season at
almost all of the sampling sites, and/or there is increased field run-off at
this time. The insecticides butoxycarboxim and etrimfos had higher
average concentrations in the dry season than the rainy season at three
sites (B1, B2, and BS2) based on Welch’s t-test (p < 0.05) (see Table S7 in
the supplementary material). This indicates that these two insecticides
are used more in the dry season, and/or there is increased field run-off in
the Bassac region at this time.

Pearson’s correlation coefficient was computed to evaluate the
relationship between the dry and rainy seasons in terms of the average
concentration (n=3) of the 64 pesticides. Eleven out of the 64 had a
strong positive correlation, including 2,6-dichlorobenzamide, azox-
ystrobin, triadimefon, acetamiprid, bentazon, bromoxynil, dimetho-
morph, methomyl, ametryn, DNOC, and thiacloprid. This indicates that
if the concentration of these 11 pesticides was high in the dry season, it
was also high in the rainy season. This in turn implies that these pesti-
cides are used consistently, regardless of season.

A rough estimate of the daily environmental load of pesticides can be
calculated using average values (from dry- and rainy season) at sampling
point M8, which is the most downstream site on the Mekong River,
included in our study. Average sum of all pesticides at sampling point
M8 was 1800 ng/L (based on all measured samples, dry- and rainy
season, Fig. 2). Based on the annual average flow in the Mekong River
(16,000 m%/s) and a conservative assumption of no degradation, a rough
estimate would then be that approximately 2.6t of all pesticides are
discharged into the river every day.

3.3. Soil

Of the 64 pesticides, 43 were detected in concentrations ranging
from 0.05 to 1100 ng/g dw in 180 soil samples obtained from sites along
the Mekong River in Cambodia (Table S8 in the supplementary mate-
rial). Several studies have measured pesticide concentrations in soil (e.g.
(Braun et al., 2018; Khammanee et al., 2020; Salem et al., 2021; Tan
et al., 2020). In a recent study, residues of 41 pesticides were measured
at concentrations ranging from 0.2 to 675.4ng/g wet weight (ww) in
256 tropical topsoil samples obtained from a riverside basin in China
(Tan et al., 2020); another study found residue of 15 pesticides at con-
centrations ranging from 2.05 to 58.7 ng/g dw in 20 soil samples ob-
tained from paddy fields in Thailand (Khammanee et al., 2020).
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Notably, our results were higher than most other studies, which could
indicate that the Cambodian farmers apply larger amounts of pesticides
per square metre than is recommend by manufacturers.

The five pesticides with the highest detected concentration levels in
soil in our study were the insecticide bromophos-ethyl (1100 ng/g dw),
the plant-growth regulator naptalam (610ng/g dw), the fungicide
azoxystrobin (480 ng/g dw), the herbicide phenmedipham (380 ng/g
dw), and the fungicide dimethomorph (210 ng/g dw) (see Table S8 in
the supplementary material). Previous studies have detected azox-
ystrobin in topsoil samples from paddy rice fields in the Red River Delta
in Vietnam at a maximum concentration of 15.7 ng/g dw (Braun et al.,
2018), the herbicide phenmedipham in arable soils in Finland at a
maximum concentration of 60 ng/g dw (Laitinen et al., 2006), and the
fungicide dimethomorph in China at a maximum concentration of
677 ng/g ww (Chen et al., 2018). Very few studies have screened for
bromophos-ethyl and naptalam in soil, so there is still limited infor-
mation on this. To the best of our knowledge, we present the first record
of the insecticide bromophos-ethyl and the plant-growth regulator
naptalam in soil, with maximum values of 1100 ng/g dw and 610 ng/g
dw, respectively.

The average detection frequency based on average concentration
was 16 % during the dry season and 22 % during the rainy season. The
fungicide carbendazim was found in both the dry and rainy seasons at all
investigated sites (see Fig. 3 and Table S8 in the supplementary
material).

The most and least polluted sites, based on total sum average con-
centration of all pesticides for both seasons, were M7 and M3, respec-
tively, and were both situated on the Mekong River (Site M7; 800 ng/g
dw, and Site M3; 6 ng/g dw) (see Table S8 in the supplementary mate-
rial). It should be noted that none, or only low levels, of the two pesti-
cides that were detected at the highest amount in the most contaminated
soil sampling site (M7) were detected in the corresponding surface-
water samples, even though the surface-water samples were collected
in close proximity to the soil-sampling sites. This could be due to either
recent applications or restricted mobility on the part of the applied
pesticides at these sites (Bhandari et al., 2020). A very strong smell of
chemicals was noted during field sampling at Site M7, which indicates
that the elevated levels were due to recent pesticide application.

