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Abstract  

Pollution of surface water by polar pesticides is a major environmental risk, particularly in 

river catchments where potable water supplies are abstracted. In these cases, there is a 

need to understand pesticide sources, occurrence and fate. Hence, we developed a novel 

strategy to improve water quality management at the catchment scale using passive 

sampling coupled to targeted screening and multivariate analysis. Chemcatcher passive 

sampling devices were deployed (14 days) over a 12 month period at eight sites (including 

a water supply works abstraction site) in the Western Rother, a river catchment in South 

East England. Sample extracts (n = 197) were analysed using high-resolution liquid 

chromatography-quadrupole-time-of-flight mass spectrometry and compounds identified 

against a commercially available database. A total of 128 pesticides from different classes 

were found. Statistical analysis of the screening data was used to identify clusters of 

pesticides with similar spatiotemporal pollution patterns. This enabled pesticide sources and 

fate to be identified. At the water supply works abstraction site spot sampling and passive 

sampling were found to be complimentary, however, passive sampling detected 50 

pesticides missed by spot sampling. Geospatial data describing pesticide application rates 

was found to be poorly correlated to their detection frequency using the Chemcatcher. Our 

analysis prioritised 61 pesticides for inclusion in a future water quality risk assessment at 

the abstraction site. It was also possible to design a seasonal monitoring programme to help 

mitigate the identified risk within the catchment. A workflow of how to incorporate passive 

sampling coupled to screening into existing regulatory monitoring is proposed. Our novel 

approach will enable water quality managers to target the mitigation (non-engineered 

actions) of pesticide pollution within the catchment and hence, to better inform drinking water 

treatment processes and save on operational costs.  

Keywords: Passive sampling; Chemcatcher; pesticide; screening; water quality; risk 

assessment 



1. Introduction 

In the UK > 65% of drinking water is sourced from rivers and lakes (European Topic Centre, 

2016), however, complex mixtures of chemicals present at trace concentrations frequently 

contaminate such surface waters. Contaminants have diverse sources and current research 

places a priority on identifying the constituents of mixtures, their origins, and the risk 

contamination poses to human and ecosystem health (Jones et al., 2015; Taylor et al., 

2020a). Many of these contaminants are polar organic compounds, including various 

pesticides (Taylor et al., 2020b). A pesticide is any product used to prevent the damage 

caused by pests, such as weeds, insects and fungi (Gavrilescu, 2005). Most pesticides are 

used in agriculture, where use of plant protection products (PPPs) is set to increase until 

2050 in line with past trends that have seen a 20-fold increase since 1960, due to increased 

demand for food (World Bank, 2008). Other applications of pesticides include their use in 

veterinary medicine, public health, households and industry (Gavrilescu, 2005). The 

continual banning and approval of pesticides results in a changing use over time (Poulier et 

al., 2014). At present > 1300 compounds are contained within the pesticide database of the 

European Union (European Commission, 2019).  

 

Pesticides with polar chemistries are preferred due to their low persistence and low potential 

for bioaccumulation and can enter the aquatic environment through several pathways 

(Stuart et al., 2012). Their different mobilities and persistence in the environment combined 

with spatial and temporal variation in landscape processes and usage, lead to fluctuating 

aqueous concentrations (Ahrens et al., 2018; Castle et al., 2019, 2018). Despite the 

availability of analytical techniques able to detect pesticides at trace concentrations (ng L-1 

to μg L-1), many gaps exist in the current understanding of pesticide fate (Schäfer et al., 

2019). Less still is known about the transformation products of polar pesticides, produced 

through their degradation and metabolism (Kiefer et al., 2019). In the EU the drinking water 



quality standard (DWQS) for pesticides and their transformation products is 0.1 μg L-1 (single 

pesticide) and 0.5 μg L-1 (for total pesticides present) (Taylor et al., 2020b). With the 

inclusion of compounds such as isoproturon in the list of priority substances for monitoring 

under the EU Water Framework Directive (WFD), there is a growing need to characterise 

the risk posed by polar pesticides (Pietrzak et al., 2019). However, similar worldwide 

monitoring programmes for pesticides exist in just 26% of jurisdictions (WHO-FAO, 2019).  

 

Monitoring is essential for interpreting the presence and fate of pesticides in water as well 

as long-term trends, however, sustained costs and expertise required to maintain such 

programmes limits wider adoption. Discrete, low volume spot samples and targeted 

analytical methods are currently used within routine monitoring programmes (Jones et al., 

2015). This approach is used by water utility companies as part of their river catchment 

management programmes, however, these sampling methods only provide a ‘snapshot’ at 

the moment of sampling, neglecting variation occurring between sampling events. In 

addition, targeted analytical methods miss detecting compounds outside of the 

measurement suite (Poulier et al., 2015). Often large volumes of water and/or several 

sample extraction and enrichment steps may be needed to achieve the required limits of 

detection (LOD) and quantification (LOQ) for all pesticides in a sample (Reemtsma et al., 

2016). A lack of comprehensive sampling strategies and use of targeted analytical methods 

limits the quality of monitoring data (Moschet et al., 2014).  

 

The use of higher sampling frequencies and multiple analytical methods can overcome this 

issue, however, for environmental regulators this would be cost prohibitive (Reemtsma et 

al., 2016). Passive sampling is increasingly used within monitoring programmes alongside, 

or as an alternative to, discrete sampling (Taylor et al., 2020b). Here, freely dissolved 

analytes are sequestered into a receiving phase. Sampling is continuous, providing, a 



concentration gradient exists between the passive sampling device (PSD) and sampled 

waters (Taylor et al., 2019). Various passive samplers are available for different classes of 

pollutant (Ahrens et al., 2015). Passive sampling data is time-integrative, achieving 

increased sensitivity and temporal representativeness compared to discrete methods 

(Jones et al., 2015). Multiple PSD (e.g. Chemcatcher, o-DGT and POCIS) have been 

developed to monitor polar pesticides in water and have been reviewed recently (Taylor et 

al., 2020b, 2019). Recent trends have seen PSD deployed in qualitative assessments such 

as suspect screening and non-targeted screening approaches (Guibal et al., 2015; 

Pinasseau et al., 2019; Rimayi et al., 2019; Taylor et al., 2020a). Such screening 

approaches offer several benefits as calibration is not required and a greatly expanded list 

of analytes can be included in the measurement suite. It is important, however, to confirm 

the PSD has affinity for monitored analytes together with selectivity and sensitivity when 

coupled to the chosen instrumental method. 

 

Screening of environmental samples is now performed routinely with high performance liquid 

chromatography and high-resolution mass spectrometry (LC-HRMS) (Arsand et al., 2018; 

Menger et al., 2020; Moschet et al., 2017; Perkins et al., 2021; Pitarch et al., 2016; Wang et 

al., 2020; Wiest et al., 2021). 

 

These methods achieve detection limits in the low ng L-1. LC-HRMS can obtain data on 

molecular ions (as adducts), their associated isotope patterns, and MS/MS fragment ions, 

despite the presence of numerous substances with similar molecular mass (Gravell et al., 

2020). Target, suspect, and non-target, screening enables the simultaneous detection of 

large numbers of analytes in a single analytical run (Leendert et al., 2015). The availability 

of reference standards, and the time and expertise required to perform non-target analysis, 

or construct ‘in house’ spectral libraries can complicate such screening procedures. 



However, the recent availability of commercial target-screening databases and automated 

post-acquisition processing have enabled simplified workflows (Pinasseau et al., 2019; 

Rimayi et al., 2019; Taylor et al., 2020a). Numerous filtering strategies have been developed 

to determine false positives and negatives (Schymanski et al., 2014). When using turn-key 

analytical/software packages the confidence of identification can be increased further if the 

final analyte list is confirmed with reference standards (Menger et al., 2020). 

 

Water supply is a heavily regulated industry in the UK and elsewhere. A legislative 

framework defines a risk-based approach based on the precautionary principle. This 

ensures potable water is wholesome, through adherence with DWQS for pesticides (and 

other parameters) (Keirle and Hayes, 2007). Sole reliance on removal of pesticides present 

in raw waters during drinking water treatment, however, is insufficient to achieve these 

standards, as many compounds are recalcitrant to removal by typical treatment processes 

(UKWIR, 2015). Furthermore, the adoption of advanced treatment processes is prohibited 

by their inherent capital and operational costs (Morton et al., 2020). Consequently, water 

utilities are compelled to adopt non-engineered measures to mitigate pesticide pollution. The 

existing consensus favours catchment interventions to reduce the magnitude and frequency 

of pesticide mobilisation at the point of application (UKWIR, 2015). This approach is 

favoured as it is considered the only sustainable and economical means to address the 

current, and developing risk, posed by pesticides (UKWIR, 2016). However, catchment 

interventions must be targeted to be successful, this requires a detailed understanding of 

which pesticides are present in a catchment, where sources of pollution are located, and 

when pollution occurs (Morton et al., 2020).  

