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 EXECUTIVE SUMMARY 

 

1.1 BACKGROUND 
Agricultural nonpoint source pollution (NPS) plays a major role in the degradation of water quality, 
particularly regarding pesticides, nutrients and sediment. It has therefore become increasingly important 
to address the contributions of NPS pollution in management of water quality, an aspect that is seldom 
considered in South Africa. The Water Research Commission (WRC) has addressed this gap by funding 
a number of studies, which, amongst others, have generated a knowledge review of modelling 
agricultural NPS pollution at multiple scales and developed an integrated modelling approach to 
prediction of agricultural NPS pollution. As a follow on to the latter project, the WRC is currently funding 
a more detailed study on the fate and transport of nutrients in agricultural catchments (WRC Project 
K5/2501). 
 
With respect to pesticides, Burger and Nel (2008) produced a scoping study report on the impact of 
pesticides with endocrine disrupting properties on water resources of South Africa. This led to the 
solicitation of a directed project to perform a more detailed investigation of the contamination of water 
resources by agricultural chemicals and their impact on human health. This study produced national 
maps of the spatial distribution of estimated use of over 200 pesticides and is an essential input to 
identifying important sources of agricultural chemicals in the country. Furthermore, the study confirmed 
the presence of numerous pesticides in surface waters in three case study catchments representing 
different crop types (i.e. maize, sugar cane and sub-tropical fruit). Given the widespread use of 
pesticides in large and small-scale farming, in combination with their potential toxic and endocrine 
disrupting effects on human and ecological health, it is important to develop, evaluate and test modelling 
and monitoring approaches that enable farmers and catchment managers to identify and reduce their 
impacts on the environment. These approaches need to consider the nature of NPS pollution and the 
variety of geographical, climatic and management practices that influence the transport of pesticides in 
the environment. 
 
There are essentially three types of management options suitable for reducing the pollution of water 
pollution by agricultural pesticides: 

1. Reduce the amount of pesticide applied through: 
a) Improving application efficiency; and 
b) Using non-chemical (Integrated Pest Management) control measures. 

2. Substitute current use pesticides with less toxic, less persistent or less mobile pesticides.  
3. Reduce the physical transport of applied pesticides from fields to aquatic systems.  

 

1.2 AIMS & OBJECTIVES 
Considering the increasing challenges related to water quality management in South Africa and 
acknowledging the role of NPS pesticide pollution in the deterioration of water quality, the aim of this 
project is to improve the management of NPS pesticide pollution in South Africa through investigating 
and developing monitoring, modelling and risk assessment approaches that: 

1. Identify target areas (or hotspots) where agricultural NPS pollution of pesticides is of greatest 
concern; 

2. Identify specific pesticides in hotspot areas which are likely to pose the greatest risk to 
freshwater resources;  

3. Identify important transport routes of contamination and reliably predict pesticide 
concentrations derived from these transport routes;  
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4. Provide guidance on reducing impacts through: 
a) Improving application, or 
b) Selecting pesticides which pose less risk to the aquatic environment, or 
c) Reducing the transport of chemicals from source to the aquatic environment. 

 
These aims were addressed through addressing the following project objectives: 

1. Knowledge review of current management practices aimed at reducing pesticide impacts in the 
environment. 

2. Identify priority areas for implementation of management practices through integrating recently 
developed pesticide use maps with geographical data to produce maps of aggregated risk to 
the environment. 

3. Develop calibration guidelines for small-scale farmers designed to reduce pesticide application 
rates and associated environmental impacts. 

4. Develop relative risk-based guidelines that enable farmers to identify the relative environmental 
risk of different pesticides registered for use on a crop. 

5. Perform field and catchment scale modelling studies under different cropping systems to 
characterise pesticide contamination in associated water resources. 

6. Perform field and catchment scale monitoring studies under different cropping systems to test 
novel monitoring techniques and validate the accuracy of model outputs in predicting pesticide 
transport. 

 
This report documents the research conducted as part of Objectives 1, 3, 5 and 6. Research outputs 
associated with Objectives 2 and 4 have been described in Volume 2 of this report. 
 

1.3 WATER SAMPLING - PASSIVE SAMPLERS 
The basis of the study was to investigate alternatives to conventional grab sampling that is frequently 
conducted for pesticide monitoring. As pesticide contamination is highly transient (i.e. associated with 
short-term transport events such as runoff or spray drift) grab sampling will frequently miss 
ecotoxicologically relevant peak pesticide concentrations. Passive sampling involves the instream 
deployment of devices that sample pesticides constantly and therefore provide an integrated, time-
weighted indication of pesticide contamination. The project investigated the use of the Chemcatcher® 
passive sampler (equipped with a suitable receiving phase membrane) for sampling target pesticides 
that included atrazine, terbuthylazine, chlorpyrifos, imidacloprid and azinphos-methyl which are used 
extensively in agriculture in South Africa. Laboratory based sampling was carried out under varying flow 
rates to investigate the effect this would have on the accumulation rates of the pesticides on the 
receiving phase disks. A study was also conducted to test the application of the Chemcatcher® samplers 
in the field.  
 
The Chemcatcher® passive sampler equipped with SDB-XC and C18 receiving phase disks showed 
great versatility regarding accumulation of pesticides with different polarities. Based on the results 
presented, the SDB‐XC worked well for the accumulation of polar pesticides such as atrazine, and C18 
was well suited for more non‐polar pesticides such as terbuthylazine. Therefore, a variation of 
accumulation rates was obtained depending on which receiving phase was used. However, both 
receiving phases can accumulate pesticides of a range of polarity such as epoxiconazole, 
imizamethabenz‐methyl and cis‐permethrin.  
 
The passive sampler was shown to concentrate pesticides, as they were detected on the receiving 
phases although they were not detected in grab water sample extracts in all cases. This indicates that 
the Chemcatcher® is suitable for use in pesticide monitoring programmes. The importance of carrying 
out laboratory-based sampling with known and controlled environmental conditions was essential for 
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calculating the real concentration of the pesticides in the water when sampled using the passive 
sampler, as it has been shown that grab samples are not always reliable and non-detection of pesticides 
during analysis can lead to inaccurate conclusions regarding their presence.  
 

1.4 SPRAY DEPOSITION - ALTERNATIVE SAMPLING TECHNIQUES 
Various low-cost samplers for sampling deposition of pesticide originating from spray drift were 
investigated, using atrazine as the target pesticide. Two sampling campaigns were conducted whereby 
samplers were deployed at varying distances downwind from a field in which atrazine was applied by a 
Hiboy ground sprayer. A GC-MSD was used to analyse the deposition samples.  
 
Off-target deposition of atrazine (and terbuthylazine when present in the formulation) following ground-
based spray application was first sampled using various samplers such as chromatography paper, glass 
microscope slides, glass petri dishes, plastic drinking straws and polyacrylic rods, followed by analysis 
of extracts by GC-MS. These samplers were chosen based on availability, cost and their suitability to 
study off-target deposition, as reported in literature.  
 
Recovery tests were conducted in the laboratory to establish the applicability of the samplers for 
atrazine deposition specifically. Excellent recoveries (>70%) were achieved, with the exception of the 
plastic drinking straws, which were therefore not used in the field. Low deposition values were reported 
for atrazine up to 25 m downwind of the spray area, and no terbuthylazine was detected. The 
chromatography paper proved to be the best deposition sampler for both the horizontal and vertical 
orientations and up to 0.008 µg.cm-2 atrazine was collected. According to literature, this has been 
attributed to the ability of the paper to protect analytes from photodegradation.  
 
For the second sampling campaign, using horizontal and vertically oriented chromatography paper 
samplers, deposition of up to 11 µg.cm-2 and up to 12 µg.cm-2 were obtained for atrazine and 
terbuthylazine respectively, for distances up to 10 m downwind of the spray area. Slightly higher 
deposition values were obtained for terbuthylazine, which is more volatile than atrazine. Different trends 
in off-target deposition of pesticides with different volatilities have been reported in literature.  
 

1.5 SIMULATION OF SPRAY DEPOSITION - AGDISP MODEL 
The field deposition data from both sampling campaigns in this study was compared to predicted 
deposition rates derived from the AgDISP model (air dispersion software model for predicting pesticide 
spray drift during application). In the first sampling campaign, the model under-predicted the deposition 
values for atrazine, whilst in the second sampling campaign the model under-predicted deposition 
values at 0 m only. As the distance from the spray area increased, there was better agreement between 
the model and the field deposition data, and supports previous studies conducted in South Africa that 
have demonstrated that this model can be used to simulate deposition of pesticides in off-target areas. 
The findings of this study did also however make it apparent that field deposition studies are still 
important for accurately reflecting environmental concentrations of pesticides arising from off-target 
deposition during pesticide applications. 
 

1.6 SIMULATION OF PESTICIDE LEACHING UNDER DIFFERENT SOIL CONDITIONS   
A leaching column study was conducted to generated atrazine-leaching data for contrasting South 
African soils (clay, sand, loam, sandy loam) including those representing conservation agriculture (CA) 
and conventional tillage (CT) management systems. It is important to conduct such a study using soils 
representative of those farmed in South Africa to determine the impact of management practices on 
these various soils on atrazine-leaching. Atrazine was applied to leaching columns containing replicates 
of each soil type. The quantity of atrazine was applied to each column was determined based on the 
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clay content of the soil (as per the recommended label instructions). Observed data from the columns 
were compared between soils and management practices; additionally, conclusions were made to 
determine best management practices to reduce pesticide-reaching groundwater. 
 
All treatments exhibited high initial atrazine-leaching concentrations and clay had the highest final 
atrazine concentration owed to its higher clay content, which promotes high atrazine retention potential 
and partly due to the higher amount of atrazine volume applied compared to other treatments. Clay 
minerals are known to readily adsorb atrazine, especially the smectites, which are 2:1 clay such as 
montmorillonite as well as illite and vermiculite, which have a high swell and shrink capacities. However, 
their effect must have been minimised by the high solubility nature of atrazine in water, causing high 
initial leaching concentrations. As much as the high swell and shrink capacity of such soils may be 
undesirable by farmers, the effect on atrazine-leaching seemed to be relatively low.  
 
Several studies mentioned in literature also suggest that this herbicide does not bind tightly to soil 
particles, as observed in the leaching dynamics of CT and CA treatments, as well as the structured 
Andesite and the sand soil. There seem to be a higher risk of atrazine-leaching to groundwater in the 
first few days of herbicide application in CT soils and very sandy soils, as compared to CA, high clay 
and well-structured soils. Farmers need to exercise precaution when irrigating such soils, especially 
immediately after herbicide application has been done. This means that irrigating CT and very sandy 
soils after herbicide application may not exceed field capacity and must be done with great precaution. 
 
Atrazine concentrations were also closely related to sorption coefficients, organic carbon, bulk density, 
electrical conductivity, hydraulic conductivity, sand and clay content. Although studies evaluating 
atrazine transport in soil are available, to the best of knowledge to this study, no literature is available 
for information on cumulative loads or loads. In addition, loads obtained were related to atrazine 
concentrations and the cumulative loads were closely influenced by loads. 
 

1.7 SIMULATION OF LEACHING – PWC MODEL 
Data that was collected during the laboratory leaching experiment was used to calibrate the Pesticide 
in Water Calculator (PWC) model. Thereafter, independent data was used to validate the model. The 
PWC Version 2.001 version simulates pesticide applications to land surfaces and the pesticide’s 
subsequent transport to and fate in water bodies, including surface water bodies as well as simple 
ground water aquifers. PWC version 2.001 is the version currently approved for regulatory use in the 
Office of Pesticide Programs of the United States Environmental Protection Agency (US EPA).  
 
Results obtained from the leaching study showed that the PWC model can be used to simulate atrazine-
leaching concentrations, load and cumulative load. Having calibrated and tested the model for a range 
of soil types, there is now greater confidence in its application to other soil types in South Africa, as well 
as in long-term modelling, provided there is enough raw data to guide the simulations. Despite the 
complex nature of soils, the model was useful in providing insights and estimates of atrazine 
concentrations that can leach from a given amount of active ingredient applied, as well as corresponding 
loads and cumulative loads. The model was able to predict and help identify high leaching risk soil 
texture-pesticide application rate combinations as well as risky periods.  
 
The PWC model was also able to show that the most pertinent of processes that affect pesticide 
leaching is sorption, which is dependent on factors such as soil organic carbon content and clay content. 
The current study can now be transferred into more in-field testing with growing crops as well as several 
pesticide applications to determine the effect of these variables on pesticide leaching risks. Overall, the 
current study has highlighted basic information regarding atrazine-leaching dynamics of a wide range 
of contrasting soils as well as the periods at which the leaching risks are highest. In general, the PWC 
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model has proved to be a valuable quantitative tool that can be expanded to a wide range of pesticide 
leaching scenarios in South Africa.  
 

1.8 CATCHMENT STUDIES – SWAT MODEL & RISK INDICATOR 
Several runoff and spray drift events were monitored within two large catchment areas; with a view to 
establishing baseline pesticide concentrations for comparison to outputs from Soil Water Assessment 
Tool (SWAT) and the risk indicator developed, as part of the project (see Volume 2). The objective of 
these studies was to determine the application of these modelling approaches in estimating catchment 
scale pesticide contamination (as opposed to the PWC and AgDISP models, which are field-scale 
models).  
 
The Twee River catchment was selected as being representative of horticultural fruit crops (including 
apples, pears, peaches and oranges). The Twee River is located in quaternary catchment E21H in the 
Olifants-Doorn primary catchment. The catchment falls within a relatively arid area, with mean annual 
rainfall of approximately 440 mm. It is a winter rainfall area, with the majority of rain falling from April to 
August. The drier, summer months coincide with the peak pesticide-spraying period, which generally 
runs from August up until March.  
 
The Kars River quaternary catchment (G50D) in the Overberg, Western Cape has been selected as a 
catchment representative of cereal crops. Approximately 90 of the catchment area is under agriculture 
and the major crops produced include wheat, barley, oats and canola. According to spray programmes 
obtained for crops produced in the catchment, the main pesticides applied are herbicides and fungicides 
with some limited insecticide application. In general, similar pesticide active ingredients are applied 
across wheat and barley and comprise predominantly of herbicides and fungicides. In contrast, greater 
varieties of insecticides are applied to canola. The catchment falls within the winter rainfall region of the 
Western Cape and receives the majority of its rainfall from May to October. Mean annual precipitation 
(MAP) for the catchment is 399 mm. 
 
1.8.1 Twee River 
Relatively low concentrations of insecticides were detected in water samples that were collected 
following three different runoff events in April, August and September of 2017. Chlorpyrifos was clearly 
the most frequently detected pesticide across all sampling events. While cypermethrin and deltamethrin 
are applied more regularly, their low rates of application and their very low environmental mobility are 
important factors in limiting their transport via runoff. These pesticides are more likely to be associated 
with sediments and therefore more likely to be transported via particulate transport as opposed to 
dissolved phase water transport. Chlorpyrifos is significantly more mobile in the environment and is 
generally applied at the beginning of the spraying season. The monitoring clearly showed that some 
parts of the catchment (e.g. Suurvlei River catchment) were more contaminated than others were (e.g. 
Middeldeur and Twee rivers).  
 
Based on spray programmes provided by three different farms, the SWAT model and the risk indicator 
both successfully identified pesticides that are most likely to occur in water samples based on their 
environmental mobility. These included chlorpyrifos, thiram and mancozeb. The SWAT model was able 
to successfully identify hotspot areas of contamination (i.e. the Suurvlei River catchment) while the risk 
indicator identified high-risk pesticides in the catchment, which included chlorpyrifos and the pyrethroid 
pesticides cypermethrin and deltamethrin. The latter pesticides are not expected to occur in high 
concentrations, but their very high toxicity results in a high-risk to aquatic biota. The risk indictor also 
identified spray drift as the being the most important source of pesticides from a risk perspective. 
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1.8.2 Kars River Catchment 
Based on a selection of supplied spraying programmes, several pesticides were included for monitoring 
in the catchment (atrazine, carbendazim, chlorpyrifos, chlorsulfuron, dimethoate, epoxiconazole, 
methomyl, metolachlor, terbuthylazine). Quantitative sampling took place over five different runoff 
events that were monitored during the winter of 2019 and 2020. 2019 was a relatively dry year and 
sampling events followed low intensity rainfall events of less than 20 mm. Sampling in May, June and 
August of 2020 followed significant rainfall events, in excess of 60 mm, leading to wide-scale flooding 
throughout most of the catchment area. 
 
Concentrations of pesticides detected in water samples were generally very low for all pesticides across 
all sites. The monitoring however clearly did identify the Hansjes and Leeu rivers as being more 
contaminated than other parts of the catchment. These sites routinely showed higher concentrations of 
pesticides (particularly dimethoate, atrazine and methomyl). Similar to the Twee River catchment, the 
SWAT model was successful in identifying these catchments as important sources of pesticide 
contamination.  
 
The risk indicator and the SWAT model were consistent in terms of their identification of atrazine, 
dimethoate and methomyl as being highly mobile pesticides that are expected to occur in relatively high 
concentrations. In terms of risk, chlorpyrifos and methomyl are likely to pose higher risk to aquatic biota, 
while risks associated with dimethoate are expected to be low (based on its very low toxicity). Pesticides 
that are not expected to occur in high concentrations but do potentially pose a high-risk to aquatic biota 
(due to very high toxicity) include cypermethrin (toxic to invertebrates) and paraquat (toxic to algae). In 
general, higher pesticide concentrations and associated risk were associated with runoff than with spray 
drift. 
 

1.9 IMPROVING APPLICATION EFFICIENCY – SMALLHOLDER FARMERS 
A recent study indicated that as much as 92 of surveyed smallholder farmers across Gauteng Province 
do not properly calibrate their spraying equipment. In addition, nozzle height during pesticide application 
varies widely and the same spray equipment and pesticide water tank mixture is often used for spot 
treating pests and weeds by pointing the spray tip close to the plant or crop and spraying. Other studies 
found similar results in observing and surveying small-scale farmers in other African countries. Non-
calibration of sprayers and incorrect use of the sprayer may cause overdosing of crop plants as the 
sprayer flowrate remains the same but, the swath width may be reduced up to ten-fold and results in 
dosage rates that may be increased ten-fold or higher under these circumstances, depending of the 
height of the nozzle tip above the target area.   
 
This chapter addresses the project objectives by reducing pesticide transport and associated risks 
through improved application efficiency by providing practical guidelines containing minimum reliance 
on complex calculations and mechanical/physical calibration procedures for accurate spray equipment 
calibration under small-scale farming production scenarios.  
 
These calibration-training aides will be evaluated amongst small-farmers in the Gauteng Province when 
current lockdown regulations allow for safe experimental execution of the trials. The Practical 
Mechanical Calibration Guidelines will be refined if and, where necessary once evaluation results have 
been analysed. The Practical Mechanical Calibration Guidelines will also enable Provincial Agricultural 
Advisors to demonstrate the simplified mechanical calibration techniques to monthly small-scale farmer 
study groups and farmer field schools. 
The objective is therefore to provide a more user-friendly means of calibration by using 
mechanical/physical spray information. Suitable pictograms and simplified calculations have been 
created, provided, and distributed to Official Agricultural Advisors and local farmer community study 
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groups and farmer field schools. In essence, the pesticide operator will determine the volume of water 
that is sprayed over a specific crop area (row length) by counting the paces of the crop row being 
sprayed until a specific volume of water has been sprayed and the sprayer is empty. The row length of 
in paces (steps) will be converted to metres and the total row length of all rows will be added to obtain 
the total volume that would be required to spray the small-scale farmer’s entire plot. 
 

1.10 CONCLUSIONS 
Broad conclusions relevant to the overall objectives of the study are given here. More task-specific 
conclusions are provided in relevant chapters contained in the report:  

• The Chemcatcher® passive sampler was successful in monitoring selected pesticides in field 
trials. Since passive sampling provides information about time-weighted average contaminant 
concentrations, all possible concentrations over the sampler deployment time are included in 
this average value. Traditional grab sampling does not do this, since collected samples only 
represent a single moment in time and multiple grab samples must be taken to observe 
variation in contaminant concentrations over time. However, there is no way of finding out the 
complete range of contaminant concentrations over the deployment time at a single site with 
only passive sampling. This integrative sampling method also can result in the detection of 
chemicals present at such low concentrations that they would be undetected in a grab sample, 
due to concentration of the chemicals on the sampler over time. As a result, passive sampling 
has the potential to be a less time-intensive, less expensive and more accurate sampling 
method than grab sampling.  

• Although the Chemcatcher® study included five main target analytes, only two of these were 
detected in the field samples. This is unlikely to be related to the efficiency of the sampler but 
more because some of the target analytes were most likely not being used in the chosen study 
area. However, the study gave more insight into passive sampling and the behaviour of 
pesticides under different environmental conditions of relevance in South Africa. Similar studies 
regarding passive sampling of pesticides have been carried out in other parts of the world, but 
relatively few have been conducted in South Africa, where pesticide-monitoring programmes 
are clearly necessary. With information obtained from this study relating to the use of passive 
sampling and its advantages over grab sampling, more efficient pesticide monitoring 
programmes detecting hotspots can be developed and implemented in order to secure 
sustained water quality. 

• This integrative sampling method using the Chemcatcher® can also result in the detection of 
chemicals present at such low concentrations that they would be undetected in a grab sample, 
due to concentration of the chemicals on the sampler over time. As a result, passive sampling 
has the potential to be a less time-intensive, less expensive and more accurate sampling 
method than grab sampling. 

• Since passive sampling provides information about average contaminant concentrations, they 
provide an integrated measure of exposure over a certain period. However, there is no way of 
finding out the complete range of contaminant concentrations over the deployment time at a 
single site with only passive sampling. While average concentrations are useful in terms of 
estimating integrated exposure over time, peak concentrations may be more toxicologically 
relevant. 

• A good correlation between AgDISP and PWC model predictions and measured airborne and 
leached pesticide concentrations, respectively, suggests that these models can be used to 
provide a good estimate of pesticide contamination in non-target aquatic environments. Results 
from this and other modelling studies strongly support the use of such models in the regulation 
of pesticides in South Africa (i.e. during the registration of pesticides as required by Act 36 of 
1947).   
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• Application of the SWAT model is advantageous from the perspective that it can reliably identify 
portions/sub-catchments where contamination is higher compared to other parts of the 
catchment. This is very useful in terms of prioritising the spatial implementation of management 
interventions aimed at minimising the transport and associated risks of pesticides in the 
catchment. This is particularly relevant in the context of implementing management plans aimed 
at protecting endangered fish species that do occur in each of the catchments studied in this 
project (and in other catchments throughout the Western Cape and the rest of South Africa). 

• The SWAT model also provides a time-series of contamination, which is useful in terms of 
estimating when peaks in contamination are likely to occur. The accuracy of the time series and 
all simulations generated by the model is however very dependent on the spraying programme 
that is built into the model. Spraying programmes are likely to vary from one farm to the next 
and, in large catchment areas, it is unlikely that spray programmes for every farm can be 
obtained. This is a significant limitation in the application of the model in terms of generating 
accurate pesticide concentration simulations. 

• A further disadvantage of the SWAT model is that realistic estimations of pesticide 
concentrations are dependent on predicting the hydrology in the catchment accurately. The 
prediction and validation of flows in many catchments in South Africa is challenging, given that 
reliable flow data is required to calibrate and validate flow predictions. Even if measured flow 
and precipitation data were available for a study area, the process of simulating accurate flow 
is very challenging and requires specialist skills. This is a major limiting factor in the application 
of the SWAT for pesticide risk assessment purposes.  

• Calibration of the SWAT model ultimately depends on comprehensive pesticide monitoring data 
to determine whether predicted concentrations reasonably simulate measured concentrations 
and so that relevant modelling parameters can be adjusted accordingly. Comprehensive 
pesticide monitoring data is almost non-existent in South Africa and therefore accurate 
calibration of SWAT modelling outputs for South Africa is unlikely to be achieved. Nevertheless, 
there is still value in the application of these models in identifying hotspot areas in large 
catchment areas based on variability in geographical, meteorological and land use 
characteristics. This can be used to identify where more intensive work is required to focus 
pollution management action. 

• A further limitation in the application of the SWAT model is that it only accounts loss of 
pesticides from runoff and not from spray drift. Given that spray drift is clearly an important 
source of pesticides in aquatic environments, it is important that any catchment-based 
assessment does take this route of transport into account. 

• While the risk indicator (see Volume 2 of the report) does not provide an accurate assessment 
of actual pesticide concentrations or actual risk, it is nevertheless very useful in terms of 
identifying the relative mobility of pesticides and the relative risk they pose to the aquatic 
environment. In this respect, it is useful for prioritising pesticides for further targeted monitoring 
or management as demonstrated in each of the catchment studies.  

• Another major advantage of the risk indicator is that it estimates predicted environmental 
concentrations and risks attributed to two different transport routes: namely runoff and spray 
drift. In this respect, the indicator offers insights into the most suitable monitoring plans or 
management interventions by linking contamination and risk with the most relevant transport 
route (i.e. runoff or spray drift). This is particularly useful as input into catchment management 
strategies (for example mandating the implementation and maintenance of riparian buffer 
zones). 

• Through use of geographical information systems (GIS) and other resources (e.g. Google 
Earth) the indicator can be applied in multiple sub-catchments with a view to comparing 
contamination from these catchments and identifying hotspot areas responsible for high levels 
of contamination.  



xi 

• Comparing outputs of the risk indicator to the SWAT model suggests that the use of more 
simple, less labour intensive modelling techniques (i.e. such as the risk indicator developed in 
Volume 2 of this project) perform equally well to more complex models (i.e. SWAT) when the 
goal is to identify mobile pesticides and identify hotspot areas responsible for high 
contamination. The risk indicator provides additional functionality through estimating relative 
risk (through reference to built-in toxicity database) and comparing the importance of relevant 
transport routes (i.e. runoff vs spray drift).  

• The modelling approaches provide a reliable means of identifying important source areas and 
prioritising pesticides in terms of their risk to the aquatic environment. Detailed and accurate 
assessments of risk will however still rely on measured pesticide concentrations collected as 
part of a more comprehensive monitoring programme.  

• The mechanical and or physical calibration method developed as part of this study for the 
mixing of pesticides is less complex and does not utilise timed based measurements and 
associated calculations. Mechanical calibration methods can be accurate and are therefore well 
suited to the abilities and available resources of small-scale farmers. Simple calibration 
procedures have been developed to achieve accurate, reliable and safe pesticide spray 
operations for small-scale farmers. 
 

1.11 RECOMMENDATIONS 
• In order to validate the use of the laboratory sampling rates of the Chemcatcher®, it would be 

beneficial to carry out other laboratory-based sampling experiments in order to prove the 
reproducibility of the results as this will render the sampling rates obtained valid or not. It is also 
important to investigate the degradation of the pesticides on the receiving phases under 
different storage conditions in order to ensure that none of the accumulated pesticides are lost 
due to degradation. The effect of extreme changes in pH, temperature and flow rate has on the 
accumulation rates of the pesticides should also be investigated. 

• Further field trials should be undertaken to ascertain the trend in off-target deposition of different 
classes of pesticides, with varying volatilities, under standardised conditions. This data is 
invaluable in terms of determining buffer zone widths required to protect water resources and 
non-target environments. 

• Further work is needed to validate the correlation of deposition levels of various pesticides 
occurring on both horizontal and vertical deposition samplers as this may lead to a better 
understanding of deposition onto ground surfaces and human dermal exposure, by using 
horizontal and vertical deposition samplers respectively. Further studies should be done on the 
interactions that exist between pesticide deposition samplers and different types of pesticides 
so that the optimum sampler for each pesticide class can be determined. In addition, different 
pesticide mixtures have different adjuvants and surfactants, and these may affect the way in 
which the pesticide interacts with the sampler.  

• There is a need for long-term pesticide trials to be in place locally, where various pesticide 
leaching potential is monitored and simulated all year round using a wider range of soils, 
pesticides and pesticide mixtures, including amended soils, such as with biochars. Leaching 
risks of new pesticides and their metabolites (both primary and secondary) can be simulated 
and verified prior to registration as well as the recommended application rates for local 
conditions. Furthermore, pesticide application recommendations by companies should also 
consider soil organic carbon in addition to the clay content.  

• This project provides yet more evidence of the application of modelling approaches in 
identifying the transport and risks of pesticides in aquatic environments. Research should 
therefore focus on the integration of these models into the risk assessment process conducted 
during the registration of pesticides. While the registration process considers the toxicity of a 
pesticide, there are no exposure assessment procedures performed to assess the 
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environmental fate and predicted environmental concentrations under South African conditions. 
Without an assessment of exposure, it is not possible to assess the potential risk of pesticides 
in the environment and to make recommendations on restrictions of use (e.g. in terms of 
recommended buffer zones, application rates or geographical areas where use of pesticides 
should be restricted or avoided). The accurate results achieved from using multiple models in 
this project (e.g. AgDISP, PWC, SWAT and the risk indicator) justify further research into 
evaluating the use of these and other models for use in pesticide risk assessment studies in 
South Africa. 

• Modelling inputs rely heavily on data of the physicochemical properties of pesticides (e.g. Koc, 
half-life, water solubility etc.). Data on physicochemical properties of pesticides in South African 
environmental conditions are not available. International databases were therefore consulted 
in order to obtain relevant data for pesticides simulated in all models investigated in this project. 
Studies have shown that physicochemical properties of pesticides can vary geographically, 
depending on local climatic and soil conditions. Considering this limitation however, the 
occurrence of pesticides detected in water resources in this (and other) studies was well 
predicted by physicochemical data available in international databases. The fact that these 
originate from international databases should therefore not be seen as a reason for not relying 
on this data for future modelling approaches undertaken in South Africa. 
 

1.12 TECHNOLOGY TRANSFER & INNOVATION 
South Africa has a well-developed agricultural sector, which uses high quantities of numerous different 
pesticides on an annual basis. We have very little information on the impact that this pesticide use has 
on our very limited freshwater resources and no reliable resources are available for identifying risks of 
pesticides to water resources in South Africa. The outputs of the project have tested software models 
aimed at prioritising risks of pesticides and predicting environmental concentrations in water resources. 
These resources significantly improve our ability to assess risks of pesticides to the aquatic ecosystem 
in South Africa. The outputs of this project therefore help improve our understanding of the potential 
impacts of pesticides at multiple scales (i.e. field, catchment and national scale) and directly addresses 
the Department of Agriculture Draft Pesticide Management Policy (2006) in which the need to minimise 
hazards and risks to health and the environment was highlighted. 
 

1.13 CAPACITY BUILDING 
In total, four Masters’ students contributed directly to the objectives of this project, all of which were 
involved in the research presented in this volume. Full details of capacity building can be viewed in the 
Appendix to this report.
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 INTRODUCTION 
3.1 PROJECT BACKGROUND 
Agricultural nonpoint source pollution (NPS) plays a major role in the degradation of water quality, 
particularly regarding pesticides, nutrients and sediment. It has therefore become increasingly important 
to address the contributions of NPS pollution in management of water quality, an aspect that is seldom 
considered in South Africa. The Water Research Commission (WRC) has addressed this gap by funding 
a number of studies, which, amongst others, have generated a knowledge review of modelling 
agricultural NPS pollution at multiple scales (Rossouw and Görgens 2005) and developed an integrated 
modelling approach to prediction of agricultural NPS pollution (Görgens et al. 2012). As a follow on to 
the latter project, the WRC is currently funding a more detailed study on the fate and transport of 
nutrients in agricultural catchments (WRC Project K5/2501). 
 
With respect to pesticides, Burger and Nel (2008) produced a scoping study report on the impact of 
pesticides with endocrine disrupting properties on water resources of South Africa. This led to the 
solicitation of a directed project to perform a more detailed investigation of the contamination of water 
resources by agricultural chemicals and their impact on human health (Dabrowski 2015a).  
 
This study produced national maps of the spatial distribution of estimated use of over 200 pesticides, 
which are an essential input  in identifying important sources of agricultural chemicals in the country 
(Dabrowski 2015b). Furthermore, the study confirmed the presence of numerous pesticides in surface 
waters in three case study catchments representing different crop types (i.e. maize, sugar cane and 
sub-tropical fruit). Given the widespread use of pesticides in large and small-scale farming, in 
combination with their potential toxic and endocrine disrupting effects on human and ecological health, 
it is important to develop, evaluate and test modelling and monitoring approaches that enable farmers 
and catchment managers to identify and reduce their impacts on the environment. These approaches 
need to consider the nature of NPS pollution and the variety of geographical, climatic and management 
practices that influence the transport of pesticides in the environment. 
 
There are essentially three types of management options suitable for reducing the pollution of water 
pollution by agricultural pesticides (US EPA 1984): 

1. Reduce the amount of pesticide applied through: 
a) Improving application efficiency; and 
b) Using non-chemical (Integrated Pest Management) control measures. 

2. Substitute current use pesticides with less toxic, less persistent or less mobile pesticides.  
3. Reduce the physical transport of applied pesticides from fields to aquatic systems.  

 
Considering the increasing challenges related to water quality management in South Africa and 
acknowledging the role of NPS pesticide pollution in the deterioration of water quality, the aim of this 
project is to improve the management of NPS pesticide pollution in South Africa through investigating 
and developing monitoring, modelling and risk assessment approaches that: 

1. Identify target areas (or hotspots) where agricultural NPS pollution of pesticides is of greatest 
concern; 

2. Identify specific pesticides in hotspot areas which are likely to pose the greatest risk to 
freshwater resources;  

3. Identify important transport routes of contamination and reliably predict pesticide 
concentrations derived from these transport routes;  

4. Provide guidance on reducing impacts through: 
a) Improving application, or 
b) Selecting pesticides which pose less risk to the aquatic environment, or 
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c) Reducing the transport of chemicals from source to the aquatic environment. 
These aims were addressed through addressing the following project objectives: 

1. Knowledge review of current management practices aimed at reducing pesticide impacts in the 
environment. 

2. Identify priority areas for implementation of management practices through integrating recently 
developed pesticide use maps with geographical data to produce maps of aggregated risk to 
the environment. 

3. Develop calibration guidelines for small-scale farmers designed to reduce pesticide application 
rates and associated environmental impacts. 

4. Develop relative risk-based guidelines that enable farmers to identify the relative environmental 
risk of different pesticides registered for use on a crop. 

5. Perform field and catchment scale modelling studies under different cropping systems to 
characterise pesticide contamination in associated water resources. 

6. Perform field and catchment scale monitoring studies under different cropping systems to test 
novel monitoring techniques and validate the accuracy of model outputs in predicting pesticide 
transport. 

 
This report documents the research conducted as part of Objectives 1, 3, 5 and 6. Research outputs 
associated with Objectives 2 and 4 have been described in Volume 2 of this report. 
 

3.2 PROJECT SCOPE AND EXTENT 
The duration of the project was from April 2017 to November 2021. The project focusses on the 
development and use of existing monitoring and modelling approaches aimed at improving our 
understanding on identifying and managing risks associated with nonpoint source pesticide pollution in 
South Africa. This was achieved through undertaking multiple studies at field and catchment scale. The 
field studies primarily focussed on researching advanced monitoring approaches and the effectiveness 
of existing models in predicting spray drift and leaching losses from agricultural fields. The catchment 
studies used conventional monitoring methods and used a catchment scale model (SWAT) and results 
from the pesticide risk indicator developed in Volume 2 to identify mobile pesticides, high-risk pesticides 
and hotspot areas responsible for high levels of contamination within catchments. 
 

3.3 CONTRIBUTION OF INDIVIDUAL CHAPTERS TO THE OBJECTIVES OF THE 
PROJECT 

3.3.1 Chapter 2 
The basis of the study was to investigate alternatives to conventional grab sampling that is frequently 
conducted for pesticide monitoring. As pesticide contamination is highly transient (i.e. associated with 
short-term transport events such as runoff or spray drift) grab sampling will frequently miss 
ecotoxicologically relevant peak pesticide concentrations. Passive sampling involves the instream 
deployment of devices that sample pesticides constantly and therefore provide an integrated, time-
weighted indication of pesticide contamination. The chapter investigated the use of the Chemcatcher® 
passive sampler (equipped with a suitable receiving phase membrane) for sampling target pesticides 
that included atrazine, terbuthylazine, chlorpyrifos, imidacloprid and azinphos-methyl which are used 
extensively in agriculture. Laboratory based sampling was carried out under varying flow rates to 
investigate the effect this will have on the accumulation rates of the pesticides on the receiving phase 
disks. A study was also conducted to test the application of the Chemcatcher® samplers in the field. 
Part 1 focuses on the sampling, extraction and analytical methods employed and Part 2 presents the 
results. 
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3.3.2 Chapter 3 
The aim of this study was to compare various low-cost samplers for sampling deposition of pesticide 
originating from spray drift, using atrazine as the target pesticide. The results were used to confirm the 
applicability of the AgDISP model for prediction of pesticide deposition for atrazine, as well as to provide 
evidence for the optimum sampler for monitoring pesticide deposition. The different sampling methods 
that were evaluated include chromatography paper, glass microscope slides, glass petri dishes, plastic 
straws and polyacrylic rods. This chapter addresses Objective 5 and 6 of the project through focussing 
on monitoring and modelling techniques that can be used to assess the impact of spray drift in field and 
catchment study areas.  
 
3.3.3 Chapter 4 
The main aim of this chapter is to report on a leaching column study that generated atrazine-leaching 
data for contrasting South African soils, including those representing conservation agriculture (CA) and 
conventional tillage (CT) management systems. It is important to conduct such a study using soils 
representative of those farmed in South Africa to determine the impact of tillage practices on these 
various soils on atrazine-leaching. Observed data from the columns were compared between soils and 
management practices; additionally, conclusions were made to determine the best management 
practices to reduce  pesticide-reaching groundwater. This chapter addresses Objective 6 of the project, 
with a specific focus on evaluating how conservation agriculture influences the leaching of pesticides 
for different soil types. 
 
3.3.4 Chapter 5 
The aim of this chapter was to use data that was collected during the laboratory leaching experiment to 
calibrate the Pesticide in Water Calculator (PWC) model. Thereafter, independent data was used to 
validate the model. It is envisaged that this parameterisation and calibration exercise to simulate 
atrazine-leaching in contrasting South African soils will inform improved management practices and the 
possible use of the model in pesticide registration decision-making by the Department of Environment, 
Forestry and Fisheries (DEFF). This chapter addresses Objective 5 of the project, with a specific focus 
on evaluating a groundwater-leaching model and assessing the influence of management practices on 
leaching of pesticides. 
 
3.3.5 Chapter 6 
This chapter provides an overview of the SWAT model including useful links to relevant data sources 
that can be used for input into the model. 
 
3.3.6 Chapter 7 
The chapter focusses on a catchment scale study conducted in the Twee River catchment in the 
Western Cape. The catchment falls within a relatively arid area, with mean annual rainfall of 
approximately 440 mm. It is a winter rainfall area, with the majority of rain falling from April to August. 
The drier, summer months coincide with the peak pesticide-spraying period, which generally runs from 
August until March. This catchment was selected as being representative of horticultural fruit crops 
(including apples, pears, peaches and oranges) which require a different suite of applied pesticides and 
different methods of pesticide application in comparison to cereal crops (see Chapter 8). Several runoff 
and spray drift events were monitored with a view to establishing baseline pesticide concentrations for 
comparison to outputs from the SWAT model and the risk indicator developed as part of the project 
(see Volume 2). This chapter addresses Objective 5 and 6 of the project through its focus on performing 
monitoring and modelling studies at a catchment scale and evaluating the effect of horticultural crop 
types and associated pesticide management programmes on risk to the aquatic environment. 
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3.3.7 Chapter 8 
The chapter focusses on a catchment scale study conducted in the Kars River catchment, near Napier 
in the Overberg area of the Western Cape. The catchment falls within the winter rainfall region of the 
Western Cape and receives the majority of its rainfall from May to October. Mean annual precipitation 
for the catchment is 399 mm. This catchment was selected as being representative of field crops 
(including wheat, barley, pasture and canola) which require a different suite of applied pesticides and 
different methods of pesticide application in comparison to horticultural crops (see Chapter 7). Several 
runoff events were monitored with a view to establishing baseline pesticide concentrations for 
comparison to outputs from the SWAT model and the risk indicator developed as part of the project 
(see Volume 2). This chapter addresses Objective 5 and 6 of the project through its focus on performing 
monitoring and modelling studies at a catchment scale and evaluating the effect of field crop types and 
associated pesticide management programmes on risk to the aquatic environment. 
 
3.3.8 Chapter 9 
This chapter addresses the project objectives by reducing pesticide transport and associated risks 
through improved application efficiency by providing practical guidelines containing minimum reliance 
on complex calculations and mechanical/physical calibration procedures for accurate spray equipment 
calibration under small-scale farming production scenarios. The objective is to provide a more user-
friendly means of calibration by using mechanical/physical spray information. Suitable pictograms and 
simplified calculations have been created and can be provided and distributed to Official Agricultural 
Advisors and local farmer community study groups and farmer field schools. In essence, the pesticide 
operator will determine the volume of water that is sprayed over a specific crop area (row length) by 
counting the paces of the crop row being sprayed until a specific volume of water has been sprayed 
and the sprayer is empty. The row length of in paces (steps) will be converted to metres and the total 
row length of all rows will be added to obtain the total volume that would be required to spray the small-
scale farmer’s entire plot. This chapter addresses Objective 3 of the research proposal. 
 
3.3.9 Summary of project outputs 
A summary of the aims and objectives of the project and outputs produced as part of this project is 
presented in Table 1-1 below.  

Table 1-1: Summary of project aim and objectives and associated outputs. 

Aims Objectives Project Outputs 

1.       Identify target areas 
where agricultural NPS 
pollution of pesticides is 
of greatest concern (i.e. 
identify hotspots); 

2. Identify priority areas for 
implementation of management 
practices through integrating recently 
developed pesticide use maps with 
geographical data to produce maps of 
aggregated risk to the environment. 

• Updated Pesticide 
Use Maps  

• New Pesticide Risk 
Maps 

2. Identify specific 
pesticides in hotspot 
areas which are likely to 
pose the greatest risk to 
freshwater resources; 

4. Develop relative risk-based 
guidelines that enable farmers to 
identify the relative environmental risk 
of different pesticides registered for 
use on a crop 

• Pesticide Risk 
Indicator  

Chemical Prioritisation of 
Risks 
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Aims Objectives Project Outputs 

3. Identify important 
transport routes of 
contamination and 
reliably predict pesticide 
concentrations derived 
from these transport 
routes;  

5. Perform field and catchment scale 
modelling studies under different 
cropping systems to characterise 
pesticide contamination in associated 
water resources. 

• Pesticide Risk 
Indicator   

Identification of transport 
routes 

• Catchment 
Modelling  

SWAT 
• Field Scale 

Modelling 
AGDISP Model for Spray 
Drift 
Groundwater-leaching 
Model 

6. Perform field and catchment scale 
monitoring studies under different 
cropping systems to validate model 
outputs and evaluate the effect of 
existing management practices on 
pesticide transport and risks in the 
environment. 

• Chemcatcher® 
Passive Samplers 

• Assessment of 
sampling 
techniques for spray 
drift 

• Field Sampling 

4. Provide guidance on 
reducing impacts 
through: 

 a) Improving application, 
or 

3. Develop calibration guidelines for 
small-scale farmers designed to 
reduce pesticide application rates and 
associated environmental impacts. 

• Calibration 
Guidelines for 
Small-Scale 
Farmers 

b) Selecting 
pesticides which 
pose less risk to 
the aquatic 
environment, or 

4. Develop relative risk-based 
guidelines that enable farmers to 
identify the relative environmental risk 
of different pesticides registered for 
use on a crop 

• Pesticide Risk 
Indicator  

Chemical Prioritisation of 
Risks 

c) Reducing the 
transport of 
chemicals from 
source to the 
aquatic 
environment. 

1. Knowledge review of current 
management practices aimed at 
reducing pesticide impacts in the 
environment. 

• Literature Review of 
Current 
Management 
Practices Aimed at 
Reducing Pesticide 
Impacts in the 
Environment. 

 
3.4 ROUTES OF TRANSPORT INTO SURFACE WATER 
Pesticide contamination in water resources typically occurs because of NPS pollution (i.e. pollution 
resulting from many diffuse sources). Nonpoint sources represent land use areas and activities that 
result in the mobilisation and discharge of pollution in any manner other than through a discrete or 
discernible conveyance (Pegram and Görgens 2001). Nonpoint source pesticide pollution is typically 
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driven by hydrometeorological events, with surface runoff, leaching and spray drift being the main routes 
of transport. 
 
Transport of pesticides via these routes is dependent on several factors, ranging from the rate and 
method of application, the geographical characteristics of the environment in which they are applied 
(e.g. soil type, topography, density of hydrological network, proximity of agricultural fields to nearby 
water resources etc.) as well as the physicochemical properties of the pesticides themselves. 
Consequently, the relative importance of each of these routes of transport may vary depending on 
catchment specific conditions.  
 
For example, a study conducted in the Lourens River catchment, Western Cape, showed that spray 
drift was a more important source of pesticide contamination in some sub-catchments while runoff was 
more important in others (Dabrowski and Balderacchi 2013). The relative contribution of the different 
transport routes to pesticide loading in a catchment is key in terms of identifying the most suitable 
management practices aimed at reducing this transport as, for example, mitigation of spray drift requires 
fundamentally different methods of management in comparison to runoff. 
 
Pesticides are unique from nutrients and sediments in that their impact on water resources is not only 
dependent on transport routes other than runoff and leaching (i.e. spray drift during application is an 
important route of transport that needs to be managed) but are also highly dependent on their 
physicochemical properties and toxicity, which vary significantly from one pesticide to another.  
 
Considering there are more than 200 pesticides registered for use on agricultural crops in South Africa, 
a key step in managing NPS pesticide pollution is therefore to identify: 

a) which pesticides used in a catchment pose the greatest risk to water resources and 
b) the most important route of transport for these pesticides. 

 
This knowledge directs the implementation of management and mitigation practices in areas or on crops 
where they are needed most. 
 
3.4.1 Pesticide physicochemical properties 
Physicochemical properties greatly influence the fate and transport of pesticides in terrestrial and 
aquatic environments. These properties vary significantly from one pesticide to another, leading to 
differences in the mobility and exposure potential of pesticides in aquatic environments. 
 
The most important physicochemical properties that determine the fate and movement of pesticides in 
the soil are soil adsorption, water solubility and half-life (Pionke and Chesters 1973; Gavrilescu 2005; 
Müller et al. 2007, Gassmann et al. 2015). While this data is often generated in field and laboratory 
studies overseas (i.e. Europe and North America), several studies have illustrated the applicability of 
this data in predicting the fate and transport of pesticides under South African conditions (Dabrowski et 
al. 2002; Dabrowski and Balderacchi 2013; Dabrowski et al. 2014; Sereda and Meinhardt 2003). 
 
3.4.1.1 Koc 
The pesticide soil adsorption coefficient (Koc– corrected for soil organic carbon content) is the most 
important characteristic that affects mobility of pesticides in the soil and can vary substantially 
depending on soil type, soil pH, the acid-base properties of the pesticide and the type of organic matter 
in the soil (Weber et al. 2004). Gassmann et al. (2015) noted that sorption had the greatest influence 
on the movement and deposition of pesticides and transformation products when they simulated 144 
scenarios using a model, ZIN-AgriTra, to identify critical source areas. Pesticides with a high Koc are 
tightly bound, limiting movement with water flows. When sorption potential is high, the pesticide is tightly 



7 

bound to soil particles, and is more likely to be lost via the sediment by runoff than leaching (Dabrowski 
and Schulz 2003). According to Gavrilescu (2005),  Koc values greater than 1000 indicate that the 
pesticide is tightly bound and not very mobile, whereas less than 500 indicate low adsorption and higher 
mobility. 
 
3.4.1.2  Water solubility 
Water solubility also influences the mobility of pesticides in the environment. It is measured in parts per 
million (ppm), and values of less than 30 ppm are considered insoluble and the pesticide is more likely 
to be moved with soil sediment as runoff (Gavrilescu 2005). Pesticides are considered to be soluble at 
solubilities of 30 ppm and above and usually move with soil water as leaching or dissolved in surface 
runoff (Gavrilescu 2005). For example, pesticides on tealeaves can be extracted during the intrusion 
process. When the water solubility is 5 ppm the extraction rate is 1-4%, but the extraction rate increases 
significantly to 90-100% when it is above 170 ppm (Wan et al., 1991). The pesticide water solubility 
value was found to be an essential parameter influencing pesticide mobility and risk for contaminating 
the environment (Kenaga 1980; Meylan et al. 1996). 
 
3.4.1.3 Half-life 
Pesticide persistence is measured as half-life or degradation time (DT50), which it is the time taken for 
50% of the applied pesticide to break down in the environment. Several environmental factors influence 
the half-life of a pesticide, including sunlight, temperature, the presence of oxygen, soil type (sand, clay, 
etc.), soil pH, and microbial activity. Pesticides with shorter half-lives tend to build up less because they 
are much less likely to persist in the environment and are therefore less likely to be mobilised and 
transported by runoff and leaching. In contrast, pesticides with longer half-lives break down over a 
longer period and are more likely to build up in the environment, increasing the likelihood of mobilisation 
and contamination of surface and groundwater by runoff and leaching. 
 
3.4.2 Runoff 
Runoff is the physical movement of excess water along the soil surface. This occurs when the rate of 
rainfall exceeds the rate of infiltration. Runoff is therefore typically associated with heavy thunderstorms, 
when large volumes of water fall in a relatively short space of time. Runoff may also occur during 
irrigation of crops, when the rate of irrigation exceeds the rate of infiltration. Due the fact that rainfall 
events often cover large geographic areas (which may contain more than one crop type), runoff often 
results in multiple pollutants being mobilised simultaneously over a relatively large area (in both the 
water and sediment phase)(Dabrowski and Schulz 2003).  
 
Runoff generally results in high peak concentrations for a short duration (a matter of hours) shortly after 
large rainfall events. Apart from the physical movement of water, runoff also transports sediments and 
can thus lead to the transport of dissolved and sediment bound pesticides. The extent to which 
pesticides are associated with either phase is primarily dependent on their physicochemical properties. 
Pesticides with high water solubility and low Koc constants are typically associated with the water 
phase, whilst less soluble pesticides with high KocC constants are often associated with the sediment 
phase (Dabrowski et al. 2002). 
 
The quantity of runoff and the amount of an applied pesticide transported in runoff is heavily influenced 
by characteristics of the physical environment as well as the physicochemical properties of the 
pesticides. These include the following: 

• Slope: Steep slopes generate higher quantities of runoff and associated water soluble and 
sediment-bound loads. 
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• Soil texture: Finely textured soils (e.g. those with a high clay composition) generate higher 
quantities of runoff and associated water soluble and sediment-bound loads. Coarse textured 
soils (e.g. sandy soils) allow greater infiltration of water (and associated pesticides) into the soil 
profile prior to runoff being generated. 

• Soil Organic Carbon: Soils with high organic carbon composition tend to bind pesticides more 
readily, thus reducing their environmental mobility. 

• Pesticide half-life: Pesticides with long half-lives break down slowly and are more persistent in 
the environment and therefore have a high likelihood of being mobilised by a runoff event 

• Pesticide adsorption: Pesticides with high Kd or  Koc values have a strong affinity for binding 
to organic carbon and therefore less likely to be mobilised by a runoff event. They will however 
tend to be associated with any sediment transported by the runoff event. 

 
A summary of factors influencing transport of pesticides is provided in Table 1-2. 

Table 1-2: Summary of factors influencing the risk of pesticides transported by runoff 
Parameter Low-Risk High-Risk 
 Koc High Low 
DT50 Low High 
Soil Texture Coarse Fine 
Soil Organic Carbon (%) High Low 
Slope Flat Steep 
Rainfall Low High 

Irrigation 
Small volumes at infrequent 
intervals 

High volumes at frequent 
intervals 

 
3.4.3 Spray drift 
Spray drift (also referred to as primary or direct drift) is the airborne movement of an applied pesticide 
from the point of application (i.e. an agricultural field) into non-target areas (i.e. adjacent aquatic or 
terrestrial environments). Due to the direct input and immediate bioavailability of pesticides, spray drift 
is often regarded as the worst-case scenario in terms of pesticide exposure in aquatic risk assessments 
(Schulz 2001), leading to relatively high, yet transient levels of exposure in surface waters 
(Reichenberger et al. 2007). The physicochemical properties of the pesticides do not play an important 
role in their transport (i.e. from the point of application into the water body), but do influence their fate 
once they have entered the water body (i.e. partitioning between the water and sediment phase). For 
example, pesticides with very high Koc values (e.g. pyrethroids) will tend to bind rapidly to sediment or 
aquatic vegetation. 
 
Spray drift has been detected far from the area of application. In an Australian study, spray drift of 
endosulfan insecticide aerially applied to a commercial cotton crop was detected 500 m downwind and 
was ~2% of the field applied rate for oil-based formulations and 1% for water-based formulations 
(Woods et al. 2001). 
 
Several factors influence the quantity of pesticide transported via spray drift. These include the 
following: 

• Distance between agricultural field and the water body: The closer the water body to the field 
the greater the potential for drift to land on the water surface. Implementation of minimum 
distances (or buffer zones) is an effective means of reducing drift to adjacent water bodies.  

• Wind direction: Waterbodies located downwind of agricultural fields at the time of application 
are susceptible to receiving spray drift.  

• Wind speed: Pesticides applied during high wind speeds can be transported over larger 
distances than during low wind speed.  
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• Riparian vegetation: Riparian vegetation can physically intercept drift and significantly reduce 
the amount landing on the water surface. Rows of trees are often planted along the border of 
agricultural fields to minimise drift to non-target areas.  

• Application rate: Pesticides applied at a higher rate of application will lead to higher 
concentrations in drift affected water bodies.  

• Method of application: Boom sprayers result in less drift due to pesticide being released closer 
to the ground and in the direction of the ground. Aerial sprayers result in higher drift due to 
pesticides being released up into  

• Droplet size: Coarser droplets are heavier and therefore less likely to be aerially transported 
over large distances.  

 
Table 1-3: Summary of factors influencing the risk of pesticides transported by spray drift. 

Factor Low-Risk High-Risk 
Wind speed Low High 
Wind Direction Away from water body Towards water body 
Buffer Zone Width Wide Narrow 
Spray Droplet Size Coarse Fine 
Application method Boom sprayer/ground 

application 
Aerial Application 

 

3.5 ECOLOGICAL RISK ASSESSMENT 
Ideally, active management of NPS pesticide pollution should be based on the identification of a known 
risk associated with the use of a pesticide. Ecological risk assessment is the process of characterising 
and quantifying potential adverse effects on aquatic and terrestrial ecosystems following exposure to 
pesticides and chemicals and other pollutants. It is a tool used for regulatory decision-making for risk 
management (Rudén 2006). The generally accepted global risk assessment framework typically 
consists of five steps. These include: 

1. Problem formulation (or hazard identification): Identifies the pesticide that is likely to be 
responsible for a water quality or environmental health problem. 

2. Exposure assessment: Estimates the predicted or expected concentration that is likely to occur 
in the environment. 

3. Effect assessment: Determines the concentration of a pollutant that is likely to pose a toxic 
hazard to target organisms representative of the environment. 

4. Risk characterisation: Integration of the exposure and effect assessment to provide an 
indication of the likely risk associated with use of the pesticide. 

5. Risk Management: Identification of management options designed to mitigate against the risk 
of the hazard in the environment. 

 
3.5.1 Exposure assessment 
For pesticide risk assessment, the exposure characterisation describes the potential for a plant or 
animal to come into contact with a pesticide. Ideally, the exposure assessment should describe 
exposure pathways (i.e. routes of transport) and the magnitude, frequency and duration of exposure to 
pesticides (and metabolites) for each of these transport routes. The main output of an exposure 
assessment is the expected or predicted environmental concentration (PEC) of a pesticide in the 
receiving environment under certain environmental conditions and conditions of use (e.g. application 
rates). 
 
The exposure assessment typically considers the most important transport routes for pesticides 
entering surface waters and integrates information on usage characteristics (e.g. the quantity or rate at 
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which a pesticide is applied) and environmental fate properties of the pesticide (e.g. half-life, solubility 
etc.) with other factors that influence transport (e.g. rainfall, soil properties etc.) to provide an estimate 
of the PEC. Fate and transport models are often used in this assessment as field and catchment scale 
monitoring data that adequately characterise the multiple factors that influence pesticide transports is 
often limited. Given the large number of factors (and the inherent variability in these factors) that 
influence pesticide transport in the environment, there is generally a large amount of uncertainty 
associated with estimates of exposure. 
 
3.5.2 Effect assessment 
Generally, the ecotoxicological effect/s of a pesticide is/are assessed by analysing dose-response 
relationships for different endpoints that indicate how toxic a pesticide or its active ingredient(s) is to 
different biota in the aquatic environments. The dose-response relationships are obtained from 
exposing biota (fungi, plants and animals) to varying exposure scenarios (concentration, acute, 
chronic), where the effect endpoints can include mortality/survival, reproduction and growth impairment, 
species diversity, etc. 
 
Effect assessments typically result in standard measures of toxicity such as a median lethal 
concentration (LC50); the concentration of a pesticide that will kill half of the sample population of a 
specific test-animal in a specified period (e.g. 24, 48 or 96 hours) through exposure. Organisms 
representative of different aquatic families are typically used in effect assessments (e.g. algae, 
invertebrates and fish). In order to harmonise the effects assessment process throughout different 
countries, standardised aquatic toxicity test protocols are often adopted (e.g. Daphnia magna and 
Oncorhynchus mykiss – Rainbow trout) - are typically used as representatives of invertebrate and fish 
species, respectively). 
 
3.5.3 Deterministic risk assessment 
Deterministic methods are most commonly used to assess the risk of pesticides in the environment. In 
this approach, a risk quotient (RQ) is calculated by dividing a point estimate of exposure (i.e. a single 
PEC value) by a point estimate of effects (i.e. relevant toxicity value). The calculation therefore 
integrates ecological effects (obtained during the exposure assessment) and exposure (pesticide use 
and fate and transport data) in quantifying risk. This ratio is a simple, screening-level estimate that 
identifies “risk” or “no risk” situations: 

PEC/Toxicity < 1 No Risk 
PEC/Toxicity > 1 Risk 

 
The output is therefore a single point estimate of risk which could result in a simple “Yes” or “No” 
decision in terms of whether risk can be expected given the use of a specific pesticide. 
 

3.6 IDENTIFICATION OF HOTSPOTS 
Given the large spatial footprint associated with NPS pollution (many diffuse sources covering a large 
area) a key step in managing pesticides is to identify areas where the risks associated with pesticide 
use are likely to be high (hotspots). While monitoring data would be ideal for identifying such hotspot 
areas, this is lacking in South Africa. Hence, the use of surrogate indicators of contamination is 
important to identify areas where catchment specific monitoring and management programmes can be 
implemented. Such indicators need to provide some indication of potential risk. 
 
3.6.1 Pesticide use maps 
WRC Project K5/1956 produced maps providing estimates of application rates (kg.ha-1) of over 200 
different active ingredients registered for use in South Africa (Dabrowski 2015). The designed maps are 
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intended to provide a spatial overview of the relative application rates of specific active ingredients 
based on the distribution of crops throughout the country. From a practical perspective, these maps are 
useful for identifying hotspot areas if the risk associated with the use of a specific pesticide is already 
known. For example, there may be a need to manage atrazine levels in water resources due to a known 
human or ecological health risk associated with exposure to atrazine. In this instance, the maps could 
be used to identify where atrazine is applied in high quantities to prioritise further management 
interventions (Figure 1-1). 

 
Figure 1-1: Example of a map presenting the use of atrazine across South Africa. 

It is however important to note that quantity of use alone does not infer risk. Risk occurs due to a 
combination of use, exposure and ultimately a concentration that may or may not exceed a specific 
toxicity threshold. As discussed previously transport is influenced by several factors including climatic, 
geographic and physicochemical. Therefore, while use provides a good indication of where risk may 
occur, these other factors, when taken into consideration, provide a more refined estimate of the 
likelihood that a risk will in fact occur. 
 
3.6.2 Pesticide risk maps 
Pesticide use maps are useful for identifying hotspot areas for specific pesticides of interest (i.e. those 
with a known associated risk). It may however be important to identify hotspot areas without having 
prior knowledge of which specific pesticide may be responsible for high-risk. In this respect, pesticide 
use maps are unsuitable, as knowledge of the quantity of use of a compound does not infer risk, which 
is also dependent on the mobility and toxicity of the pesticide in the environment. 
 
However, the pesticide use maps can be used to provide a more detailed estimate of pesticide risk at 
a national scale through their integration into basic modelling techniques. From the perspective of 
identifying high-risk areas, the maps provide very important information not only in terms of estimated 
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application rates but also in terms of identifying where in the country specific pesticides are most likely 
being applied. Integrating this information together with spatial (e.g. soil type, slope, rainfall etc.) and 
toxicity data using an environmental risk mapping technique can identify hotspot areas at a national 
scale (Figure 1-2).  
 
Environmental risk mapping is a technique whereby a Geographic Information System (GIS) is used to 
superimpose sets of spatial information to combine variability in terms of pollution pressure and 
vulnerability (Brown et al. 2007). Information regarding the spatial distribution of risk to surface waters 
arising from pesticide use can be used to target monitoring campaigns, to identify priority areas for 
management interventions, and to investigate optimal mitigation strategies. 

 
Figure 1-2: Example of an ecological risk map produced for Europe for the year 1990 (a) and how risk 

is expected to change due to climate change (b) (Kattwinkel et al. 2011). 
 
3.6.3 Catchment scale modelling 
Spatial pesticide use and risk maps can provide a first level (tier) or assessment and are primarily used 
to identify hotspot areas. Once hotspot areas are identified, more detailed modelling and monitoring 
activities may be required at a field or catchment scale to verify risk and/or identify appropriate 
management or mitigation measures. 
 
Given the numerous factors that influence NPS pesticide pollution, the variability in these factors and 
the difficulties associated with monitoring pesticide levels in the environment; modelling approaches 
have become integral to identifying important routes of transport and risk to the environment, which, as 
highlighted above, are a key step in identifying the type of management practices that need to be 
implemented. Numerous field and catchment scale models are used to simulate the transport on NPS 
pollutants in the environment. 
 
