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Abstract The demand for operational tools at a catchment
scale is growing to assess both the sustainability of
agricultural practices and the efficiency of mitigation
measures on pesticide transfer to surface water. Here a
literature review of 286 investigations highlights the large
number of indicators and hydrochemical models developed
at the catchment scale. Given this large number of
indicators and models, the choice is difficult for potential
users. Therefore, this article proposes a multi-criteria
analysis applied to ten existing tools including physically
based and conceptual models, indicators and multi-agent
systems. We found the following major points: (1)
Indicators and conceptual models are the most popular
approaches to assess the transfer of pesticides to surface
water at the catchment scale due to a trade-off between
environmental relevance and adaptation to user’s needs. (2)
The latest indicators developed are inferred from the results
of conceptual or physically based models to combine the
strengths of each approach. (3) Only a handful of physically
based models have addressed both flow and pesticide
transport at the catchment as affected by the internal
heterogeneity of the system. However, it is only physically
based models that can simulate the impact of changes to the
catchment. Physically based models integrate feedbacks
between hydrological and chemical processes not possible
from conceptual models or indicators alone. (4) The ability
of models to assess the pesticide loads both in the dissolved
and particulate phases is a key issue not properly addressed
by many indicators or models. A key way forward is the

integration of erosion processes with the fate of pesticide
adsorbed to these particles. (5) At the catchment, the
hydrological connectivity is perhaps the primary hydrolog-
ical variable required to correctly assess rapid flow
processes as surface runoff and associated pesticide
transfer. This in turn implies using tools that explicitly
represent the connectedness of surface and/or sub-surface
water pathways including mitigation measures to correctly
assess the risk of pesticide transfer.
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1 Introduction

The use of fertilizer and pesticides has contributed to an
increase in yields. However, contamination of surface water
(Brady et al. 2006) and groundwater (Gooddy et al. 2002)
has increased over the last decades. Consequently, research
has focused on the various constraints and key components
of pesticides transfer in different environmental compart-
ments, such as the atmosphere (Gil and Sinfort 2005),
groundwater (Bloomfield et al. 2006; Arias-Estevez et al.
2008), surface water (Fiener et al. 2005; Gregoire et al.
2010; Holvoet et al. 2007; Moore et al. 2006; Schriever et
al. 2007), in particular rivers and lakes (Du Preez et al.
2005; Konstantinou et al. 2006), the soil (Andreu and Picó
2004; Corwin and Loague 2004; Reichenberger et al.
2007), irrigated fields (Müller et al. 2007), natural
(Williams 2002; Mitsch and Gosselink 2007) or artificial
wetlands (Moore et al. 2001; Rose et al. 2006; Dordio et al.
2007), as well as urban areas (Blanchoud et al. 2007).

The mechanisms of transfer of pesticides are governed by a
combination of hydrological, chemical and microbiological
processes (Pell and Stenström 2004; Gavrilescu 2005). The
relative importance of these processes varies over time and
scale, ranging in size from the research plot to field size and up
to the catchment (Campbell and Garrido 2004 ; Poissant et al.
2008). The pesticide fluxes generated within an agrosystem are
governed by the movement of water and the hydrologic and
hydraulic characteristics of the catchment. Pesticide persistence
in soil and fluxes are also related to rainfall (Ramwell et al.
2002), in particular the intensity of the rainfall event (Pot et al.
2005; McGrath et al. 2008, 2010).

Therefore, it appears relevant to focus on the catchment scale
in order to better define the relationship between the source of
pollution and the hydrologic and hydraulic characteristics of the
catchment, when protection of regional water resources is the
objective (Joannon et al. 2005). Additionally, evaluating the
environmental risk at the scale of catchment that constitutes the
hydrological functional unit (Finizio and Villa 2002) and an
“action” scale (Wauchope 2005) is a crucial issue due to
increasing concern of consumers as well as farmers and
chemical companies with respect to the approval procedures
for new compounds and drinking water standards (Hamilton et
al. 2003). Analysing the offsite movement of pesticides
assumes the identification and quantification of the various
pesticide transfer pathways and degradation processes from the
application point, e.g. the field or the group of fields in
agricultural areas (Leu et al. 2004a), to the endpoint (Faria et
al. 2007). Agricultural fields are often in contact with terrestrial
ecosystems such as field edges or hedges, or integrated in
aquatic ecosystems such as ditches, rivers, wetlands or ponds
(Kolditz et al. 2007). Pesticide transfer and degradation
processes are relatively well defined at the scale of the
cultivated field (Moreby and Southway 1999; Bedos et al.