 

Presently there is no consistent methodology for identifying and targeting such catchment 

interventions across the water industry. Regulators desire a harmonised methodology for 



this end and are investigating approaches such as risk mapping, which seeks to identify 

pesticides based on treatment difficulty and UK-wide maps identifying areas of high risk to 

raw water quality (UKWIR, 2015). If targeted catchment interventions can be successfully 

integrated into the existing risk management framework based on drinking water safety 

plans, it may facilitate adherence with DWQS at substantially lower cost compared to 

adopting additional treatment (Keirle and Hayes, 2007). 

 

Monitoring using infrequent spot sampling has failed to adequately describe pesticide 

occurrence and fate in surface water catchments. Use of alternative desk-based risk 

assessments have only had limited success (Brack et al., 2015). Improving the 

understanding of pesticide occurrence and fate requires sampling methods that can 

increase the temporal and spatial resolution of data, and analytical methods that can identify 

all the pesticides present. Several statistical and geospatial analyses have been used to 

rationalise complex pesticide monitoring data.  

 

Unsupervised hierarchical clustering of micro-pollutants identified clusters on the basis of 

similarities in spatiotemporal variation in occurrence and concentration, which could then be 

used to determine upstream pollution sources (Carpenter and Helbling, 2018). Geospatial 

analysis allows for data such as land use, pesticide use, or point sources of pollution to be 

interpreted alongside the results of monitoring to determine the features contributing to 

pesticide pollution (Carpenter and Helbling, 2018; Van Metre et al., 2017; Wittmer et al., 

2010). Combining comprehensive monitoring and sophisticated statistical and geospatial 

analysis may provide the understanding necessary to better target non-engineered 

measures to mitigate pesticide pollution, needed by water utilities.  

 



In this study the Chemcatcher® PSD was deployed at eight sites in a river catchment in 

South East England over 12 months. Devices were deployed to locate sources of pollution 

within the catchment and how this was influenced by pesticide and land use. Extracts from 

the devices were analysed using a targeted screening approach to identify numerous polar 

pesticides without a priori knowledge of pesticides present in sampled waters. A directed 

prioritisation workflow was manually applied to increase the confidence in identified 

pesticides. A standardised data treatment strategy was then applied to reduce the 

complexity of the large data set generated. Through this approach the temporal and spatial 

risk of high consequence pesticides was assessed from their point of entry into the river 

system and their journey through the catchment to the downstream abstraction site at the 

water supply works (WSW). The novel approach of combining pesticide use information, 

local utility monitoring data alongside the passive sampling data were evaluated and 

compared to conventional approaches to pesticide risk assessment. Qualitative data from 

combining passive sampling with HRMS and multi-variate analysis for targeted screening of 

emerging pesticides will allow water quality managers to understand which pesticides are 

present, where they originate and when they pose a risk to water quality. This will enable 

them to (1) select pesticides requiring mitigation within the catchment (2) target catchment 

interventions to reduce pesticide pollution (3) improve the design of future monitoring 

campaigns and inform the ongoing water safety plan. 

 

2. Materials and methods 

2.1. Study area in South East England 

The trial was undertaken at eight sites on the Western Rother river catchment (draining 350 

km2) in South East England (Fig. 1). This catchment has diverse hydrology and pollution 

sources. Land use within the catchment is primarily arable or pasture, with scattered urban 

conurbations (e.g. Horsham, Petersfield, Midhurst and Pulborough), industry, woodland, 



meadow and amenity grassland (EA, 2013). Chalk and lower greensand aquifers underlie 

much of the Western Rother catchment and contribute to the headwaters of many of the 

tributaries.  

 

Fig. 1. Map of the Western Rother sub-catchment showing the eight sampling site locations.  

Site 8 is located near to the abstraction point of a water supply works. The two insets show 

the location of the catchment within south-east England.  

 

This catchment is used for the capitation of potable water supplies. The abstraction point on 

the Western Rother is located before the confluence with the River Arun at Pulborough (EA, 

2013). The contribution of groundwater supports high and relatively stable natural flows in 

the catchment, with potable abstraction licensed up to 76 ML-1 day  (SWS, 2016). 

 

Site 8 was located < 0.5 km upstream of the sampling point used by the local water utility 

(Southern Water Services) for collection of spot water samples at the abstraction point of 

the WSW. Upstream sites were selected to be representative of different conditions within 

the catchment. Four sites were located on the main river Rother between the source and 



the abstraction point of the WSW. The four other sites were located on tributaries within the 

catchment. These were strategically chosen based on the contribution of point sources such 

as wastewater treatment works (sites 3 and 4) and diffuse sources originating from 

agriculture, woodland, the built environment, and animal husbandry. Further details of 

sampling sites are provided in Table S1. 

 

2.2. Reagents and glassware 

Solvents were of HPLC grade or better and were obtained from ThermoFisher Scientific 

(Loughborough, Leicestershire, UK). Formic acid was obtained from Sigma-Aldrich (Dorset, 

UK). A Milli-Q® purification system (Merck, Burlington, USA) was used to produce ultra-pure 

water (UPW) (> 18.0 MΩ•cm @ 25°C). UPW was used in all laboratory procedures. 

Glassware was soaked in a 5% Decon 90 solution (Decon Laboratories Ltd, Hove, UK) 

overnight and rinsed with UPW then methanol (MeOH) before use. 

 

2.3. Chemcatcher® preparation 

The Atlantic version of the Chemcatcher® was obtained from AT Engineering (Tadley, UK). 

This comprised a polytetrafluoroethylene (PTFE) base and retaining ring. The receiving 

phase was a hydrophilic-lipophilic balanced 47 mm Horizon Atlantic™ SPE disk (HLB-L) 

(Biotage, Uppsala, Sweden) which has a high affinity for analytes over a broad polarity 

range. Polyethersulfone (PES) (Supor® 200, 0.2 µm pore diameter) sheet, obtained from 

Pall Europe Ltd (Portsmouth, UK) was used as diffusion membrane. Each discrete circular 

membrane (52 mm diameter) was punched from the PES sheet. Preparation of the 

Chemcatcher® used in this work has been described previously (Taylor et al., 2020a) (Fig. 

S1). Briefly, this included steps to clean and condition components of the PSD, after which 

devices were constructed and stored at 4°C in UPW in a sealed polyethylene terephthalate 



(PET) container until deployment. Production, solvent and field blanks were similarly 

prepared to identify contamination occurring during device preparation and deployment.  

 

 

2.4. Field deployment of PSDs 

Chemcatcher® PSD were deployed for 14 days at the eight sampling sites (further details 

are given in Table S1) for 25 consecutive deployments over a 12 month period (October 

2017 to October 2018). Sampling occurred over a year to ensure data were inclusive of any 

seasonal variation effecting pesticide fate, e.g. climatic conditions, pesticide usage, local 

hydrology and physiochemical status of the water body. A cool box was used to transport 

Chemcatcher® samplers during field deployments. At each site two PSD were removed from 

their container and placed into the deployment apparatus (Fig. S2 and Fig. S3). The 

deployment apparatus was lowered into the middle of the channel and secured to a location 

on the bank with a chain. A buoy supported the deployment apparatus in the water column, 

this ensured the sampling surface of the PSD was orientated parallel to river flow. After 

deployment Chemcatcher® samplers were removed from the deployment apparatus, 

wrapped in aluminium foil and placed in a labelled zip lock bag and transported to the 

laboratory in a cool box and stored at ~4°C until extraction, which usually occurred within a 

week. During each deployment and retrieval operation two new PSD were exposed to serve 

as field blanks. 

 

2.5. Chemcatcher® extraction 

In the laboratory Chemcatcher® samplers (exposed and blank) were disassembled. The 

PES membrane was discarded and the HLB-L disk dried on MeOH rinsed aluminium foil at 

room temperature. Once dry (~ 24 h) the HLB-L disks were stored at -18°C until extraction. 

Prior to extraction, HLB-L disks were allowed to reach room temperature. Disks were then 



placed in an extraction manifold and eluted into glass vials (60 mL) under gravity with MeOH 

(40 mL). One mL of HPLC grade water was added to the glass vials containing the eluent 

to prevent the extract from going dry during evaporation. Extracts were evaporated to ~ 0.5 

mL in a Genevac EZ-2 centrifugal rotary evaporator (Genevac Ltd, Ipswich, UK) set at 40°C. 

Extracts were then transferred to 2 mL deactivated (silanized) vials (Agilent, Santa Clara, 

USA), adjusted to 1 mL with MeOH, weighed, then stored at -18°C prior to instrumental 

analysis. Only one field exposed and one field blank were extracted. The other set of disks 

were used as back-up samples.   