The Soil Water Assessment Tool (SWAT) is a hydrological and water quality model that has been 
developed to predict the impact of land management practices on water, sediment, and agricultural 
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chemical yields (including nutrients and pesticides) in large, complex catchments with varying soils, 
land use, and management conditions over long periods of time (Arnold et al. 1998). SWAT is used on 
a routine basis in the USA to determine Total Maximum Daily Loads (TMDLs) of pollutants in rivers and 
streams such that agreed upon water quality thresholds are not exceeded. A major utility of the model 
is that once calibrated, it can be used in several applications including: 

• Estimation of spatial and temporal loadings and concentrations of NPS pesticide contamination 
in a catchment; 

• Spatial identification of areas or sub-catchments (i.e. hotspots) responsible for high NPS 
pesticide contamination; 

• Identify specific land uses (or crop types) responsible for high pesticide loading; 
• Identification of important drivers of contamination (e.g. geographical factors such as slope or 

soil characteristics, or land management practices such as crop fertilisation, tillage operations 
etc.) in hotspot areas;  

• Estimation of the hydrology and water balance within a catchment (including ungauged 
catchments);  

 
Furthermore, a calibrated model can be used to run scenario analyses that can provide a realistic 
prediction of changes in hydrology or NPS pesticide pollution because of:  

• Land use change;  
• Change in management practices (e.g. agricultural management practices such as alternative 

tillage or fertiliser application regimes);  
• Best Management Practices (BMPs) that improve hydrological or nonpoint source pollution;  
• Climate change (i.e. increased temperature or reduced rainfall etc.).  

 
This type of information is very useful for making catchment management decisions, such as: 

• Quantifying maximum allowable loads of pollutants so as not to exceed specific in-stream water 
quality standards; 

• Whether to focus on point or nonpoint source pollution with respect to improving water quality; 
• Identifying appropriate best management options for reduction of nonpoint source pollution in 

a catchment (i.e. BMP prioritisation); 
• Identifying most appropriate area(s) (sub-catchments) to implement mitigation or management 

strategies for reduction of nonpoint source pollution in the catchment (i.e. hotspot prioritisation); 
• Whether or not to allow a specific development in a specific catchment; 
• Whether or not to approve the change of an existing land use to another (e.g. allowing 

agricultural land to be mined). 
 
The model has been increasingly used in studies in South Africa and a recent WRC report 
recommended SWAT as being highly useful for predicting NPS pollution in the country (Dabrowski et 
al. 2013). The model is currently being evaluated to simulate nutrient dynamics and transport in (WRC 
Project K5/2501). While a number of studies have utilised the model for simulating pesticide transport 
(Chiu et al. 2017; Ficklin et al. 2013; Luo and Zhang 2009; Neitsch et al. 2002); no studies in South 
Africa have done so and application of the model in this proposed project is therefore an important step 
towards the establishment of a harmonised modelling approach for managing all NPS agricultural 
pollutants (including nutrients and sediments) in South Africa. 
 

3.7 MANAGEMENT OPTIONS 
The management of nonpoint source pollution is complicated by the dispersed and variable nature of 
impacts as well as the potential lag between the pollution event and observed effects in the receiving 
water bodies (Pegram and Görgens 2001). Different risk mitigation options and the understanding of 
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the impact of mitigation measures on pesticide exposure are generally poorly developed (in comparison 
to for example nutrients and sediments) (FOCUS 2001; Streloke and Brown 2003), although it is clear 
that many BMPs effective for reducing managing nutrient and sediment input are equally effective for 
pesticides. Given the human and environmental health concerns related to pesticide exposure, recent 
research has increasingly focused on identifying mitigation measures capable of reducing the exposure 
risk in surface and groundwater.  
 
The implementations of BMPs are management driven decisions or precautions that are generally 
implemented by farmers, in an attempt to reduce chemical transport from crops into non-target areas. 
Agricultural BMPs can be categorised as operational, vegetative, or structural, depending upon their 
purpose, function and design (Table 1-4):  
 
Operational practices: are practices that involve changes in farm management, usually resulting in a 
change in day-to-day decision-making.  
Vegetative practices: increase the amount of herbaceous and/or woody vegetation and/or aquatic 
vegetation on or adjacent to a field or in a receiving waterbody (e.g. constructed wetland), acting as a 
natural filter.  
Structural practices: are usually practices that require engineering design, and often control surface 
runoff, which is the primary transporter of most agricultural pollutants. 
 
All management practices are designed to reduce risks of pesticides in the receiving environment 
through:  

1. Reducing the amount of pesticide applied through:  
a. Improving application efficiency  
b. Using non-chemical (Integrated Pest Management) control measures  

2. Substituting current use pesticides with less toxic, less persistent or less mobile pesticides.  
3. Reducing the physical transport of applied pesticides from fields to aquatic systems (e.g. 

reducing runoff or spray drift).  
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Table 1-4: Different Best Management Practices capable of reducing pesticide transport from agricultural land use into adjacent water bodies. 

BMP  Class of BMP Method of Risk Reduction Transport 
Route 

  Operational Vegetative Structural 
Improved 
Application 

Substitution 
Reduced 
Transport 

Spray Drift Runoff 

Buffer Zones   x x   x   
Conservation Tillage  x x  x  x  x 
Constructed Wetlands   x x   x x x 
Contour Farming  x     x  x 
Crop Rotation  x x  x x  x x 
Diversions   x x   x  x 
Filter Strips   x  x    x 
Integrated Pest 
Management 

Biological Control x   x   x x 

 Cultural Practices x x  x   x x 
 Resistant Crop 

Varieties 
 x  x   x x 

 Scouting x   x   x x 
 Trap Crops x x  x   x x 
Irrigation Water 
Management 

 x  x     x 

Mulching   x    x  x 
Pasture Management  x x x      
Pesticide Management Mixing Facility x  x   x  x 
 Calibration & 

Application 
x   x   x x 

 Site Evaluation x     x x x 
Riparian Buffer   x    x x x 
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3.7.1 Improved application 
3.7.1.1 Calibration 
Apart from factors that influence the transport of pesticides into water resources another factor that 
influences contamination of water resources is the incorrect dosage of chemicals (i.e. too much is 
applied). Many commercial farming concerns strictly manage the rates of application. Small-scale 
farmers however often do not calibrate their equipment correctly (Van Der Walt, Personal 
Communication). Underdosing may lead to re-application of pesticides to achieve desired efficacy, 
which may provide an additional event for human and environmental contamination. The over-dosing 
scenario may lead to excess pesticide residues that are available during run-off events and through 
pesticide drift. These scenarios could also lead to resistance development in target organisms. 
 
Correct dosage can be ensured through accurate calibration and using the correct equipment, namely 
appropriate nozzle types, shields, spray pressure, volumes per area sprayed and, tractor speed (Felsot 
et al. 2010). During application, the liquid pesticide mixture is forced through nozzles under high 
pressure, producing a fine spray, which allows for increased biological efficacy by allowing the pesticide 
to cover a large crop area and present an overall larger exposure potential to pest insects. As energy 
is required to break up the liquid into droplets, nozzles are generally classified according to the energy 
used, i.e. hydraulic, gaseous, centrifugal, kinetic and thermal (Matthews 1979). An important feature of 
the spray is the droplet size, which can vary according to the type of nozzle used. The smaller the 
droplet size, the greater the potential there is for drift to non-target areas (Bird et al. 2002). The 
increased concern over drift of plant protection products into surface areas has resulted in the 
development of drift reducing nozzles, which electrostatically charge fine droplets or produce coarser, 
heavier droplets, thereby reducing drift to non-target areas (Matthews 1994). 
 
Hydraulic energy nozzles are used most extensively as their outputs and spray patterns are flexible, 
with flat-fan and hollow-cone nozzles being the most common. The flat-fan nozzles are available in a 
range of sizes, producing sprays that vary from very fine to coarse. Movement of droplets after release 
from a nozzle depends on their size, wind velocity and direction and the height of the release above 
crop or ground. Large numbers of small droplets produced by hydraulic nozzles can become influenced 
by atmospheric air movements resulting in spray drift and inadequate targeting. 
 
Doruchowski et al. (2017) compared the low drift (course spray air-induced) and standard (fine spray 
hollow cone) nozzles using high and low spray volumes to control foliar pests and diseases. When 
controlling fruit pests there was no difference at both spray volumes, whereas in cases of high disease 
severity the fine sprays obtained better results. The study concluded that low drift nozzles could have 
comparable results with fine nozzles sprayers, which can help limit the amount of drift in fruit orchards 
and limits the amount of pesticide drift (Fornasiero et al. 2017). 
 
3.7.2 Substitution of pesticides 
3.7.2.1 Risk indicators 
An output of WRC Project No K5/1956 was the development of a prioritisation tool that allowed for the 
prioritisation of pesticides based on their quantity of use, environmental mobility and risk to human 
health (Dabrowski et al. 2014). The tool was designed to prioritise at a very coarse, national level, with 
the aim being to identify priority chemicals (based on existing use) at a national level or based on crop 
type. 
 
Substitution of use of high-risk pesticides with those that pose lower risk is one of several operational 
BMPs aimed at reducing risks to the environment. As indicated earlier, risk is dependent not only on 
the toxicity of a pesticide, but also on the mobility and exposure potential of the pesticide. A highly toxic 
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pesticide used in low quantities, with low mobility could for example pose a lower risk to the environment 
than a less toxic pesticide used in higher quantities with higher mobility. Ultimately, the combination of 
the concentration of the pesticide in the water body and its toxicity threshold will determine the level of 
risk and this risk potential should inform decisions made regarding substituting one pesticide for 
another. 
 
Substitution of pesticides implies the need to make a comparative assessment of different pesticides 
that can be potentially applied to a pest on a crop. This approach is relevant given that several pesticides 
may be registered for use against a specific pest on a specific crop. Application rates are a key input to 
assessing the risk of a chemical to the environment. Risk indicators combine information on application 
rates in combination with other parameters that influence exposure (i.e. physicochemical properties) 
and, by using empirical pesticide transport equations, relative estimates of pesticide loading and PECs 
can be made.  
 
By comparing PECs to a toxicity endpoint for each pesticide (e.g. LC50), the relative risk of different 
pesticides can be made. The objective in such an approach is to make a relative estimate of the 
differences in risk associated with the use of the different pesticides. This can allow a farmer or 
catchment manager to identify which of several different pesticides pose the lowest risk to the 
environment. Similarly, water resource/catchment managers could use outputs to identify which high-
risk pesticides could be potentially used in a catchment based on the type of crops produced in the 
catchment. 
 
For example, at least 14 different insecticides are registered for use to control American Bollworm on 
apples (Table 1-5). A simple empirical formula (OECD, 1998) that incorporates application rates, 
physicochemical data (DT50 and Koc) and basic geographical data (e.g. assuming a 34 mm rainfall 
event on sandy soil on a slope of 3%) was used to estimate pesticide loss (kg) in runoff (for all 14 
pesticides). A PEC was estimated assuming runoff input into a stream with an average depth of 0.25 m 
and width of 2 m. The PEC was divided by a toxicity value for each pesticide (LC50 for Daphnia magna) 
to obtain a risk ratio with values greater than 1 indicating risk (i.e. PEC values are higher than the toxicity 
value for the pesticide). 
 
From this simple example, it is clear that there is quite significant variation in the relative aquatic risk of 
all the pesticides registered for use on American Bollworm on apples. Chlorpyrifos and fenvalerate pose 
the greatest potential risk to the aquatic environment and choosing from several of the alternative 
pesticides can potentially reduce risk to the aquatic environment by many orders of magnitude (Table 
1-5). 
 
The Pesticide Impact Rating Index (PIRI) developed by CSIRO, Australia is an example of a risk 
indicator that is regularly applied in managing pesticides in agricultural catchments (Kookana et al. 
2005). The index integrates built in toxicity and physicochemical data with user inputs of application 
data (i.e. application rate, frequency of application) and readily available geographical data (e.g. soil 
type, rainfall amount, slope etc.) to provide a relative index of a mobility and risk for a number of 
pesticides. Exposure is estimated using simple empirical pesticide runoff and spray drift equations.  
 
Figure 1-3 provides a visual representation of the relative mobility (left) and risk (right) of herbicides 
applied to sugarcane. By entering geographical data specific to a number of different catchments (e.g. 
soil type, slope etc.), the relative risk of different pesticides applied across the different catchments can 
also be determined. 
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Table 1-5: Example of risk indicator approach applied to 14 insecticides registered for use against 
American Bollworm on apples 

 
 

 
Figure 1-3: Example of output of the PIRI risk indicator showing a comparison of the relative mobility 

(left) and risk (right) of different pesticides applied to a crop 
 
Using a similar methodology, Dabrowski and Balderacchi (2013) developed a pesticide risk indicator 
that focussed on pesticide exposure resulting from runoff and spray drift. The input data required for 
the indicator was readily available or could easily be calculated. The indicator was then used to predict 
the relative mobility of a number of pesticides applied on fruit orchards in the Lourens River catchment, 
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Western Cape. Predictions made using the indicator were compared to pesticide monitoring data 
collected at several sites in the catchment over several years. The following observations were made 
in this study: 

• The indicator could differentiate between highly contaminated and less contaminated sites 
• The indicator accurately predicted the relative exposure potential of specific pesticides across 

and within sites. 
• The indicator identified the most important route of transport for all pesticides at all sites. 

 
Clearly, a risk indicator approach can therefore be very useful regarding the management of pesticides, 
both in terms of identifying hotspot areas within a catchment and in terms of substituting the use of high-
risk pesticides with low risk pesticides. 
 
3.7.3 Mitigating pesticide transport 
3.7.3.1 Buffer zones 
Mitigation of spray-drift-derived pesticide input obviously is closely related to the droplet size and 
method of application (see section 1.7.1.1). Boom sprayers (typically used on row crops such as 
vegetables and cereals) apply pesticides from a set height, downwards, towards the ground level. As 
the application of the spray mixture is orientated downwards, the quantity of pesticide lost to drift is 
significantly lower than for air sprayers, which are typically used to apply pesticides to taller tree crops 
with dense foliage (e.g. fruit orchards). In orchards, distribution of spray is improved by increasing the 
volume of air applied – most of the air within the crop canopy is then replaced with air containing spray 
droplets. The disadvantage of the small droplet size is that it is more liable to drift. Large droplets usually 
fall quickly by gravity with minimal displacement by the prevailing wind. An advantage of air-carrier 
sprayers is that they are often used to apply the same quantity of pesticide in a tenth of the volume 
used with hydraulic sprayers. 
 
The most commonly utilised strategy for the mitigation of spray drift is the establishment of buffer zones, 
a strip of uncultivated land lying in between the target crop and a non-target water body, which 
essentially increases the distance between the point of application and the adjacent water body. The 
implementation of buffer zones has been shown to be highly effective in reducing drift deposition and 
toxicity in adjacent water bodies (de Snoo and de Wit 1998; Lahr et al. 2000). 
 
3.7.3.2 Riparian buffers 
Buffer strips are essentially vegetated buffer zones and are therefore effective in reducing both runoff 
and spray drift derived pesticide transport (Patty et al. 1997; Spatz et al. 1997). They stabilise stream 
banks, slow the rate of runoff, trap sediment and enhance infiltration within the buffer. The effectiveness 
of buffer strips is highly dependent on the composition of the vegetation. Well grassed buffer strips 
prevent the formation of preferential flow paths (erosion rills), resulting in low flow rate sheet-flow as 
opposed to rapid channelised flow, which allows more time for the settling of sediments, infiltration and 
adsorption of pesticides to vegetation (Castelle et al. 1994). Buffer strips located on or adjacent to steep 
gradients are less effective. Under such conditions large rainfall events can result in high volumes of 
runoff leading to the development of preferential flow paths (or erosion rills) which significantly 
compromise the ability of the buffer strips to reduce pesticide transport (Stehle et al. 2016). 
 
Tall grasses, shrubs or trees present in riparian buffer strips can act as physical barriers to drift (i.e. 
windbreaks) and can also significantly decrease the amount of drift entering a water body (Hewitt 2000). 
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3.7.3.3 Aquatic vegetation & constructed wetlands 
Fate studies of pesticides in water bodies and microcosms has identified the important role that aquatic 
macrophytes play in mitigating the transport of dissolved and sediment bound pesticides through 
sorption and sedimentation, respectively (Hand et al. 2001). Accordingly, recent research has focused 
on the ability of vegetated water bodies (i.e. constructed wetlands and agricultural drainage ditches) in 
reducing the transport of nonpoint-source derived pesticides. Constructed wetlands have been widely 
used in wastewater treatment works to reduce the input of nutrients and chemicals into receiving waters; 
however, their efficiency on reducing pesticide transport has only recently been investigated. 
 
These studies have shown that vegetated wetlands are effective in reducing runoff- (Moore et al. 2000; 
Schulz and Peall 2001) and spray-drift-induced (Schulz et al. 2003a) pesticide concentrations and have 
also demonstrated a corresponding reduction in toxicity towards macroinvertebrates (Schulz et al. 2001; 
Schulz et al. 2003b; Sherrard et al. 2004). A number of studies have focused on the mitigation potential 
of a constructed flow-through wetland that was built into an agricultural tributary that flows into the 
Lourens River, South Africa. The wetland has an inlet that receives water from a tributary that flows 
directly through an intensive fruit orchard area and an outlet, which flows directly into the Lourens River 
mainstream. Field based sampling showed a decrease in concentrations of runoff-related 
organophosphate azinphos-methyl contamination (up to 93%), nutrients (75-84%) and suspended 
sediment (78%) as well as a decrease in toxicity from the inlet to the outlet during a large rainfall event 
(Schulz and Peall 2001; Schulz et al. 2001). The same wetland reduced spray-drift derived 
concentrations of azinphos-methyl by 90% (Schulz et al. 2003a). 
 
Reduced flow conditions in the wetland promote siltation, resulting in decreased turbidity and thus a 
decrease in sediment associated pesticide concentrations. Furthermore, the reduced flow slows the 
transport to such an extent that there is more time to allow for degradation of pesticides via volatilisation, 
photolysis, hydrolysis or metabolic degradation (Schulz et al. 2003a). Vegetation within the wetland also 
provides additional substrate for the adsorption of aqueous-dissolved pesticides after which they are 
rapidly broken down (Moore et al. 2002; Schulz et al. 2003b). Constructed wetlands have been shown 
to be very effective in mitigating nonpoint-source pollution in general and have been suggested as best 
management options in agricultural areas to ensure protection of sensitive or more vulnerable water 
bodies (Rodgers Jr. and Dunn 1992). 
 
Similarly, vegetated ditches adjacent to agricultural fields have been shown to reduce runoff-induced 
pesticide transport via adsorption to macrophytes (Moore et al. 2001). Monitoring of in-stream azinphos-
methyl concentrations during runoff and spray drift events, showed that those concentrations derived 
from spray drift induced input were more effectively mitigated than those induced by runoff (Dabrowski 
et al. 2006). This was most likely because of the lower stream velocities experienced during spray-drift 
events (dry, summer months in the Western Cape), which facilitates improved adsorption of dissolved 
chemicals to plant surfaces. 
 
Additional studies focused on the effectiveness of in-stream vegetation in tributaries of the Lourens 
River in intercepting spray-drift. The physical interception of spray-drift derived azinphos-methyl by 
emergent aquatic macrophytes was investigated by Dabrowski et al. (2005) and results showed that 
deposition in the tributary is potentially reduced by up to 88% by emergent vegetation. 
 
The influence of factors such as aquatic macrophytes on pesticide mitigation has led to a drive to 
classify different water bodies based on their biodiversity and vulnerability towards agrochemicals 
(Williams et al. 2004). For example, streams, ponds and agricultural ditches may be characterised 
according to the hydrological and aquatic macrophyte coverage characteristics and may thus vary in 
their ability to mitigate pesticide contamination. Furthermore, there may be differences in the 
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vulnerability of these systems according to the type of nonpoint-source pollution event they are exposed 
to. 
 
3.7.4 Conservation agriculture 
Conservation agriculture (CA) is a system of promoting soil biodiversity and minimising soil degradation 
through minimum soil disturbance (Johannsen and Armitage 2010). Conservation agriculture involves 
an adherence to three basic principles: eliminating or reducing soil tillage, covering at least 30% of the 
soil surface with organic residue and rotating crops (Lal 1997; Erenstein et al. 2012). There is no 
standard way of implementing the system, but if more than two of the principles are adopted it will still 
be considered as CA (Andersson and D'Souza 2014). The system can be adopted as no-till where 
direct seeding is done using specialised equipment, or reduced-till where tillage is only done on the row 
where seed will be placed (Li et al. 2011). 
 
Conventional tillage (CT) is where a deliberate effort is made to disturb/invert the soil (Hobbs 2007). 
This is done to control weeds, incorporate organic residues, create a seedbed, relieve compaction. 
and/or control plant pests and diseases (Roger-Estrade et al. 2010). Tillage practices have been noted 
to have negative impacts on the soil that are declining soil organic matter (SOM) as plant residues are 
removed to provide a fine tilth, promote erosion as the soil surface is exposed, reduced water infiltration 
because of increased crusting and can also cause compaction due to the passing of heavy machinery 
(Kladivko 2001). Soil compaction reduces soil aeration, and increased mineralisation of SOM causes 
excess supply of nutrient in root zone and may result in leaching into the deep soil layers and 
underground water sources. 
 
3.7.4.1 Advantages of conservation agriculture 
There are several benefits for adoption of CA and the main one is a significant reduction in runoff, as 
crop residues and/or SOM enhances infiltration. A study done in the USA showed that flow into head 
streams in western Iowa from adjacent fields under CA was reduced compared to their CT fields in the 
same area (Tomer et al. 2005). Another study conducted in the Yazoo Basin along the Mississippi River, 
showed that sediment losses under CT were 19 t.ha-1, reduced to 0.5 t.ha-1 of sediment under CA. CA 
also reduces wind erosion because the soil surface is covered and therefore physically protected. If CA 
system is maintained, the reduction of runoff will definitely result in decreased movement of pesticides 
that are attached to soil sediments (Holland 2004). In South Africa, runoff was identified as the major 
pathway of pesticides losses in the Western Cape (Dabrowski and Balderacchi 2013, Dabrowski et al. 
2014), and adopting CA will help ameliorate the problem. 
 
Increased SOM matter results in increasing soil microbial biomass (Li et al. 2011; Jat et al. 2012; Parihar 
et al. 2016), and increased microbial activity has been reported in CA systems (Palm et al. 2014; Habig 
and Swanepoel 2015). This increased activity can potentially increase the rate of biodegradation of 
some pesticides (Pinto et al. 2012). However, for microbes to degrade a pesticide compound, it must 
first be dissolved in aqueous solution (Dechesne et al. 2010), which is also a function of 
physicochemical properties (Gavrilescu 2005; Arias-Estévez et al. 2008; Gassmann et al. 2015). The 
involvement of microbes in pesticide degradation is complex, but research has shown that it is species 
composition- and chemical compound-specific (Pinto et al. 2012; Babey et al. 2017). There are diverse 
microbe populations build-up in CA systems compared to CT summarised in Table 1-6. 
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Table 1-6: Comparison of soil biological properties, processes and microbes in conservation and 
conventional agriculture (CA and CT) (Palm et al. 2014). An upward pointing arrow indicates increase 

and downward indicated decrease 
Soil biological properties and processes CA compared to CT 
Soil organic matter in topsoil ↑ 
Particulate or labile organic matter fractions ↑ 
Soil microbial biomass ↑ 
Microbial functional diversity ↑ 
Fungal populations ↑ 
Enzymatic activity ↑ 
Beneficial micro-organisms (fluorescent 
Pseudomonas; Actinomycetes, some Fusarium 
strains) 

↑ 

Pathogenic micro-faunal: Take-all 
Gaeumannomyces; Rhizoctonia, Pythium, and 
Fusarium root rots 

↑ 

Plant-parasitic nematodes ↓ 
Earthworms ↑ 

Arthropod diversity 
↑ more so for predators then phytophagous 
arthropods 

 
The build-up of SOM under CA also improves soil crumb structure. The improvement of crumb structure 
in-turn increases soil aeration, which benefits crop growth and development, as mineralised essential 
elements and water are retained better. A network of macropores can be created from the incorporation 
of surface residues and burrowing of holes by micro arthropods, such as earthworms, in the soil 
(McGarry et al. 2000). There is however, the risk of water bypassing the soil matrix, which may increase 
the chances of pesticides reaching the underground water sources by preferential follow (Kladivko et 
al. 2001). Several soil properties are modified under CA and they are listed in Table 1-7. 
 

Table 1-7: Comparison of soil physical properties in conservation and conventional agriculture (CA 
and CT) (Palm et al. 2014). An upward pointing arrow indicates increase and downward indicated 

decrease. 
Soil physical properties CA compared to CT 
Aggregate stability ↑ 
Bulk density ↑ but small number of studies showing opposite 
Total porosity ↓ 
Macropores ↓↑ avg size larger 
Mesopores ↑ 
Micropores ↑ 
Hydraulic conductivity ↓ mixed results 
Infiltration ↑ 
Drainage ↑ 
Runoff ↓ 
Evaporation ↓ 
Plant available water ↑ 
Erosion ↓ 
Preferential flow ↑ 
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3.7.4.2 Conservation agriculture and pesticides 
In the early CA establishment, high pesticide use may be required, especially herbicides, before the 
SOM and surface residue levels build up (Wall 2007; Giller et al. 2009). Since the soil is not or minimally 
disturbed, weed seeds tend to remain on the soil surface (as opposed to being moved deeper by tillage) 
(Bajwa 2014), and where they can germinate easily. The resultant growing flush of weeds requires 
robust chemical control measures as mechanical options are limited. As 30% of residues must be left 
on soil surface (Lal 1997), application of pre-herbicides is difficult, and weeds are most often controlled 
after emergence, but post-emergence herbicides efficacy is reduced due to crop residue interference 
(Hartzler and Owen 1997).  
 
Many smallholder farmers have failed to implement the system because of increased weed pressure 
(Vogel 1994, 1995, Kayode and Ademiluyi 2004), as it requires use of herbicides for it to be successful 
(Bajwa 2014). Finances are usually not a limitation with commercial farming where round up 
(glyphosate) is the most used herbicide (Vogel 1994; Kayode and Ademiluyi 2004), but other herbicides 
such as paraquat (N,N′-dimethyl-4,4′-bipyridinium dichloride), glufosinate (glufosinate ammonium), 2,4-
D (2,4-dichlorophenoxyacetic acid) and dicamba (3,6-dichloro-2-methoxybenzoic acid) are also 
commonly used under CA systems (Vargas et al. 2005). Although chemical weed control has proven 
to be the most effective CA systems (Muoni et al. 2013; Muoni et al. 2014), these herbicides are 
persistent in the soil and can contaminate underground water sources (Derksen et al. 1996). 
 
Increased SOM under CA however, can also have the disadvantage of pest and disease build-up, which 
may lead to greater dependence on chemical use in such systems. Decomposing plant residues provide 
metabolic energy and shelter for overwintering of pathogens that can attack subsequent crops (Sumner 
et al. 1981). Hinkle (1983) reported a 30% increase in pesticides use in CA relative to CT, as pests 
such as insects, rodents, nematodes and fungi populations grew exponentially under CA.  
 
In Zimbabwe, (Chikowo et al. 2004) observed grubs of Agrotis spp in no till plots. Heteronychus spp 
was also reported in Mozambique, a neighbouring country to Zimbabwe, when legume plant debris was 
used as a soil cover, but not when tillage was performed (Giller et al. 2009). There are also plant 
diseases that have been reported in CA such as root rots in maize (Zae mays) caused by the Fusarium 
spp (Govaerts et al. 2007), as root diseases are instigated by reduced macropores in the soil which 
intensify abiotic root diseases because of lack of aeration prevalent at CA onset (Sturz et al. 1997).  
 
Detailed reviews on plant diseases that are more prominent under CA were given by Sumner et al. 
(1981) and Sturz et al. (1997), and they noted that plant pests and diseases depend on soil and 
climatic/weather conditions as well as the types of crops involved in the CA system. In the long term, 
the chemical usage is expected to go down, as rotating the crop is expected to stop the pest build up 
(Sturz et al. 1997). 
 

3.8 NONPOINT SOURCE ASSESSMENT IN SOUTH AFRICA 
Pegram and Görgens (2001) developed a guide to assessing nonpoint source pollution with a goal to 
ultimately identify and implement nonpoint source management practices aimed at reducing nonpoint 
source pollution and improving water quality. The guide focussed on nonpoint source pollution in 
general and recommended four steps that should be followed to identify and implement BMPs for water 
quality problems associated with nonpoint sources. These steps include the following: 

1. Scoping assessment 
2. Evaluation assessment 
3. Prioritisation assessment 
4. Selection assessment 

 



24 

These assessment steps serve as an ideal guide for the development of a framework aimed at 
managing the risks associated with NPS pesticide pollution in South Africa. 
 
3.8.1 Scoping assessment 
The scoping assessment identifies critical issues and provides focus for a more detailed analysis. This 
step typically includes characterising the management goal, the water quality concern (i.e. land use 
activities causing the water quality problem and the users affected) and the source or catchment area 
(i.e. land use activities in combination with geographical and hydrometeorological drivers). 
 
In most respects, several research projects preceding this current one have already provided the 
necessary scope related to NPS pesticide pollution in South Africa. This scope can briefly be 
summarised as follows: 

• South Africa produces a wide range of agricultural crops and is the most intensive user of 
pesticides in the African continent. 

• Several studies have documented the occurrence of a wide range of different pesticides in 
water resources. 

• Recent research outputs have enabled the identification of important source area catchments 
throughout the country (e.g. pesticide use maps). 

• While the human health and ecological effects of pesticide concentrations are often difficult to 
determine (due to the presence of several other contaminants), sufficient evidence in the 
literature exists to warrant a precautionary approach aimed at improved regulation and 
management of pesticides in South Africa. 

• This necessitates the development of assessment methodologies aimed at addressing the 
nonpoint source nature of pesticide pollution. 
 

3.8.2 Evaluation assessment 
This step provides a deeper understanding of the causes of the NPS pollution problem. In the case of 
pesticides, as agriculture is the main activity associated with pesticide use, this step involves providing 
an improved resolution of where NPS pesticide pollution is likely to be a problem. This resolution may 
be at a national or catchment scale and implies the use of monitoring and modelling data in combination 
with GIS. Given the scarcity of pesticide monitoring data in South Africa, this step will rely extensively 
on GIS integrated modelling approaches, the development of which will form an important component 
of this project going forward. 
 
3.8.3 Prioritisation assessment 
Selection of appropriate BMPs requires an understanding of the specific pesticides that have the 
greatest impact on water quality concerns as well as the transport routes and drivers of these transport 
routes that govern these impacts. The emphasis is to focus further analysis on sources and activities 
responsible for the greatest water quality impact. 
 
From the perspective of managing NPS pesticide pollution, the ultimate aim of this process is to 
prioritise pesticides of concern (in terms of risk to the environment) and identify important transport 
routes and BMPs capable of mitigating pesticide transport in critical source areas. 
 
3.8.4 Selection assessment 
The primary objective of this step is to evaluate the potential effectiveness of management interventions 
and whether these interventions are likely to address the water quality problem within agreed upon 
targets. This typically involves the use of field scale single source models and/or catchment scale 
process models (e.g. hydrological models such as SWAT). 
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3.8.5 Assessing nonpoint source pesticide pollution in South Africa  
In summary, the outputs of this project are designed to improve our ability to manage the risk of 
pesticides through: 

• Identify pesticide risks at a broad national scale through development of updated pesticide use 
and risk maps; 

• Identify hotspot areas and prioritise pesticide mobility and risk at a catchment scale using 
simple and more complex modelling approaches; 

• Characterise important transport routes of pesticides at field and catchment scale using simple 
and more complex modelling approaches; 

• Provide alternative means to monitoring pesticides through use of passive sampling and other 
sampling techniques; and 

• Provide guidance on risk reduction through the development of tools designed to identify lower 
risk pesticides for use in agricultural and improve the application efficiency of pesticides in 
small-scale farming. 

 
These outputs essentially address all of the NPS assessment steps proposed by Pegram and Görgens 
(2001) above. Table 1-8 provides a summary of which of the research outputs proposed in WRC Project 
K5/2707 are aligned to the NPS assessment steps proposed by Pegram and Görgens (2001). 
 

Table 1-8: Table illustrating how outputs of this project align to the NPS assessment framework 
proposed by Pegram and Görgens (2001). 

NPS 
Assessment 

Purpose Outputs of this Project 

Scoping 
Assessment 

Review of agriculture 
Objective 1: 
Literature Review 

Evaluation 
Assessment 

Provide an improved resolution (e.g. 
catchments) of where NPS pesticide pollution is 
likely to be a problem 

Objective 2: 
Pesticide Use Maps  
Pesticide Risk Maps  

Prioritisation 
Assessment 

Prioritise pesticides of concern (in terms of risk 
to the environment) and identify important 
transport routes and BMPs capable of mitigating 
pesticide transport in critical source areas.) 

Objective 4: 
Pesticide Risk Indicator 
 
Objective 6: 
Field & Catchment monitoring 
Chemcatcher® 
Drift Monitoring 
 
Objective 5: 
Field Scale Modelling  
Catchment Scale Modelling  

Selection 
Assessment 

Identify and evaluate the potential effectiveness 
of management interventions and whether 
these interventions are likely to address the 
water quality problem within agreed upon 
targets. 

Objective 1: 
Literature Review (BMPs) 
 
Objective 4:  
Pesticide Risk Indicator  
 
Objective 3: 
Calibration Guidelines 
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Objective 5: 
Field Scale Modelling 
Catchment Scale Modelling 
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4.1 INTRODUCTION 
Until a few years ago, most aquatic monitoring programmes relied on collecting discrete grab, spot or 
bottle samples of water at a given time, which only showed the pollutants in the water at that particular 
time and it allowed for trace amounts of pollutants to be missed (Vrana et al. 2005). The alternative is 
passive sampling where the sampling duration is increased. Advantages of using passive sampling 
over grab sampling are that only one sampling device is necessary for the entire sampling period, 
analytical costs are reduced as only few analyses are required and decomposition of analytes can be 
minimised during transportation and storage by isolating the analytes from the matrix (Kot-Wasik et al. 
2007). Passive samplers also serve to pre-concentrate analytes allowing for detection of low levels of 
pollutants (Jhon et al., 2013). 
 
Passive sampling is based on the free flow of analyte molecules from the sampled medium to a 
collecting medium (Namiesnik et al. 2005). Diffusion driving forces and separation mechanisms depend 
on the different chemical potentials of trapped and non-trapped analytes (Namiesnik et al. 2005). When 
the passive sampler is deployed, a linear uptake (Figure 2-1) is observed. With an increase in 
deployment time, the sampling rate will decrease as the analytes in the receiving phase reach an 
equilibrium with the free analytes in the sampling medium (Vrana et al. 2005). However, there are non-
equilibrium samplers, which do not reach equilibrium as they have a high capacity for collecting analytes 
(Kot-Wasik et al. 2007). These non-equilibrium samplers allow for the determination of the average 
contaminant concentrations present in the water over the entire sampling period, which are known as 
time-weighted average (TWA) concentrations (Kot-Wasik et al. 2007). 

 
Figure 2-1: Graph showing the uptake of analytes as a function of accumulated mass over time. 

 
4.1.1 Passive samplers for aquatic monitoring 
Various passive samplers are available for sampling of different target analytes, but they all share 
common design characteristics. Passive samplers consist of a suitable medium that retains sampled 
analytes, known as a receiving phase (Vrana et al. 2005). Receiving phases used with most common 
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passive samplers are octadecyl (C18) bonded silica, polystyrene-divinylbenzene – exchange (SDB-XC) 
and hydrophilic lipophilic balance (HLB) bonded to an oasis polymer. A diffusion-limiting membrane is 
optionally employed to separate the receiving phase from the sampled medium, especially for passive 
samplers whose kinetics relies heavily on the water velocity (Vrana et al. 2005). Examples of diffusion-
limiting membranes are low-density polyethylene (LDPE) and polyethersulfone (PES). The receiving 
phase disk and membrane are usually housed in a polytetrafluoroethylene (PTFE) holder (Charriau et 
al. 2016). 
 
4.1.1.1 Main types of passive samplers 
The most commonly used passive samplers for pesticides in water are the following: 

• Silicone rubber (SR) 
• Polar organic chemical integrative sampler (POCIS) 
• Semipermeable membrane device (SPMD) 
• Membrane enclosed sorptive coating sampler (MESCO) 
• Trimethylpentane containing sampler (TRIMPS) 
• Diffusion gradient in thin films (DGT) 
• Chemcatcher® 

 
4.1.2 Factors that affect sampling rates 
Various environmental factors affect the uptake and sampling rates of analytes by passive samplers, 
with temperature and water flow being the strongest influences as they play a major role in how the 
water boundary layer (WBL) behaves (Figure 2-2) (Lissalde et al. 2016). 
 
The WBL is a layer of reduced turbulence near the surface of the sampler, which analytes from the bulk 
water have to cross before absorption by the membrane/sorbent takes place (Booij, 2007). The layer 
limits the rate of analyte uptake for compounds with a log Kow larger than five when a low-density 
polyethylene membrane (LDPE) is employed (Booij, 2007). In Booij (2007), it is reported that the 
resistance to mass transfer posed by the layer depends on the aqueous molecular diffusion coefficients 
of the analytes and the thickness of the WBL, which decreases with increasing water flow and 
temperature. 

 
Figure 2-2: Schematic diagram showing movement of analytes from the bulk water through the WBL 

(Mills 2015) 
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4.1.2.1  Hydrodynamic conditions 
Hydrodynamic factors/conditions such as water flow can have an influence on the diffusion of analytes 
through the WBL into the compartments of the sampler and this depends on the configuration of the 
sampler (Lissalde et al. 2016). Here we discuss these effects with specific reference to the 
Chemcatcher® passive sampler when used for sampling hydrophobic and hydrophilic aquatic analytes. 
Hydrophobic Chemcatcher® configuration 
 
In Kingston et al. (2000), an increase in sampling rates with higher stirring speeds of 75, 140 and 250 
rpm was noted. For a C18 receiving disk covered with a polyethylene (PE) membrane, a 2-fold increase 
for smaller compounds such as phenanthrene and polychlorinated biphenyl 52 (PCB) was observed, 
but for larger compounds such as PCB 153, the increase was very small, which was due to the 
membrane limiting the diffusion of larger compounds more significantly (Lissalde et al. 2016). For thicker 
membranes such as polysulfone (PS), the increase in water flow has no effect on the accumulation 
rates because the PS membrane limits diffusion more (Lissalde et al. 2016). 
 
Vrana et al. (2006) investigated hydrodynamic effects using three different rotation speeds of 0, 40 and 
70 rpm with a C18 disk covered with an LDPE membrane. It was shown that the sampling rates 
increased with increasing rotation speeds as seen in Table 2 (Vrana et al. 2006). 
 
Hydrophilic Chemcatcher® configuration 
In Vermeirssen et al. (2008), four flow rates: 0.026 - 0.03 ms-1, 0.055 - 0.06 ms-1, 0.15 and 0.37 ms-1, 
were investigated for three Chemcatcher® configurations, namely polystyrene-divinylbenzene - reverse 
phase sulfonate (SDB-RPS) disk with PES membrane, naked (without membrane) SDB-RPS and 
naked SDB-XC. For the naked configurations, the accumulation rates increased with increasing flow 
rates but for the covered configuration, the membrane limited the diffusion (Vermeirssen et al. 2008). 
 
4.1.2.2 Temperature 
Increase in temperature is expected to increase the rate of diffusion in the WBL (Lissalde et al. 2016). 
Kingston et al. (2000) observed that an increase in temperature from 4-20° C led to an increase in 
sampling rates for six hydrophobic organic compounds (PCBs and pesticides) on the Chemcatcher®. 
The effect that temperature will have on the accumulation rates depends on the temperature range, in 
Aguilar-Martinez et al. (2008) for example, a temperature range of 11-18 ℃ had no effect while a range 
of 4-11 ℃ led to a significant increase in the sampling rate for organotin analytes on the Chemcatcher®. 
 
4.1.2.3 pH and ionic strength 
For the sampling of highly hydrophobic compounds on a C18 disk with LDPE membrane, the sampling 
rate decreases significantly due to salinity (Petersen et al. 2015). In the sampling of polar non-ionised 
herbicides (atrazine, metolachlor, etc.) and phenoxy acids with SDB-XC and SDB-RPS, low sampling 
rates were obtained for the phenoxy acids on both disks because they get retained in the SDB polymer 
in their neutral form and are ionised at neutral pH (pKa range 2-4) (Tran et al. 2007). 
 
4.1.2.4  Fouling 
Development of a biofilm, which mostly occurs during long deployment periods, is a common problem 
in the passive sampling of water. The alternative is to use a copper mesh to cover the samplers to 
prevent fouling, but Schäfer et al. (2008) and Gunold et al. (2008) found that a biofilm still formed in the 
presence of the mesh, for 14-21 days of exposure in tap water and 10-14 days exposure during field 
deployment in small streams. Bio fouling impairs the analyte uptake by the sampler and the 
recommendation is therefore that the sampler must be installed into the water facing downwards 
(Lissalde et al. 2016). Evidence of analyte uptake impairment was observed in a study by Allan et al. 
(2009), where the development of a biofilm was investigated on a LDPE membrane in 14 and 28-day 
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cage exposures. It was found that the sum of the accumulated masses for the 14-day period was higher 
than the accumulated masses for the 28-day exposure (Allan et al. 2009). 
 
4.1.3 Silicone rubber - SR 
These passive samplers were developed as sorptive phases with polydimethylsiloxane (PDMS) being 
the main polymer used. SR samplers can extract organic compounds with a broad range of polarities 
(log Kow) from aqueous media although it is hydrophobic (Martin et al. 2016). 
 
4.1.3.1 Advantages 
Mechanically resistant, insoluble in most solvents that are used, allows for thermal desorption at high 
temperatures (250-300° C) (Martin et al. 2016) 
 
4.1.3.2  Disadvantages 
Silicone rubber samplers have smaller sampling capacity compared to the semipermeable membrane 
device (SPMD), for example (Vrana et al. 2005). 

 
Figure 2-3: A silicone rubber passive sampler that is made up of PDMS tubing (Naude et al. 2015). 

 
4.1.4 Polar Organic Chemical Integrative Sampler- POCIS 
This passive sampler consists of the receiving phase (sorbent) that is sandwiched between two PES 
micro porous membranes as shown in Figure 2-4 and Figure 2-5 (Harman et al. 2012). 

 
Figure 2-4: Diagram showing the POCIS passive sampler with all individual components (Miege et al. 

2012). 
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Figure 2-5: The assembled POCIS passive sampler (Mills 2015). 

POCIS has two versions: 
• POCIS A, which uses the hydrophilic-lipophilic balance (HLB) resin as a sorbent, is employed 

for the sampling of pharmaceuticals (Harman et al. 2012). 
• POCIS B, which uses hydroxylated polystyrene-divinylbenzene resin and a carbonaceous 

sorbent dispersed on S-X3 bio beads, is employed for the sampling of pesticides (Harman et 
al. 2012). 

 
4.1.4.1 Advantages 
High sensitivity, capacity of the sampler can be adjusted using appropriate sorbent materials and 
calibration data is available for many compounds (Vrana et al. 2005). 
 
4.1.4.2 Disadvantages 
Not robust enough to provide reliable TWA concentrations (Harman et al. 2012). 
 
4.1.5 Semipermeable membrane device- SPMD 
This passive sampler contains an additive free lay-flat tube, which is made of LDPE and is filled with 
triolein, and sealed at each end (Esteve-Turrillas et al. 2008). The analytes targeted with SPMD are 
neutral organic chemicals with a log Kow of less than three i.e. polycyclic aromatic hydrocarbons 
(PAHs), PCBs, organochlorine pesticides (OCPs), polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzo-p-furans (PCDFs) (Esteve-Turrillas et al. 2008). 

 
Figure 2-6: Photograph of an SPMD (Mills 2015). 

 SPMD has two versions: 
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• Standard-SPMD: Contains 99% pure triolein, which contains residual methyl oleate, and oleic 
acid that can be co-extracted with the analytes of interest and interfere with instrumental 
analysis (Esteve-Turrillas et al. 2008). 

• Ultra-high purity SPMD: Contains triolein that has undergone an extra purification step to 
remove all traces of oleic acid and to reduce the amount of methyl oleate in the final extract 
(Esteve-Turrillas et al. 2008). 
 

4.1.5.1 Advantages 
Can be deployed for extended periods to integrate long-term data, only bioavailable compounds are 
sampled, easy to use, less expensive than active samplers are and more reproducible than live biota 
samplers (Esteve-Turrillas et al. 2008). 
 
4.1.5.2 Disadvantages 
The recovery of analytes from the receiving phase prior to analysis consumes large volumes of solvents 
(Nyoni et al. 2010). 
 
4.1.6 Membrane enclosed sorptive coating - MESCO 
This passive sampler consists of a polydimethylsiloxane (PDMS) coated stirrer bar embedded in a fluid 
filled extraction chamber whose walls are composed of a cellulose dialysis membrane or a thin film of 
LDPE (Vrana et al. 2016). 
MESCO sampler has two versions shown in Figure 2-7: 

• MESCO I: Uses the stirrer bar as a receiving phase 
• MESCO II: Uses a silicone tube as a receiving phase. 

 
4.1.6.1 Advantages 
The PDMS that the stirrer bar is coated with is thermally stable, inert and can be used over a broad 
temperature range (-20 and 320 ℃) (Vrana et al. 2016). 
 
The MESCO sampler enables easy introduction into analytical instrumentation such as a gas 
chromatograph and it does not require large volumes of solvents for extraction (Vrana et al. 2016). 

 
Figure 2-7: MESCO showing the two versions that are available (Popp et al. 2007) 
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4.1.7 Trimethylpentane-containing sampler – TRIMPS 
This passive sampler in Figure 2-8 is constructed of low-density polyethylene (LDPE) membrane bags 
that are filled with 2,2,4-trimethylpentane solvent (Leonard et al. 2002). The solvent acts as the receiving 
phase for organic contaminants such as pesticides. 

 
Figure 2-8: The TRIMPS passive sampler (Mills 2015). 

4.1.7.1 Advantages 
• Simple sample clean-up and analysis (Vrana et al. 2005). 
• No periphytic growth has ever been observed on the membrane like in SPMD (Ibrahim et al. 

2013) 
• The lower surface area to volume ratio leads to less susceptibility to saturation and depuration 

of sorbed compounds (Ibrahim et al. 2013). 
 
4.1.7.2 Disadvantages 

• The solvent often is released into the water that analytes are being sampled from (Ibrahim et 
al. 2013). 

 
4.1.8 Diffusive gradients in thin films - DGT 
The DGT sampler is composed of a PTFE top and base, diffusive layer (consists of the membrane filter 
and diffusive gel) and the resin gel (binding gel) (Yao et al. 2016). Examples of diffusive gels are 
polyacrylamide and agarose, the binding gel is mostly made up of polyacrylamide gel mixed with 
sorbents such as Oasis HLB and Oasis MAX for the sampling of organic compounds (Guibal et al. 
2017). The individual components of the DGT passive sampler are seen in Figure 2-9, with Figure 2-10 
showing the assembled passive sampler. 
 
The DGT has been used for sampling of inorganic compounds such as metalloids and phosphorus, but 
has recently been further developed to be used for pesticides and pharmaceuticals by using the Oasis 
HLB and Strata-X sorbent (Guibal et al. 2017). 
 
4.1.8.1 Advantages 

• The diffusive gel layer is able to control analyte uptake into the sampler which simplifies the 
estimation of the TWA concentration as only diffusional characteristics are needed 

• Influence of water flow rate on quantification is well documented compared to passive samplers 
such as POCIS and Chemcatcher® (Guibal et al. 2017). 
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Figure 2-9: Schematic diagram of DGT showing the layout of all the components (Yao et al. 2016). 

 

 
Figure 2-10: An assembled DGT sampler (Mills 2015).  

4.1.9 Chemcatcher®  
The Chemcatcher® is a passive sampler that is composed of three components: PTFE sampler body, 
receiving phase and an optional diffusion membrane, as seen in Figure 2-11 and Figure 2-12 (Schäfer 
et al. 2008). 
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Figure 2-11: A diagram of the Chemcatcher® illustrating the individual components of the sampler (El-

Shenawy et al. 2010). 
 

 
Figure 2-12: A diagram showing the assembled components of the Chemcatcher® sampler prior to 

deployment (Mills 2015). 
 
The Chemcatcher® can be used to sample various pollutants both organic and inorganic, and also of 
different polarities. This is achieved by using a specific receiving phase and membrane for each 
application. The pollutants accumulate in the receiving phase through diffusion either during the 
integrative or equilibrium phase (Vrana et al. 2006). The membrane is used to protect the receiving disk 
although it limits the rate of uptake of the pollutant (Charriau et al. 2016). 
 
The receiving phases that are commonly used with the Chemcatcher® are C18, styrene divinylbenzene-
reverse phase sulfonate (SDB-RPS) and styrene divinylbenzene-exchange (SDB-X) with membranes 
such as polyethersulfone (PES) and low-density polyethylene (LDPE) (Schäfer et al. 2008; Gunold et 
al. 2008). 
 
All the mentioned disks can be used for the sampling of polar organic pesticides, depending on the 
partitioning coefficient of the specific pesticide (Charriau et al. 2016). A number of studies such as that 
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by Gunold et al. (2008) have reported that the membrane was not employed as it limited the uptake 
rate, whereas in other studies such as by Vrana et al. (2006), the membrane was employed. The effect 
of the membrane is seen in Table 3-2 in the experiment performed by Shaw et al. (2009), where the 
configurations employed were SDB-RPS with a PES membrane and naked SDB-RPS. The sampling 
rates obtained showed that the membrane limited the diffusion of analytes, as the sampling rate of the 
analytes was higher when the membrane was not employed. 
 
Research has been done using both the SDB-XC and SDB-RPS receiving phases for sampling of 
pesticides, the main difference being that the latter contains additional sulfonic acid functional groups 
to improve mass transfer, which leads to higher sampling rates, which also leads to a shorter linear 
uptake phase because analytes accumulate rapidly in the receiving phase (Gunold et al. 2008). 
 
It has been shown that for the SDB-XC, higher sampling rates for the naked configuration are obtained 
for pesticides with octanol-water partition coefficient (log Kow), whereas for the C18 receiving disk, 
higher sampling rates with no membrane were obtained for compounds with low log Kow values 
(Charriau et al. 2016). This is an example of how physicochemical properties have effect on the 
sampling and uptake of analytes. 
 
In Table 2-1, the effect of only the log Kow is reported with the  log Kowvalues shown in Table 2-1. The 
pesticides BAM and esfenvalerate have logKow values of 0.38 and 6.2, respectively. In Table 2-2, it 
can be seen that the SR has better uptake for hydrophobic compounds with  log Kow ˃ 5, 3 such as 
esfenvalerate as well as for the POCIS-A and POCIS-B samplers, whereas Chemcatcher® SDB-RPS 
has better uptake for hydrophilic compounds with log Kow ˂ 0.70 such as BAM (Ahrens et al. 2015). 
Compounds such as atrazine and pirimicarb with log Kow that are in the middle, can be sampled 
successfully by the all the samplers. 
 

Table 2-1: LogKow of pesticides in the review (Ahrens et al. 2015) 
Pesticide  Log Kow 
α-Endosulfan  3.1 
Alachlor  3.1 
Atrazine  2.7 
BAM  0.38 
Esfenvalerate  6.2 
Hexazinone  1.2 
Metalochlor  3.1 
Pirimicarb  1.7 

 
4.1.9.1 Advantages 
The Chemcatcher® can be used to sample various pollutants (organic, inorganic, polar and nonpolar) 
by using the appropriate receiving phase disk and membrane and calibration data for many compounds 
is available (Vrana et al. 2005). 
 
4.1.9.2 Calibration of the Chemcatcher® 
The sampling rates for different pesticides under various conditions can be obtained from literature such 
as in Ahrens et al. (2015). Many studies found it best to calibrate the Chemcatcher® under conditions 
that are known and can be easily varied, in order to obtain sampling rates, which are used to calculate 
the TWA concentration. In Charriau et al. (2016), different systems that are used during the calibration 
of the passive sampler are reported, and these include: 

• Static renewal where the spiked medium gets removed and renewed (Charriau et al. 2016), 
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• Static with negligible depletion where the medium is spiked at the beginning of the experiment 
and the concentrations decrease due to sampler uptake (Charriau et al. 2016), 

• Flow-through whereby water is pumped into an exposure tank using a peristaltic pump and 
water passes into a waste container (Charriau et al. 2016). 

 
Examples of the calibration systems can be seen in Figure 2-13. 
 
Calibration allows for the comparison of the concentration of analytes extracted on the disk at different 
flow rates and what to expect in the field. Gunold et al. (2008) calibrated the Chemcatcher® for 
monitoring organic pesticides at two different flow rates of 0.4 and 0.135 m.s-1. The results obtained 
showed that at a higher flow rate, less analytes were sampled, as seen in Table 2-2. However, the trend 
was not observed in other studies, such as by Vrana et al. (2006), where the sampling rate increased 
with increasing water flow. This can be due to different sampling conditions and most importantly, the 
two studies employed different receiving phase disks and the target analytes were different. This shows 
that properties of the analytes have an effect on the sampling rates. 

 
Figure 2-13: Exposure designs that are usually used during the calibration of the Chemcatcher® 

(Charriau et al. 2016) 
 
4.1.9.3 Use of Performance Reference Compounds (PRC) 
As stated above, calibration is performed under known conditions to get an idea of what is to be 
expected in the field experiment, however, there are some inevitable factors. Sampling rates determined 
under laboratory conditions are bound to differ from the sampling rates determined from the field 
experiment, this is because in the field, environmental factors such as temperature and pH cannot be 
controlled (Charriau et al. 2016). 
A solution to this problem is the use of PRCs, which were initially developed by Huckins et al. (2002) 
for SPMD and were later applied to the Chemcatcher® to improve the TWA concentration determination. 
PRCs are isotopically labelled compounds that are pre-loaded into the samplers (impregnated on the 
sorbent) and their loss during deployment is used to derive an exchange rate constant (ke) that is 
applicable to the specific environment in which the sampler was exposed (Shaw et al. 2009). The 
exchange rate constant is then used to derive the concentration of the target analyte in the environment 
(Shaw et al. 2009). 
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The criteria that a PRC needs to fulfil for it to be used to correct uptake and sampling rates are 
adsorption and desorption of analytes need to be of first order and must follow the isotropic exchange 
kinetics (IEK) (Shaw et al. 2009). IEK implies that the same mass transfer laws and same rate-limiting 
diffusion steps apply equally to both adsorption and desorption. The IEK criteria are verified by 
investigating the correlation between the sampling rates of analytes and exchange rate constant of the 
PRCs (Vrana et al. 2006). Camilleri et al. (2012) investigated the suitability of 20 compounds sampled 
with the Chemcatcher® C18 to be PRCs, only three compounds; diclofenac-d4, carbendazim-d4 and 
ibuprofen-d3, fulfilled the criteria. Compounds such as diuron-d6 and dimethyl phthalate have also been 
tested and validated as PRCs by Shaw et al. (2009). 
 
4.1.9.4 Quality assurance/quality control 
a. Exposure conditions 
The orientation of the sampler in the water (parallel or perpendicular to water flow) has a possibility of 
affecting the accumulation rates. Ahkola et al. (2015) investigated this effect in a laboratory and the 
results showed that the effect of orientation is not significant. As already described above, the samplers 
must be installed in the water with the membrane facing downwards to minimise the colonisation of a 
biofilm (Lissalde et al. 2016). 
 
The Chemcatcher® samplers are small and may prove to be difficult to install in the water, especially 
for field deployment. It has thus been suggested by Vrana et al. (2007) and Allan et al. (2009) to use 
stainless-steel cages to facilitate their handling. It is therefore important and necessary to measure the 
water flow before and after the cages as they can disrupt water movements (Lissalde et al. 2016). 
 
For better statistical analysis of the data collected, most research studies deploy the samplers in 
triplicate (Lissalde et al. 2016), with depths of exposure ranging from 5 cm to 15 m below the surface, 
as was carried out in El-Shenawy et al. (2010), Nyoni et al. (2011) and Schäfer et al. (2008). The 
deployment period varies per study, with the range being 7-30 days; Tran et al. (2007) deployed 
samplers for 21 days whereas Gunold et al. (2008) deployed samplers for only 14 days. The period of 
deployment is dependent on the configuration of the sampler: uncovered Chemcatcher®s were 
deployment for shorter periods in both Page et al. (2010) and Kennedy et al. (2012) as they have a 
short linear uptake rate. 
 
b. Transport and storage 
The receiving phase disk is usually soaked in solvents such as methanol and ultra-pure water (UPW) 
before deployment, and there are procedures that are followed to prevent the disk from drying out. 
Authors recommend that the sampler be stored and transported while it is filled with UPW Nyoni et al. 
(2011), Schäfer et al. (2008) and Kingston et al. (2000), while Gunold et al. (2008) filled them with tap 
water. After exposure, it is recommended to store the samplers filled with water from the sampling site 
(Lissalde et al. 2016). 
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Table 2-2: Overview of experiments performed using the Chemcatcher® for pesticides under different conditions, different configurations of the sampler and in 

various countries. 

Country 
Receivin
g phase 

Membran
e 

Sampling conditions 
Analytes 

Sampling 
rates 
(ℓ.day-1) 

Extraction 
solvent & 
volumes 

Method of 
analysis 

Reference
s T (℃) v (m.s-1) POD 

Australia SDB-XC PES 23 0.004 21 Atrazine 0.023 
5mL ACE 
5mL MeOH 

HPLC 
HPLC-UV 

(Tran et al. 
2007) 

Australia C18 - 22 0.14 11 
Atrazine, 
Hexazinone 

1.4, 0.74 

5mL MeOH 
5mL 
isooctane/EA(1
:1) 

PE/Sciex 
API300- 
MS 
HPLC 

(Stephens 
et al. 2005) 

Australia 
SDB-
RPS 

- 22 0.14 11 
Atrazine, 
Hexazinone 

1.2, 0.6 

5mL 
MeOH 
5mL 
isooctane/EA(1
:1) 

PE/Sciex 
API- MS 
HPLC 

(Stephens 
et al. 2005) 

Germany SDB-XC - 14 0.135 14 Atrazine, Alachlor 0.28, 0.32 
2x 10mL 
ACN/MeOH 
300𝜇𝜇𝜇𝜇 MeOH 

GC, TOF-
MS 

(Gunold et 
al. 2008) 

Germany SDB-XC - 14 0.4 14 Atrazine, Alachlor 0.22, 0.31 
2x 10mL 
ACN/MeOH 
300𝜇𝜇𝜇𝜇 MeOH 

GC, TOF-
MS 

(Gunold et 
al. 2008) 

UK C18 LDPE 11 0 12 𝛼𝛼−Endosulfan 0.04 
10mL ACE 
5mL EA/ 2,2,4-
TMP 

GC/MS 
GC-MSD 

(Vrana et 
al. 2006) 

UK C18 LDPE 11 0.4 11 𝛼𝛼−Endosulfan 0.08 
10mL ACE 
5mL EA/ 2,2,4-
TMP 

GC/MS 
GC-MSD 

(Vrana et 
al. 2006) 

UK C18 LDPE 11 0.7 14 𝛼𝛼−Endosulfan 0.17 
10mL ACE 
5mL EA/ 2,2,4-
TMP 

GC/MS 
GC-MSD 

(Vrana et 
al. 2006) 
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Australia 
SDB-
RPS 

PES 21.4 0.14 30 
Atrazine, 
metalochlor 

0.14, 0.21 
5mL ACE 
10mL EA: 
isooctane 

HPLC-
MS/MS 

(Shaw et 
al. 2009) 

Australia 
SDB-
RPS 

- 21.4 0.14 30 
Atrazine, 
metalochlor 

0.44, 0.64 
5mL ACE 
10mL EA: 
isooctane 

HPLC-
MS/MS 

(Shaw et 
al. 2009) 

Sweden 
SDB-
RPS 

- 20 0.1 26 
Atrazine, 
metalochlor 

0.03, 0.11 
8mL EA 
CH/ACE (9:1) 
ACN 

LC-
MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

Sweden C18 - 20 0.1 26 
Atrazine, 
metalochlor 

0.10, 0.07 
8mL EA 
CH/ACE (9:1) 
ACN 

LC-
MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

 
 

Table 2-3: Overview of experiments that were performed using other passive samplers for pesticides in water under different conditions and in different 
countries.  

Country 
Passive sampler 
+ receiving phase 

Sampling conditions 
Analytes 

Samplin
g rates 
(ℓ.day-1) 

Extraction 
solvent & 
volumes 

Method of 
analysis 

Reference 
T (℃) v (m.s-1) POD 

Sweden Silicone rubber 20 0.1 26 
Atrazine 
metalochlor 

1.54, 
1.27 

300mL 
PE/Ace(1:1) 
CH/Ace(90:10) 
300mL MeOH 
ACN 

LC-MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

Sweden 
POCIS-A 
Oasis HLB 

20 0.1 26 
Atrazine 
metalochlor 

0.57, 
0.22 

5mL EA 
CH/ACE(90:10) 
1.5mL MeOH, 
8ml DCM 
ACN 

LC-MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

Sweden POCIS-B 20 0.1 26 
Atrazine 
metalochlor 

0.91, 
0.34 

5mL EA 
CH/ACE(90:10) 

LC-MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 
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ISOLUTE ENV+ 
and AmberSorb 
1500 

1.5mL MeOH, 
8mL DCM 
ACN 

Sweden 
Chemcatcher® 
SDB-RPS 

20 0.1 26 
Atrazine 
metalochlor 

0.03, 
0.11 

8mL EA 
CH/ACE(90:10) 
ACN 

LC-MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

Sweden 
Chemcatcher® 

C18 
20 0.1 26 

Atrazine 
metalochlor 

0.10, 
0.07 

8mL EA 
CH/ACE(90:10) 
ACN 

LC-MS/MS 
GC-MS 

(Ahrens et 
al. 2015) 

France 
POCIS-A 
Oasis HLB 

5-10 0.026 20 
Atrazine 
metalochlor 

333*, 
479* 

13mL ACN 
5mL MeOH 
5mL UPW 

UPLC-
MS/MS 
UPLC 

(Ibrahim et 
al. 2013) 

France 
POCIS-A 
Oasis HLB 

21 0.012 20 
Atrazine 
metalochlor 

1269*, 
816* 

13mL ACN 
5mL MeOH 
5mL UPW 

UPLC-
MS/MS 
UPLC 
XE MS/MS 

(Ibrahim et 
al. 2013 
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4.2 METHODS 
The basis of the study was passive sampling of water using a Chemcatcher® passive sampler equipped 
with a suitable receiving phase membrane, with the target pesticides being atrazine, terbuthylazine, 
chlorpyrifos, imidacloprid and azinphos-methyl, which are used extensively in agriculture. The basic 
difference between this study and most studies carried out on the same target pesticides in South Africa 
is that passive samplers were utilised here. Laboratory based sampling was carried out under different 
conditions namely varying flow rates to investigate the effect this will have on the accumulation rates of 
the pesticides on the receiving phase disks. 
 
