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• Most samples (83%) across three catch-
ments contained five or more pesticides.

• High total concentrations consist of a sin-
gle/few pesticide(s) per catchment.

• Pesticide detections in water generally
correlated with their application and rain-
fall events.

• About half the number of pesticides were
detected after the drought ended in 2018.

• Pesticide application data and identifica-
tion of transport pathways is required.
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TheWestern Cape in South Africa has aMediterranean climate, which has in part led to an abundance of agriculturally
productive land supporting the wheat, deciduous fruit, wine, and citrus industries. South Africa is the leading pesticide
user in Sub-Saharan Africa. There is limited data on the pesticide pollution of surface water over different seasons in
low- and middle-income countries. We evaluated the seasonal drivers of aquatic pesticide pollution in three river
catchments (Berg, Krom, and Hex Rivers) from July 2017 to June 2018 and April to July 2019, using 48 passive sam-
plers. Our sampling followed themost severe drought (2015–2018) since recordings in 1960. Thus, our analyses focus
on how drought and post-drought conditions may affect in-stream pesticide concentrations and loads. Samples were
analyzed for 101 pesticide compounds using liquid chromatography – high-resolution mass spectrometry. Environ-
mentalQuality Standards (EQS)were used to assess the risks.We detected 60 pesticide compounds across the sampling
periods. Our results indicate that all samples across all three catchments contained at least three pesticides and that the
majority (83%) contained five ormore pesticides. Approximately half the number of pesticides were detected after the
drought in 2018. High concentration sums of pesticides (>1 μg/L) were detected over long time periods in the Hex
River Valley (22 weeks) and in Piketberg (four weeks). Terbuthylazine, imidacloprid, and metsulfuron-methyl were
detected in the highest concentrations, making up most of the detected mass, and were frequently above EQS. The oc-
currence of some pesticides in water generally correlated with their application and rainfall events. However, those of
imidacloprid and terbuthylazine did not, suggesting that non-rainfall-driven transport processes are important drivers
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of aquatic pesticide pollution. The implementation of specific, scientifically sound, mitigation measures against
aquatic pesticide pollution would require comprehensive pesticide application data as well as a targeted study identi-
fying sources and transport processes for environmentally persistent pesticides.
1. Introduction

Mediterranean regions can be found worldwide and are well-known for
their critical roles in securing global food supplies (Grigg, 1974; Joffre and
Rambal, 2001). However, the industrial agricultural practices linked to
Mediterranean regions can lead to unintended consequences, such as envi-
ronmental pesticide pollution (Triassi et al., 2019; Barbieri et al., 2021;
Haddaoui and Mateo-Sagasta, 2021). The Western Cape in South Africa is
the only region in Sub-Saharan Africa with a Mediterranean climate,
which has in part led to an abundance of agriculturally productive land
that supports the wheat, deciduous fruit, wine, and citrus industries
(Zwane, 2019). South Africa is the leading pesticide user in Sub-Saharan
Africa, with >3000 pesticide products approved for use (Dabrowski,
2015). The active ingredients within these products can enter non-target
environments (e.g., surfacewater, groundwater)where they can potentially
persist and become a risk to the environment and human health (Sorensen
et al., 2015; Stehle and Schulz, 2015; Chetty-Mhlanga et al., 2018; Spycher
et al., 2018; Chetty-Mhlanga et al., 2021; Fuhrimann et al., 2022a). A sys-
tematic literature review on the environmental and human exposure risk
of pesticides in Sub-Saharan Africa found few studies on aquatic pesticide
pollution in South Africa; the studies that collected water samples were
typically limited by short duration monitoring and analyzed for only a
few pesticides (Fuhrimann et al., 2022b). Dabrowski (2015) found that
agricultural pesticide application is common in theWestern Cape; however,
the extent to which these pesticides are polluting the local surface waters
over different seasons and extreme hydrologic conditions (e.g., droughts)
is largely unknown. For aquatic pesticide pollution to occur, areas within
a catchment typically have to fulfill three criteria: 1) pesticide application
has occurred; 2) they are hydrologically active; and 3) they are connected
to streams allowing for fast flows with minimal retention processes
(Frey et al., 2009; Doppler et al., 2014).

Recently, pesticides have been detected in biological specimens of rural
populations in the Western Cape and there is some epidemiological
evidence of health effects (English et al., 2012; Mwanga et al., 2016;
Chetty-Mhlanga et al., 2021; Molomo et al., 2021). Concurrently, a cohort
study, soil sampling, and passive air sampling is taking place within the
same three watersheds. The cohort study investigated the potential effects
of environmental pesticide exposure on the neurodevelopment and repro-
ductive health of school-children (Chetty-Mhlanga et al., 2018; Chetty-
Mhlanga et al., 2021) and so far found that urinary concentrations of organ-
ophosphate pesticide metabolites were associated with pesticide exposure
(Molomo et al., 2021) and that self-reported pesticide exposures were asso-
ciated with neurobehavioural outcomes (Chetty-Mhlanga et al., 2021). The
soil sampling found that chlorpyrifos, carbaryl, and tebuconazole were
detected with the highest concentrations (Degrendele et al., 2022), while
the passive air sampling conducted in 2017 and 2018 consistently detected
the insecticides carbaryl and chlorpyrifos (Veludo et al., 2022).

Aquatic pesticide pollution via drinking water could serve as a potential
pathway for human exposure (Syafrudin et al., 2021). Furthermore, there
are environmental risks to aquatic biota based on the persistence and
mobility of certain pesticides (Dabrowski et al., 2014). For instance,
Ojemaye et al. (2020a, 2020b) found herbicides in marine biota in Camps
Bay and fish in Kalk Bay, both in the Western Cape. Therefore, there is a
need to understand the processes that drive aquatic pesticide pollution
in the Western Cape and potential strategies that could be employed to
reduce it.