 

2.6. Instrumental analysis and filtering procedure  

The instrumental analytical method used was liquid chromatography coupled with time-of-

flight mass spectrometry (LC-Q-TOF). Each sample extract was analysed in triplicate (three 

consecutive instrumental runs from each aliquot), to ensure analytical quality. Reference 

standards were periodically analysed to confirm the stability of the instrument and as a check 

on mass accuracy. A Dionex Ultimate 3000 UHPLC system comprising a Dionex Acclaim 

RSLC 120 C18 analytical column (2.1 i.d. × 100 mm length, 2.2 μm particle size), (Thermo 

Fisher Scientific, Bremen, Germany) and a VanGuard, Acquity UPLC BEH C18 guard column 

(1.7 μm particle size), (Waters, Dublin, Ireland) was used to achieve chromatographic 

separation. A Bruker Maxis Impact II electrospray high resolution time-of-flight tandem mass 

spectrometer (Q-TOF-MS) (Bruker Daltonics, Bremen, Germany) was used (capillary 

voltage, 2500 V; end plate offset, 500 V; nebulizer pressure, 2 bar (N2); drying gas, 8 L min-

1 (N2); drying temperature, 200 °C). HyStar software (rev. 3.2) and Target Analysis for 

Screening and Quantification (TASQ®) 1.4 software (Bruker Daltonics, Bremen, Germany), 

were used for data acquisition and interpretation, respectively. The coupled hardware and 

software are commercially available and optimised for Bruker’s PesticideScreener™ (2.1) 



database against which samples were screened. The full method has been described 

previously (Taylor et al., 2020a).  

 

Gradient separation was achieved with mobile phases: A, water containing 10% of MeOH, 

5 mM ammonium formate and 0.01% v/v formic acid and B, MeOH with 5 mM ammonium 

formate and 0.01% v/v formic acid. Extracts were diluted (1:9 v/v) in mobile phase A and 20 

μL was then injected into the column, which was maintained at 30°C. The gradient and flow 

elution programme was 0 min, 1% B, 0.2 mL min-1; 3 min, 39% B, 0.2 mL min-1; 14 min, 

99.9% B, 0.4 mL min-1; 16 min, 99.9% B, 0.48 mL min-1; 16.1 min, 1% B, 0.48 mL min-1; 19.1 

min, 1% B, 0.2 mL min-1; and 20 min, 1% B, 0.2 mL min-1. Automatic mass axis calibration 

was undertaken with a calibrant solution (1 mM sodium formate in water/isopropanol/formic 

acid (1:1:0.01 v/v/v)) prior to each analytical run. Data were acquired in positive ionisation 

mode, between 0.8 and 15 mins using the broadband collision-induced dissociation (bbCID) 

acquisition mode of the Q-TOF-MS. The scan rate was 2 Hz and spectra were recorded 

between m/z 30-1000. In bbCID full scan and MS/MS spectra were generated by alternating 

between low (MS) and high (MS/MS) collision energies of 6 eV and 30 eV +/- 6 eV. TASQ® 

performed an automatic comparison of extracted ion chromatograms with a signal to noise 

ratio < 3 against theoretical mass accuracy (± 5 ppm) and retention time (± 0.5 min), to 

produce an initial list of identified analytes in the Chemcatcher extracts. Manual verification 

of this initial list was performed to remove false positives, using the following criteria; isotopic 

fit < 250 mSigma with a peak abundance > 5,000. Any analytes present in the mobile phase 

were removed from the list of analytes found in the Chemcatcher extracts. Analytes present 

in the field blank were also removed if the response was < three times those of the field 

exposed samplers. Following filtering a final list of identified analytes was compiled.  

 

 



2.7. Spot water sampling and instrumental analysis 

Spot water sampling was undertaken by the local water utility company (Southern Water 

Services) near to site 8 (17 October 2017 and 17 October 2018) as part of their routine 

regulatory monitoring programme. A total of twenty four samples over this time period were 

collected (1 L) in glass bottles and transported to the laboratory and stored (~ 4°C) prior to 

analysis. Samples were analysed for a pre-defined number of pesticides using either GC-

MS/MS or LC-MS/MS in a UKAS accredited laboratory.  

 

2.8. Multi-variate statistical analysis and geospatial data  

Microsoft Excel and SPSS® statistics were used to calculate descriptive statistics of 

identified pesticides after transferring outputs from TASQ®. Multivariate analysis was 

performed in Agilent Mass Profiler Professional (MPP, B.14.9.1). Data were imported to 

MPP in a generic format and peak area was Z-transformed to normalise data. This reduced 

the influence of, instrument stability, matrix effects, and sampling rate variation, on the 

statistical significance of the instrumental response (normalised) over time, so trends within 

the data could be interpreted (Taylor et al., 2020a). 

 

Data on occurrence and normalised peak area were used to produce Venn diagrams and 

hierarchical cluster analyses (HCA). HCA was applied to all samples to elucidate groupings 

within variables (analytes) and conditions (sites and deployments). A normalised value for 

each analyte and sample was used. Interval measures for clustering, within, and between, 

groups used a Euclidean distance metric and Wards linkage method. HCA grouped clusters 

of analytes based on similarity and dissimilarity in the data set. Clustering was performed 

on analytes and conditions to interpret temporal trends for related analytes (Taylor et al., 

2020a).  

 



CEH Land Cover® plus: Pesticides 2012-2017 (England, Scotland and Wales) (Jarvis et al., 

2020), maps average annualised pesticide application rates at 1 km resolution in mainland 

Britain for 129 active substances, using data gathered in the Fera pesticide usage survey 

(Fera, 2019), between 2012 and 2017. Data from the Fera pesticide usage survey (Fera, 

2019) was used to calculate regional pesticide application in South East England in 2016. 

This data was used to calculate pesticide application within the catchment at 1 km2 

resolution and produce a heat map of flufenacet usage within the catchment. The workflow 

used to calculate catchment pesticide application rates is shown in Fig. S4. 

 

3. Results and discussion 

3.1. Use of Chemcatcher® 

Deployments occurred over 25 deployments at 8 sites lasting twelve months, totalling 200 

deployed samples. Three samples were lost in the field and the remaining 197 samples 

were retrieved and analysed. The 1.5% loss rate of samples here was lower than a 

comparable monitoring programme using POCIS, where 7% of the 306 samples in the study 

were lost or damaged in the field (Bernard et al., 2019).  The degree of biofouling on the 

PES membrane was limited and varied between deployments. Increased fouling at Site 3 

was thought to be due to the proximity of this site to a WWTW outfall. Previously, this version 

of the Chemcatcher® has been used for monitoring polar pesticides in river catchments 

(Castle et al., 2018; Rimayi et al., 2019; Taylor et al., 2020a). HLB sorbent has limited affinity 

for highly polar ionic compounds, for example some acid herbicides, and hence, these may 

be omitted from the screening data. A version of the Chemcatcher® containing ion-exchange 

sorbents can been used to monitor acid herbicides (Townsend et al., 2018). In future 

monitoring programmes, the use of the Chemcatcher® containing receiving phases with 

different analyte affinities would expand the representativeness of the screening data 

obtained.  



3.2. Pesticides identified by Chemcatcher® 

Using the Chemcatcher® and analytical workflow a total of 128 pesticides (Table 1) were 

identified including approved, banned, and obsolete compounds, in addition to 

transformation products of these compounds, compounds used in pesticide manufacture, 

and non-pesticide biocides. Further details of the uses and formulations of the pesticides 

found is given in Table S2. Many of these pesticides have not previously been monitored for 

within the catchment. This list is not exhaustive as compounds may not be sequestered onto 

the HLB phase (e.g. some acid herbicides) and/or detected (e.g. glyphosate and 

metaldehyde) using the instrumental method. The log Kow of the pesticides ranged between 

-1.0 and 5.9. This was similar to the range (-1.9 to 5.3) found by Ahrens et al., (2015)  using 

the POCIS passive sampler with an HLB receiving phase.  

 

Table 1. List of pesticides detected in extracts from the Chemcatcher®, their type and 

parameters used for their instrumental detection. Key: Fun = fungicide; Her = herbicide; Ing 

= ingredient; Ins = insecticide; Mol = molluscicide; PGR = plant growth regulator; Rep = 

repellent; Rod = rodenticide; Saf = safener; Syn = synergist; TP = transformation product. 

CAS = chemical abstract number. PMI = primary molecular ion. RT = retention time. 