2002, 2006), or of the experimental plot (Delphin and Chapot
2006) even if more knowledge is needed to improve the
assessment of pesticides risks at this scale (Alletto et al. 2010).
Most of the modelling efforts are restricted to edge-of-field
type calculations. The field-scale pesticide-runoff-leaching
indicators and models have been steadily improving with
European projects such as PEGASE (Mouvet et al. 2004) and
FOOTPRINT (Dubus et al. 2007) to assess the pesticide
transfer at different scales from the farm to European Union.
However, pesticide transfer and degradation processes are not
well defined at the catchment scale due to the spatial and
temporal variability of the processes that affect the fate and
transport of pesticides (Louchart et al. 2001; Leu et al. 2004b).
One of the main difficulties to assess the pesticide transfer at
the catchment scale is both to correctly take into account the
catchment heterogeneity, which cannot be completely known
or described (Durand et al. 2002) and the hydrological
connectivity between the site where pesticides have been
applied and the ground and surface water (Frey et al. 2009).
Indeed, hydrological connectivity especially for surface runoff
is characterized by a substantial spatiotemporal variability
depending of characteristic rainfall patterns, soil properties and
landscape components such as hedges, ditches or road network
(Ambroise 2004; Ocampo et al. 2006; Lehmann et al. 2007).

Several models have been developed in order to enable a
quantitative evaluation of the offsite movement of pesticides as
well as an evaluation of pesticide exposure of aquatic organisms.
The term “model” is used in the broad sense of a simplified
representation of a system and its functioning. It corresponds
here to a simplified representation of pesticide transfer and
degradation processes. We focus then on the hydrochemical
models and on the indicators. The differences between hydro-
chemical models and indicators can be difficult to distinguish
(Stenrød et al. 2008). The models rely on a combination
between different but complementary fields, including agron-
omy, hydrology, physicochemistry, biochemistry and cognitive
sciences (Henriksen et al. 2007).

Though several review papers comparing modelling
approach of pesticide fate in a general sense are available,
they do not unequivocally integrate the catchment scale as an
analysis criterion excepted in Borah and Bera (2004), Quilbe
et al. (2006) and Holvoet et al. (2007). Review papers have
been mostly focused on (a) a specific group of models, such
as leaching models at the soil column or agricultural field
scale (Vanclooster et al. 2000; Siimes and Kämäri 2003;
Jantunen et al. 2004; Alvarez-Benedi et al. 2004; Köhne et
al. 2009), (b) several types of models designed by a
particular institution such as the Agricultural Research
Service (Wauchope et al. 2003), (c) indicators of risk
exposure or pesticide contamination (Reus et al. 2002;
Devillers et al. 2005) at the regional or farm scale (Halberg
et al. 2005), (d) regional and national spatialization of the
simulation’s results of the 1D leaching models MACRO,
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PEARL or PRZM such as GeoPearl or FitoMarche (Sood
and Bhagat 2005; Tiktak et al. 2006; Balderacchi et al. 2008;
Pavlis et al. 2010) or (e) a cross-analysis of different models
of pesticide fate and the environmental indicators to
underscore their relative strengths, weaknesses, similarities
and dissimilarities (Dubus and Surdyk 2006).

Several criteria determine the choice of the appropriate
approach to enable an environmental evaluation with respect to
the transfer of pesticides within a catchment. This review paper
introduces, clarifies and organises into a hierarchy these criteria
and focuses on organic pesticides. The overall goal of this paper
is then to identify the various existing models of pesticide
transfer to surface water at the catchment scale, in a non-
exhaustive but representative manner by identifying the main
approaches, including the physically based and conceptual
modelling, indicators, as well as multi-agents modelling
(Bousquet and Le Page 2004). First, we describe the various
types of existing models at the catchment scale. Second, we
study the relevance of such modelling approaches based on a
multi-criteria approach that includes the expressed objectives,
the potential users, the theoretical concepts used to perform the
processes, the transfer pathways and selected degradation
processes, the integration of the spatiotemporal variability of
these processes, the method used to evaluate the model
reliability and the incorporation of uncertainties propagation.
For each type of approach, an example of application is
provided at the catchment scale in order to illustrate the
required data for each type of models analysed in this review.
The examples of application, located in the western Europe
(France and Belgium), allow to cover a large range of climate,

