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In this paper, a state-of-the-art is given of the current knowledge related to the occurrence

and sources of pesticides in surface waters. An emphasis is put on sources and transport

routes that contribute most to the pesticide loads found in river systems. Possible mitigation

measures are described. Once pesticides have entered a river system, they are exposed to

different physical, chemical and microbial processes which determine their fate. As math-

ematical models can describe the fate of pesticides in river systems and can be used for

the control of environmental pollution and management of resources, an overview is given

of available watershed and in-river water quality models able to predict pesticide concen-

trations in surface waters. Advantages and disadvantages of simple screening tools and

complex watershed models are discussed. Finally, some recommendations are made con-

cerning monitoring, modeling and their combined use in order to achieve the water quality

goals set by the EU Water Framework Directive.
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1. Introduction

Pesticides are of concern to water quality managers and envi-
ronmental risk regulators to maintain and achieve a good
water quality status. Pesticides can enter river systems as
point sources, i.e. at certain locations along the river, or as dif-
fuse sources which are inputs along the whole water course.
Examples of point sources of pesticides are sewage plants,
sewer overflows and losses due to bad management practices
of farmers. As diffuse input pathways runoff, drainflow, drift,
deposition and a contribution through groundwater can be
distinguished. We reviewed the state-of-the-art on monitoring
and modeling pesticide fate in river systems at the catchment
scale. The review consists of an overview of occurrence and
sources of pesticides in rivers, mitigation measures, pesticide
processes in rivers, model tools for calculating pesticide fate
at the catchment scale and future prospects in monitoring and
modeling of pesticides.

2. Occurrence and sources of pesticides in
rivers

From large-scale studies that monitored herbicide losses to
surface water it can be concluded that, on average, less than
2% of the total mass applied within large catchments is ulti-
mately lost to surface waters and that losses occur primarily
during and right after the application period (Capel et al.,
2001). Furthermore, such studies show that weather condi-
tions, soil type, land use, intrinsic properties of the compound,
as well as point sources are crucial factors influencing the
overall herbicide loss from a watershed (Kreuger, 1998; Capel
et al., 2001). Kreuger and Törnqvist (1998), Neumann et al.
(2002) and Tesfamichael and Kaluarachchi (2006) found that
the amount applied in the catchment region is more important
than the octanol–water partition coefficient Kow, in influenc-
ing the load of pesticides occurring in the river for all pesticide
classes considered.

2.1. Point sources

The contribution of point sources to pesticide pollution in river
systems was demonstrated to be very important in several
catchments in Europe. In different catchments in Germany
(Seel et al., 1994; Fischer et al., 1996, 1998a; Bach et al., 2001;
Neumann et al., 2003) with varying catchments sizes between
7 and 1940 km2, in Switzerland (Gerecke et al., 2002; Leu et
al., 2004a), in Sweden (Kreuger, 1998), in the UK (Hankinson
and Welland, 2001; Mason, 2003) and in Belgium (Beernaerts
et al., 2002; Holvoet et al., 2005), it was shown that the load
of pesticides in rivers could be attributed for 20–80% to point
sources. Fig. 1 shows an example of the occurrence and hourly
dynamics of two pesticides in a typical rural Belgian 32 km2

catchment. The catchment is a typical example of pesticide
occurrence in rivers at scales close to the worst-case edge-
of-field scenarios for surface water, as used in the EU FOCUS
guidelines for the registration of pesticides. Elevated pesticide
concentrations during dry periods indicate point sources.

The spill during filling of the spraying equipment, cleaning
of the equipment and processing of spray waste on paved sur-
faces are examples for bad management practices (Fischer et
al., 1998a; Kreuger, 1998; Beernaerts et al., 2002; Neumann et
al., 2002). Pesticide concentrations tend to be higher in small
catchments with intensive agriculture and when older spray-
ing equipment is used (Fischer et al., 1998a).