Analyte Name Type Elemental 
Composition CAS PMI Expected 

RT [min] 
Expected 
m/z 

2-hydroxyterbuthylazine TP C9H18N5O1+ (66753-07-9) M+nH 5.7 212.1506 

Acetamiprid Ins C10H12ClN4
1+ (135410-20-7) M+nH 5.17 223.0745 

Aldicarb-sulfone (Aldoxycarb) Ins C5H10NO2S1+ (1646-88-4) I 3.75 148.0427 

Allethrin I Ins C19H27O3
1+ (584-79-2) M+nH 12.14 303.1955 

Allethrin II Ins C19H27O3
1+ (584-79-2) M+nH 12.32 303.1955 

Ancymidol PGR C15H17N2O2
1+ (12771-68-5) M+nH 7.15 257.1285 

Atrazine Her C8H15ClN5
1+ (1912-24-9) M+nH 8.16 216.101 

Atrazine-desethyl TP C6H11ClN5
1+ (6190-65-4) M+nH 5.73 188.0697 

Atrazine-desisopropyl TP C5H9ClN5
1+ (1007-28-9) M+nH 4.75 174.0541 

Azoxystrobin Fun C22H18N3O5
1+ (131860-33-8) M+nH 9.02 404.1241 

Bendiocarb Ins C11H14NO4
1+ (22781-23-3) M+nH 7.02 224.0917 

Benomyl (decomposed to Carbendazim) Fun C9H10N3O2
1+ (17804-35-2) I 5.46 192.0768 

Benthiavalicarb-isopropyl Fun C18H25FN3O3S1+ (177406-68-7) M+nH 9.51 382.1595 

Bioallethrin Ins C19H27O3
1+ (584-79-2) M+nH 12.33 303.1955 

Bixafen Fun C18H13Cl2F3N3O1+ (581809-46-3) M+nH 10.59 414.0382 



Analyte Name Type Elemental 
Composition CAS PMI Expected 

RT [min] 
Expected 
m/z 

Boscalid Fun C18H13Cl2N2O1+ (188425-85-6) M+nH 9.4 343.0399 

Bromacil Her C9H14BrN2O2
1+ (314-40-9) M+nH 7.07 261.0233 

BTS 44595 (metabolite prochloraz) TP C12H16Cl3N2O2
1+ (139520-94-8) M+nH 11.19 325.0272 

Carbendazim Fun C9H10N3O2
1+ (10605-21-7) M+nH 5.46 192.0768 

Carbofuran  3-keto- TP C12H14NO4
1+ (16709-30-1) M+nH 5.94 236.0917 

Carbofuran D3 TP C12H13D3NO3
1+ (1007459-98-4) M+nH 7.01 225.1313 

Carbofuran-3-hydroxy TP C12H16NO4
1+ (16655-82-6) M+nH 5.09 238.1074 

CGA 321113 (Trifloxystrobin Metabolite) TP C19H18F3N2O4
1+ (252913-85-2) M+nH 10.13 395.1213 

Chlorotoluron Her C10H14ClN2O1+ (15545-48-9) M+nH 7.98 213.0789 

Chlorpropham Her C7H7ClNO2
1+ (101-21-3) I 9.78 172.016 

Clomazone  (Command) Her C12H15ClNO2
1+ (81777-89-1) M+nH 8.89 240.0786 

Clothianidin Ins C6H9ClN5O2S1+ (210880-92-5) M+nH 4.9 250.016 

Coumatetralyl Rod C19H17O3
1+ (5836-29-3) M+nH 9.35 293.1172 

Cycloxydim Her C17H28NO3S1+ (101205-02-1) M+nH 11.76 326.1784 

Cycluron Her C11H23N2O1+ (2163-69-1) M+nH 8.47 199.1805 

Cyproconazole Peak 1 Fun C15H19ClN3O1+ (94361-06-5) M+nH 9.69 292.1211 

Cyproconazole Peak 2 Fun C15H19ClN3O1+ (94361-06-5) M+nH 10.01 292.1211 

DCPMU (1-(3.4-DICHLOROPHENYL)-3-
METHYL UREA) (Monomethyldiuron) 

TP C8H9Cl2N2O1+ (3567-62-2) M+nH 8.22 219.0086 

DEDIA (Desethyl-Deisopropyl-Atrazine) TP C3H5ClN5
1+ (3397-62-4) M+nH 7.29 146.0228 

DEET (Diethyltoluamide) Rep C12H18NO1+ (134-62-3) M+nH 8.2 192.1383 

Diazinon Ins C12H22N2O3PS1+ (333-41-5) M+nH 11.04 305.1083 

Dichlorobenzamide TP C7H6Cl2NO1+ (2008-58-4) M+nH 4.48 189.9821 

Dichlorvos Ins C4H8Cl2O4P1+ (62-73-7) M+nH 7 220.9532 

Diflufenican Her C19H12F5N2O2
1+ (83164-33-4) M+nH 11.72 395.0813 

Dimethenamid Her C12H19ClNO2S1+ (87674-68-8) M+nH 9.26 276.082 

Dimethomorph Peak 1 Fun C21H23ClNO4
1+ (110488-70-5) M+nH 9.22 388.131 

Dimethomorph Peak 2 Fun C21H23ClNO4
1+ (110488-70-5) M+nH 9.59 388.131 

Dimethylanilin (N.N-) Ing C8H12N1+ (121-69-7) M+nH 6.04 122.0964 

Dinotefuran Ins C7H15N4O3
1+ (165252-70-0) M+nH 3.59 203.1139 

Diuron Her C9H11Cl2N2O1+ (330-54-1) M+nH 8.55 233.0243 

Epoxiconazole Fun C17H14ClFN3O1+ (133855-98-8) M+nH 10.26 330.0804 

Fenamidone Fun C17H18N3OS1+ (161326-34-7) M+nH 9.22 312.1165 

Fenpyrazamine Fun C17H22N3O2S1+ (473798-59-3) M+nH 9.76 332.1427 

Ferimzone Fun C15H19N4
1+ (89269-64-7) M+nH 9.36 255.1604 

Fipronil Ins C12H8Cl2F6N5OS1+ (120068-37-3) I 10.5 453.9725 

Flazasulfuron Her C13H13F3N5O5S1+ (104040-78-0) M+nH 8.42 408.0584 

Flufenacet Her C14H14F4N3O2S1+ (142459-58-3) M+nH 10.06 364.0737 

Fluopicolide Fun C14H9Cl3F3N2O1+ (239110-15-7) M+nH 9.5 382.9727 

Fluopyram Fun C16H12ClF6N2O1+ (658066-35-4) M+nH 9.86 397.0537 

Flurtamone Her C18H15F3NO2
1+ (96525-23-4) M+nH 9.14 334.1049 

Flutriafol Fun C16H14F2N3O1+ (76674-21-0) M+nH 8.12 302.1099 

Fluxapyroxad Fun C18H13F5N3O1+ (907204-31-3) M+nH 9.61 382.0973 

Griseofulvin Fun C17H18ClO6
1+ (126-07-8) M+nH 8.04 353.0786 

Icaridin Rep C12H24NO3
1+ (119515-38-7) M+nH 8.79 230.1751 

Imazalil Fun C14H15Cl2N2O1+ (35554-44-0) M+nH 9.09 297.0556 

Imazamox Her C15H20N3O4
1+ (114311-32-9) M+nH 4.63 306.1448 



Analyte Name Type Elemental 
Composition CAS PMI Expected 

RT [min] 
Expected 
m/z 

Imidacloprid Her C9H11ClN5O2
1+ (138261-41-3) M+nH 4.76 256.0596 

Isopyrazam Fun C20H24F2N3O1+ (881685-58-1) M+nH 11.56 360.1882 

Isoxaben Her C18H25N2O4
1+ (82558-50-7) M+nH 9.42 333.1809 

Linuron Her C9H11Cl2N2O2
1+ (330-55-2) M+nH 9.3 249.0192 

Malathion Ins C10H20O6PS2
1+ (121-75-5) M+nH 9.59 331.0433 

Maleic Hydrazide PGR C4H5N2O2
1+ (123-33-1) M+nH 1.7 113.0346 

Mefenpyr-diethyl Saf C16H19Cl2N2O4
1+ (135590-91-9) M+nH 11.1 373.0716 

Mepronil Fun C17H20NO2
1+ (55814-41-0) M+nH 9.62 270.1489 

Mesosulfuron-methyl Her C17H22N5O9S2
1+ (208465-21-8) M+nH 7.94 504.0853 

Metalaxyl Fun C15H22NO4
1+ (57837-19-1) M+nH 8.22 280.1543 

Metamitron Her C10H11N4O1+ (41394-05-2) M+nH 5.24 203.0927 

Metazachlor Her C11H13ClNO1+ (67129-08-2) I 8.11 210.068 

Methiocarb Mol C11H16NO2S1+ (2032-65-7) M+nH 9.34 226.0896 

Methomyl D3 Ins C5H8D3N2O2S1+ (1398109-07-3) M+nH 4.16 166.0724 

Methomyl TP C3H6NS1+ (16752-77-5) I 4.16 88.0215 

Methothrin Ins C19H27O3
1+ (34388-29-9) M+nH 12.47 303.1955 

Metobromuron Her C9H12BrN2O2
1+ (3060-89-7) M+nH 8.15 259.0077 

Metolachlor Her C15H23ClNO2
1+ (51218-45-2) M+nH 10.29 284.1412 

Metribuzin Her C8H15N4OS1+ (21087-64-9) M+nH 7.07 215.0961 

Metsulfuron-methyl Her C14H16N5O6S1+ (74223-64-6) M+nH 6.31 382.0816 

Monolinuron Her C9H12ClN2O2
1+ (1746-81-2) M+nH 7.76 215.0582 

Myclobutanil Fun C15H18ClN4
1+ (88671-89-0) M+nH 9.74 289.1215 

N.N-Dimethyl-N'-p-tolylsulphamide  
(DMST. metabolite tolylfluanid) 