From June 2017 to January 2018, 53 pesticides and transformation
products were detected under severe drought conditions (2015–2018) in
the rivers of three agricultural catchments (i.e., Grabouw, Hex River Valley,
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Piketberg) in theWestern Cape (Curchod et al., 2020). During this drought,
high evaporation and lowprecipitation rates could have potentially concen-
trated pesticides in surface waters. Furthermore, agricultural activities, pest
pressure, and related spraying may have differed due to the drought
(Rosenzweig et al., 2001; Bloomfield et al., 2006; Delcour et al., 2015).
The insecticides imidacloprid, thiacloprid, chlorpyrifos, acetamiprid, and
herbicide terbuthylazine were found to have exceeded the environmental
quality standards (EQS) values at least once between June 2017 and
January 2018 (Curchod et al., 2020). All EQS values originated from
Switzerland or the European Union (Swiss Center for Applied
Ecotoxicology Eawag/EPFL, 2013; Moschet et al., 2014; Curchod et al.,
2020), except for atrazine (Department of Water Affairs and Forestry,
1996). Whether the observed concentration levels in the year 2017 were
exceptional due to the lowest ever recorded rainfall and river discharge
needs to be compared with additional data. Since then, precipitation rates
after the winter (i.e., June to August) of 2018 have largely recovered to
historical averages (Ndebele et al., 2020). The results from Curchod et al.
(2020) are included in this study (i.e., July 2017 to January 2018) as a
basis for comparison to an additional nine sampling rounds that took
place between February to June 2018 and April to July 2019.

The primary aim of our study is to evaluate the effects of seasonal
drivers (i.e., application and rainfall) on aquatic pesticide pollution by
expanding on the previous analysis of temporal variation of pesticide mix-
tures in rivers by Curchod et al. (2020) with nine additional sampling
rounds and additional pesticide application data in the form of spray guide-
lines and an expert interview. Thus, our main objective is to compare the
seasonalfluctuations of aquatic pesticide concentrations and total transport
load during the drought with those during the rainier seasons (Section 3.1:
Overview). We also compiled additional pesticide application data, in the
form of spray guidelines from agricultural co-operatives and an expert
interview, to evaluate the temporal patterns of pesticide application and
their detection in rivers (Section 3.2: Temporal patterns of pesticide appli-
cation and exceedances). Finally, we include a detailed assessment of the
insecticide imidacloprid and herbicide terbuthylazine, which were found
to be of particular concern due to their relatively high concentrations and
loads (Section 3.3: Transport of imidacloprid and terbuthylazine).

Our study addresses the following four research questions: (i) Does
increased rainfall after the drought generate more runoff and thus higher
levels of pesticides in the river? (ii) Is there a correlation between pesticide
application and observed pesticide concentrations in surface water? (iii)
Are there pesticides that pose a risk to the aquatic ecosystem during periods
without (or low) agricultural pesticide application (i.e., off-season)? (iv)
Are the highest number of detected pesticides and concentrations in surface
waters usually associated with the rainy season (i.e., May to August)?

2. Material and methods

2.1. Water sampling

Aquatic pesticide pollutionwas monitored in three rivers of agricultural
watersheds in the Western Cape, South Africa, from July 2017 to January
2018 by Curchod et al. (2020). The results presented here extend the
sampling by Curchod et al. (2020), with nine additional sampling rounds
conducted in the autumn and winter months of 2018 and 2019. Overall
our study presents sampling results from July 2017 to June 2018 and
April to July 2019.

Water sampling was conducted at three locations (Curchod et al.,
2020): Krom River (Grabouw; 34°15′8″S, 19°3′14″E), Hex River (Hex
River Valley; 33°31′48″S, 19°32′25″E), and Berg River (Piketberg;
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32°58′19″S, 18°44′48″E). Fig. 1 shows a map of the three study areas
and the water sampling locations. Each watershed was chosen due to its
high percentage of crop-specific agricultural land use. By area: Grabouw
has ~81% pome fruits, Hex River Valley has ~98% table grapes, and
Piketberg has~56% cereals (WCG, 2018). Additional catchment character-
istics have been summarized in Table S1 of the Supporting Information.
Curchod et al. (2020) depicts the agricultural land use within each of
the three study catchments. At each location, two pre-conditioned
Chemcatchers® SDB-RDP (polyStyreneDivinylBenzene-Reverse Phase
Sulfonated) covered by polyether sulfone (PES) membranes were deployed
in the river for two weeks per month (Moschet et al., 2015).

Five sampling rounds were conducted in 2018 between February 8th and
June 15th [sampling periods: (i) 08.02–23.02, (ii) 07.03–21.03, (iii)
06.04–20.04, (iv) 02.05–16.05, (v) 31.05–15.06]; and four sampling rounds
were conducted in 2019 between April 18th and July 24th [sampling
periods: (i) 18.04–02.05, (ii) 02.05–16.05, (iii) 31.05–14.06, (iv)
10.07–24.07]. Over the nine sampling rounds a total of 27 samples were
collected (i.e., one per catchment).

After collection, the SDB disks were put in single 7 mL amber vials and
transported in a cooled box at 4 °C to the Chemical Engineering Laboratory
at the University of Cape Town (UCT) and stored at −18 °C. At each sam-
pling round, one field blank SDB disk was taken along for quality control.
Samples were then transported at 4 °C to the Swiss Federal Institute of
Aquatic Science and Technology (Eawag) in Switzerland for analysis.

2.2. Preparation and extraction of passive sampler

Before deployment, the SDB disks and the PES membrane were condi-
tioned in MeOH and then in nanopure water (30 min each; Vermeirssen
et al., 2009). The SDB disks were then covered by a PES membrane, assem-
bled on the holders, and stored in nanopure water until deployment. Only
one SDB disk in each pair was analyzed, the second was stored for quality
control.