2.2. Diffuse sources

Pesticides enter river systems via diffuse sources. As diffuse
input pathways, runoff, drainflow, drift, atmospheric depo-
sition and groundwater flow can be distinguished. Based on
modeling, Bach et al. (2001) showed that surface runoff is
expected to be a major source of diffuse pesticide input in Ger-
many. Non-point source input via preferential flow through
macropores in soil is important in tile-drained structured soils
(Leu et al., 2004a) and spray-drift may be dominant in orchard

Fig. 1 – Measured rainfall (bars), concentrations of
chloridazon (top) and atrazine (bottom) at the mouth
(downstream) and 8 km upstream in the river Nil in
Belgium during spring 2004.
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regions (Bach et al., 2001; Ritter, 2001) or flat areas with a
dense network of ditches (Meli et al., 2007). From field mea-
surements, Kreuger (1998) found that inputs by drift or direct
spraying were less important, as did Majewski et al. (2000) and
De Rossi et al. (2003) for the contribution from precipitation
and Foreman et al. (2000) for dry deposition.

Surface runoff occurs whenever the rate of water applica-
tion to the ground surface exceeds the rate of infiltration and
the surface storage capacity is exceeded. The amount and rate
of runoff depend on rainfall and watershed characteristics.
Important rainfall characteristics include duration, intensity
and areal distribution. Watershed characteristics that influ-
ence runoff include soil properties, land use, vegetation cover,
soil moisture condition, size, shape, topography, orientation,
geology, cultural practices and channel characteristics (Wolfe,
2001). The abrasive power of surface runoff and the impact
of raindrops will detach soil particles and cause soil erosion.
Some soils erode more easily than others even when all other
factors are the same. For example, Wischmeier and Smith
(1978), Bielders et al. (2003) and Knapen et al. (2007) noted
that a soil type usually becomes less erodible with decrease in
silt fraction, regardless of whether the corresponding increase
is in the sand fraction or clay fraction. Runoff susceptibility
and soil erodibility are enhanced by silting and crusting of the
soil surface due to raindrop impact and splash during high-
intensity rainfalls (Le Bissonais et al., 1995). The sediment
delivery towards surface waters depends on the size and shape
of the contributing area; the steepness, length and shape of
contributing surfaces; sediment characteristics; buffer zones;
storm characteristics; and land use (Nearing et al., 2001).

Both pesticides in solution and pesticides sorbed to sedi-
ment particles can be transported during a runoff event. The
partitioning of a pesticide between the solution and soil solid
phases is influenced by factors like the organic carbon and
clay content of the soil. For soluble pesticides losses via sur-
face runoff are considered far more important than losses
via soil erosion, because the amount of eroded soil lost from
a field is usually small compared with the runoff volume
(Leonard, 1990). Only for strongly sorbing substances with a
KOC greater than ca. 1000 L kg−1, erosion is considered to be
the main loss pathway (Kenaga, 1980; Dabrowski et al., 2002;
Wu et al., 2004). The amount of pesticides lost towards the
river through runoff depends on the amount of pesticide in
the active zone at the soil surface at the time of runoff and is
mainly determined by the period of time between application
and the first rainfall event and by the application dose (Müller
et al., 2003). Martin and Owens (2003) came to the conclusion
that the timing of rainfall and runoff relative to atrazine appli-
cation can have a much greater effect on the yearly losses of
the parent compound and its metabolites than the agronomic
management practices investigated. Also the slope (Leu et al.,
2004b), the width of buffer strips and the presence of erosion
rills are important catchment variables determining runoff
(Dabrowski et al., 2002).

Consistent research findings have demonstrated that pref-
erential flow phenomena are key contributors to the rapid
transfer of pesticides to drainage systems (Kladivko et al., 1991;
Novak et al., 2001; Neumann et al., 2002; Gardenas et al., 2006).
Pesticide transport by preferential flow in soil macropores to
drains can cause high transient concentrations in agricultural

ditches and small rivers (Williams et al., 1996; Fenelon and
Moore, 1998; Brown et al., 2004; Leu et al., 2004b).

Spraydrift can occur during pesticide application by spray-
ing. During the application, a part of the spray liquid may
be carried out of the treated area by wind or the air stream
of the sprayer and reach a nearby river system (Bach et al.,
2001). Drifting spray is a complex problem in which equipment
design and application parameters, spray physical properties
and formulation, and meteorological conditions interact and
influence pesticide loss (Gil and Sinfort, 2005). Although its
contribution to surface water pollution in European countries
is thought to be rather small (Kreuger, 1998; Huber et al., 2000;
Neumann et al., 2002; Röpke et al., 2004), few studies found
contributions from spray drift in ditches (Meli et al., 2007).