4.2.1 Chemicals and materials 
Chemicals: Acetonitrile (ACN, 99.9%), methanol (MeOH, 97%), Ultra-Pure Water (UPW, HPLC grade), 
dichloromethane (DCM, 95%), hexane (99%) were purchased from Sigma Aldrich (St. Louis, MO, USA). 
Acetone (95%) was purchased from Associated Chemical Enterprises (ACE) (Johannesburg, South 
Africa). Atrazine, chlorpyrifos, imidacloprid, azinphos-methyl and terbuthylazine (Pestanal, 95% purity) 
were purchased from Sigma Aldrich (St. Louis, MO, USA). Millipore water was provided by an ultrapure 
Milli-Q Water System (18 MΩ.cm at 25 ºC). 
 
Materials: Solid phase extraction: Octadecyl-bonded silica (C18) sorbent tubes (Phenomenex, 
Torrance, USA and Stargate Scientific, Roodepoort, South Africa), hydrophilic lipophilic balance sorbent 
tubes (Oasis HLB, Waters® Inc., Massachusetts, USA) and SPE vacuum manifold (Waters® Inc., 
Massachusetts, USA). 
 
Passive sampling: Chemcatcher® passive samplers (T. E. Laboratories, Carlow, Ireland), SDB-XC and 
C18 (styrene divinylbenzene-exchange and octadecyl-bonded silica) receiving phase disks (Sigma 
Aldrich, St. Louis, Mo, USA). 
 
Additional materials: Scientech ultrasonic cleaner (Labotec, Midrand, South Africa), 780 pH meter 
(Metrohm, Switzerland), GC amber vials with screw cap with a polytetrafluoroethylene (PTFE) septum 
(Stargate scientific, Roodepoort, South Africa), Kestrel 4500 weather station (Boothwyn, USA), Schott 
bottles (Labotec, Midrand, South Africa). 
 
4.2.2 Preparation of pesticide solutions 
Stock solutions of 100 µg.mL-1 were prepared by dissolving 2 mg of the individual pesticide powder in 
20 mL of MeOH using a volumetric flask. The working solution of 10 µg.mL-1 was made by diluting 1 
mL of the stock solution by 9 mL of MeOH. The solution was transferred to a 20 mL clear vial and 
wrapped in aluminium foil before being stored at -4°C in the fridge. 
 
4.2.3 Extraction of water samples 
Solid phase extraction technique (SPE) (Figure 2-14) was used for the extraction of the water grab 
samples. For the method development and optimisation, 100 mL of spiked Millipore water was extracted 
with each cartridge. The different methods tested are detailed in Table 2-4 below. Recoveries were 
calculated by comparing the peak area determined by GC-MS using a standard at the theoretical 
concentration.  
 
Calculation of the theoretical concentration is shown below: 

Concentration of spiking solution = c1 = 100 µg.mL-1 
Volume of spiking solution = v1=? 
Desired concentration = c2= 0.1 µg.mL-1 
Volume of sample matrix = v2= 600 mL 
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µg.mL-1 = Part per million (ppm) 

𝑣𝑣1 =
𝑐𝑐2 𝑥𝑥 𝑣𝑣2
𝑐𝑐1

=
0.1 𝑝𝑝𝑝𝑝𝑝𝑝 𝑥𝑥 600 𝑝𝑝𝜇𝜇

100 𝑝𝑝𝑝𝑝𝑝𝑝
= 0.6 𝑝𝑝𝜇𝜇 = 600 µ𝜇𝜇 

∴ To achieve a pesticide concentration of 0.1 ppm in the 600 mL water sample, 600 µL of the 
100 ppm solution in methanol was added to the water in a 1 ℓ Schott bottle, mixed thoroughly 
by shaking and allowing it to stand for 15 min to equilibrate. 

 
Calculation of the theoretical concentration: 
The amount of analyte in the 600 mL was 60 µg, but only 100 mL was extracted. Thus, for every 100 
mL extracted and assuming 100% extraction, 10 µg would be obtained. The extract was reconstituted 
in 1 mL methanol; therefore, the final concentration injected on the instrument would be 10 ppm. 

 
Figure 2-14: Solid phase extraction setup 

C18 SPE cartridges 
on the vacuum 
manifold. 
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Table 2-4: The different methods that were tested to optimise the extraction of pesticides from water using SPE. 

 Method 1a Method 2 Method 3 Method 4 Method 5 Method 6 Method 7 
Sample pre-treatment - - - 2% MeOH - 2% MeOH 2% MeOH 

Cartridge 
HLB 
(3 mL, 60 mg) 

HLB 
(3 mL, 60 mg) 

C18 

(6 mL, 500 mg) 
C18 

(6 mL, 60 mg) 
C18 

(6 mL, 60 mg) 
C18 

(6 mL, 60 mg) 
C18 
(3 mL, 60 mg) 

Conditioning/Equilibration 
3 mL MeOH 
3 mL H2O 

3 mL ACN 
3 mL H2O 

3 mL ACN 
3 mL H2O 

3 mL MeOH 
3 mL H2O 

3 mL MeOH 
3 mL H2O 

3 mL MeOH 
3 mL H2O 

2x TV ACN:DCM 
1X TV MeOH 
1X TV H2O 

Sample loading 100 mL 100 mL 100 mL 100 mL 100 mL 100 mL 100 mL 
Wash 5% MeOH 2% MeOH 2% MeOH 2% MeOH 2% MeOH - - 
Dry cartridge on high vacuum for 15 min 

Elution 3 mL MeOH 3 mL ACN 3 mL ACN 3 mL ACN 3 mL ACN 3 mL ACN 
2X TV ACN:DCM 
1mL Hexane 

TV-Tube volume. aMethod taken from (Gunold et al., 2008).



49 

4.2.4 Conditioning and extraction of receiving phase disks 
In order for the disks to have a good analyte uptake profile, they are treated in the laboratory before 
deployment in the form of conditioning, the intention being to activate and open up the pores of the 
receiving phase. For best quality assurance, they are also stored under conditions such as a cold 
environment post sampling in a solvent or ultra-pure water so that should the analytes desorb from the 
disk, they will be retained in the solvent. Proper extraction of the analytes from the disks is also important 
as if it is not efficient enough, it will lead to low recoveries and poor detection limits. 
 
The SDB-XC and C18 disks were conditioned by soaking in 25 mL of methanol for 20-30 min and then 
in 25 mL of UPW for 20 min. The conditioned disks were then assembled into the Chemcatcher® and 
the passive sampler cap (Figure 2-15) was filled with UPW before screwing it on to make sure the disk 
did not dry out. After deployment, the receiving phase disks were removed from the passive samplers 
and stored in 5 mL of acetone in a 20 mL vial at -4 ºC prior to extraction. During extraction, the receiving 
phase disks were ultrasonicated in acetone for 5 min and a further 5 min in acetonitrile. The two extracts 
were combined and kept in the same vial (10 mL) at -18 ºC until they were evaporated to dryness under 
high purity nitrogen gas (Afrox, Selby, Johannesburg, South Africa). 

  
Figure 2-15: Image of the components of the passive sampler, particularly the cap, which is circled in 

blue 
 
4.2.5 Laboratory Based Sampling 
For this study, the flow rate of the water in the sampling tank was varied between 0.1 m.s-1 (experiment 
1) and 0 m.s-1 (experiment 2) using an electrical pump. The aim of the laboratory experiments was to 
calibrate the passive sampler in order to determine how the passive sampler would behave in the field. 
Therefore, for these experiments, the sampling medium was Millipore water spiked at a known 
concentration with a pesticide mix solution in MeOH containing the five target pesticides. After the 
correct volume of the pesticide solution was dispensed into the water, the pump was switched on for 
30 minutes in order to allow mixing and to ensure an even distribution of the pesticides. Two separate 
sets of experiments were carried out by spiking 14 ℓ of Millipore water at two different spiking levels of 
0.1 µg.mL-1 (high) and 0.05 µg.mL-1 (low).  
 
In order to simulate a sampling environment similar to that of a river, a metal tank (31 cm x 70 cm x 20 
cm) as seen in Figure 2-16, was equipped with an electrical pump (Figure 2-16b). The pump was used 
to circulate the spiked water in the tank. On the side where the pump was placed, there was turbulence 
evident in the water; hence, the passive samplers were placed on the other side of the tank where the 
flow was laminar. The water flow rate produced by the pump was measured by timing how long an 
object took to travel a certain distance. The passive samplers were hung on a metal divider that was 
placed in the centre of the tank using thin copper wires (Figure 2-16a). 
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4.2.5.1 Uptake graphs 
In order to obtain the relationship between the accumulation rates of the pesticides on the disks and 
time, passive samplers were removed from the spiked water on different days. Eight passive samplers 
equipped with the SDB-XC (47 mm diameter, 6 nm pore size) receiving phase disks were deployed, on 
days 3, 6, 9, passive samplers and grab samples of 100 mL were removed in duplicate and stored in 
the fridge at -4°C. Table 2-5 shows the environmental conditions, which are important for the uptake 
rates of the receiving phases. The ambient temperature was measured using a Kestrel portable weather 
station and the pH of the water using a calibrated pH meter. 
 

Table 2-5: Environmental conditions for the laboratory sampling and field sampling. 
Parameter Laboratory sampling Field sampling 1 Field sampling 2 
Ambient temperature 
(°C) 

±23 21.3 26.5 

pH of water 6.1 6.9 7.0 
Flow rate (m.s-1) 0 0.1 0.04 0 
Period of deployment 14 days 7 days 14 days 

 

  
Figure 2-16: The metal divider that was used with the passive samplers hung in position using thin 

copper wires (a) and the side view of the sampling tank with the pump (b) 
 
4.2.6 Field based sampling 
The field-based sampling was carried out in two different locations in Mpumalanga, South Africa, where 
there is a large farming community growing maize and other crops. The first sampling campaign was 
carried out on the 11th of July 2018 in Delmas at the Wilge River (26° 02’ 32.5’’ S, 28° 52’ 04.9’’ E) 
Figure 2-17, which passes through the Truter Boerdery Farm. Six passive samplers (3 x C18 and 3 x 
SDB-XC) were deployed in the river for seven days. The passive samplers were initially deployed in a 
screening mode to check if there were detectable levels of pesticides in the water and were therefore 
deployed for a whole week (deployed passive samplers are shown in Figure 2-18). A grab sample of 1 
ℓ of water was taken on the first day of deployment at the position where the passive samplers were 
placed, at a depth of 25 cm below the water surface using a Schott bottle. The grab water samples were 
extracted using Method 7 in Table 2-4 for comparison purposes. For quality control, two Chemcatcher® 
passive samplers equipped with the receiving phase disks were taken to the field without being 
deployed and were transported back to the laboratory for extraction and analysis as field blanks. 

45 cm 

Pump 

b 

a 
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Figure 2-17: 3D Google map photo showing the Wilge River in Mpumalanga. The sampling location is 

shown by means of the blue circle. 

 
Figure 2-18: The passive samplers on the metal divider deployed in the Wilge River, Mpumalanga, 

South Africa. 
The second and third sampling campaigns were both carried out at a dam (Figure 2-19) at the Rossgrow 
farm (26° 08’ 44.8’’ S, 28° 37’ 31.8’’ E) in Delmas on the 14th of September 2018 before the pesticide-
spraying season commenced and on the 21st of November 2018 after the spraying season. Four 
passive samplers (2 x SDB-XC and 2x C18) were deployed by hanging them on the metal divider, which 
was then suspended on a vertical metal pipe with a rope (Figure 2-20 a and b). The samplers were 
positioned 25 cm below water surface. The sampling duration was 14 days without removal of passive 
samplers in the middle of the period of deployment. On the days of deployment and passive sampler 
retrieval, grab water samples of one ℓ were taken at the location where the passive samplers were 
deployed, as described previously. Passive samplers equipped with the receiving phase disks were 
also transported to and from the field without being deployed as field blanks.  
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Figure 2-19: Spatial photo of the Rossgrow farm, Delmas, South Africa and the dam where sampling 

took place is circled in blue. The dam is surrounded by agricultural fields. 

 

a 
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Figure 2-20: Passive samplers deployed in the dam (a) and after retrieval (b). 

 
4.2.7 Analysis of samples 
The sample extracts obtained from the extraction of the receiving phase disks and grab water samples 
were evaporated under nitrogen gas until dryness in order to switch to a solvent suitable for instrumental 
analysis. The samples were then reconstituted in 1 mL MeOH for laboratory samples including blanks 
and 0.5 mL MeOH for field samples. Samples were thoroughly mixed by shaking. For quality control 
purposes, the syringe for manual injections on the GC-MSD was rinsed with MeOH and a blank injection 
of MeOH was done in between injections in order to minimise analyte carry over. 
 
4.2.7.1 Gas chromatography analysis 
Atrazine, terbuthylazine and chlorpyrifos were the only pesticides analysed and separated on the 
Agilent 6890 gas chromatograph (GC) system equipped with the 5973 mass selective detector (MSD) 
(Agilent, California, USA), as they are volatile and can withstand high temperatures unlike azinphos-
methyl and imidacloprid. A volume of one µL was injected manually in the splitless mode onto an HP-5 
5% phenyl: methyl siloxane capillary (30 m x 320 (id) µm x 0.25 (df) µm) column (Agilent, California, 
USA) with a solvent delay of five min. The initial temperature program started at 60°C for three min, 
increased by 10°C per min until a final temperature of 300°C held for one min (Table 2-5). The identity 
of the pesticides in the field samples was confirmed using a standard solution and comparison of the 
mass spectrum against the Wiley library (https://sciencesolutions.wiley.com/solutions/wiley-spectra-
lab/). 
 
The temperature program was changed after terbuthylazine was added as an additional target 
pesticide, as it elutes closely to atrazine on the GC-MSD. Therefore, the method was modified in order 
to achieve the best separation. Several methods were tried and, with the assistance of the Restek® 
Pro® EZGC Chromatogram Modeler (www.restek.com/proezgc), a suitable method was obtained. The 
optimum GC temperature program was 60°C for 3 min, increased by 25°C per min to 180°C and hold 

b 

https://sciencesolutions.wiley.com/solutions/wiley-spectra-lab/
https://sciencesolutions.wiley.com/solutions/wiley-spectra-lab/
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for four min, increased by 5°C per min to 210°C and 10°C per min until a final temperature of 300°C 
held for one min. The flow rate of the carrier gas helium was adjusted to 2.0 mL.min-1 in the constant 
flow mode, which is optimum for a column of 30 m length, 0.32 µm internal diameter and 25 µm film 
thickness (Table 2-6). 
 

Table 2-6: Instrument parameters for GC-MSD analysis of atrazine, terbuthylazine and chlorpyrifos. 
Parameter Details 
Detector Agilent Mass Selective Detector 
Gas Chromatograph Agilent 6890 series 
Acquisition rate 4.51 scan.sec-1 
Stored mass range 40-350 Da 
Scan mode Scan and SIM (Ions 200, 197, 214) 
Source temperature 230°C, Electron impact ionisation 
Quadrupole temperature 150°C 
Detector voltage 1753 V 
Inlet conditions 1 µL, splitless mode, 250°C 
Transfer line temperature 280°C 
Carrier gas Helium, 2 mL.min-1, constant flow 
Column HP-5 5% phenyl methyl siloxane (30 

m x 320 µm (id) x 0.25 µm (df)) 
Solvent delay 5 min 
Oven program 60°C for 1 min, 25°C. min-1 to 180°C, 

5°C.min-1 to 210°C, 30°C.min-1 to 
300°C held for 1 min 

Run time 24.80 min 
 

a. Quantification methods on the GC-MSD 
Quantification of the peaks for atrazine, chlorpyrifos and terbuthylazine was performed using the Agilent 
5975 Chemstation data analysis software. The identity of the pesticides was verified by obtaining the 
mass spectrum from the total ion chromatogram (TIC) which was compared to the mass spectrum in 
the Wiley Library. The ions used in the single ion monitoring mode were m/z 200 (atrazine), 197 
(chlorpyrifos) and 214 (terbuthylazine). 
 
Calibration curves 
Calibration curves were constructed for three of the pesticides except for atrazine, which required two 
calibration curves as field samples were analysed using a different GC method. Standards in the linear 
concentration range from 0.25 to 10 µg.mL-1 were injected into the instrument and Microsoft Excel was 
used to plot the curves. Refer to Part 2 for linear regression tables. The limits of detection (LODs) and 
limits of quantification (LOQs) were calculated using the signal-to-noise (S/N) ratio of the lowest 
concentration on the calibration curve and the two equations below: 

LOD = 3 S/N 
And  

LOQ = 10 S/N 
 
4.2.7.2 Ultra High Pressure Liquid Chromatography (UPLC) Analysis 
On the Waters® Synapt G2 UPLC coupled to a time-of-flight mass spectrometer (TOFMS) all the target 
pesticides were ionisable enough to be detected and quantified. A volume of 5 µL of the sample was 
injected using a Waters® Acquity auto sampler onto a Kinetex 1.7 (particle size) µm EVO C18 A (2.1 mm 
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x 100 mm length) (Phenomenex, Torrance, USA), with water (0.1% formic acid) and methanol (0.1% 
formic acid) being used as the mobile phase (Table 2-7).  
 
4.2.7.3 Quantification method on the UPLC-TOFMS 
The pesticides were quantified using the Mass Lynx software version 4.1 (Waters® Inc., Massachusetts, 
USA) in conjunction with Quanlynx. The pesticides were analysed in positive ionisation mode therefore 
the ion of interest for each pesticide was the [M+H]+ molecular species. Calibration curves were 
constructed using concentration range as in Section 2.2.7.1 and LOQs and LODs were calculated using 
the S/N ratio. The linear regression calibration data obtained are shown in Section 2.3.1, Table 2-8.  
 
Table 2-7: Instrument parameters for UPLC-TOFMS analysis of atrazine, chlorpyrifos, terbuthylazine, 

imidacloprid and azinphos-methyl. 
Parameter Details 

Detector Waters Synapt G2 high-definition mass spectrometer 

Type of mass spectra detector Time-of-flight 

Stored mass range 50-1200 Da 
Acquisition rate 10 spectra.s-1 
Calibration mass range 90.930-1178.856 
Source temperature 120°C 
Ionisation type Electron spray ionisation(ESI), positive mode 
Injection volume 5 µL 
Desolvation temperature 300°C 
Column Kinetex 1.7 (particle size) µm EVO C18 A (2.1 mm x 100 mm length) 
Column temperature 40°C 
Flow rate 0.1 mL.min-1 
Mobile phase 95% H2O – 100% MeOH (With 0.1% Formic acid) 
Gradient Isocratic flow (hold 0.1 min), linear increase to 100% MeOH 
Run time 20 min 

 
4.2.8 Statistical analysis 
A preliminary paired T-test was carried out to compare means of data obtained on the GC-MSD and 
UPLC-TOFMS. A non-parametric test, Mann U Whitney was carried out to confirm the results of the 
parametric test. 
 
For the paired T-test, the following hypothesis was applied:  
Null hypothesis: the means of the two instruments are similar.  
Alternative hypothesis: the means of the two instruments are significantly different. 
The tests were carried out at 0.05 confidence level, considering the two-tailed results and null 
hypothesis was rejected if the t-calculated value is greater than the t-critical value. 
 

4.3  RESULTS AND DISCUSSION 
4.3.1 Calibration curves 
The calibration curves showed good linearity with R2-values ranging from 0.9917 to 0.9983 for both the 
UPLC-TOFMS and GC-MSD (Table 2-8). The UPLC-TOFMS showed much higher sensitivity, 
especially for atrazine as the method LOD was calculated to be 0.00274 µg.ℓ-1 compared to 0.057 µg.ℓ-

1 obtained with the GC-MSD. However, both instruments gave good and sufficient sensitivity, which is 
extremely critical for the trace analysis of pesticides. An example of a calibration curve for atrazine 
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obtained on the GC-MSD is shown in Figure 2-21, and refers to Figure 2-30 and Figure 2-31 in the 
appendix for the complete set of calibration curves. 
 

Table 2-8: Quantification data for the GC-MSD and UPLC-TOFMS analysis of target pesticides 
including method LOD and LOQ values 

GC-MSD 
Compound Ion (m/z) Linear regression 

equation 
R2 LOD 

µg.ℓ-1 
LOQ 
µg.ℓ-1 

Atrazine 200 Y=93524x-45851 0.9951 0.057 0.19 
Atrazine** 200 Y=77971x-16389 0.9963 0.030 0.10 
Terbuthylazine 214 Y=35580x-72674 0.9917 0.090 0.30 
Chlorpyrifos 197 Y=72328x-30971 0.9980 0.040 0.13 
UPLC-TOFMS 
Compound (M+H)+ (m/z) Linear regression 

equation 
R2 LOD LOQ 

Atrazine 216.101 Y=15536x-5597 0.9958 0.0027 0.01 
Chlorpyrifos 349.255 Y=439.01x-17603 0.9973 0.0400 0.10 
Imidacloprid 256.058 Y=616.4x-296.84 0.9964 0.1200 0.41 
Azinphos-methyl 339.999 Y=202.11-118.72 0.9964 0.0230 0.08 
Terbuthylazine 230.116 - - - - 

**Calibration data obtained with the second GC-MSD method. Terbuthylazine calibration data not yet 
available due to unavailability of UPLC-TOFMS instrument. 
 

 
Figure 2-21: External calibration curve for atrazine obtained using the GC-MSD 

 
4.3.2 Solid phase extraction 
The SPE method for extraction of water samples was optimised and recoveries ranged between 4% 
and 88% with the latter obtained using the optimised method. As seen in Figure 2-22, Method 7 proved 
to be the best method of extraction and was thus employed for field samples. 
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Figure 2-22: Bar graph comparing recoveries of different solid phase extraction methods. 

Extraction efficiencies are affected by various factors such as eluting solvent, choice of cartridge and 
flow rate. It was expected that Method 7 would give higher recoveries than the other methods, as the 
eluting solution was a mixture of solvents on different ends of the polarity scale, allowing for a range of 
analytes to be recovered well. The eluting power of a solvent increases as the polarity decreases for 
reverse phase cartridges such as the C18. This further explains why recoveries with C18 were low when 
MeOH was used as the elution solvent, as it is very polar.  
 
4.3.3 Laboratory-based sampling 
Based on the graphs in Figure 2-23(b) a linear relationship between the accumulation of analytes and 
time was evident (refer to Table 2-18 and Table 2-19 in the appendix). However, on day six of the 
sampling, a drop can be seen as the point is below the line compared to the other points, which was an 
indication of pesticide depletion in the spiked sampling water. The spiked water was renewed on day 
six, which then avoided this problem for the subsequent sampling intervals. In this case, the dip in the 
pesticide accumulation could have been due to volatility of the pesticides from the water. For example, 
azinphos-methyl has a Henry’s constant of 5.7E-6 Pa m3.mol-1, which is very low and is thus less likely 
to evaporate from the water, and it can be seen in Figure 10a that it has the steepest curve as it was 
accumulated more on the receiving phase disks. The target analytes used in the laboratory sampling 
(imidacloprid, atrazine, azinphos-methyl and chlorpyrifos) have different Log Kow values of 0.57, 2.50, 
2.75 and 4.70, respectively, and are expected to partition differently into the receiving phase. It is 
expected that the most polar pesticide (imidacloprid) will accumulate more into the SDB-XC receiving 
phase compared to chlorpyrifos, which is the least polar based on the Log Kow values. 
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(a) 

 
(b) 

Figure 2-23: Uptake graphs showing the relationship between accumulated mass of atrazine (ATZ) 
and chlorpyrifos (CPS) and time obtained with the UPLC-TOFMS (a) and GC-MSD (b). 
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Table 2-9: Sampling rates obtained for the two experiments at different flow rates using SDB-XC 
receiving phase. 

Experiment 
Flow rate 
m.s-1 

Sampling rate 
ℓ.day-1 
based on GC-MSD 

Sampling rate 
ℓ.day-1 
based on UPLC-TOFMS 

1 0.0 
ATZ=0.3 
CPS=0.3 

ATZ=0.2 
CPS=0.4 
IMDA=0.4 
AZM=0.2 

2 0.1 
ATZ=1.0 
CPS=1.2 

ATZ=0.6 
CPS=0.8 
IMDA=0.7 
AZM=0.5 

 
In Table 2-9, the effect that an environmental factor, namely water flow rate, has on the accumulation 
of pesticides on the receiving phase, which then influences the sampling rate, is evident. Under 
experiment 2, which was at a flow rate of 0.1 m.s-1, the sampling rate increased 10-fold. This is due to 
the decrease in the thickness of the water boundary layer, which limits diffusion of pesticide analytes 
from the sampling medium into the receiving phase disk. 
 
4.3.4 Field sampling 
4.3.4.1 First sampling campaign 
From the first field sampling campaign at the Wilge River, none of the target analytes was detected in 
samples from either the receiving phase disks or the grab water samples. As seen in Figure 2-17, there 
are no farm fields in close proximity to the sampling site in the river, which explains why the target 
analytes were not detected. 
 
4.3.4.2 Second sampling campaign 
The GC-MSD and UPLC-TOFMS chromatograms below (Figure 2-24 and Figure 2-25) were obtained 
upon analysis of a receiving phase disk that was field deployed for 14 days from the second field 
sampling campaign. As can be seen, two prominent peaks appeared between the retention times of 7 
and 7.5 min. Atrazine (7.096 min) and terbuthylazine (7.269 min) are closely related herbicides with 
similar properties, hence they tend to co-elute which can lead to inaccurate quantification. On the UPLC-
TOFMS chromatogram in Figure 2-25, atrazine and terbuthylazine peaks are well separated with 
retention times of 8.08 and 9.27 min, respectively. 
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Figure 2-24: A GC-MSD chromatogram showing the two peaks of interest, namely atrazine (7.096 

min) and terbuthylazine (7.269 min). 
 

 
Figure 2-25: UPLC-TOFMS chromatograms of each of the four disks, which were deployed, with the 

peaks of atrazine (8.08 min) and terbuthylazine (9.27 min) marked in blue. 
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Table 2-10: Results from the second field sampling campaign obtained from the GC-MSD. 

 Peak area   
 Atrazine 1 Atrazine 2 Mean Concentration (µg.mL-1) Mean concentration (µg.mL-1) 
C18 A 66588 67175 66881,5 1.07 

1.72 
C18 B 169909 168702 169305,5 2.38 
SDB-XC A 155576 158321 156948,5 2.22 

1.98 
SDB-XC B 113867 112790 119691,5 1.74 
 Peak area   
 Terbuthylazine 1 Terbuthylazine 2 Mean Concentration (µg.mL-1) Mean concentration (µg.mL-1) 
C18 A 114329 112420 113374,5 3.39 

4.60 
C18 B 200150 199280 199715 5.82 
SDB-XC A 148127 148334 148230,5 4.37 

3.90 
SDB-XC B 119329 120054 119691,5 3.57 
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Figure 2-26: Bar graphs showing the comparison between the concentrations (n=2) obtained from the second field sampling campaign (left) and comparison 

of the average concentrations (right). 
 

Table 2-11: Concentration of atrazine and terbuthylazine obtained from UPLC-TOFMS analysis of C18 and SDB-XC disks from the second sampling 
campaign. 

  Atrazine   Terbuthylazine  

 Peak area 
Concentration  
(µg.mL-1) 

Average  
(µg.mL-1) 

 Peak area 
Concentration  
(µg.mL-1) 

Average  
(µg.mL-1) 

C18 A 5716.602 0.73 
0.75 

C18 A 11792.86 2.1 
2.2 

C18 B 6286.234 0.77 C18 B 12755.91 2.3 
SDB-XC A 6537.811 0.78 

0.76 
SDB-XC A 11297.09 2.0 

1.9 
SDB-XC B 5784.19 0.73 SDB-XC B 10225.67 1.8 
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Based on the GC-MSD and UPLC-TOFMS chromatograms in Figure 2-24 and Figure 2-25, the 
terbuthylazine peak has higher abundance compared to that of atrazine, and this is also supported by 
the data in Table 2-10 wherein the concentration range for atrazine and terbuthylazine was 1.07-2.38 
and 3.50-5.80 µg.mL-1, respectively. From the observed results (Table 2-10, Table 2-11 and Figure 
2-26), the SDB-XC receiving phase disk accumulated a higher amount of atrazine (1.98 µg.mL-1) and 
C18 accumulated a higher amount of terbuthylazine (4.6 µg.mL-1). Similar results in that terbuthylazine 
accumulated more on the C18 receiving phase were obtained on the UPLC-TOFMS with atrazine and 
terbuthylazine concentration ranging between 0.73-0.78 µg.mL-1 and 1.8-2.3 µg.mL-1, respectively. 
 
On both the receiving phase disks, terbuthylazine was observed in high concentrations compared to 
atrazine. However, based on Figure 2-26 (right), it is evident that atrazine accumulated more on the 
SDB-XC compared to the C18 with the former accumulating a concentration of 1.98 µg.mL-1 compared 
to 1.72 µg.mL-1 accumulated by the latter. This can be attributed to the polarity difference of both the 
pesticides and the receiving phase disks. Terbuthylazine has a log Kow of 3.40 compared to 2.50 for 
atrazine, thus terbuthylazine is more non-polar than atrazine. As expected, the more non-polar pesticide 
will accumulate more on the non-polar receiving phase and the more polar pesticide will accumulate 
more on the more polar receiving phase.  
 

 
Figure 2-27: A GC-MSD chromatogram of a field grab sample (window 3, middle). The extracted ion 

chromatogram (window 2, top) for terbuthylazine at m/z 214 shows a peak close to 16.00 min. 
However, the MS spectrum (window 1, bottom) of the compound related to this peak does not exactly 

match that of terbuthylazine. However, it might be due to interference therefore background 
subtraction is required. 

 
T-Test for comparison of two independent groups ie: GC-MSD and the UPLC-TOFMS results. 
Comparing the accumulated concentrations obtained with the GC-MSD and UPLC-TOFMS, the two 
groups of data are expected to differ as the instruments used operate differently. Hence, a paired T-
test (Table 2-12 and Table 2-13) was carried out to determine if the difference is significant. According 
to the data below, the differences between atrazine and terbuthylazine concentrations analysed by the 
two instruments were significant (t-calc>t-crit). 
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Table 2-12: Paired T-test for comparison of receiving phase disk concentrations (µg.mL-1) for 
terbuthylazine. 

Parameter GC-MSD UPLC-TOFMS 
Mean (n=4) 4.29 2.05 
Variance 1.225 0.0433 
Pearson Correlation 0.742 

 

Hypothesised Mean Difference 0 
 

Df 3 
 

t calc 4.64 
 

P(T<=t) one-tail 0.00937 
 

t Critical one-tail 2.35 
 

P(T<=t) two-tail 0.0187 
 

t Critical two-tail 3.18 
 

 
Table 2-13: Paired T-test for comparison of receiving phase disk concentrations for (µg.mL-1) atrazine. 
Parameter GC-MSD UPLC-TOFMS 
Mean (n=4) 1.85 0.752 
Variance 0.346 0.000691 
Pearson Correlation 0.850  
Hypothesised Mean Difference 0  
Df 3  
t calc -3.88  
P(T<=t) one-tail 0.0150  
t Critical one-tail 2.35  
P(T<=t) two-tail 0.0301  
t Critical two-tail 3.182  

 
The Chemcatcher® passive samplers were deployed in a screening mode for 14 days as extraction of 
a grab sample (Figure 2-24) showed no presence of the target pesticides. Although a high concentration 
(≤5 µg.mL-1) of the pesticides was obtained with passive sampling, it is not the real concentration of the 
pesticides in the water. By estimation, obtaining an atrazine concentration of 1.98 µg.mL-1 after 14 days 
deployment relates to an atrazine concentration in the water of ≅ 0.14 µg.mL-1 assuming an equal 
amount of pesticide analytes is accumulated on each day. This is only slightly above the LOD (0.1 
µg.mL-1), which is the reason why it was not detected in the grab water samples considering a small 
amount of losses would occur during SPE and sample preparation. 
 
In Section 2.3.3, uptake graphs were discussed and the results presented in Table 2-9. As stated above, 
the concentration obtained from the receiving phase disks does not represent that of atrazine in the 
water. In this case, the accumulation rate namely the sampling rate, can be used to determine what the 
actual atrazine concentration is. This method is only valid if the conditions under which the laboratory 
experiments were carried under are similar to the conditions in the field. Although temperature, flow 
rate and pH are similar as seen in Table 2-5, environmental factors such as salinity and dissolved 
organic matter are difficult to monitor and control. 
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Table 2-14: Pesticide concentrations calculated from sampling rates and comparison with literature 
sampling rate, for extracts analysed by UPLC-TOFMS and GC-MSD. 

Atrazine by 
UPLC-
TOFMS 

Concentration from 
the disk (µg.mL-1) 

Mass 
accumulated 
(µg) 

aConcentration in 
water (µg.mL-1) 

bConcentration from 
the disk (µg.mL-1) 

C18 A 1.07 0.54 0.13 0.14 

C18 B 2.38 1.19 0.28 0.30 

SDB-XC A 2.22 1.11 0.26 0.28 
SDB-XC B 1.74 0.87 0.21 0.22 

Atrazine by 
GC-MSD 

Concentration from 
the disk (µg.mL-1) 

Mass 
accumulated 
(µg) 

aConcentration from 
the disk (µg.mL-1) 

bConcentration from 
the disk (µg.mL-1) 

C18 A 0.73 0.37 0.13 0.093 

C18 B 0.77 0.39 0.14 0.098 

SDB-XC A 0.78 0.39 0.14 0.099 
SDB-XC B 0.73 0.37 0.13 0.093 

aCalculated using sampling rate of 0.3 ℓ.day-1 under stagnant conditions, obtained from laboratory 
experiments (see Table 2-5). bCalculated using sampling rate from literature (Gunold et al., 2008) with 
the following conditions:  sampling rate of 0.28 ℓ.day-1, 22°C, 0.135 m.s-1 and 14 days period of 
deployment. 
 
In Table 2-14, using the sampling rate obtained in the laboratory based experiments at 0 m.s-1, the 
concentration of atrazine in the water was calculated to be 0.13 µg.mL-1 for the UPLC-TOFMS and 0.28 
µg.mL-1 for the GC-MSD. Literature sampling rate was also used to calculate the concentration of 
atrazine in the water for comparison purposes and it is evident that the two sets of concentrations 
compared well, as seen in Table 2-13. A paired T-test was carried out to compare the concentration 
obtained using UPLC-TOFMS and GC-MSD and the results are shown in Table 2-15. 
 
Table 2-15: Paired T-test for comparison of atrazine water concentration (µg.mL-1) between GC-MSD 

and UPLC-TOFMS. 
Parameter GC-MSD UPLC-TOFMS 
Mean 0.22 0.134 
Variance 0.0049 0.000022 
Pearson Correlation 0.85 

 

Hypothesised Mean Difference 0 
 

Df 3 
 

t calc 2.6 
 

P(T<=t) one-tail 0.039 
 

t Critical one-tail 2.353 
 

P(T<=t) two-tail 0.078 
 

t Critical two-tail 3.18 
 

 
Employing hypothesis testing as described in Section 2.2.8, the means of the two groups are not 
significantly different if the t-calc is greater than the t-critical value. According to Table 2-15, t-stat (2.6) 
< t-critical (3.18). Therefore, it is concluded that the means of the two groups were not significantly 
different. In Table 2-13, the results indicated that the atrazine concentration on the receiving phase 
disks between UPLC-TOFMS and GC-MSD are significantly different which differs to the results in 
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Table 2-15. This was well expected as the two instruments gave similar sampling rates of 0.3 ℓ.day-1 
and 0.2 ℓ.day-1 for GC-MSD and UPLC-TOFMS. 
 
4.3.4.3 Third sampling campaign 
The third sampling campaign was carried out after the pesticide-spraying season at the same farm and 
sampling location as for the second sampling campaign. Rainfall had also occurred between the 
sampling events, therefore it was expected that the concentrations of the analytes detected on the 
receiving phases from the third campaign would have increased compared to the concentrations 
obtained for the second sampling campaign. Terbuthylazine, atrazine and metalochlor were detected 
and it was found that atrazine had a lower peak abundance compared to terbuthylazine as well as the 
abundance of atrazine that was observed in the second sampling campaign.  
 
In terms of grab water sample analysis from the third sampling campaign, in both GC-MSD and UPLC-
TOFMS chromatograms the peaks for atrazine and terbuthylazine can clearly be seen, whereas in the 
grab water samples of the second sampling campaign, atrazine was not detected and terbuthylazine 
could not be quantified as it was below the limit of detection. This is because the third sampling 
campaign took place after the pesticide-spraying season in the farms and there was rainfall, which 
promotes the leaching of the pesticides from the soil into the water systems. 
 
It was found that the SDB-XC receiving phase accumulated a higher amount of atrazine and the C18 
receiving phase accumulated a higher amount of terbuthylazine (Table 2-16), which was evident from 
both the GC-MSD and UPLC-TOFMS results (Figure 2-28 and Figure 2-29). This can be attributed to 
the polarity difference of both the pesticides and the receiving phase disks. Terbuthylazine has a log 
Kow of 3.40 compared to 2.50 for atrazine, thus terbuthylazine is least polar than atrazine. As expected, 
the least polar pesticide will accumulate more on the least polar receiving phase (C18) and the more 
polar pesticide will accumulate more on the more polar receiving phase (SDB-XC). 
 

Table 2-16: Terbuthylazine and atrazine results from the analysis of the receiving phases from the 
third (3) field sampling campaign obtained from GC-MSD and UPLC-TOFMS analyses. 

Terbuthylazine (3) LC 

Receiving phase 
Concentration 
(µg.ℓ-1) 

Mean 
(n=2) 
(µg.ℓ-1) 

Standard deviation %RSD 

C18 2.198 
2.154 0.004 0.187 

C18 2.192 
SDB-XC 2.030 

2.095 0.092 4.373 
SDB-XC 2.159 
Terbuthylazine (3) GC 

Receiving phase Concentration 
(µg.ℓ-1) 

Mean 
(n=2) 
(µg.ℓ-1) 

Standard deviation %RSD 

C18 1.588 
1.601 0.018 1.093 

C18 1.613 
SDB-XC 1.608 

1.588 0.028 1.791 
SDB-XC 1.568 
Atrazine (3) LC 
Receiving phase Concentration Mean Standard deviation %RSD 
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(µg.ℓ-1) (n=2) 
(µg.ℓ-1) 

C18 0.664 
0.652 0.016 2.418 

C18 0.641 
SDB-XC 0.780 

0.754 0.037 4.958 
SDB-XC 0.727 
Atrazine (3) GC 

Receiving phase 
Concentration 
(µg.ℓ-1) 

Mean 
(n=2) 
(µg.ℓ-1) 

Standard deviation %RSD 

C18 0.487 
0.509 0.032 6.318 

C18 0.532 
SDB-XC 0.975 

0.919 0.078 8.500 
SDB-XC 0.864 

 

 
Figure 2-28: Comparison between the concentrations of atrazine (ATZ) (n=2) obtained from the 
second field sampling campaign and third sampling campaign using C18 and SDB-XC receiving 
phases after extract analysis on the UPLC-TOFMS and GC-MSD, where error bars represent the 

standard deviation. 
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Figure 2-29: Comparison between the concentrations of terbuthylazine (TBA) (n=2) obtained from the 

second field sampling campaign and third sampling campaign using C18 and SDB-XC receiving 
phases after extract analysis on the UPLC-TOFMS and GC-MSD, where error bars represent the 

standard deviation. 
 
In Table 2-17 the actual concentrations of the two pesticides are shown, which were calculated using 
the sampling rate of the first laboratory experiment (refer to previous progress report) which was 
conducted under similar conditions to those encountered in the field. 
 

Table 2-17: Calculated terbuthylazine and atrazine concentrations for the third (3) sampling 
campaign. The period of sampling was 14 days and sampling rates are shown in brackets. 

Terbuthylazine (3) LC (0.23 and 0.27 ℓ.day-1) 

Receiving phase 
Accumulated mass on receiving 
phase (µg; n=2) 

Actual concentration 
(µg.ℓ-1) 

C18 2.154 0.669 
C18 
SDB-XC 

2.095 0.554 
SDB-XC 
Terbuthylazine (3) GC (0.27 and 0.22 ℓ.day-1) 

Receiving phase 

Accumulated mass on receiving 
phase 
µg 

(n=2) 

Actual concentration 
µg.ℓ-1 

C18 1.601 0.408 
C18 
SDB-XC 

1.588 0.515 
SDB-XC 
Atrazine (3) LC (0.22 ℓ.day-1) 
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Receiving phase 
Accumulated mass on receiving 
phase (µg; n=2) 

Actual concentration 
µg.ℓ-1 

C18 0.652 N/A 
C18 
SDB-XC 

0.754 0.245 
SDB-XC 
Atrazine (3) GC (0.25 ℓ.day-1) 

Receiving phase 

Accumulated mass on receiving 
phase 
µg 

(n=2) 

Actual concentration 
µg.ℓ-1 
 

C18 0.509 N/A 
C18 
SDB-XC 

0.919 0.263 
SDB-XC 

N/A: No laboratory uptake experiment was carried out using the C18 receiving phase. 
 
The actual concentration of atrazine obtained via passive sampling for the third sampling campaign by 
GC-MSD was 0.263 µg.ℓ-1 (Table 2-17), whilst the concentration of atrazine from the water grab sample 
by GC-MSD was found to be 0.173 µg.L-1, which is in a very similar range. Based on this, the method 
of estimating the concentration using the laboratory derived sampling rates appears to be justified. 
 

4.4 CONCLUSION 
The main purpose of this study was to test the ability of the Chemcatcher® to accumulate pesticides in 
water bodies, which after quantification are used to monitor pesticide levels therein. The Chemcatcher® 
passive sampler equipped with SDB-XC and C18 receiving phase disks showed great versatility 
regarding accumulation of pesticides with different polarities. The passive sampler was shown to 
concentrate pesticides, as they were detected on the receiving phases although they were not detected 
in the grab water sample extracts in all cases. This indicates that the Chemcatcher® is suitable for use 
in pesticide monitoring programmes. 
 
The importance of carrying out laboratory-based sampling with known and controlled environmental 
conditions was essential for calculating the real concentration of the pesticides in the water when 
sampled using the passive sampler, as it has been shown that grab samples are not always reliable 
and non-detection of pesticides during analysis can lead to inaccurate conclusions regarding their 
presence.  
 
Pesticide concentrations in different countries differ widely, due to different environmental conditions 
and pesticide application procedures; therefore, they cannot be directly compared. According to the 
World Health Organisation (WHO, 1996 and 2003), the guideline values for atrazine and terbuthylazine 
in drinking water are 2 and 7 µg.ℓ-1, respectively, which are higher than the concentrations obtained in 
this study. The ability of this method to detect lower concentrations than the guideline values implies 
that it is well suited for both surface and drinking water monitoring and can be applied to the detection 
of trace pesticide concentrations.  
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4.6 APPENDIX 
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(c) 

 
(d) 

Figure 2-30(a-d): External calibration curves of target pesticides obtained on the UPLC-TOFMS. 
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(a) 

 
(b) 

 
(c) 

Figure 2-31(a-c): External calibration curves of target pesticides obtained on the GC-MSD with (c) 
being the second calibration curve for atrazine using a new GC method. 
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Table 2-18: Linear regression equations for the uptake graphs obtained on the UPLC-TOFMS. 

Analyte 
Linear regression equation R2 
1 2 1 2 

Atrazine Y= 2.096x – 0.7275 Y=7.729x + 2.3418 0.97 0.95 
Imidacloprid Y= 2.086x – 0.3578 Y= 4.63x + 6.1581 0.96 0.92 
Chlorpyrifos Y= 2.193x – 0.0213 Y= 5.837x + 12.127 0.95 0.85 
Azinphos-methyl Y= 4.413x – 3.1656 Y= 17.337x  - 2.297 0.95 0.95 

 
Table 2-19: Linear regression equations for Atrazine and Chlorpyrifos obtaining on the GC-MSD. 

Analyte 
Linear regression equation R2 
1 2 1 2 

Atrazine Y= 3.143x – 1.8889 Y= 10.594x+3.9209 0.95 0.95 
Chlorpyrifos Y= 2,106x – 1.009 Y= 7.7729x +2.3418 0.94 0.98 
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 PESTICIDE DEPOSITION MONITORING 
By: 

Basil Munjanja (M.Sc. Student), Yvette Naudé & Patricia Forbes 
University of Pretoria 

 

5.1 INTRODUCTION 
Pesticides are an indispensable element in agriculture that increase crops and livestock yields, and 
improve food security among other reasons (Cooper and Dobson, 2007). For instance it was estimated 
that without their use, heavy losses from pest injury ranging from 32-78% for various fruits, vegetables, 
and cereals were reported (Cai, 2008). For this reason, their use significantly increased from 1990 to 
2016 as shown by Figure 3-1, only to decline slightly thereafter as most countries are increasingly 
becoming aware of the adverse effects of pesticides on the environment (Zhang, 2018). 
 

 
Figure 3-1:  Global pesticide use since 1990 (http://www.fao.org/faostat/en/?#data/RP/visualize. 

 
It is interesting to note that the pesticide consumption trend in South Africa has followed the global 
upward trend from 1990 to 2016 (Figure 3-2). This is because South Africa’s economy depends on 
agriculture to a large extent as proven by a study carried out by Statistics South Africa, in which it was 
one of the industries that increased the gross domestic product (GDP) by 2.5% (STATSSA, 2017). Thus 
to-date, over 3000 pesticide products are registered for use, and the majority of these are applied to 
different crops, and a smaller proportion is used for vector control and domestic pest control (Dabrowski, 
2015, Dalvie et al., 2009).  
 
In addition, the pesticide use trend for South Africa increased sharply from approximately 16 500 tonnes 
to about 27 000 tonnes according to FAOSTAT. Although the effectiveness of pesticides in South Africa 
cannot be denied, some adverse effects have been reported because of their use locally. For instance, 
some studies have reported their occurrence in water bodies (Dabrowski and Schulz, 2003, Dalvie et 
al., 2003). One of the major routes of their entry into the environment is spray drift during application.  

http://www.fao.org/faostat/en/?#data/RP/visualize


78 

 
Figure 3-2: Pesticide consumption in South Africa 1990-2016 

(http://www.fao.org/faostat/en/?#data/RP/visualize) 
 
Since it is one of the major routes of pesticides into the environment, off-target deposition of pesticides 
has been studied intensively over the past decades. Various samplers are used to measure the quantity 
of pesticides that deposit in non-target terrestrial and aquatic environments via spray drift. An analyte 
of choice, which can be a tracer or pesticide active ingredient, is chosen depending on availability of 
analysis methods, and cost. The studies are usually carried out under field conditions or in a wind 
tunnel, with the latter producing more reproducible results than the former (Nuyttens et al., 2009). Field 
experiments are useful for validating spray drift models (Baetens et al., 2007, Nsibande et al., 2015). 
Hence, the two techniques are complimentary. Deposition monitoring can be costly, and labour 
intensive, hence it can be complemented by the use of computer modelling and mathematical 
simulations in order to enhance understanding of off-target deposition (Gil and Sinfort, 2005). 
 
These models can be classified as plume or droplet trajectory, depending on how the movement of 
droplets is calculated (Teske et al., 2011). An example of a droplet trajectory deposition modelling 
technique is the AGricultural DISpersal (AgDISP) model, which can be used to calculate deposition 
both in the sprayed field and downwind in the surrounding non-target areas (Connell et al., 2009). The 
advantage of this model is that it relies on the Lagrangian model, which tracks the movement of droplets 
of a certain size, factoring in the effects of application equipment, and is therefore used in regulatory 
frameworks (Teske et al., 2002).  
 
Several studies have been carried out to compare deposition monitoring results using different tracers 
to deposition predicted by the AgDISP model. In one such study, where spray deposition monitoring 
used metal cation tracers and plastic tape samplers, the model over-predicted deposition by a factor of 
3.5, and the reasons for this were not well understood (Woodward et al., 2008). In a related study 
carried out by our research group, pesticide deposition of atrazine using filter paper was compared to 
AgDISP simulation output, and it was reported that the model under-predicted by up to one order of 
magnitude (Nsibande, 2015).  
 
The authors Hypothesised that this variation might have been due to sampler conditions not having 
been adequately optimisedoptimised. Therefore, one of the recommendations of the study was to carry 
out further studies to determine the collection efficiency of various pesticide deposition samplers used 
for spray drift determination. Thus, the aim of this study was to compare various pesticide deposition 

http://www.fao.org/faostat/en/?#data/RP/visualize
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samplers (chromatography paper, glass microscope slides, glass petri dishes, plastic drinking straws 
and polyacrylic rods) using atrazine as the target pesticide. The results will be used to confirm the 
applicability of the AgDISP model for prediction of pesticide deposition for atrazine, as well as to provide 
evidence for the optimum sampler for pesticide deposition. 
 

5.2 METHODS 
5.2.1 Materials and reagents 
5.2.1.1 Chemical standards 
The atrazine certified reference standard used was of Pestanal® grade (98.8% purity) and was supplied 
by Sigma-Aldrich (St. Louis, MO, USA). A 100 µg.mL-1 stock solution was prepared by dissolving 2 mg 
of atrazine standard in 20 mL of acetone: hexane (1:3 v/v) in a 20 mL vial. A working standard solution 
of 5 µg.mL-1 was prepared in a 4 mL vial by adding 200 µL of 100 µg.mL-1 atrazine standard. The 
solutions were stored in a refrigerator away from sunlight.  
 
5.2.1.2 Reagents 
The solvents used in this study were n-hexane, dichloromethane toluene methanol, and acetonitrile and 
acetone. All of them were of analytical grade. N-hexane (>97.0%) and methanol (99.5%) were 
purchased from Sigma Aldrich (St.Louis, MO, USA). Dichloromethane (>99.5%), acetone (>99.5%) and 
toluene (>99.5%) were purchased from ACE Chemicals (Johannesburg, South Africa). Acetonitrile 
(>99.5%) was purchased from Merck Chemicals (Darmstadt, Germany). 
 
5.2.1.3 Pesticide deposition samplers 
The chromatography paper used for this study was Whatman chromatography paper sheets (GE Grade 
2 purchased from Sigma-Aldrich, Germany). The glass microscope slides (76 mm x 26 mm x 1 mm), 
and the glass petri dishes (10 cm diameter by 1 cm height) used in this study were purchased from 
Lasec, South Africa. Plastic drinking straws (5 mm diameter) were purchased from Pick ‘n Pay, South 
Africa. Polyacrylic rods (6 mm diameter) were purchased from Maizey Plastics, Pretoria, South Africa. 
 
5.2.2 Optimisation of sample preparation methods 
5.2.2.1 GC-MS method parameters 
An Agilent gas chromatograph (GC) (7890A) with a time-of-flight mass spectrometer (TOF-MS) LECO 
Pegasus 4D was used for optimisation of the chromatography paper and plastic drinking straw 
extraction methods. The GC was fitted with an Rxi-5SilMS capillary column (Restek) (30 m x 250 µm 
internal diameter x 0.25 µm film thickness), and helium (UHP grade, Afrox) was used as a carrier gas 
at 1 mL.min-1 flow rate in the constant flow mode. The stationary phase used is of low polarity, and is 
made up of cross bonded 1,4-bis (dimethylsiloxy)phenylene dimethyl polysiloxane (Restek, 2017). The 
GC was fitted with an auto sampler (Agilent® 7683 ALS), and the injection port temperature was set at 
250°C. The injection volume was 1 µL, in splitless mode for 30 seconds. MS parameters were as 
follows: ion source temperature, 230°C; transfer line temperature, 280°C; electron energy, -70 V; 
detector voltage, 1750 V in the EI+ mode; acquisition rate, 10 spectra/second; and solvent acquisition 
delay 5 min. The MS mass acquisition range was 40-350 Da. The initial oven temperature was set at 
60°C for three min, and then increased to 300°C at a rate of 10°C.min-1. The total runtime was 27 min.  
 
After the GC-TOF-MS broke down percentage recovery experiments for the polyacrylic rods, glass 
microscope slides, and petri dishes were continued on an Agilent gas chromatograph (6890) fitted with 
a mass selective detector (MSD). The GC was fitted with an HP-5 5% phenyl 95% PDMS 30 m × 320 
µm internal diameter × 0.25 µm film thickness capillary column. Injection was carried out manually, and 
the injection port temperature was set at 250 ℃. The injection volume was 1 µL in the splitless mode, 
and the splitless time was 1 min. MS parameters were as follows: MS quadrupole temperature, 150°C, 
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MS source temperature, 230°C; transfer line temperature, 280°C; electron energy -70 V; electron 
multiplier voltage, 1750 V in the EI+ mode; scan acquisition rate, 4.51 scans.s-1; and solvent acquisition 
delay 5 min. The MS mass acquisition range in the full scan mode was 40-350 Da. The ions monitored 
in selected ion monitoring (SIM) mode were m.z-1 173, m.z-1 200, and m.z-1 215. The initial oven 
temperature was set at 60°C for three min, and then increased to 300°C at a rate of 10°C.min-1. The total 
runtime was 28 min. 
 
5.2.2.2 Quantification method 
The external standard method of quantification was employed. Atrazine standards in the concentration 
range of 0.05 to 5 µg.mL-1 were prepared. Calibration curves (n=5) were constructed by plotting 
response factors (peak areas) for each concentration of atrazine standard. The quantitative method 
was based on the selected ion monitoring (SIM) technique in which the most abundant ion of m.z-1 200 
for atrazine was used as the quantification ion. 
 
Pesticides in deposition samples were unequivocally identified if the following criteria were met: the 
retention time of the chromatographic peaks of the most abundant ion for atrazine (m.z-1 200) from the 
unknown samples and the external standard were supposed to coincide at the same retention time and 
the mass spectrum related to the peak of the deposition samples matched that of the atrazine standard 
with a mass spectral library (Wiley) match quality of >70% in full scan mode. Non-exposed field blank 
samples of each of the different kinds of samplers were treated the same way as the deposition 
samples. To monitor if there was potential carryover, a solvent blank was periodically injected between 
runs.  
 
5.2.2.3 Chromatography paper spiking procedure 
The analyte extraction accuracy and precision were determined to establish the efficiency (percentage 
recovery), and repeatability (percentage RSD) of the extraction method. The method used to extract 
the chromatography paper was a modification of the one that was previously used by our research 
group (Nsibande, 2015). Untreated chromatography paper strips (4 cm x 1 cm) were cut from large 
sheets using a clean scalpel. They were spiked using different concentrations of atrazine standard in 
hexane. Each chromatography paper strip was placed in a 20 mL vial (fitted with a thin foil lined cap) 
and spiked with 5, 25, and 12.5 µL of a 100 µg.mL-1 atrazine standard solution, corresponding to a final 
concentration of 1, 0.5, and 0.25 µg.mL-1 respectively when extracted with 5 mL of hexane. The paper 
was allowed to dry under ambient conditions, and sonication extraction was done after solvent addition 
under ambient conditions for thirty min. GC-MS analysis was carried out immediately after extraction. 
At each of the three different levels of fortification, spiking was done in triplicate, giving nine fortified 
matrices. Accuracy (percentage recovery) was calculated using the formula: 

% 𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟 =  
𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝 𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝 𝑟𝑟𝑜𝑜 𝑜𝑜𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑜𝑜𝑓𝑓𝑟𝑟𝑓𝑓 𝑝𝑝𝑝𝑝𝑓𝑓𝑟𝑟𝑓𝑓𝑥𝑥
𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝 𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝 𝑟𝑟𝑜𝑜 𝑝𝑝𝑓𝑓𝑟𝑟𝑝𝑝𝑎𝑎𝑓𝑓𝑎𝑎𝑟𝑟 𝑠𝑠𝑓𝑓𝑝𝑝𝑎𝑎𝑓𝑓𝑝𝑝𝑟𝑟𝑓𝑓

× 100 

 
5.2.3 Plastic drinking straw spiking procedure 
Plastic drinking straws were cleaned by wiping them with n-hexane before using them for spiking 
experiments. They were cut to a length of 2 cm using a clean scalpel, and placed in a 20 mL glass vial 
(fitted with a thin foil lined cap) and spiked with 50, 25, and 12.5 µL of 100 µg.mL-1 atrazine standard 
solution. After the plastic drinking straws had dried under ambient conditions, 5 ml of n-hexane solvent 
was added, to give spiking concentration levels of 1, 0.5, and 0.25 µg.mL-1. Sonication was done for 30 
min under ambient conditions. The extraction procedure was also repeated using different solvents 
such as acetonitrile: n-hexane (1:1 v/v), dichloromethane (DCM), toluene, and acetonitrile: methanol 
(1:1 v/v). For each of these solvents, spiking was done at three different levels and in triplicate giving 
nine fortified matrices for each solvent. Equation 1 was used to calculate percentage recovery. 
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5.2.4 Polyacrylic rod spiking procedure 
The first step in the spiking procedure of polyacrylic rods was to perform stability tests by immersing a 
2 cm piece of polyacrylic rods in 5 mL of solvent (hexane, toluene, methanol, acetonitrile, and 
dichloromethane, respectively), to see in which solvents the rods dissolve. Before the polyacrylic rods 
were spiked, they were cleaned by wiping them with n-hexane. Pieces, which were 2 cm long, were cut 
from a metre long polyacrylic rod. The 2 cm long pieces were placed in 20 mL glass vials (fitted with a 
thin foil lined cap), and spiked with 50, 25, and 12.5 of 100 µg.mL-1 atrazine standard solution. After 
they had dried under ambient conditions, 5 mL of n-hexane solvent was added, to give spiking 
concentration levels of 1, 0.5, and 0.25 µg.mL-1. For each concentration, triplicate spikes were made 
giving nine fortified matrices, and the percentage recovery was calculated using Equation 1.  
 
5.2.5 Glass microscope spiking procedure 
Glass microscope slides were cleaned by wiping them with n-hexane. They were then placed in a clean 
100 mL glass beaker and spiked with 50, 25, and 12.5 of 100 µg.mL-1 atrazine standard solution. After 
they had dried under ambient conditions, 5 mL of n-hexane solvent was added, to give spiking 
concentration levels of 1, 0.5, and 0.25 µg.mL-1. The beaker was shaken briefly and the solution was 
transferred immediately to a 20 mL glass vial. The extraction technique was optimised by testing 
different solvents such as n-hexane, acetonitrile: hexane (1:1 v/v), dichloromethane (DCM), and 
toluene, acetonitrile: methanol (1:1 v/v). GC-MS analysis was done after extraction. For each extraction 
spiking was done at three different levels was done in triplicate giving nine fortified matrices. Equation 
1 was used to calculate percentage recovery. 
 
5.2.6 Glass petri dish spiking procedure 
Each glass petri dish was spiked with 50, 25, and 12.5 of a 100 µg.mL-1 solution of atrazine standard, 
corresponding to a final concentration of 1, 0.5, and 0.25 µg.mL-1 respectively. The pesticide was 
allowed to dry under ambient conditions. Five ml of hexane was then added, and the solution was 
transferred to a 20 mL vial and shaken manually. GC-MS analysis was carried out immediately after 
extraction. For each concentration, triplicate spikes were made, giving nine fortified matrices, and the 
percentage recovery was calculated from the linear regression equation of the calibration curve. 
 

5.3 RESULTS 
5.3.1 First Atrazine spray deposition monitoring campaign 
A spray deposition monitoring campaign was conducted on a commercial farm during ground 
application of atrazine in order to compare different deposition samplers under local conditions. During 
this campaign, filter paper, glass petri dishes, glass microscope slides, and polyacrylic rods were 
compared. This section presents the experimental details of the sampling campaign, during which a 
total of 75 downwind samples, and 5 upwind samples were taken. Details of the collection of additional 
input parameter values required by the AgDISP model were also collected. Data collection and 
treatment is also described. 
 
5.3.1.1 Study area 
Atrazine spray deposition monitoring campaign was conducted on the 18th of July 2018 during spraying 
of a ± 1.5 ha uncultivated field in Ogies, Mpumalanga (South Africa) under unstable meteorological 
conditions. The GPS coordinates of the area are 26° 01’ 50.9’’S, 28° 53’ 21.8”E (downwind samples), 
and 26° 01’ 53.7”S 28° 53’ 32.9’’E (upwind samples). A John Deere 4630 “Hiboy” ground sprayer (Figure 
3-3) was employed, which was fitted with 48 twin air reduction nozzles (Figure 3-4 and Figure 3-5), with 
a 1.94 extra coarse (xc) droplet classification, which were uniformly distributed along a 24 m boom. The 
pesticide concentrate (Terbusien Super 600 SC, Villa Crop Protection) contained atrazine, 
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terbuthylazine, and other related active triazines. Spraying was done at a height of 1 m above the 
ground, for 10 min from 16h05-16h15h, at a speed of 12 km.h-1.  

 
Figure 3-3: 4630 “Hiboy” ground sprayer used for pesticide application 

 
Figure 3-4: 24 m boom of the 4630 “Hiboy” ground sprayer 
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Figure 3-5: Twin air reduction nozzle 

 
5.3.1.2 Meteorological conditions 
Meteorological conditions were monitored throughout the application and sampling period using a 
Kestrel 4500 portable weather station. The wind speed was measured at one height and it varied from 
0.8-3.0 m.s-1. The wind direction shifted from north to north-east, and the ambient temperature was 
16.8°C.  
 
5.3.1.3 Sample collection 
Samplers were distributed downwind of the application region, and another set of samplers was placed 
upwind, as shown in Figure 3-6. At each sampling distance from 0 to 50 m there were three sets of 
samplers which were labelled as A (left), B (middle), and C (right). The samplers used were placed 
adjacent to each other at each sampling station as shown in Figure 3-7. All samplers were mounted on 
wooden stands at a height of 20 cm above ground level. Collection of samples began thirty min after 
spraying, starting with the ones furthest from the spraying area in order to minimise cross contamination. 
The samples were transported to the laboratory in cooler boxes, where they were refrigerated prior to 
analysis.  
 
Each set of samplers comprised of two 20 cm by 15 cm pieces of Whatman™ chromatography paper 
which were used without prior treatment, and one was oriented horizontally, and the other was oriented 
vertically as shown in Figure 3-7. Regardless of its orientation, each piece of chromatography paper 
was placed on an aluminium foil covered stand and was held in place with fold back clips. After spraying, 
the paper was collected and stored in plastic zip lock bags that were marked according to sample 
location and stored in cooler boxes for transportation to the laboratory.  
 
Polyacrylic rods of length 10 cm were used to measure vertical deposition. Before sampling, they were 
treated by wiping them with n-hexane. They were mounted onto a wooden stand with a hole drilled at 
the centre (Figure 3-7). The rods were collected, starting with the ones furthest from the spray area, 
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and stored in plastic zip lock bags that were labelled according to sample location. The zip lock bags 
were placed in cooler boxes and transported to the laboratory for analysis. 
 