TP C9H15N2O2S1+ (66840-71-9) M+nH 7.25 215.0849 

Naphthalene acetamide PGR C12H12NO1+ (86-86-2) M+nH 6.56 186.0913 

Nicosulfuron Her C15H19N6O6S1+ (111991-09-4) M+nH 6.62 411.1081 

Nicotine Ins C10H15N2
1+ (54-11-5) M+nH 2.41 163.123 

Octhilinone Fun C11H20NOS1+ (26530-20-1) M+nH 10.19 214.126 

Oxadiazon Her C15H19Cl2N2O3
1+ (19666-30-9) M+nH 12.35 345.0767 

Oxadixyl Fun C14H19N2O4
1+ (77732-09-3) M+nH 6.29 279.1339 

Pencycuron Fun C19H22ClN2O1+ (66063-05-6) M+nH 11.38 329.1415 

Penthiopyrad Fun C16H21F3N3OS1+ (183675-82-3) M+nH 10.72 360.1352 

Piperonylbutoxide Syn C11H13O2
1+ (51-03-6) I 12.37 177.091 

Pirimicarb Ins C11H19N4O2
1+ (23103-98-2) M+nH 7.77 239.1503 

Pirimicarb Desmethylformamido- TP C11H17N4O31+ (27218-04-8) M+nH 6.87 253.1295 

Prometryn (Caparol) Her C10H20N5S1+ (7287-19-6) M+nH 10.06 242.1434 

Propiconazole  Fun C15H18Cl2N3O2
1+ (60207-90-1) M+nH 10.93 342.0771 

Propiconazole II Fun C15H18Cl2N3O2
1+ (60207-90-1) M+nH 11.05 342.0771 

Propoxycarbazone Her C15H19N4O7S1+ (145026-81-9) M+nH 5.47 399.0969 

Propyzamide Her C12H12Cl2NO1+ (23950-58-5) M+nH 9.69 256.029 

Prosulfocarb Her C14H22NOS1+ (52888-80-9) M+nH 11.92 252.1417 

Prothioconazole desthio TP C14H16Cl2N3O1+ (120983-64-4) M+nH 10.43 312.0665 

Pyracarbolid Fun C13H16NO2
1+ (24691-76-7) M+nH 7.24 218.1176 

Pyrethrin: Cinerin I Ins C20H29O3
1+ (25402-06-6) M+nH 13 317.2111 

Pyrethrin: Cinerin II Ins C21H29O5
1+ (121-20-0) M+nH 11.55 361.201 

Pyrethrin: Jasmolin I Ins C21H31O3
1+ (4466-14-2) M+nH 13.35 331.2268 

Pyrethrin: Jasmolin II Ins C22H31O5
1+ (1172-63-0) M+nH 12.16 375.2166 



Analyte Name Type Elemental 
Composition CAS PMI Expected 

RT [min] 
Expected 
m/z 

Quinalphos Ins C12H16N2O3PS1+ (13593-03-8) M+nH 10.8 299.0614 

Quinmerac Her C11H9ClNO2
1+ (90717-03-6) M+nH 4.75 222.0316 

Schradan Ins C8H25N4O3P2
1+ (152-16-9) M+nH 5.36 287.1396 

Silthiofam Fun C13H22NOSSi1+ (175217-20-6) M+nH 10.58 268.1186 

Simazine Her C7H13ClN5
1+ (122-34-9) M+nH 7.07 202.0854 

Spinosyn B or K Ins C40H64NO10
1+ (168316-95-8. 

131929-63-0 (B)) 
M+nH 11.23 718.4525 

Tebuconazole Fun C16H23ClN3O1+ (107534-96-3) M+nH 10.87 308.1524 

Tebutame Her C15H24NO1+ (35256-85-0) M+nH 10.25 234.1852 

Terbuthylazine Her C9H17ClN5
1+ (5915-41-3) M+nH 9.36 230.1167 

Terbutryn Her C10H20N5S1+ (886-50-0) M+nH 10.23 242.1434 

Thiabendazole Fun C10H8N3S1+ (148-79-8) M+nH 6.2 202.0433 

Thiacloprid Ins C10H10ClN4S1+ (111988-49-9) M+nH 5.62 253.0309 

Thifensulfuron-methyl Her C12H14N5O6S2
1+ (79277-27-3) M+nH 6.24 388.038 

Triallate Her C10H17Cl3NOS1+ (2303-17-5) M+nH+2 12.73 306.0062 

Trietazine Her C9H17ClN5
1+ (1912-26-1) M+nH 10.15 230.1167 

Trinexapac-ethyl PGR C13H17O5
1+ (95266-40-3) M+nH 8.39 253.1071 

Uniconazole PGR C15H19ClN3O1+ (83657-22-1) M+nH 10.46 292.1211 

Warfarin Rod C19H17O4
1+ (81-81-2) M+nH 9.27 309.1121 

XMC II  Ins C10H14NO2
1+ (2655-14-3) M+nH 7.71 180.1019 

XMC III  Ins C10H14NO2
1+ (2655-14-3) M+nH 7.79 180.1019 

XMC IV Ins C10H14NO2
1+ (2655-14-3) M+nH 8 180.1019 

 

The three major classes of detected pesticides were herbicides (39 compounds (30.5%)), 

fungicides (34 compounds (26.5%)), and insecticides (27 compounds (21.0%). Other types 

of compounds detected included transformation products (15 compounds), plant growth 

regulators (5 compounds), repellents (2 compounds), rodenticides (2 compounds) and 

ingredient, molluscicide, safener and synergist (1 compound each). Using the same passive 

sampling method and targeted screening method to monitor a WWTW impacted catchment 

in South Africa, Rimayi et al., (2019) found fungicides accounted for 37% of total pesticides, 

whilst the percentage of insecticides (18%) and herbicides (18%) were less. Moschet et al., 

(2014) detected 104 parent compounds of which 52% were herbicides, 30% fungicides and 

16% insecticides, in addition to 40 TPs, in five Swiss rivers using spot sampling and 

screening. Passive sampling coupled to screening on the river Arun in South East England, 

detected 111 pesticides, including 37 herbicides (33%), 36 fungicides (32%), and 22 

insecticides (20%) (Taylor et al., 2020a). The relative amounts of pesticide present is highly 



dependent on the land use within the catchment being monitored, explaining the greater 

similarity with monitoring in English and Swiss rivers.  

 

Fungicides were detected at greatest frequency, occurring 1225 times in all samples, 

followed by herbicides occurring 988 times. Insecticides and TPs were detected less 

frequently, occurring 514 and 499 times, respectively. Griseofulvin, epoxiconazole, 

tebuconazole and fluxapyroxad were the most frequently detected fungicides occurring in > 

50% of samples. Only two herbicides (propyzamide and flufenacet) and two insecticides 

(imidacloprid and clothianidin) occurred in > 50% of samples. These results were similar to 

those found by Taylor et al., (2020a) who investigated a similar U.K. river catchment. With 

the exception of the fungicide tebuconazole and the repellent DEET our detection 

frequencies were different than those found by Moschet et al., (2014).  

 

Number of detections per different pesticide classification (total detections/number of 

compounds detected) was 33 for TPs compared to 19 for insecticides, 25 for herbicides and 

36 for fungicides. TPs often possess a greater mobility and persistence in the environment 

than parent compounds (Kiefer et al., 2019). The risk posed by pesticide TPs is likely to be 

underestimated as many TPs have not been identified analytically. Furthermore, TPs have 

often been detected at higher concentrations than the parent compound when included in 

monitoring programmes  (Kiefer et al., 2019). Repellents had the greatest number of 

detections per classification at 103, however, this was due to the ubiquitous presence of 

DEET found in many ground and surface waters (Marques dos Santos et al., 2019; Merel 

and Snyder, 2016). 

 

The number of detections generally increased with the size of the upstream catchment with 

progressively more compounds present at Sites 1, 2, 6 and 8, which are located along the 



main channel of the river Rother. Sites located on tributaries receiving WWTW effluent (Sites 

3 and 4) had a greater number of site specific compounds and total number of compounds, 

than those receiving primarily diffuse inputs (Sites 5 and 7). The greatest number of 

compounds were detected at Site 3, where 85 pesticides were present, including 29 unique 

to the site. Fewest compounds were detected at Site 1, where 23 pesticides were present, 

with only one being unique. Thirteen compounds were present at every site. Out of the 128 

pesticides detected, 49 of these were unique to a single site. The number of pesticides 

detected at each sampling site, together with the number of pesticides detected uniquely, at 

multiple sites and all sites is shown in Table S3. 

 

3.3. Seasons 

Detected pesticides varied with season (Fig. 2). This was caused by changes in pesticide 

use due to crop choices and the favourability of conditions for pest species. Climatic 

conditions also influenced pesticide mobilisation and transport from the point of application 

(Chow et al., 2020). Monitoring seasonal trends using passive samplers showed elevated 

concentrations during spring corresponding to intensive application of pesticides to cereals 

between March and June (Bernard et al., 2019).  

 



 

Fig. 2. Venn diagram of the number of pesticides detected in each season.  