Moschet et al. (2015) describes in detail the extraction process used in
this study. An abbreviated version is described here and by Curchod et al.
(2020). Firstly, 6 mL of acetone was added to the vials containing the
SDBdisks, whichwere then shaken for 30min on a rotary shaker. Secondly,
the acetone was transferred into a new glass tube with the addition of an
internal standard (purchased from Sigma-Aldrich), then 5 mL of methanol
Fig. 1.Map of three watersheds in the Western Cape where the study was conducted be
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was added to the SDB disks for a second extraction. The internal standard
used and percent recoveries for detected compounds are provided in
Table S3 in the Supporting Information. Thirdly, the extract of acetone
was concentrated to a volume of 1 mL and then mixed with the extract of
methanol. Finally, the 6 mL extract was filtrated with a polytetrafluoroeth-
ylene (PTFE) filter (0.45 μm) and then evaporated to a volume of 0.1 mL.
The final extract was adjusted to 1 mL by adding nanopure water, centri-
fuged at 4000 rpm for 30 min, then transferred into a vial for analysis.

2.3. Chemical analysis of passive samplers

Chromatographic separation of the sample was achieved by using a
reversed phase XBridge C18 column (Waters™). For detection, a QExactive
Obrbitrap mass spectrometer (MS) with electrospray ionization (Thermo
Fisher Scientific) was used, which was operated in full scan mode. Each
sample was analyzed in positive and negative mode separately. Eluents
for the chromatographic gradient used were methanol and nanopure
water, both acidifiedwith 0.1% formic acid. Chromatographic peaks of tar-
get analytes were automatically detected (mass accuracy <5 ppm, peaks
with aminimumof 5 data points) by using retention times (RT) of the target
analytes, confirmed with product ion MS/MS fragments. These were com-
pared to RT and fragments from identical reference standards (purchased
from Sigma-Aldrich). Also, the peak of each target compoundwas reviewed
manually in all samples for further quality control. In total, 101 compounds
were analyzed (72 pesticide compounds and 29 of their transformation
products), which was a refined list of analytes based on previous detections
by Curchod et al. (2020). Curchod et al. (2020) initially targeted 248
analytes adapted to compounds registered for use in South Africa
(AVCASA, 2017) and were previously detected in South African rivers
(Dalvie et al., 2011). More details regarding the instrumental setup used
for the high-resolution mass spectrometry coupled to liquid chromatogra-
phy can be found in Table S2 in the Supporting Information. The specific
limits of quantifications (LOQ), retention time, precursor mass, internal
standard used, R2 from linear calibration, and relative recovery for each
detected compound from February 2018 to July 2019 can be found in
Table S3 in the Supporting Information.

Time-weighted average concentrations cw (ng/L) were calculated (Eq. 1)
by dividing the cumulative pesticide mass captured via the passive samplers
mSDB (ng/disk) by their deployment time t (days) and compound-specific
tween July 2017 to June 2018 and April to July 2019 (from Curchod et al., 2020).
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sampling rates Rs (L/day) from the literature where available (Moschet et al.,
2015; Ahrens et al., 2015; Charriau et al., 2016; Curchod et al., 2020).

cw ¼ mSDB

t � RS
ð1Þ

For pesticides without Rs literature values (8 out of 33), we chose a
modal Rs value of 0.095 L/day (based on all available Rs values) because
others have found that compound properties are unreliable predictors of
sampling rates (Moschet et al., 2015; Schreiner et al., 2020). Rs values are
summarized in Table S6 in the Supporting Information. Concentrations
were then converted to mass transport rates or loads (g/d) by calculating
the product of the time-weighted concentration and the average daily
river discharge rate over each sampling period.

2.4. Data collection to assess catchment hydrology

Daily rainfall and river discharge data covering the sampling periods
was retrieved from the South African Environmental Affairs Department
(EAD, 2020) and the Department of Water & Sanitation (DWA, 2020),
respectively. Curchod et al. (2020) present the locations of the rain gauges
and stations recording river discharge in each of the study catchments. The
three closest rain gauges to the study areaswere 12, 13 and 8 km away from
the sampling points in Grabouw, Hex River Valley and Piketberg, respec-
tively. The closest stations recording daily river discharge were 3, 6, and
21 km away from the sampling points in Grabouw (station G4H030 on
Palmiet River), Hex River Valley (station H2H006 on Hex River) and
Piketberg (station G1H013 on Berg River).

2.5. Pesticide application data

Obtaining up-to-date lists of all the active ingredients within the pesti-
cide products registered (and banned) for use in South Africa is challenging
because no public register exists, and the lack of transparency in the South
African pesticidemarket (Clausing et al., 2021). Nonetheless, farming activ-
ities were assessed from November 2017 to July 2019 by conducting struc-
tured interviews with farmers from 57 farms within the study areas. All
farms were located upstream of the water sampling points. The farmer
interviews included a questionnaire regarding agricultural activities
(e.g., seasonality of crop planting and harvesting). Furthermore, pesticide
spray records were obtained from 38 out of the 57 farms (see Table S3
from Curchod et al., 2020).

Additional application datawas obtained from spraying guidelines used
by the three Agricultural Co-operatives in the study areas (two for pome
fruits and one for table grapes) and from an interview with an agricultural
Table 1
Harvest (orange), planting (green) and spraying (yellow)
interviews and spray records. Darker shading correspond
vantmonth for harvesting/planting or a higher number of a
responding to harvesting/planting and spraying questionn

Crop Activity

Jan

Feb

M
ar

A
pr

Apples Harvest
Spraying

Pears Harvest
Spraying

Citrus Harvest
Spraying

Table 
Grapes

Harvest
Spraying

Wine 
Grapes

Harvest
Spraying

Wheat Harvest/planting
Spraying
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expert (S7 of the Supporting Information contains the consent form and
questionnaire). Independence between the detection of pesticides in sur-
facewater with their applicationwas determined by creating a contingency
table (Table 2) and performing a chi-square test (Howell, 2011).