The glass microscope slides used to measure horizontal deposition were treated by wiping them with 
n-hexane before use. They were mounted onto a plastic stand in fours and secured using fold back 
clips (Figure 3-7). After sampling, they were removed from the stands starting with the ones furthest 
from the spray area. They were stored in microscope slide holders with slots labelled according to each 
sample name (Figure 3-8). In each slot, there were two microscope glass slides, one used for sampling 
and another that was not used, in order to serve as a cover to minimise loss of analyte.  
 
The glass petri dishes used to measure horizontal deposition were treated before use by wiping them 
with n-hexane. They were mounted onto a plastic stand and secured using adhesive tape (Figure 3-7). 
After sampling, they were removed from the stands and closed, using the glass lids, and then the glass 
petri dish and its lid were secured using adhesive tape, after which they were placed in plastic zip lock 
bags labelled according to sampling location. The zip lock bags containing the glass petri dishes were 
transported to the laboratory in cooler boxes and stored in the refrigerator prior to analysis. 
 

 
Figure 3-6:  Layout of samplers in the field. One set of samplers was placed upwind for control 

purposes. 
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Figure 3-7:  Deposition samplers employed. From left to right vertical filter paper (A), polyacrylic rod 

(B), microscope slides (C), horizontal filter paper (D), and petri dish (E). 

 
Figure 3-8: Glass microscope slides stored in a microscope slide holder. On the left are the sample 

names written for easy identification. 
 
5.3.1.4 Extraction and analysis of deposition samples 
Deposition samples were extracted using the previously optimised methods, though some slight 
modifications were made to the techniques. To extract the chromatography paper samples, a 5 cm x 2 
cm piece was cut from the middle of each chromatography paper sampler using a scalpel (cleaned with 
n-hexane between samples) and was placed in a 20 mL vial. Extraction was done with 5 ml of n-hexane 
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in an ultrasonic bath for 30 min. The extracts were evaporated to dryness using nitrogen gas and 
reconstituted to 1 mL using n-hexane. To extract the polyacrylic rods, a 6 cm piece was cut from the 10 
cm rod sampler using a hacksaw (cleaned with n-hexane between samples), placed in a 20 ml vial and 
extracted using 10 ml of n-hexane for 30 min using an ultrasonic bath. The extracts were evaporated 
to dryness using nitrogen gas and reconstituted to 1 mL in n-hexane. Glass microscope slides were 
extracted by placing both the exposed and non-exposed slides from each sampling location in a 100 
mL glass beaker and shaking them with 10 mL of n-hexane. The extracts were transferred to a 20 mL 
vial, followed by evaporation to dryness using nitrogen gas. Reconstitution was done using 1 mL of n-
hexane. Glass petri dishes were extracted by washing both the lid and the petri dish itself with a total 
of 10 mL of n-hexane. The extracts were transferred to a 20 mL vial followed by evaporation to dryness 
using nitrogen gas. The extracts were reconstituted in 1 mL of n-hexane.  
 
5.3.1.5 Modelling of spray deposition using AgDISP 
The AgDISP model (v8.27) was used to predict off-target deposition of atrazine. The model’s predictions 
are based on a set of parameters, which must be consistent with those under which pesticide application 
was carried out. The parameters can be broadly classified as equipment conditions, nozzles, droplet 
size distribution (DSD), spray materials properties, and ambient meteorology. These are summarised 
in Table 3-1. 
 

Table 3-1: AgDISP input parameters. 
Parameter Input 
Application method Ground sprayer 
Boom pressure (bar) 2 
Number of nozzles 48 
Nozzle type Air injection 
Nozzle interdistance (mm) 500 
DSD 1.94 extra coarse (XC) drop size (ASABE classification) 
Release height (m) 1 
Spray lines 15 
Swath width (m) 24 
Swath displacement (m) 0 
Wind speed (m.s-1) 1.90 
Wind direction(º) -90 
Temperature (°C) 16.8 
Spray material evaporates Yes 
Spray volume rate (ℓ.ha-1) 200 
Active fraction 0.003 
Active fraction of tank mix 0.003 
Evaporation rate (µm2 °C-1 s-1) 84.76 
Canopy height none 

 
To determine the droplet size distribution (DSD), the nozzle diameter, which was obtained from the 
farmer, was used. According to the manufacturer of the tractor, the droplet sizes for this type of nozzle 
are classified using ASABE classification. Other default values were left unchanged, such as the 
evaporation rate. This is because previous studies showed that agrochemicals in water based carriers 
behave the same way as water in terms of evaporation (Hewitt et al., 2002) 
5.3.1.6 Optimisation of sample preparation methods 
The extraction method for plastic drinking straws was optimised according to solvent type. N-hexane, 
toluene, acetonitrile: methanol (1:1), and dichloromethane were compared. Of all the solvents, n-
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hexane gave the highest recoveries (> 40%), although they were not good enough (Figure 3-9). This 
might have been because atrazine was not easily desorbed from the surface of the straws. For this 
reason, the use of plastic drinking straws was discontinued for this particular study, and polyacrylic rods 
were used instead. 
 
With polyacrylic rods, choice of extracting solvent was made by immersing pieces of the rod in different 
solvents. In all of the solvents, except n-hexane, the polyacrylic rods dissolved. Thus, n-hexane was 
chosen as the extracting solvent. It is also worth noting that n-hexane also gave good extraction 
recoveries for glass microscope slides, as compared to other solvents (Figure 3-10). Excellent 
extraction recoveries (>80%) were obtained for chromatography paper at concentrations of 0.25, 0,5, 
and 1 µg.mL-1 (Figure 3-9). Polyacrylic rods also showed very good recoveries (>75%). Glass 
microscope slides and glass petri dishes showed good recoveries, though they were not as high as 
those for chromatography paper and polyacrylic rods. 
 

Table 3-2: Linear regression analysis for atrazine. 
Calibration 
curve 

Quantification 
ion (m.z-1) 

aRegression 
equation 

R2 
bLOD 
(µg.mL-1) 

cLOQ 
(µg.mL-1) 

1 200 Y=1E+07X-1E+06 0.9991 0.0061 0.02 
2 200 Y=112327x-2480.3 0.9996 0.03 0.17 

a: y=peak area of standard; x= concentration of the standard 
b: limit of detection (LOD) calculated as the concentration that gives a signal to noise ratio of 3 
c: limit of quantification (LOQ) calculated as the concentration that gives a signal to noise ratio of 10 
 

 
Figure 3-9: Extraction recovery (percentage) for plastic drinking straws using different solvents. 
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Figure 3-10: Optimisation of extraction technique for glass slides using different solvents. 

 

 
Figure 3-11: Extraction recovery (percentage) for chromatography paper, polyacrylic rods, glass 

microscope slides, and glass petri dishes. 
 
5.3.1.7 Pesticide deposition 
All samples that were transported to the laboratory were analysed by GC-MSD. The calibration curves 
that were used for quantification of deposition samples are shown in Table 3-2. The method showed 
good linearity within the measured range of concentrations. Figure 3-12 shows a chromatogram of an 
atrazine standard overlaid with chromatograms of chromatography paper and polyacrylic rod sample 
extracts. 
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During this sampling campaign, a general trend observed was that low deposition values were obtained, 
and the results for deposition of atrazine onto the various samplers are shown in Table 3-3. The low 
deposition values may be explained by the fact that a drift reducing nozzle was used to spray the farm.  
 
This is in contrast to a previous study carried out by our group where deposition values were higher and 
the farmer used a flat fan nozzle (Nsibande, 2015). The trend in deposition was that chromatography 
paper, regardless of orientation, collected more atrazine compared to the other samplers. This is in 
agreement with a previous study that was carried out, where chromatography paper was proven to be 
a good sampler because of its ability to protect the pesticide from photodegradation and volatilisation 
(Capri et al., 2005). This behaviour can be attributed to the material of construction of the 
chromatography paper. The Whatman chromatography paper used in this study is made from pure 
cellulose, although the interaction between the paper and atrazine is not well understood.  
 
The results were slightly different from a previous study that was carried out in which the same glass 
slides were used to collect deposition of ten herbicides (Carlsen et al., 2006), as no atrazine was 
detected on the microscope slides used in this study. This might be ascribed to the fact that in the other 
study that was carried out, the glass slides were collected and placed in Duran bottles where they were 
extracted with solvent immediately after spraying, after which transportation and analysis were done. 
However, in our study, the glass slides were stored in microscope holders, which might have led to 
volatilsation losses from the surface of the glass slides (Hubbs and Lavy, 1990).  
 
For glass petri dishes, atrazine was only detected in one sample at 0 m, however, some of the samples 
gave a mass spectrum of atrazine, but the peak area was very low, and these were reported to be 
below the instrumental detection limit. This might also have been due to volatilisation that took place 
from the surface of the glass petri dishes, since their material of construction is the same as that of the 
glass slides. This might be the reason why a previous study that used glass petri dishes immediately 
washed the pesticides with solvent at the field before transporting them to the laboratory for analysis 
(Lefrancq et al., 2013).  
 
In the case of polyacrylic rods, atrazine was detected in some samples up to 10 m. While the mechanism 
of interaction between the pesticide and the sampler is not known, it is assumed that the low deposition 
values might have been due to the small diameter of the sampler.  
 
Deposition values generally decreased as the distance from the spray area increased for both horizontal 
and vertical deposition samplers, as expected. For the vertical deposition samplers, impaction was 
greater on the chromatography paper compared to the polyacrylic rod up to a distance of 25 m (Figure 
3-13). This is because the surface area of the exposed chromatography paper (20 cm2) was bigger than 
that of the polyacrylic rod (19.42 cm2), increasing the chance for impaction and thereby collection. In 
addition, the chromatography paper had a rectangular shape, which is capable of collecting more 
droplets than the cylindrical polyacrylic rod.  
 
The chromatography paper collected the most deposition, and the glass petri dish only collected 
deposited pesticide at values above LOD once, while nothing was detected on the glass microscope 
slides (Figure 3-14).  
 
Regarding the distribution of distribution amongst the three groups of samplers, A, B, and C up to 25 
m, it can be deduced that more deposition was observed amongst group A samplers for both horizontal 
and vertical deposition samplers. This suggests that while the wind direction was generally in the 
direction of the sampler locations, it was more towards the group A samplers, and less towards column 
C samplers as no deposition was observed at 25 m for any of the group C samplers.  
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Finally, the trend regarding which orientation of chromatography paper collects more deposition was 
not very clear. Thus, the next sampling campaign will seek to validate further the chromatography paper 
as it was found to be the best sampler, and also to determine which orientation collects more droplets 
than the other does between the horizontal and the vertical positions. 
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Table 3-3: Atrazine deposition results from analysis of chromatography paper, glass microscope slides, glass petri dishes, and polyacrylic rods using Agilent 
6890 GC-MSD. The peak area of atrazine (m/z 200) was used for quantitation. Samples are named according to the distance from spray area, type of 

sampler, group of samplers to which it belongs, and orientation for chromatography paper. For instance, 0-CP-B means a chromatography paper sampler, 0 
m away from spray area, and belonging to group B of samplers (See Figure 3-6). 

Sample 
location 

Sample 
name 

Peak 
area 

Concentration 
(ng.µL-1) 

Concentration 
(pg.µL-1) 

Final volume 
(mL) 

Extracted 
amount (pg) 

Extracted 
amount (µg) 

Sampler area 
under 
consideration 
(cm2) 

Deposition 
(µg.cm-2) 

0 m 

0-CP-B 11496 0.141921 141.921 1 141921 0.141921 10 0.0141921 
0-CP-B-V 7062 0.074998 74.998 1 74998 0.074998 10 0.0074998 
0-PR-B 2910 0.012331 12.331 1 12331 0.012331 11.9 0.0010362 
0-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
0-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 

Upwind 

UPW-CP n.d n.d n.d 1 n.d n.d 10 n.d 
UPW-CP-V n.d n.d n.d 1 n.d n.d 10 n.d 
UPW-MS n.d n.d n.d 1 n.d n.d 79.0 n.d 
UPW-PR n.d n.d n.d 1 n.d n.d 11.9 n.d 
UPW-PD n.d n.d n.d 1 n.d n.d 75.4 n.d 

0 m 

0-CP-A 8575 0.054261 54.261 1 54261 0.054261 10 0.0054261 
0-CP-A-V 16259 0.122669 122.669 1 122669 0.122669 10 0.0122669 
0-PD-A 12536 0.089524 89.524 1 89524 0.089524 75.4 0.0011858 
0-MS-A n.d n.d n.d 1 n.d n.d 79.0 n.d 
0-PR-A 6265 0.033696 33.696 1 33696 0.033696 11.9 0.0028316 
0-CP-C 15939 0.11982 119.82 1 11982 0.11982 10 0.011982 
0-CP-C-V 8508 0.053665 53.665 1 53665 0.053665 10 0.0053665 
0-PD-C n.d n.d n.d 1 n.d n.d 75.4 n.d 
0-MS-C n.d n.d n.d 1 n.d n.d 79.0 n.d 
0-PR-C n.d n.d n.d 1 n.d n.d 11.9 n.d 

10 m 
10-CP-A 7903 0.048279 48.279 1 48279 0.048279 10 0.0048279 
10-CP-A-V 5221 0.024402 24.402 1 24402 0.024402 10 0.0024402 
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Sample 
location 

Sample 
name 

Peak 
area 

Concentration 
(ng.µL-1) 

Concentration 
(pg.µL-1) 

Final volume 
(mL) 

Extracted 
amount (pg) 

Extracted 
amount (µg) 

Sampler area 
under 
consideration 
(cm2) 

Deposition 
(µg.cm-2) 

10-PD-A n.d n.d n.d 1 n.d n.d 75.4 n.d 
10-MS-A n.d n.d n.d 1 n.d n.d 79.0 n.d 
10-PR-A 7009 0.040317 40.317 0.5 20159 0.020159 11.9 0.0016940 
10-CP-B 5685 0.02853 28.53 1 28530 0.02853 10 0.002853 
10-CP-B-V 16496 0.124776 124.776 1 124776 0.124776 10 0.0124776 
10-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
10-MS-B n.d n.d n.d 1 n.d n.d 70.0 n.d 
10-PR-B 3876 0.012425 12.425 0.5 6212.7 0.006213 11.9 0.0005221 
10-CP-C n.d n.d n.d 1 n.d n.d 10 n.d 
10-CP-C-V 2634 0.001368 1.368 1 1368 0.001368 10 0.0001368 
10-PD-C n.d n.d n.d 1 n.d n.d 75.4 n.d 
10-MS-C n.d n.d n.d 1 n.d n.d 79.0 n.d 
10-PR-C 5475 0.026661 26.661 0.5 13330 0.01333 11.9 0.001120 

25 m 

25-CP-A 2832 0.003131 3.131 1 3131 0.003131 10 0.0003131 
25-CP-A-V 3776 0.011535 11.535 1 11535 0.011535 10 0.0011535 
25-PD-A n.d n.d n.d 1 n.d n.d 75.4 n.d 
25-MS-A n.d n.d n.d 1 n.d n.d 79.0 n.d 
25-PR-A n.d n.d n.d 1 n.d n.d 11.9 n.d 
25-CP-B 3514 0.009205 9.205 1 9205 0.009205 10 0.0009205 
25-CP-B-V 2973 0.004389 4.389 1 4389 0.004389 10 0.0004389 
25-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
25-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
25-PR-B n.d n.d n.d 1 n.d n.d 11.9 n.d 
25-CP-C n.d n.d n.d 1 n.d n.d 10 n.d 
25-CP-C-V n.d n.d n.d 1 n.d n.d 10 n.d 
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Sample 
location 

Sample 
name 

Peak 
area 

Concentration 
(ng.µL-1) 

Concentration 
(pg.µL-1) 

Final volume 
(mL) 

Extracted 
amount (pg) 

Extracted 
amount (µg) 

Sampler area 
under 
consideration 
(cm2) 

Deposition 
(µg.cm-2) 

25-PD-C n.d n.d n.d 1 n.d n.d 75.4 n.d 
25-MS-C n.d n.d n.d 1 n.d n.d 79.0 n.d 
25-PR-C n.d n.d n.d 1 n.d n.d 11.9 n.d 

50 m 

50CP-A n.d n.d n.d 1 n.d n.d 10 n.d 
50-CP-A-V n.d n.d n.d 1 n.d n.d 10 n.d 
50-MS-A n.d n.d n.d 1 n.d n.d 79.0 n.d 
50-PD-A n.d n.d n.d 1 n.d n.d 75.4 n.d 
50-PR-A n.d n.d n.d 1 n.d n.d 11.9 n.d 
50-CP-B n.d n.d n.d 1 n.d n.d 10 n.d 
50-CP-B-V n.d n.d n.d 1 n.d n.d 10 n.d 
50-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
50-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
50-PR-B n.d n.d n.d 1 n.d n.d 11.9 n.d 
50-CP-C n.d n.d n.d 1 n.d n.d 10 n.d 
50-CP-V-C n.d n.d n.d 1 n.d n.d 10 n.d 
50-MS-C n.d n.d n.d 1 n.d n.d 79.0 n.d 
50-PR-C n.d n.d n.d 1 n.d n.d 11.9 n.d 
50-PD-C n.d n.d n.d 1 n.d n.d 75.4 n.d 

100 m 

100-CP-B n.d n.d n.d 1 n.d n.d 10 n.d 
100-CP-V-B n.d n.d n.d 1 n.d n.d 10 n.d 
100-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
100-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
100-PR-B n.d n.d n.d 1 n.d n.d 11.9 n.d 
100-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 

200 m 200-CP-B n.d n.d n.d 1 n.d n.d 10 n.d 
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Sample 
location 

Sample 
name 

Peak 
area 

Concentration 
(ng.µL-1) 

Concentration 
(pg.µL-1) 

Final volume 
(mL) 

Extracted 
amount (pg) 

Extracted 
amount (µg) 

Sampler area 
under 
consideration 
(cm2) 

Deposition 
(µg.cm-2) 

200-CP-B-V n.d n.d n.d 1 n.d n.d 10 n.d 
200-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
200-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
200-PR-B n.d n.d n.d 1 n.d n.d 11.9 n.d 

400 m 

400-CP-B n.d n.d n.d 1 n.d n.d 10 n.d 
400-CP-B-V n.d n.d n.d 1 n.d n.d 10 n.d 
400-MS-B n.d n.d n.d 1 n.d n.d 79.0 n.d 
400-PD-B n.d n.d n.d 1 n.d n.d 75.4 n.d 
400-PR-B n.d n.d n.d 1 n.d n.d 11.9 n.d 

Field blanks  CP n.d n.d n.d 1 n.d n.d 10 n.d 
MS n.d n.d n.d 1 n.d n.d 79.0 n.d 
PD n.d n.d n.d 1 n.d n.d 75.4 n.d 
PR n.d n.d n.d 1 n.d n.d 11.9 n.d 
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Figure 3-12: Chromatograms of chromatography paper and polyacrylic rods sample extracts at 0 m 

overlaid with the chromatogram of an atrazine standard. 
 

 
Figure 3-13: Comparison of vertical filter paper and polyacrylic rods up to 25 m (no atrazine was 
detected at distances further than this). PR-A- polyacrylic rod in group A of samplers, CP-B-V- 

chromatography paper in type B of samplers, being vertically oriented, PR-B- polyacrylic rods of 
group B samplers, CP-A-V- chromatography paper of group A samplers being vertically oriented, CP-

C-V- chromatography paper in group C of samplers, being vertically oriented. 
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Figure 3-14: Comparison of horizontal deposition samplers up to 25 m (no atrazine was detected at 

distances further than this). CP-A- chromatography paper in group A of samplers, CP-B- 
chromatography paper in group B of samplers, CP-C- chromatography paper in group C of samplers, 

PD-A- petri dish in group A of samplers. 
 
5.3.1.8 Comparison between AgDISP model and field deposition results 
Estimated atrazine deposition results as predicted by the AgDISP model are given in Figure 3-15 below. 
It was found that the model under predicted deposition of atrazine for chromatography paper by an 
order of about three for horizontal deposition samplers. This agrees with the previous study carried out 
by our group where predicted deposition on chromatography paper was higher by an order of up to 10. 
It is therefore evident that the model tends to underpredict deposition under local conditions.  
 

 
Figure 3-15: Downwind deposition as predicted by the AgDISP model based on the input parameters 

obtained for the field sampling campaign. 
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5.3.2 Second spray deposition monitoring campaign 
A spray deposition monitoring campaign was conducted on a commercial farm during ground 
application of atrazine in order to further validate chromatography paper as the best deposition sampler 
for atrazine (and terbuthylazine when present in the formulation) under local conditions, and to further 
compare sampling efficiencies in both the horizontal and vertical orientation. In addition, the second 
sampling campaign included improved sample storage conditions to maximise the amount of deposition 
retained on and extracted from the chromatography paper. In this sampling campaign, 22 downwind 
samplers were placed outside the spray area in order to collect deposited pesticides, whilst one sampler 
was placed inside the spray area and two samplers were placed upwind of the spray area to establish 
a background value. Additional input parameter values required by the AgDISP model were also 
collected.  
 
5.3.2.1 Study area 
The study was conducted at Rossgro Estates, in Delmas, Mpumalanga, South Africa on the 24th of 
January 2019. The GPS coordinates of the area are S 26° 8’ 44.628’’ E 28° 37’ 55.178’’ (downwind 
samples), and N 26° 8’ 44.855’’ E 28° 37’ 19.452’’ (upwind samples). A John Deere R4023 ground 
sprayer was employed, which was fitted with 54 nozzles uniformly distributed along a 27 m boom. The 
pesticide concentrate (Terbusien Super 600SC, Villa Crop Protection) contained atrazine (291 g.ℓ-1), 
terbuthylazine (291 g.ℓ-1), and other related active triazines (18 g.ℓ-1). Spraying was done at a height of 
0.9 m above the ground, for one minute, at a driving speed of 13 km.h-1.  
 
5.3.2.2 Meteorological conditions 
Meteorological conditions were monitored throughout the application and sampling period using a 
Kestrel 4500 portable weather station (Envirocon, South Africa). The average wind speed was 
measured at a height of 1 m above ground level, and it was around 2.5 m.s-1. The wind direction was 
from north-west, and the ambient temperature was 26°C.  
 
5.3.2.3 Sample collection 
Samplers were distributed downwind of the application region, and another set of samplers was placed 
upwind, as shown in Figure 3-16. At sampling distances from 0-50 m, there were three sampling lines, 
which were labelled as A (left), B (middle), and C (right). The distance between the sampling lines was 
5 m. The samplers used were placed adjacent to each other at each sampling station as shown in 
Figure 3-17. Each set of samplers comprised of two 20 cm by 15 cm pieces of Whatman™ 
chromatography paper which were used without prior treatment, where one was oriented horizontally 
and the other was oriented vertically. Regardless of its orientation, each piece of chromatography paper 
was placed on an aluminium foil covered stand and was held in place with fold back clips. All samplers 
were mounted on wooden stands at a height of 20 cm above ground level. Collection of samples began 
30 min after spraying, starting with those furthest from the spraying area in order to minimise cross 
contamination. After spraying, the paper was collected and stored in 50 ml Schott bottles fitted with 
aluminium foil on the inside of the lid. These were marked according to sampling location and were 
stored in a cooler box for transportation to the laboratory, where they were stored in a freezer at a 
temperature of -18°C prior to analysis.  
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Figure 3-16: Layout of samplers in the field in the second sampling campaign. One set of samplers 

was placed upwind for control purposes. 
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Figure 3-17: Deposition samplers employed from left to right: horizontal chromatography, water 

sensitive paper and vertical chromatography paper. 
 
5.3.2.4 Extraction and analysis of samples 
On arrival at the laboratory, 5 mL of n-hexane was added to each 50 mL Schott bottle where the cut 5 
cm x 2 cm chromatography paper pieces had been placed. All samples were stored in a freezer, 
awaiting analysis at a temperature of -18°C. Extraction was done in an ultrasonic bath for 30 min. The 
extracts from upwind, field blanks, and downwind samples at 30, 50, and 100 m were evaporated using 
nitrogen gas to dryness, and 100 µl of 5 µg.mL-1 atrazine-d5 was added to the Schott bottle with 900 µL 
of n-hexane to a total volume of 1 mL. Samples in the spray area and those at 0 m from the spray area 
were diluted 20 x with n-hexane. Samples from 10 m downwind of the spray area were diluted 2 x. The 
concentration of atrazine-d5 was maintained at 0.5 µg.mL-1 for all extracts. Analysis of the samples was 
done by GC-MSD as previously described. The m.z-1 = 205 was used as the quantification ion for 
atrazine-d5, m.z-1 200 for atrazine, and m.z-1 214 for terbuthylazine, with quantification based on the 
signal ratio of the analyte to that of the internal standard. 
 
5.3.2.5 Droplet size distribution 
Water sensitive paper was used to determine the droplet size distribution (DSD) of the pesticide spray. 
The water sensitive paper is rigid with a yellow surface coated with bromophenol blue which stains dark 
blue when droplets impinge on it as its pH changes from approximately 2.8 to 4.6 (Syngenta, 2019, Kira 
et al., 2018, Sies et al., 2017). The water sensitive paper was placed on plastic stands 20 cm above 
ground level, and adjacent to the samplers at distances of 0, 10, and 30 m to capture droplets during 
spray application. They were then marked according to distance and were stored in an envelope for 
later analysis using an image analyser.  
 
A Samsung J200 Core smartphone was used to take images of the water sensitive paper, and transfer 
them to a computer. The resolution of the phone camera was 540 x 960 pixels. Overlap of some droplets 
occurred due to the high air pressure of the nozzles, thus overlapping and non-circular spots were 
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eliminated manually using GIMP 2.4 image manipulation software. The remaining spots were evaluated 
for their droplet size using ImageJ software.  
 
5.3.2.6 AgDISP modelling of spray deposition 
The AgDISP model (v8.27) was used to predict off-target deposition of atrazine. The model outputs are 
based on a set of parameters, which must be consistent with those under which pesticide application 
was carried out. The parameters can be broadly classified as equipment conditions, nozzles, droplet 
size distribution (DSD), spray material properties, and ambient meteorology. These are summarised in 
Table 3-4.  
 

Table 3-4: AgDISP input parameters for the second sampling campaign. 
Parameter Input 
Application method Ground sprayer 
Boom pressure (bar) 2 
Number of nozzles 54 
Nozzle type Air injection 
Nozzle inter-distance (mm) 500 
DSD User defined 
Release height (m) 0.3 
Spray lines 1 
Swath width (m) 27 
Swath displacement (m) 0 
Wind speed (m.s-1) 2.5 
Wind direction (0) 26.4 from North-West 
Temperature (°C) 26.1 
Spray volume rate (ℓ.ha-1) 200 
Active fraction 0.003 
Active fraction of tank mix 0.003 
Evaporation rate (µm2 °C-1 s-1) 84.76 
Canopy height (cm) 50 

 

5.3.2.7 Data analysis 
F- and t-tests were conducted on the results to compare variances and means of data sets, specifically 
to compare horizontal and vertical chromatography paper samplers, and modelled and experimental 
deposition results respectively. 
 
5.3.2.8 Field deposition results 
Excellent linearity was obtained upon analysis of the pesticide standards and the limit of detection was 
found to be 0.0125 µg.mL-1 for atrazine and 0.0159 µg.mL-1 for terbuthylazine, whilst the limits of 
quantitation were 0.0414 µg.mL-1 and 0.0459 µg.mL-1 respectively. 
 
Based on the sampler results, it was found that off-target deposition values generally decreased as the 
distance from the spray area increased, for both horizontal and vertical deposition samplers, as 
expected. Both atrazine and terbuthylazine were only detected up to 10 m (Table 3-5). This might be 
attributed to the fact that the deposition samplers were positioned in a grass field as compared to open 
soil in the first sampling campaign. The deposition values were almost similar for atrazine and 
terbuthylazine on the horizontal deposition samplers up to 10 m. This is expected because the 
concentrations of the two pesticides in the formulation are equal. However, for the vertical deposition 
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samplers up to a distance of 10 m, these two concentrations varied by a factor of up to 10, with 
terbuthylazine being higher. This may be because atrazine (vapour pressure 3.82 x 10-5 Pa) has a lower 
volatility than terbuthylazine (vapour pressure 9 x 10-5 Pa). The trend is similar to another study in which 
off-target deposition of Alachlor and atrazine were determined using glass petri dishes with glass fibres, 
and the deposition amounts were higher for Alachlor, the more volatile pesticide (Ravier et al., 2005).  
 
A similar trend was also observed at distances greater than 300 m when off-target deposition of 
Diazinon, the more volatile pesticide, was greater than that of Malathion, when sampling was done 
using alpha cellulose sheets (Hewitt et al., 2002). On the other hand, when glass petri dishes were 
used, Tebuconazole, the less volatile pesticide, was deposited more than Folpet, the more volatile 
pesticide. Thus, off-target deposition of pesticides with different volatilities is a subject that still needs 
further investigation under different climatic conditions, pesticide application conditions, as well as for 
different deposition samplers and orientations. 
 

Table 3-5: Atrazine (ATZ) and terbuthylazine (TERB) deposition results from analysis of 
chromatography paper by GC-MSD. 

Sample location Sample name1 
ATZ deposition (µg.cm-

1) 
TERB deposition 
(µg.cm-1) 

Upwind 
UPW-H 0.000 n.d. 
UPW-V 0.000 n.d. 

Field sample FLD-H 5.5 7.8 

0 m 

0-A-H 11 12 
0-A-V 2.7 2.4 
0-B-H 7.7 8.3 
0-B-V 2.0 3.5 
0-C-H 4.9 6.2 
0-C-V 1.8 3.5 

10 m 

10-A-H 0.12 0.49 
10-A-V 0.031 0.33 
10-B-H 0.11 0.43 
10-B-V 0.032 0.33 
10-C-H 0.064 0.033 
10-C-V n.d. n.d. 

30 m 

30-A-H n.d. n.d. 
30-A-V n.d. n.d. 
30-B-H n.d. n.d. 
30-B-V n.d. n.d. 
30-C-H n.d. n.d. 
30-C-V n.d. n.d. 

50 m 
50-B-H n.d. n.d. 
50-B-V n.d. n.d. 

100 m 100-B-H n.d. n.d. 

 
1Samples are named according to the distance from spray area, group of samplers to which it belongs, 
and orientation for chromatography paper. For instance 0-B-V means a vertically oriented 
chromatography paper sampler, 0 m away from spray area, and belonging to group B of samplers. Field 
sample refers to the horizontal chromatography paper that was placed between the rows of the maize 
plants to intercept the droplets that fell to the ground. FLB-BLK refers to field blanks. UPW refers to 
upwind samples, and n.d. refers to results which were below the limit of detection 
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Sample location Sample name1 
ATZ deposition (µg.cm-

1) 
TERB deposition 
(µg.cm-1) 

100-B-V n.d. n.d. 

Field blanks 
FLD-BLK1 n.d. n.d. 
FLD-BLK2 n.d. n.d. 
FLD-BLK3 n.d. n.d. 

 
For both analytes, deposition was higher for the horizontally oriented chromatography paper relative to 
the vertically oriented chromatography paper (Figure 3-18 to Figure 3-21) at distances of 0 m and 10 
m. This can be explained by the fact that the warm temperatures caused lofting of droplets higher above 
ground level, thus favouring sedimentation of droplets, and not impaction. This is in contrast to a recent 
study that was carried out to determine off-target deposition of atrazine using horizontally oriented 
stainless steel discs (113 cm2), where the vertically oriented steel rods (6.35 cm2) collected more 
atrazine than the horizontally oriented ones (Brain et al., 2019). Similarly, a study comparing horizontal 
alpha cellulose cards (2500 cm2), and vertical alpha cellulose cards (100 cm2), at various wind speeds 
reported that the latter had higher collection efficiencies (Hewitt, 2010). The difference in the deposition 
trend between the two studies may be explained by the differences in the materials of construction of 
the samplers as well as differing application and meteorological conditions. 
 

 
Figure 3-18: Off-target deposition of atrazine at 0 m on both horizontal and vertical deposition 

samplers from the second sampling campaign. Error bars represent ± standard deviation (n=3). 
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Figure 3-19: Off-target deposition of atrazine at 10 m on both horizontal and vertical deposition 
samplers from the second sampling campaign. Error bars represent ± standard deviation (n=3). 

 
Figure 3-20: Off-target deposition of terbuthylazine at 0 m on both horizontal and vertical deposition 

samplers from the second sampling campaign. Error bars represent ± standard deviation (n=3).  
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Figure 3-21: Off-target deposition of terbuthylazine at 10 m on both horizontal and vertical deposition 

samplers from the second sampling campaign. Error bars represent ± standard deviation (n=3). 
 
Regarding the distribution of deposition amongst the three groups of samplers, it was observed that the 
most deposition was collected among sampling line A samplers for both horizontal and vertical 
deposition orientations, and the least deposition was collected among the group C samplers. This 
suggests that while the wind direction was in the direction of the sampler locations, it was more towards 
the sampling line A, and least towards C samplers as no deposition was observed at 10 m for the 
vertical deposition sampler at that distance.  
 
Statistical tests determined that there was no significant difference at the 95% confidence level between 
the precision of vertical and horizontal samplers, however there was a significant difference between 
the means. This is to be expected as they capture droplets differently, where the horizontal 
chromatography paper samplers capture droplets by sedimentation whilst the vertical samplers capture 
droplets by impaction. 
 
5.3.2.9 Droplet size analysis 
Water sensitive paper was mounted in the field at 0, 10, 30, 50, and 100 m from the spray area. 
However, the one at 0 m was the only one that was used for droplet size analysis because no droplets 
were observed on the others. This serves as a good qualitative analysis of off-target deposition because 
on quantitation of deposition samplers, at distances greater than 10 m, no deposition of atrazine and 
terbuthylazine was detected. As for the water sensitive paper mounted in the field, it could not be used 
because it was spoilt, after it fell to the ground upon being run over by the sprayer.  
 
The volume median diameter (VMD) of the droplets was found to be 37.65 µm, which corresponded to 
an average droplet diameter of 36.88 µm. According to the American Society of Agricultural Engineers 
(ASAE), the sprayer nozzles used thus produce an extremely fine spray consisting of small droplets 
which would have excellent retention on leaves but would increase airborne spray drift, although 
decreasing off-target deposition due to settling (ASAE, 2009). The droplet size produced is a result of 
factors such as spray application pressure, spray angle, and the specific gravity of the pesticide mix 
(Schick, 2015). The applicability of the water sensitive paper for measuring droplet size distribution was 
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demonstrated in this study. However, it would be valuable to compare the droplet size distribution 
obtained in this manner with more advanced methods that are now available in a future study. 
 
5.3.2.10 Comparison between AgDISP Model and field deposition results  
Figure 3-22 and Figure 3-23 illustrate the comparison between the experimentally determined 
downwind deposition rates, which were measured by GC-MSD, and the model predicted deposition 
rates for the group of samplers with the highest value, which in this case was group A (Figure 3-16). At 
0 m, the model under-predicted the concentrations of both atrazine and terbuthylazine by orders of 14 
and 22 respectively compared to the horizontally oriented chromatography paper. The results are in 
agreement with a previous study carried out by our research group, where atrazine deposition was 
under-predicted by the same rate (Nsibande, 2015). However, this is in direct contrast to a study carried 
out which found that the AgDISP model over-predicted downward deposition by order of up to 100 
(Woodward et al., 2008). However, it is worth noting that the study of Woodward et al. used metal ions 
as tracers, and it was not under local South African conditions, which may account for the difference.  
 
The vertically oriented chromatography paper also over-predicted the deposition of terbuthylazine and 
atrazine by orders of 7 and 2 respectively at 0 m. As the distance increased, there was no longer under-
prediction by the model, as the amounts obtained in the field deposition study agreed with those of the 
AgDISP model. This might be attributed to the fact that the samplers experienced some interception 
from the grass in their vicinity at this distance. Hence, the model may not be able to predict deposition 
accurately. However, further studies may need to be carried out where there is no interception of 
droplets from surrounding vegetation in order for this assertion to be tested. 
 
The results from the AgDISP model were statistically compared with those from the second pesticide 
deposition monitoring campaign and there was no significant difference between the means of the 
modelled and experimental deposition data. This may be explained by the fact that as the distance 
increases from 0 m, there is agreement between the modelled data and the field deposition results. 
 

 
Figure 3-22: Comparison of model predicted deposition for atrazine (ATZ) (blue dotted line) with 

experimental deposition on horizontal chromatography paper (navy blue dotted line), and vertically 
oriented chromatography paper (green dotted line). 
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Figure 3-23: Comparison of model predicted deposition for terbuthylazine ((TERB) blue dotted line) 

with experimental deposition on horizontal chromatography paper (orange dotted line), and vertically 
oriented chromatography paper (grey dotted line). 

 

5.4 CONCLUSION  
In this study off-target deposition of atrazine (and terbuthylazine when present in the formulation) upon 
ground-based spray application of this pesticide was first sampled using various samplers such as 
chromatography paper, glass microscope slides, glass petri dishes, plastic drinking straws and 
polyacrylic rods, followed by analysis of extracts by GC-MS. These samplers were chosen based on 
availability, cost and their suitability to study off-target deposition, as reported in literature. Recovery 
tests were conducted in the laboratory to establish the applicability of the samplers for atrazine 
deposition specifically. Excellent recoveries (>70%) were achieved, with the exception of the plastic 
drinking straws, which were therefore not used in the field.  
 
Two sampling campaigns were conducted, and the GC-MSD was used to analyse the deposition 
samples. For the first sampling campaign, in which chromatography paper, glass microscope slides, 
glass petri dishes, and polyacrylic rods were deployed, low deposition values were reported for atrazine 
up to 25 m downwind of the spray area, and no terbuthylazine was detected. The chromatography 
paper proved to be the best deposition sampler for both the horizontal and vertical orientations and up 
to 0.008 µg.cm-2 atrazine was collected. According to literature, this has been attributed to the ability of 
the paper to protect analytes from photodegradation. For the second sampling campaign, using 
horizontal and vertically oriented chromatography paper samplers, up to 11 µg.cm-2 and up to 12 µg.cm-

2 were obtained for atrazine and terbuthylazine respectively, for distances up to 10 m downwind of the 
spray area.   
 
Slightly higher deposition values were obtained for terbuthylazine, which is more volatile than atrazine. 
Different trends in off-target deposition of pesticides with different volatilities have been reported in 
literature. Hence, further work should be done to ascertain the trend in off-target deposition of different 
classes of pesticides, with varying volatilities, under standardised conditions. Lastly, deposition values 
for both pesticides were higher on the horizontally oriented chromatography paper than the vertically 
oriented chromatography paper samplers were. Further work is needed to validate the correlation of 
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deposition levels of various pesticides occurring on both horizontal and vertical deposition samplers as 
this may lead to a better understanding of deposition onto ground surfaces and human dermal 
exposure, by using horizontal and vertical deposition samplers respectively. Further studies should be 
done on the interactions that exist between pesticide deposition samplers and different types of 
pesticides so that the optimum sampler for each pesticide class can be determined. In addition, different 
pesticide mixtures have different adjuvants and surfactants, and these may affect the way in which the 
pesticide interacts with the sampler.  
 
The field deposition data from both sampling campaigns in this study was compared to AgDISP 
modelled data. In the first sampling campaign, the model under-predicted the deposition values for 
atrazine, whilst in the second sampling campaign the model under-predicted deposition values at 0 m 
only. As the distance from the spray area increased, there was better agreement between the model 
and the field deposition data. The findings of this study make it apparent that field deposition studies 
are still important to arrive at buffer distances that accurately reflect environmental concentrations of 
pesticides arising from off-target deposition during pesticide applications. 
 
In this study, a range of pesticide deposition samplers with different materials of construction were 
successfully directly compared in the collection of off-target deposition of atrazine (and terbuthylazine 
when present in the formulation) and chromatography paper was found to be the best deposition 
sampler material for this application under local conditions. The findings of this study reveal that several 
knowledge gaps still exist in the determination of off-target deposition using pesticide active ingredients.  
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6.1 INTRODUCTION 
Recent studies conducted at global and local scales indicate increased concerns regarding the potential 
of soil-applied herbicides such as atrazine reaching groundwater sources due to leaching (Ccanccapa 
et al. 2016, Delwiche et al. 2014). In South Africa, very large amounts of atrazine are applied yearly for 
effective weed control in various crops (Dabrowski 2015). Potential contamination of groundwater 
because of leached agrochemicals has been a concern in main agricultural areas globally, as early as 
the 1970s (Bergström 2000); more recently, reports of contamination have surfaced in South Africa as 
well (Dabrowski and Balderacchi 2013). When chemicals such as herbicides leach, they no longer 
function as intended and threaten human health and biodiversity (Datta et al. 2016).  
 
Factors such as environmental conditions and human induced activities can contribute to the transport 
of herbicides to non-target sites (Ccanccapa et al. 2016). This becomes expensive for farmers since 
pesticide losses may result in ineffective pest control and yield losses (Busari et al. 2015). The transport 
of herbicides to non-target sites, as part of dissolved substances in soil solution, increases leaching 
incidents into groundwater (Ccanccapa et al. 2016). Locally, atrazine-leaching can be rapidly increased 
by its use in soils that are well-drained, sandy and are of low soil organic carbon (SOC) content 
(Ccanccapa et al. 2016), which is typical of many South African soils (Swanepoel et al. 2016). The low 
SOC content of most local soils is due to low rainfall leading to low biomass production and lack of 
warm conditions for rapid mineralisation, which are also typical of South Africa soils (Findlater et al. 
2019, Swanepoel et al. 2016). The nature of the herbicide, microbial degradation and other chemical 
reactions in soils also regulate transport and the amount of the herbicide that is available to potentially 
leach into groundwater sources (Porfiri et al. 2015). In addition to SOC content, soil type and microbial 
activity of soils, herbicide doses, management practices as well as clay content can influence herbicide 
persistence, degradation and transport to non-target sites including groundwater by non-point source 
(NPS) pollution (Boopathy 2017, Chen et al. 2018). Better understanding of atrazine-leaching dynamics 
under South African conditions, especially under the supposedly more environmentally friendly 
conservation agriculture (CA) management system (Findlater et al. 2019, Van der Laan et al. 2017), is 
essential as such understanding can assist in decision making to reduce leaching of herbicides.  
 
Field experiments, including lysimeters have been used to study pesticide behaviour for different soils 
(Bowman 1989, Vryzas et al. 2012). However, it is difficult to eliminate runoff completely in field 
experiments as compared to laboratory soil column studies (Dousset et al. 1995, Giannouli and 
Antonopoulos 2015, Salazar-Ledesma et al. 2018) and even more difficult to obtain samples that are 
big enough under field conditions (Porfiri et al. 2015). Column studies are better suited to investigate 
pesticide leaching, especially if the columns are extracted as undisturbed soil cores, since they 
represent natural field conditions better than disturbed, repacked soil columns (Porfiri et al. 2015).  
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The main aim of this chapter is to report on a leaching column study that generated atrazine-leaching 
data for contrasting South African soils, including those representing CA and conventional tillage (CT) 
management systems. It is important to conduct such a study using soils representative of those farmed 
in South Africa to determine the impact of management practices on these various soils on atrazine-
leaching. Observed data from the columns are compared between soils and management practices; 
additionally, conclusions will be made to determine best management practices to reduce pesticide-
reaching groundwater. 
 

6.2 METHODS 
6.2.1 Leaching column preliminary study using Cl- as a tracer 
The aim of the leaching column preliminary study was to test for experimental set up suitability to study 
leaching dynamics of triazine herbicides, in a way that is representative of field or natural conditions. A 
preliminary leaching column study was set up according to standard procedure adapted from Dousset 
et al. (2004). Five undisturbed soils were identified and collected using the standard procedure for 
collecting undisturbed soil columns for laboratory use, as described by Lewis and Sjöstrom (2010). This 
was done by directly inserting the soil core into 30 cm long by 10.5 cm diameter columns made of plastic 
(PVC type) and drilling the column deep into the ground to about 30 cm. This means the field dry mass 
of soil in each column ranged between 3-4 kg. The soil cores were filled such that about 5 cm of the 
total height remained to accommodate adequate space for water used for leaching. These additions 
were considered as pore volume (PV) as calculated for each soil. 
 
The undisturbed soil cores were named according to the nature of tillage practice (CA or CT) or texture 
and were collected from the University of Pretoria’s Hillcrest Campus Experimental Farm. The soils in 
this part of the farm are classified as sandy loam of the Hutton (Soil Classification and Working Group 
1991) and were collected from adjacent fields under either conventional tillage (ploughed) or biofuel 
grass trial. These biofuel grass soil cores are assumed to represent CA as there is permanent soil cover 
and no tillage. As such, this enabled the direct comparison of the impact of management practices for 
the same soil on pesticide leaching dynamics. Therefore, the soils consisted of sandy loam 1 and sandy 
loam 2 (CT) and grass 1, grass 2 and grass 3 for the CA soil cores. 
 
Soil physical properties, which include texture, bulk density (BD), particle density (PD) and plant 
available water (PAW), were estimated from analysis conducted in previous years’ studies of the above-
mentioned soils. This implies that a BD of approximately 1.54 g.cm-3 and PD of 2.65 g.cm-3 was used 
to determine the PVs for each column. Soil hydraulic conductivity was measured using the dual head 
infiltrometer (Decagon devices) at each of the sites where samples were collected. 
 
Firstly, the volume of each column was calculated as follows; 

Volume = πr2h 
where r is the radius and h the height of the column used, and soil mass was given by; 
Total mass of soil = ρb × volume. 
The amounts of KCl solution and water that were added to each column were approximated by 
estimating the PVs of the soil cores (Tan 2005, Lal and Shukla, 2004) where; 
PV = (1- ρb/ρs ) × Vtotal, 
where: 
bulk density (ρb) = Msolids/Vtotal 
and 
particle density (ρs) = Msolids/Vsolids = 2.65 g.cm-3 

 
Initially, the soil columns were leached with tap water (with a Cl- content of 24±4 mg.ℓ-1) to saturate the 
soil columns. This measured Cl- content was used as blank after the KCl solution leachate analysis in 
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all samples collected under free drainage. Thereafter, a known amount of concentrated KCl (100 kg.ha-

1 Cl-) solution was added in each column (as PVs) several times until satisfactory levels were reached. 
The columns were then spiked with tap water to wash out the salt. Each time, the amount of the leachate 
or drainage solution was measured in a measuring cylinder and recorded as cumulative drainage then 
stored for Cl- analysis. The Cl- analysis data was then used to plot break through curves (BTCs) where 
Cl- concentration (mg.ℓ-1) on the y-axis was plotted against cumulative drainage (mm) on the x-axis. Cl- 
was used as a conservative tracer to determine whether the experimental set up does not favour 
preferential flow or bypass flow for the commencement of the main trial. 
 
6.2.2 Herbicide leaching protocol 
A PV is defined as the amount of water that can fully replace all the water in soil pores (Landry et al. 
2004). For this leaching study, the PV of each soil was estimated according to Lal and Shukla (2004) 
and Tan (2005) where; 

PV = (1- 𝜌𝜌𝜌𝜌
𝜌𝜌𝜌𝜌  ) × Vtotal, 

where: 
bulk density (𝜌𝜌b) = 𝑀𝑀𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌

𝑉𝑉𝑡𝑡𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠
  (Table 4-1)  

and 
particle density (𝜌𝜌s) =  𝑀𝑀𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌

𝑉𝑉𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜌𝜌
 = 2.65 g cm-3 

 
The volume of each soil column used is 2 164.75 cm3 (V = πr2h). The volume of water that must be 
added to each column is shown in Table 4-2. The two herbicides (atrazine and terbuthylazine) were 
applied at label recommended rates, based on soil clay content for atrazine, and dilutions were done 
according to surface area of the column (86.59 cm2) which was equivalent to 8.65 × 10 -7 hectares and 
the clay content (Table 4-3).  
 
For the main study, soil cores were again named according to their soil texture or nature of tillage 
management. Firstly, two texture extremes for cultivated land were carefully identified and collected 
from the Agricultural Research Council- Vegetable and Ornamental Plants (VOP). These include a very 
sandy soil (<3.5% clay) classified as a Fernwood. The second was a soil with more than 50% clay 
content and of Arcadia form (Soil Classification and Working Group 1991).  
 
Then for comparison of CT and CA management practices, soil cores from the University of Pretoria’s 
Hillcrest Campus Experimental Farm, classified as sandy loam of the Hutton form (Soil Classification 
and Working Group 1991) were collected from adjacent fields, which are under cultivation (assumed to 
represent CT as they are ploughed) or under biofuel grass trials (assumed to represent CA as there is 
permanent cover and no till). This was done in order to enable the direct impact of management 
practices for the same soil on pesticide leaching dynamics. A well-structured Andesite (Soil 
Classification and Working Group 1991) soil was also included to compare with the rest of the soils 
(Figure 4-1). Therefore, the total number of soils is six and were in replicates of three to give a total of 
18 columns (Figure 4-2). 
 
A minimum period of two days was allowed following application before leaching commenced (Bajwa 
2014, Dousset et al. 2004). At least 500 ml of leachate is required for chemical analysis of herbicide 
concentrations. This was obtained from PVs added by hand and sucked at -10 kPa vacuum to reduce 
anaerobic conditions (a CO2 meter monitored any respiration). Overall, a regular interval of five days 
free drainage was used for a period of two months, to collect at least 12 samples per soil column to 
establish a full breakthrough curve. Additionally, after each leaching event had been completed, some 
of the leachate was treated with peroxide to test for ferrous iron content and separation of colloidal 
particles done at the end. Collected leachates were then stored in a cold room before analysis to reduce 
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herbicide degradation and chemical activity occurrence (Dousset et al. 2004, Hogue et al. 1981, Landry 
et al. 2004).  
 

 
Figure 4-1: A well-structured Andesite soil core 

 

 
Figure 4-2: Clay soil columns 
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6.2.3 Soil water content parameters for the different leaching columns 
Table 4-1: Estimated soil parameters using SPAW 

Column Texture class Wilting point 
(%) 

Field capacity 
(%) 

Saturation 
(%) 

BD 
(g.cm-3) 

Clay Clay 29.9 41.9 48.8 1.17 
Sand Sand 5.00 9.40 46.3 1.07 
Structured 
Andesite 

Loam 12.6 26.7 45.8 1.03 

Sandy loam (CT1) Clay Loam 21.3 35.0 47.0 1.29 
Grass 1 (CA2) Clay Loam 21.3 35.0 47.0 1.08 
Grass 2 (CA2) Silty Loam 13.7 32.1 48.2 1.14 

 
Table 4-2: Estimated PVs for each column 

Soil column/soil type Est PV (ml) Est PV (mm) 
Clay 1200 139 
Sand 1291 149 
Structured Andesite 1385 160 
Sandy loam (CT1) 1111 128 
Grass 1 (CA2) 1283 148 
Grass 2 (CA2) 1233 143 

1conventional agriculture, 2conservation agriculture 
 

Table 4-3: Application rates of atrazine and terbuthylazine and dilutions 

Clay content (%) & soil type 

Label 
recommended 
application 
rate (ℓ.ha-1) 

Application 
rate based on 
area (mL) 

Volume of 
water required 
for dilution 
(mL) 

Amount 
(mL) of 
herbicide 
required in 
30 ℓ of water 

Atrazine (A = 8.65×10-7 ha), Dilute at 400 ℓ.ha-1 to apply 30 ml per column 
Sand (0-10) 
(Sand) 

2.5 0.00215 0.346 2.15 

Loam (11-20) 
(Grass 1, Structured, Sandy loam) 

3.25 0.00281 0.346 2.81 

Silty loam (11-20) 
(Grass 2)  

3.25 0.00281 0.346 2.81 

Clay (41-50) 
(Clay soil) 

5 0.00433 0.346 4.33 

Terbuthylazine (A = 8.65×10-7 ha), Dilute at 200 ℓ.ha-1 to apply 30 ml per column 

Not required 800 g.ha-1 0.000692 g 0.173 mL 0.231 g 

NB: A 30 ℓ stock solution was made at the highest rate (5 ℓ.ha-1 atrazine) and then dilutions were made 
from it to give 2.5 ℓ.ha-1 and 3.25 L.ha-1 application rates, respectively. 
 
6.2.4 Atrazine-leaching study 
Atrazine (Agrizine 500 SC) suspension concentrate code C1 herbicide (1-Chloro-3-ethylamino-5-
isopropylamino-2,4,6-triazine) of 97.6% purity was supplied by Villa Crops in Pretoria, South Africa. The 
herbicide was applied at label recommended rates (based on clay content) as shown in Table 4-4 and 
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had a concentration of 488 g.ℓ-1. The solution of atrazine was prepared by pipetting 0.1 mL of the 
herbicide into 1 ℓ conical flask and contents were mixed carefully with clean tap water with an EC of 
0.26 dS.m-1 and brought to the mark. Thereafter, the application rate calculated based on the area of 
the columns (Table 4-4) was pipetted into 30 mL centrifuge tubes and topped up with clean tap water 
to the mark and applied evenly on the surface of each column with the correct volumes as indicated. 
The columns were then allowed to settle for 48 hours (Bajwa 2014, Dousset et al. 2004). From January 
2019 to March 2019, leaching began by applying the relevant pore volumes (Table 4-5).  
 
A temperature and relative humidity sensor connected to a data logger (CR 1000, Campbell Scientific) 
was put in place prior to herbicide application to measure the conditions in the laboratory as well as 
collecting data for the PWC model weather file. 

Table 4-4: Atrazine application for each soil type/column based on label recommended rates. 

*Volume added to column equivalent to make up 30 ml for even distribution on 0.00866 m2 surface area 
 

Table 4-5: Mass and pore volumes of soils used in main trial. 
Soil column /treatment Mass (kg) Pore volume (mL) Pore volume (mm) 
Clay 4.5 1100 127 
CA 1 5.1 900 104 
Structured A 4.2 1000 115 
CT 5.1 900 104 
CA 2 5.1 900 104 

Sand 4.8 950 110 
*PV = one pore volume 
 
6.2.5 Leaching procedure, sample collection and storage 
Leaching was done at three-day intervals where pore volumes (PVs) of each soil were applied as per 
the designated intervals. A volume of 500 mL was added to the pore volumes so that the soils were 
slightly beyond their field capacities and to induce drainage, of which 500 Ml was required for sample 
analysis. Clean Schott Duran bottles with a capacity of 500 mL that can be screwed into the bottom of 
leaching column bases were used for sample collection. After collection, the samples were transferred 
to clean 500 mL plastic bottles and stored at 4±0.5℃ to prevent chemical decomposition. The masses 
for each soil and pore volumes used are presented in Table 4-5. 
 
6.2.6 Atrazine analysis using the water analysis method  
Samples from PVs 1, 2, 5, 6, 7, 8, 11 and 12 were taken for analysis at the University of Free State 
(UFS), Bloemfontein, South Africa. The other PV samples (PVs 3, 4, 9 and 10), were deliberately left 
out to reduce costs due to the expensive nature of pesticide analysis. Atrazine analysis was done by 
extracting water samples and then running the collected samples using a mass spectrometer. 

Soil 
column/ 
treatment 

Label recommended rate 
(ℓ.ha-1) 

Column 
equivalent 

Volume of water 
added 

Total volume 
applied 

mL 
Clay 5 4.33 25.67 30 
CA 1 3.25 2.81 27.19 30 
Structured 
A 

3.25 2.81 27.19 30 

CT 3.25 2.81 27.19 30 
CA 2 3.25 2.81 27.19 30 
Sand 2.5 2.15 27.85 30 
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6.2.6.1 Extraction of water samples 
Purchased internal standard (Atrazine-D5) was added to the 500 mL samples by the UFS analyst upon 
reception of the sample. Contents were then concentrated onto conditioned methanol and water 
equilibrated C18 6 mL solid phase extraction (SPE) cartridges (Strata, Phenomenex) at a flow rate of 5 
mL.min-1. Bound analytes were slowly eluted off the dried cartridges using 2 mL methanol (CH3OH) 
followed by 2 mL ethyl acetate (C4H8O2). The eluant was vacuum dried (Thermo Scientific Savant 
Speed Vacuum) until almost dry and reconstituted in 1 mL H2O with 0.1% formic acid (CH2O2). To 
create a calibration curve, six 500 ml purified water samples were spiked with all the analytes and 
extracted by SPE as described above. From this, a six-level calibration curve was constructed with 
concentrations ranging from blank (no standards added), 0.0001, 0.001, 0.01, 0.1, 1 and 10 mg.ℓ-1. 
 
6.2.6.2 Atrazine analysis 
Water samples were analysed using an ABSCIEX 4000 QTRAP hybrid triple quadrupole ion trap mass 
spectrometer with a Shimadzu HPLC stack as a front end. All data acquisition and processing were 
performed using Analyst 1.5 (ABSCIEX) software. 
 
Twenty microlitre (µL) of each extracted sample was separated on a C18 (150 mm x 4.6 mm, Gemini 
NX, Phenomenex) column at a flow rate of 300 µL.min-1 using a 5 min gradient from, in positive 
ionisation mode, 5% solvent A (H2O/0.1% formic acid) to 95% solvent B (MeOH/0.1% formic acid). 
Eluting analytes were ionised by electrospray in the TurboV ion source with 500°C heater temperature 
to evaporate excess solvent, 30 psi (pound force per square inch) nebuliser gas, 30 psi heater gas and 
20 psi curtain gas. The ion spray voltage was set at 5500 V. 
 
The targeted analyses of atrazine were performed using two MRM (multiple reaction monitoring) 
transitions. The peak area on the chromatogram generated from the first and most sensitive transition 
was used as the quantifier while the second transition is used as a qualifier. The qualifier serves as an 
additional level of confirmation for the presence of the analyte, the retention time for these two 
transitions needs to be the same. The peak areas of the unknown samples were related back to a 
quantified value using the calibration curve for each analyte, normalised to the peak area of the internal 
standard. The MRM transitions are shown in Table 4-6. 
 

Table 4-6: MRM transitions observed during atrazine analysis. 
Positive ionization mode 
Q1 (m.z-1) Q3 (m.z-1) Analyte 
216.1 104 Atrazine 1 
216.1 174 Atrazine 2 
221.161 179 Internal Standard 
221.161 161 Internal Standard 

 
The six-level calibration curve was generated for each analyte ranging in concentration from 10 to 
0.0001 mg.ℓ-1 with a linear fit through the origin producing a correlation coefficient (r2 value) of 0.98. The 
limit of quantitation (LOQ) of each analyte was determined to be the lowest concentration of the analyte 
in the calibration curve where the instrument response has a signal to noise (S/N) ratio greater than 10. 
 
6.2.7 Atrazine-leaching loads and cumulative loads  
To quantify the leached mass of the herbicide, loads (mg) were calculated by multiplying the 
concentration (mg.ℓ-1) obtained from each drainage event by the drainage volume (ℓ) (Equation 4.1). 
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From the leaching loads, cumulative loads were obtained by the summation of the loads overtime with 
the matching PVs and. 
 

Load (mg) = concentration (mg.ℓ-1) × drainage volume (ℓ)                                                             [4.1] 
Where the load is the mass of atrazine leached per treatment, concentration from atrazine-leaching 
analysis and drainage volume obtained per leaching event. 
 

6.3 RESULTS 
6.3.1 Preliminary leaching column study 
Results obtained from Cl- concentration analysis showed experimental suitability, as illustrated in Figure 
4-3 to Figure 4-7 BTCs, as there were no signs of preferential sidewall flow as seen from the shape of 
the BTCs. Cl- concentrations ranged from 0.38-7 mg.ℓ-1 in CA cores and 0.72-6.5 mg.ℓ-1 in CT. 

 
Figure 4-3: Grass 1 soil column 

 
Figure 4-4: Grass 3 soil column 

 

0

1

2

3

4

5

6

7

0 50 100 150 200 250 300

Cl
-
(m

g.
L-1

)

Cumulative drainage (mm)

0

1

2

3

4

5

6

7

0 50 100 150 200 250 300

Cl
-
(m

g.
L-1

)

Cumulative drainage (mm)



117 

 
Figure 4-5: Grass 3 soil column 

 
Figure 4-6: Sandy loam 1 soil column 
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Figure 4-7: Sandy loam 2 soil column 

 
6.3.2 Atrazine-leaching dynamics for all treatments 
6.3.2.1 Clay treatment 
For clay, atrazine concentrations were 18.8 mg.ℓ-1 on average in PV 1, which was also the peak 
concentration (Figure 4-8A). A gradual decrease in atrazine-leaching concentration was from observed 
from PV 1 onwards to PV 12 although between PV 5 and PV 8, atrazine-leaching concentrations were 
more constant and stable. At PV 12, the final observed leaching concentration was 3 mg.ℓ-1, indicating 
that not all the atrazine was removed from the soil, despite 72 hours of drainage occurring per PV. 
Adsorption of atrazine to clay is likely the key contributing factor for the high amount of atrazine retained. 
The comparison of the leaching behaviour of clay with the well structured Andesite and sand is shown 
in Figure 4-8C. Clay treatment atrazine-leaching dynamics were not significantly different from those of 
CA 1, CA 2, CT and sand treatments according to Duncan’s multiple range test at p < 0.05. Least 
significant difference (LSD) value was highly significant at p < 0.05 (Table 4-7). 
 
6.3.2.2 CA 1 and CA 2 treatments 
The results obtained for the CA 1 treatment (Figure 4-8A), showed high initial leaching concentrations 
that decreased gradually from PV1 to 12. However, some differences in leaching dynamics were 
observed. Firstly, atrazine concentrations at PV 1 were 21.5 mg.ℓ-1 on average, and then a more drastic 
decrease was observed at PV 2 with 18.9 mg.ℓ-1. A steady state atrazine-leaching concentration was 
then observed from PV 5 to 12, with a final leaching concentration of 1.98 mg.ℓ-1 at PV 12, indicating 
that some atrazine was still in the soil but not, as much as in clay soil. Comparison of CA 1 and CA 2 
with the CT soil is shown in Figure 4-8B to give an insight of the behaviour of CA management practice 
to that of conventionally tilled soils. CA 1 treatment atrazine-leaching dynamics were not significantly 
different from those of the CA 2 and clay treatments respectively at p < 0.05 using Duncan’s multiple 
range test. The LSD value was highly significant at p < 0.05 (Table 4-7). 
 
CA 2 treatment results showed a similar trend to that of CA 1 and clay; high initial concentrations which 
decreased gradually from PV1 to 12. Firstly, atrazine concentrations at PV 1 were 24.23 mg.ℓ-1 on 
average, which was slightly above that of CA 1 by 2.73 mg.ℓ-1. A decrease at PV 2 to 18.39 mg.ℓ-1 was 
measured. A steady state of atrazine-leaching was then observed from PV 5 to 12, with a final 
concentration of 1.53 mg.ℓ-1 at PV 12 as observed for the CA 1 treatment. As with the other soils, this 
is an indication that some atrazine was still held in the soil but not as much as in clay treatment owing 
to the lower clay and higher sand content of this treatment. Comparison of CA 2 with the CT and CA 1 
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soil is shown in Figure 4.1B to give an insight into the behaviour of CA management practice to that of 
conventionally tilled soils. This treatment’s atrazine-leaching dynamics were not significantly different 
from those of CA 1, clay, CT and sand treatments according to Duncan’s multiple range test at p < 0.05. 
LSD value obtained for this treatment was also highly significant (Table 4-7).  
 