e.g. Mediterranean and oceanic, soil types and agricultural
types. The common point of all the selected models is to
provide an assessment of the pesticide transfer to surface water
at the catchment scale by taking into account the hydrological
connectivity between fields to catchment’s outlet with varying
degree of complexity. The leaching models were not analysed
here. Indeed, rapid flow processes as surface runoff required to
correctly assess the impact of pesticide transfer to surface
water. These processes can be difficult to properly integrate
into the structure of a leaching model (Jantunen et al. 2004;
Trevisan and Vischetti 2004) without coupling with hydro-
logical models (Christiansen et al. 2004; Luo and Zhang
2009). This analysis is followed by some recommendations
to facilitate the choice of a model to assess the risks related
to pesticide transfer to surface water as a function of the
selected criteria, at the scale of the catchment.

2 Outline of the review

The purpose of this review is to examine relevant criteria for
choosing a modelling approach to assess pesticides transfer to
surface water at the catchment scale. Ten candidate models have
been selected (MIKE SHE ADM, LEACHM-runoff, GR5-
pesticides, SACADEAU, SWAT, STREAM-pesticide,
FLOWT, VESPP, I-Phy-Bvci and PHYLOU; Table 1). These
models illustrate four main modelling approaches: (a) physi-
cally based modelling, (b) conceptual modelling, (c) indicators
and (d) multi-agents modelling. The ten selected models are
analysed according to six key criteria, namely (a) the objectives

Table 1 Model types and case studies used for the analysis and comparison of available pesticide fate tools at the catchment scale

Model type Model name Case studies references Objectives and scope

Type 1: physically based model MIKE SHE ADM De Bruyn 2004;
De Bruyn et al. 2006

Hydrological modelling in order to mechanistically represent the karstic
aquifers and the fate of point and non-point source pollution

LEACHM-runoff Maison 2000 Hydrological modelling in order to mechanistically represent the
quantitative and qualitative regime of the catchment

GR5-pesticides Madier 2007 Using a pesticide fate model to define robust sampling strategies with
reduced cost, i.e. with a minimum of analyses

SACADEAU Tortrat 2005; Gascuel-
Odoux et al. 2009

Building a decision-aid tool to help specialists in charge of the
catchment’s management to preserve the stream water quality

Type 2: conceptual model SWAT Holvoet et al. 2005; 2008 Modelling the impact of land management practices on water and
pesticide loads in large catchments with varying soils, land uses and
management conditions over long time periods

STREAM-
pesticides

Lecomte 1999 Modelling the behaviour of pesticides driven by runoff and erosion from
the cultivated plots to the catchment area

FLOWT Gregoire 2006;
Madier 2007

Modelling the impact of land management practices on water and
pesticide loads in small catchments with varying soils, land uses
and management conditions over long time periods

Type 3: environmental indicator VESPP De Bruyn 2004; 2006 Evaluating the vulnerability of surface water to pesticides

I-Phy-BVci Thiollet-Scholtus 2004 Evaluating the vulnerability of surface water to pesticides

Type 4: multi-agent system PHYLOU Barreteau and
Cernesson 2003

Facilitate communication between stakeholders by using an agent-based
model of pesticide transfer in order to preserve the stream water quality
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and potential users, (b) the domain of definition and the
boundary conditions in terms of spatial scale and temporal
dynamics, (c) the simplification and conceptualisation of
pesticide transfer processes, (d) the required data, (e) the type
of model evaluation and (f) the ability to perform a sensitivity
analysis on input parameters and associate an uncertainty with
the results.

2.1 A literature survey

A literature survey was performed in the scientific database ISI
Web of Science to analyse the diversity of modelling approaches
assessing the pesticide transfer on surface water at the catchment
scale. Since 1975, 286 studies are listed in ISI Web of Science
database. Catchment-scale pesticide runoff assessment methods
emerged in the 1980s (Fig. 1) while field-scale assessment
methods emerged in the 1960s (Wauchope 1978). As highlighted
by Wohlfahrt et al. (2010), this may be due to the fact that field-
process understanding and modelling is a prerequisite to a
catchment scale view. The specificities of the four modelling
approaches, i.e. physically based and conceptual models,
indicators and multi-agent systems are detailed in the Sec-
tions 2.2 to 2.5.