3. Results and discussion

3.1. Overview

Table 1 provides a general overview of themonthly distribution of crop-
specific harvest (and planting for wheat) and pesticide application based on
the farmers' interviews and spray records. We can better understand the
timing of pesticide application from the timing of harvesting because
harvesting typically occurs after a waiting period following pesticide appli-
cation to allow the pesticides to naturally dissipate, thus minimizing
residues on crops (Bajwa and Sandhu, 2014). For wheat crops, pesticides
are usually applied in the winter (i.e., June and July), whereas for apple,
pear, citrus, table and wine grape crops, pesticide application occurs
throughout the spring and early summer (i.e., September to December).
We define the spray-season as the period from August to January, when
the most pesticides are applied for a majority of the crop types; and the
off-season as the period from March to July, when there is minimal or no
pesticide application. There is an exception to our definition of off-season
for wheat, which is mostly found in Piketberg. The potential effects of
this exception are discussed in this section.

Fig. 2 provides a general overview of the total number of pesticides and
transformation products detected by catchment and sampling period. On
average, the number of detections is approximately halved (i.e., from 35
to 19) when going from the spray-season (i.e., August 2017 to January
2018) to the off-season (i.e., March to June 2018 and April to July 2019).
Grabouw and the Hex River Valley have 81.5% pome fruits (i.e., apples
and pears) and 97.6% table grapes by land area, respectively. Both crop
types have their peak pesticide applications in October (Table 1), which
corresponds well with the relatively high number of pesticides detected in
2017 (Fig. 2). As expected, we observed a lower number of detections in
the off-season sampling in 2018 and 2019 in both Grabouw and the Hex
River Valley. Piketberg has a more mixed land use, with most of the land
(56.0%) being used for cereals (e.g., wheat, rice, maize, oat, barley, rye).
Peak pesticide application for wheat is typically in June and July
(Table 1), which was sampled in the off-season and could explain the
smaller decrease in the number of detections in Piketberg compared to
Grabouw and the Hex River Valley.

Our results indicate a general decrease in the pesticide mass captured
(ng/disk) by passive samplers, concentrations, and the number of pesticides
being detected in the 2018 and 2019 off-season when compared to the
seasons for the main crops summarized from farmers
s to a greater number of farmers mentioning the rele-
ctive ingredients sprayed. N – total number of farmers
aire for each crop type.

M
ay

Jun

Jul

A
ug

Sep

O
ct

N
ov

D
ec N

8
5
7
2
5
3

25
18
1
5
3
7



Fig. 2. Number of pesticides and transformation products detected by catchment and year. The aquatic pesticide sampling occurred during the main spray-season
from Aug–Jan 2018 (6 months), and two off-season periods from Mar–Jun 2018 (4 months) and Apr–Jul 2019 (4 months).
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spray-season (i.e., months of peak pesticide application) in 2017. This may
be attributed to two main factors: 1) higher rainfall in non-critical source
areas could be leading to a dilution of aquatic pesticide mass captured;
and 2) less pesticides are typically applied in the off-season (i.e., winter)
months, which were the focus of the 2018 and 2019 sampling.

Fig. 3 shows a detailed summary of the spray records, hydrological
activities, and passive sampling data in the three study areas by month
and year. Tables S4a, S4b, and S4c in the Supporting Information lists con-
centrations (ng/disk) for all detected pesticide compounds in Grabouw,
Hex River Valley, and Piketberg, respectively. According to the interviews
with farmers (Table 1) the highest pesticide application rates for most
crop types occur from September to December, which coincides with
peaks in cumulative pesticide mass within the rivers of all catchments
(Fig. 3C). The correlation between pesticide application and their detection
in surface water is analyzed further in Section 3.2. When comparing the
pesticide levels with farmers' spray records (Fig. 3A), which included the
quantity and type of pesticides applied, there was very little agreement.
This may be because the 38 spray records represents only 2.8% of the
1356 known farms within the three catchments. According to the spray
records (Fig. 3A), fungicides were applied in the highest quantity, yet
they were detected the least. This could be partially explained by the chem-
ical properties of the fungicides applied (Table S5). The fungicides applied
but not detected in the rivers had a median half-life (DT50) of 3 days and a
median organic carbon-water partitioning coefficient (Kfoc) of 2287, while
the fungicides that were applied and detected had a median DT50 of
8.5 days and median Kfoc of 772 (Lewis et al., 2016). In Section 3.2, we
provide a comparison between the pesticides detected in the rivers and
all the pesticide application data described in Section 2.5.

Our results indicate that all samples across all three catchments
contained at least three pesticides and that a majority (83%) of the samples
contained five or more pesticides. Two catchments in particular had very
high concentrations (>1 μg/L) over long time periods (22 weeks in the
Hex River Valley and four weeks in Piketberg). High concentrations are
typically caused by only a single/few pesticide(s) per catchment
(i.e., terbuthylazine in Grabouw, imidacloprid in Hex River Valley and
terbuthylazine and metsulfuron-methyl in Piketberg).

Drought vs. Post-Drought: July was the only month sampled in both
drought and post-drought conditions (i.e., 2017 and 2019). Comparing
July 2017 and 2019 in Grabouw and the Hex River Valley we can see
that 38% and 77% less pesticide mass was captured, respectively
(Fig. 3C). Our results suggest that the severe drought may have led to less
degradation and/or dilution of aquatic pesticide pollution in July 2017
when compared to July 2019. This is consistent with Franco-Andreu et al.
(2016), who found that pesticide degradation in non-irrigated soil was
5

lower than for watered soils, suggesting that drought conditions may lead
to greater persistence of pesticides in the environment. However, in
Piketberg, pesticide mass captured increased by 24% from July 2017 and
2019 (Fig. 3C). This post-drought increase in pesticide mass may be due
to a greater coincidence of rainfall following pesticide application, which
may be the result of the relatively larger catchment size and mixture of
crop types in Piketberg compared to Grabouw and the Hex River Valley.
The following sub-sections discuss the results for each study area.