6.3.2.3 Structured Andesite treatment 
Structured Andesite is described as a very well draining soil with almost equal proportions of clay and 
sand. Atrazine-leaching results show an average initial concentration of 7.26 mg.ℓ-1 at PV 1. This is the 
lowest PV 1 concentration across all treatments (Figure 4-8A). A slight decrease in atrazine 
concentration was observed from PVs 1 and 2. From PVs 2-8, there was a more gradual decrease in 
atrazine concentration. After PV 8, a steady state concentration decrease was then observed until PV 
12. The final atrazine concentration for this treatment was 0.45 mg.ℓ-1. It is noted that, as early as PV 2, 
samples from this treatment had differences in PV concentrations of 1.13 mg.ℓ-1 on average, indicating 
that some atrazine may also be retained by this treatment, primarily because of the high SOC content. 
The behaviour of atrazine-leaching for this treatment in comparison with the clay and sand treatments 
is presented in Figure 4.1C. The well-structured Andesite atrazine-leaching dynamics were significantly 
different from all other treatments at p < 0.05 (Table 4-7). LSD value obtained showed the leaching 
dynamics of this treatment were also highly significant.  
 
6.3.2.4 CT treatment  
The CT treatment (Figure 4-8A), showed a similar trend to that of clay and CA 1-high initial 
concentrations, which decreased gradually from PV1 to 12. However, some significant differences in 
behaviour and concentrations were observed. Firstly, atrazine concentrations at PV 1 were 37.96 mg.ℓ-

1 on average, the second highest atrazine concentrations after the sand treatment. A rapid decline in 
leaching concentration was measured from PV 1 to PV 5. A consistent atrazine-leaching concentration 
was then observed from PV 5 to 12, with a final concentration of 1.53 mg.ℓ-1 at PV 12. As with the other 
soil, this indicates that some atrazine was still held in the soil, but not as much as in clay, CA 1 and CA 
2 treatments owing to the low clay and high sand contents of this treatment. Comparison of CT with the 
CA 1 and CA 2 treatment is shown in Figure 4.1B to give an insight of the behaviour of conventionally 
managed soils to those that are not tilled. There was, however, no significant difference of the CT 
treatment’s atrazine-leaching dynamics with those of clay, CA1, CA 2 and sand treatments according 
to Duncan’s multiple range test at p < 0.05 (Table 4-7). The LSD value obtained was also highly 
significant at p < 0.05.  
 
6.3.2.5 Sand treatment    
The sand had the highest initial atrazine concentration than the other treatments considered in the study 
at 38.86 mg.ℓ-1 (Figure 4-8A). A decrease by half of the initial concentration to 19.90 mg.ℓ-1 at PV 2 was, 
observed with a concentration of 18.97 mg.ℓ-1 towards PV 5, where atrazine concentrations continued 
to decrease by at least half when compared with the previous PVs concentrations. At PV 11, the 
leaching concentration was 0.5 mg.ℓ-1. This treatment therefore retained the least atrazine due to the 
low SOC and clay content. A final atrazine-leaching concentration of 0.45 mg.ℓ-1 on average was 
recorded at PV 12. Atrazine-leaching dynamics of this treatment were, however, not significantly 
different from the clay, CA1, CA 2 and CT treatments according to Duncan’s multiple range test at p < 
0.05 (Table 4-7). LSD value obtained showed to be highly significant for this treatment as well.  

Table 4-7: Statistical analysis of atrazine concentration, loads and cumulative loads for the six soils 
used in this study. 

Soil column 
Atrazine 
Average concentration 
(mg.ℓ-1) 

Average load 
(mg) 

Average cumulative load      
leached (mg) 
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Clay 8.12ab 8.93a 10.87a 

CA 1 5.84b 5.26b 7.58c 
CA 2 6.7ab 6.03b 7.57bc 
Structured A 1.97c 1.97c 4.51d 
CT 8.16a 7.34ab 6.95bc 
Sand 8.79a 8.35a 5.89b 
LSD (0.05) 2.30** 2.24** 5.50** 

+values with the same letter are not significantly different at p < 0.05, LSD = least significant difference, 
** LSD highly significant at p < 0.05 
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Figure 4-8: Atrazine-leaching concentrations. A) All treatments used in the study combined; B) 

Conservation agriculture system vs conventional tillage system treatments; C) Rest of the soils with 
extreme and intermediate textures 
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6.3.3 Atrazine event-based leaching loads  
6.3.3.1 Clay 
Atrazine-leaching loads for the clay treatment showed a gradual increase (Figure 4-9A). At PV 1, an 
initial load of 2.42 mg was recorded, eventually peaking at PV 5 with 15 mg after which a gradual 
decrease until PV 12 was observed. At PV 12, a final load of mass 1.56 mg was obtained. The results 
obtained showed that mass of atrazine leached increased with decrease in atrazine concentration. 
 
There were significant differences in loads for this treatment with that of CA 1, CA 2 and structured 
Andesite treatments at p < 0.05 according to Duncan’s multiple range test. LSD value for this treatment 
was highly significant as shown in Table 4-7. Figure 4-9C further shows how the loads of the clay 
treatment compare with the well-structured Andesite and sand treatments.  
 
6.3.3.2 CA 1 and CA 2 
Loads for the CA 1 treatment also showed a similar trend as the clay treatment; gradual increase and 
peaked at PV 5 with 11.77 mg (Figure 4-9A). After PV 5, loads decreased gradually until PV 12 where 
a final load of 0.77 mg was recorded. As the herbicide was being leached, several processes can occur 
which contribute to its breakdown in the soil, thus the increase and eventually a decrease. Figure 4-9B 
further shows how the loads of the CA 1 treatment compare with the CT and CA 2 treatments as soils 
representing the effects of tillage and conservation agriculture management systems on atrazine-
leaching dynamics. 
 
Loads for this treatment were not significantly different from those of CA 2 and CT treatments when 
compared using the Duncan’s multiple range test at p < 0.05. This could be attributed to the similarity 
in soil properties of these treatments, which may allow degradation or adsorption to occur in a similar 
pattern. The LSD value obtained also showed that the treatment was highly significant at p < 0.05 (Table 
4-7). 
 
Loads for the CA 2 treatment also showed a similar trend as the CA 1 treatment; gradual increase with 
an initial mass of 4.11 mg and peaked at PV 5 with 9.20 mg (Figure 4-9A). After PV 5, loads decreased 
gradually until PV 12 where a final mass of 0.77 mg was recorded. The gradual increase and decrease 
observed could also be attributed to adsorption of the atrazine molecule to its metabolites. As the 
herbicide was being leached, several processes can occur which contribute to its availability in the soil, 
thus the increase and eventually a decrease. Figure 4-9B further shows how the loads of the CA 2 
treatment compare with the CT and CA 1 treatments as soils representing the rest effects of tillage and 
conservation agriculture management systems. 
 
Loads for this treatment were not significantly different from those of CA 2 and CT treatments when 
compared using the Duncan’s multiple range test at p < 0.05. This could be attributed to the similarity 
in soil properties of this, which may allow degradation to occur in a similar pattern. The LSD value 
obtained also showed that the treatment was highly significant at p < 0.05 (Table 4-7).  
 
6.3.3.3 Structured Andesite 
The well-structured soil treatment recorded the lowest atrazine-leaching loads than all soils. Although 
the loads showed a similar pattern as the other soils, the gradual increases were relatively of smaller 
increments (Figure 4-9A). At PV 1, a mass of 0.63 mg was leached, and a peak leaching load was 
observed at PV 11 with 6.66 mg. A slight decrease was recorded at PV 12 with a mass of 6.15 mg. The 
small amount of atrazine leached could be attributed to the high SOC content of this treatment, which 
could be responsible for adsorption of most of the atrazine, therefore less, was leached in the process. 
This treatment was significantly different from all the other treatments used in this study as compared 
using Duncan’s multiple range test at p < 0.05. The LSD value was also a highly significance at p < 
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0.05 (Table 4-7). Figure 4-9C further shows how the loads of this treatment compare with the clay and 
sandy soils. 
 
6.3.3.4 CT (sandy loam) 
Loads for the CT treatment also showed a similar trend as the CA treatments; gradual increase with an 
initial load of 1.98 mg and peaked at PV 5 with 11.06 mg (Figure 4-9A). A gradual decrease from PV5 
to PV 12 where a final mass of 0.77 mg was observed. The gradual increase and decrease observed 
could also be attributed to the adsorption of atrazine molecules. As the herbicide was being leached, 
several processes can occur which contribute to the availability in the soil, thus the increase and 
eventually a decrease. Figure 4-9B further shows how the loads of the CT treatment compares with the 
CA treatments as soils representing the effects of CT and CA management systems on pesticide 
leaching dynamics. 
 
Loads for this treatment were not significantly different from those of clay, sand, CA 1 and CA 2 
treatments when compared using the Duncan’s multiple range test at p < 0.05. The LSD value obtained 
also showed that the treatment was highly significant at p < 0.05 (Table 4-7).  
 
6.3.3.5 Sand 
Sand treatment loads were different from the rest of the soils as they were more closely related to 
leaching concentrations (Section 4.3.1). A peak at PV 1 of 21.43 mg was recorded after which a gradual 
decrease until PV 5 was observed. After PV 5, loads for this treatment became constant. A final leaching 
load of 0.22 mg was recorded at PV 12 (Figure 4-9A). The trend depicted by this treatment suggests 
that most of the atrazine molecule did not undergo adsorption, but was mostly leached, probably due 
to the low SOC content and very high sand contents which may contribute to leaching. However, the 
load of atrazine leached for this treatment was not significantly different from that of the clay and CT 
soils according to Duncan’s multiple range test at p < 0.05 and the LSD value obtained indicated that 
the treatment was highly significant at p < 0.05 in terms of atrazine load leached (Table 4-7). 
Comparison of the sand treatment loads with the well-structured Andesite and clay treatments as soils 
representing the rest of South African soils is shown in Figure 4-9C. 
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Figure 4-9: Atrazine-leaching loads. A) All treatments used in the study; B) Conservation agriculture 

vs conventional tillage management system treatments; C) Rest of the other treatments with extreme 
and intermediate textures 
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6.3.4 Atrazine event-based cumulative leaching loads  
6.3.4.1 Clay 
The clay treatment recorded the highest cumulative loads in total with a mass of 86.96 mg. At PV 1, an 
average of 9.42 mg atrazine mass was recorded, and it increased gradually until PV 12, where it 
peaked. The increase could be explained by the trend observed in the loads. The high cumulative load 
could be due to the high application rate used for this soil, which was the recommended rate. Cumulative 
loads for this treatment are illustrated in Figure 4-10A. A comparison with other textures of South African 
soils is shown in Figure 4-10C. 
 
6.3.4.2 CA 1 (grass 1) 
The CA 1 treatment showed a similar trend as clay. An initial cumulative load of 10.75 mg was recorded 
at PV 1, which was followed by steady increments until PV 12 was reached. A final cumulative load of 
60.61 mg was eventually reached (Figure 4-10A). The comparison of this treatments loads with that of 
CT and CA 2 is shown in Figure 4-10B). 
 
6.3.4.3 Structured Andesite 
The structured Andesite treatment recorded the least cumulative atrazine load across all PVs 
considered. At PV 1, atrazine cumulative load was only 1.63 mg and increased to 7 mg at PV 7, after 
which it was steady with very little increments of less than 4 mg. A final load of 36.12 mg was recorded 
at final PV 12 (Figure 4-10A). This treatment was then compared with other soil textures in Figure 
4-10C. 
 
6.3.4.4 CT (sandy loam) 
Atrazine cumulative leaching loads for the CT treatment showed a similar trend as CA 1 treatment. At 
PV 1, an excess of 1.98 mg atrazine cumulative load was recorded, followed by an increase to 7.06 mg 
at PV 2. A peak was reached at PV 7 with a mass of 52.45 mg, after which a steady increment was 
observed until PV 12 where a final cumulative load of 55.62 mg was recorded (Figure 4-10A). The 
comparison of the CT treatment with CA treatment is illustrated in Figure 4-10B.   
 
6.3.4.5 CA 2 (grass 2) 
CA 2 cumulative loads were very similar to those of CA 1 loads, since these are soils under the same 
management practice. An initial cumulative load of 6.12 mg was recorded at PV 1, which was followed 
by a steady increase at PV 2 with 21.32 mg. the steady increase continued until PV 12 where a final 
cumulative load of 60.61 mg was recorded. Figure 4-10A shows the cumulative loads obtained for this 
treatment, while Figure 4-10B shows the comparison between CA and CT treatments. 
 
6.3.4.6 Sand 
For the sand, cumulative loads obtained had a similar trend as observed for the other soils (Figure 
4-10A). An initial cumulative load of 37.92 mg was recorded for at PV 1, which was followed by an 
increase towards PV 2. A peak cumulative load was reached at PV 6 with 47.20 mg after which 
negligible amounts of atrazine leached until the final PV 12, with a cumulative load of 47.15 mg. This 
treatment obtained the third highest cumulative load after clay, CA and CT treatments. For direct 
comparison of this treatment with other textures, an illustration is shown in Figure 4.3C.  
 
For all treatments considered in this study, statistical analysis results in Table 4.4 show that loads for 
the clay treatment were significantly different from the rest of the treatments, owing to the highest 
cumulative load obtained. The CA 1 and CA 2 treatments were not significantly different from each 
other, which can be explained by the similar physical and chemical properties, as well as the similar 
behaviour of the cumulative loads trend. However, CA 2 and CT treatments were not significantly 
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different from the sand treatment. The structured Andesite treatment was also significantly different 
from the rest of the treatments just as observed in the clay treatment. All treatments were highly 
significant at p < 0.05 LSD according to Duncan’s multiple range test.  
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Figure 4-10: Atrazine cumulative loads. A) All treatments used in the study combined; B) 
Conservation agriculture system vs conventional tillage system treatments; C) Rest of the treatments 

with extreme and intermediate textures 
 

6.4 DISCUSSION 
6.4.1 Atrazine-leaching concentrations 
The results of atrazine-leaching concentration in pore water indicated that herbicide concentrations 
were highest just after application of atrazine had been done and decreased as water applied increased 
across all treatments used in the study over time. This agrees with results obtained by Dousset et al. 
(2004), Hogue et al. (1981) and most recently Huff Hartz et al. (2017). In all treatments, PV 1 had the 
highest atrazine concentration, followed by PV 2 in a decreasing pattern, a behaviour also observed in 
previous leaching studies such as Dousset et al. (2004), Dontsova et al. (2006) and Hogue et al. (1981) 
for other herbicides including the triazine, simazine, particularly. Huff Hartz et al. (2017) also observed 
the same trend in their modelling study using an insecticide, tefluthrin in surface runoff water. The clay 
soil had the highest final atrazine concentration at PV 12 with 3.12 mg.ℓ-1, which could be explained by 
the high application rate used for this soil. The CA treatment, followed with 1.98 mg.ℓ-1, while the 
structured Andesite and sand had the lowest final leaching concentration at PV 12 both with 0.45 mg.ℓ-

1. Sand and CT treatments had the highest initial leaching concentrations at 38.96 and 36.86 mg.ℓ-1, 
respectively. This was similar to findings by Dousset et al. (2004) and Hogue et al. (1981) in their 
leaching studies using a very sandy and sandy loam soils. According to the authors, soils with low SOC 
(less than 1%) and sand content above 50% are most likely to leach more than soils with higher SOC 
(2%), high clay (greater than 30%) and low sand (30%). 
 
There were no significant differences in average atrazine-leaching concentrations between CA 1, CA 
2, CT, sand and clay according to Duncan’s multiple range test at p < 0.05 confidence level. Soil type 
and PVs proved to be highly significant at p < 0.05 with the structured Andesite significantly different 
from the rest of the soils. In terms of initial concentration, the structured treatment also had the lowest 
leaching concentration at PV 1 with 7.26 mg ℓ-1. Atrazine-leaching concentrations were significantly 
different between CA and CT treatments, which are soils representing CA and CT management 
practices respectively. The results show that leaching was more pronounced in the CT treatment than 
the CA treatment, as also reported by Dontsova et al. (2006) and Hogue et al. (1981). However, this 
observation is contradictory to other findings where CA soils are known to be more prone to preferential 
flow pathways than CT soils (Busari et al. 2015). According to Busari et al. (2015), the presence of 
macropores because of microbial activity, rotting plant roots and earthworm burrows, which become 
preferential routes for water and solutes with the soil matrix. 
 
Atrazine is generally highly mobile in soil as observed from the results obtained and leaching was seen 
to be more pronounced in the sandy soil. Studies by Hogue et al. (1981), Singh et al. (2002) and Vryzas 
et al. (2012) also support these findings. While clay was intermediate in terms of atrazine leached, the 
high clay content seemed to influence the steady state (almost constant amount leached) and more 
atrazine was retained as observed in the concentration recorded relative to the other soils at PV 12. 
For the structured soil, the high SOC content could be a major contributor of adsorption of most of 
atrazine. In terms of PVs, there was a significant difference between PVs 1 and 2 only, the rest (PV 5, 
6, 7, 8, 11 and 12) were not significantly different as atrazine concentrations were equal. 
 
When comparing the two soil extremes, sand and clay, leaching was higher in the sandy soil and lower 
in the clay and the structured Andesite treatments, resembling a steady state system as also observed 
in a study by Vryzas et al. (2012) where they used soils with more than 30% clay content. For CT vs 
CA soils, the two CA treatments leached less atrazine with 21.5 and 24.23 mg.ℓ-1 respectively, while the 
CT soil, a sandy loam textured soil as well, a higher atrazine-leaching rate. Based on Vryzas et al. 
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(2012) and the finding of this study, there seems to be a high-risk of atrazine likely to be leached to 
groundwater in CT soils as compared to CA soils. Therefore, farmers need to observe precaution when 
irrigating CT soils, especially with properties like the sand soil studied to minimise pesticide leaching to 
groundwater. A simple management strategy for soils with such properties is to irrigate at to FC as over 
irrigating may induce pesticide leaching, especially when a highly mobile pesticide such as atrazine has 
just been applied. The same applies with very sandy soils; irrigation beyond FC should be avoided. On 
the contrary, soils with high clay content such as a very clay soil and a well-structured soil, there seem 
to be less risk of pesticide leaching to groundwater, although proper pesticide application must still be 
observed.  
 
Sand treatment had the highest amount of atrazine leached initially with a peak of 21.4 mg after which 
there was a sudden decrease in atrazine mass leached at the final PV. The clay treatment was second 
with 15.06 mg followed by CA 1, CA 2 and CT treatments that had a similar trend of loads with peaks 
of 11.06, 9.2 and 11.02 mg for CA 1, CA 2 and CT treatments respectively. The initial load mass was 
low at PV 1, increased gradually after PV 2 until PV 12 for all treatments, except in the sand treatment. 
The gradual increase of atrazine leached towards PV 12 is owed to adsorption-desorption processes 
of the atrazine molecule (Nasseri et al. 2014). All the treatments considered showed that event-based 
atrazine loads peaked at PV 5, after which there was a decrease, except for the sand treatment, which 
peaked at PV 1. The structured Andesite treatment leached the least load, despite having a similar 
trend to that of the other treatments. At final PV 12, mass leached for this treatment stayed above the 
rest of the treatments with a peak of 6.15 mg. In terms of atrazine mass leached, there was no significant 
difference in mass leached between sand, CT, CA 1 and CA 2 treatments despite the difference in trend 
for the sand treatment. Clay and the structured Andesite were significantly different from the rest of the 
soils. In terms of mass leached per PV, there was no significant difference across all PVs for each 
treatment. Although there are several leaching column studies done previously, to the best of 
knowledge, none of these studies has reported on loads.  
 
Clay soil had the highest cumulative load of 86.96 mg followed by CA 1, CA 2 and CT treatments. Sand 
treatment was intermediate with 47.15 mg. There were no significant differences between CA 1, CA 2 
and CT treatments with 60.61, 60.61 and 55.62 mg respectively. The structured Andesite treatment had 
the least cumulative load with 36.12 mg. Clay and structured Andesite loads were significantly different 
from the rest of the soils. There was no significant difference in cumulative loads across all PVs for all 
treatments. This could be due to adsorption of the atrazine molecule, which may produce daughter 
products or metabolites such as 2-hydroxyatrazine, de-ethyl-atrazine and de-isopropyl-atrazine. The 
adsorption phenomenon is because of several soil physical and chemical reactions, which may occur 
simultaneously. The gradual increase and decrease observed could also be attributed to the both 
desorption-adsorption reactions in some case, depending on soil conditions, which may allow both to 
occur simultaneously.  
 

6.5 CONCLUSION 
All treatments exhibited high initial atrazine-leaching concentrations and clay had the highest final 
atrazine concentration owed to its arguably high clay content, which promotes high atrazine retention 
potential, and partly due to the high amount of atrazine volume applied than all treatments. Clay 
minerals are known to readily adsorb atrazine, especially the smectites, which are 2:1 clay such as 
montmorillonite as well as illite and vermiculite, which have a high swell and shrink capacities. However, 
their effect must have been minimised by the high solubility nature of atrazine in water, causing high 
initial leaching concentrations. As much as the high swell and shrink capacity of such soils may be 
undesirable by farmers, the effect on atrazine-leaching seemed to be relatively low. Several studies 
mentioned in literature also suggest that this herbicide does not bind tightly to soil particles, as observed 
in the leaching dynamics of CT and CA treatments, as well as the structured Andesite and the sand 
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soil. The peaking behaviour of the herbicide at PV 1, then decreasing gradually further suggests that 
this herbicide is generally highly soluble in water, is also highly mobile in soil and is likely to reach 
groundwater sources due to leaching. There seem to be a higher risk of atrazine-leaching to 
groundwater in the first few days of herbicide application in CT soils and very sandy soils as compared 
to CA, high clay and well-structured soils. Farmers need to exercise precaution when irrigating such 
soils; especially immediately after herbicide application has been done. This means that irrigating CT 
and very sandy soils after herbicide application may not exceed field capacity and must be done with 
great precaution. 
 
Atrazine concentrations were also closely related to sorption coefficients, OC, BD, EC, hydraulic 
conductivity, sand and clay content. Although studies evaluating atrazine transport in soil are available, 
to the best of knowledge to this study, no literature is available for information on cumulative loads or 
loads. In addition, loads obtained were related to atrazine concentrations and the cumulative loads were 
closely influenced by loads. 
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7.1 INTRODUCTION 
The use of field experiments and laboratory leaching column studies to investigate pesticide transport 
within the soil matrix is well recognised (Persicani 1993). However, such studies can only be used to 
study a limited number of scenarios, which contribute to pesticide leaching to groundwater (Okada et 
al. 2016). Pesticide leaching models can estimate pesticide concentrations for a large range of 
scenarios by simulating multiple soil-water processes under variable weather, soil and crop 
management practices (Masipan et al. 2016). These models use mathematical equations to 
approximate important pesticide fate-determining processes such as degradation and transformations, 
as well as peak concentrations reaching water bodies and pesticide mass likely to be leached. In these 
models, mathematical equations are used in combination with various parameters such as 
physicochemical properties of soil, chemical foliar and soil half-lifes as well as breakthrough time to 
predict pesticide fate as influenced by temperature, precipitation, potential evapotranspiration (PET), 
wind, solar radiation (Young and Fry 2017) and pesticide application methods (Hartz et al. 2017). 
 
Modelling pesticide transport serves as an alternative approach to column studies for investigating the 
influence of soil characteristics, weather and other environmental factors, and variable management 
practices as driving forces (Anlauf et al. 2018). Ideally, pesticide modelling should be used in 
conjunction with column studies. As much as pesticides are important in crop management, they may 
become a serious problem when they do not reach the intended target, putting biodiversity and water 
quality at risk (Huff Hartz et al. 2017, Stehle and Schulz 2015). To find ways to minimise transport of 
pesticides to water bodies and assist in mitigating off-site pesticide movement, models have become 
indispensable tools (Giannouli and Antonopoulos 2015). By using different scenarios where pesticides 
are applied, analysis of model predictions can also assist with pesticide registration decisions and 
pesticide hot-spot identification (Giannouli and Antonopoulos 2015). 
 
Models require specific pesticide and soil physicochemical properties, management practice inputs as 
well as weather data to enable a simulation (Vryzas et al. 2012). Site-specific model calibration before 
application as a prediction tool is also essential to improve accuracy. Calibration makes the model more 
useful in terms of predictive capability and allows the user to be more confident in the simulation results. 
However, the calibration process may be data intensive, which can be particularly expensive to collect 
in the case of pesticides. 
 
In recent years, pesticide models have been increasingly used to support research that focusses on 
more sustainable and efficient pesticide use practices at field scale (Giannouli and Antonopoulos 2015, 
Zhang and Goh 2015). In developed countries, models have been used in pesticide registration 
procedures, as well as by environmental protection agencies of the European Union (EU) member 
states (Huff Hartz et al. 2017, Young and Fry 2017). 
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The aim of this chapter was to use data that was collected during the laboratory leaching experiment to 
calibrate the Pesticide in Water Calculator (PWC) model. Thereafter, independent data was used to 
validate the model. The PWC Version 2.001 version simulates pesticide applications to land surfaces 
and the pesticide’s subsequent transport to and fate in water bodies, including surface water bodies as 
well as simple ground water aquifers. PWC version 2.001 is the version currently approved for 
regulatory use in the Office of Pesticide Programs of the United States Environmental Protection 
Agency (US EPA).     
 
It is envisaged that this parameterisation and calibration exercise to simulate atrazine-leaching in 
contrasting South African soils will inform improved management practices and the possible use of the 
model in pesticide registration decision-making by the Department of Environment, Forestry and 
Fisheries (DEFF). 
 

7.2  METHODS 
7.2.1 General model interface and inputs 
Six interface windows in the model require input parameters for model calibration. These include the 
‘Chemical’, ‘Applications’, ‘Crop/land’, ‘Runoff’, ‘Watershed’ and the ‘More options’ tabs. The rest are 
output tabs for either a pond, reservoir, groundwater or custom output, which is optional. Under the 
‘Chemical’ window, atrazine properties were entered, and included, the sorption coefficient (Koc), water 
reference temperature, benthic reference temperature, hydrolysis half-life, surface soil half-life, soil 
reference temperature, molecular weight, vapour pressure and solubility (Table 5-1). In the 
‘Applications’ window, the number of atrazine applications, date, amount, method, depth, efficiency and 
wind drift occurrence were entered accordingly (Table 5-2). Values used for model parameterisation 
and calibration were obtained from literature as well as the user manual and verified by calculations 
where possible. To only model pesticide leaching in PWC, chemical water metabolism, benthic 
metabolism and photolysis are not required and, therefore, need not be entered (Young 2016). 
 

Table 5-1: Atrazine chemical parameters used in the Pesticide in Water Calculator (PWC) model 
Chemical Property Value 

Sorption coefficienta (Koc) (mL.g-1) 155.7 

Water reference temperatureb (℃) 20 

Benthic reference temperatureb (℃) 20 

Hydrolysis half-lifeb (days) 742 

Soil half-lifeb (days) 1174 

Soil reference temperatureb (℃) 20 

Foliar half-lifeb (days) 2 

Molecular weighta (g.mol-1) 215.7 

Vapour pressurea (kPa) 38.5 

Solubilitya (mg.ℓ-1) 33 
Henry’s constanta (Pa m3.mol-1) 0.0135 

 

aMacBean (2012) 
bYoung and Fry (2016) 
*Values were also verified by calculations where possible 
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Table 5-2: Chemical application descriptors used in the Pesticide in Water Calculator (PWC) model 
(Young 2016, Young and Fry 2016) 

Chemical Application Value 

Number of applications 1 

Date (Day/Month) 09/Jan 

Amount (kg.ha-1) Based on soil clay content (see Table 5.7) 

Method Surface application 

Depth (cm) 0 

Efficiency 1 

Wind drift 0 
The Crop/land window created the Pesticide Root Zone Model version 5+ (PRZM5) input file where 

the weather file is linked, and crop growth descriptors were also entered (no growing crop simulated), 
which included day and month of emergence, maturity and harvest, root depth, canopy cover, height 

and holdup (interception). Hydrological factors were also entered (Table 5-3), including pan factor and 
soil evaporation depth, as well as the lower benthic temperature and albedo. Irrigation was entered as 

‘none’ since water added was accounted for as precipitation in the weather data. Soil layers were 
initialised to a single 0.25 m layer with 25 increments of 0.01 m each. Bulk density (BD), field capacity 

(FC), wilting point (WP), soil organic carbon (SOC), number of nodes, percent sand and clay are 
presented in Table 5-4 for the CA-representative soils used in model calibration. 

 
Table 5-3: Crop/land descriptors and values used for model parameterisation and calibration (Young 

2016, Young and Fry 2016) 
Crop/land property Value 

Pan factor (PFAC)  N/A (no crop) 
Soil evaporation depth (cm) 3 
Soil temperature (℃) 20 
Albedo 0.2 

 
Table 5-4: Bulk density (BD), maximum capacity (Max cap), minimum capacity (Min cap), soil organic 

carbon (SOC), number of compartments (N), and sand and clay percentage of the soils used for 
model calibration. 

Soil Type 
Soil layer 
(cm) 

BD 
(g.cm-3) 

Max cap 
(m3.m-3) 

Min cap 
(m3 .m-3) 

SOC 
(%) 

N 
Sand 
(%) 

Clay 
(%) 

CA 1 25 1.52 0.224 0.145 0.6 25 73 21 

CA 2 25 1.52 0.231 0.149 0.5 25 72 20 
*CA 1 and CA 2 are conservation agriculture representative soils 
 
Model validation was done using the remaining soils shown in Table 5-5, where soil properties were 
entered in the Crop/land tab for that specific soil. Weather files (except CT, which had a similar weather 
file as that of the CA soils) were generated to match respective soils accordingly. 
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Table 5-5: Bulk density (BD), maximum capacity (Max cap), minimum capacity (Min cap), soil organic 
carbon (SOC), number of compartments (N), and sand and clay percentage of the soils used for 

model validation. 

Soil type 
Soil layer 
(cm) 

BD 
(g.cm-3) 

Max cap 
(m3.m-3) 

Min cap 
(m3 .m-3) 

SOC 
(%) 

N 
Sand 
(%) 

Clay 
(%) 

Clay 25 1.36 0.397 0.262 0.9 25 27 42 

Structured 25 1.43 0.343 0.214 2.0 25 39 34 

CT 25 1.52 0.222 0.142 0.4 25 72 20 

Sand 25 1.47 0.131 0.08 0.1 25 87 10 
CT = conventional tillage 
 
For the Runoff window, the number of time varying factors, curve number, the soil loss cover factor, as 
well as number of chemicals in the simulation, were also entered. In addition to these parameters, the 
following factors were also entered: soil loss erodibility, topography, 24-hour hyetograph and slope 
(Table 5-6). PRZM5 values for run-off distribution on the surface and distribution of eroded soil were 
parameterised in a way such that runoff was equal to zero and the curve number (CN) was kept at 10 
(Table 5-6). 
 

Table 5-6: Runoff descriptors and values used for model parameterisation and calibration (Young 
2016, Young and Fry 2016, Young 2019). 

Runoff Property Value 
Time varying factor 8 
Curve number (CN) 10 
Soil loss cover (USLEC) 0.99 
Number of chemicals in simulation (NCHEM) 1 
Erodibility (USLEK) 0.24 
Topographic factor (USLELS) 1.7 
Practice factor (USLEP) 0.3 
24-hour hyetograph (IREG) 1 
Slope (%) (SLP) 0.1 

The output variables of interest for this study were pesticide concentration in leaching pore water (ppb 
or µg.ℓ-1), which were converted to mg.ℓ-1, and total pesticide in compartment, reported in kg ha-1 and 
converted to mg.m-2.  
 
7.2.2 Weather file  
Inputs required for the weather file were date (meteorological month (MM), meteorological day (MD) 
and meteorological year (MY)), precipitation (PRECIP) in cm.d-1, PET in cm.d-1, temperature (TEMP) in 
°C, wind speed (WIND) in m.s-1, and solar radiation (SOLRAD) in W.m-2. PRECIP equated the volume 
of water applied to each soil as described in Section 4.2.2. Data inputs for TEMP were obtained directly 
from the CR 1000 data logger. Potential evapotranspiration was estimated from the minimum and 
maximum temperatures using the Penman-Monteith approach (Allen et al. 1998), programmed into the 
Soil Water Balance (SWB) software (Annandale et al. 1999). Since this was a laboratory column study, 
SOLRAD and WIND were assumed to be zero, as was also confirmed by measurements. The weather 
file was then uploaded and used as an input in the PRZM5 calculator to estimate atrazine-leaching for 
each specific soil. 
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7.2.3 Model structure 
Specific chemical properties of the herbicide atrazine, amount of active ingredient (AI) applied for each 
soil column (kg.ha-1) (Table 5-7), a weather file and runoff descriptors were all linked in PWC via the 
PRZM5’s component of the PWC model (Young 2016, Young and Fry 2016). Default values were used 
for the rest of the parameters such as boundary layer thickness for volatilisation, water column and 
benthic column parameters. Soil physical and chemical properties and leaching data for CA-
representative soils (CA 1 and CA 2) were selected for model calibration (Table 5-4) while the rest of 
the soils were used for model validation (Table 5-5). This was done to assess the predictive capability 
of the model for soils with different properties from those used for calibration. 
 
Measured atrazine-leaching concentrations, load and cumulative load were all used in the calibration 
exercise for the two CA-representative soils. These two soils were parameterised the same way 
because they were under the same management practice (CA) and all their physical and chemical 
properties were essentially the same. Table 5-7 shows the amounts of AI applied in the PWC model for 
running all the simulations for the various soils. 
 

Table 5-7: Amount of active ingredient (AI) applied for each soil in the Pesticide in Water Calculator 
(PWC) model adapted from Vryzas et al. (2012). 

Soil type Active ingredient applied (kg.ha-1) 
Clay 7.54 

Structured 4.88 

CA 1 4.88 

CA 2 4.88 

CT 4.88 

Sand 3.75 
*CA 1 and CA 2 are conservation agriculture (CA)-representative soils and CT is a conventional tillage 
(CT)-representative soil 
 
7.2.4 Testing model performance  
When testing model performance, measured and simulated data are statistically compared to ascertain 
the percentage of treatment error, without considering experimental error not accounted for by the 
model (Zhang and Goh 2015). Reliability criteria proposed by De Jager (1994) and later by Legates and 
McCabe Jr (1999) include the square of the correlation coefficient (r2), which evaluates the association 
between simulated and measured datasets, mean absolute error (MAE), which accounts for average 
errors, Wilmot’s index of agreement (D), which is an indicator of relative size differences, and the root 
mean square error (RMSE) which summarises the overall error between given datasets. For accurate 
simulations, both r2 and D values must be above 80%, MAE below 20%, and RMSE depends on the 
data and units used for analysis. High RMSE values indicate poor model performance. Atrazine-
leaching concentration, atrazine event-based mass leached (load), and cumulative mass leached 
(cumulative load) data were tested. 
 

7.3 RESULTS 
7.3.1 Model calibration 
7.3.1.1 Atrazine-leaching concentrations for CA-representative soils 
Expanding the number of layers to more than one layer altered the shape depicting a leaching event in 
the PWC model and therefore, the layers were kept as a single layer with 25 compartments of 1 cm 
each, as shown in Table 5-4. Simulated and measured atrazine-leaching concentrations were well 
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estimated for both CA 1 and CA 2 soils from PV 1 to PV 6. From PV 7 to PV 12, measured leaching 
concentrations were slightly higher than simulated concentrations for both soils (Figure 5-1). The model 
predicted leaching a concentration as low as 0.1 mg.ℓ-1 at PV 7 decreasing to 0.001 mg.ℓ-1 at PV 12 for 
both CA 1 and CA 2 soils, while the measured leaching concentration was as high as 0.19 mg.ℓ-1 at PV 
7 and remained at 0.04 and 0.03 mg.ℓ-1 at PV 12 for CA 1 and CA 2 soils, respectively (Figure 5-1). 
 

 
Figure 5-1: Simulated and measured atrazine-leaching concentrations for conservation agriculture 

(CA)-representative soils over the 52-day leaching period. 
 
Based on model statistical evaluation criteria, results obtained showed good overall model performance 
in estimation of leaching concentrations during the 52-day leaching period. Both cases complied with 
the minimum statistical criteria requirements as shown in Table 5-8. Atrazine-leaching comparisons 
between simulated and measured concentrations for CA soils showed a high correlation. For both CA 
soils, there was good agreement between simulated and measured leaching concentrations as well as 
low error, which indicated good model calibration and simulation (Table 5-8). A high simulation accuracy 
was achieved for the CA 2 soil as indicated by the lower MAE and RMSE values obtained in comparison 
to CA 1.  
 

Table 5-8: Statistical evaluation of measured and simulated atrazine-leaching concentrations for 
conservation agriculture (CA)-representative soils. 

Soil type r2 D MAE (%) RMSE (mg.ℓ-1) 
CA 1 0.98 0.98 18.69 0.137 
CA 2 0.98 0.99 16.77 0.121 

 
7.3.1.2 Atrazine-leaching load and cumulative load for CA-representative soils 
Simulated and measured atrazine loads were well estimated for both CA 1 and CA 2 from PV 6-10 
(Figure 5-2). For the first four pore volumes for CA 1, the simulated load was slightly lower than the 
measured load. For CA 2, the measured load was slightly above the simulated load at PV 2, but more 
closely matched simulated data at PVs 5-10, and stayed slightly above simulated data at PVs 11 and 
12. In both cases, the model estimated loads to decrease to 0.70 mg m-2 while measured data stayed 
above 2.15 mg m-2. Overall, simulated and measured leaching load comparisons indicated that atrazine 
loads were well estimated by the PWC model for the CA soils. 
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Figure 5-2: Simulated and measured atrazine-leaching loads for conservation agriculture (CA)- 

representative soils. 
 
For model statistical evaluation criteria, results obtained showed good model performance in estimation 
of atrazine-leaching loads over the 52-day leaching period. All cases complied with the minimum 
statistical criteria requirements (Table 5-9). Simulated and measured atrazine-leaching load statistics 
for CA soils showed a high correlation, low error, as well as a good agreement between simulated and 
measured data, which is an indicator of successful calibration. A high leaching load simulation precision 
for the CA-representative soils was further indicated by the low RMSE values for both soils. 
 
Table 5-9: Statistical evaluation of measured and simulated atrazine-leaching loads for conservation 

agriculture (CA)-representative soils. 
Soil type r2 D MAE (%) RMSE (mg.m-2) 
CA 1 0.92 0.98 17.81 8.74 
CA 2 0.95 0.99 15.72 6.86 

 
Atrazine cumulative leaching loads for CA soils were also well simulated. Simulated and measured 
values matched well for all PVs. However, from PV 1-2, simulated cumulative loads were slightly below 
measured cumulative loads for both soils, and gradually increased such that from PV 5, simulated 
cumulative loads started to be slightly higher than measured cumulative loads (Figure 5-3). Initial 
cumulative loads predicted by the model ranged between 11.43-481.94 mg.m-2 for CA 1 and 18.62-
483.28 mg.m-2 for CA 2. Measured data was calculated to range from minimum cumulative loads of 
14.53 and 19.76 mg.m-2 for CA 1 and CA 2 soils, respectively and increased to maximum loads of 
409.74 and 421.52 mg.m-2 for CA 1 and CA 2, respectively. Cumulative leaching loads comparisons of 
simulated and measured values indicate that the atrazine cumulative loads were fairly simulated for the 
CA-representative soils (Figure 5-3). 
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Figure 5-3: Simulated and measured atrazine cumulative leaching load for conservation agriculture 

(CA)-representative soils 
 
Statistical criteria result for atrazine cumulative leaching load also showed satisfactory model 
performance, as all cases were in line with the minimum statistical criteria requirements (Table 5-10). 
A high r2 (0.99) was observed for both soils between simulated and measured cumulative loads. A high 
D was also observed for both soils, with a value of 0.98. CA 1 obtained a MAE of 12.44% and a slightly 
higher RMSE of 47.01 mg.m-2, while CA 2 obtained a MAE of 10.45%, with a slightly lower RMSE of 
43.53 mg.m-2. The lower MAE and RMSE for the CA 2 soil indicated a higher simulation precision than 
for CA 1, despite both soils having MAE values below 20% (Table 5-9). 
 

Table 5-10: Statistical evaluation of simulated and measured atrazine cumulative load for 
conservation agriculture (CA)-representative soils 

Soil type r2 D MAE (%) RMSE (mg.m-2) 
CA 1 0.99 0.98 12.44 47.01 
CA 2 0.99 0.98 10.45 43.53 

 
7.3.2 Model validation  
Model performance was again tested using r2, D, MAE and RMSE as indicated previously for the 
validation exercise. 
 
7.3.2.1 Atrazine-leaching concentrations for the clay, structured, conventional tillage (CT)-

representative soil and sand 
Leaching concentrations for the clay, structured, CT and sand soils were also well simulated, though 
not as accurately as the CA-representative soils in some cases. The clay, structured, CT and sand soils 
simulated leaching concentrations were slightly under-estimated initially. For the clay and structured 
soil, simulated concentrations were under-estimated at PV 1 and 2, at PV 1 only for CT, and at PVs 1-
5 for the sand.  
 
The clay soil was different from the others as measured concentrations closely matched simulated 
concentrations at PVs 1 and 2, despite the slight under-estimation. At PVs 5 and 6, leaching 
concentrations were equal for measured and simulated values (Figure 5-4B). From PV 7 onwards, 
measured concentrations continued to be closely related to simulated concentrations in the clay, with 
the model predicting a gradual decrease in atrazine concentrations down to 0.009 mg.ℓ-1, while 
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measured concentrations remained at 0.018 mg.ℓ-1 at PV 12. Measured concentrations between PV 11 
and 12 were still closely matched with simulated concentrations although the model was already 
predicting values of ten-fold less. Measured concentrations stayed at 0.03 and 0.02 mg.ℓ-1 at PV 11 and 
12, respectively. Simulated and measured leaching concentrations comparisons for this soil also 
indicated that atrazine-leaching concentrations were adequately estimated by the PWC model for this 
soil. 
 
Leaching concentrations for the structured soil were well simulated from PV 5. Results showed accurate 
estimation from PV 5-11 as all points were a perfect fit between simulated and measured 
concentrations. A slight over-estimation was observed at PV 12. The model predicted only slightly lower 
leaching concentrations for PV 1 and 2 of 0.383 and 0.832 mg.ℓ-1, respectively, while measured 
concentrations were 0.517 and 0.462 mg.ℓ-1, respectively for PVs 1 and 2 (Figure 5-4C). This suggests 
that the model was prone to under-estimate atrazine-leaching concentrations in some cases as 
observed for the CA and clay soils. Simulated and measured atrazine-leaching concentrations were 
generally well estimated for the structured soil despite having slightly lower simulated atrazine 
concentrations at PV 1 and 2 and slightly higher simulated atrazine concentrations at PV 12. The PWC 
model predicted that leaching concentrations would not reach less than 0.17 mg.ℓ-1 at PV 12, while 
measured atrazine concentrations were lower at 0.08 mg.ℓ-1 (Figure 5-4C). For this reason, simulated 
and measured leaching concentrations comparisons for this soil further indicate that atrazine-leaching 
concentration were fairly simulated for the structured soil by the model. 
 
For the CT-representative soil (Figure 5-4A), the simulated concentration at PV 1 was underestimated 
at 1.27 mg.ℓ-1, compared to the measured value of 2.43 mg.ℓ-1. This means that the model under-
estimated initial atrazine-leaching concentrations for the CT soil. However, from PV 2 to the final PV 
12, measured and simulated atrazine concentrations for this soil were closely matched. Measured 
atrazine concentrations were 0.05 mg.ℓ-1 at PV 12, while the model predicted a leaching concentration 
of 0.0003 mg.ℓ-1 at PV 12. Simulated and measured leaching concentrations comparisons, however, 
indicated that leaching concentrations for the CT soil were well estimated by the model from PV 2 to 
PV 12. 
 
Leaching concentrations for the sand were also well estimated as the graphical comparison between 
measured and simulated concentrations depicts in Figure 5-4D. Despite having all the simulated 
leaching concentrations slightly below measured leaching concentrations from PV 1 to PV 5, leaching 
concentrations from PVs 6-12 were within the zero-decimal point for both measured and simulated 
values. Measured concentrations were found to be approaching 0 mg.ℓ-1 from PV 6 to 12. Although at 
PV 1 the model predicted 2.32 mg.ℓ-1 and the measured concentration was found to be 2.75 mg.ℓ-1, 
there was not much difference between the measured and the simulated concentrations. This was an 
indicator of good estimation by the model as the predicted concentration was close to the measured 
concentration at PV 1. 
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Figure 5-4: Simulated and measured atrazine-leaching concentrations for the A) Clay; B) Structured; 

C) Conventional tillage (CT)-representative soil and D) Sand soil. 
 
Model statistical evaluation criteria results showed good model performance in estimating leaching 
concentrations for clay, structured, CT and sand as most cases complied with the minimum statistical 
criteria requirements (Table 5-11). For all the soils, high r2 and D values were obtained, with the clay 
and sand obtaining r2 values of 1 and D values of 0.99 in both cases. Nonetheless, the sand obtained 
a MAE value greater than 20%. There was variability in terms of model performance as it performed 
less well for CT as the MAE value obtained was also greater than 20%. This could be due to either 
experimental error for measured atrazine concentrations, incorrect model parameterisation for these 
soils or poor representation of key processes by the model. On the contrary, the model performed very 
well for the clay and structured soils with low MAE values despite r2 and D values not reaching 0.95 for 
the structured soil. The model showed a high degree of precision for simulating leaching concentrations 
for the structured soil as it also achieved a low RMSE value. This is interesting as this soil could 
theoretically be the most difficult to parameterise because of its unique properties. Unlike the sand, the 
CT soil showed greater error probably due to the high initial leaching concentrations obtained for 
measured concentrations. Overall, model validation performance based on MAE value obtained in order 
of highest precision to least is as follows: clay ˃ structured ˃ sand ˃ CT. 
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Table 5-11: Statistical evaluation of simulated and measured leaching concentrations for the clay, 
structured, conventional tillage (CT)-representative soil and sand. 

 

7.3.2.2 Atrazine-leaching loads and cumulative loads for the clay, structured, CT and sand soils 
Loads and cumulative leaching loads were also compared with model predicted loads to evaluate the 
performance of the PWC model in estimating these two variables. Loads for the clay soil were well 
simulated, although measured values were slightly above simulated values from PV 1-8. Measured 
loads were found to range between 19.27 and 70.28 mg.m-2 and 10.25 and 64.54 mg.m-2 for simulated 
values from PV 1-8, respectively for the clay soil (Figure 5-5B). Simulated loads were slightly above 
measured loads between PV 11 and 12. Between PV 11 and 12, the model also predicted that loads 
would not decrease but stay above 6 mg.m-2, while measured loads stayed at just 1.03 mg.m-2. A 
graphical comparison of measured and simulated loads also indicated that the model estimated loads 
well for this soil as illustrated in Figure 5-5B. 
 
The structured soil leaching loads were well estimated, with measured values closely matching 
simulated values as illustrated in Figure 5-5C. Despite having measured loads slightly above simulated 
loads from PV 5 to PV 8, there was still good agreement between values. At PV 5 and 7, for example, 
the model estimated loads of 8.26 and 23.2 mg.m-2, while measured values were calculated to be 12.65 
and 23.51 mg.m-2, respectively. At PV 12, the model estimated 47.24 mg.m-2, while the measured load 
was 40.89 mg.m-2. 
 
Loads were well estimated for the CT-representative soil, with measured loads closely matching 
simulated loads (Figure 5-5A). Simulated loads were slightly under-estimated at PV 1 and over-
estimated at PV 2 with values of 31.87 and 82.17 mg.m-2, while measured values were 39.93 and 77.81 
mg.m-2, respectively. From PV 5 to PV 8, simulated loads for this soil were slightly over-estimated 
(Figure 5-5A). There was however not much difference between measured and simulated loads 
between PV 5 and PV 8. Between PV 11 and 12, simulated loads stayed slightly below measured loads. 
Modelled loads agreed with measured loads, as the model predicted that loads would eventually 
approach 0 mg.m-2. A graphical comparison between measured and simulated values also indicated 
that leaching loads for the CT soil were well estimated by the model.  
 
The sand leaching load was also well estimated by the model. For PV 1 and 2, simulated and measured 
loads were the same, indicating that the model predicted the processes being represented in a sand 
soil very well. From PV 5 to PV 12, measured load was slightly above simulated load (Figure 5-5D). 
Between PV 5 and 12, the model was already estimating a load approaching 0 mg.m-2. Unlike simulated 
values, measured values were found to approach 0 mg.m-2 from PV 11-12 only. Simulated and 
measured loads obtained at PVs 11 and 12 were again closely matched. Generally, measured and 
simulated loads comparison indicated that loads for the sand soil were well estimated by the model as 
depicted by Figure 5-5D. 
 

Soil type r2           D MAE (%)       RMSE (mg.ℓ-1) 
Clay 1.00 0.99 9.91 0.076 
Structured 0.93 0.91 13.97 0.069 
CT 0.95 0.95 25.46 0.331 
Sand 1.00 0.99 22.42 0.209 
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Figure 5-5: Simulated and measured atrazine loads for A) Clay; B) Structured; C) Conventional tillage 

(CT)-representative soil and D) Sand soil. 
 
The PWC model performed very well in estimating atrazine-leaching loads for all soils considered for 
model evaluation (Table 5-12), as D and r2 values were always greater than 0.90. The low MAE values 
obtained further indicated that the model was able to simulate accurately leaching loads, especially for 
the clay, structured and sand soils. Measured loads closely matched simulated loads, which was 
another indicator of less experimental error and good model parameterisation. Despite the clay and 
structured soils obtaining D and r2 values less than 1, the model still performed very well in estimating 
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leaching loads for these soils when compared to the CT soil, which obtained a higher MAE value. This 
indicated that the level of accuracy for the CT-representative soil was slightly lower. Overall, the 
statistical evaluation criteria indicated that the model could be effectively applied for a range of other 
soils. 
 

Table 5-12: Statistical evaluation of simulated and measured loads for the clay, structured, 
conventional tillage (CT)-representative and sand 

Soil type r2 D MAE (%) RMSE (mg.m-2) 
Clay 0.99 0.99 14.95    10.92 
Structured 0.97 0.98 14.70  4.60 
CT 0.95 0.98 23.15   8.27 
Sand 1.00 1.00 5.53   2.76 

 
The clay, structured, CT and sand soil cumulative leaching loads were well simulated. Cumulative 
leaching for the clay was well simulated, with simulated and measured cumulative loads closely 
matching throughout all PVs. However, between PV 1 and 2, measured cumulative loads were 
overestimated at 19.27 and 87.5 mg.m-2 compared to 10.25 and 50.6 mg.m-2 estimated by the model 
(Figure 5-6B). From PV 5 to the final PV 12, simulated cumulative loads were slightly above measured 
values. The model predicted atrazine-leaching loads ranging from 378.99 to 736.68 mg.m-2, while 
measured values were found to range from 327.25 to 687.03 mg.m-2 from PV 5-12 (Figure 5-6B). 
Comparisons of simulated and measured cumulative loads also indicated that cumulative loads for the 
clay soil were adequately simulated by the model. 
 
Cumulative loads for the structured soil also closely matched between measured and simulated values. 
From PV 1-12, simulated values were slightly below measured values (Figure 5-6C). For this soil, the 
model predicted that cumulative loads started as low as 0.043 mg.m-2 at PV 1 and increased to 263.66 
mg.m-2 at PV 12, while measured cumulative loads were found to start as low as 0.30 mg.m-2 at PV 1 
and increased to 256.58 mg m-2 at PV 12. Overall, cumulative loads comparisons of simulated and 
measured values also indicated that cumulative loads were adequately estimated and simulated for this 
soil as shown in Figure 5-6C. 
 
Most measured atrazine cumulative load values closely matched simulated cumulative load values for 
all PVs for the CT-representative soil (Figure 5-6A). Between PV 1 and 5, measured and simulated 
cumulative loads were a near perfect fit. From PV 5, simulated values stayed slightly above measured 
values, indicating a slight over-estimation by the model. However, the differences between all values in 
these regions were small. For example, at PV 11 and 12, measured cumulative loads were 453.75 and 
456.49 mg.m-2, while simulated cumulative loads were 483.96 and 484.15 mg.m-2, respectively (Figure 
5-6A). Despite the simulated over-estimations from PVs 6-12, the model was able to predict atrazine 
cumulative loads likely to be leached over the 52-day leaching period satisfactory. 
 
The sand soil atrazine cumulative loads were also well simulated as most of the measured values were 
very close to the simulated values for all PVs considered (Figure 5-6D). Measured cumulative load at 
PV 1 was found to be 158.80 mg.m-2 and increased steadily to 341.92 mg m-2 at PV 7 after which it was 
maintained at a constant value of about 341.2 mg.m-2 with minor increments (less than 1 mg.m-2) until 
PV 12. The same trend was observed for simulated values, which had a minimum of 162.76 mg.m-2 at 
PV 1 and increased to a maximum of 373.64 mg.m-2 at PV 7. From PV 7, the simulated cumulative load 
was maintained at a constant value of 373.6 mg.m-2 with minor increments until PV 12. For both 
simulated and measured cumulative load values, there was a slight increase in atrazine mass leached 
from PV 5 which is explained by the minor increments observed (Figure 5-6D). This was followed by a 
constant cumulative load, which could be explained by the leaching concentrations already approaching 
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0 mg.ℓ-1 from PV 5 (Figure 5-6D). Comparisons of simulated and measured values indicated that 
cumulative loads for this soil were also well simulated. 
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Figure 5-6: Simulated and measured atrazine cumulative loads for A) Clay; B) Structured; C) 
Conservation tillage (CT)-representative soil and D) Sand soil 

 
Statistical criteria for model evaluation for cumulative leaching loads showed good model performance. 
All cases complied with the minimum statistical criteria (Table 5-13). The sand and clay soils were the 
most accurately simulated, both obtaining r2 values of 1, as well as high D values. The structured soil 
obtained a D value of 1 and r2 of 0.99. The CT soil obtained the lowest MAE value despite not obtaining 
an r2 and D values of 1, suggesting that the model was more precise in estimating atrazine cumulative 
loads for this soil. MAE values obtained were also below 20%, while RMSE values ranged from 11.17 
to 43.39 mg.m-2 across soils. The high r2 and D values obtained for the clay, structured and sand soils 
further indicated that a high level of precision in simulating atrazine cumulative leaching loads was 
achieved. The lower MAE values obtained for all soils further indicated good model evaluation 
outcomes, with the clay and structured soils showing more accurate evaluation results when compared 
to the sand and CT soils. 
 

Table 5-13: Statistical evaluation of simulated and measured atrazine cumulative loads for clay, 
structured, conventional tillage (CT) and the sand soils 

Soil type r2 D MAE (%) RMSE (mg.m-2) 
Clay 1.00 0.99 8.91 43.39 
Structured 0.99 1.00 9.57 11.17 
CT 0.99 0.99 8.31 36.09 
Sand 1.00 0.95  9.10 32.35 

CT = conventional tillage 
 
A summary of the amounts that were applied that leached is presented in Table 5-14. The results show 
that more than 80% of the herbicide leached for most soils, except the structured soil, which was slightly 
above 50%. In all cases, percentages obtained for simulated values closely matched with measured 
values. 
 

Table 5-14: Total amounts of applied atrazine active ingredient (AI) that was leached for each soil 
used in the study. 

Soil type 
Total applied that leached            (mg.m-2) 

Total applied that leached 
(%) 

Clay 687.03 91 
Structured 256.58 53 
CA 1 409.74 84 
CA 2 421.52 86 
CT 456.49 94 
Sand 373.63 99 

CA 1 and CA 2 are conservation agriculture (CA)-representative soils and CT is a conventional tillage 
(CT)-representative soil 
 

7.4 DISCUSSION 
Leaching concentrations were generally well simulated for all soils considered in the study. In most 
cases, measured and simulated value comparisons met the minimum statistical criteria. Soils used for 
model calibration were better simulated than soils used in model evaluation. These findings are similar 
to those of a study by Zhang and Goh (2015), where MAE values ranging from 29-31% were obtained 
for calibration, while values ranging from 58-83% were obtained for model evaluation. According to 
these authors, this can be attributed to poor model parameterisation when model evaluation simulations 
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are performed, especially when different parameters need to be entered in the model. For this study, 
similar measurements for all soils were available to estimate parameters. 
 
Results indicated that atrazine-leaching risk is particularly high soon after herbicide application. This 
suggests that during high rainfall events, there could be high atrazine-leaching risks in large hectares 
of commercial fields if herbicide application has been done prior to rainfall because of herbicide losses 
via leaching. This further suggests the importance of rainfall forecasting when herbicides are to be 
applied. It was also noted that leaching concentrations gradually decreased as more and more water 
infiltrated the soil matrix, depending on the amount already leached, adsorption and degradation rates 
as well as the effects of bypass flow or incomplete mixing phenomena, which are variable for different 
soils.  
 
This pattern was observed for all soils studied, although the structured soil had the lowest simulated 
and measured initial atrazine-leaching concentrations. For the structured soil, both modelled and 
measured leaching concentrations were lower than the other soils, suggesting a lower leaching risk 
initially. However, high concentrations were still draining from the structured soil after 52 days of 
leaching, suggesting that this soil has a longer atrazine break-through time. The high initial atrazine-
leaching concentrations observed from most soils (not structured) can be explained by the polar nature 
of the herbicide, the high solubility in water (Wei et al. 2018), as well as low adsorption and/or 
degradation processes occurring within the soil matrix. Results were in accordance with a study by Huff 
Hartz et al. (2017), where concentrations of simazine (a member of the atrazine family) in pore water 
were highest just after application.  
 
Although simulated atrazine-leaching concentrations closely matched measured atrazine 
concentrations for both CA-representative soils, the CT-representative soil simulated atrazine 
concentrations were slightly under-estimated initially, which should be noted for future modelling 
exercises. In this case, factors such as SOC content, percentage of sand and clay fractions (Huang et 
al. 2015, Martins et al. 2018), and soil BD influence atrazine transport as well as preferential flow 
pathways which have been reported to promote high pesticide mobility in some instances (Giannouli 
and Antonopoulos 2015). The PWC model approach when calculating simulated concentrations based 
on soil properties may also contribute to under- or over-estimation of leaching concentrations.  
 
The model does not succinctly include discriminating management properties of CA and CT 
representative soils, which becomes a limitation. In the PRZM5 model, atrazine-leaching concentrations 
are calculated primarily based on amount of active ingredient (AI), infiltrating water, BD, SOC as well 
as sand and clay fractions (Young and Fry 2016). The under-estimation of atrazine-leaching 
concentrations for the CT soil by the model may also be due to poor model parameterisation, resulting 
in the high MAE value obtained for this soil (Zhang and Goh 2015). 
 
Based on model predictions, soils with low SOC and high sand content are likely to leach more pesticide 
than soils with high SOC and low sand content. Zhang and Goh (2015) observed that soils with SOC 
less than 1% and sand content greater than 50% leached more herbicide (simazine) than those with 
more than 1% SOC. It is also evident from the simulations that soils with less than 1% SOC will have 
high initial atrazine-leaching concentrations as observed for the CT and sand, which are characteristic 
of South African soils. A study by Agatz and Brown (2017) also reported that soils of sandy loam, silty 
loam, loamy sand and very sandy are likely to leach more pesticide compared to soils with low sand (< 
40%). According to Agatz and Brown (2017), leaching is more pronounced in these soils since most 
are usually inherently low in SOC. The model was, therefore, able to predict accurately that the sand 
soil would leach the highest amount of atrazine initially, owing to its low SOC and clay contents.  
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This finding was in agreement with measured concentrations as well as findings from other modelling 
studies such as Anlauf et al. (2018) and Giannouli and Antonopoulos (2015). In both studies, the authors 
modelled pesticide leaching risk for a high sand with low SOC content, as well as a clay soil. Atrazine 
was detected in greater leaching concentrations in clay than in the sand, which is in accordance with 
findings of the present study (Anlauf et al. 2018). The models used also supported these findings. 
Further emphasis on the need to review recommended application rates based only on clay content 
arises, especially in southern African soils characterised by low SOC. For example, most of the soils 
used in this study leached more than 80% of the AI applied (Table 5-14), which is probably due to the 
low SOC content. Only the structured soil with a higher SOC leached just over 50% AI, owing to the 
longer break-through time this soil requires as shown in Table 5-14. 
 
Although simulated atrazine-leaching concentrations for these soils were well simulated, it is generally 
challenging to simulate leaching concentrations due to the inherent complexity of soil in general (Huang 
et al. 2015). For example, the structured soil has almost proportional sand and clay contents (39 and 
34% respectively) and 2% SOC, while the clay soil has 27 and 42% sand and clay contents, 
respectively, with 0.9% SOC, it can be expected that the clay soil would also retain most of the pesticide, 
irrespective of the highly soluble nature of the herbicide. For the structured soil, more bypass flow 
through macropores would be expected, resulting in higher atrazine-leaching concentrations. However, 
this was not the case as the model predicted that the structured soil would retain more of the atrazine 
and the clay would retain less, which was also observed for measured values.  
 
More importantly, it is evident that SOC content is one of the major determinants of pesticide amounts 
that will be leached as it influences adsorption-desorption mechanisms, which contribute to pesticide 
losses via leaching (Yue et al. 2017). The model has also shown that SOC content plays a key role as 
compared to clay content as observed from the structured and clay soils simulation results. Although 
the model does not require soil hydraulic conductivity values as direct input (instead uses a built in 
pedotransfer function to get Ks values) (Young 2016, Young 2019), simulation results have also shown 
that soils with high hydraulic conductivity are likely to have high leaching risks as in the case of the sand 
soil. 
 