Leaching of pesticides into deep groundwater and a possible
input of pesticides into surface waters by outflowing ground-
water is assumed to be negligible as pesticides in groundwater
resources occur locally or in low concentrations (Groenboek,
2002). Moreover, slow groundwater movement and pesticide
attenuation in the groundwater due to sorption and degrada-
tion further diminishes the pesticide concentrations (Röpke et
al., 2004).

Further diffuse input pathways for pesticides into surface
waters are atmospheric deposition after volatilization, and
aeolian deposition of pesticide-loaded soil particles previously
eroded by wind. For volatile pesticides downwind short-range
transport can become important under certain weather con-
ditions (Bedos et al., 2002; Siebers et al., 2003).

3. Mitigation

3.1. Point sources

The pesticide contamination of surface waters through point
sources can be significantly reduced without relevant financial
consequences for the agricultural sector, by only minimizing
improper operations. Careful pesticide handling (Neumann et
al., 2002) and the execution of as many operations as possi-
ble directly on the treated field (e.g. rinsing of spray tank with
fresh water) are already highly effective strategies (Gerecke
et al., 2002; Campbell et al., 2004). This can be supported by
intense information campaigns (Fischer et al., 1996, 1998b;
Kreuger and Nilsson, 2001; Beernaerts et al., 2002), action pro-
grammes (Saethre et al., 1999; Kreuger and Nilsson, 2001) or
sending a letter containing the most important points of ‘good
agricultural practice’ for pesticide application (Gerecke et al.,
2002). This sensitization of farmers should be repeated fre-
quently and maintained in order to preserve low pesticide
loads towards the river (Fischer et al., 1998b; Beernaerts et
al., 2002). Kreuger and Nilsson (2001) found that farmers are
more willing to accept information when given personally
and adjusted to site specific conditions than when received
through general letters and pamphlets. The different initia-
tives have proven their usefulness: pesticide load reductions
from 20 up to more than 80% were achieved (Fischer et al., 1996;
Kreuger and Nilsson, 2001; Beernaerts et al., 2002; Gerecke
et al., 2002). Besides, biobeds can be installed on the farm
yard to collect and treat spillage during filling of the agri-
cultural spraying equipment and during rinsing afterwards
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(Torstensson, 2000; Mason, 2003; Fogg, 2004; Vischetti et al.,
2004; Spliid et al., 2006). A phytobac is a similar system, but
it has an impervious bottom (Phytofar, 2006). A biofilter exists
of different biobeds in series with drainage systems at their
bottom. Especially for mobile pesticides, the efficiency of the
biobed technique will be improved by having several passages
(Phytofar, 2006, http://www.phytofar.be/).

3.2. Diffuse sources

The contamination of surface waters through diffuse pesti-
cide sources can be significantly reduced by (i) a reduction in
pesticide use, (ii) the implementation of runoff and erosion
control practices and (iii) drift-reducing measures. A reduction
in pesticide use is possible through guided pest control with a
warning system that informs farmers when to use, for exam-
ple, insecticides (targeted pest control) (Campbell et al., 2004;
Baets et al., 2005), through biological control (van Lenteren,
2000; Corrales and Campos, 2004) or by means of an inte-
grated approach (van Lenteren, 2000; Tantau and Lange, 2003;
Mansingh et al., 2007).