Grabouw: In general, less pesticide mass was detected in the off-season
when compared to the peak spraying season (Fig. 3C). Peaks in captured
mass occur in October and November 2017, which coincides with the
peak spraying for apples and pears (Table 1). In both off-seasons
(i.e., Mar–Jun 2018 and Apr–Jul 2019) we observed a similar increasing
trend in pesticide mass, which suggests that increasing rainfall when
transitioning from autumn to winter is associated with an increase in pesti-
cide losses (i.e., the percent of applied pesticides removed from their site
of application). Singer (2005) observed a similar positive relationship
between pesticide losses and river discharge into Lake Greifensee,
Switzerland.

Hex River Valley: Pesticide mass exceeded about 200 ng/disk in most
sampling periods (Fig. 3C). Most of the pesticide mass captured were insec-
ticides, virtually all of which was imidacloprid (94% on average of detected
insecticides). Periods with lower mass captured generally coincide with
greater rainfall in the off-season. A large peak in pesticide mass was cap-
tured in October 2017, which coincides with the peak pesticide application
for table grapes (Table 1). Fig. 3E shows that the number of pesticides
detected declines during both off-seasons, which coincides with the periods
of lowest pesticide application (Table 1 and Fig. 3A).

Piketberg: The majority of the detected mass were the herbicides
terbuthylazine, simazine, metolachlor, and metsulfuron-methyl (Fig. 3C).
The peaks in detected mass usually coincide with lower rainfall and river
flow, as well as the spraying of crop types other than cereals (Table 1).
The high variety of crop types in Piketberg could explain the high concen-
trations in October and November 2017. The hydrological conditions
(i.e., rainfall and river flows) appear to be about the same in both 2018
and 2019, which suggests the differences between the years could be due
to differences in agricultural activity (e.g., crops planted, pesticide applica-
tion rates, pest pressure) or the coincidence of rainfall with pesticide
application (i.e., pesticide application followed by rainfall events in May
2018). The number of detected pesticides appears to decrease in the 2018
off-season (Fig. 3E); however, there is an increasing number of detected
pesticides in the 2019 off-season and two large concentration peaks in
Apr and May 2019 that is mainly comprised of the herbicide metsulfuron-
methyl (Fig. 3D). Prior to 2019 metsulfuron-methyl was not detected,
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which suggests that a change in pesticide application is the main driver of
the exceptional off-season number of pesticides being detected and concen-
trations.

3.2. Temporal patterns of pesticide application and exceedances

Fig. 4 shows the annual distribution of the pesticide application data
and all pesticides that exceeded their EQS value at least once (or were
detected) from 2017 to 2019. Fig. 4 aims to show whether there is a corre-
lation between the detection of pesticides in surface water with their appli-
cation. By analyzing the monthly occurrence of the two, we can answer the
question what is the probability that 3 or less applications cause no detection
of pesticides in the rivers? First, we classify all sampling events in Fig. 4 (8 pes-
ticides × 12 months = 96 sampling events) into two categories: detects
(N = 61) and non-detects (N = 35). Second, if we assume the 18 known
agricultural applications are randomly distributed across all 96 sampling
events, the respective binomial distribution would yield a probability of
6.2% that application and no detection is caused by a random process.
Thus, the data suggests that a known agricultural application of certain
pesticides (i.e., pesticides that have exceeded their EQS value at least
once from 2017 to 2019) is likely the cause of its detection in surface water.

The coincidence of pesticide application and the observed pesticide
levels in surface water indicate that acetamiprid, chlorpyrifos, and
thiacloprid in Grabouw, and metsulfuron-methyl in Piketberg are most
likely driven by application followed by rainfall-runoff events (Table 2). A
chi-squared test for the null hypothesis that agricultural application of
pesticides and their detection in rivers are independent for acetamiprid,
chlorpyrifos, metsulfuron-methyl, and thiacloprid produced a test statis-
tic of 1.84, which was less than the chi-squared value of 7.82 (df = 3,
α = 0.05). Therefore, we can reject the null hypothesis that agricultural
application and the detection are independent for acetamiprid, chlorpyri-
fos, metsulfuron-methyl, and thiacloprid in the three monitored catch-
ments. While the occurrence of some pesticides coincides with their
application, others detected at relatively high concentrations are not
limited to their application periods (i.e., imidacloprid and terbuthylazine).

Imidacloprid was found to exceed EQS values in all three catchments
consistently throughout the year, especially in theHex River Valley, despite
having only a single annual application (Table 2). Our results suggest that
imidacloprid is particularly persistent in the environment, where it may
be stored in the shallow subsurface where it is gradually transported to
surface water via interflow and groundwater. If imidacloprid is present in
groundwater, there could be potential human health risks because most
rural communities in South Africa rely on groundwater as their main source
of drinking water (Department of Water and Sanitation, 2016).

Like imidacloprid, terbuthylazine was also found consistently through-
out the year in Piketberg; however, more perplexing is the absence
of terbuthylazine application from the spray records (Table 2). A chi-
squared test for the null hypothesis that detecting pesticides in rivers is
related to their agricultural application for terbuthylazine and imidacloprid
produced a test statistic of 1.07, which was less than the chi-square value of
7.82 (df = 3, α = 0.05). Therefore, we can reject the null hypothesis that
detection of terbuthylazine and imidacloprid is related to agricultural
application in the three monitored catchments. Our results suggest that
either terbuthylazine application is underreported/incomplete or is being
transported from neighbouring catchments.