Pesticide transport studies often focused on simulating pesticide concentrations in surface water 
(Stehle and Schulz 2015, Whiting et al. 2014), runoff water (Young and Fry 2017, Zhang and Goh 2015) 
and sediments (Huff Hartz et al. 2017). Of these studies, only that by Huff Hartz et al. (2017) reported 
on loads and cumulative loads as a result of pesticide transport at field scale using the PWC model. 
This suggests the need for more leaching column studies to be conducted and simulated using the 
PWC model. The model was able to predict tefluthrin concentrations well according to Huff Hartz et al. 
(2017). However, loads and cumulative loads were poorly estimated as low r2 and D values were 
obtained between measured and simulated loads and cumulative loads. High MAE values were also 
obtained for most cases, indicating poor model performance. In the study by Zhang and Goh (2015) 
which evaluated three pesticide exposure models, including the PWC PRZM3 version, they only 
reported on pesticide loads found in runoff water and sediments which were calculated from pesticide 
concentrations. According to the authors, the PRZM3 model performed better than the other models, 
obtaining high r2 and D values, with MAE values less than 20%, indicating good model performance. 
Young and Fry (2017) also evaluated the PWC model for non-uniform or mixing cell scenarios. From 
their findings, the model performed well in most cases with reasonable r2 and D values, as well as high 
MAE values, indicating high errors between measured and simulated values. In the study by  Giannouli 
and Antonopoulos (2015), the models MACRO and PEARL were compared to simulate atrazine fate in 
a clay soil and both models performed well in simulating the mass of atrazine leached. However, both 
models under-estimated atrazine cumulative loads for a clay soil. 
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The ability of the model to capture the differences in break-through curve patterns between sand, clay 
and the structured soil is impressive. The model was able to predict that for the clay soil, the atrazine 
molecule would under-go adsorption processes, owing to the physical and chemical properties of the 
soil such as BD, Ks, sand, clay and SOC content. For the clay, atrazine leached increased gradually 
and reached a peak after which it then decreased. For the structured soil, the model predicted that the 
atrazine molecule would be adsorbed, then released gradually at a lesser intensity than in clay and take 
longer to peak than in clay, owing to the physical and chemical properties and primarily the SOC 
content. In the sand, a higher initial concentration due to the high Ks value, incomplete physical mixing, 
low SOC and clay corresponded to high initial load that rapidly decreased overtime. This means that 
the general arrangement of the soil structure as influenced by soil physical and chemical properties 
determined the rate and extent of soil physical mixing occurring and the rate of adsorption that may 
occur, even though the model does not simulate this phenomena directly.   
  
The PWC model was generally able to accurately simulate loads and cumulative loads for all soils. 
Simulated results for the extreme textures, sand and clay, indicated that the clay soil had a higher 
cumulative load, owing to the higher AI applied. This was in agreement with measured data and contrary 
to findings by Giannouli and Antonopoulos (2015) for a clay soil. The high cumulative load obtained for 
the clay could be attributed to the fact that in clay soils, atrazine can be leached quickly through large 
pores (macropore flow), especially if the soil has been undisturbed for a long time (Vryzas et al. 2012), 
which was probably the case for this soil as well. This implies that, herbicide companies might be getting 
their recommendations incorrect for South African soils and there is a need for the application rates to 
be revised. For sand, the cumulative load might have been affected by the fact that the pesticide did 
not spend adequate time in the soil. This is explained by the high initial leaching concentrations, further 
suggesting the need for companies to review recommendations for sandy soils as well, which pose high 
leaching risks.  
 
Proper pesticide management practices, before and after pesticides have been applied, can therefore 
be adopted from the results as it has been observed that pesticide leaching is riskiest immediately after 
application if there is heavy rainfall or over-irrigation. Since atrazine bioaccumulates in soils due to the 
long half-life, there is still high leaching risk unless the molecule is completely adsorbed on the soil 
matrix. This means that over-irrigation as well as over-application of pesticides especially in soils with 
low SOC content and high sand or silt contents should be avoided. For high rainfall incidences, 
especially during the summer months, forecasting should be used as a tool to determine when 
herbicides can be applied. For example, since herbicide leaching risk is highest immediately just after 
application has been done, herbicide application can be postponed when heavy rainfall has been 
forecasted within a space of two to three days. Herbicide application can be ideal if low or no 
precipitation is expected to give enough time for the herbicide to settle and be adsorbed by the soil, 
minimising any possible leaching losses that may occur in the process. Alternatively, herbicide 
application can be done after rainfall provided the next rainfall event is at least four or five days away 
to prevent such herbicide losses (Young and Fry 2017). Additionally, crop rotation must be practiced if 
possible whether in CA or CT systems as it has the potential to reduce pesticide applications by 
breaking weed cycles, improving SOM of soils, which increases water and pesticide retention as well 
as soil health in general. The availability of SOM may also increase microbial activity, which may include 
bacteria that can enhance the pesticide degradation process.  
 
From the findings of this study, there is need for adjustments of recommended atrazine application rates 
for all soil textures by also considering the amount of SOC content. This means that as much as atrazine 
application is done based on clay content, there is a need to also incorporate the SOC content factor in 
this regard. From a pesticide leaching perspective, label recommended rates should also be in line with 
the different soil textures, with lower application rates for very sandy and sandy loam soils. Generally, 
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of the amount of herbicide applied, the PWC model has shown that in most cases, more than 80% of 
the herbicide is lost to the environment via leaching (Goh et al. 2019). In other cases, more than 50% 
of soil applied herbicides may be leached (Rumschlag et al. 2019). If a weed or a crop is growing on 
the soil, less than 1% of the herbicide is taken up, given a best-case scenario (Young and Fry 2017). 
The tendency of high initial pesticide leaching incidence for some soils should also be put into 
consideration, despite that cumulative loads for soils with the same amount applied tend to be the same 
if the textures are the same. For instance, CA and CT cumulative loads were not that different in the 
end, while the structured soil had a lower cumulative leached load in the end, despite the same amount 
of active ingredient being added.  
 
Having tested the PWC model for different South African soils, more confidence has been gained from 
the simulation results. However, more similar studies need to be done for other local soils and pesticides 
using the model before it is adopted by DEFF for pesticide registration exercises or renewal of 
previously registered pesticides, policy amendments, guidelines, environmental and water regulation 
standards. The model can be used to simulate leaching risks of other locally used triazines such as 
simazine, terbuthylazine and propazine as well as other important herbicides used by farmers such as 
the widely used glyphosate (roundup) and alachlor. Leaching risks of these herbicides should be done 
using an even wider range of soils than those used in the current study. More in-field leaching studies 
where several crops are planted with more than one pesticide application cycle should also be 
conducted, including use of the currently advocated for pesticide mixtures. Other scenarios can be 
focused pesticide leaching hotspots based on pesticide user maps already available in the country. 
 

7.5 CONCLUSION 
Pesticide simulation using mathematical models can serve as a cost-effective and quick assessment 
tool for mitigating changes that can be employed to minimise groundwater contamination. Model 
calibration, testing and validation exercises are essential in evaluating and gaining confidence in the 
ability of the model to simulate pesticide leaching to groundwater sources. Results obtained have shown 
that the PWC model can be used to simulate atrazine-leaching concentrations, load and cumulative 
load. Having calibrated and tested the model for a range of soil types, there is now greater confidence 
in its application to other soil types in South Africa, as well as in long-term modelling, provided there is 
enough raw data to guide the simulations. Despite the complex nature of soils, the model was useful in 
providing insights and estimates of atrazine concentrations that can leach from a given amount of active 
ingredient applied, as well as corresponding loads and cumulative loads. The model was able to predict 
and help identify high leaching risk soil texture-pesticide application rate combinations as well as risky 
periods. The PWC model was also able to show that the most pertinent of processes that affect pesticide 
leaching is sorption, which is dependent on SOC content. The current study can now be transferred 
into more in-field testing with growing crops as well as several pesticide applications to determine the 
effect of these variables on pesticide leaching risks. There is also a need for long-term pesticide trials 
to be in place locally, where various pesticide leaching risks are monitored and simulated all year round 
using a wider range of soils, pesticides and pesticide mixtures, including amended soils, such as with 
biochars. Leaching risks of new pesticides and their metabolites (both primary and secondary) can be 
simulated and verified prior to registration as well as the recommended application rates for local 
conditions. Furthermore, pesticide recommendations by companies should also consider SOC in 
addition to the clay content. Finally, a standard procedure should be put in place for pesticide 
recommendations as some pesticides are not recommended based on any soil property, for example, 
the triazine terbuthylazine. This will however require intensive leaching columns and modelling 
exercises. 
 
Overall, the current study has highlighted basic information regarding atrazine-leaching dynamics of a 
wide range of contrasting soils as well as the periods at which the leaching risks are highest. In general, 
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the PWC model has proved to be a valuable quantitative tool that can be expanded to a wide range of 
pesticide leaching scenarios in South Africa.  
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By: 
James Dabrowski 
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8.1 INTRODUCTION 
As part of the study, the Soil Water Assessment Tool (SWAT) was applied in two catchments to test its 
ability to predict pesticide contamination at a larger catchment scale. SWAT is a semi-distributed, 
process-oriented hydrological model that has been developed to predict the impact of land management 
practices on water, sediment, and agricultural chemical yields (including nutrients) in large, complex 
catchments with varying soils, land use, and management conditions over long periods of time (Arnold 
et al., 1998). The SWAT model represents the large-scale spatial heterogeneity of the study area by 
dividing the watershed into sub-catchments. The sub-catchments are then further subdivided into 
hydrologic response units (HRUs) that are assumed to consist of homogeneous land use and soils.  
 
Version 2009 of the QSWAT interface for SWAT (Winchell et al., 2010) was used to compile the SWAT 
input files. This is a QGIS integrated version of the model that requires input of digital elevation model 
(DEM), land cover and soil spatial data sets. The climatic variables required by SWAT include daily 
precipitation, maximum/minimum air temperature, solar radiation, wind speed and relative humidity. 
Additional input parameters include details of land management practices and characteristics of point 
source contributions (i.e. location and daily loading). More detailed descriptions of the model can be 
viewed in Abbaspour et al. (2007) and Lam et al. (2011). Details of the theory of modelling processes 
performed in SWAT can be found in Arnold et al. (1998) and Neitsch et al. (2005). 
 
The model is computationally efficient to operate on large catchments in a reasonable time, is 
continuous in time and operates on a daily time-step, and enables users to quantify impacts over a long 
period. In summary, hydrological land use models are: 

• Complex models, requiring a relatively high level of data input, that provide detailed predictions 
of flow and water quality with a higher degree of certainty associated with outputs, when 
compared to more simple modelling approaches (e.g. export coefficients).  

• They typically operate within a Geographical Information System (GIS) interface and integrate 
geographical information, weather data and land management information (e.g. agricultural 
practices) to provide spatial and temporal predictions of hydrology, point and nonpoint source 
pollution, from field to large catchment scales at daily, monthly or annual time-steps.  

• While user-friendly interfaces make these models relatively easy to get running, calibration of 
the model to provide reliable and realistic outputs is particularly challenging and time-
consuming. 

 
SWAT is a public domain model. One of the main strengths of the model is the fact that it is freely 
available as an extension for a number of commercial and open source GIS software packages (Table 
6-1). As a result, the model has been widely used across the world and a number of peer-reviewed 
scientific papers and reports on the use of SWAT have been published. The developers of SWAT have 
maintained a database of publications that have used SWAT which is freely available online at 
http://swat.tamu.edu/publications/ (all listed publications are freely available for download). This 
assessment refers to the QSWAT version of the model. 
 
  

http://swat.tamu.edu/publications/
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Table 6-1: Versions of the SWAT model currently available 
SWAT Version Description 
AVSWAT ArcView extension and graphical user input interface for SWAT  
ArcSWAT ArcGIS-ArcView extension and graphical user input interface for SWAT  
MWSWAT Open-source interface to SWAT using the GIS system MapWindow 
QSWAT QGIS extension and graphical user input interface for SWAT  
SWAT (Basins)* BASIN 4.0 integrated version of SWAT based on a MapWindow interface 

 
8.1.1 Application context 
Effective catchment management and decision making typically require detailed knowledge of the 
catchment area and a good understanding of the relationships between anthropogenic activities and 
sources of point and nonpoint source pollution, both at a spatial and temporal scale. Hydrological water 
quality models were developed with an emphasis on attempting to understand the impacts of land use 
on nonpoint source pollution. Their main emphasis is therefore on predicting nonpoint source pollution 
and they are therefore very useful in terms of evaluating the impacts of land use, land use management 
and land use change on hydrology, nonpoint source pollution and resulting water quality.  
 
Possibly the most attractive motivation for using such models is that once it has been established that 
they provide estimates or predictions that simulate reality (i.e. they have been calibrated), they can:  

• Provide an estimate of spatial and temporal loadings and concentrations of nonpoint source 
pollutants in a catchment; 

• Spatially identify areas or sub-catchments (i.e. hotspots) responsible for high nonpoint source 
pollution (including areas where routine monitoring does not take place); 

• Identify specific land uses responsible for high pollutant loading; 
• Provide insight into drivers of pollution (e.g. geographical factors such as slope or soil 

characteristics, or land management practices such as crop fertilization, tillage operations etc.) 
in hotspot areas; 

• Spatially and temporally, quantify the relative contribution of point source and nonpoint source 
pollution in a catchment. 

• Provide an estimate of hydrology and water balance within a catchment (including ungauged 
catchments); 

 
Furthermore, a calibrated model can be used to run scenario analyses that can provide a realistic 
prediction of changes in hydrology or nonpoint source pollution because of: 

• Land use change (e.g. crop production to mining); 
• Change in management practices (e.g. agricultural management practices such as alternative 

tillage or fertiliser application regimes); 
• Best Management Practices (BMPs) that improve hydrological or nonpoint source pollution;  
• Climate change (i.e. increased temperature or reduced rainfall etc.).  

 
This type of information is very useful for making catchment management decisions, such as: 

• Quantifying maximum allowable loads of pollutants so as not to exceed specific in-stream water 
quality standards; 

• Whether to focus on point or nonpoint source pollution with respect to improving water quality; 
• Identifying appropriate best management options for reduction of nonpoint source pollution in 

a catchment (i.e. BMP prioritisation); 
• Identifying most appropriate area(s) (sub-catchments) to implement mitigation or management 

strategies for reduction of nonpoint source pollution in the catchment (i.e. hotspot prioritisation); 
• Whether or not to allow a specific development in a specific catchment;  
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• Whether or not to approve the change of an existing land use to another (e.g. allowing 
agricultural land to be mined). 

 
8.1.2 Uncertainty and calibration 
To increase the amount of certainty associated with the model output it is important to calibrate the 
model and ensure that the model output (prediction) approximates as closely as possible measured 
field values. Calibrating a catchment model over a large area (i.e. primary or secondary catchment) is 
an extremely challenging process, particularly in highly managed watersheds, where natural processes 
in many instances may play a secondary role. Without the knowledge of detailed management data, 
calibration of the model may not be possible. Management of dams and associated releases, use of 
water from these dams, irrigation and water transfers will all significantly impact on the natural flow of 
water. Particularly in a large catchment, it is difficult to obtain all this detailed information and often 
expert opinions or assumptions will need to be used. Over a large surface area there is bound to be a 
high degree of uncertainty associated with model outputs. These uncertainties stem from conceptual, 
input and parameter uncertainty (Abbaspour, 2011). 
 
Conceptual model uncertainty could be because of: 

a) Simplifications in the conceptual model (e.g. assumptions in the universal soil loss equation for 
estimating sediment loss),  

b) Processes occurring in the catchment that are not included in the model (e.g. wind erosion 
effecting mobilisation of particulates from the soil surface),  

c) Processes that are included in the model but are unknown to the modeller (e.g. the magnitude 
of dam releases, water transfers and irrigation) and  

d) Processes unknown to the modeller that are also not included in the model (e.g. dumping of 
waste material and chemicals into the river and sewage or chemical spills).  

 
Input uncertainty is because of errors in input data (i.e. rainfall and/or) the extension of this point data 
over a large catchment area. In a large catchment, considering the number of individual farms (each 
with their own management regimes) and the inherent variability in input parameters, it is thus inevitable 
that there is a large amount of uncertainty associated with the input parameters and the resulting model 
output.  
 
In large catchments, it may be impossible to calibrate the model accurately. However, in these instances 
r the model can still be effectively used to make relative spatial or temporal comparisons (e.g. expressed 
as a greater or lesser proportional contribution to pollutant loads) or to assess relative change (e.g. 
expressed as a percentage increase or decrease) in outputs, as a result of changes in input (e.g. tillage 
vs. no-tillage, implementation of filter strips, etc.). 
 
8.1.3 Disadvantages 
The disadvantages associated with using more complex hydrological land use models include: 

• Time consuming: Collecting and preparing data, setting up and running the model and finally 
calibrating the model all take up large amounts of time.  

• Data intensive: These models generally require large amounts of data, which often needs to be 
formatted to a specific format. In many instances, data may not be available or may be too 
expensive to acquire.  

• Technical Support: Technical support is often related to the cost of the model. In general freely 
available models do not have a dedicated technical support while commercial models will tend 
to have better technical support 

• Cost: While freely available open source models available, there is often a large cost implication 
associated with using these models. Many models operate within a GIS interface and may 
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require commercial GIS software (e.g. ArcGIS) as well as expensive add-on tools (e.g. Spatial 
Analyst). 

 
Considering these limitations on the running and maintaining such models, the following skill 
requirements are recommended: 

• Good background knowledge of the catchment, including land use activities, land management 
practices;  

• An understanding of geographic, climatic and land management factors that influence nonpoint 
source pollution; 

• A basic understanding of Geographical Information Systems; 
• Patience; setting up and calibrating such models is very time-consuming; 
• Persistence; due to the complex nature of the models and the large number of input parameters 

required, models can often produce unexpected results. Good problem-solving skills are 
recommended. 

 

8.2 DATA REQUIREMENTS 
Hydrological water quality models are characterised by their extensive data requirement, which include 
geographic data (normally in the form of GIS raster or shapefiles), weather data, monitoring data (flow 
and water quality) and point source data. These data are normally sufficient to get the model running, 
however it is important to emphasise that additional data parameters that characterise biophysical 
processes and land use management practices are also required to calibrate the model to an 
acceptable level of accuracy. Such information is generally obtained by having an in-depth knowledge 
and understanding of the catchment. 
 
8.2.1 Geographic data 
Geographic data provide information to support watershed characterization and environmental 
analyses. These data include information on soil characteristics, land use layers, and the stream 
hydrography and are typically required as rasters or shapefiles. This information is used in combination 
with modelling tools to perform more detailed assessment of watershed conditions and loading 
characteristics. 
 
8.2.2 Weather data 
Hydrology and nonpoint source pollution is heavily influenced by climatic conditions and models 
typically require daily rainfall, temperature, humidity, wind speed and solar radiation as input parameters 
as well as the location (co-ordinates) of weather stations where weather data is recorded. 
 
8.2.3 Monitoring data 
Flow and water quality data (e.g. sediment, nutrient concentrations etc.) are required to compare model 
outputs against to determine whether the model is providing realistic output. Monitoring data are 
therefore an important part of the calibration and validation procedure. These data can be used to 
assess the status and historical trends of a given water body and to evaluate the results of management 
actions.  
 
8.2.3.1 Calibration vs validation 
Calibration is the process of finding the optimum set of parameters that would help the model to 
reproduce observed data within the desired accuracy. This involves adjusting model parameters to 
produce output that provides an accurate simulation of observed data.  
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Validation is the step where the capabilities of the calibrated model in simulating acceptable results 
could be confirmed. This involves comparing the output of the calibrated model to observed data that 
was not used in the calibration procedure. For example, assume that observed time series data is 
available for the year 2000 to 2012. The calibration procedure may make use of the time series from 
2000 to 2006 to help in calibrating the model. Once the model is calibrated for this period the model 
could be run to simulate the years 2007 to 2012 and compared to observed data for the same period. 
If the model output provides an acceptable simulation of the observed time-series, then the model would 
be considered to be validated. 
 
The Department of Water and Sanitation has extensive records of flow (daily, monthly and annual) and 
water quality (weekly, to bi-weekly to monthly) data at a number of monitoring stations located across 
the country. Data is available for: 

• Flow 
• Major Ions (Ca+2, K+2, Mg +2, CO3-2, Cl-, Na-, SO4-2) 
• Nutrients (NO3-2, NH4+1, PO4-2) 
• In-situ field measurements (pH, Dissolved Oxygen, Electrical Conductivity, Temperature) 

 
Data is not generally available for: 

• Sediments 
• Metals 
• Pesticides  

 
8.2.4 Point source data 
Most hydrological water quality models can incorporate pollutant loading from point source discharges. 
The location, type of facility, and estimated loading are essential. These loadings are also used to 
support evaluation of watershed-based loading summaries combining point and nonpoint sources. 
 

8.3 DATA SOURCES 
SWAT has relatively high data requirements, including spatial GIS data, temporal weather data and 
specific land cover, soil and other parameters contained in a database that are used for modelling 
(Table 6-2).  

Table 6-2: Minimum data requirements for running ArcSWAT. 
Data Source 
Spatial Data  

http://www.ngi.gov.za/ 
NLC 1996 (CSIR), 2000 (ARC) 2009 (SANBI) 
WR2005 

DEM (raster) 
Land Cover (raster or shapefile) 
Soil (raster or shapefile) 
Daily Weather Data 

Weather SA (www.weathersa.co.za) 
ARC (www.arc.agric.za) 
SAPWAT (extensive weather data files associated with 
programme for locations across the country) 

Rainfall 
Temperature 
Humidity 
Wind Speed 
Solar Radiation 
Point Source Data 
Location 
Daily Loading 

DWS Water Quality Data Exploration Tool 
(http://www.dwa.gov.za/iwqs/wms/data/000key.asp 

Monitoring Data 
Flow 
Water Quality  

DWS Water Quality Data Exploration Tool 
(http://www.dwa.gov.za/iwqs/wms/data/000key.asp) 

http://bgis.sanbi.org/mapsearch.asp
http://www.weathersa.co.za/
http://www.dwa.gov.za/iwqs/wms/data/000key.asp
http://www.dwa.gov.za/iwqs/wms/data/000key.asp
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A draw back with SWAT, as with other hydrological land use models is that it is data intensive. Applying 
SWAT in South African conditions is challenging from a data collection perspective. However, in most 
instances data was available but was simply spread out across many domains. A useful research 
project for the future would be one that gathers widely dispersed data and populates SWAT databases. 
This would ensure easier use and wider uptake of the model in South Africa. 
 
8.3.1 SWAT database 
SWAT looks up data for land use and soil classes (added as spatial data) from the SWAT database. 
When initially downloaded the SWAT database contains information specific to the USA. This means 
that users of SWAT outside of the USA have to populate the database with relevant information for the 
country or area of interest. The database is fully editable and new country specific soil and land use 
information can be added or existing information (e.g. land use) can be edited to be more representative 
of local conditions. 
 
The SWAT model users weather generator data for weather stations located in the study area. Weather 
generator data for these weather stations needs to be entered into the SWAT database. This requires 
the calculation of mean monthly values as well as specific rainfall statistics (these statistics can all be 
calculated easily using the software programme pcpSTAT – see Table 6-3) 
 
The physical properties of soil govern the movement of water and air through the profile and have a 
significant impact on the cycling of water within the Hydrological Response Units defined by the model. 
Specific soil data required is: 

• Number of soil layers 
• Hydrological group 
• Maximum rooting depth of soil profile 
• Fraction of porosity from which anions are excluded 

 
For each soil layer: 

• Depth from soil surface to bottom of layer 
• Moist bulk density 
• Available water capacity of the soil 
• Organic carbon content 
• Saturated hydraulic conductivity 
• Percentage clay, silt, sand and rock content 
• Moist soil albedo 
• Universal Soil Loss Equation (USLE) soil erodibility factor 
• Electrical conductivity 

 
Table 6-3: Useful data source for populating the soil database within the SWAT database. 

Data Source Description Reference 
ARC Natural 
Resources Atlas 
 

This online atlas provides spatial 
and background data on soils 
occurring in South Africa 

http://www.agis.agric.za/agisweb/nr_atlas 
 

Water Resources 
of South Africa 
(WR2005) 

 http://www.wrc.org.za 

Soils of South 
Africa 
 

The book arranges more than 
seventy soil forms into fourteen 

Fey, M. (2010) Soils of South Africa. 
Cambridge. University Press 
 

http://www.agis.agric.za/agisweb/nr_atlas
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groups and provides the following 
information that was helpful in 
• maps showing their 

distribution and abundance 
throughout South Africa 

• descriptions of morphological, 
chemical and physical 
properties  

• a detailed account of 
classification and its 
correlation with international 
systems 

• illustrative examples of soil 
profiles with analytical data 
and accompanying 
interpretations. 

 
As many of the land cover and plant growth types included in the SWAT database are common to those 
occurring in South Africa the existing SWAT database could be used. However, it is preferable to update 
the database with local data (see Table 6-4 for potential sources of data) to reduce uncertainty 
associated with input parameters. Specific land cover and plant growth data required is: 

• Biomass to energy ratio 
• Harvest index 
• Maximum leaf area index 
• Fraction of the growing season corresponding to the 1st and 2nd point on the optimal leaf area 

development curve 
• Fraction of the maximum leaf area index corresponding to the 1st and 2nd point on the optimal 

leaf area development curve 
• Fraction of the growing seas when the leaf area index starts declining 
• Optimal temperature for plant growth 
• Minimum temperature for plant growth 
• Fraction of nitrogen and phosphorus in harvested biomass 
• Fraction of nitrogen and phosphorus in plant at emergence, half way to maturity and maturity 
• SCS runoff curve numbers for the plant or land cover per hydrologic soil group (A, B, C and D)  

 
Table 6-4: Useful data sources for populating the land cover/plant growth database within the SWAT 

database 
Data Source Description Reference 

Department of 
Agriculture 
 

Its online website provides detailed 
guides on the cultivation on most 
crops produced in South Africa. 
These guides provide detailed 
information for updating plant 
production characteristics contained 
in the SWAT database 

http://www.nda.agric.za/ 
 

SAPWAT 3 
 

While designed as a programme for 
estimating water requirements of 
crops, the built-in databases contain 
information useful for updating the 

http://www.wrc.org.za 
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land cover/plant growth database in 
SWAT 

Visual SCS-SA 

This programme and associated 
manual provides detailed information 
on SCS Curve numbers derived for 
different hydrologic soil groups per 
land cover category.  

School Of Bioresources 
Engineering And 
Environmental Hydrology 
University Of Kwazulu-Natal 
Pietermaritzburg Campus 
Private Bag X01, Scottsville, 
3201 
South Africa 
Tel: +27-33-2605490 
Fax: +2733-2605818 
E-mail: BEEH@ukzn.ac.za 

 
8.3.2 Advantages and disadvantages 

• Open Source: The model is freely available for use with commercial (i.e. ArcGIS) and open-
source (i.e. QGIS) GIS software. 

• Excellent Support Documentation: There is extensive, freely available literature on operating 
the model interface (i.e. manuals), theory behind calibrating model outputs as well as the theory 
behind the development of the model (Table 6-5). 

• Support software: There are a number of freely available software specifically designed for 
preparing data (pcpSTAT), calibrating (SWATCUP) and visualising (SWATPlot and VIZSWAT) 
SWAT output data (Table 6-5). 

• Community Support: There are a number of user forums on the internet providing access to 
common queries and solutions commonly experienced by international SWAT users. The 
forums allow users to interact with users across the world (Table 5).  

• User Friendly Interface: Once input data had been prepared in the correct formats, use of the 
interface to integrate data components and run simulations is relatively simple 

• It is easy to add and edit relevant information on South African soil types and land cover 
categories to the SWAT databases 

• Good Water Quality Simulation Capabilities: The model is capable of performing simulations 
for common water quality parameters including nutrients (nitrogen and phosphorus), sediment, 
bacteria, dissolved oxygen and pesticides. 

 
Table 6-5: Sources of support to help in running and calibrating the SWAT model and interpreting and 

visualising SWAT output. 
Description Cost Description Source 

SWAT User 
Manuals 

Free 

A step by step user guide, 
providing detailed information 
on how to set up and run the 
model 

http://swatmodel.tamu.edu 

Theoretical 
Documentatio
n 

Free 
Extensive document detailing 
the equations etc. used to 
model 

http://swatmodel.tamu.edu 

User Groups Free 

Google groups where users 
share problems and solutions 
with using the SWAT 
programme 

groups.google.com/group/arcswat 
groups.google.com/group/swatuser 
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pcpSTAT Free 

Software designed to calculate 
rainfall statistics used by the 
weather generator of the 
SWAT model 

Software: 
www.findthatzip.com/.../winrar-winzip-
download-pcpstat.zip.htm 
Manual: 
http://www.brc.tamus.edu/swat/manual_p
cpSTAT.pdf 

SWAT CUP Free 
Software designed to assist in 
the calibration of the SWAT 
model 

http://swatmodel.tamu.edu 

SWAT Plot Free 

Extracts output data from 
SWAT runs. Observed data (if 
available) can also be included 
for comparative purposes. 

www.waterbase.org/download_swatplot.h
tml 

SWATGraph Free 
Visualises the output from 
SWATPlot, displaying the data 
as histograms or line graphs. 

www.waterbase.org/download_swatplot.h
tml 

VizSWAT Free 
Software designed to visualise 
SWAT outputs either as maps 
of graphs. 

http://swatmodel.tamu.edu 

 
8.3.3 Disadvantages 

• Data Preparation: A significant amount of data preparation (i.e. weather data, point source 
location is required prior to input into the model. Preparation of data input is tedious. 

• SWAT Databases: The built-in SWAT databases used to provide information on soil, crop, land 
use etc. characteristics contain information relevant to the USA only. While it is easy to add 
data for South African conditions, a significant effort would be required to set up a relevant 
database of South African conditions (i.e. a database that contains information on all soil types, 
crops and land uses across the country) to make the model readily and easily usable across 
the country. 

• Model Calibration: For this study, manual calibration techniques were used to improve model 
simulations. This process was the most time-consuming component of the project and manual 
calibration is not recommended. Familiarisation with auto-calibration software (i.e. SWATCUP) 
is highly recommended for calibration of the model. Additionally, identification of input 
parameters most influential on output parameters using a sensitivity analysis is highly 
recommended. 

• Auto-calibration Tool: The SWAT model has an auto-calibration tool built in to the software to 
help in performing sensitivity and uncertainty analysis to help with calibration of the model. 
Literature and manuals on the use of this application are few and lack sufficient detail and 
consequently the application could not be run successfully. Preliminary investigation of the 
SWATCUP software proved this software to be significantly easier to use and yielded very 
promising and useful outputs. 

http://www.findthatzip.com/.../winrar-winzip-download-pcpstat.zip.htm
http://www.findthatzip.com/.../winrar-winzip-download-pcpstat.zip.htm
http://swatmodel.tamu.edu/
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 APPLICATION OF SWAT MODEL IN THE 
TWEE RIVER CATCHMENT, WESTERN CAPE 

By: 
James Dabrowski1 & Zanné Brink (MSc. Student)2 

(1Freshwater Research Centre & 2Nelson Mandela University) 
 

9.1 INTRODUCTION 
The Twee River is located in quaternary catchment E21H in the Olifants-Doorn primary catchment 
(Figure 7-1). Studies conducted by Marriot (1998) in the Twee River catchment indicated that 570 ha 
of cultivated land exist along about 30 km of river in 1996, comprising 170 ha of mixed deciduous 
orchards (apples, pears and peaches), 75 ha of citrus, and 325 ha of vegetables (onions; tomatoes and 
pumpkins). A further 200 ha of orchards was being developed on the banks of the Suurvlei at the time 
(Marriott 1998, Impson et al. 2007). Since 1998, considerable new agricultural developments have been 
instituted along the Suurvlei, Middeldeur and Twee River sections, which was documented in 2007 
through Davies’s study which showed a 300% increase in orchards next to the Suurvlei tributary 
between 1949 and 2003, while the increase in production capacity of one farm increased by 500% 
between 1999 and 2003 (Davies 2007). These studies highlight not only the increase in farming 
practices, but also the increase in fertilisers and pesticide usage, previously never used near the rivers. 
Some pesticides used in the study area are identified as being highly toxic to aquatic biota (Davies 
2007). This is of particular concern considering the presence of the critically endangered Twee River 
Redfin (Barbus erubescens) which has a distribution that is limited to the Twee River catchment only. 
 
The catchment falls within a relatively arid area, with mean annual rainfall of approximately 440 mm 
(Figure 7-2). It is a winter rainfall area, with the majority of rain falling from April to August. The drier, 
summer months coincide with the peak pesticide-spraying period, which generally runs from August up 
until March. This catchment was selected as being representative of horticultural fruit crops, which 
require a different suite of applied pesticides and different methods of pesticide application in 
comparison to cereal crops. Several runoff and spray drift events were monitored with a view to 
establishing baseline pesticide concentrations for comparison to modelling outputs derived from the 
SWAT model and the pesticide risk indicator (described in Volume 2 of this report). 
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Figure 7-1: Map illustrating the land use of the Twee River catchment (DEA, 2015) 
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Figure 7-2: Climate statistics for quaternary catchment E21H (Van Heerden et al., 2009). 
 

9.2 METHODS 
9.2.1 SWAT parameterisation 
Data sources used in the setup of the model are listed in Table 7-1. The DEM was used for automatic 
delineation of the main catchment into 13 sub-catchments (Figure 7-3). The DEM was also used to 
identify four different slope class categories (0 - 2.5%, 2.5 - 5%, 5 - 10% and >10%, respectively).  
 

Table 7-1: Data sources for SWAT model inputs 
Data Source Description 
DEM https://earthexplorer.usgs.gov/ SRTM 1 Arc Second Global DEM 

Soil Raster Abbaspour and Vaghefi (2019) 
Global FAO/UNESCO Soil Map of the World 
reformatted with SWAT format 

Land Use 
Raster 

DEA (2015) 2014 South African National Land Cover 

Crop Census https://gis.elsenburg.com/apps/cfm/ Cape Farm Mapper  
Weather Data https://swat.tamu.edu/data/ CFSR World Weather Database 

Flow Data http://www.dwa.gov.za/Hydrology/ 
Monthly flow data for quaternary catchment 
E21H 
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Figure 7-3: Map illustrating the topography and delineated sub-catchments of the Twee River 
catchment area. 

 
Land use classes as specified by DEA (2015) were assigned SWAT specific land use codes (Table 
7-2). Based on the crop census for the catchment ORCD land use was sub-divided into apples and 
pears, peaches and oranges, comprising 57%, 36% and 7% of the total ORCD land use, respectively. 
The land use, soil and slope maps were superimposed to identify 135 HRUs, which are the smallest 
spatial units of the model, and comprise of combinations of land use, soil, and slope categories within 
a sub-catchment.  
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Table 7-2: Classification of South African land cover categories for input into the SWAT model for the 
Twee River catchment 

LAND USE DEA Land Cover SWAT CODE 
4 Low Shrubland SHRB 
5 Plantations PINE 
6 Commercial Dryland AGRL 
7 Commercial Irrigated AGRR 
8 Orchards ORCD 
9 Vineyards GRAP 
12 Wetlands WETL 
15 Fynbos: Thicket FRST 
16 Fynbos: Low Shrub MIGS 
17 Fynbos: Bare Ground RNGB 
18 Fynbos: Grassland GRAS 
19 Fynbos: Bare Ground BSVG 
32 Mines UIDU 
33 Waterbodies WATR 

 
Spraying programmes from several farms were reviewed to provide an on overview of general 
application programmes in the catchment. The area is dominated by fruit orchards comprising mainly 
of oranges, peaches, apples and pears. Spraying for all fruit types typically starts at the beginning of 
spring (i.e. late August to September) and ends towards the beginning of winter (i.e. late April to May). 
General crop production practices were simulated based on crop production guidelines for each crop 
type. Pesticide application rates were simulated based on information received from farmers in the 
catchment (Table 7-3). This information was used to model pesticide application. The model assumes 
that the entire area of a specific crop is applied with pesticide on the application date specified in Table 
7-3. 
 

Table 7-3: An overview of spraying programmes for different fruit crops produced in the Twee River 
catchment 

Apples & Pears 

Date Active Ingredient Class 
Application Rate (kg.ha-

1) 
13-Sep Chlorpyrifos Insecticide 0.96 
3-Oct Mancozeb Fungicide 0.3 
9-Oct Mancozeb Fungicide 0.3 
16-Oct Mancozeb Fungicide 0.3 

23-Oct 
Mancozeb Fungicide 0.3 
Fenarimol Insecticide 0.048 

1-Nov 
Cypermethrin Insecticide 0.08 
Mancozeb Fungicide 0.3 
Trifloxystrobin Fungicide 0.1 

6-Nov 
Mancozeb Fungicide 0.3 
Cypermethrin Insecticide 0.08 
Trifloxystrobin Fungicide 0.1 

12-Nov Cypermethrin Insecticide 0.08 
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Apples & Pears 
Mancozeb Fungicide 0.0375 
Abamectin Insecticide 0.0018 
Bupirimate Insecticide 0.0375 

6-Dec 
Lambda-cyhalothrin Insecticide 0.02 
Mancozeb Fungicide 0.3 

12-Dec Mancozeb Fungicide 0.3 
16-Jan Mancozeb Fungicide 0.3 
10-Mar Mancozeb Fungicide 0.3 
Peaches 

Date Active Ingredient Class 
Application Rate (kg.ha-

1) 
20-Aug Chlorpyrifos Insecticide 0.96 
26-Aug Thiram Fungicide 2.25 
4-Sep Thiram Fungicide 2.25 
11-Sep Prochloraz Fungicide 0.27 
16-Sep Prochloraz Fungicide 0.27 
26-Sep Prochloraz Fungicide 0.27 

4-Oct 
Propiconazole Fungicide 0.1 
Thiacloprid Insecticide 0.096 
Deltamethrin Insecticide 0.02 

11-Oct 
Thiacloprid Insecticide 0.096 
Mancozeb Fungicide 0.3 

23-Oct 
Propiconazole Fungicide 0.1 
Cypermethrin Insecticide 0.04 

8-Nov Cypermethrin Insecticide 0.04 
28-Nov Indoxacarb Insecticide 0.6 
10-Jan Cypermethrin Insecticide 0.04 
Citrus 

Date Active Ingredient Class 
Application Rate (kg.ha-

1) 
27-Mar Cypermethrin Insecticide 0.04 
12-Apr Cypermethrin Insecticide 0.04 
22-Apr Chlorpyrifos Insecticide 0.96 

 
Physico-chemical characteristics play an important role in the mobility of pesticides and the likelihood 
of being transported via runoff into adjacent watercourses (Table 7-4). Abamectin and the pyrethroids 
cypermethrin and deltamethrin are unlikely to be very mobile in surface runoff due their very high Koc 
values and their strong affinity to bind to organic carbon. The majority of pesticides are moderately 
mobile (i.e. Koc between 2000 and 7000), whilst bupirimate, fenarimol, thiacloprid and thiram can be 
considered to be highly mobile. Toxicity endpoints are also included in Table 7-4 to provide an indication 
of the relative toxicity of all pesticides typically applied in the catchment. The toxicity of each pesticide 
varies, with the insecticides abamectin, chlorpyrifos, cypermethrin and deltamethrin being the most toxic 
towards fish and invertebrates. Fenarimol, indoxacarb, mancozeb, propiconazole, prothiofos and thiram 
are less toxic, while bupirimate, fenarimol, and thiacloprid are characterised by very low toxicity towards 
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invertebrates and fish. Trifloxystrobin has low toxicity towards fish but is more toxic towards 
invertebrates. 
 

Table 7-4: Physico-chemical properties and toxicity of pesticides applied in the Twee River 
catchment. 

Active 
Fish - Acute 
LC502 (mg.ℓ-1) 

Daphnia - 
Acute EC503 
(mg.ℓ-1) 

Algae - 
Acute EC50 
(mg.ℓ-1) 

Soil DT50 
typical 
(days) 

Koc  
(mg.ℓ-1) 

Solubility 
water @ 20 
ºC (mg.ℓ-1) 

Abamectin 0.0036 0.0003 100 30 14 000 0.001 
Bupirimate 1.4 7.3 50 79 767 22 
Chlorpyrifos 0.007 0.0017 0.48 50 6 925 1.4 
Cypermethrin 0.00069 0.00015 0.1 60 76 344 0.004 
Deltamethrin 0.00026 0.00056 9.1 13 460 000 0.0002 
Fenarimol 4.1 5.1 5.1 250 748 13.7 
Indoxacarb 0.65 0.6 0.11 17 6 450 0.2 
Mancozeb 0.46 0.073 1.1 1 2 000 6.2 

Propiconazole 1.3 0.011 0.23 214 1 086 150 

Prochloraz 1.5 4.3 0.0055 120 2225 34.4 

Prothiofos 0.5 0.014 2.3 45  0.07 

Thiacloprid 30.2 85.1 60.6 15.5 615 184 

Thiram 0.04 0.21 1 15.2 670 30 

Trifloxystrobin 220 0.011 0.0053 7 2 377 0.61 
 
9.2.2 Weather data 
Reliable daily long-term weather data from stations in close enough proximity to the catchment area 
was not available. Daily precipitation, maximum and minimum air temperature, solar radiation, wind 
speed and relative humidity were therefore generated using long-term climate data obtained from the 
CFSR World Weather Database (see Table 7-1 for data source).  
 
The Global Weather Data for SWAT website readily provides, for any coordinates (or ‘weather station’ 
on the globe, a Climate Forecast System Reanalysis (CFSR) data set for download. This data set is the 
result of the close cooperation between two United States organizations, the National Centers for 
Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR), which 
have completed a global climate data reanalysis over 36 years from 1979 through 2014. The CFSR 
data is based on a spectral model, which includes the parameterisation of all major physical processes, 
as, described in and Saha et al. (2010). 
 
The CFSR weather is produced using cutting-edge data-assimilation techniques (both conventional 
meteorological gauge observations and satellite irradiances) as well as highly advanced (and coupled) 
atmospheric, oceanic, and surface-modelling components at ~38 km resolution (Saha et al., 2010). This 
indicates that the production of CFSR data involves various spatial and temporal interpolations. Several 
publications have shown that weather data obtained from this source have resulted in reliable SWAT 
simulations in areas where real time measured data was not available (Dile and Srinivasan, 2014; Fuka 
et al., 2014). 

 
2 LC50: The concentration of a material in air which, on the basis of laboratory tests, is expected to kill 
50% of a group of test animals when administered as a single exposure (usually 1 or 4 hours) 
3 EC50: The concentration effective in producing 50% of the maximal response. 
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The CFSR weather data has been used to derive statistical parameters required as input into the SWAT 
weather generator. For rainfall, these statistics include: 

• Average monthly precipitation (PCP_MM), 
• Standard deviation for precipitation (PCPSTD), 
• Skew coefficient (PCPSKW), 
• Probability of a wet day following a dry day (PR_ W1), 
• Probability of a wet day following a wet day (PR_ W2), 
• Average number of days of precipitation in month (PCPD). 

 
The weather generator uses these statistics to simulate daily weather conditions for the sub-basins 
included in the simulation. In instances where data for more than one ‘weather station’ is available, the 
data from closest ‘weather station’ to the sub-basin is used to generate daily weather data.   
 
Daily weather data is therefore estimated (based on long-term climate data for the area) and will 
therefore not simulate actual weather conditions for any given day over the simulation period. This has 
implications for calibrating and validating the model as, for example, measured flow conditions are 
directly correlated to actual weather conditions (e.g. rainfall). SWAT simulations are therefore not 
expected to simulate exact conditions for any given time period but are expected to fall within the range 
of hydrological conditions typically experienced in a catchment. 
 
9.2.3 SWAT calibration 
No routine flow gauge or water quality monitoring stations are located in catchment E21H. Quaternary 
catchment E21G, located immediately to the south of E21H does however have a flow gauging station 
(E2H007). Model calibration was therefore performed using this catchment. The SWAT model was set 
up for the E21H catchment, based on the methodology described above. Flow predictions generated 
by SWAT for the period 2004 to 2019 were compared to measured flow data over the same period and 
manual adjustments were made to sensitive parameters that are known to affect hydrological outputs.  
 
Due to monthly and annual differences between the timing and quantity of rainfall simulated by the 
weather generator in the SWAT model and real-time rainfall, it was not possible to simulate flows that 
correlated well with measured flows. Calibration therefore aimed at ensuring that the magnitude and 
seasonality of peak flow events were within the range of measured data. Model performance was 
therefore evaluated by comparing simulated and measured monthly flow data over the 10-year period 
and calculating the percent bias (PBIAS) statistic. PBIAS is the average tendency of the simulated data 
to be larger or smaller than their observed counterparts (Moriasi et al., 2007). For flow, PBIAS statistics 
indicating variation (a) between 15-25% (b) between 10-15%and (c) less than 10% are considered 
satisfactory, good and very good, respectively.  
 
9.2.4 Pesticide monitoring 
Based on the spraying programmes, pesticides that were commonly applied across all fruit types and 
that were likely to pose the highest risk towards aquatic biota were selected for analysis in runoff 
samples. These included chlorpyrifos, prothiofos, cypermethrin and deltamethrin. 
 
9.2.4.1 Runoff sampling 
Runoff samples were collected at sites indicated in Figure 7-4. These sites were selected to provide a 
broad catchment scale assessment of pesticide concentrations following heavy rainfall events and 
included sites in the Buffelshoek (BH), Suurvlei (SV), Middeldeur (MD) and Twee (TR) rivers. In 
addition, a control site was included in the Hex River (HR). Three different runoff events were sampled 
during April, August and September 2017. The April runoff event coincided with the end of the heavy 



169 

spraying season and the first rains of the wet season. August and September runoff events coincided 
with spring and the beginning of the spraying season. 
 
Samples were collected by attaching acetone washed wine bottles to metal stakes that had been 
hammered into the riverbed. The bottles were positioned with the top of the bottle approximately 5 cm 
above the low flow water level. The bottles would fill as the river level rose, capturing samples 
representative of runoff conditions in the process. The bottles were collected immediately after the 
rainfall event, kept on ice and transported to the laboratory for analysis within five days.  

 
Figure 7-4: Location of runoff sampling points in the Twee River catchment 

 
9.2.4.2 Spray drift sampling 
Three separate sampling campaigns were undertaken in the Buffelshoek River, a tributary of the 
Suurvlei River. The orchards that were sprayed and the associated sampling points are indicated in 
Figure 7-5. Three sampling points were selected at Site A (apple orchard) during an intensive sampling 
campaign, while one sampling point each was selected at the other sampling sites (B – apple orchard 
- and C – pear orchard). For each sampling event, water samples were collected in acetone washed 
glass bottles and sealed with tin-foil wrapped screw on lids. Samples were kept on ice in the dark until 
extraction, which was performed within 24 hours of having collected the samples. Application rates of 
each target pesticide applied at each orchard are provided in Table 7-5. 
 

Table 7-5: Pesticide application rates for three different spray drift events that were sampled in the 
Twee River catchment 

Site Pesticide Trade Name Active Ingredient ℓ.ha-1 
A Nustar Flusilazole 0.032  
B Decis Forte Deltamethrin 0.25 
C Decis Forte Deltamethrin 0.12 
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Figure 7-5: Location of sampling points for three different spraying events that were monitored in the 

Buffelshoek River in the Twee River catchment. 
 
9.2.4.3 Site A 
Three sampling locations were selected along a longitudinal gradient (Figure 7-5). Sampling point A1 
was located approximately halfway between the most upstream and downstream section of the tributary 
adjacent to the orchard. Point A2 was located at the most downstream end of the tributary adjacent to 
the orchard, while A3 was located in the Suurvlei River, approximately 100 m downstream of its 
confluence with the Buffelshoek River. All sampling locations were situated approximately 5 to 10 m 
from the edge of the orchard. 
 
Samples were taken every 5 minutes over a period of 45 minutes. The start of sampling at each site 
was staggered by 5-minute intervals to account for the time taken for the first peak to reach the more 
downstream sampling sites. The purpose of the sampling design was to determine peak and time-
weighted average concentrations of pesticides over the duration of the spraying event. Flusilazole was 
applied by means of an orchard air blast at an application rate of 0.032 kg.ha-1. 
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Figure 7-6: Photographs illustrating pesticide application occurring adjacent to the Buffelshoek 
tributary at Site A. 

 
9.2.4.4 Site B 
Samples were collected at the most downstream end of an apple orchard adjacent to the Buffelshoek 
River. This section of the river was relatively clear of vegetation and was approximately 20 m from the 
edge of the orchard. Samples were collected every 5 minutes after spraying had commenced for a total 
period of 40 minutes. Deltamethrin was applied to the orchard using an orchard air blast (for control of 
a variety of pests including American bollworm, codling moth, aphids, leaf rollers and oriental fruit moth) 
at an application rate of 0.25 ℓ.ha-1. 

 
Figure 7-7: Photographs illustrating pesticide application and associated spray drift occurring adjacent 

to the Buffelshoek tributary at Site B. 
 
9.2.4.5 Site C 
Samples were collected at the most downstream end of a pear orchard adjacent to the Buffelshoek 
River. Samples were collected every five mins after spraying had commenced for 60 minutes. The river 
was within a distance of 10 m from the orchard. This stretch of river was densely covered by marginal 
and riparian vegetation, which could potentially act as an efficient screen for preventing direct deposition 
on the water surface. The insecticide deltamethrin was applied to the orchard using an orchard air blast 
(for control of a variety of pests including American bollworm, codling moth, aphids, leaf rollers and 
oriental fruit moth) at an application rate of 0.12 kg.ha-1. 

 
Figure 7-8: Photographs illustrating pesticide application occurring adjacent to the Buffelshoek 

tributary at Site C. 
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9.2.5 Sample analysis 
9.2.5.1 Sample extraction 
Water samples ranging in volume from 500 to 900 mL were first filtered (to remove suspended solids) 
and then solid-phase extracted (SPE) onto 6 mL Chromabond C18 columns (using a vacuum manifold) 
which had been previously prepared with 6 mL methanol and then 6 mL water (Figure 7-9). The columns 
were air-dried for 30 min and kept at –18°C until analysis.  
 

 
Figure 7-9: Photograph illustrating the extraction of water samples onto pre-treated C18 columns. 

 
9.2.5.2 Analysis 
Extracted samples were sent to Liquidtech analytical laboratory for analysis. Bound sample was slowly 
eluted off the dried C18 cartridges using 2 mL methanol followed by 2 mL ethyl acetate. The eluant was 
vacuum dried (Thermo Scientific Savant Speedvac) until almost dry and reconstituted in 1 mL purified 
water. 
 
Samples were analysed using an Agilent 1200 SL HPLC with an ABSCIEX 3200 QTRAP hybrid triple 
quadrupole ion trap mass spectrometer. All data acquisition and processing was performed using 
Analyst 1.5 (AB SCIEX) software. 20 µL of each extracted sample was separated on a C18 column at 
a flow rate of 300 µL.min-1 using a 2 minute gradient from 5% solvent A (H2O/0.1% formic acid) to 95% 
solvent B (MeOH/0.1% formic acid) with a total run time of 9 minutes to allow for column re-equilibration. 
Eluting analytes were electrospray ionised in the TurboV ion source using 500 ºC heater temperature 
to evaporate excess solvent, 50 psi nebuliser gas, 50 psi heater gas and 25 psi curtain gas. Ion spray 
voltage was set to 5500 V. The targeted analyses of active ingredients were performed using two MRM 
transitions per analyte. The peak area on the chromatogram generated from the first and most sensitive 
transition was used as the quantifier while the second transition is used as a qualifier. The qualifier 
serves as an additional level of confirmation for the presence of the analyte. The retention time for these 
two transitions needs to be the same. 
 
9.2.5.3 Quality control 
Samples were submitted into batches that include solvent blank runs between each sample analysed, 
interspersed with quality control samples of known concentration to verify instrument performance. A 
four-point calibration curve was generated for each analyte ranging in concentration from 1 mg.ℓ-1 to 
0.001 mg.ℓ-1with a linear fit through the origin producing a correlation coefficient (r value) in excess of 
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0.98. The limit of detection (LOD) is reported where the signal to noise ratio of the chromatographic 
peak is above three and the lower limit of quantitation (LLOQ) is reported where the signal to noise ratio 
is above 10. This LLOQ corresponds to about 1 µg on column for each analyte. 
 

9.3 RESULTS AND DISCUSSION 
9.3.1 Pesticide monitoring 
9.3.1.1 Runoff sampling 
Of the three runoff events monitored, the latter two events in August and September showed higher 
levels of contamination in terms of the number of sites at which pesticides were detected, the number 
of different pesticides that were detected and in terms of the magnitude of pesticide concentrations 
(Table 7-6). In contrast, fewer pesticides were detected during the April event at fewer sites and at lower 
concentrations. This is most likely because the April event took place approximately two months after 
the end of the intensive spraying programme. The August and September events coincided with the 
beginning of the spraying season when intensive pesticide application starts. 
 
Chlorpyrifos was clearly the most frequently detected pesticide across all sampling events. While 
cypermethrin and deltamethrin are applied more regularly, their low rates of application and their very 
low environmental mobility are important factors in limiting their transport via runoff. These pesticides 
are more likely to be associated with sediments. Chlorpyrifos is significantly more mobile in the 
environment and is generally applied at the beginning of the spraying season.  
 
The monitoring also showed that sites located in the Suurvlei system (including the Buffelshoek River), 
generally showed higher concentrations and a higher number of pesticides detected than sites in the 
Middeldeur and Twee River. Only chlorpyrifos (and one detection of prothiofos) was detected in the 
latter two river systems, while chlorpyrifos, cypermethrin, deltamethrin and prothiofos were detected in 
the Suurvlei River. 
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Table 7-6: Concentrations of pesticides (µg.ℓ-1) detected in samples collected from sites in the Twee 
River catchment following three rainfall events in 2017. 

Site River Farm April 2017 August 2017 September 
2017 

E21H-BH-Buf Buffelshoek Eikebos ND 

Chlorpyrifos: 0.02 
Cypermethrin: 
0.06 
Deltamethrin: 0.01 
Prothiofos:  0.01 

Chlorpyrifos: 
0.04 

E21H-SV-Eik Suurvlei Eikebos ND ND 

Chlorpyrifos 
0.02 
Prothiofos: 
0.0 

E21H-SV-Yst Suurvlei Ysterplaat 
Chlorpyrifos: 0.01 
Cypermethrin: 
0.01 

Chlorpyrifos: 0.07 Chlorpyrifos: 
0.08 

E21H-MD-Kun Middeldeur Kunje Chlorpyrifos: 0.01 Chlorpyrifos: 0.03 

Chlorpyrifos: 
0.02 
Prothiofos: 
0.01 

E21H-TR-Dri Twee River Pompieshoek Chlorpyrifos: 0.01 Chlorpyrifos: 0.02 
Chlorpyrifos: 
0.03 

E21H-MD-DeS Middeldeur De Straadt ND ND 
Chlorpyrifos: 
0.02 

E21H-HB-Hek Heksberg De Straadt ND Chlorpyrifos: 0.01 
Chlorpyrifos: 
0.01 

 
9.3.1.2 Spray drift sampling 
Table 7-7 provides a summary of pesticide concentrations detected in all samples collected from the 
three different sampling events. At site A, flusilazole was detected consistently at all sites at all time 
intervals throughout the period of application. Concentrations were very low, ranging from 0.001 to 
0.009 µg.ℓ-1. Concentrations of deltamethrin detected at site B were also very low, ranging from 0.0005 
to 0.002 µg.ℓ-1. Although deltamethrin was applied to the orchard at site C, it was not detected in any of 
the samples collected during the sampling period. In contrast, flusilazole was detected at very low 
concentrations in two of the samples. The lack of deltamethrin detections is most likely due to the dense 
coverage of riparian vegetation, which is likely to intercept drift and reduce drift deposition in the 
receiving stream. 
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Table 7-7: Pesticide concentrations detected in water samples collected during three different spray 
drift events in the Buffelshoek River in the Twee River catchment. 

Sampling Site Sample Number 
Pesticide Concentration (µg.ℓ-1) 

Flusilazole  Cypermethrin  Deltamethrin  

Site A 

A1_0 nd nd nd 
A1_5 0.002 nd nd 
A1_10 0.0008 nd nd 
A1_15 0.003 nd nd 
A1_20 0.001 nd nd 
A1_25 0.008 nd nd 
A1_30 0.006 nd nd 
A1_35 0.005 nd nd 
A1_40 0.002 nd nd 
A2_5 0.001 nd nd 
A2_10 0.004 nd nd 
A2_15 0.009 nd nd 
A2_20 0.005 nd nd 
A2_25 0.008 nd nd 
A2_30 0.008 nd nd 
A2_35 0.009 nd nd 
A2_40 0.006 nd nd 
A3_5 0.006 nd nd 
A3_10 0.001 nd nd 
A3_15 0.001 0.004 nd 
A3_20 0.002 0.003 nd 
A3_25 0.001 nd nd 
A3_30 0.004 nd nd 
A3_35 0.003 nd nd 
A3_40 0.003 nd nd 
A3_45 0.003 nd nd 

Site B 

B_0 nd nd nd 
B_5 nd nd 0.001 
B_10 nd nd nd 

B_15 nd nd 0.0005 
B_20 nd nd 0.001 
B_25 0.0004 nd 0.002 
B_30 nd nd 0.001 
B_35 nd nd 0.002 
B_40 nd nd 0.001 

Site C 

C_0 0.002 nd nd 
C_5 nd nd nd 
C_10 nd nd nd 
C_15 nd nd nd 
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Sampling Site Sample Number 
Pesticide Concentration (µg.ℓ-1) 

Flusilazole  Cypermethrin  Deltamethrin  

C_20 0.0007 nd nd 
C_25 nd nd nd 
C_30 nd nd nd 
C_35 nd nd nd 
C_40 nd nd nd 
C_45 nd nd nd 
C_50 nd nd nd 
C_55 nd nd nd 
C_60 nd nd nd 

 
9.3.2 SWAT results 
9.3.2.1 SWAT flow calibration 
Simulated flow data was compared to observed flow data for quaternary catchment E21G. For flow 
calibration, sensitive parameters influencing peak and base flow were obtained from the literature 
(Neitsch et al., 2002; White and Chaubey, 2005) and used to calibrate flow simulations for the flow 
gauging station in quaternary catchment G50G. Parameters that were adjusted are indicated in Table 
7-8.  
 

Table 7-8: Default and adjusted values for parameters used to calibrate flow. 
Parameter Description Default Value Adjusted Value 

GWQMIN 
Threshold depth of water in the shallow aquifer for 
return flow to occur (mm) 

1000 5000 

REVAPMN 
Threshold depth of water in the shallow aquifer for 
percolation to the deep aquifer to occur 

500 1000 

GW_REVAP Groundwater "revap" coefficient 0.02 0.2 
Alpha_BF  Baseflow alpha factor (days) 0.048 0.5 

SOL_SWC 
Available water capacity of the soil layer (mm 
H2O/mm soil) 

0.106 0.8 

ESCO ESCO Soil evaporation compensation factor 0.95 0.5 
CN2 (Agric) Runoff curve number for agricultural land 83 70 

CN2 (Fynbos) 
Runoff curve number for natural fynbos 
vegetation 

74 62 

 
Observed and simulated flow duration curves also corresponded well over the simulation period (Figure 
7-10). The PBIAS statistic of 6.4% indicates that the average tendency of the simulated data to be larger 
than observed data is less than 10%, which is regarded as a very good simulation output. 
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Figure 7-10: Flow duration curves comparing measured to simulated flow data for E2H007. 

 
9.3.2.2 Predicted pesticide concentrations 
The SWAT model was used to estimate daily soluble pesticide concentrations for several pesticides 
over a period of 10 years (2010 to 2020). From this output, the mean annual daily pesticide 
concentration was calculated and maps were produced indicating the spatial differences in pesticide 
concentrations per sub-catchment. These maps clearly identify the central sub-catchments of the 
Suurvlei (for all pesticides; sub-catchment 11) and Middeldeur (for fewer pesticides; sub-catchment 10) 
as having the highest concentrations. Pesticide concentrations generally decreased towards the outlet 
of the catchment in the main stem of the Twee River due to increased flows and dilution of pesticide 
loads (sub-catchment 13) (Figure 7-11). Concentrations are also estimated to be high in the Buffelshoek 
River (sub-catchment 2), a tributary of the Suurvlei River. These maps are supported by the monitoring 
results, which also showed that the Suurvlei and Buffelshoek rivers were more contaminated than the 
Middeldeur and Twee rivers (Table 7-6). The magnitude of pesticide concentrations is realistic of field 
concentrations.  
 
SWAT output data was also used to calculate the mean daily concentration of each pesticide for each 
day of the year. Results for all pesticides are displayed for the sub-catchments (10, 11 and 13) in Figure 
7-12, Figure 7-13 and Figure 7-14. These graphs show detailed temporal differences in pesticide 
concentrations over the period of a year. Pesticide concentrations show distinctive peaks at the 
beginning and end of the year associated with peak spraying time during the summer months. Winter 
months lead to low to negligible pesticide concentrations when spraying stops. As indicated in Figure 
7-11, concentrations of all pesticides are generally lower in the Twee River than in comparison to the 
Middeldeur and Suurvlei Rivers. 
 
Mancozeb is predicted to occur most frequently at relatively high concentrations, which is primarily a 
function of its extensive use in the catchment (Table 7-3). Other pesticides that occur in relatively high 
concentrations are chlorpyrifos, thiacloprid and propiconazole, which are predicted to be present from 
the beginning to approximately the middle of the main spraying season (i.e. August to 
November/December). While these pesticides are not applied frequently, they are amongst the most 
mobile of pesticides included in the analysis, with relatively low Koc values and extended half-lives. In 
comparison, cypermethrin, which is applied relatively frequently, is predicted to occur at very low 
concentrations (with peaks towards the end of the year), which is primarily because of its very high Koc 
value, leading to a strong tendency to bind to sediment and organic material. Bupirimate and 
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trifloxystrobin are expected to occur at negligible concentrations. The analysis provides a detailed 
prediction of exposure (both in terms of the magnitude of concentration and frequency of exposure) and 
therefore provides valuable input in terms of estimating risks in the aquatic environment. 
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Figure 7-11: Maps indicating mean daily concentrations of pesticides applied in the Twee River catchment, per sub-catchment. 
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Figure 7-12: Predicted average daily pesticide concentrations for sub-catchment 10 (Middeldeur 

River) over the period of simulation (2010 to 2020) (Day is 1 January and Day 365 is 31 December). 
 

 
Figure 7-13: Predicted average daily pesticide concentrations for sub-catchment 11 (Suurvlei River) 

over the period of simulation (2010 to 2020) (Day is 1 January and Day 365 is 31 December). 
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Figure 7-14: Predicted average daily pesticide concentrations for sub-catchment 13 (Twee River) over 

the period of simulation (2010 to 2020) (Day is 1 January and Day 365 is 31 December). 
 
9.3.3 Risk indicator outputs 
The risk indicator was applied to the Suurvlei River catchment as this was identified as a hotspot area 
by the SWAT model. No citrus is cultivated in this catchment and only peaches, apples and pears were 
considered. As very similar active ingredients are applied on apples and pears, these orchards were 
considered collectively for input of crop dimensions into the indicator. Dimensions for input into the risk 
indicator were obtained through GIS analysis of mapped orchards relative to the main watercourse of 
the catchment (Table 7-9 and Figure 7-15). 
 