2.2 Physically based models

This type of model uses state variables, e.g. water content, that
are mutually dependent by state relationships, including
dynamic relationships (linking fluxes of matter to gradient of
potentials and resistance of the medium) and conservation
relationships (balances of matter, energy, quantity and momen-
tum). After establishment of the initial and boundary conditions,

physically based models simulate the system at each point and
time step of a fine spatiotemporal gridding. The distributed (or
spatialized) aspect means that the model explicitly takes into
account the spatial variability of the parameters, the processes
and the boundary conditions of the system. The hydrological
connectivity between agricultural fields and the groundwater
table or the hydrological network is thus implicitly taken into
account in the different equations of the model. The purpose of
investigating this family ofmodels is to obtain a tool, which only
requires measurable parameters to enable extrapolation to non-
instrumented catchment with similar characteristics. Within the
context of developing management tools, only physically based
models may be used to simulate changes to the system (i.e.
variation in the land use or practices). Indeed, the knowledge and
consideration of the spatial distribution of processes in themodel
areessentialbecause the impactofaparticularactionwillvaryasa
function of its location in the catchment (Vieux 1991). In the
current generation of physically based hydrological models, a
variety of approaches has been used to couple surface and sub-
surface flow processes at the processes, whereas as showed by
the Fig. 1, only a handful of models have addressed both flow
and transport (Therrien et al. 2005; Weill et al. 2010). To
illustrate the advantages and limits of this family of models, we
detailed two examples integrating pesticide transport (Table 1):
LEACHM-runoff (Maison 2000) and MIKE SHE ADM (De
Bruyn 2004; De Bruyn et al. 2006).

2.3 Conceptual models

Conceptual hydrological models and their associated pesticide
modules rely on the simplification of processes regarding the
water cycle and the fate of pesticides. The literature survey

Fig. 1 Temporal evolution of
studies assessing pesticide
transfer on surface water at the
catchment scale with physically
based and conceptual models,
indicator and multi-agent sys-
tems (n=14, 93, 170 and 9,
respectively, search term combi-
nation in ISI Web of Science:
(indicator* and pesticide* or
multi* and agent* and water*
and pollut* or model* and
pesticide* or indicator* and
pesticide* or pesticide* and
watershed*) within title, key-
words and abstract coupled
with a systematic analysis of
the relevance of the papers)
during the last 36 years. The
number of studies for 2010 is
preliminary result limited to the
access date 28 October 2010
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reveals a diversity of approaches within this family of models
with 93 different studies accounting for 33% of the studies
between 1975 and 2010 (Fig. 1). The hydrological functioning
of the catchment is divided into a series of interconnected
reservoirs that are “homogenous” with respect to the physical
characteristics and/or to the hydrological functioning. These
models can be called lumped model if the catchment is
considered as a unique entity. The global model GR5 illustrates
this sub-family in this review paper (Table 1). The catchment
can also be split up in units considered as “homogeneous” with
respect to the physical characteristics and/or to the hydrological
functioning. Each unit is thus represented by a series of
reservoirs and no more the entire catchment. This structure
allows considering the spatial distribution of the hydrological
characteristics of each unit and the input variables. Hence, the
representation of the hydrological connectivity between the
fields and the surface and ground water is performed for each
unit. Depending of the maturity of a model, the border between
conceptual and physically based models can be difficult to
distinguish. Some existing conceptual models can be improved
by removing simplifying assumptions and adding physically
based hydraulic processes and chemical reactions (Joyce et al.
2010). Four examples allow to illustrate the diversity of the
representation of the fate of pesticide within this family
(Table 1): SACADEAU (Tortrat 2005; Gascuel-Odoux et al.
2009), SWAT (Holvoet et al. 2005, 2008), STREAM-pesticide
(Lecomte 1999) and FLOWT (Gregoire 2006; Madier 2007).

2.4 Indicators

An “indicator is a variable which supplies information on
other variables which are difficult to access or measure (…)
and can be used as a benchmark to make decisions” (Gras
et al. 1989) and is an “alternative measure (…) which is a
tool to gain an understanding of a complex system (…) so
that effective management decisions can be made that lead
towards the stated objectives” (Mitchell et al. 1995).