Grabouw: An exceedance of acetamiprid in Nov 2017 corresponds to
the spray records and guidelines, while a detection in Dec 2017 only corre-
sponds to the spray records. An exceedance of chlorpyrifos concentrations
in Aug and Sep 2017 coincides with the spray records. The expert indicated
that chlorpyrifos is typically sprayed in Nov; however, it was not detected
Fig. 3. Shows the 16 two-week sampling periods from July 2017 to July 2019. (A) Amou
spray records collected from farms (Curchod et al., 2020); (B) Daily average rainfall (mm
‘+’ drought period, ‘*’ monthly total rainfall may be unreliable due to missing daily va
compound concentration (ng/L); (E) Number of parent compounds detected.

7

in the surface water. Nov 2017 had higher rainfall than in Sep and Oct
2017, which suggests that the rainfall did not occur in critical chlorpyrifos
source areas (Doppler et al., 2014), thus leading to a non-detect in Nov
2017. Imidacloprid was detected throughout the year, with exceedances
from Oct to Jul. However, the expert and spray guidelines indicate that
imidacloprid is typically applied once in the month of Oct for pome fruits.
Spray records indicated that thiacloprid is usually applied from Oct
to Mar, which closely aligns with its exceedances and detections in surface
water.

Hex River Valley: Imidacloprid was the only pesticide exceeding EQS
values in the Hex River Valley. It exceeded throughout the year in every
sampling interval; however, spray records and guidelines indicate that
imidacloprid is applied only once a year in Sep to target mealy bugs
(Fig. 5). Therefore, its application alone cannot explain the magnitude
and frequency of imidacloprid exceedances. Another interesting note is
that the Hex River Valley has the most-fold exceedances in imidacloprid
concentrations, yet has the lowest rainfall and streamflows compared to
the other catchments (Figs. 3 and 4). These findings are consistent with
Masiá et al. (2013), who found that lower streamflows were associated
with higher pesticide concentrations. High imidacloprid concentrations
associated with low rainfall may be due to less dilution from less rainfall
occurring in non-critical imidacloprid source areas, as well as continuous
leaching and transport of imidacloprid to surface water via groundwater.

Piketberg: According to spray records, metsulfuron-methyl had appli-
cations in Apr, May, and Jul, which closely corresponds to exceedances in
Apr, May, and Jun 2019 (Fig. 5). Terbuthylazine was detected every
month and exceeded in Oct and Nov 2017. However, no terbuthylazine
application was mentioned in any of the application data. Curchod et al.
(2020) suggested that herbicide application may be underreported or un-
representative in the spray records, which could explain the lack of
known terbuthylazine use in Piketberg despite the prevalence of corns
and cereals (typically treated with terbuthylazine; Du Preez et al., 2005).
Imidacloprid had a recorded spray in Aug, which corresponds to an exceed-
ance in Aug. However, similar to Grabouw and Hex River Valley, there are
numerous other detections and exceedances of imidacloprid that do not
correspond to the spray records.

3.3. Transport of imidacloprid and terbuthylazine

According to Dabrowski et al. (2014), both terbuthylazine and
imidacloprid have a weighted hazard rank of 5th and 9th out of 48 active
ingredients, respectively. The 48 active ingredients represent the majority
(~92%) of the pesticides applied in South Africa. The weighted hazard
ranking of agricultural pesticides was based on the quantity used, environ-
mental mobility, and potential human health effects.

Furthermore, both terbuthylazine and imidacloprid have relatively high
Groundwater Ubiquity Scores of 2.19 and 3.69, respectively (Lewis et al.,
2016), which supports the possibility that terbuthylazine and imidacloprid
are being leached to the groundwater where they are stored and later
transported to surface water. Terbuthylazine has been detected in South
African groundwater (Rimayi et al., 2018), while imidacloprid has been de-
tected in Spanish and French groundwater (Pitarch et al., 2016; Pinasseau
et al., 2019). Their presence in groundwater could be a potential human
health risk becausemost rural communities in South Africa rely on ground-
water as their main source of drinking water (Department of Water and
Sanitation, 2016).

Fig. 5 shows the 14-day average concentrations and load (product of
concentration and river flow rate) over the sampling period for
imidacloprid (Fig. 5B) and terbuthylazine (Fig. 5C). These two pesticides
posed the greatest risk based on their concentrations relative to their EQS
nt of pesticide sprayed each month for the predominant crop type (kg/ha) based on
/day) and daily average river flow volume (m3/day; log-scale) over sample period,
lues; (C) Cumulative parent compound detected (ng/disk); (D) Cumulative parent
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Grabouw

Acetamiprid (I) • • •
Chlorpyrifos (I) • • •
Imidacloprid (I) •
Thiacloprid (I) • • • • • •

Hex River Valley Imidacloprid (I) •

Piketberg
Imidacloprid (I) •
Metsulfuron methyl (H) • • •
Terbuthylazine (H)

Legend
• Applica�on event

Exceeds EQS at least once from 2017 to 2019
Detected but not exceeding EQS
Not detected

Fig. 4. - Pesticides exceeding EQS values at least once (or detected) from 2017 to 2019 combined with application data. Note that the exceedance represents an exceedance
that occurred in at least one year, representing the worst-case scenario. An application event (•) means that pesticide is typically applied that month according to one ormore
types of application data (i.e., spray guidelines from Agricultural Co-ops, spray records (Curchod et al., 2020), and an expert interview). (I) = Insecticide, (H) = Herbicide.
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values. There are no records of terbuthylazine application in any of the
three catchments. Spray records indicate three imidacloprid applications
in 2017, two in the Hex River Valley in September, and one in Piketberg
in August (Fig. 5B).

Although our results indicate that increased rainfall and changes in
pesticide application rates in the off-season led to lower pesticide mass
captured (ng/disk) and concentrations (ng/L), we saw similar levels of pes-
ticide transport in the off-season when compared to the late spring-early
summer. For both imidacloprid and terbuthylazine the peak in load during
the spray-season is mainly the result of high concentrations while the peaks
in the off-season are mainly the result of higher rainfall and river flows.
Despite lower concentrations during the off-season, the transport load is
comparable (or higher) to those during the spray-season due to greater
rainfall-runoff and river flows. This suggests that winter rains can drive
pesticide losses higher in the off-season, despite less pesticide application
than the spray-season.