The pattern of pesticide residues in soil samples differed from those
in surface-water samples (see Figs. 2 and 3). This is likely because
different pesticides were used at different sites and regions. The com-
pound that was found in the highest average concentration was the
insecticide bromophos-ethyl, which was present at almost all of the
investigated sites in both the dry and rainy seasons (see Fig. 3).

The statistical comparisons of the pesticide residue concentrations in
the soil samples between the dry and rainy seasons show that 22 of the
960 (64 pesticides at 15 sites) observations were significantly different
(Welch’s t-test, p < 0.05) (see Table S8 in the supplementary material).
This indicates that there is no statistical difference between the dry and
rainy season as regards the soil samples with a 95 % confidence interval.

Pearson’s correlation coefficient was computed in order to evaluate
the relationship between the dry and rainy seasons in terms of the
average concentration of the 64 pesticides. Nine pesticides had a strong
positive correlation; one explanation for this may be that farmers use the
same pesticides across the two seasons.

PCA did not provide any information beyond there being no corre-
lation between crop type and pesticide used. Two PCs were calculated
that condensed only 27.7 % of the variation in the descriptor set (see
Fig. S1 in the supplementary material).

3.4. Surface water vs. soil

Of the 64 pesticides included in this study, 56 and 43 were detected
above the LOQ in the surface-water and soil samples, respectively (see
Table S7 for surface-water and Table S8 for soil in the supplementary
material), and a total of 59 out of the 64 pesticides were detected in
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Fig. 3. Soil average concentration in ng/g dw in both dry and rainy seasons.
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M1-8 are sampling sites along the Mekong River. MS1-4 are sampling sites of streams near farms from the Mekong River. B1-2 are sampling sites along the Bassac
River. BS1-2 are sampling sites of streams near the farm from the Bassac River. The number of samples (n) depends on the number of product types available at each

site.

At M3, M4, MS3 and MS4 sites: n = 3; At M5, M6, M7, MS1, B2, BS1 and BS2 sites: n = 6; At M1, M2, M8 and B1: n=09.
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samples of either type. Forty pesticides were present in both surface-
water and soil samples, 16 were detected only in surface-water sam-
ples, and three were found only in soil samples.

Pearson’s correlation coefficient was computed in order to evaluate
the relationship between the surface-water and soil samples for both the
dry and rainy seasons. This statistical analysis was based on the average
concentration of the 40 pesticides detected in both the surface-water and
soil samples. Pearson’s correlation coefficient showed that there were
five pesticides with a strong positive correlation for the dry season;
DNOC, iprobenfos, tebufenozide, triazoxide, and triticonazole. This
correlation indicates that if the concentration of these five pesticides was
high in the surface-water samples, it was also high in the soil samples
obtained from nearby. One explanation for this may be that pesticides
leach from the soil and contaminate the surface water. However, there
was no strong correlation between average concentration in surface
water and in soil in the rainy season, which indicates that pesticide
dissipation during the rainy season is more complex, and that usage is
the main factor.