Different runoff and erosion control practices exist which will
reduce pesticide loads towards the river. Their effectiveness
depends upon the amount of infiltration, the adsorption char-
acteristics of the pesticide and the degree of fine-sediment
transport reduction. Through conservation tillage practices,
minimal cultivation systems leave crop residues near the
surface. These crop residues protect soils from erosion by
increasing the organic matter content and structural stability
in the top few centimetres. This reduces runoff by increasing
the infiltration capacity of the soil and reduces the detach-
ment effect of raindrop impact (Ritter, 2001). Other erosion
control practices that will reduce pesticide loads are to grow
green manure crops after harvest, to sow crops such as grass
and cereals that protect vulnerable soils, to use crop residue
mulches (Rice et al., 2006), to perform contour ploughing or
contour strip cropping, to construct diversion terraces and to
implement vegetated buffer strips (Campbell et al., 2004). Sev-
eral studies investigated the benefits of vegetated buffer strips.
They function through infiltration, which reduces the vol-
ume of runoff, and through adsorption/sedimentation, which
reduces the concentration of pollutants in runoff (Doskey,
2001; Connolly et al., 2002). The results of these studies
show high removal efficiencies for pesticides and sediments
(Klöppel et al., 1997; Syversen and Bechmann, 2004; Kronvang
et al., 2005; Syversen, 2005; Syversen and Haarstad, 2005;
Vianello et al., 2005), which are variable in time (Viaud et
al., 2004). For example, in a study of Popov et al. (2006) the
total load of atrazine could be reduced by 40–85%. In buffer
strips, a relatively larger amount of the coarser fractions
will be trapped compared to the clay fraction (Syversen and
Bechmann, 2004). In order to capture more clay particles and
as such more sorbed pesticides, the buffer width should be
extended (Syversen, 2002). Several models were developed in
order to derive an optimal buffer width, adapted to variable
regional geographic factors (Lin et al., 2002, 2004; Watanabe
and Grismer, 2003). Nevertheless, questions remain concern-
ing the subsequent leaching of trapped pesticides (e.g. Delphin
and Chapot, 2001). Pesticides in runoff can also be retained
through wetlands (Kohler et al., 2004; Blankenberg et al.,

2005) and grassed depressions or waterways (Campbell et al.,
2004).

Pesticide inputs into surface waters by spraydrift can be mit-
igated by the use of drift-reducing nozzles or anti-drift agents
(Campbell et al., 2004), by vegetated buffer strips along field
edges and water bodies (i.e. hedges and bank vegetation) (de
Snoo and de Wit, 1998), or by simply keeping a sufficient
distance to the nearest water body when spraying. In the
current regulatory practice in Belgium, for each plant protec-
tion product there is a legally prescribed minimum spraying
distance between 2 and 200 m that must be kept by the
farmer. These and other best management practices (BMP)
have been published and summarized (Carter, 2000; Ritter and
Shirmohammadi, 2001; Campbell et al., 2004).

4. Pesticide processes in rivers

When pesticides enter an aquatic environment, they are
exposed to different physical, chemical and microbial pro-
cesses. Fig. 2 schematically illustrates the pertinent processes:
photolysis, volatilization, sedimentation, resuspension, sorp-
tion/desorption, biodegradation, bio-accumulation and bio-
transformation. Two processes which have a major impact
on the fate of pesticides are the sorption–desorption pro-
cesses and biodegradation. Both are strongly influenced
by the presence of a sediment layer (Warren et al.,
2003).

The final destination of pesticides in rivers is strongly
determined by their sorption behaviour. Besides the effect
that sorption has on the physical transport, it can also influ-
ence directly or indirectly the degradation of the pesticide.
The chemical reactivity of a sorbed pesticide is significantly
different from that in solution (Warren et al., 2003). Natural
sorbents, like sediments, can indirectly control processes in
the water phase by release or uptake of pesticides. Hence,
natural sorbents form buffers that influence the reactivity
of pesticides in a considerable way. For hydrophobic organic
substances and for soils and sediments with a total organic
carbon content higher than 0.1%, it is proven that the content
of natural organic carbon is the dominant sorbent (Karickhoff,
1984; Ying and Williams, 2000; Chefetz et al., 2004; Chen et
al., 2004; Cooke et al., 2004). Sorption is then often described
by a constant normalized for the organic carbon content KOC

(Karickhoff, 1984; Warren et al., 2003). For sediments with a
low organic carbon content, the sorption of polar compounds
(acids/bases) is proportional to the cation exchange capacity,
to the sediment specific surface and to pH (Rae et al., 1998;
Madsen et al., 2000; Ertli et al., 2004; Weber et al., 2004).
The process of desorption of pesticides from sediment is
commonly observed to be biphasic, involving a relatively fast
initial release of sorbed pesticides followed by a prolonged
and increasingly slower release as desorption proceeds (Gao
et al., 1998). This suggests that the soil organic matter com-
prises two principal reactive domains: a highly amorphous,
swollen domain and a condensed, tightly cross-linked domain
(Chefetz et al., 2004; Chen et al., 2004; Cooke et al., 2004). It
was shown that lipid content was the main factor to affect
hysteresis phenomena (Chen et al., 2004). As the sorbent
matrix is so important, it is practically impossible to find
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Fig. 2 – Processes of pesticides in surface water (after Petit et al., 1995).

some generally applicable and accurate KOC value (Chen et
al., 2004; Cooke et al., 2004).