Imidacloprid: Results for imidacloprid concentrations (Fig. 5B) show
14, 16, and 7 out of 16 samples exceeded EQS values for Grabouw, Hex
River Valley and Piketberg, respectively. In Grabouw, the maximum
exceedance was ten times EQS in Feb 2018; in the Hex River Valley,
every sample exceeded EQS, ranging from approximately 19 times EQS in
Jul 2019 to 214 times EQS in Oct 2017; in Piketberg, the maximum exceed-
ance was ten times EQS in Jun 2018. Transport loads peak in Grabouw and
Hex River Valley during the spray-season (i.e., Oct 2017) and the off-season
(i.e., Jun 2018 and Jul 2019), while in Piketberg, peaks in load were only
observed in the off-season.

Of particular concern are imidacloprid concentrations in the Hex River
Valley, where elevated levels were still being detected several months after
pesticide application for table grapes, which generally ends in January. This
suggests that imidacloprid is persistent in the environment or is continuously
applied in the late summer and early autumn. However, there is no indication
Table 2
Summary of monthly agricultural pesticide application (App.) and detection of parent co
four active ingredients correspond well with known agricultural pesticide application (o
without any known agricultural application.

Active Ingredient Catchment True-Positive

App. & Detect No App. & No Detect

Acetamiprid Grabouw 2 9
Chlorpyrifos Grabouw 2 9
Metsulfuron-methyl Piketberg 2 8
Thiacloprid Grabouw 6 3
Imidacloprid Grabouw 1 0

Hex River Valley 1 0
Piketberg 1 0

Terbuthylazine Piketberg 0 0
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from any of the application data that imidacloprid is applied fromFebruary to
May. Although there is the possibility that the source of imidacloprid could be
from non-agricultural application, such as for forest plantations (Ndlovu
et al., 2022). The absence of consistent imidacloprid application throughout
the year (i.e., only once per year according to application data), but concen-
trations exceeding EQS values every month, suggests that there may be
long-term subsurface storage of imidacloprid that is gradually transported
to surface water via interflow and groundwater in the Hex River Valley
(Vonberg et al., 2014; Wettstein et al., 2016; Chow et al., 2020). According
to Lewis et al. (2016), imidacloprid is highly water-soluble (610 mg/L at
20 °C) and leachable (Groundwater Ubiquity Score Index of 3.69). Transport
of imidacloprid through the atmosphere from neighbouring catchments is
highly unlikely because it is non-volatile and is typically applied directly
into the soil (Bonmatin et al., 2015; Lewis et al., 2016).

Another possible explanation for the consistently high levels of
imidacloprid, despite its low frequency of application, could relate to the
transport and release of systemic pesticides (Sánchez-Bayo, 2014).
Kreutzweiser et al. (2009) found that the consumption of decomposing leaves
of plants that were treated with imidacloprid caused sublethal effects, illus-
trating that imidacloprid can be taken up and distributed throughout the
plant tissue, thus becoming a long-term source. Imidacloprid stored in plant
materials could be gradually shed from the plant and continuously
transported into the rivers by wind and runoff processes, where they can
degrade and be released to the water. In addition to imidacloprid being
prevalent in surface water of agriculturally intensive catchments, Mitchell
et al. (2017) found imidacloprid frequently within honey in South Africa
and around the world.

Terbuthylazine: Fig. 5C shows that terbuthylazine concentrations
exceed EQS twice in Piketberg, both during the 2017 spray-season (i.e., Oct
and Nov). EQS exceedances were not observed in Grabouw and the Hex
River Valley (Fig. 5C). The peaks in load are generally an order of magnitude
mpounds exceeding EQS values. True-positives: The detection (or non-detection) of
r no application). False-negatives: Two active ingredients are consistently detected

False-Negative % True-Positive % False-Negative

App. & No Detect No App. & Detect

1 0 92% 8%
1 0 92% 8%
1 1 83% 17%
0 3 75% 25%
0 11 8% 92%
0 11 8% 92%
0 11 8% 92%
0 12 0% 100%



Fig. 5. Shows the 16 two-week sampling periods conducted in the Western Cape, South Africa from July 2017 to July 2019. (A) Daily average rainfall (mm/day) and daily
average river flow volume (m3/day) over the sampling period, ‘+’ indicates drought period, ‘*’monthly total rainfall may be unreliable due to missing daily values.; (B) 14-
day average concentration [blue bars] and load [solid red line] of imidacloprid over the sampling period, ‘‡’ indicates the months of imidacloprid application according to
spray records (Curchod et al., 2020); (C) 14-day average concentration [blue bars] and load [solid red line] of terbuthylazine over the sampling period. Environmental quality
standard (EQS) [dashed red line]. Note: secondary y-axis for B and C varies in scale due to high differences in pesticide load between areas.
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greater in Piketberg than those in Grabouw and the Hex River Valley, mainly
because Piketberg is a much larger catchment and thus has higher
streamflows. In Grabouw and Piketberg, we see a similar pattern in loads
compared to imidacloprid whereby peaks occur both during the spray-
season (i.e., Nov 2017) and the off-season (i.e., Jun 2018 and Jul 2019).