3.5. Semi-structured interviews

All twelve of the interviewed farmers used pesticides and plant-
growth regulators during their crop-production cycles. However, none
knew the active ingredients in the pesticide products they used, either
due to inadequate labelling (usually in Thai or Vietnamese) or their own
literacy issues. Visual inspection of products used by the interviewed
farmers and packages observed at sampling sites made it possible to
determine 13 individual products containing 15 identified pesticides
(see Table S9 in the supplementary information). Seven of the products
were labelled in non-Khmer languages (38 % in Vietnamese and 8 % in
Thai; see Table S9 in the supplementary material). Furthermore, the
farmers described frequently mixing multiple pesticide products in spray
tanks and applying this mixture without consideration of the kinds of
pesticides being used. This finding is consistent with other research that
has evaluated the actual status of pesticide use by farmers in rural
Cambodia (Matsukawa et al., 2016). Twenty-five percent of the inter-
viewed farmers reported that they use plant-growth regulators to sup-
port stem and leaf growth. Information regarding quantities to be used
and time between application and harvest was described as being ac-
quired from neighbours and pesticide sellers. Pesticides were described
as being used to prevent pests damaging crops and to control diseases.
Thirty-three percent of the interviewed farmers stated that they do not
follow the advice obtained from their neighbours and/or pesticide
sellers. They stated that, as a result of their produce being severely
damaged by insects, the active ingredients are often applied in up to
twice the recommended dose. In addition, pesticide application is
influenced by the perceived effectiveness of the product: 16 % of the
interviewed farmers mentioned that when applied pesticides have not
prevented insects from damaging the crop, another type of pesticide is
applied the next day. The time from last application to harvest also
depends on the degree of damage caused by insects; when crops are
severely damaged, the time to harvest can be shorter than recom-
mended. Thirty-three percent of the interviewed farmers mentioned that
when there is low demand for crops, the time to harvest is sometimes
extended.

Based on the semi-structured interviews, it was clear that the in-
structions provided with pesticides are rudimentary, and that overuse is
common. The perceived effect of pesticides was used as an end-point,
and there was little evidence of processes of optimally matching pesti-
cides to pests and crops. Several pesticides were used regularly on the
same crop, and the time between application and harvest often varied.

3.6. Environmental risk assessment

All of the compounds detected in the surface-water samples collected
from the Mekong River were subjected to an environmental risk
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assessment, and RQ values can be found in the supplementary material
(see Table S10 in the supplementary material and Fig. 4). The RQ values
of the detected pesticides ranged from below 0.001 to 850. More than
half presented a very low risk (RQ < 0.001); nine presented a low risk
(RQ 0.01 <RQ < 0.1) in both the dry and rainy seasons. Nine and eleven
presented a moderate risk in the dry and rainy seasons, respectively. For
the high-risk category (1 <RQ < 10), there were two insecticides and
one fungicide in the dry season, and three insecticides in the rainy
season. Three pesticides presented a very high risk, i.e., RQ >10: the
insecticides bromophos-ethyl and dichlorvos and the fungicide
iprobenfos.

The insecticide bromophos-ethyl was associated with an extremely
high risk (RQ = 850 in both the dry and rainy seasons), and is classified
by the WHO as “highly hazardous” and currently banned in Cambodia
(WHO, 2020) The insecticide dichlorvos presented a very high risk
(RQ =67 in the dry season and 78 in the rainy season), and is also
classified by the WHO as “highly hazardous™ and restricted in Cambodia
(WHO, 2020). The fungicide iprobenfos presented a very high risk
(RQ =49 in the dry season, 16 in the rainy season), and is classified as
“moderately hazardous” by the WHO and permitted in Cambodia (WHO,
2020). The result regarding the insecticide bromophos-ethyl is in
agreement with the high RQ (> 10) reported for samples collected in the
Ebro River in Presa De Pina in Spain (RQ =50; 10ng/L) (NORMAN
Network, 2023). Similar to several previous studies, the insecticide
dichlorvos was shown to be very high risk (RQ > 10) in the Tama River,
Japan (RQ =22; 13.2ng/L) (Nakamura and Daishima, 2005); Yangtze
River in China (RQ = 2600; 1552 ng/L) (Gao et al., 2009); Songhuajiang
River in China (RQ = 33; 20 ng/L) (Gao et al., 2009; RQ based on PNEC
values); major rivers in South Korea (RQ =250; 147 ng/L) (Cho et al.,
2014; RQ based on PNEC values); and Santa Maria River in California
(RQ =14; 8.3ng/L) (Phillips et al., 2012; RQ based on PNEC values).
However, other studies have assessed dichlorvos: as presenting a high
risk in the Sarno River and Estuary in Southern Italy (RQ =2.6; 1.5ng/
L) (Montuori et al., 2015; RQ based on PNEC values), and as presenting a
very low risk in the Naseri artificial wetland in Iran (Zarei-Choghan
etal., 2022). Studies have also investigated the fungicide iprobenfos and
achieved a very high RQ: in the Han River Basin in South Korea it was
found in a concentration of 460 ng/L (RQ =130) (Kim et al., 2019; RQ
based on PNEC values), and in the Ansikhola watershed in Nepal at a
concentration of 4,000,000 ng/L (RQ =1,100,000) (Kafle et al., 2015;
RQ based on PNEC values). However, it was also found to be low risk
(RQ >1) in the Kurose and Ashida Rivers in Japan (Derbalah et al.,
2020).