Table 7-9: Input parameters for crop types included in the risk indicator analysis. 
Input4 Apples & Pears Peaches 
TAC (ha) 119 49 
TAS (ha) 67 16 
TSL (m) 3508 901 
TP (m) 14703 4381 
Stream Depth (m) 1 
Average Slope (%) 5 
Soil Organic Carbon Content (%) 0.5 
D (m) 30 20 
B (m) 0 0 
Rainfall (mm) 30 
Soil Type Sandy 

 
4 See Volume 2 for description of abbreviations. 
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Figure 7-15: Map indicating orchards included in the risk indicator analysis for the Suurvlei catchment. 
 
For runoff from apples and pears, mancozeb and chlorpyrifos were identified as pesticides that are 
likely to occur in relatively higher concentrations (Figure 7-16). For peaches, thiram is expected to occur 
in high concentrations in runoff (Figure 7-17). In terms of risk associated with runoff, thiram poses the 
second highest risk to fish after chlorpyrifos originating from apples and pears. In general risks are 
highest for chlorpyrifos, cypermethrin and deltamethrin, even though the latter two pyrethroid pesticides 
are predicted to be present in comparatively very low concentrations. According to the indicator, high-
risk pesticides are predominantly associated with spray drift. Chlorpyrifos is also predicted to result in 
relatively high-risk in runoff from apples, pears and peaches. 
 

 

Pesticide Runoff Spray Drift

chlorpyrifos 1.967 9.208

mancozeb 15.278 2.877

fenarimol 0.715 0.460

cypermethrin 0.015 0.767

trifloxystrobin 0.731 0.959

abamectin 0.002 0.017

bupirimate 0.558 0.360

lambda-cyhalothrin 0.002 0.192

deltamethrin 0.010 0.384

PECs (µg/L)
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Figure 7-16: Pesticide risk indicator output for apples and pears cultivated in the Suurvlei River 

catchment. 
 

 

Pesticide Algae Invertebrates Fish
chlorpyrifos 0.0192 5.4163 1.3154

mancozeb 0.0026 0.0394 0.0063

fenarimol 0.0001 0.0001 0.0001

cypermethrin 0.0077 5.1154 1.1120

trifloxystrobin 0.1810 0.0872 0.0000

abamectin 0.0000 0.0575 0.0048

bupirimate 0.0000 0.0000 0.0003

lambda-cyhalothrin 0.0000 0.5329 0.9135

deltamethrin 0.0000 0.6851 1.4756

Spray Drift Risk

Pesticide Algae Invertebrates Fish
chlorpyrifos 0.0041 1.1571 0.2810

mancozeb 0.0139 0.2093 0.0332

fenarimol 0.0001 0.0001 0.0002

cypermethrin 0.0002 0.1010 0.0220

trifloxystrobin 0.1380 0.0665 0.0000

abamectin 0.0000 0.0063 0.0005

bupirimate 0.0000 0.0001 0.0004

lambda-cyhalothrin 0.0000 0.0054 0.0092

deltamethrin 0.0000 0.0174 0.0375

Runoff Risk

Pesticide Runoff Spray Drift

chlorpyrifos 0.360 1.895

thiram 7.592 4.442

prochloraz 0.290 0.533

propiconazole 0.201 0.197

thiacloprid 0.345 0.190

deltamethrin 0.000 0.039

cypermethrin 0.001 0.079

indoxacarb 0.261 1.185

PECs (µg/L)
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Figure 7-17: Pesticide risk indicator output for peaches cultivated in the Suurvlei River catchment. 

 
9.3.4 Comparison of measured and predicted concentrations 
Of the pesticides modelled by SWAT, only chlorpyrifos, cypermethrin and deltamethrin were included 
in the analysis of runoff water samples as theses were identified as posing the highest risk towards 
aquatic invertebrates and fish. Of these pesticides, chlorpyrifos was the only pesticide that was routinely 
detected in runoff samples. Cypermethrin and deltamethrin were only detected in two samples. These 
results generally support those of the SWAT and risk indicator predictions which showed that 
chlorpyrifos is likely to be detected relatively frequently at comparatively higher concentrations than 
most other pesticides applied in the catchment. Mancozeb, thiram and thiacloprid are all also expected 
to occur in relatively high concentrations and the inclusion of these pesticides would have helped 
validate the outputs of the two modelling approaches. Unfortunately, sampling commenced prior to 
receiving detailed spray information for the catchment area and prior to the development of the risk 
indicator approaches. The choice of pesticides that were included in the analysis was therefore driven 
by limited knowledge of what was being applied in the catchment. In the absence of this information, 
sampling focussed on the most toxic pesticides, which, based on the analysis presented here, do pose 
the highest risk towards fish and invertebrates. This indicates that toxicity is a strong indicator of risk. 
 
Nevertheless, the outputs of both modelling approaches, together with the monitoring data, are all 
valuable in terms of managing pesticide risks in the catchment and can be summarised as follows: 

• Chlorpyrifos, mancozeb and thiram are the pesticides that are most likely to occur in relatively 
high concentrations in the Twee River catchment; 

• From a risk perspective, the risk indicator indicates that chlorpyrifos poses the greatest risk to 
aquatic invertebrates and fish and that risk associated with mancozeb and thiram is lower. The 
fact that fish are of conservation concern in the catchment, the high concentrations of thiram in 

Pesticide Algae Invertebrates Fish
chlorpyrifos 0.0039 1.1149 0.2708

thiram 0.0044 0.0212 0.1111

prochloraz 0.0969 0.0001 0.0004

propiconazole 0.0009 0.0179 0.0002

thiacloprid 0.0000 0.0000 0.0000

deltamethrin 0.0000 0.0705 0.1519

cypermethrin 0.0000 0.5265 0.1145

indoxacarb 0.0000 0.0020 0.0018

Spray Drift Risk

Pesticide Algae Invertebrates Fish
chlorpyrifos 0.0007 0.2115 0.0514

thiram 0.0076 0.0362 0.1898

prochloraz 0.0527 0.0001 0.0002

propiconazole 0.0009 0.0183 0.0002

thiacloprid 0.0000 0.0000 0.0000

deltamethrin 0.0000 0.0002 0.0005

cypermethrin 0.0000 0.0092 0.0020

indoxacarb 0.0000 0.0004 0.0004

Runoff Risk
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runoff together with its relatively high-risk to fish (compared to other pesticides) would warrant 
this pesticide being included in future monitoring in the catchment;  

• Other pesticides that are not expected to occur in very high concentrations but that are 
nevertheless likely to pose a risk to invertebrates and fish due to their very high toxicity are 
cypermethrin and deltamethrin; 

• The risk associated with chlorpyrifos, cypermethrin and deltamethrin is generally higher for 
spray drift than for runoff, while for all other medium risk pesticides (e.g. thiram and mancozeb), 
runoff is the most important source of pesticides in the catchment (particularly for thiram).  

• The Suurvlei catchment was identified as an important source area of pesticides in the 
catchment. 

 
These findings are instructive in terms of management and mitigation of pesticide risks and assuming 
that management of pesticides in the catchment was required, could be used to prioritise the following:  

• Given the conservation concern of fish in the catchment, monitoring should focus on 
chlorpyrifos, cypermethrin, deltamethrin and thiram; 

• Generally, spray drift poses the greatest risk to aquatic invertebrates and fish and mitigation 
and management measures should focus on the implementation and maintenance of wide, well 
vegetated buffer zones. 

• Outputs from the SWAT model could be reliably used to identify hotspot areas responsible for 
high levels of contamination.  
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 APPLICATION OF THE SWAT MODEL IN THE 
KARS RIVER CATCHMENT, WESTERN CAPE 

By: 
James Dabrowski and Keir Lynch 

(Freshwater Research Centre) 
 

10.1 INTRODUCTION 
The Kars River quaternary catchment (G50D) in the Overberg, Western Cape has been selected as a 
catchment representative of cereal crops, which require a different suite of applied pesticides 
(dominated by herbicide application) and different methods of application in comparison to horticultural 
fruit crops. Approximately 90% of the catchment area is under agriculture (Figure 8-1) and the major 
crops produced include wheat, barley, oats and canola (Figure 8-2). It is a winter rainfall area, with peak 
rainfall occurring from May through to August (Figure 8-3). According to spray programmes obtained 
for crops produced in the catchment, the main pesticides applied are herbicides and fungicides with 
some limited insecticide application (Table 8-1). In general, similar pesticide active ingredients are 
applied across wheat and barley and comprise predominantly of herbicides and fungicides. In contrast, 
a greater variety of insecticides is applied to canola. 
 
The main river in the catchment is the Kars River, which drains several smaller tributaries that 
confluence from the north and south (Figure 8-4). Tributaries draining in from the south originate from 
the Heuninberg mountain range, where natural fynbos vegetation comprises a large proportion of the 
surface area of the sub-catchments (Figure 8-1). Sub-catchments to the north of the Kars River are 
situated at a lower elevation (Figure 8-4) and are dominated almost exclusively by agricultural fields. 
Approximately 66% of the catchment area is under irrigated and dryland agriculture and 26% is under 
natural fynbos vegetation, which is confined mainly to higher lying mountainous areas and along the 
steep sided valleys of the watercourses. 
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Figure 8-1: Land cover for quaternary catchment G50D. 

 

 
Figure 8-2: Photographs illustrating large areas of cereal crops typical of the Kars River catchment. 
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Figure 8-3: Climate statistics for quaternary catchment G50D (Van Heerden et al., 2009). 

 

 
Figure 8-4: Map indicating the extent of agricultural land use activities in the Kars River catchment. 
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Table 8-1: Pesticide active ingredients typically applied to important field crops cultivated in the Kars 
River catchment 

Wheat 
Product Active Ingredient Use Concentration 
Gramoxone Paraquat Dichloride Herbicide 200 g.ℓ-1 
Trifluralin Trifluralin Herbicide 480 g.ℓ-1 
Logran Triasulfuron Herbicide 35 ℓ.ha-1 
MCPA 400 SL MCPA (phenoxy acetic acid) Herbicide 400 g.ℓ-1 
PALLASTM 45 OD Pyroxsulam (Triazolopyrimidine) Herbicide 45 g.ℓ-1 
PROSPER TRIO EC460 Spiroxamine (spiroketalamine) Fungicide 250 g.ℓ-1 
PROSPER TRIO EC460 Tebuconazole (triazole) Fungicide 167 g.ℓ-1 
PROSPER TRIO EC460 Triadimenol (triazole) Fungicide 43 g.ℓ-1 
Duett Ultra Thiophanate (benzimidazole) Fungicide 310 g.ℓ-1 
Duett Ultra Epoxiconazole (triazole) Fungicide 187 g.ℓ-1 
Tamprid Acetamiprid Insecticide 200 g/kg 
Metamix  Metalaxyl  Insecticide 45 g.ℓ-1 
Obstructo Azoxystrobin Fungicide 250 g.ℓ-1 
Sakura Pyroxasulfone (Pyrazole) Herbicide 850 g/kg 
Barley 
Product Active Ingredient Use Concentration 
Gramoxone Paraquat Dichloride Herbicide 200 g.ℓ-1 
Prosaro 250 EC Prothioconazole (triazole)  Fungicide 125 g.ℓ-1 
Prosaro 250 EC Tebuconazole (triazole) Fungicide 125 g.ℓ-1 
Obstructo Azoxystrobin Fungicide 250 g.ℓ-1 
Metribuzin 480 SC Metribuzin Herbicide 480 g.ℓ-1 
Tamprid Acetamiprid Insecticide 200 g.kg-1 
Ceriax Xemium Fungicide 61.6 g.ℓ-1 
Ceriax F500 Fungicide 66.6 g.ℓ-1 
Ceriax Epoxiconazole Fungicide 41.6 g.ℓ-1 
Aviator Xpro Bixafen (pyrazole carboxamide) Fungicide 75 g.ℓ-1 
Aviator Xpro Prothioconazole (triazole)  Fungicide 150 g.ℓ-1 
Boxer Prosulfocarb (thiocarbamate) Herbicide 800 g.ℓ-1 
Canola 
Product Active Ingredient Use Concentration 
Cysure Imazamox  Herbicide 40 g.ℓ-1 
Ampligo Chlorantraniliprole Insecticide 100 g.ℓ-1 
Ampligo Lambda-cyhalothrin  Insecticide 50 g.ℓ-1 
Gramoxone Paraquat Dichloride Herbicide 200 g.ℓ-1 
Atrazine Atrazine Herbicide 485 g.ℓ-1 
TRIFLURALIN 480 EC Trifluralin (dinitroaniline) Herbicide 480 g.ℓ-1 
Treflan Trifluralin (dinitroaniline) Herbicide 480 g.ℓ-1 
Vega Clethodim Herbicide 240 g.ℓ-1 
Cyperfos Chlorpyrifos (Organophosphate) Insecticide 450 g.ℓ-1 
Cyperfos Cypermethrin (Pyrethroid) Insecticide 50 g.ℓ-1 
ALPHA-THRIN 100 SC Alpha-cypermethrin (pyrethroid Insecticide 100 g.ℓ-1 
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10.2 METHODS 
10.2.1 SWAT parameterisation 
Data sources used in the setup of the model are listed in Table 8-2. The DEM was used for automatic 
delineation of the main catchment into 43 sub-catchments (Figure 8-5). The DEM was also used to 
identify three different slope class categories (0-5%, 5-10% and >10%, respectively).  
 

Table 8-2: Data sources for SWAT model inputs 
Data Source Description 
DEM https://earthexplorer.usgs.gov/ SRTM 1 Arc Second Global DEM 

Soil Raster Abbaspour and Vaghefi (2019) 
Global FAO/UNESCO Soil Map of the World 
reformatted with SWAT format 

Land Use 
Raster 

DEA (2015) 2014 South African National Land Cover 

Crop Census https://gis.elsenburg.com/apps/cfm/ Cape Farm Mapper  
Weather Data https://swat.tamu.edu/data/ CFSR World Weather Database 

Flow Data http://www.dwa.gov.za/Hydrology/ 
Monthly flow data for quaternary catchment 
G50G 

 

 
Figure 8-5: Digital elevation model and associated sub-catchments for quaternary catchment G50D 

 
Land use classes were assigned SWAT specific land use codes (Table 8-3). Based on the crop census 
for the catchment AGRL land use was sub-divided into canola, barley, wheat and pasture, comprising 
11, 23, 29 and 32% of the AGRL land use, respectively. The land use, soil and slope maps were 
superimposed to identify 614 HRUs, which are the smallest spatial units of the model, and comprise of 
combinations of land use, soil, and slope categories within a sub-catchment. 
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General crop production practices were simulated based on crop production guidelines for each crop 
type (DAFF, 2010; DAFF, 2016; ARC, 2019). Planting was simulated to take place just prior to the main 
rainfall period (1 May), with fertiliser applications based on recommended application rates according 
to recommended crop production guidelines. Conservation tillage was simulated for all crop types as 
the majority of farms practice conservation agriculture (GrainSA, 2019). Pesticide applications were 
simulated based on information received from farmers in the catchment (Table 8-4). The type of 
pesticide applied was obtained from pesticide registers for several farms and crop types that fall within 
the larger catchment area. Application rates were derived from recommendations provided in guidance 
documents for control of weeds (van Zyl 2015a), insect pests (van Zyl 2013) and plant diseases (van 
Zyl 2015b).  
 

Table 8-3: Classification of South African land cover categories for input into the SWAT model 
LAND USE DEA Land Cover SWAT CODE 
5 Plantations PINE 
6 Commercial Dryland AGRL 
7 Commercial Irrigated AGRL 
8 Orchards ORCD 
9 Vineyards GRAP 
11 Settlements URMD 
12 Wetlands WETN 
15 Fynbos: Thicket FRST 
17 Fynbos: Low Shrub SHRB 
19 Fynbos: Bare Ground BARR 
33 Waterbodies WATR 

 
Table 8-4: Simulated pesticide application rates for SWAT simulations for quaternary catchment 

G50D. 

Active Ingredient 
Crop 

Application Rate 
(kg.ha-1) 

Soil 
Depth 

Date of 
Application 

Trifluralin 
(Applied as a pre-emergent 
herbicide) 

Barley 0.72 50 
22-April  Canola 0.72 50 

Wheat 0.72 50 
Pasture No Application 

Paraquat 
(Applied as a post-emergent 
herbicide) 

Barley 0.6 0 
1 month after 
harvest 

Canola 0.6 0 
Wheat 0.6 0 
Pasture 0.6 0 

Atrazine 

Barley No Application 
Canola 0.8   
Wheat No Application 
Pasture No Application 

Cypermethrin 

Barley 0 0 No Application 
Canola 0.05 0 1 June 
Wheat No Application 
Pasture No Application 

Chlorpyrifos Barley No Application 
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Active Ingredient 
Crop 

Application Rate 
(kg.ha-1) 

Soil 
Depth 

Date of 
Application 

Canola 0.48 0 1 June 
Wheat No Application 
Pasture No Application 

Metolachlor 

Barley No Application 
Canola 0.01 0 1 & 11 June 
Wheat No Application 
Pasture No Application 

Methomyl 

Barley 0.18 0 1 July 
Canola No Application 
Wheat 0.18 0 1 July 
Pasture 0.18 0 1 June 

 
10.2.2 Weather data 
Reliable daily long-term weather data from stations in close enough proximity to the catchment area 
was not available. Daily precipitation, maximum and minimum air temperature, solar radiation, wind 
speed and relative humidity were therefore generated using from long-term climate data obtained from 
the CFSR World Weather Database (see Table 8-2 for data source).  
 
The Global Weather Data for SWAT website readily provides, for any coordinates (or ‘weather station’ 
on the globe, a Climate Forecast System Reanalysis (CFSR) data set for download. This data set is the 
result of the close cooperation between two United States organizations, the National Centers for 
Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR), which 
have completed a global climate data reanalysis over 36 years from 1979 through 2014. The CFSR 
data is based on a spectral model, which includes the parameterisation of all major physical processes 
as, described in Saha et al. (2010). 
 
The CFSR weather is produced using cutting-edge data-assimilation techniques (both conventional 
meteorological gauge observations and satellite irradiances) as well as highly advanced (and coupled) 
atmospheric, oceanic, and surface-modelling components at ~38 km resolution (Saha et al., 2010). This 
indicates that the production of CFSR data involves various spatial and temporal interpolations. Several 
publications have shown that weather data obtained from this source have resulted in reliable SWAT 
simulations in areas where real time measured data was not available (Dile and Srinivasan, 2014; Fuka 
et al., 2014). 
 
The CFSR weather data has been used to derive statistical parameters required as input into the SWAT 
weather generator. For rainfall, these statistics include: 

• Average monthly precipitation (PCP_MM), 
• Standard deviation for precipitation (PCPSTD), 
• Skew coefficient (PCPSKW), 
• Probability of a wet day following a dry day (PR_ W1), 
• Probability of a wet day following a wet day (PR_ W2), 
• Average number of days of precipitation in month (PCPD). 

 
The weather generator uses these statistics to simulate daily weather conditions for the sub-basins 
included in the simulation. In instances where data for more than one ‘weather station’ is available, the 
data from closest ‘weather station’ to the sub-basin is used to generate daily weather data.   
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Daily weather data is therefore estimated (based on long-term climate data for the area) and will 
therefore not simulate actual weather conditions for any given day over the simulation period. This has 
implications for calibrating and validating the model as, for example, measured flow conditions are 
directly correlated to actual weather conditions (e.g. rainfall). SWAT simulations are therefore not 
expected to simulate exact conditions for any given time but are expected to fall within the range of 
hydrological conditions typically experienced in a catchment. 
 
10.2.3 SWAT calibration 
No routine flow gauge or water quality monitoring stations are located in catchment G50D. Quaternary 
catchment G50G, located immediately north of G50D does however have a flow gauging station 
(G5H08). Model calibration was therefore performed using this catchment. The SWAT model was set 
up for the G50G catchment, based on the methodology described above. Flow predictions generated 
by SWAT for the period 2008 to 2018 were compared to measured flow data over the same period and 
manual adjustments were made to sensitive parameters that are known to affect hydrological outputs. 
 
Due to monthly and annual differences between the timing and quantity of rainfall simulated by the 
weather generator in the SWAT model and real-time rainfall, it was not possible to simulate flows that 
correlated well with measured flows. Calibration therefore aimed at ensuring that the magnitude and 
seasonality of peak flow events were within the range of measured data. Model performance was 
therefore evaluated by comparing simulated and measured monthly flow data over the 10-year period 
and calculating the percent bias (PBIAS) statistic. PBIAS is the average tendency of the simulated data 
to be larger or smaller than their observed counterparts (Moriasi et al., 2007). For flow, PBIAS statistics 
indicating variation (a) between 15-25%, (b) between 10-15% and (c) less than 10% are considered 
satisfactory, good and very good, respectively.  
 
10.2.3.1 Validation 
The validation procedure was executed by running the calibrated SWAT model in catchment G50D. 
 
10.2.4 Pesticide monitoring 
Pesticide monitoring was undertaken with the purpose of establishing a baseline of pesticide 
concentrations against which to evaluate model performance in selected sub-catchments of the larger 
G50D quaternary catchment.  
 
10.2.4.1 Screening 
A preliminary analysis of runoff samples was collected on 7 September 2018 from fields representative 
of wheat, canola and barley. Samples were screened for the presence of up to 300 different active 
ingredients, confirming the presence of an active ingredient but not the concentration (i.e. analysis was 
qualitative). The purpose of this exercise was to aid in the prioritisation of a limited number of high-risk 
pesticides for future monitoring and quantitative analyses in the catchment. 
 
10.2.4.2 Quantitative analysis 
Runoff sampling during 2019 was planned to be undertaken with the intention of capturing peak 
pesticide concentrations. While a series of rainfall events did occur, none of these resulted in significant 
runoff. Two routine grab sampling campaigns were therefore undertaken on 27 July 2019 and 22  
August 2019. While sampling coincided with the peak pesticide application period, samples are unlikely 
to reflect worst-case peak concentrations that would be expected following a runoff event and are more 
representative of background concentrations. Sample sites were located in the Hansjes, Leeu, Klein-
Kars and Kars rivers in sub-catchments 1, 6, 9, 11, 26, 29 and 33 (Figure 8-6). These sampling sites 
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coincide with the known distribution of the critically endangered Heuningnes Redfin, one of four 
genetically distinct lineages within Pseudobarbus burchelli. Sampling sites were therefore selected for 
the dual purpose of providing monitoring data to compare against SWAT outputs and to provide 
background data on the potential risk of agrochemicals to a species of high conservation importance. 
 
Additional sampling was conducted in 2020. Slightly different sites were selected to include additional 
perennial river reaches in the catchment. A wider range of sites were planned to be sampled, however 
the majority of these were highly intermittent streams, which limited sampling opportunities. These 
sampling events followed a small rainfall event on 21 May 2020 followed by two significant rainfall 
events (> 60 mm) on 23 June and 18 August 2020. These latter rainfall events resulted in widespread 
flooding throughout the catchment and therefore represented peak runoff conditions. 
 
Based on the results of the screening analysis as well as the spraying programmes and the risk 
indicator, nine different pesticides were selected for quantitative analysis. These included five 
herbicides, two fungicides and two insecticides (Table 8-5). Dimethoate and methomyl were identified 
by the generic risk indicator as high use and high-risk pesticides for barley and wheat and were therefore 
included for quantitative analysis. Apart from chlorpyrifos, all pesticides that were monitored are highly 
mobile, with low Koc values (generally less than 1000) and relatively long half-lives. The insecticides 
chlorpyrifos and methomyl are highly toxic towards invertebrates and fish. Carbendazim can be 
considered mildly toxic while the other pesticides (predominantly herbicides) are less toxic. Methods for 
extraction and analysis of water samples are described in Section 7.2.5 of this report. 
 

Table 8-5: Pesticides selected for qualitative analysis for the Kars River catchment 

Active 
Ingredient 

Class Koc 
Half-Life 
(days) 

Algae – 
Acute EC 50 
(mg.ℓ-1) 

Daphnia – 
Acute EC50 
(mg.ℓ-1) 

Fish – Acute 
LC50 (mg.ℓ-1) 

Atrazine Herbicide 100 75 0.059 85 4.5 
Carbendazim Fungicide 400 22 419 0.35 0.83 
Chlorpyrifos Insecticide 6925 50 0.48 0.0017 0.007 
Chlorsulfuron Herbicide 40 160 0.19 370 250 
Dimethoate Herbicide 30.1 2.6 90.4 2 30.2 
Epoxiconazole Fungicide 1802 354 2.3 8.69 2.2 
Methomyl Insecticide 25.2 7 60 0.0076 0.63 
Metolachlor Herbicide 200 20 57.1 23.5 3.9 
Terbuthylazine Herbicide 220 45 0.016 21.2 3.8 
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Figure 8-6: Map showing 2019 sampling points in relation to the distribution of the Heuningnes Redfin 

and the broader G50D quaternary catchment.  

 
Figure 8-7: Map showing 2020 sampling points in relation to the distribution of the Heuningnes Redfin 

and the broader G50D quaternary catchment.  
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10.3 RESULTS AND DISCUSSION 
10.3.1 Pesticide monitoring 
10.3.1.1 Screening 
The screening analysis identified several active ingredients, the majority of which were fungicides 
(Table 8-6). Fewer herbicides were detected and some of the detections were metabolites of parent 
compounds. This pattern could be explained by the fact that the timing of sampling coincided with the 
end of the growing season just before harvest. Herbicides are likely to be more applied prior to and just 
after planting (i.e. beginning of winter in April and May), while fungicides will be applied during the 
course of the growing season. The timing of sampling was therefore long after the planting season and 
many herbicides may have already degraded over this time or may have been lost in previous rainfall 
events. The majority of pesticides were found to be associated with the canola and barley fields.  
 
Table 8-6: Pesticide active ingredients detected in runoff samples collected from four representative 

land use types that occur throughout the Kars River catchment 
Active Ingredient Class Natural Wheat Canola Barley 

4-deethylatrazine 
Herbicide (metabolite of 
atrazine) 

  x  

Acetamiprid Insecticide    x 
Atrazine Herbicide  x x  

Clethodim Imine-sulfoxide 
Herbicide (metabolite of 
clethodim) 

  x  

Epoxiconazole Fungicide    x 
Imidacloprid Insecticide   x  

Picoxystrobin Fungicide    x 
Propiconazole Fungicide  x   

Pyraclostrobin Fungicide   x  

Sebuthylazine-desethyl Herbicide (metabolite)    x 
Tebuconazole Fungicide   x x 
Terbuthylazine Herbicide   x x 

 
10.3.1.2 Sampling for quantitative analysis 
Sampling for quantitative analysis took place during the winter of 2019 and 2020. 2019 was a relatively 
dry year and sampling events followed low intensity rainfall events of less than 20 mm. Concentrations 
of pesticides detected in samples were consequently generally very low for all pesticides across all 
sites. Sampling in June and August of 2020 followed significant rainfall events, in excess of 60 mm, 
leading to wide-scale flooding throughout most of the catchment area. Comparatively higher 
concentrations of pesticides were measured during this period. The full list of results is provided in the 
Appendix to this chapter; while summarised tables showing the maximum concentration measured at 
each site for each year, (2019 and 2020) is provided in Table 8-7and Table 8-8. The purpose of these 
tables is to highlight sites that recorded the highest concentrations of pesticides as well as to highlight 
which pesticides were measured in higher concentrations relative to others. 
 
During 2019, of all the pesticides, atrazine and dimethoate were detected in the highest concentrations 
at HANS04 and LWEN02 (Table 8-7). In general, concentrations of all pesticides were consistently 
higher at LWEN01 and LWEN02 than for other sites included in the monitoring programme and the 
comparatively high atrazine and dimethoate concentrations at HANS04 were most likely because of 
pesticide loads originating from the Leeu River. The highest dimethoate concentration was measured 
at LWEN01 but was not found in high concentrations at other sites. Atrazine, methomyl and metolachlor 
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were measured at consistently higher concentrations across all sites in comparison to other pesticides 
during 2020 (Table 8-8). Highest concentrations of pesticides were measured in the Leeu, Hansjes and 
Klein-Sout rivers.  
 

Table 8-7: Summary of maximum concentrations (µg.ℓ-1) of each pesticide measured at each 
monitoring site during 2019 (coloured bars provide a visual guide of the relative magnitude of 

concentrations). 

 
 

Table 8-8: Summary of maximum concentrations (µg.ℓ-1) of each pesticide measured at each 
monitoring site during 2020 (coloured bars provide a visual guide of the relative magnitude of 

concentrations). 

 
 
10.3.2 SWAT results 
10.3.2.1 Flow calibration 
Simulated flow data was compared to observed flow data for quaternary catchment G50G. For flow 
calibration, sensitive parameters influencing peak and base flow were obtained from the literature 
(Neitsch et al., 2002; White and Chaubey, 2005) and used to calibrate flow simulations for the flow 
gauging station in quaternary catchment G50G. Parameters that were adjusted are indicated in Table 
8-9.  
 

Table 8-9: Default and adjusted values for parameters used to calibrate flow. 
Parameter Description Default Value Adjusted Value 

GWQMIN 
Threshold depth of water in the shallow aquifer for 
return flow to occur (mm) 

1000 250 

REVAPMN 
Threshold depth of water in the shallow aquifer for 
percolation to the deep aquifer to occur 

750 1000 

Alpha_BF  Baseflow alpha factor (days) 0.048 0.5 
 
The range of simulated flow values corresponded well with observed flow with the frequency and 
magnitude of peak flow events being similar over the simulation period (Figure 8-8). Observed and 
simulated flow duration curves also corresponded well over the simulation period (Figure 8-9). The 
PBIAS statistic of 4.9% indicates that the average tendency of the simulated data to be larger than 

Pesticide HANS01 HANS02 HANS03 HANS04 KARS01 KARS02 KLNK01 KLNK02 LWEN01 LWEN02
Atrazine 0.0007 0.0084 0.0087 0.0102 0.0002 0.0006 0.0003 0.0005 0.0084 0.2720
Carbendazim 0.0002 0.0011 0.0009 0.0011 0.0001 0.0004 0.0002 0.0002 0.0015 0.0289
Chlorpyriphos 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0565 0.0050
Chlorsulfuron 0.0002 0.0006 0.0007 0.0018 0.0004 0.0010 0.0002 0.0040 0.0043 0.0002
Dimethoate 0.0005 0.0093 0.0014 0.1380 0.0005 0.0020 0.0005 0.0049 1.2800 0.0041
Epoxiconazole 0.0004 0.0016 0.0021 0.0037 0.0019 0.0015 0.0012 0.0013 0.0122 0.0800
Methomyl 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0016
Metolachlor 0.0004 0.0033 0.0034 0.0125 0.0002 0.0121 0.0006 0.0065 0.0141 0.0093
Terbuthylazine 0.0002 0.0006 0.0006 0.0006 0.0004 0.0003 0.0003 0.0001 0.0007 0.0028

Pesticide HANS02 HANS04 HANS05 KARS03 KARS04 KLNK02 KSOU01 LWEN01
Atrazine 0.2500 0.7580 0.3060 0.0004 0.0007 0.0014 3.7600 1.0900
Carbendazim 0.0004 0.0004 0.0011 0.0001 0.0004 0.0002 0.0007 0.0010
Chlorpyriphos 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050 0.0050
Chlorsulfuron 0.0396 0.0142 0.0251 0.0003 0.0007 0.0003 0.0057 0.0084
Dimethoate 0.0029 0.0881 0.0001 0.0001 0.0003 0.0024 0.0028 0.0068
Epoxiconazole 0.0113 0.0034 0.0068 0.0003 0.0067 0.0008 0.0032 0.0325
Methomyl 0.0234 0.0154 0.0146 0.0101 0.0055 0.0231 0.0116 0.0188
Metolachlor 0.2350 0.3410 0.4550 0.0042 0.0051 0.0794 0.4040 0.2720
Terbuthylazine 0.0022 0.0009 0.0001 0.0005 0.0001 0.0006 0.0014 0.0015
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observed data is less than 10%, which is regarded as a very good simulation output. The timing of 
measured and simulated flow peaks was not expected to synchronise for reasons discussed under 
Section 8.1.3.  
 

 
Figure 8-8: Measured and simulated time-series for flow gauging station G5H08 (PBIAS = 4.9%). 

 

 
Figure 8-9: Flow duration curves comparing measured to simulated flow data for G5H08. 

 
10.3.2.2 Predicted pesticide concentrations 
The SWAT model predicts loading (i.e. kg) of pesticides for a given time-step (i.e. daily, monthly or 
annually). Given that concentrations are the most relevant toxicological endpoint, predicted mean 
monthly loads for several pesticides applied in the catchment were converted to mean monthly 
concentrations per sub-catchment. The concentrations are presented in Figure 8-10 and clearly identify 
several catchments where predicted pesticide concentrations are relatively higher than other sub-
catchments. Furthermore, the model output also suggests that concentrations within the main river 
reach (i.e. the main stem of the Kars River) are generally lower than the smaller tributaries that feed the 
main river. This is particularly true of the lower reaches of the Kars River, where concentrations for all 
pesticides are generally lower than the upper reaches and several of the northern tributaries that drain 
into the Kars River. This indicates that the smaller tributaries are more sensitive to higher pesticide 
concentrations than the main river reaches.  
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Average daily time series of pesticides are plotted for the Hansjes River catchment in Figure 8-11. Peak 
concentrations are evident shortly after application during the beginning of the rainy season and taper 
off towards the end of the year. Concentrations are clearly highest for atrazine, methomyl and 
dimethoate. Chlorpyrifos and epoxiconazole are expected to occur in comparatively lower 
concentrations, but in higher concentrations compared to acetamiprid, trifluralin and cypermethrin.  
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Figure 8-10: Maps illustrating the simulated relative differences in the concentrations of pesticides 

commonly applied to crops produced in sub-catchments of quaternary catchment G50D. 
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Figure 8-11: Simulated average daily concentrations of different pesticides applied in the Hansjes River 
catchment over the period of simulation (2010 to 2020) (Day is 1 January and Day 365 is 31 December). 
 
10.3.3 Risk indicator outputs 
The risk indicator was applied to the Hansjes River catchment as this was identified as a hotspot area 
by the SWAT model. The risk indicator was run for the Hansjes River catchment for pesticides applied 
to canola, barley and wheat. Inputs to the indicator were derived based on mapped crop types and 
measuring relevant crop areas and perimeters and river lengths as required by the risk indicator. 
Relevant crop dimensions for input into the risk indicator were obtained through GIS analysis of mapped 
orchards relative to the main watercourse of the catchment (Table 8-10 and Figure 8-12 – see Volume 
2 for further details). 
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Figure 8-12: Map indicating crops included in the risk indicator analysis 

 
Table 8-10: Input parameters for crop types included in the risk indicator analysis. 

Input5 Barley Canola Pasture Wheat 
TAC (ha) 119 75 532 978 
TAS (ha) 67 70 200 362 
TSL (m) 3508 5000 15210 28624 
TP (m) 14703 9801 28576 41801 
Stream Depth (m) 1 
Average Slope (%) 8 11 10 10 
Soil Organic Carbon Content (%) 0.5 
D (m) 15 30 21 19 
B (m) 0 0 0 0 
Rainfall (mm) 30 
Soil Type Sandy 

 
The outputs from the risk indicator can be summarised as follows: 

• For all crops, the pesticide concentrations and associated risk were generally higher for runoff 
in comparison to spray drift. 

• Of the pesticides that were monitored as part of the study, atrazine, dimethoate, methomyl and 
metolachlor were predicted to occur in the highest concentrations in runoff. 

• Other pesticides that were not monitored but that were also predicted to occur in high 
concentrations included trifluralin and acetamiprid. 

 
5 See Volume 2 for description of abbreviations. 
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• Pesticides that are predicted to pose the highest risk to aquatic invertebrates and fish include 
chlorpyrifos, cypermethrin and methomyl. Of these, methomyl was commonly detected in water 
samples collected from the catchment. Chlorpyrifos was not regularly detected in water 
samples, while cypermethrin was not analysed as part of the study.  

 

 

 
Figure 8-13: Pesticide Risk Indicator output for canola fields. 

 

Pesticide Runoff Spray Drift

trifluralin 43.636 6.235

paraquat 0.322 5.196

acetamiprid 350.491 0.866

atrazine 1472.610 6.928

chlorpyrifos 37.722 4.157

cypermethrin 0.363 0.433

PECs (µg/L)

Pesticide Algae Invertebrates Fish
trifluralin 0.5111 0.0255 0.0709

paraquat 22.5915 0.0012 0.0003

acetamiprid 0.0000 0.0000 0.0000

atrazine 0.1174 0.0001 0.0015

chlorpyrifos 0.0087 2.4452 0.5938

cypermethrin 0.0043 2.8867 0.6275

Spray Drift Risk

Pesticide Algae Invertebrates Fish
trifluralin 3.5768 0.1781 0.4959

paraquat 1.4019 0.0001 0.0000

acetamiprid 0.0036 0.0070 0.0035

atrazine 24.9595 0.0173 0.3272

chlorpyrifos 0.0786 22.1895 5.3889

cypermethrin 0.0036 2.4216 0.5264

Runoff Risk
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Figure 8-14: Pesticide risk indicator output for wheat 

 

Pesticide Runoff Spray Drift

paraquat 0.082 3.325

trifluralin 21.621 7.794

epoxiconazole 8.558 0.693

acetamiprid 55.573 0.346

methomyl 91.617 0.624

deltamethrin 0.004 0.069

cypermethrin 0.046 0.139

chlorpyrifos 5.981 1.663

dimethoate 296.098 0.346

carbendazim 7.801 0.173

PECs (µg/L)

Pesticide Algae Invertebrates Fish
paraquat 14.4586 No Data 0.0002

trifluralin 0.6389 0.0318 0.0886

epoxiconazole 0.0003 0.0001 0.0003

acetamiprid 0.0000 0.0000 0.0000

methomyl 0.0000 0.0820 0.0010

deltamethrin 0.0000 0.1237 0.2665

cypermethrin 0.0000 0.9237 0.2008

chlorpyrifos 0.0000 0.9781 0.2375

dimethoate 0.0000 0.0002 0.0000

carbendazim 0.0000 0.0005 0.0002

Spray Drift Risk

Pesticide Algae Invertebrates Fish
paraquat 0.3556 No Data 0.0000

trifluralin 1.7722 0.0883 0.2457

epoxiconazole 0.0037 0.0010 0.0039

acetamiprid 0.0006 0.0011 0.0006

methomyl 0.0015 12.0549 0.1454

deltamethrin 0.0000 0.0078 0.0167

cypermethrin 0.0000 0.3072 0.0668

chlorpyrifos 0.0000 3.5183 0.8544

dimethoate 0.0000 0.1480 0.0098

carbendazim 0.0000 0.0223 0.0094

Runoff Risk
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Figure 8-15: Pesticide Risk Indicator output for pasture. 

 
10.3.4 Comparison of measured and modelled data 
In terms of the location of spatial hotspots across the catchment, the SWAT model successfully 
identified the Hanses and Leeu River catchments as hotspot catchments. This was verified by the 
results of the monitoring, which showed that these catchments reported the highest average and 
maximum pesticide concentrations for all pesticides included in the monitoring programme over both 
2019 and 2020. Other catchments that were monitored including the upper Kars and Klein-Kars rivers, 
reported lower average and maximum concentrations for all pesticides and were not identified as 
hotspot catchments by the SWAT model. The Klein-Sout River was only monitored in 2020 and was 
identified as a hotspot catchment for many of the pesticides. Monitoring data supported the outputs of 
the SWAT model and the highest atrazine and metolachlor concentrations were reported for this 
catchment. The model identified atrazine, dimethoate and methomyl as the pesticides that would occur 
in the highest concentrations. 
 
The 2020 monitoring results in particular also supported the outputs from the site-specific risk indicator. 
Dimethoate, atrazine, metolachlor and methomyl were indicated as occurring at comparatively higher 
concentrations following runoff and these pesticides were all detected at relatively higher concentrations 
than other pesticides. Monitoring data from 2019 was less supportive. Atrazine and dimethoate were 
both detected at the highest concentrations but all other pesticides were detected at similar 
concentrations with no clear differences in the magnitude in concentrations. In general, the SWAT 
model significantly over-estimated the magnitude of pesticide concentrations, which were several 
orders of magnitude higher than concentrations that were measured in the field. The most likely 

Pesticide Runoff Spray Drift

paraquat 0.034 3.880

cypermethrin 0.038 0.323

metolachlor 28.156 1.164

dimethoate 54.528 0.647

methomyl 60.662 1.164

PECs (µg/L)

Pesticide Algae Invertebrates Fish
paraquat 16.8703 0.0009 0.0002

cypermethrin 0.0032 2.1557 0.4686

metolachlor 0.0000 0.0000 0.0003

dimethoate 0.0000 0.0003 0.0000

methomyl 0.0000 0.1532 0.0018

Spray Drift Risk

Pesticide Algae Invertebrates Fish
paraquat 0.1472 0.0000 0.0000

cypermethrin 0.0004 0.2542 0.0553

metolachlor 0.0005 0.0012 0.0072

dimethoate 0.0006 0.0273 0.0018

methomyl 0.0010 7.9818 0.0963

Runoff Risk
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explanation for this is the hydrology of the catchment may not have been accurately simulated. The 
calibration approach relied on calibrating the model in a neighbouring catchment and applying the 
calibrated parameters in the model for the Kars River catchment, which may have led to inaccuracies. 
Furthermore, the lack of detailed pesticide monitoring data for this catchment does not allow the model 
to be calibrated against measured pesticide data, which could result in certain modelling input 
parameters causing unrealistically high pesticide loading in surface runoff.   
    
The risk indicator was in general agreement with the outputs of the SWAT model identifying dimethoate, 
atrazine, methomyl and metolachlor as the most mobile pesticides. The risk indicator also shows that 
runoff is likely to be the most important source of pesticides in the catchment. These outputs are all-
valuable in terms of managing pesticide risks in the catchment and can be summarised as follows: 

• Atrazine, dimethoate and methomyl are the pesticides that are most likely to occur in relatively 
high concentrations. 

• From a risk perspective, the risk indicator indicates that methomyl poses the greatest risk to 
aquatic invertebrates and fish and that risk associated with atrazine and dimethoate are 
relatively low. 

• Other pesticides that are not expected to occur in very high concentrations but that are 
nevertheless likely to pose a risk to invertebrates and fish due to their very high toxicity are 
chlorpyrifos and cypermethrin. 

• The risk associated with cypermethrin (and to a lesser extent chlorpyrifos) is generally higher 
for spray drift than for runoff, while for all other pesticides, runoff is the most important source 
of pesticides in the catchment.  

• The Hansjes and Leeu River catchments were identified as important source areas of 
contamination in the catchment. 

 
These findings are instructive in terms of management and mitigation of pesticide risks and assuming 
that management of pesticides in the catchment was required, could be used to prioritise the following:  

• Monitoring should focus on methomyl, cypermethrin and chlorpyrifos as a priority; 
• Dimethoate could also be included as a precautionary measure given its very high mobility and 

its medium risk category; 
• Generally, runoff poses the greatest risk to aquatic invertebrates and fish and mitigation and 

management measures should focus on minimising losses associated with erosion and 
maintaining wide, well vegetated buffer zones; 

• Outputs from the SWAT model could be reliably used to identify hotspot areas responsible for 
high levels of contamination.  
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10.5 APPENDIX 
Table 8-11: Pesticide concentrations measured in the Kars River catchment on 27 July 2019. 

Active Ingredient Site Concentration (µg.ℓ-1) LOQ 

Atrazine  

HANS01 0.0007 0.0001 
HANS02 0.008 0.0001 
HANS03 0.008 0.0001 
HANS04 0.01 0.0001 
KARS01 0.0002 0.0001 
KARS02 0.0006 0.0001 
KLNK01 0.0003 0.0001 
KLNK02 0.0005 0.0001 
LWEN01 0.008 0.0001 
LWEN02 0.3 0.0001 

Carbendazim 

HANS01 0.0002 0.0001 
HANS02 0.0006 0.0001 
HANS03 0.0006 0.0001 
HANS04 0.001 0.0001 
KARS01 ND 0.0001 
KARS02 0.0003 0.0001 
KLNK01 0.0002 0.0001 
KLNK02 0.0001 0.0001 
LWEN01 0.0007 0.0001 
LWEN02 0.03 0.0001 

Chlorpyrifos  

HANS01 ND 0.01 
HANS02 ND 0.01 
HANS03 ND 0.01 
HANS04 ND 0.01 
KARS01 ND 0.01 
KARS02 ND 0.01 
KLNK01 ND 0.01 
KLNK02 ND 0.01 
LWEN01 0.06 0.01 
LWEN02 ND 0.01 

Chlorsulfuron  

HANS01 0.0002 0.0001 
HANS02 0.0006 0.0001 
HANS03 0.0007 0.0001 
HANS04 0.002 0.0001 
KARS01 0.0004 0.0001 
KARS02 0.001 0.0001 
KLNK01 0.0002 0.0001 
KLNK02 0.004 0.0001 
LWEN01 0.004 0.0001 
LWEN02 0.0002 0.0001 

Dimethoate 

HANS01 ND 0.001 
HANS02 0.009 0.001 
HANS03 0.001 0.001 
HANS04 0.14 0.001 
KARS01 0.0004 0.001 
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Active Ingredient Site Concentration (µg.ℓ-1) LOQ 
KARS02 0.002 0.001 
KLNK01 0.0002 0.001 
KLNK02 0.005 0.001 
LWEN01 1.28 0.001 
LWEN02 0.004 0.001 

Epoxiconazole 

HANS01 0.0004 0.0001 
HANS02 0.001 0.0001 
HANS03 0.002 0.0001 
HANS04 0.004 0.0001 
KARS01 0.002 0.0001 
KARS02 0.001 0.0001 
KLNK01 0.001 0.0001 
KLNK02 0.001 0.0001 
LWEN01 0.01 0.0001 
LWEN02 0.08 0.0001 

Methomyl 

HANS01 ND 0.001 
HANS02 ND 0.001 
HANS03 ND 0.001 
HANS04 ND 0.001 
KARS01 ND 0.001 
KARS02 ND 0.001 
KLNK01 ND 0.001 
KLNK02 ND 0.001 
LWEN01 ND 0.001 
LWEN02 0.002 0.001 

Metolachlor  

HANS01 0.0004 0.0001 
HANS02 0.003 0.0001 
HANS03 0.003 0.0001 
HANS04 0.013 0.0001 
KARS01 ND 0.0001 
KARS02 0.012 0.0001 
KLNK01 0.0006 0.0001 
KLNK02 0.006 0.0001 
LWEN01 0.014 0.0001 
LWEN02 0.009 0.0001 

Terbuthylazine 

HANS01 0.0002 0.0001 
HANS02 0.0006 0.0001 
HANS03 0.0006 0.0001 
HANS04 0.0006 0.0001 
KARS01 0.0004 0.0001 
KARS02 0.0002 0.0001 
KLNK01 0.0003 0.0001 
KLNK02 0.0001 0.0001 
LWEN01 0.0005 0.0001 
LWEN02 0.003 0.0001 
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Table 8-12: Pesticide concentrations measured in the Kars River catchment on 22 August 2019 
Active Ingredient Site Concentration (µg.ℓ-1) LOQ 

Atrazine 

HANS01 0.0003 0.0001 
HANS02 0.006 0.0001 
HANS03 0.006 0.0001 
HANS04 0.006 0.0001 
KARS01 nd 0.0001 
KARS02 0.0004 0.0001 
KLNK01 0.0001 0.0001 
KLNK02 0.0003 0.0001 
LWEN01 0.006 0.0001 
LWEN02 0.04 0.0001 

Carbendazim 

HANS01 0.0002 0.0001 
HANS02 0.001 0.0001 
HANS03 0.0009 0.0001 
HANS04 0.001 0.0001 
KARS01 nd 0.0001 
KARS02 0.0004 0.0001 
KLNK01 0.0001 0.0001 
KLNK02 0.0002 0.0001 
LWEN01 0.002 0.0001 
LWEN02 0.02 0.0001 

Chlorpyrifos 

HANS01 nd 0.01 
HANS02 nd 0.01 
HANS03 nd 0.01 
HANS04 nd 0.01 
KARS01 nd 0.01 
KARS02 nd 0.01 
KLNK01 nd 0.01 
KLNK02 nd 0.01 
LWEN01 0.03 0.01 
LWEN02 nd 0.01 

Chlorsulfuron 

HANS01 0.0001 0.0001 
HANS02 0.0003 0.0001 
HANS03 0.0005 0.0001 
HANS04 0.002 0.0001 
KARS01 nd 0.0001 
KARS02 0.0003 0.0001 
KLNK01 nd 0.0001 
KLNK02 0.0008 0.0001 
LWEN01 0.003 0.0001 
LWEN02 nd 0.0001 

Dimethoate 

HANS01 nd 0.001 
HANS02 0.005 0.001 
HANS03 0.001 0.001 
HANS04 0.04 0.001 
KARS01 nd 0.001 
KARS02 nd 0.001 
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Active Ingredient Site Concentration (µg.ℓ-1) LOQ 
KLNK01 nd 0.001 
KLNK02 nd 0.001 
LWEN01 0.5 0.001 
LWEN02 0.003 0.001 

Epoxiconazole 

HANS01 nd 0.0001 
HANS02 0.001 0.0001 
HANS03 0.002 0.0001 
HANS04 0.003 0.0001 
KARS01 0.0004 0.0001 
KARS02 0.0007 0.0001 
KLNK01 0.0002 0.0001 
KLNK02 0.0008 0.0001 
LWEN01 0.01 0.0001 
LWEN02 0.04 0.0001 

Methomyl 

HANS01 nd 0.001 
HANS02 nd 0.001 
HANS03 nd 0.001 
HANS04 nd 0.001 
KARS01 0.0001 0.001 
KARS02 nd 0.001 
KLNK01 nd 0.001 
KLNK02 nd 0.001 
LWEN01 nd 0.001 
LWEN02 0.0001 0.001 

Metolachlor 

HANS01 0.0002 0.0001 
HANS02 0.001 0.0001 
HANS03 0.002 0.0001 
HANS04 0.003 0.0001 
KARS01 0.0002 0.0001 
KARS02 0.004 0.0001 
KLNK01 0.0002 0.0001 
KLNK02 0.002 0.0001 
LWEN01 0.008 0.0001 
LWEN02 0.002 0.0001 

Terbuthylazine 

HANS01 0.0001 0.0001 
HANS02 0.0005 0.0001 
HANS03 0.0006 0.0001 
HANS04 0.0006 0.0001 
KARS01 nd 0.0001 
KARS02 0.0003 0.0001 
KLNK01 0.0001 0.0001 
KLNK02 0.0001 0.0001 
LWEN01 0.0007 0.0001 
LWEN02 0.001 0.0001 
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Table 8-13: Pesticide concentrations measured in the Kars River catchment on 21 May 2020 
Active Ingredient Site Concentration (µg.ℓ-1) LOQ 

Atrazine 

HANS04 0.0003 0.0001 
KARS03 <LOQ 0.0001 
KARS04 0.0007 0.0001 
LWEN01 0.003 0.0001 

Carbendazim 

HANS04 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KARS04 0.0004 0.0001 
LWEN01 0.0002 0.0001 

Chlorpyriphos 

HANS04 <LOQ 0.01 
KARS03 <LOQ 0.01 
KARS04 <LOQ 0.01 
LWEN01 <LOQ 0.01 

Chlorsulfuron 

HANS04 0.0008 0.0005 
KARS03 <LOQ 0.0005 
KARS04 0.0007 0.0005 
LWEN01 0.0006 0.0005 

Dimethoate 

HANS04 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KARS04 0.0002 0.0001 
LWEN01 <LOQ 0.0001 

Epoxiconazole 

HANS04 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KARS04 0.007 0.0001 
LWEN01 0.004 0.0001 

Methomyl 

HANS04 0.005 0.001 
KARS03 0.007 0.001 
KARS04 0.005 0.001 
LWEN01 0.01 0.001 

Metolachlor 

HANS04 0.001 0.0001 
KARS03 0.0004 0.0001 
KARS04 0.005 0.0001 
LWEN01 0.004 0.0001 

Terbuthylazine 

HANS04 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KARS04 <LOQ 0.0001 
LWEN01 0.001 0.0001 

 
Table 8-14: Pesticide concentrations measured in the Kars River catchment on 23 June 2020 

Analyte Name Site Concentration (µg.ℓ-1) LOQ 

Atrazine 

HANS02 0.002 0.0001 
HANS04 0.8 0.0001 
HANS05 0.3 0.0001 
KARS03 0.0004 0.0001 
KLNK02 0.0006 0.0001 
KSOU01 3.8 0.0001 
LWEN01 0.04 0.0001 
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Analyte Name Site Concentration (µg.ℓ-1) LOQ 

Carbendazim 

HANS02 0.0003 0.0001 
HANS04 0.0004 0.0001 
HANS05 0.001 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 <LOQ 0.0001 
KSOU01 0.0007 0.0001 
LWEN01 0.001 0.0001 

Chlorpyrifos 

HANS02 <LOQ 0.01 
HANS04 <LOQ 0.01 
HANS05 <LOQ 0.01 
KARS03 <LOQ 0.01 
KLNK02 <LOQ 0.01 
KSOU01 <LOQ 0.01 
LWEN01 <LOQ 0.01 

Chlorsulfuron 

HANS02 0.04 0.0005 
HANS04 0.01 0.0005 
HANS05 0.03 0.0005 
KARS03 <LOQ 0.0005 
KLNK02 <LOQ 0.0005 
KSOU01 <LOQ 0.0005 
LWEN01 0.0006 0.0005 

Dimethoate 

HANS02 <LOQ 0.0001 
HANS04 0.004 0.0001 
HANS05 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 <LOQ 0.0001 
KSOU01 0.003 0.0001 
LWEN01 0.001 0.0001 

Epoxiconazole 

HANS02 0.004 0.0001 
HANS04 0.003 0.0001 
HANS05 0.006 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 <LOQ 0.0001 
KSOU01 0.003 0.0001 
LWEN01 0.02 0.0001 

Methomyl 

HANS02 0.02 0.001 
HANS04 0.02 0.001 
HANS05 0.01 0.001 
KARS03 0.01 0.001 
KLNK02 0.02 0.001 
KSOU01 0.01 0.001 
LWEN01 0.02 0.001 

Metolachlor 

HANS02 0.2 0.0001 
HANS04 0.3 0.0001 
HANS05 0.5 0.0001 
KARS03 0.004 0.0001 
KLNK02 0.08 0.0001 
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Analyte Name Site Concentration (µg.ℓ-1) LOQ 
KSOU01 0.4 0.0001 
LWEN01 0.3 0.0001 

Terbuthylazine 

HANS02 <LOQ 0.0001 
HANS04 <LOQ 0.0001 
HANS05 <LOQ 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 <LOQ 0.0001 
KSOU01 0.001 0.0001 
LWEN01 <LOQ 0.0001 

 
Table 8-15: Pesticide concentrations measured in the Kars River catchment on 18 August 2020 

Active Ingredient Site 2 Concentration (µg.ℓ-1) LOQ 

Atrazine 

HANS02 0.3 0.0001 
HANS02 0.004 0.0001 
HANS04 0.5 0.0001 
KARS03 0.0003 0.0001 
KLNK02 0.001 0.0001 
KSOU01 0.001 0.0001 
LWEN01 1.1 0.0001 

Carbendazim 

HANS02 0.0004 0.0001 
HANS02 0.0002 0.0001 
HANS04 0.0002 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 0.0002 0.0001 
KSOU01 <LOQ 0.0001 
LWEN01 0.0008 0.0001 

Chlorpyrifos 

HANS02 <LOQ 0.01 
HANS02 <LOQ 0.01 
HANS04 <LOQ 0.01 
KARS03 <LOQ 0.01 
KLNK02 <LOQ 0.01 
KSOU01 <LOQ 0.01 
LWEN01 <LOQ 0.01 

Chlorsulfuron 

HANS02 0.02 0.0005 
HANS02 0.02 0.0005 
HANS04 0.005 0.0005 
KARS03 <LOQ 0.0005 
KLNK02 <LOQ 0.0005 
KSOU01 0.006 0.0005 
LWEN01 0.008 0.0005 

Dimethoate 

HANS02 0.003 0.0001 
HANS02 0.0005 0.0001 
HANS04 0.09 0.0001 
KARS03 <LOQ 0.0001 
KLNK02 0.002 0.0001 
KSOU01 <LOQ 0.0001 
LWEN01 0.007 0.0001 
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Active Ingredient Site 2 Concentration (µg.ℓ-1) LOQ 

Epoxiconazole 

HANS02 0.01 0.0001 
HANS02 0.008 0.0001 
HANS04 0.002 0.0001 
KARS03 0.0003 0.0001 
KLNK02 0.0008 0.0001 
KSOU01 0.003 0.0001 
LWEN01 0.03 0.0001 

Methomyl 

HANS02 0.02 0.001 
HANS02 0.01 0.001 
HANS04 0.006 0.001 
KARS03 0.005 0.001 
KLNK02 0.02 0.001 
KSOU01 0.01 0.001 
LWEN01 0.02 0.001 

Metolachlor 

HANS02 0.08 0.0001 
HANS02 0.07 0.0001 
HANS04 0.01 0.0001 
KARS03 0.003 0.0001 
KLNK02 0.01 0.0001 
KSOU01 0.03 0.0001 
LWEN01 0.03 0.0001 

Terbuthylazine 

HANS02 0.002 0.0001 
HANS02 0.0002 0.0001 
HANS04 0.0009 0.0001 
KARS03 0.0005 0.0001 
KLNK02 0.0006 0.0001 
KSOU01 0.0005 0.0001 
LWEN01 0.0006 0.0001 
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 CALIBRATION GUIDELINES 
By: 

Etienne van de Walt 
(Agricultural Research Council) 

 

11.1 INTRODUCTION  
Pesticide application is by nature a most inefficient process as less than 0.1% of applied pesticide 
(insecticides) reach the target organisms (Pimentel, 1986, 1995). This means >99.9% of pesticide may 
become available to cause contamination of humans, livestock and the environment. Previous Gauteng 
Department: Agricultural and Rural Development (GDARD) studies (Van der Walt, 2016) have observed 
very low levels (<8% of surveyed) of correct handheld sprayer calibration practises. This may lead to 
over and under dosing of pests and diseases. This creates the environment for pesticide resistance 
development as well as increased pesticide wastage. The algorithm (combined formula) based 
calibration method used to calculate spray application rates is somewhat complicated and brings 
together spray swath width, flow rate, surface area and spraying speed (Matthews, 1992). In addition, 
pesticide resistance prevention guidelines have been developed in order to implement rotation of 
different pesticides according to their modes of action (RAC, 2019). This will decrease wastage and 
prevent pesticide resistance development, which will extend the viability or lifespan of the specific 
pesticide being used. 
 
Recent increases in the occurrence of invasive pest species such as the fall armyworm (FAW) 
(Spodoptera frugiperda) a serious pest of maize (a staple food of small-scale farmers) and other crops 
and the tomato leaf miner moth (Tuta absoluta) (Visser, 2017), caused severe damage to small scale 
farming production areas in South Africa. The FAW was detected and officially identified in 2017 (Uys, 
2017, Kieser, 2017)). At that stage, very little knowledge regarding these pests’ behaviour and biology 
was known and, information from the USA and Mexico was obtained. Adult FAW moths are strong 
nocturnal fliers, which could travel and spread over 200 km per day, reaching altitudes of up to 50 
meters and are carried by prevailing air currents. In light of these events, the Department of Agriculture 
Land Reform and Rural Development (DALRRD, previously DAFF) responded by granting emergency 
pesticide registrations for 24 types of pesticides and, assisted small-scale farmers in procuring 
pesticides to combat these pests and minimise crop damage.   
 
The efficiency and efficacy of pesticide application is affected by many processes, which leads to losses 
of the pesticide active ingredient (A.I.) to the environment (Figure 9-1). Lack of pesticide calibration or 
calibration errors may lead to overdosing or under dosing of the crop. This increases pesticide wastage 
and may result in pesticide resistance development (Rother, 2018). All of the listed processes, leading 
to pesticide losses, have to be minimised to ensure efficient pesticide application for the effective control 
of pests and diseases. Correct and accurate pesticide spray calibration is therefore vital for effectively 
controlling pests and diseases and minimising environmental contamination as well as preventing 
pesticide resistance development within pest and disease populations.   
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Figure 9-1: Processes affecting pesticide losses to the environment form the point of atomisation to 

the final deposit formation on the target area and producing the intended biological effect. The effects 
of these processes have to be minimised as far as possible. 

 
11.1.1 Aims & objectives 
A recent study (Van der Walt, 2016) indicated that as much as 92% of surveyed smallholder farmers 
(n=65) across Gauteng Province, do not properly calibrate their spraying equipment. In addition, nozzle 
height during pesticide application varies widely and the same spray equipment and pesticide water 
tank mixture is often used for spot treating pests and weeds by pointing the spray tip close to the plant 
or crop and spraying. Other studies found similar results in observing and surveying small-scale farmers 
in other African countries (Van der Meijden, 1998, Matthews, 2008, 2014, 2015, Rother, 2018). Non-
calibration of sprayers and incorrect use of the sprayer may cause overdosing of crop plants as the 
sprayer flowrate remains the same but, the swath width may be reduced up to ten fold and results in 
dosage rates that may be increased ten-fold or higher under these circumstances, depending of the 
height of the nozzle tip above the target area (Van der Walt, 1998b).   
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This chapter addresses the project objectives by reducing pesticide transport and associated risks 
through improved application efficiency by providing practical guidelines containing minimum reliance 
on complex calculations and mechanical/physical calibration procedures for accurate spray equipment 
calibration under small-scale farming production scenarios. The Practical Mechanical Calibration 
Guidelines will also enable Provincial Agricultural Advisors to demonstrate the simplified mechanical 
calibration techniques to monthly small-scale farmer study groups and farmer field schools. 
 
The objective is therefore to provide a more user-friendly means of calibration by using 
mechanical/physical spray information. Suitable pictograms and simplified calculations have been 
created,  provided and distributed to Official Agricultural Advisors and local farmer community study 
groups and farmer field schools. In essence, the pesticide operator will determine the volume of water 
that is sprayed over a specific crop area (row length) by counting the paces of the crop row being 
sprayed until a specific volume of water has been sprayed and the sprayer is empty. The row length of 
in paces (steps) will be converted to metres and the total row length of all rows will be added to obtain 
the total volume that would be required to spray the small-scale farmer’s entire plot. 
 