Biodegradation is a continuous process in aquatic environ-
ments (Pagga, 1997). Surface waters are good environments for
pesticide breakdown, especially when micro-organisms are
able to attach on surfaces, such as the sediment–water inter-
face, rocks and plants. Several scientists (Ying and Williams,
2000; Smalling and Aelion, 2004) believe that the sorption of
pesticides to suspended solids and to sediment organic car-
bon reduce the decay rates of pesticides in water systems.
Many studies (Warren et al., 2003) have indeed demonstrated
an inverse relationship between decay rates and the amount
of organic matter. However, in some cases the opposite is
observed, i.e. sorption accelerates degradation which is mainly
the consequence of abiotic pathways (Ying and Williams,
2000). It should be realised that measured degradation rates
are system dependent as they may be influenced by the dilu-
tion rate in the chemostat, the composition of the population
of micro-organisms, the test chemical and the composition of
the medium (Rönnefahrt et al., 1997; Schrap et al., 2000). In nat-
ural systems, the pathways and rates of microbial degradation
will depend on type of substrate, temperature, O2 availabil-
ity, nutrient supply, similarity of the compound to other food
sources, previous exposure to the compound or similar ones
and previous environmental conditions which will control the
current population make-up (Warren et al., 2003). In the sed-
iment, many types of compound will degrade more slowly
below the oxic zone of bed-sediment and may therefore be
persistent once buried (Warren et al., 2003).

5. Modeling pesticide fate at the catchment
scale

To model pesticide fate at the catchment scale, spatially vari-
able land management and landscape characteristics, tempo-
rally variable meteorology and hydrology as well as dissipation

processes in the river need to be taken into account. Therefore,
the combination of watershed models and river water quality
models is needed to calculate pesticide fluxes to the river and
transformation processes in the river, respectively.

5.1. Watershed models

A number of computer codes has been developed in recent
years to model pesticide fluxes from land to surface water
at the catchment scale. In Belgium, the SEPTWA model was
developed (Beernaerts et al., 2005), taking into account both
diffuse and point sources. It calculates average fortnight pes-
ticide concentrations at the mouth of a river, based on detailed
application data of the catchment and emission factors for the
different input pathways of pesticides into surface waters. The
model allows to make predictions of average pesticide loads
leaving the system during a fortnight. In Germany, the DRIPS
model was developed (Röpke et al., 2004), which is a GIS-based
model that simulates on a daily basis pesticide inputs via sur-
face runoff, drainflow and spraydrift for pixels of 1 km × 1 km
size, based on spatially distributed input variables. Dispersion
of the pesticide peak during transport in the river is accounted
for in DRIPS by a convection–dispersion approach as proposed
by Gustafson et al. (2004).

Some of the models have single-event capabilities such
as AGNPS (Young et al., 1987; Merritt et al., 2003) and DWSM
(Borah et al., 2002). Others are useful for analyzing long-term
effects of hydrological changes and water management prac-
tices such as AnnAGNPS (Bingner and Theurer, 2001), HSPF
(Donigian et al., 1995) and the Soil and Water Assessment Tool
SWAT (Neitsch et al., 2002). According to a software review by
Borah and Bera (2003), SWAT is a promising model for contin-
uous simulations in predominantly agricultural watersheds
and HSPF is promising for mixed agricultural and urban water-
sheds. Different studies comparing both models for flow reveal
that they are equally well predicting hydrology (Im et al., 2003;
Nasr et al., 2004; Singh et al., 2004). SWAT gives better predic-
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tions for pesticides and is better documented and user friendly
as compared to HSPF (Im et al., 2003). MIKE SHE (Refsgaard
and Storm, 1995) is both a single-event and long-term contin-
uous simulation model. It is a physically based model using
multi-dimensional flow-governing equations with numerical
solution schemes, which makes the model computationally
intensive. MIKE SHE is suitable for small areas or watersheds
for detailed studies of hydrology and non-point source pol-
lution (Borah and Bera, 2003). The new generation of models
includes fully coupled watershed models. The main distin-
guishing feature of these models is that they fully couple the
surface and subsurface hydrologic domains by simultaneously
solving one system of non-linear discrete equations describ-
ing flow and transport in both flow regimes. This is in contrast
to the previous generation of watershed models, which solve
separate equations for the different subsystems, followed by
iteration (or not) between the two solutions. Three fully cou-
pled numerical models are currently available, namely InHM
(VanderKwaak, 1999; VanderKwaak and Loague, 2001; Loague
and VanderKwaak, 2002; Loague et al., 2004, 2006), MOD-HMS
(Panday and Huyakorn, 2004) and HydroGeoSphere (Sudicky
et al., 2005; Colautti et al., 2005).