 

Forty three compounds were present throughout the year. The greatest number of pesticides 

were found in spring (96 compounds) followed by autumn (84 compounds), winter (78 

compounds) and summer (76 compounds). In spring, 18 pesticides were present that were 

not seen in any other season. These included the herbicides (e.g. metribuzin and linuron), 

insecticides (e.g. malathion) and fungicides (e.g. pencycuron). Of the 32 pesticides that were 

absent in spring, a number were unique for each season; summer (7 compounds) autumn 

(6 compounds) and winter (5 compounds). Table S4 details the detection frequency for the 

128 identified pesticides for each season. 

 

 

3.4. Spatiotemporal trends in passive sampling data 

Interpretation of spatiotemporal trends in pesticide occurrence and fate can give information 

that enables the prioritisation of sub-catchments that require further investigation and 

compounds that pose a risk to drinking water quality. Quantitative pesticide monitoring 

allows direct comparison of concentrations of pesticides within and between all samples. 



Interpretation of spatiotemporal trends in quantitative monitoring data can be enhanced with 

secondary data such as discharge, enabling calculation of pesticide load. In contrast, 

qualitative monitoring data is typically evaluated using pesticide occurrence only. This 

approach, however, neglects a significant amount of additional information contained within 

large qualitative data sets that can provide context to spatiotemporal trends.  

 

With our qualitative screening data set we undertook unsupervised HCA of normalised peak 

area on all 197 samples. Pesticides were clustered according to variation in peak area within 

conditions (deployment and site). It was hypothesised that pesticides would group in clusters 

and subclusters according to shared spatiotemporal trends. Groups within the HCA can then 

be mapped onto expected pollutant profiles based on their composition, and linked to the 

time(s) and location(s) of sources of pollution and similarities in fate. HCA reduced the 

complexity of our dataset so spatiotemporal trends could be visualised (Fig. 3). The HCA 

produced three major clusters of pesticides (cluster 1–34 pesticides; cluster 2–54 pesticides; 

cluster 3-40 pesticides) which could be separated into 10 subclusters. Table S5 gives the 

number of pesticides within each cluster and subcluster and describes their associated 

spatiotemporal trends, together with their risk and suggested actions in future monitoring 

campaigns. 

 

 

 



 

Fig. 3. Hierarchical clustering of normalized intensity values for pesticides and samples. 

Similarity Measure: Euclidean. Linkage Rule: Wards. Tree scale: True. 
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Cluster 1 comprised three distinct subclusters (1a-1c), that were predominantly fungicides 

and insecticides associated with point sources originating from WWTW. Subcluster 1a 

contained 19 compounds, these had little seasonality and were frequently detected at Site 

3 throughout the year. Dilution prevented their detection at the downstream sites. Subcluster 

1c contained 7 compounds that shared sources and fate with 1a compounds, but lower 

frequency, with dilution again preventing their detection at downstream sites. Most 

detections of 1a and 1c compounds occurred at Site 3 with the frequency of detection 

favouring summer months for 1c pesticides. Subcluster 1b contained 8 compounds 

associated with WWTW inputs and diffuse sources from agriculture use throughout the 

catchment. The 1b pesticides were found at both upstream and downstream sites, with the 

greatest abundance at Site 3. These compounds underwent attenuation through dilution. 

This was, however, insufficient to prevent downstream detection due to supplementation 

from other catchment sources. The relative contribution of diffuse and point inputs varied 

seasonally, with 1b compounds most abundant in the summer months when the relative 

contribution of WWTW input to river flow is greatest. The risk to water quality at Site 8 

(drinking water abstraction) was present throughout the year for 7 compounds in subcluster 

1b. Compounds in subclusters 1a and 1c did not pose a risk to water quality at Site 8. 

 

Cluster 2 comprised four subclusters (2a-2d), characterised by infrequent detection within 

samples. Subcluster 2a contained four compounds (PGRs and insecticides used 

domestically) only occurring at Site 3, being greatest in spring. The eleven 2b compounds 

(fungicides and herbicides applied to potatoes, tomatoes, vegetables, oil seed rape (OSR) 

and cereals) were detected throughout the catchment with greatest occurrence in spring. 

Ten of the 2b compounds posed a risk to water quality at Site 8. Subcluster 2c contained 26 

compounds with origins (ground water and diffuse use in agriculture) throughout the 

catchment, however, detection at downstream sites was only observed for 11 compounds. 



Eight 2c compounds including several banned and obsolete compounds (e.g. atrazine and 

schradan) posed a risk to water quality at Site 8. Subcluster 2d contained 13 compounds, 

most were approved fungicides and herbicides used in potatoes, ornamentals, fruit, OSR 

and cereals. There occurrence was greatest in spring. Dilution was important with only 

seven pesticides being detected at Site 8. Five 2d compounds posed a risk to water quality 

at Site 8, which was highest in spring. 

 

Cluster 3 comprised three subclusters (3a-3c). Cluster 3 compounds had diffuse inputs and 

were mostly fungicides and herbicides applied to potatoes, OSR and cereals. Subcluster 3a 

contained 12 compounds, these occurred infrequently with between 1 and 17 detections, 

with dilution reducing number of detections at downstream sites. Six 3a pesticides posed a 

seasonal risk to water quality at Site 8, this was greatest in winter. Subcluster 3b contained 

12 compounds, these occurred frequently throughout the catchment and showed less 

seasonality than 3a compounds, with between 36 and 161 detections. Throughout the year 

3b compounds posed a risk to water quality at Site 8. Subcluster 3c contained 16 

compounds, having similar spatiotemporal trends to 3b compounds. 3b compounds were 

mainly applied post-emergence whereas 3c compounds had more use pre-emergence. 

Fourteen 3c compounds posed a risk to water quality at Site 8.  

 

Spatiotemporal trends in our data revealed that pesticides can be grouped into categories 

based on their pollution profile; WWTW exclusive (subclusters 1a, 1c and 2a), mixed WWTW 

and diffuse (subcluster 1b), diffuse or point with distinct origins (subclusters 2b, 2c and 2d) 

and diffuse multiple origins (cluster 3). It is likely that the type of clusters identified here will 

be repeated in other river catchments. For example, HCA performed on binary occurrence 

data of 168 micro-pollutants (pesticides and pharmaceuticals) detected in the Hudson River 

estuary identified clusters with similar characteristics, namely, WWTW exclusive, mixed 



WWTW and diffuse, and diffuse from agriculture (Carpenter and Helbling, 2018). These 

types of clusters can be used to characterise pesticide pollution in other river catchments, 

although the constituents of clusters will vary according to monitored compounds.  

 

3.5. Comparison of passive sampling and spot sampling at Site 8 

For routine regulatory monitoring purposes, spot samples of water were collected (n = 24) 

at Site 8 over the period of the study. A suite of pesticides were quantitatively determined.  

Nineteen pesticides detected using the Chemcatcher® screening approach were also 

detected in spot samples (Table 2). Three pesticides (flufenacet, propyzamide and 

prosulfocarb) exceeded the drinking water quality standard (DWQS) of 0.1 µg L-1. Apart from 

linuron, concentrations of the remaining pesticides in spot samples did not exceed 60% of 

the DWQS, and were close to the analytical limit of detection in most samples.   

 

The detection frequency at Site 8 was greater using passive sampling for twelve 

compounds, equal for both sampling methods for one compound (pirimicarb), and greater 

using spot sampling for the remaining six compounds. Pesticide detection frequency is 

typically higher with passive sampling than spot sampling (Bernard et al., 2019; Van Metre 

et al., 2017). Four (linuron, triallate, diflufenican, and prosulfocarb) of the six compounds 

detected more frequently with spot sampling were moderately nonpolar (~ 3 – 4.5 log KOW). 

These compounds are likely to have longer lag phases as they may be absorbed into the 

PES membrane of the Chemcatcher® and hence may not be detected in the HLB extract. 

Such observations have been reported with the POCIS passive sampler (Vermeirssen et 

al., 2012). Hence, if the timing of spot sampling is opportune, stochastic pollution events can 

be detected. This is in contrast to passive sampling where insufficient analyte may be 

sequestered over this short time interval to enable its detection. However, excluding 



detections in spot samples where the concentration was less than 0.01 µg L-1 produces a 

greater or equal rate of detection in passive samples for all pesticides.   

 

Table 2. List of pesticides found in spot samples of water (n = 24) and in extracts from the 

Chemcatcher® passive sampler (n = 25) at Site 8 over the deployment period. Data are 

shown for number and percentage of detections together with the minimum, maximum and 

mean concentration (µg L-1) and the number of times the concentration exceeded the 

Drinking Water Quality Standard (DWQS) of 0.1 µg L-1. 

Pesticide No. (spot) 
detections 

% detection 
(spot) 

% detection 
(passive) 

Min 
conc. 

Max  
conc. 

Mean 
conc. 