Terbuthylazine pollution in South African surface waters appears to be
ubiquitous and has been recently observed by several others at similar con-
centrations in agricultural catchments and in rivers after wastewater treat-
ment (Wooding et al., 2017; Rimayi et al., 2018). Despite terbuthylazine's
presence in our study catchments, there is no indication of its use according
to our application data. Improper storage, handling, and disposal of
9

terbuthylazine could lead to its presence in surface waters (Dalvie et al.,
2006); however, we do not have direct evidence of this in our study areas.
Herbicides could originate from non-agricultural sectors such as commercial
forestry; however, Roberts et al. (2021) found that glyphosate-based products
account for most herbicides applied in commercial forestry in South Africa.
An alternative source of herbicides could be the removal of alien vegetation
(Andrade-Rivas and Rother, 2015) and weed control along roadsides, rivers,
and in household yards (Skark et al., 2004; Pérez et al., 2011). Yet another
source of terbuthylazine could be volatilization and transport through the
atmosphere from neighbouring catchments. Fuhrimann et al. (2020) found
that terbuthylazine had the highest detection frequencies from passive air
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samplers at sites dominated by croplands in the Western Cape; however, it is
unlikely that atmospheric deposition can fully explain the concentrations and
loads detected in surface waters.

3.4. Limitations and future research

There are several limitations in the interpretation of our results due to
limited spatial and temporal coverage in our sampling. Spatially, our pas-
sive samplers were only placed at one location at the outlet of each of the
three study catchments. Although our results represent an integrated pesti-
cide signal from the entire catchment, we cannot differentiate the sources
of such pesticides because we lack sampling throughout the river network
within each catchment. Also, no samples were taken from control sites up-
stream of the agricultural activity. Thus, our ability to identify alternative
pesticide pollution sources is limited. However, in May 2022 we deployed
passive samplers for two weeks (not analyzed yet) in the Jonkershoek
Nature Reserve (Slingsby et al., 2021), which is devoid of agricultural activ-
ity and could be used as a control site.

There are several temporal gaps in our sampling. Firstly, passive samplers
were deployed for approximately two-week periods each month, which
means that each month had a two-week gap that was unsampled. Secondly,
it is well understood that aquatic pesticide pollution is extremely variable
over time (La Cecilia et al., 2021). Thus, passive samplers are more reliable
than grab sampling. However, passive sampling introduces uncertainty due
to the lack of sampling rates for specific catchments and pesticides. Thus,
we must rely chiefly from values in the literature (Curchod et al., 2020). Al-
though using an active sampler would be preferable, the costs and infrastruc-
ture requirements (e.g., safe housing and electricity) would be prohibitively
expensive and prone to vandalism in South Africa. Thirdly, there was contin-
uous use of passive samplers from July 2017 to June 2018, then a large tem-
poral gap from July 2018 to March 2019. Passive sampling did not resume
until April 2019. Thus, making it challenging to make interannual compari-
sons, particularly in the months with peak pesticide application (i.e., spring
and summer). The seasonal sampling bias confounds our analyses, making
it difficult distinguish whether higher rainfall or changes in pesticide applica-
tion patterns (or a combination of both) is themain driver of reducing aquatic
pesticide pollution in the off-season. Finally, our chi-square analyses for inde-
pendence of agricultural pesticide application and their detection in themon-
itored rivers used a limited temporal data set with sizeable gaps. The
statistical power and accuracy of the analyses would be better if we had
continuous long-term (i.e., >5 years) monitoring data (Chow et al., 2020).
Our study highlights the need for continuous long-term monitoring to evalu-
ate inter-annual aquatic pesticide pollution.

Furthermore, several pesticides that were known to be heavily applied
in our study areas (e.g., mancozeb and glyphosate) were not included in
the chemical analysis, primarily because they require a separate and costly
analytical method (Chow et al., 2020). Thus, there is a potential underesti-
mation of the pesticide exposure risk within the rivers of our study areas
due to our limited analytical coverage.

To adequately address the ecological relevance of aquatic pesticide pollu-
tion in the Western Cape, it would be important to continue sampling and
testing surface waters for at least another full year so that a comparison can
be made to non-drought conditions over a spray-season. Furthermore, estab-
lishing EQS values based on the ecotoxicity of aquatic organisms in South
Africa would provide more context-specific standards to evaluate the risk of
pesticide pollution. Future research could also include understanding the eco-
logical risks of pesticide mixtures in the environment (i.e., assess cumulative
ecotoxicological risk of all 60 detected pesticide compounds) and estimating
the risk to human health by examining the potential presence of pesticides in
surface water reservoirs (e.g., Theewaterskloof and Wemmershoek Dams)
and groundwater.

4. Conclusion

Our study indicates that all samples across all three catchments
contained at least three pesticides and that a majority (83%) of the samples
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contained five or more pesticides. Two catchments in particular had very
high concentrations (>1 μg/L) over long time periods (22 weeks in
the Hex River Valley and four weeks in Piketberg). High concentrations
are typically caused by only a single/few pesticide(s) per catchment
(i.e., terbuthylazine in Grabouw, imidacloprid in Hex River Valley and
terbuthylazine and metsulfuron-methyl in Piketberg). The total number of
detected pesticides and total concentration in surfacewater is only partially
explainable by their application data and rainfall patterns. While the occur-
rence of some pesticides coincides with their application, others detected at
relatively high concentrations are not limited to their application periods.
This suggests that non-rainfall-driven pesticide transport processes are
important. Major sources of pesticides and transport processes dominating
the total concentrations are still poorly understood. Given this lack of
understanding, it is challenging to take targeted mitigation measures
(other than banning specific pesticides). Finally, providing a sound scien-
tific basis for implementing specific mitigation measures would require
comprehensive pesticide application data and a targeted study identifying
the dominant transport pathways (e.g., air and groundwater transport)
for major pesticides (e.g., imidacloprid and terbuthylazine).

Aquatic pesticide pollution is of continuous concern in agriculturally
intense provinces of South Africa, such as the Western Cape. In order to
better understand the potential environmental and human health risks,
we must establish continuous and consistent monitoring programs for
pesticide pollution in agriculturally intensive catchments, coupled with a
recording system of pesticide use at the farm level. Equipped with a better
understanding of the drivers of aquatic pesticide pollution will lead tomore
sustainable agricultural practices and the development of context-specific
risk thresholds that will benefit both the South African environment and
economy.
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