To our knowledge, the listed models were occasionally vali-
dated against measured concentrations in surface water. HSPF
was applied and verified against pesticide concentrations in
a Canadian watershed (Laroche et al., 1996). MIKE–SHE has
been used for calculating macropore leaching to groundwater
of pesticides at the catchment scale (Christiansen et al., 2004)
and was used as the basis of an alternative tool for pesticide
fluxes to Danish rivers (Styczen, 2002). SWAT is increasingly
being used for predicting pesticide fluxes to rivers (Holvoet
et al., 2005; Kannan et al., 2006, 2007) and is put forward in
reviews from Borah and Bera (2003) and Quilbe et al. (2006)
who looked at 36 watershed models. The SEPTWA model
(Beernaerts et al., 2005) was validated with a data set based on
daily grab samples. Pesticide concentrations predicted with
the DRIPS model at the closing section of the river under-
estimated measured concentrations due to the lack of point
sources (Röpke et al., 2004).

5.2. In-river water quality models

There exists a whole range of models predicting fate of pesti-
cides in rivers. They range from rather simple screening tools
to complex models. A brief overview is given here. The sim-
ple screening tools predicting pesticide concentrations in the
different compartments of a river system assume steady state
conditions, e.g. EXAMS (Burns, 2000), EUSES (2004), the Mackay
Level III Model (Mackay, 2001), QUAL2E (Brown and Barnwell,
1987) and principal component analysis (Gramatica and Di
Guardo, 2002). They are based on the partitioning tendency
of a certain pesticide. The advantage of such tools is that they
require relatively few input data, but they can never reflect the
dynamics – both in space and time – observed for pesticides in
real river systems (Kreuger, 1998; Neumann et al., 2002; Leu et
al., 2004a,b). As the occurrence of pesticides is highly dynamic
and can pose acute toxicity to ecosystems, dynamic models
are necessary to perform reliable risk assessments.

There exist various dynamic in-stream water quality mod-
els that predict fate of generic chemicals such as MIKE11 (DHI,

1995), ISIS (HR Wallingford and Halcrow UK, 1998) and RWQM1
(Reichert et al., 2001). All models need the addition of sev-
eral differential equations describing the fate of pesticides in
order to predict pesticide concentrations along the river and
in its different compartments. The disadvantage of ISIS lies
in the fact that parameters are fixed throughout the model
and as such no spatial variability in the parameters is pos-
sible (Cox, 2003). Another complex model is WASP (Wool et
al., 2001). It is a dynamic compartment-modeling programme
for aquatic systems, including both the water column and the
underlying benthos. WASP allows the user to investigate 1D
and quasi-2D systems, and a variety of pollutant types. Since
WASP focusses on local scale processes in the river and is not
easy to be built for watershed applications, its use is limited
to short-term continuous simulations in river stretches.

Specifically for pesticide fate modeling in surface water, the
European Surface Water FOCUS workgroup (FOrum for the Co-
ordination of pesticide fate models and their USe) which is an
initiative of the European Commission with the objective to
harmonise the calculation of predicted environmental con-
centrations (PEC), advises to use the model TOXSWA (FOCUS,
2001; ter Horst et al., 2002). TOXSWA needs pesticide inputs
calculated by other models via runoff and erosion (PRZM,
Carsel et al., 1984, 2003), drainage (MACRO, Jarvis, 1991, 2003)
and spraydrift. The model is used for edge-of-field calcula-
tions, which means that it predicts the fate of a single pesticide
over a certain distance when released at the origin of the flow
domain. Additional inputs from tributaries or fields along the
river are not taken into account. The model neglects sedi-
mentation, resuspension and biomass growth. It was tested
against field measurements in ditches (Adriaanse et al., 2006).