No. 
exceeded 

DWQS 

Boscalid 6 25 52 0.005 0.021 0.012 0 

Carbendazim/Benomyl 3 13 0 0.001 0.003 0.002 0 

Chlortoluron 1 4 8 0.003 0.003 0.003 0 

Cyproconazole 2 8 56 0.001 0.010 0.011 0 

Diflufenican 4 17 4 0.002 0.035 0.012 0 

Epoxiconazole 9 38 88 0.002 0.018 0.005 0 

Flufenacet 6 25 60 0.003 0.485 0.089 1 

Flutriafol 1 4 0 0.002 0.002 0.002 0 

Fluxapyroxad 3 13 88 0.003 0.060 0.023 0 

Linuron 3 13 4 0.007 0.096 0.037 0 

Metazachlor 5 21 80 0.002 0.025 0.009 0 

Pirimicarb 1 4 4 0.001 0.001 0.001 0 

Propiconazole 2 8 68 0.002 0.006 0.004 0 

Propyzamide 15 63 80 0.002 1.456 0.233 5 

Prosulfocarb 5 21 8 0.003 0.360 0.077 1 

Quinmerac 6 25 44 0.003 0.060 0.016 0 

Tebuconazole 11 46 76 0.002 0.017 0.007 0 

Terbutryn 4 17 28 0.001 0.003 0.002 0 

Triallate 6 25 4 0.005 0.032 0.010 0 

 

The utility of passive sampling is not greatly reduced if low concentrations are sometimes 

missed, providing pollution events of greater significance to water quality are reliably 

detected and can be interpreted in relation to longer term trends. A drawback of spot 



sampling is there is no information on pesticide concentrations occurring between sampling 

events (Castle et al., 2019, 2018; Townsend et al., 2018). Comparison of spot sampling 

concentrations and qualitative passive sampling screening data (peak area) for the four 

pesticides which approached (linuron) or exceeded (flufenacet, propyzamide and 

prosulfocarb) the DWQS is shown in Fig. 4. 
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Fig. 4. Comparison of spot sample concentrations (black vertical line) and integrated peak 

area in Chemcatcher extracts (grey horizontal bar), for (1) flufenacet; (2) linuron; (3) 

propyzamide; (4) prosulfocarb, at Site 8 between Oct 2017 and Oct 2018.  

 

There was good agreement between the two data sets. High concentrations in spot samples 

were generally reflected in increased peak areas in the passive sampler extracts at the same 

time points. The exception was propyzamide which exceeded the DWQS in spot samples 
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on five occasions during winter (24 Nov 2017 – 9 Jan 2018). Over this period passive 

sampling did not relate directly to the spot sampling concentration although the two highest 

peak areas occurred during this time. The passive sampling data highlighted there was a 

need for increasing the spot sampling frequency for propyzamide over the months (January 

and February) following this period.  

 

3.6. Comparison of passive sampling data alongside pesticide usage 

CEH Land Cover plus: Pesticides 2012-2017 (England, Scotland and Wales) contained data 

for 40 of the 128 pesticides detected in the Chemcatcher extracts. This was used to 

calculate percentage application at the catchment scale (% of 1 km2 squares in the 

catchment), total mass of active substance applied (kg) and maximum and mean application 

of active substance (kg km-2). The regional scale pesticide usage survey (Fera 2016) was 

used to calculate total values for the mass (kg) and treated area (km2) (basic area treated 

multiplied by the number of treatments in the calendar year) in South East England. This 

information together with the detection frequency of these pesticides found in the passive 

sampler extracts at Site 8 is shown in Table 3. The additional metric showing the relationship 

between the catchment (C) and regional (R) geospatial pesticide usage data (% mass C/R) 

is also shown. The % mass C/R ratio was calculated to compare the relative intensity of 

application of each compound within the catchment in terms of application rates across the 

whole region. The C/R ratio was between 0.77–5.6 % for 31 compounds, with most 

compounds failing in a narrower range between 1–2 %. Seven of the remaining nine 

compounds had relative application rates significantly higher within the catchment, including 

two compounds (chlorotoluron and methiocarb) where the total mass of active applied within 

the catchment exceeded the regional total. Regional data was unavailable for the remaining 

two actives (carbendazim and clothianidin).   

 



Application rates (Table 3) within the catchment were calculated using data gathered over 

six years, spatial interpolation was necessary to fill in gaps in the data between years and 

where the crops and areas included in the survey differed. This approach means pesticides 

that have dropped in use are overrepresented in the catchment scale data. Likewise, survey 

data of regional application in 2016 may be unrepresentative of use within the catchment as 

the crops and areas surveyed change each year. 

 

Table 3. Pesticide use in the Western Rother River catchment (CEH Land Cover plus: 

Pesticides 2012-2017 (England, Scotland and Wales)) and South East England (Fera 

pesticide usage survey (Fera 2016)), together with pesticide detection frequency 

(Chemcatcher at Site 8) and the % mass C/R ratio.  

 Catchment (C) Chemcatcher® Regional (R)  

Pesticide % catchment 
applied 

Mass applied 
(kg) 

Max 
(kg m-2) 

Mean 
(kg m-2) 

% detection at 
Site 8 

Area 
applied 
(km2)  

Mass applied 
(kg)  

% C/R 
(mass) 

Azoxystrobin 100.00 283.62 4.50 0.79 68 856.13 10,068 2.8 
Benthiavalicarb_isopropyl 15.51 3.15 0.24 0.06 4 89.57 244 1.3 
Bixafen 100.00 99.36 1.33 0.28 4 1229.69 6,372 1.6 
Boscalid 86.43 249.65 3.40 0.80 52 421.57 6,948 3.6 
Carbendazim 85.60 59.97 1.46 0.19 0 NA NA NA 
Chlorotoluron 85.60 511.01 6.70 1.65 8 5.64 324 158 
Clomazone 78.39 79.56 1.72 0.28 56 469.78 4,095 1.9 
Clothianidin 87.26 167.67 2.38 0.53 88 NA NA NA 
Cycloxydim 78.39 119.40 3.26 0.42 0 128.53 2,716 4.4 
Cyproconazole 86.15 109.56 1.61 0.35 56 1008.87 5,279 2.1 
Diflufenican 100.00 210.15 2.83 0.58 4 2846.30 17,706 1.2 
Epoxiconazole 100.00 238.14 3.60 0.66 88 3776.84 22,999 1.0 
Flufenacet 100.00 635.53 9.02 1.76 60 2881.02 53,975 1.2 
Fluopyram 85.60 12.46 0.30 0.04 4 333.37 692 1.8 
Flurtamone 84.21 97.82 1.64 0.32 4 566.83 6,556 1.5 
Flutriafol 78.67 3.29 0.07 0.01 0 17.08 16 20 
Fluxapyroxad 100.00 83.63 1.21 0.23 88 1709.43 10,881 0.8 
Imazalil 80.06 1.81 0.09 0.01 0 8.87 8.4 22 
Imazamox 56.51 15.47 0.56 0.08 0 162.84 884 1.8 
Imidacloprid 86.15 46.89 0.99 0.15 100 29.36 1,050 4.5 
Isopyrazam 85.60 131.55 2.74 0.43 8 595.67 4,080 3.2 
Linuron 80.61 251.94 7.95 0.87 4 229.98 10,942 2.3 
Mesosulfuron_methyl 85.60 17.45 0.27 0.06 12 1002.54 1,261 1.4 
Metamitron 57.62 1122.26 36.32 5.40 0 12.76 1,229 91 
Metazachlor 72.85 448.76 9.51 1.71 80 522.00 27,670 1.6 
Methiocarb 100.00 117.33 2.73 0.33 4 16.33 47 249 
Metribuzin 15.51 40.88 3.03 0.73 4 16.69 730 5.6 
Metsulfuron_methyl 100.00 3.80 0.08 0.01 0 975.87 398 1.0 
Nicosulfuron 69.53 14.90 0.48 0.06 0 157.38 544 2.7 
Penthiopyrad 85.60 171.27 2.27 0.55 36 862.48 9,812 1.8 
Pirimicarb 86.43 171.75 2.79 0.55 4 104.86 998 17 
Propiconazole 100.00 120.82 1.69 0.33 68 402.32 2,665 4.6 
Propyzamide 77.01 782.90 13.63 2.82 80 588.45 47,537 1.6 
Prosulfocarb 86.43 1807.33 39.50 5.79 8 736.27 139,429 1.3 
Quinmerac 72.85 71.34 2.02 0.27 44 310.53 5,983 1.2 
Silthiofam 84.21 12.85 0.19 0.04 8 187.53 826 1.6 
Tebuconazole 100.00 525.77 6.84 1.46 76 4620.46 48,469 1.1 
Terbuthylazine 65.10 212.90 4.57 0.91 48 116.12 4,561 4.7 
Thiacloprid 77.84 26.23 0.59 0.09 12 23.53 196 13 
Thifensulfuron_methyl 100.00 26.41 0.61 0.07 0 773.84 2,007 1.3 

 



Using pesticide usage data at the catchment or regional scale to predict risks to water quality 

is challenging. The percentage application (Pearson's ρ 0.269) and sum applied (Pearson's 

ρ 0.109) within the catchment were poor indications for the detection frequency at Site 8. 

Totals for the applied area (Pearson's ρ 0.424) and mass (Pearson's ρ 0.217) in South East 

England had greater correlation, but were similarly poor indicators of detection frequency at 

Site 8. Further information is provided in Table S6.   

 

Kiefer et al., (2019) found that the likelihood of pesticide occurrence in Swiss ground waters 

was poorly correlated with pesticide sales data and that land use was a better indicator. 