11.1.2 Pesticide application and calibration 
11.1.2.1 Processes affecting pesticide losses, efficiency and efficacy 
The processes affecting pesticide losses from the point of atomisation to desired biological effect is 
shown in Figure 1. Pesticides are designed to target physiological processes in the pest or disease 
organism. An example of the different categories of targeted physiological processes for herbicides is 
shown in Figure 9-2. 
 

 
Figure 9-2: Plant physiological targets disrupted by different types of herbicides (Delye et al., 2013). 

 
The use and management of pesticides forms part of the overall Good Agricultural Practises (GAP) 
and, in turn forms part of a pesticide management plan (PMP, Figure 9-3). Pesticide management plans 
should form part of an Integrated Pest Management (IPM) Programme. The components of an IPM 
programme are discussed in the following section. 
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Figure 9-3: An example of a pesticide management plan, which illustrates the sources of information 

that should be in place before decisions regarding pesticide application operations conducted. 
 
11.1.2.2 Integrated Pest Management (IMP) programme 
IPM is the combination of utilising all appropriate and best practices into a single plan for crop and pest 
management, which optimises input use to reduce pests and damage to an acceptable level, to 
maximise yield and minimise harmful effects to humans and the environment.  
The following components are part of an IPM: 

• Mechanical or physical control methods; 
• Cultural and managerial controls; 
• Sanitation – quarantine, hygiene and exclusion; 
• Biological and genetic control methods; 
• Chemical control methods; 
• Application of chemical control (usually by spraying); 
• External Factors – weather and other climatic conditions, legal requirements, etc.; and 
• Economics, cost Benefit analysis and decision support. 

 
11.1.3 Pesticide resistance management 
Pest and disease organisms develop resistance to the specific groups of pesticides, when the same 
pesticides are applied repeatedly over prolonged periods and seasons to control these organisms. 
Resistance arises through the over-use or misuse of a pesticide against a pest species and results from 
the Darwinian selection of resistant forms of the pest and the consequent evolution of populations that 
are resistant to that pesticide. 
 
When pest and disease organisms become pesticide resistant, the pesticides used to control these 
organisms no longer have any effect, even at much higher than recommended dosage rates. This may 
lead to excessive pesticide application together with minimal efficacy. This may in-turn lead to harmful 
human and environmental effects (e.g. contamination of water resources). Prevention of pesticide 
resistance is therefore an important factor to consider when selecting a pesticide to control pests and 
diseases (Matthews, 1981, 1993).   
 
Crop Life International is a non-profit international association of member agrochemical companies, 
which manufacture pesticides. One of the aims of this organisation is to evaluate pesticide resistance 
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development and to provide guidelines for the rotation of different groups of pesticides, which should 
be used when selecting pesticides for pest and disease control. This led to the establishment of 
Resistance Action Committees (RAC), each of which develop different Pesticide Resistance 
Management (PRM) options for different classes of pesticides.   
 
The RACs are represented in each member country and is targeted to develop sound pesticide 
resistance management programmes for each specific country. The RAC developed resistance 
management codes and rotation recommendations based on pesticides with different modes of actions 
(MoA, Figure 9-4 and Figure 9-5). The different RACs are listed in Table 9-1 below together with their 
respective links to web sites.    
 

Table 9-1: Website links to Resistance Action Committees for different classes of pesticides. 
Fungicide Resistance Action Committee (FRAC)  http://www.frac.info  
Insecticide Resistance Action Committee (IRAC)  http://www.irac-online.org  
Herbicide Resistance Action Committee (HRAC)  http://www.hracglobal.com/  
Rodenticide Resistance Action Committee (RRAC)  http://www.rrac.info 

 
The codes developed by the respective RACs, are now displayed on all pesticide labels in order to 
assist pesticide operators in the selection and use of different pesticides. Pesticide resistance 
management is therefore an important factor to assist in deciding on the selection of suitable and 
appropriate pesticides. Examples of their classification of different types of pesticide according to their 
respective modes of action are listed in Figure 9-4, Figure 9-5 and Figure 9-6. 
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Figure 9-4: HRAC (Herbicide Resistance Action Committee) herbicide MoA rotation map to prevent herbicide resistance development (HRAC, 2020). 
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Figure 9-5: FRAC (Fungicide Resistance Action Committee) Classification of fungicides (control of diseases) according to Mode of Action for rotation of 

different types of fungicides for the prevention of fungicide resistance development (FRAC, 2020). 
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Figure 9-6: IRAC (Insecticide Resistance Action Committee) classification of insecticide according to mode of action for rotation on crops to prevent 

insecticide resistance development (IRAC, 2020).
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11.1.4 Increased occurrence of exotic invasive pests and diseases 
The increase in the number of exotic invasive pest and disease species which are detected in South 
Africa is concerning. One of the most recent pests is the detection of the fall armyworm (FAW, 
Spodoptera frugiperda). This pest was first observed during 2017 and rapidly spread throughout all 
Provinces in South Africa. Characteristic damage symptoms are shown in Figure 9-7.  
 
The biology of the pest was initially not well understood because of its recent presence in SA. The 
lifecycle of FAW starts with adult female moths laying eggs in batches underneath maize leaves and 
covered in scales. These eggs soon hatch and the small larvae quickly start to move towards the whorl 
of the plant where it eats its way into the maize plant. Within 48 hours of hatching, the FAW has 
penetrated the maize plant and, it becomes near impossible to control with pesticides because 
pesticides are not able to reach the pest organism.  
 
When small-scale farmers observed visible crop damage (Figure 9-7), it was usually too late to control 
the FAW with pesticides. The window of opportunity to control FAW is very small, usually 48 hours. The 
outbreak resulted in emergency registrations of pesticides for the control of FAW. The particular biology 
and behaviour of the FAW resulted in a marked increase in insecticide application. In many instances, 
pesticide application was ineffective. Due to knowledge assimilated of the biology of FAW, two weekly 
scouting for the presence of egg batches on the leaves of maize plants were recommended in order to 
initiate pesticide-spraying when the presence of egg batches are detected in maize crops. In addition, 
the DALRRD initiated a countrywide survey for FAW using pheromone-based lures. The information 
from the trapping of FAW on these lures is used to track the presence and spread of FAW in SA and 
districts under possible threat can be warned of an imminent presence of FAW (Matthews, 2018).  
 
The biology of the pest and disease organism is therefore an important factor to consider for the 
selection and timely application of appropriate pesticides. The FAW as an example may cause damage 
to different crop plants and the crop plant species are listed in Table 9-2.  
 

Table 9-2: Plant species damaged by FAW. 

 

Allium Arachis hypogaea (groundnut) 
Beta vulgaris var. saccharifera (sugarbeet) Brassica oleracea (cabbages, cauliflowers) 
Brassica rapa subsp. rapa (turnip) Brassicaceae (cruciferous crops) 
Capsicum annuum (bell pepper) Chrysanthemum morifolium (chrysanthemum 

(florists')) 
Cucumis sativus (cucumber) Cucurbitaceae (cucurbits) 
Dianthus caryophyllus (carnation) Glycine max (soyabean) 
Gossypium (cotton) Ipomoea batatas (sweet potato) 
Medicago sativa (lucerne) Musa (banana) 
Nicotiana tabacum (tobacco) Oryza sativa (rice) 
Pelargonium (pelargoniums) Phaseolus (beans) 
Phaseolus vulgaris (common bean) Poaceae (grasses) 
Saccharum officinarum (sugarcane) Solanum lycopersicum (tomato) 
Solanum melongena (aubergine) Solanum tuberosum (potato) 
Sorghum bicolor (sorghum)  Spinacia oleracea (spinach)  
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Figure 9-7: Characteristic damage to maize plants caused by fall armyworm larvae. 

 
The following list of IPM based principles may assist in limiting crop damage and, minimise use of 
pesticides. 
 
11.1.5 Prevention 

• Avoid late planting or off-season planting and avoid planting new crops near infested fields; 
• Remove crop residues after harvest; 
• Weed the crop regularly to remove alternative host plants; 
• Ensure healthy plants by using recommended spacing and fertiliser, healthy plants have good 

resistance to pests compared to unhealthy plants; 
• Avoid moving infested plants from one place to another; and 
• Plough to destroy and expose pupae to predators on the surface of the soil. 

 
11.1.5.1 Monitoring 

• Start to scout the field one week after germination. Survey 20 consecutive plants in at least five 
locations for pest and symptoms; 

• Look for creamy/grey egg masses covered in silk located on the underside or top of the leaves 
and on the stem; 

• Look for light green/dark brown caterpillars with longitudinal stripes, dark head with an upside 
down pale Y-shaped. The second-to-last body segment has four dark spots forming a square. 
Do so in early morning or evening hours; 

• Look for light coloured patches (called "window panes") to large ragged and elongated holes in 
the leaves emerging from the whorl; 

• Look for caterpillars and accumulation of frass (larval excrement) in the whorl or burrowed into 
the side of the cobs; and 

• At early whorl stage, take action if >20% of plants are damaged or infested with larvae. At late 
whorl stage, if small larvae can be found then consider taking control measures if >40% of 
whorls are damaged. At tassel and silk stage, discontinue spraying. 

 
11.1.5.2 Direct/mechanical control 

• On small farms, handpick and destroy egg masses and larvae. Use a pointed stick or hot water 
for larvae or crush egg masses. 

• If available, spray young caterpillars with neem-based products (bio-pesticides) before they 
enter the ears or whorl. 



228 
 

 
11.1.5.3 Direct control 

• Insecticides are most effective on young larvae and before they enter the funnel and ears. 
Spray early morning or late afternoon when larvae are active. Scouting for pests and diseases 
becomes very important, especially during the first six weeks of crop production. 

• Spray only according to needs identified by monitoring (including decision for a second 
application).  

• Minimise usage of WHO class II chemicals for own safety and protection of natural enemies 
which will help in pest control. Always check label for details and wear appropriate personal 
protective equipment (PPE). 

• Use only insecticides that are registered in the country. Seek advice from nearby agro-officer. 
• If synthetic chemical pesticides are used, use a different type of pesticide with a different mode 

of action as recommended on the pesticide label to avoid pesticide resistance developing. 
• Observe the pre-harvest interval (PHI) recommended on the pesticide label in order to ensure 

that the pesticide active ingredient has decreased to within accepted maximum residue limits 
(MRLs) 

 
Table 9-3: An example of different pre-harvest intervals (PHI) and Restricted Entry Intervals (REI) for 

different pesticides. 
Pesticide WHO recommended Pre-harvest Intervals (PHI) 

Chlorantraniliprole (e.g. Coragen)  
WHO Class U (Unlikely to cause hazard under normal use). 
PHI 21 days  

Cypermethrin  
WHO Class II (moderately hazardous). REI: 1 day. PHI: 14 
days. Do not apply more than two applications in one growing 
season. Toxic to beneficial insects  

Lambda-cyhalothrin  
WHO Class II (moderately hazardous). Max 2 sprays/season. 
PHI 14 day. REI ½ day. Toxic to beneficials  

Acetamiprid + lambda-cyhalothrin  WHO Class II (moderately hazardous). PHI 21 days  
 
11.1.5.4 Colour codes for different targeted physiology (mechanisms of action) of pesticides 
The RAC colour codes (Figure 9-8) indicate the targeted physiological category, which the pesticide 
used, is affecting in order to produce the desired biological affect. In most instances, the desired 
biological affect is control / extinction of the pest or disease-causing organism. Different pesticides with 
different modes of action (MoA) should be rotated according to recommended rotation regimes. The 
RAC (Resistance Action Committee) provides international guidelines how pesticides for specific pests 
and diseases should be rotated in order to prevent of minimise pesticide resistance development in 
pests and disease organisms.  
 

 
Figure 9-8: The colour codes of the different targeted physiological processes are illustrated (IRAC, 
2020). 
 
11.1.6 Spray nozzles 
Hydraulic nozzles produce a wide spectrum of droplets. A large number of small droplets are produced 
and a smaller number of large droplets are produced. Knapsack sprayers used by small-scale farmers 
are usually equipped with hydraulic spray tips (Figure 9-9).   
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Figure 9-9: Examples of different types of hydraulic flat fan spray nozzles with different spray angles 
and, constructed with different materials used (Southcombe, 1988). 
 

 
Figure 9-10: Droplet Image analysis of pesticide spray droplets trapped on oil sensitive paper. The 

image on the left depicts a magnified microscope photograph of pesticide droplets and the image on 
the right depicts the conversion of the microscope image to binary format on the image analyser 

(Matthews, 2011). 
 
The droplet size used or produced by the pesticide sprayer is critical in obtaining the desired control 
and target deposition coverage (Figure 9-10).   
 
The pesticide sprayer has to be adjusted and calibrated if different types of pesticide formulations are 
used (Figure 9-11). 
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Figure 9-11: Different pesticide formulation types and their respective codes, which are listed on 

pesticide labels. 
 

:  
Figure 9-12: Atomisation of the pesticide mixture at the spray nozzle tip occurs through ligand 

formation (left image) and via sheet formation (image on the right) (Matthews, 2011).  
 
Different atomisation processes (Figure 9-12) will produce different droplet sizes (Figure 9-13) and 
spectrums (Figure 9-14, actual example of droplet atomisation). Poor droplet atomisation results in a 
wide spectrum of droplet sizes that are produced by the sprayer. Smaller pesticide droplets may drift 
away and larger pesticide droplets may fall to the ground before reaching the target area. This increases 
pesticide losses to the environment and may lead to increased environmental and human health effects 
(Dabrowski, 2015, Dabrowski et al, 2002).   
 
Meteorological conditions are extremely important to consider when applying pesticides. Air 
temperature, wind speed, atmospheric stability, relative humidity, atmospheric stability, precipitation are 
all factors which have major influences on the movement of sprayed pesticide droplets (Figure 9-15). 
Pesticides should not be applied during the heat of the day, as warm rising air currents will cause off-
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target drift of pesticide droplets. Conditions where low relative humidity exists will increase droplet 
evaporation and increase pesticide losses via off-target drift (Nsibande, 2015). High wind speed (>8 
km.h-1) will increase pesticide droplet drift and spraying should be halted when wind speed exceed the 
recommended value. Meteorological Guidelines for pesticide application are listed on the pesticide label 
and must be adhered to in order to prevent damage and contamination humans and the environment 
(Matthews, 2006). 
 

 
Figure 9-13: Actual droplet spectrum results showing the droplet distribution: many small droplets and 

very few large droplets. 
 

 
Figure 9-14: Characterisation of droplets produced by pesticide sprayers the droplet frequency graph 

indicates large number of small pesticide droplets and, very few large pesticides droplets were 
produced by the pesticide sprayer. This variability in the size of droplets produced may result in in-

efficient pesticide deposition and coverage. 
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Figure 9-15: Climatological guidelines to observe for pesticide application is listed above. Following 

these guidelines will minimise pesticide wastage and, pesticide losses to the environment. 
 

 
Figure 9-16: Different size droplets are produced during atomisation from different kinds of spray 

equipment with different methods of atomisation. In this example, both very large droplets as well as 
very small droplets are produced by the sprayer. These results indicate that the droplets were 

produced by a non-CDA sprayer and that the spray has a very wide droplet diameter spectrum. 
 
Different types of droplet sizes (diameters) are produced when applying pesticides (Figure 9-16). The 
droplet diameter selection is an important factor to consider as each droplet of different size has different 
behavioural characteristics once released from the point of atomisation. The importance of pesticide 
droplet sizes will be discussed in the following section. 
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Figure 9-17: The theoretical relationship between the number of expected droplets to be deposited 

per cm2, the droplet volume median diameter (VMD) and the total volume dosage rate per hectare is 
expressed in the equation above where 60 = metric constant.   

 
The effect of changing droplet size (diameter) whilst retaining the total volume dosage rate per hectare 
can be dramatic (Figure 9-17 and Figure 9-18). 

 
Figure 9-18: Graphs showing number of theoretical expected pesticide droplets per cm2 with varying 

droplet diameter using the same total volume dosage rate per hectare.    
 
If a pesticide operator sprays a total volume dosage rate of 150 ℓ.ha-1 with a sprayer, which produces 
300 µm droplets and, the spray operator decides to decrease the droplet size of the sprayer to 100 µm 
droplets by changing the sprayer’s nozzle size and increasing the spray pressure, the theoretically 
expected number of droplets to be deposited per cm2 changes from 106 droplets.cm-2 to 2 865 
droplets.cm-2.   
 
This is a 27 x fold increase in the theoretically expected number of deposited droplets per cm2. Droplet 
size (diameter) used is therefore a very important factor to consider when applying pesticides. 
 
The droplet VMD (Figure 9-19 and Figure 9-20) NMD (Figure 9-21, Figure 9-22 and Figure 9-23) ratio 
is used as an index to classify the droplets and droplet spectrum produced by a pesticide sprayer. The 
closer the VMD:NMD ratio is to one, the more controlled the droplet atomisation is and is referred to as 
CDA (Controlled Droplet Application). 
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Figure 9-19: An example illustrating different droplet sizes formed during atomisation 

 

 
Figure 9-20: An illustration to show what the VMD droplet size represents. 



235 
 

 
Figure 9-21: A diagrammatic representation of the VMD: NMD ratio and how it characterises between 

CDA and non-controlled droplet applicators. 
 

 
Figure 9-22: Illustration showing the determination of the NMD droplet diameter. 
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Figure 9-23: The VMD:NMD ratio approaches the value of one and demonstrates that the droplets are 

produced as a monodispersed spray mist. 
 
Sprayers, which produce wide droplet size spectrums (non-CDA), may lead to in-efficient target area 
coverage. Small pesticide droplets are prone to be swept away from the target area by air movement 
and, may be carried towards areas where non-target organisms occur. Very large pesticide droplets 
are more prone to gravitational force and, may sediment out and fall to the ground before reaching and 
covering the target area. Large pesticide droplets tend to bounce off crop canopies and shatter on 
impact, which increases losses of applied pesticide. Pesticide sprayers producing mono-dispersed 
(CDA, most droplets are of similar size and diameter) spray spectrums would increase pesticide 
application efficiency as all sprayed droplets have similar trajectories towards the target area to produce 
more even and uniform target coverage. The dramatic effect of droplet size selection on the droplet 
deposition pattern, even when the total volume dosage delivery rate per hectare remains constant can 
be observed in Figure 9-24. 
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Figure 9-24: Different pesticide droplet deposition coverage patterns using the same total volume 

dosage delivery rate (ℓ.ha-1) versus different spray droplet sizes. Fine spray denotes smaller droplets 
and Extra Coarse Spray depicts large pesticide droplet size. 

 
11.1.7 Pesticide labels and application instructions 
Pesticide labels are legally registered documents and instructions have to be adhered to closely. 
Violation of pesticide label instructions is an offense in terms of Act no. 36 of 1947 as amended. The 
application instructions and calibration advisory may cause confusion amongst small-scale farmers 
resulting in un-intended misuse of pesticides (Rother, 2018, Van der Walt, 2016). One of the pesticide 
label issues of concern is clarifying and understanding the difference between the concentration of a 
pesticide water tank mixture (mL per 100L water) and the dosage rate of the pesticide (e.g. mL pesticide 
per hectare that needs to be applied per surface area or crop area in this instance. Erroneous 
calculations or lack of sprayer calibration may result in overdosing or under dosing of pesticides.  
 
Overdosing of pesticides may result in human and environmental contamination (Cheke, 2012). Under 
dosing of pesticides may create the environment for pest or disease resistance development. When 
pesticide resistance occurs, it sometimes results in excessive pesticide application in order to gain 
control pests and diseases. Pest and disease resistance development cause the specific pesticide to 
fail and increase contamination. This scenario leads to eventual over use of pesticides, which has 
harmful effects on humans and the environment. In both these scenarios, the result leads to over use 
of pesticides. These scenarios may also be caused by lack of correct spray application calibration. A 
study of various GDARD small-scale farmer pesticide use practices showed that less than 8% of all 
small-scale farmers surveyed across Gauteng province, followed acceptable calibration procedures. 
(Van der Walt, 2016). Most small-scale farmers added the correct amount of pesticide to the sprayer 
using the measuring vessel supplied together with most pesticide product containers.  
 
Pesticide application is inherently inefficient (Pimentel, 1996, 1988) and any erroneous and/or lack of 
pesticide calibration may exacerbate the level of inefficiency, resulting in possible increased human and 
environmental pesticide exposure and, contamination of water sources (Dabrowski, 2015). This study 
proposes the use of simpler mechanical/physical calibration methods that may be easier for small-scale 
farmers to use compared to the combined formula calibration method. Normal knapsack sprayer total 
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volume dosage rates range between 100 ℓ.ha-1 to 200 ℓ.ha-1 and have tank capacities ranging from 5 ℓ 
to 20 ℓ. Knapsack sprayers with a 16 ℓ tank capacity are most often used. 
 

11.2 METHODS 
11.2.1 Formula-based calibration 
The example below describes the formula-based calibration process. This calibration method is mainly 
used by commercial and emerging commercial farmers. The formula method ensures that sources of 
uncertainty are quantified in order to ensure accurate and reliable application of pesticide in the field. 
The calibration should be performed for each sprayer used and, for each person. This is necessary as 
each spray operator will walk and spray at different speeds and, will spray at different flowrates due to 
different manual pumping frequency and intensity.  
 
The following is an example of the combined formula calibration method, which combines all the 
required calibration information in a single equation. The advantage of this calibration approach is that 
unknown values for any of the calibration variables can be readily calculated and, a specific variable 
can be adjusted to provide an accurate result. The disadvantage of this calibration method is that it is 
more complex and, small-scale farmers are not accustomed in performing this calibration procedure. 
 
11.2.1.1 Calibration instructions 
The calibration instructions for the combined calibration formula calibration procedure are listed below. 

• This general combined calibration formula is used for full cover/broadcast spraying. This means 
the total surface area of the field is completely covered by the sprayer.   

• The unit of measure for each of the calibration variables is critically important to apply and 
adhere to. 

• The following calibration information is required (or calculated) during the formula calibration 
process: 
1. The nozzle flow rate (ℓ.min-1) 
2. The total volume dosage rate (ℓ.min-1) 
3. The forward speed of the sprayer (km.h-1) 
4. The swath width or nozzle spacing (vehicle mounted spraying) (cm). The swath width 

is the same value as the nozzle spacing on a vehicle mounted or self-propelled boom 
sprayer. 

5. The pesticide dosage rate (stating the amount of pesticide required per surface area 
e.g. mL pesticide product per hectare (104 x m2) stipulated in the specific pesticide label 
as well as any additional spraying instructions. 

6. The metric constant (60 000 in this instance) is the calculated constant which balances 
the different units of measure for the different variables used in the calibration equation 
i.e. spray speed, flowrate, total volume dosage rate per hectare, swath width and 
surface area (ha), as listed above.   

7. Three replicate measurements of the spray speed and nozzle flow rate should be 
performed in order to determine reliability and or, possible sources of uncertainty 
(blockages, worn nozzles etc.). The acceptable variation in results should be less than 
5% from the averaged measurement values. 

8. The variables of the formula can be rearranged in order to calculate the required value 
of a variable based on which calibration information is available. 

 
11.2.1.2 Formulas 
An example of the Combined Calibration Formula procedure is listed in order to provide a comparison 
with the Mechanical/Physical Calibration method discussed later. 
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• General formula to calculate the sprayer total volume dosage rate (ℓ.ha-1) which is the total 
volume of tank mixture (Water and pesticide, litres) that is required to spray a one hectare area: 

 

Total Volume Dosage Rate (l.ha−1) =
60 000 × Nozzle Flow Rate(𝜇𝜇.𝑝𝑝𝑓𝑓𝑎𝑎−1) 

Spray Speed (𝑝𝑝𝑝𝑝.ℎ−1) × Swath Width (cm)
 

 
• Calculating required nozzle flow rate (ℓ.min-1) if the total volume dosage rate is known: 

 
Nozzle Flow Rate (𝜇𝜇.𝑝𝑝𝑓𝑓𝑎𝑎−1) = 
Spray Speed  (𝑝𝑝𝑝𝑝. ℎ−1) × Swath Width (cm) × Total Volume Dosage Rate (l.ha−1) 

60 000  

 
• The sprayer speed can be calculated when nozzle flow rate (ℓ.min-1), total volume rate (ℓ.ha-1) 

and the swath width (cm) is known: 

Spray Speed (𝑝𝑝𝑝𝑝. ℎ−1) = 
60 000 × Nozzle Flow Rate (𝜇𝜇.𝑝𝑝𝑓𝑓𝑎𝑎−1)  

Total Volume Dosage Rate (l.ha−1) × Swath Width (cm)
 

 
• The nozzle flow rate needs to be measured at least three times to ensure accuracy and the 

average determined. 
o Converting nozzle flow rate in mL.s-1 to ℓ.min-1: 

 
Nozzle Flow Rate= Volume

Seconds
× 60

1000
= Volume

Seconds
× 0.06 =  𝜇𝜇.𝑝𝑝𝑓𝑓𝑎𝑎−1  

 
• The spray speed should be measured at least three times to ensure accuracy and the average 

determined. 
o Converting speed in m.s-1 to km.h-1: 

Speed = 
Meters 
Seconds ×

3600
1000 =

Meters
Seconds 

× 3.6 = 𝑝𝑝𝑝𝑝. ℎ−1  

 
11.2.1.3 Calibration calculation examples 

• The example information presented in Table 9-4 is required for spray calibration and is based 
on the instructions on the pesticide label, which stipulates the amount (mass or volume) of 
pesticide product, which should be sprayed per hectare. The following calibration example is 
based on a recommended pesticide dosage rate of 900 mL pesticide per hectare area. 

 
Table 9-4: Parameter information required for spray application calibration. 

Parameter Measurement 
Swath width used by spray operator: 50 cm 
Knapsack capacity/volume: 16 ℓ 
Pesticide dosage rate indicated on pesticide label: 900 mL.ha-1 
Area to be sprayed: 1 ha 
Flow rate1: 10.94 mL.s-1 = 0.656 ℓ.min-1 
Application Speed2: 1.07 m.s-1 = 3.85 km.h-1 
Total Volume Dosage Rate3: 204.47 ℓ.ha-1 

1 – See Equation 4 and Table 6 for flow rate calculations 
2 – See Equation 5 and Table 6 for application speed calculations 
3. – See Equation 1 and Table 5 for calculation of Total Volume Dosage Rate based on Flowrate and 
Spray Speed calculated in Table 6. 
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• The total volume of pesticide/water tank mixture dosage rate to be applied per hectare is 
calculated according to the equations provided in Table 9-5. 

Table 9-5: Example of calculation of the Total Volume Dosage Rate 
Total Volume Dosage 
Rate 

= 
60 000 × Nozzle Flow Rate 

Speed × Swath Width  

 
= 

60 000 × 0.656 
3.85 × 50  

 = 204.47 ℓ Tank mixture/ha 
• Spray speed and nozzle flow rates are calculated according to the examples provided in Table 

9-6. 
 

Table 9-6: Examples of replicated spray speed and flow rate calibration measurements. 

 
• The volume (mL) of pesticide product required per 16 ℓ knapsack can be calculated according 

to Table 9-7. 
 

Table 9-7: Example of the calculation of volume of pesticide to be added to a 16 ℓ knapsack. 

Total Volume of Pesticide per 
Knapsack 

=
Knapsack Volume (l)

Total Volume Rate (l.ha−1)

×
𝑃𝑃𝑟𝑟𝑠𝑠𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟 𝐷𝐷𝑟𝑟𝑠𝑠𝑝𝑝𝐷𝐷𝑟𝑟 𝑅𝑅𝑝𝑝𝑓𝑓𝑟𝑟 (𝑝𝑝𝜇𝜇. ℎ𝑝𝑝−1)

1
 

 
=

16
204.47 ×

900
1

 

 = 70.43 mL Pesticide product/ 16 ℓ knapsack 
• It is necessary to calculate the volume of water and pesticide required for the last remaining 

knapsack to avoid excess remaining pesticide mixture, which would otherwise need be 
disposed of (Table 9-8). This information is necessary to prevent/avoid excess leftover pesticide 
mixture remaining in the knapsack, which may be discarded and may contribute to 
environmental contamination. After completion of the final spraying action, the knapsack 
sprayer would be empty and excess leftover pesticide mixture is avoided.   

 
Table 9-8: Example of the calculation of the volume of water and pesticide to be added to the final 

knapsack. 

=
 Total Volume Dosage Rate (𝜇𝜇. ℎ𝑝𝑝−1)

Knapsack Volume (l)  

Spray Speed  Flow rate 

Measurement no. 
Distance 
sprayed (m) 

Times (s)  Measurement no. 
Volume 
(mL) 

Time (s) 

1 10 8  1 330 30 
2 10 9  2 320 30 
3 10 11  3 335 30 
Sum of values 30 28  Sum of values 985 90 
Number of 
measurements 

3 3 
 Number of 

measurements 
3 3 

Average 10 9.33  Average 328.33 30 
Speed (over 10 
meters) 

10 meters in 9.33 seconds 
 Flowrate (mL/30 

seconds) 
328.33 mL/30 seconds 

Speed (m.s-1) 
10 m ÷ 9.33 = 1.07 m.s-1 

 
Flowrate (mL.s-1) 

328.33 ÷30 = 10.94 
mL.s-1 
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Number of Knapsack 
Applications per 
Hectare 

=
204.47

16  

= 12.779 Knapsack applications per ha. (The volume proportion of the 
last knapsack is therefore 0.779) 

Volume of last 
Knapsack Application 

= 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 𝑃𝑃𝑟𝑟𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑓𝑓𝑓𝑓𝑟𝑟𝑎𝑎 × 𝐾𝐾𝑎𝑎𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝 𝑣𝑣𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟(𝜇𝜇) 
= 0.779 × 16 (𝜇𝜇) 
= 12.464 ℓ required for refilling the last knapsack. 

Total Volume of 
Pesticide required for 
the last Knapsack 

=
Last Knapsack Volume (l)

Knapsack Volume (l)

×
𝑇𝑇𝑟𝑟𝑓𝑓𝑝𝑝𝑉𝑉 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 𝑟𝑟𝑜𝑜 𝑃𝑃𝑟𝑟𝑠𝑠𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟 𝑝𝑝𝑟𝑟𝑟𝑟 𝐾𝐾𝑎𝑎𝑝𝑝𝑝𝑝𝑠𝑠𝑝𝑝𝑐𝑐𝑝𝑝 (𝑝𝑝𝜇𝜇)

1
 

=
12.464

16 ×
70.43

1
 

= 54.86 mL of pesticide product is added to the knapsack and filled to 12.46 
ℓ 

The Combined Formula Calibration procedure described above is most effective but may be regarded 
as cumbersome and the utilisation rate of this calibration procedure is very low amongst small scale 
farming communities. 
 
11.2.1.4  Calibration field data sheet 
An example of a typical calibration data sheet is provided below: 

Pesticide Application Details 
Swath Width (cm):  Knapsack Volume (ℓ):  
Pesticide Dosage Rate (mL.ha-1):  Crop Pest/Disease:  
Pesticide Used:  
  
Names of Spray Operators 
1. 4. 
2. 5. 
3. 6. 
  
Spray Speed**  Flow Rate** 

Measurement no. 
Distance 
sprayed (m) 

Times (s)  Measurement no. 
Volume 
(ml) 

Time (s) 

1    1   
2    2   
3    3   
4    4   
5    5   
6    6   
Sum of values    Sum of values   
Number of 
measurements 

  
 Number of 

measurements 
  

Average    Average   
Speed (over 10 
meters) 

 
 Flowrate (mL/30 

seconds) 
 

Speed (m.s-1)   Flowrate (mL.s-1)  
**A minimum of three measurements are required 
**The variation in results should be less than 5% compared to the average value. 
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Meteorological Data 
Temperature (°C):  Dry Bulb Temp (°C):  

Wind Speed (km.h-1): 
 

Wet Bulb Temp 
(°C): 

 

Relative Humidity (%):  Flow Rate (ℓ.min-1):  
Time:  Speed (km.hr-1):  
ΔT⁰C:     

Spraying Recommended: 
Yes  ⬜ (ΔT°C < 8°C)    
No   ⬜ (ΔT°C > 8°C)    

      
Calculation: Total Volume Dosage Rate per Hectare (ℓ.ha-1) 

=
60 000 × Nozzle Flow Rate (ℓ. min−1) 

Speed (km/h) × Swath Width (cm)  

 

=
(60 000) × (………) ℓ. min −1

(………) km/h  × (………) cm  

 
Total Volume Dosage Rate = (………) 𝐋𝐋.𝐡𝐡𝐡𝐡−𝟏𝟏 

 
 
Calculation: Volume of Pesticide Required per Full Knapsack 
 

=
Knapsack Volume (l)

Total Volume Dosage Rate (ℓ. ha−1)
×

Pesticide Dosage Rate (mL. ha−1)
1

 

 

=
(………) l

(………) ℓ. ha−1
×

(………) mL. ha−1

1  

 
Volume of Pesticide per 16 l Knapsack = (………) mL 

 
 
Calculation: Number of Knapsack Refills Required 
 

=
 Total Volume Rate (ℓ. ha−1)

Knapsack Volume (l)  

 

=
 (………) ℓ. ha−1

(………) l  

 
𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 𝐨𝐨𝐨𝐨 𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊 𝐑𝐑𝐍𝐍𝐨𝐨𝐑𝐑𝐑𝐑𝐑𝐑𝐊𝐊 = (………) 

 
 
Calculation: Final Knapsack Volume 
 

= Volume Proportion × Knapsack volume(ℓ) 
 

= (………) × (………) l 
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11.2.2 Mechanical calibration method for small-scale farmers 
The mechanical and or physical calibration method is less complex and does not utilise timed based 
measurements and associated calculations. Mechanical calibration methods can be accurate and are 
suited to the abilities and available resources of small-scale farmers. The following calibration 
procedures are provided to achieve accurate, reliable and safe pesticide spray operations. 
 
11.2.2.1 Calibration instructions 
The following pesticide calibration checklist is useful to ensure necessary preparations are complete to 
ensure appropriate, safe and accurate sprayer calibration and conducting compliant spraying 
operations. Correct pesticide calibration will prevent over or under dosing, and minimise the wastage 
of pesticide which, may cause harm to humans and the environment. 

• Ensure correctly identification the target pest (diseased) and ensure that pesticide application 
is warranted for control. 

• Select the safest and most appropriate registered pesticide for the specific pest/disease. 
• Handle the pesticide formulation safely during transportation and storage. 
• Ensure that all necessary safety and clean-up equipment is available and in good working 

order. 
• Read the pesticide label and ensure you understand and follow all instructions and warnings 

closely. 
• Ensure that your crop is at the correct stage for pesticide treatment and that the pest / disease 

is at the most optimal stage to ensure good efficacy. 
• Ensure that you have the correct application equipment and that it is in good working order. 
• Ensure that all logistical requirements are available to handle any problem or emergency, which 

may occur. 
 
11.2.2.2 Calibration calculation examples 
The following pesticide calibration instructions should be followed to ensure reliable and accurate 
calibration and spraying operations. 

1. Complete the calibration checklist to ensure all materials and equipment as well as information 
is available (ref. 9.9.1 Calibration Checklist). 

2. Select a portion of the crop area to perform the calibration exercise (Figure 9-25). 
3. Ensure that the spray equipment is free from blockages and, is in proper working order. 
4. Make sure the sprayer is clean and empty.   

 
𝐅𝐅𝐑𝐑𝐊𝐊𝐡𝐡𝐑𝐑 𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊 𝐕𝐕𝐨𝐨𝐑𝐑𝐍𝐍𝐍𝐍𝐍𝐍 = (………)  l 

 
 
Calculation:  Volume of Pesticide Product Required to Refill Final Knapsack 
 

=
Final Knapsack Volume (l)

Knapsack Volume (l)
×

Total Volume of Pesticide per Full Knapsack (mL)
1

 

 

=
(………) (l)
(………) (l) ×

(………) (mL)
1

 

 
 𝐕𝐕𝐨𝐨𝐑𝐑𝐍𝐍𝐍𝐍𝐍𝐍 𝐨𝐨𝐨𝐨 𝐏𝐏𝐍𝐍𝐊𝐊𝐏𝐏𝐑𝐑𝐊𝐊𝐑𝐑𝐏𝐏𝐍𝐍 𝐏𝐏𝐍𝐍𝐨𝐨𝐏𝐏𝐍𝐍𝐊𝐊𝐏𝐏 𝐏𝐏𝐨𝐨 𝐑𝐑𝐍𝐍𝐨𝐨𝐑𝐑𝐑𝐑𝐑𝐑 𝐅𝐅𝐑𝐑𝐊𝐊𝐡𝐡𝐑𝐑 𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊𝐡𝐡𝐊𝐊𝐊𝐊 = (………) (𝐍𝐍𝐋𝐋) 
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5. The spray operator should ensure enough spray volume is deposited on the crop plants to 
ensure sufficient coverage of the crop surface area to achieve good control (efficacy). Higher 
spray volumes may be required for specific pests and diseases for e.g. fungal diseases and fall 
armyworm control where, volume dosage rates up to 400 litres per hectare is recommended 
on pesticide labels to increase the encounter probability of the pesticide with the pest or 
disease. 

6. Fill the knapsack sprayer with 5 to 10 litres of water. Accurately record the volume of water 
added to the sprayer from a measuring cylinder or a volume graded measuring jug.    

7. Accurately measure the row length (m) distance the spray operator has sprayed using a 
measuring tape, up to the marked point where the sprayer nozzle showed the first signs of 
becoming empty for e.g. air bubbles coming from the nozzles and spluttering. The spray 
operator should stop spraying immediately when these signs occur and, should mark the end 
of the sprayed area by drawing a line in the soil or inserting a stick or peg into the ground 
(Figure 9-26). 

8. Measure the distance between crop rows and record the crop row width on the Calibration data 
sheet. 

9. Determine the total row length of the whole crop area or field to be sprayed (Figure 9-27). 
10. Calculate the total spray surface area (m2) to which a pesticide must be applied (Figure 9-28): 

Total Spray Surface Area =Row Spacing (m) × Total Row Length (m) 
 

11. Calculate the Total Spray Dosage Volume (ℓ) required to spray the entire crop field (Figure 
9-29): 

Total Spray Volume (l) (Whole Field) = 
Total Row Length (m) 

Sprayed Row Length (m) × 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 𝑆𝑆𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑓𝑓 (𝜇𝜇) 

 
12. Calculate the total spray volume dosage rate, which will be required to spray one hectare 

(Figure 9-30):  

Total Spray Dosage Volume (𝜇𝜇. ℎ𝑝𝑝−1) = 
10 000 (𝑝𝑝2) 

Total Row Surface Area Sprayed (𝑝𝑝2)
× 𝑇𝑇𝑝𝑝𝑎𝑎𝑝𝑝 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 𝑆𝑆𝑝𝑝𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑓𝑓(𝜇𝜇) 

 
13. Calculate the total volume of pesticide that must be applied to the whole crop area (Figure 

9-33): 

Pesticide Volume (mL - Whole Field) = 
Total Spray Surface Area (𝑝𝑝2) 

10 000

×
𝑃𝑃𝑟𝑟𝑠𝑠𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟 𝐷𝐷𝑟𝑟𝑠𝑠𝑝𝑝𝐷𝐷𝑟𝑟 𝑅𝑅𝑝𝑝𝑓𝑓𝑟𝑟 (𝑝𝑝𝜇𝜇. ℎ𝑝𝑝−1)

1
 

 
14. Calculate the volume of pesticide that must be mixed with water in a 16 ℓ knapsack Figure 9-34: 

Pesticide Volume (mL - Knapsack)  = 
Knapsack Volume (l) 

Total Dosage Spray Volume (l)

×
𝑇𝑇𝑟𝑟𝑓𝑓𝑝𝑝𝑉𝑉 𝑃𝑃𝑟𝑟𝑠𝑠𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 (𝑝𝑝𝜇𝜇 −𝑊𝑊)

1
 

 
15. Calculate the number of knapsack refills required to spray the whole crop area (Figure 9-35):  

Knapsack Refills = 
Knapsack Volume (l) 

Total Spray Volume (l - Whole Field)

×
𝑃𝑃𝑟𝑟𝑠𝑠𝑓𝑓𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑟𝑟 𝑉𝑉𝑟𝑟𝑉𝑉𝑉𝑉𝑝𝑝𝑟𝑟 (𝑝𝑝𝜇𝜇 −𝑊𝑊ℎ𝑟𝑟𝑉𝑉𝑟𝑟 𝐹𝐹𝑓𝑓𝑟𝑟𝑉𝑉𝑓𝑓)

1
 

 
16. Calculate the volume of pesticide to be mixed in the last knapsack application (Figure 9-35). 
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The proposed visual instruction training aides are listed in the following section. The visual instruction 
aids will assist Agricultural Advisors in demonstrating and training small-scale farmers how to perform 
mechanical/physical sprayer calibration.   

 
Figure 9-25: Layout of small-scale farmer area and crop rows to be sprayed. The total row length of 

all the crops rows should be measured and recorded.  
 

 
Figure 9-26: Measurement of the crop row length sprayed with 5 ℓ of water. The spray operator must 
ensure that the crop is adequately sprayed until before drip-off occurs. The spray operator must mark 
the spot where the knapsack sprayer starts to become empty. This measurement should be repeated 

three time to ensure reliability of measurements. 
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Figure 9-27: How to calculate the total crop row length of the crop field/plot. 

 

 
Figure 9-28: Calculating the total surface area covered by the crop rows. 
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Figure 9-29: Calculating how much water is required to spray the total crop field. 

 

 
Figure 9-30: Calculating the total volume of water required to spray one hectare. 

 
This calculation is useful as it relates to the pesticide label calibration and spraying instructions (Figure 
9-31 and Figure 9-32). 
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Figure 9-31: An example of a pesticide label. Note pesticide hazard warning as well as safety and 
environmental cautionary pictograms. The IRAC pesticide resistance code is 1A. The label also 

contains information regarding the active ingredient A.I. (pesticide) type and concentration. 
 

 
Figure 9-32: An example of a pesticide label. The pesticide label contains vital information and 

instructions for the pesticide operator. The recommendation highlighted in yellow will be followed as 
an example. 
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Figure 9-33: Calculating how much pesticide product (mL) is required to spray the entire crop field of 

700 m2 using the recommended label dosage rate of 225 (mL) pesticide product per ha. 
 

 
Figure 9-34: Calculating the amount of pesticide product (mL) to add to a Knapsack sprayer with a 16 

ℓ capacity. 
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Figure 9-35: Calculating how many times the 16 ℓ Knapsack will have to be re-filled to spray the entire 

crop field of 700 m2 and calculating the volume of tank mixture required for the last knapsack. 
 

 
Figure 9-36: Calculating the amount of pesticide product (mL) required to add to the last Knapsack 

with a final volume of 14.72 ℓ. This calculation prevents excess leftover pesticide mixture, which may 
be very harmful if not disposed of properly. A volume of 4.97 mL pesticide should be added to a 

knapsack filled with 5 ℓ of water. The volume of the knapsack should be made up to a total of 14.72 ℓ 
and mixed well. When the crop field spraying is completed, the knapsack sprayer is should be empty.
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 GENERAL CONCLUSIONS AND 
RECOMMENDATIONS  

12.1 CONCLUSIONS 
Broad conclusions relevant to the overall objectives of the study are given here. More task-specific 
conclusions are provided in relevant chapters contained in the report:  

• The Chemcatcher® passive sampler was successful in monitoring selected pesticides in field 
trials. Since passive sampling provides information about average contaminant concentrations, 
all possible concentrations over the sampler deployment time are included in this average 
value. Traditional grab sampling does not do this, since collected samples only represent a 
single moment in time and multiple grab samples must be taken to observe variation in 
contaminant concentrations over time. However, there is no way of finding out the complete 
range of contaminant concentrations over the deployment time at a single site with only passive 
sampling. This integrative sampling method also can result in the detection of chemicals 
present at such low concentrations that they would be undetected in a grab sample, due to 
concentration of the chemicals on the sampler over time. As a result, passive sampling has the 
potential to be a less time-intensive, less expensive and more accurate sampling method than 
grab sampling.  

• Although the Chemcatcher® study included five main target analytes, only two of these were 
detected in the field samples. This is unlikely to be related to the efficiency of the sampler but 
more because some of the target analytes were most likely not being used in the chosen study 
area. However, the study gave more insight into passive sampling and the behaviour of 
pesticides under different environmental conditions of relevance in South Africa. Similar studies 
regarding passive sampling of pesticides have been carried out in other parts of the world, but 
relatively few have been conducted in South Africa, where pesticide monitoring programmes 
are clearly necessary. With information obtained from this study relating to the use of passive 
sampling and its advantages over grab sampling, more efficient pesticide monitoring 
programmes for water can be developed and implemented in order to secure sustained water 
quality. 

• This integrative sampling method using the Chemcatcher® can also result in the detection of 
chemicals present at such low concentrations that they would be undetected in a grab sample, 
due to concentration of the chemicals on the sampler over time. As a result, passive sampling 
has the potential to be a less time-intensive, less expensive and more accurate sampling 
method than grab sampling. 

• Since passive sampling provides information about average contaminant concentrations, all 
possible concentrations over the sampler deployment time are included in this average value. 
However, there is no way of finding out the complete range of contaminant concentrations over 
the deployment time at a single site with only passive sampling. 

• A good correlation between AgDISP and PWC model predictions and measured airborne and 
leached pesticide concentrations, respectively, suggests that these models can be used to 
provide a good estimate of pesticide contamination in non-target aquatic environments. Results 
from this and other modelling studies strongly support the use of such models in the regulation 
of pesticides in South Africa (i.e. during the registration of pesticides as required by Act 36 of 
1947).   

• Application of the SWAT model is advantageous from the perspective that it can reliably identify 
portions/sub-catchments where contamination is higher compared to other parts of the 
catchment. This is very useful in terms of prioritising the spatial implementation of management 
interventions aimed at minimising the transport and associated risks of pesticides in the 
catchment. This is particularly relevant in the context of implementing management plans aimed 
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at protecting endangered fish species that do occur in each of the catchments studied in this 
project (and in other catchments throughout the Western Cape and the rest of South Africa). 

• The SWAT model also provides a time-series of contamination, which is useful in terms of 
estimating when peaks in contamination are likely to occur. The accuracy of the time series and 
all simulations generated by the model is however very dependent on the spraying programme 
that is built into the model. Spraying programmes are likely to vary from one farm to the next, 
and in large catchment areas, it is unlikely that spray programmes for every farm can be 
obtained. This is a significant limitation in the application of the model in terms of generating 
accurate pesticide concentration simulations. 

• A further disadvantage of the SWAT model is that realistic estimations of pesticide 
concentrations are dependent on predicting accurate hydrological flows in the catchment. The 
prediction and validation of hydrological flows in many catchments in South Africa is 
challenging, given that reliable flow data is required to calibrate and validate flow predictions. 
Even if measured flow data were available for a study area, the process of simulating accurate 
flow is very challenging and requires specialist skills. This is a major limiting factor in the 
application of the SWAT for pesticide risk assessment purposes;  

• Calibration of the SWAT model ultimately depends on comprehensive pesticide monitoring data 
to determine whether predicted concentrations reasonably simulate measured concentrations 
and so that relevant modelling parameters can be adjusted accordingly. Comprehensive 
pesticide monitoring data is almost non-existent in South Africa and therefore accurate 
calibration of SWAT modelling outputs for South Africa is unlikely to be achieved. 

• A further limitation in the application of the SWAT model is that it only accounts loss of 
pesticides from runoff and not from spray drift. Given that spray drift is clearly an important 
source of pesticides in aquatic environments, it is important that any catchment-based 
assessment does take this route of transport into account. 

• While the risk indicator (see Volume 2 of the report) does not provide an accurate assessment 
of actual pesticide concentrations or actual risk, it is nevertheless very useful in terms of 
identifying the relative mobility of pesticides and the relative risk they pose to the aquatic 
environment. In this respect, it is useful for prioritising pesticides for further targeted monitoring 
or management as demonstrated in each of the catchment studies.  

• Another major advantage of the risk indicator is that it estimates predicted environmental 
concentrations and risks attributed to two different transport routes: namely runoff and spray 
drift. In this respect, the indicator offers insights into the most suitable monitoring plans or 
management interventions by linking contamination and risk with the most relevant transport 
route (i.e. runoff or spray drift).  

• Through use of geographical information systems (GIS) and other resources (e.g. Google 
Earth) the indicator can be applied in multiple sub-catchments with a view to comparing 
contamination from these catchments and identifying hotspot areas responsible for high levels 
of contamination.  

• Comparing outputs of the risk indicator to the SWAT model suggests that the use of more 
simple, less labour intensive modelling techniques (i.e. such as the risk indicator developed in 
Volume 2 of this project) perform equally well to more complex models (i.e. SWAT) when the 
goal is to identify mobile pesticides and identify hotspot areas responsible for high 
contamination. The risk indicator provides additional functionality through estimating relative 
risk (through reference to built-in toxicity database) and comparing the importance of relevant 
transport routes (i.e. runoff vs spray drift).  

• The modelling approaches provide a reliable means of identifying important source areas and 
prioritising pesticides in terms of their risk to the aquatic environment. Detailed and accurate 
assessments of risk will however still rely on measured pesticide concentrations collected as 
part of a more comprehensive monitoring programme.  
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• The mechanical and or physical calibration method developed as part of this study for the 
mixing of pesticides is less complex and does not utilise timed based measurements and 
associated calculations. Mechanical calibration methods can be accurate and are therefore well 
suited to the abilities and available resources of small-scale farmers. Simple calibration 
procedures have been developed to achieve accurate, reliable and safe pesticide spray 
operations for small-scale farmers. 

 

12.2 RECOMMENDATIONS 
• In order to validate the use of the laboratory results for the real samples, it might be beneficial 

to carry out other laboratory based sampling experiments in order to prove the reproducibility 
of the results as this will render the sampling rates obtained valid or not. It is also important to 
investigate the degradation of the pesticides on the receiving phases under different storage 
conditions in order to ensure that none of the accumulated pesticides are lost due to 
degradation. The effect of extreme changes in pH, temperature and flow rate has on the 
accumulation rates of the pesticides should also be investigated. 

• Further work studies be done to ascertain the trend in off-target deposition of different classes 
of pesticides, with varying volatilities, under standardised conditions. This data is invaluable in 
terms of determining buffer zone widths required to protect water resources and non-target 
environments. 

• Further work is needed to validate the correlation of deposition levels of various pesticides 
occurring on both horizontal and vertical deposition samplers as this may lead to a better 
understanding of deposition onto ground surfaces and human dermal exposure, by using 
horizontal and vertical deposition samplers respectively. Further studies should be done on the 
interactions that exist between pesticide deposition samplers and different types of pesticides 
so that the optimum sampler for each pesticide class can be determined. In addition, different 
pesticide mixtures have different adjuvants and surfactants, and these may affect the way in 
which the pesticide interacts with the sampler.  

• There is also a need for long-term pesticide trials to be in place locally, where various pesticide 
leaching risks are monitored and simulated all year round, using a wider range of soils, 
pesticides and pesticide mixtures, including amended soils, such as with biochars. Leaching 
risks of new pesticides and their metabolites (both primary and secondary) can be simulated 
and verified prior to registration as well as the recommended application rates for local 
conditions. Furthermore, pesticide application recommendations by companies should also 
consider soil organic carbon in addition to the clay content.  

• This project provides yet more evidence of the application of modelling approaches in 
identifying the transport and risks of pesticides in aquatic environments. Research should 
therefore focus on the integration of these models into the risk assessment process conducted 
during the registration of pesticides. While the registration process considers the toxicity of a 
pesticide, there are no exposure assessment procedures performed to assess the 
environmental fate and predicted environmental concentrations under South African conditions. 
Without an assessment of exposure, it is not possible to assess the potential risk of pesticides 
in the environment and to make recommendations on restrictions of use (e.g. in terms of 
recommended buffer zones, application rates or geographical areas where use of pesticides 
should be restricted or avoided). The accurate results achieved from using multiple models in 
this project (e.g. AgDISP, PWC, SWAT and the risk indicator) justify further research into 
evaluating the use of these and other models for use in pesticide risk assessment studies in 
South Africa. 

• Modelling inputs rely heavily on data of the physicochemical properties of pesticides (e.g. Koc, 
half-life, water solubility etc.). Data on physicochemical properties of pesticides in South African 
environmental conditions are not available. International databases were therefore consulted 
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in order to obtain relevant data for pesticides simulated in all models investigated in this project. 
Studies have shown that physicochemical properties of pesticides can vary geographically, 
depending on local climatic and soil conditions. Considering this limitation however, the 
occurrence of pesticides detected in water resources in this (and other) studies was well 
predicted by physicochemical data available in international databases. The fact that these 
originate from international databases should therefore not be seen as a reason for not relying 
on this data for future modelling approaches undertaken in South Africa. 
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APPENDIX 1: CAPACITY BUILDING 
 

M.SC DISSERTATIONS 
Student Project Participation and Progress 

Sanele Dlamini 
MSc (UP) 

Comparing leaching of pesticides through the soil in conventional tillage and 
conservation agriculture. 
Progress: Master’s thesis submitted and degree awarded. 

Kedibone Mashale 
MSc (UP) 

Kedibone has been responsible for evaluating the use of the Chemcatcher® 
passive sampler for monitoring of pesticides, a topic which forms one of the 
main aims of WRC Project K5/2707. 
Progress: Master’s thesis submitted and degree awarded. 

Basil Munjanja 
MSc (UP) 

Basil is comparing the efficiency of several different drift deposition samplers 
and using deposition data collected from field experiments to perform further 
validation of the AgDISP model. The validation of the model and its 
application in managing pesticides in South Africa forms one of the main aims 
of WRC Project K5/2707. 
Progress: Master’s thesis submitted and degree awarded. 

Zanne Brink 
MSc (UCT) 

Performed runoff and spray drift sampling in one of the designated catchment 
areas (Twee River). This data contributed directly to validating the SWAT 
model in the catchment and also formed the basis of one her chapters for her 
MSc, which focused on the role of agriculture impacts on the critically 
endangered Twee River Redfin (Pseudobarbus erubescens) 
Progress: Master’s thesis submitted and degree awarded. 
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MSC DISSERTATION ABSTRACTS 
MONITORING OF SELECTED PESTICIDE CONCENTRATIONS IN SOUTH AFRICAN 
AQUATIC SYSTEMS USING THE CHEMCATCHER® PASSIVE SAMPLER 
 
Mashale, Kedibone Nicholine 
Promoter: Prof. Patricia B.C. Forbes 
Department: Chemistry 
Faculty:  Faculty of Natural and Agricultural Sciences 
University University of Pretoria 
Degree:  Master of Science 
 
A passive sampler, namely the Chemcatcher®, was used as the main tool in this study to monitor 
pesticide concentrations in surface water. This was achieved by equipping the Chemcatcher® with either 
SDB‐XC or C18 receiving phase disks, which are suitable for the sampling of polar organic pesticides 
such as atrazine, chlorpyrifos and terbuthylazine. These three pesticides as well as azinphos‐methyl 
and imidacloprid were the target analytes for this study, which all have different applications in 
agriculture. A laboratory study, which aimed at calibrating the passive sampler, was performed whereby 
the flow rate was varied between 0 and 0.1 m.s‐1 whilst other variables remained constant. The 
laboratory sampling was carried out in a metal (31 cm x 70 cm x 20 cm) tank equipped with an electrical 
pump used for circulating the water. To avoid pesticide depletion, the spiked water was renewed every 
6th day. In all sampling, the receiving phases were ultrasonically extracted separately in acetone and 
acetonitrile and grab water samples were treated using an optimised solid phase extraction (SPE) 
method that employed a C18 cartridge.  
 
After the second field sampling campaign, the initial gas chromatograph coupled to a mass selective 
detector (GC‐MSD) method was optimised for the separation of atrazine and terbuthylazine peaks 
which were co‐eluting and this was achieved by adding a slower temperature ramp between the 
retention time of atrazine and terbuthylazine. The optimised method yielded a lower limit of detection 
(LOD) of 0.030 µg.L‐1, which meant lower concentrations, could be detected, compared to the 0.057 
µg.ℓ‐1, which was obtained with the non‐optimised method.  
 
The results, which were based on the GC‐MSD and ultra‐performance liquid chromatograph, coupled 
to a time‐of‐flight mass spectrometer (UPLC‐TOFMS) analysis of the pesticides, showed that there was 
a linear uptake of the pesticides as the period of deployment or sampling increases and the system of 
static renewal to avoid analyte depletion was found to be important. Sampling rate, which indicates the 
volume of water that the passive sampler interacts with per unit time, differed per pesticide and showed 
a dependence on the water flow rate. The sampling rates obtained for all the target analytes were in 
the range of 0.14‐ 0.28 and 0.54‐1.09 ℓ.day‐1 for flow rates of 0.0 and 0.1 m.s‐1 , respectively.  
 
Three field sampling campaigns were carried out in Delmas, Mpumalanga, South Africa before and 
after the spraying season, with the passive samplers equipped with either the C18 or SDB‐XC receiving 
phase disks. For the first sampling campaign, none of the target analytes were detected as it was not 
pesticide-spraying or raining season, but pollutants such as hydrocarbons were detected, as the river 
is located near a road. Only two of the five target pesticides: atrazine and terbuthylazine, were detected 
at quantifiable levels from the second and third sampling campaign, which varied between the SDB‐XC 
and the C18 receiving phase whereby terbuthylazine was accumulated more on the SDB‐XC and 
atrazine more on the C18. This was dependent on the similarity of the polarity of the receiving phases 
to that of the pesticides. Upon analysis of the receiving phases and through the use of the laboratory 
based sampling rates, the obtained concentration of terbuthylazine in the water was 0.261‐0.358 µg.ℓ‐1 
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and 0.515‐545 µg.ℓ‐1 for the second and third sampling campaigns, whilst that of atrazine was 0.109‐
0.127 µg.ℓ‐1 and 0.245‐0.263 µg.ℓ‐1 , respectively. The two pesticides were only detected in the grab 
water samples of the third field sampling (after spraying) at concentrations of 0.533 µg.ℓ‐1 for 
terbuthylazine 0.173 µg.ℓ‐1 for atrazine.  
 
The advantage of passive sampling over grab sampling was evident, as the use of the receiving phases 
allowed for concentration of the pesticides (specifically for the second field campaign), which showed 
that the pesticides were indeed present in the water. This showed the importance of passive sampling 
and of this study. Based on the results obtained in this study, the Chemcatcher® passive sampler and 
other passive samplers, have the potential to be used in assessments that aim to monitor pesticide 
levels in water and thereby leading to the development of more efficient agricultural techniques or 
programs that limit the amount of pesticides that end up in surface water. 
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COMPARISON OF PESTICIDE DEPOSITION SAMPLING METHODS FOR SPRAY DRIFT 
OF ATRAZINE 
 
Munjanja, Basil Kudakwashe 
Promoter: Prof. Patricia B.C. Forbes 
Department: Chemistry 
Faculty:  Faculty of Natural and Agricultural Sciences 
University University of Pretoria 
Degree:  Master of Science 
 
Off-target deposition is a potential route of pesticide entry into the environment. To determine off-target 
deposition of pesticides, various deposition samplers are used. A study was carried out to compare a 
number of deposition samplers (chromatography paper, glass microscope slides, glass petri dishes, 
polyacrylic rods) used in spray drift determination of atrazine (and terbuthylazine when present in the 
formulation). The first sampling campaign was conducted to compare three horizontally oriented 
deposition samplers (glass microscope slides, chromatography paper, and glass petri dishes) and two 
vertically oriented deposition samplers. The second sampling campaign consisted of horizontal and 
vertical chromatography paper only, as this sampler provided the best results in the first sampling 
campaign. In each of the spraying events of atrazine, three sampling lines were used. In the first 
application, the sampling distances were 0, 10, 25, 50, 100, 200, and 400 m. In the second application, 
the sampling distances were 0, 10, 30, 50, and 100 m. In addition, corresponding upwind control 
deposition samplers were also included in each pesticide sampling campaign.  
 
Analysis of pesticide deposition samples for both sampling campaigns was done by GC-MSD. The limit 
of detection (LOD) for atrazine was 0.006 μg.ml-1 (1st sampling campaign) and 0.01 μg.ml-1 (2nd 
sampling campaign), and 0.02 μg.ml-1, for terbuthylazine (2nd sampling campaign) respectively. 
Excellent recoveries of >70% were obtained by sonication extraction of chromatography paper, glass 
petri dishes, glass microscope slides, and polyacrylic rods. The precision in terms of percentage RSD 
was less than 20%. In the first sampling campaign, the chromatography paper was the best deposition 
sampler, and atrazine levels deposited on the samplers were up to 0.012 μg.cm-2. In the second 
sampling campaign, both atrazine and terbuthylazine were detected, and deposition levels were up to 
11 μg.cm-2, and 12 μg.cm-2 respectively. Comparison of field deposition data and AgDISP modelled 
data showed that the model under-predicted the amount of atrazine in the first sampling campaign. In 
the second sampling campaign, the model under-predicted only at 0 m, but as the distance increased, 
there was agreement between the AgDISP and the field deposition results.  
 
Thus, the findings of this study make it apparent that field deposition studies are still important to arrive 
at buffer distances that accurately reflect environmental concentrations of off-target deposition during 
pesticide application. For the first time, this project has shown the comparison of various samplers with 
different materials of construction in the off-target deposition of a pesticide active ingredient (atrazine), 
under local South African conditions.
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This study was initiated within the Twee River system due to the threat posed by agrichemicals on the 
occurrence of the endemic and critically endangered Sedercypris erubescens and Galaxia zebratus fish 
species. Poor knowledge and understanding of the environmental effects of fertilisers, pesticides and 
other agrochemicals among small and large commercial farmers within the study area, in combination 
with their intensive use may have resulted in chemical contamination in the upper Twee River catchment 
above environmentally safe concentrations. Numerous studies have highlighted the fact that more 
research needs to be conducted to identify the key threats to the continued existence of specifically the 
Critically Endangered S. erubescens. The threats identified include habitat degradation (natural riparian 
vegetation loss), the use of agrichemicals, water flow reduction and the impacts of introduced invasive 
fish species.   
 
The overall aim of this study was to determine the spatial and temporal patterns in aquatic ecosystem 
diversity in the Twee River catchment as indicated by macroinvertebrate and native fish distribution, 
while determining if there is a link between agrichemical pollution and the aquatic ecological integrity of 
the Twee River catchment. Selected sampling sites were identified and monitored to determining the 
presence and concentrations of pesticides entering the water of the Twee River system during run-off 
and event-based spraying. Furthermore, the effect of these pesticides on the aquatic biota distribution 
and abundance were determined using SASS5 for the macroinvertebrate populations and visually 
sampling the distribution of the native and non-native fish in the Twee River catchment.   
 
The quantities of agrochemicals recorded within the monitoring events support previous studies 
suggesting that sub-lethal to lethal concentrations of insecticides could be a threat to the long-term 
survival of benthic macroinvertebrates and potentially the more sensitive endemic fish species within 
the Twee River system.     
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