To predict pesticide fate in surface water, the RWQM1
model was extended with a sediment compartment and with
the fate of pesticides, while the activity of algae and protozoa
is neglected. The model is based upon the earlier developed
model CHETOX1 (Deksissa et al., 2004). Fig. 3 shows predic-
tions of concentrations of two pesticide concentrations at the
outlet of the river Nil in Belgium, based on measured concen-
trations in the upstream part of the catchment and input from
agricultural fields calculated with the SWAT model.

The results show the ability of the model to reproduce the
extensive dynamics of the pesticide without extensive cali-
bration for the pesticide parameters. Calibration in SWAT by
adjusting curve numbers was needed to reproduce flow. To our
knowledge, this is the first time the combination of a water-
shed model and a river water quality model is used to calculate
daily pesticide dynamics in surface water at the catchment
scale.

6. Monitoring and modeling pesticides in
surface water: the way ahead

6.1. Monitoring pesticides

Measurements of pesticides in European surface waters dur-
ing application periods have shown that the concentration
patterns are highly dynamic and influenced to a significant
extent by point sources. The few continuous monitoring stud-
ies showed that dramatic hourly variations in concentrations
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Fig. 3 – Simulated (full lines) and measured (dots)
concentrations of chloridazon (a) and diuron (b) at the
closing section of the river Nil.

can be expected, especially in small catchments driven by
runoff processes. These observations have important conse-
quences for monitoring requirements for pesticides, i.e. by the
Environmental Agencies in the EU in view of the EU Water
Framework Directive. To this time, most agencies take grab
samples at regular time intervals during application periods.
This monitoring strategy is driven by practical constraints,
and to a lesser extent by financial limitations. It results in
non-representative sampling and a higher probability of mis-
interpretation of the water quality status. To assist in the
optimization of sampling strategies, the combined use of
monitoring data and models is advised (Vanrolleghem et al.,
1999; Dochain and Vanrolleghem, 2001; De Pauw, 2006; De
Pauw and Vanrolleghem, 2006). By iterating between model
runs and experiments cost-optimized sampling schemes for
the next experimental stages can be designed (Fig. 4). A first
and essential requirement of the experimental design proce-
dure is the availability of a preliminary model. This model
may have been calibrated on the basis of data of an ini-
tial experiment or default or literature parameter values can
be assumed. Another important assumption in order for the
design procedure to produce useful results is the validity of
the model structure. Once the experimental degrees of free-
dom, constraints and objective have been defined, the iterative
search for the optimal experiment can start. This is done by
simulating different experiments by varying the degrees of
freedom within the applicable constraints and calculating the
design criterion. The optimal experiment is found when the
selected design criterion is maximized or minimized, depend-

Fig. 4 – Schematic representation for the optimal
experimental design procedure (adapted from Dochain and
Vanrolleghem, 2001).

ing on the chosen objective. Once the optimal experiment is
found, it can be performed in reality resulting in new data.
Based on these data the model can be recalibrated and the
quality of the parameter estimates evaluated. If required,
another iteration of the design loop can be performed poten-
tially leading to an even better experiment.

Recent developments in sampling and analytical tools
allow for a more representative and cost-effective assessment
of pesticides in surface water (Allan et al., 2006). Biological
monitoring techniques include biomarkers, biosensors, bio-
logical early warning systems and whole-organism bioassays.
Sampling and analytical tools developed for chemical assess-
ment comprise biosensors, immunoassays, passive samplers
and sensors. Diffusive samplers, such as solid phase micro-
extraction (SPME), semipermeable membrane device (SPMD),
polar organic chemical integrative sampler (POCIS) allow for
a time-integrated measurement. Additional advantage of this
kind of samplers is that they directly provide an estimate of
the bioavailable fraction of the pesticide in the surface water.

To monitor the ecological quality of the surface water and
to perform realistic risk assessments, ecotoxicological testing
and risk assessment needs to be further tuned to the specific
dynamics of the pesticides in surface water. Conventional eco-
toxicological tests impose a constant dose to the organism and
do not impose multiple pulses of a certain contaminant.