They found the percentage of agricultural and urban land in the catchment was weakly 

correlated (Pearson's ρ 0.34) to the detection frequency of agricultural pesticides. Moschet 

et al., (2014) found that pesticides with higher sales numbers occurred more frequently in 

Swiss rivers. Sales data, however, could not determine pesticide profiles at monitoring sites 

unless very detailed usage data were available. Comprehensive screening was suggested 

as the best approach to determine the scale and nature of pesticide pollution.  

 

High resolution pesticide usage data cannot be used to infer occurrence at the site level or 

the risk to water quality within a catchment. It may, however, assist in targeting catchment 

interventions if used in conjunction with information from passive sampling. In our study, 

flufenacet was detected at every site with similar analytical integrated peak areas for sites, 

2, 3, 4, 6 and 8. The heat map (Fig. S5), however, shows hotspots throughout the catchment 

where use is greatest, thus allowing better targeting of interventions. Phase 1 of the UKWIR 

pesticides risk mapping approach employs some of the same source data (1 km2 raster data 

on land use) and spatial interpolation methodologies as the CEH Land Cover plus: 

Pesticides 2012-2017 (England, Scotland and Wales) data (Jarvis et al., 2020; UKWIR, 

2015). The risk mapping approach is more sophisticated, however, incorporating pesticide 



modelling, site observations and hydrological features, in order to calculate risk indices. 

Incorporation of passive sampling screening data into risk mapping could aid selection and 

targeting of catchment interventions during phase 1 of risk mapping, and may promote 

consistency if adopted across the water industry.  

 

Catchment data on pesticide usage may be valuable in prioritising pesticides likely to be 

found with stochastic concentrations. For example, the difference between mean and 

maximum application rates (kg km-2) may be indicative of the magnitude and duration of 

pollution events. In our study the herbicides, flufenacet, linuron, metazachlor, propyzamide 

and prosulfocarb have high maximum application rates (7.95 to 39.5 kg km-2) which are 

many times their mean rates in the catchment. As such it is possible these compounds will 

be found at higher concentrations and have greater variability during pollution events. 

 

3.7. Prioritisation of future monitoring and catchment interventions 

Spatiotemporal trends of groups identified in the HCA were used to prioritise pesticides 

based on the risk they posed to water quality at Site 8. This information was used to design 

a monitoring programme (based on site and season) to assess the ongoing risk to water 

quality in relation to location of catchment sources of pollution. HCA results showed that 

sampling should focus on three sites on the main channel of the river. These sites were Site 

2 (before any tributaries), Site 6 (mid-point of the river), and Site 8 (located at the WSW 

abstraction).  

 

Sixty-one of the 128 pesticides detected by passive sampling coupled to screening were 

prioritised for future monitoring. All prioritised pesticides were detected at Site 8.  Eight of 

the 69 pesticides detected at Site 8 posed no risk to water quality based on their catchment 

sources and fate and hence were omitted from the monitoring programme. The pesticides 



included in the monitoring programme are shown in Table S7. This provides additional 

information on the type of pollution, sources of pollution, seasonality, catchment fate, 

proposed monitoring (site and season), and actions conditional on monitoring. The 

information on season and site is summarised in Table S8.  

 

The future measurement suite is largest in spring (45 compounds), followed by winter (41 

compounds), autumn (35 compounds), and summer (32 compounds). Fewer pesticides are 

to be monitored at upstream sites with 27 and 16 compounds included in monitoring at Site 

6 and Site 2 respectively. Pesticides at downstream sites need to be monitored to attribute 

sources responsible for pollution at Site 8 and to understand long term trends. Where 

specific catchment sources are known, monitoring at upstream sites is not necessary.  

 

The same approach on the River Arun (Sussex, UK) was recently undertaken by Taylor et 

al. (2020a) who found the number and seasonality of pesticides prioritised for monitoring 

were similar to this study. It should be noted that any list of prioritised pesticides is dynamic 

and relates to both available monitoring data and agricultural practices within the catchment. 

Over time it is expected that the number of prioritised pesticides will reduce as more 

monitoring data becomes available. A list of prioritised pesticides means resources can be 

focused on monitoring and catchment interventions to reduce pollution for pesticides with 

known presence and fate within the catchment. 

 

3.8. Utility of passive sampling and targeted screening 

Passive sampling is increasingly being used in the monitoring of pesticides (Taylor et al., 

2020b, 2019). The accuracy and reproducibility of data obtained from PSDs can be limited 

by end-user proficiency and gaps in the mechanistic understanding of analyte uptake into 

the devices. This has often led to a reluctance to adopt PSDs in routine monitoring 

programmes. However, time integrative monitoring has been shown to provide greater 



temporal representativeness and an improved ability to discriminate spatiotemporal trends 

within monitoring data (Bernard et al., 2019). An area of recent interest is combining PSDs 

with qualitative targeted screening (Richardson et al., 2021; Rimayi et al., 2019; Taylor et 

al., 2020a), as this provides a comprehensive list (~ 1000 compounds), without the need for 

a priori knowledge of the pollutants present in the sampled waters. This is in contrast to 

regulatory spot water sampling where only a limited pre-described list of compounds is 

analysed.  

 

Expansion of the measurement suite has been demonstrated to correlate to increases in the 

number of detected analytes (Schreiner et al., 2016). Adoption of a measurement suite 

based on geospatial data describing pesticide sales and application, crop type and land use 

have been proposed as a way to prioritise pesticides for inclusion in measurement suites 

(Vijver et al., 2008). In practice obtaining geospatial data of sufficient spatial and temporal 

resolution to make such determinations has proved challenging (Kiefer et al., 2019; Moschet 

et al., 2014). Our solution; qualitative screening means the measurement suite can be 

greatly expanded within a practicable workflow.  

 

Spot sampling and passive sampling can be used to give complimentary information in river 

catchment monitoring programmes. The maximum utility for risk assessment purposes is by 

combining information obtained from both monitoring approaches. Our study has shown 

how passive sampling can be integrated into the workflow of current catchment pesticide 

risk assessments (Fig. 5). Monitoring at representative sites in the upstream catchment 

should be performed in the first iteration of passive sampling. The data obtained can be 

used to decide on the compounds to be measured in the spot water samples. 

 



In subsequent iterations of the work flow spot water sampling may be suitable at fewer sites 

located along the main river channel. In future cycles of the work flow passive sampling 

deployments can be either expanded or reduced depending on the data review process. 

This targeted approach could reduce the cost of the monitoring programme. The 

incorporation of qualitative passive sampling into the work flow of current catchment 

pesticide risk assessments (Fig. 5) fits into the drinking water safety plan framework. 

Qualitative screening data can inform several steps within the system assessment modules. 

 

Future monitoring programmes should include the use of passive samplers with different 

receiving phases (e.g. anionic-exchange, molecularly imprinted polymer, C18) in order to 

sequester pesticides with a wider range of physicochemical properties (Fig. S6) (Ahrens et 

al., 2015; Claude et al., 2017; Townsend et al., 2018). This would enable a more complete 

understanding of the pesticides present within the catchment. If PSDs with other 

configurations are deployed, then an additional catchment pesticide assessment needs to 

be performed.  

 

 



 

Fig. 5. Work flow for incorporation of passive sampling into catchment monitoring for 

pesticides. Passive sampling is applicable for use within Modules 3 and 4 of the drinking 

water safety plan risk management framework.. 



4. Conclusion  

This study provides the first comprehensive characterisation of pesticides in the Western 

Rother river catchment over a 12 month period. Using passive sampling we detected 128 

pesticides from multiple classes, including compounds that have not previously been 

detected in surface waters in the U.K. This shows the benefits of using the powerful 

combination of the Chemcatcher® with an HLB receiving phase with high-resolution targeted 

screening. Use of a multivariate statistical approach enabled the complex qualitative passive 

sampling data set to be interpreted. HCA identified clusters of pesticides with similar 

spatiotemporal pollution patterns, with clusters linked by shared sources of pollution and 

similarities in fate. Identified clusters and subclusters were mapped onto hypothesized 

pollution profiles that could be applicable to other river catchments. Discrete and integrative 

sampling methods were found to be complimentary with nineteen pesticides detected in both 

spot water samples and Chemcatcher® extracts near the WSW abstraction site. However, 

an additional 50 pesticides were detected by the Chemcatcher® including analytes in the 

spot sampling measurement suite. Geospatial data describing pesticide use were found to 

be poorly correlated with detection frequency using passive sampling. We found, however, 

that treated area had a higher correlation with detection frequency than applied mass, 

regardless of the resolution of geospatial pesticide usage data. At the site upstream of the 

WSW abstraction point, 61 pesticides were prioritised according to their risk to water quality. 

At three sites in the catchment it was possible to design a seasonal monitoring programme 

for the prioritised pesticides. This study illustrates how passive sampling coupled to 

screening can enhance the understanding of pesticide pollution at the catchment scale and 

sets out how such monitoring can be incorporated into the drinking water safety plan risk 

management system.  
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