Four pesticides were classified as high-risk; the fungicide triticona-
zole (RQ=4.9 in the dry season; and is classified by the WHO as
“slightly hazardous”) (WHO, 2020), the insecticide tebufenozide
(RQ = 4.5 in the dry season, 2.6 in the rainy season; and is classified by
the WHO as “unlikely to present acute hazard”) (WHO, 2020), the
insecticide acetamiprid (RQ =1.1 in the dry season, 3.3 in the rainy
season; and is classified by the WHO as “moderately hazardous™) (WHO,
2020), and the insecticide azamethiphos (RQ =1.2 in the dry season;
and is classified by the WHO as “moderately hazardous™) (WHO, 2020).
Interestingly, the insecticide tebufenozide was the pesticide detected at
the highest concentration (2600ng/L, and presented a high risk
(1 <RQ < 10). A few studies have shown that acetamiprid is a high-risk
pesticide with an RQ value of 5 (based on surface-water samples
collected from the Yangtze River in China) and 6.7 (samples collected
from wastewater effluent in the Republic of Ireland) (Mahai et al., 2019;
Rapp-Wright et al., 2023). In contrast, in the Louros River in Greece
Kapsi et al. discovered that acetamiprid presented a low risk to
zooplankton (RQ < 0.001) (Kapsi et al., 2019).

4. Conclusion

This study focused on the occurrence of 64 pesticides in surface-
water and soil samples that were collected at 16 sites along the
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Fig. 4. Environmental risk assessment of detected pesticides at maximum concentration (as risk quotients) quantified in surface-water samples along the Mekong

River in both dry and rainy seasons

Risk quotients were calculated based on the detected maximum concentration of each pesticide at all sites and PNEC values obtained from the NORMAN Ecotox-
icology and Pesticide Properties DataBases. In the case that no lowest PNEC fresh water values in the NORMAN database, these values were calculated by dividing the
median effective concentration (EC50) or no-observed-effect concentration (NOCE) by an assessment factor (AF) of 1000 or 100, respectively according to Van
Leeuwen and Vermeire. The specific EC50/NOCE values were sourced from Pesticide Properties DataBase (PPDB), referencing aquatic toxicity studies on the most
sensitive specie. The graph presents three categories: very high (RQ > 10), high (1 <RQ < 10), and moderate (0.1 <, RQ < 1) risk to aquatic organisms.

Ac = Acetamiprid; Az = Azamethiphos; Azo = Azoxystrobin; Br = Bromophos-Ethyl; Ca = Carbendazim; Car = Carbofuran; Cyp = Cyproconazole; Di = Dichlorvos;
Dic = Dicrotophos; Et = Etrimfos; Fl = Flufenoxuron; Ip = Iprobenfos; Isop = Isoprothiolane; Metr = Metribuzin; Na = Naptalam; Qu = Quinoclamine; Te = Tebufe-

nozide; Teb = Tebutam; Th = Thiacloprid; Tr = Triadimefon; Tri = Triazophos.

Mekong River in Cambodia during the dry and rainy seasons. The
pesticide with the highest measured concentration in surface water was
the insecticide tebufenozide, with a value of 1300 ng/L. This was
detected at all of the investigated sites during both the dry and rainy
seasons. The pesticide with the highest measured concentration in soil
was the insecticide bromophos-ethyl, at 1100 ng/g dw, and was present
in almost all of the sites in both the dry and rainy seasons. The pesticide
concentrations in both surface water and soil from the Mekong River
were higher than those previously reported in various rivers and lakes in
China, Vietnam, and Thailand. To the best of our knowledge, these are
the first residual concentrations of recently used pesticides detected in

the Mekong River and its tributaries.

Two insecticides and one fungicide had a very high risk RQ, i.e.,
RQ >10: the insecticides bromophos-ethyl and dichlorvos, and the
fungicide iprobenfos. This emphasizes that the environmental impact of
pesticides in relation to concentration in surface-water samples deserves
more attention, and should be monitored regularly. This is particularly
important given that two of the pesticides that pose a very high risk are
either banned or restricted, and yet are clearly in use in Cambodia
currently.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.169312.
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