6.2. Modeling pesticide fate in surface water

To this stage, relatively few examples exist of catchment scale
modeling of pesticides in surface water. Most of the mod-
eling efforts are restricted to edge-of-field type calculations
that reduce the catchment to a single field and tend to over-
estimate pesticide concentrations for the larger catchments.
However, there is a need for more realistic predictions of
pesticide concentrations in surface water, taking spatial and
temporal variations into account. Consensus on the neces-
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sity of catchment surface water models is growing, also in
the field of pesticide modeling. More and more users world-
wide are applying and verifying SWAT for various applications
(Arnold and Fohrer, 2005). Although the simplifying process
description in SWAT allows the model to be used in practical
problems and for decision making, improvements for pesti-
cide modeling were needed. These include the incorporation
of (adjusted) submodels for drift and point sources, and imple-
mentation of mitigation. Since the model description for river
water processes is oversimplified in SWAT, the coupling to a
surface water quality model such as RWQM1 results in a better
in-river process description. The process description in SWAT
further needs to be verified against process-based models and
ameliorated where needed. Some parameters, e.g. reduction
percentages of certain mitigation measures, need to be con-
firmed by new experiments.

Conventional ecotoxicological thresholds such as pre-
dicted no effect concentrations (PNEC) or hazard con-
centrations (HC5s) are not suitable for highly dynamic
pollutants such as pesticides. As such, the approach
does not take into account the frequency of exceedance
of concentrations. This could be done by means of
a concentration–duration–frequency curve (Dixon, 2002;
Verdonck, 2003; Verdonck et al., 2003). As there are no analogue
effect–duration–frequency data available, this approach can-
not be applied in risk assessment yet. Furthermore, also the
synergetic or antagonistic action of certain active ingredients
is currently not taken into account. Finally, several models look
promising for ecological risk calculations. The DREAM model
(Karman, 2002) is an example of the application of mech-
anistic time-to-event models and is expected to generate a
more realistic estimation of the environmental impact of pro-
duced water discharges coming from oil companies. Analogue
work in the pesticide field would be helpful for realistic risk
assessment. The PERPEST model (Van den Brink et al., 2006)
predicts the effects of a given concentration of a pesticide
based on the outcome of already performed experiments using
experimental ecosystems. It quantifies uncertainty by taking
a probabilistic approach and it provides uncertainty limits to
the predicted values. For the moment, PERPEST cannot handle
mixtures of pesticides (Van den Brink et al., 2006). Analyses of
standard data sets are required to validate such models and
to identify the advantages and disadvantages of time-to-event
analysis in risk assessment (Karman, 2002).

7. Conclusions

In this article, an overview is given of issues relevant to the
occurrence, mitigation, monitoring and modeling of pesticides
in surface waters. The main conclusions are:

• point losses form an important contribution to pesticide
loads in rivers which can be easily reduced by simple
measures without relevant financial consequences for the
agricultural sector;

• best management practices can diminish diffuse pesticide
inputs to a large extent, but more field experiments should
be performed in combination with modeling exercises in
order to gain insight in which measures are most effective;

• to optimize sampling strategies, a combined use of moni-
toring data and models is advised;

• integrated sampling techniques such as diffusive samplers
or online techniques result in more reliable monitoring
results than grab samples;

• a lot of development work still has to be done at the
effects side of pesticide risk assessment, more specifically
on the effects of pesticides on ecosystems rather than sin-
gle species, on the effect of pulse exposures of pesticides,
on synergetic or antagonistic action of active ingredients,
etc.

The fate of pesticides is a complex process and still a lot
of it and of its effects is currently unknown. Monitoring and
modeling the fate of pesticide and its effects will be support-
ing the development of an environmentally friendly use of
pesticides. Improvements in monitoring of pesticides in sur-
face water based on better understanding of the underlying
processes will improve monitoring strategies that need to be
developed in the EU as part of the implementation of monitor-
ing programmes in the Water Framework Directive. Advances
in catchment scale modeling of pesticides fate and effects in
surface water will allow to accurately build river basin man-
agement plans and reduce pesticide loads to surface water.
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