Indicators constitute the basis of various methods used
for the evaluation of the environmental impact of land-use
practices. They help with the prediction and understanding
of the impact of an agricultural system on the environmen-
tal according to the initial setup and objectives (IISD 1997).
Use of indicators overcomes difficulties related to obtaining
direct measurements due to methodical difficulties, practi-
cal reasons, costs or duration of the data acquisition
(Bockstaller and Girardin 2003) and may explain the large
number of indicators developed since the 1980s accounting
for 59% of the studies between 1975 and 2010 (Fig. 1). If a
risk of impact is predictable, indicators generally charac-
terize a risk of exposure to water masses (Finizio and Villa
2002); however, the risk of impact on the organisms is
more difficult to characterize. The number of factors used
in the construction of exposure indicators is highly variable

(Devillers et al. 2005). The use of results of hydrochemical
models in the calculation of indicators, such as the PESTLA
model and the EYP indicator (Reus et al. 2002) or the
MHYDAS model and a pesticide transport indicator (Wohl-
fahrt et al. 2010), illustrates the difficulty to distinguish the
border between indicators and hydrochemical models. The
representation of hydrological connectivity in an indicator can
be inferred from the results of a hydrochemical model
(Wohlfahrt et al. 2010). These results are combined into a
synthetic indicator according soil types, soil management,
pesticides and climatic scenario database. Even if development
of this type of indicator requires large number of simulations,
the synthetic indicator can be easily use in the decision-making
process as a way to locating risky areas and comparing
different scenarios in water-quality management.

Two indicators of exposure VESPP (De Bruyn 2004,
2006) and I-Phy-BVci (Thiollet-Scholtus 2004) are ana-
lysed in this review in order to identify the advantages and
limits of this family of tools (Table 1).

2.5 Multi-agent systems

The objective of multi-agents systems as applied to the
environmental field is to understand and model the impact
of the actors, including their relationships, on natural
resource, such as the water quantity and/or quality
(Bousquet and Le Page 2004). These tools are used within
the context of the pesticides problem in order to understand
the impact and the adaptability of each stakeholder with
respect to the quantities of pesticides that can be transferred
at the outlet of the catchment (Houdart 2005; Houdart et al.
2009). The main objective is thus to correctly represent the
pesticides transfer pathways and the magnitude of fluxes.
Consequently, these tools include a representation of
processes whose complexity varies as a function of the
type of model for the fate of pesticide. The effort in
modelling focuses on the causal relationships between
modalities of the agricultural practices (type of molecule,
application frequency, date of application), the role of
pesticide mitigation structures (vegetated strips, artificial
wetlands) and the fate of pesticides. Only a handful of
multi-agent systems are dedicated to the pesticide transfer
at the catchment scale (Fig. 1). The tool PHYLOU
(Barreteau and Cernesson 2003) illustrates the particulari-
ties of the kind of tool (Table 1).

2.6 Conclusions

In terms of the number of studies, indicators and conceptual
models are the most popular approaches to assess the
transfer of pesticides to surface water at the catchment scale
(Fig. 1), accounting for 59% and 33% of the studies,
respectively.
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The four approaches considered in the review paper
diverge with respect to:

& The degree to which the complexity of the processes are
simulatedand thenatureof the relationshipsused todescribed
them (from the conceptual to the physically basedmodels)

& Their respective capacity to reproduce the potential or
observed concentration or loads in surface water (from the
indicators to the conceptual or physically based models)

& Their respective capacity to take into account more or
less accurately the decision rules and the agricultural
practices of the farmers (from the multi-agents systems
to the conceptual or physically based models)

3 Comparison of models based on six selected criteria

Various model classifications have been proposed to help a
user select the model most suitable for a specific objective
(Jantunen et al. 2004; Quilbe et al. 2006). The originality of
the proposed typology is to combine the criteria proposed
for leaching models by Jantunen et al. (2004) and for
hydrochemical models by Quilbe et al. (2006).

The uniqueness and similarities of the four approaches
presented above is discussed based on ten examples of
models, while considering the following six criteria: (a) the
intended users and objectives; (b) model applicability, scale
and temporal resolution; (c) degree of simplification of
hydrological and pesticide fate processes; (d) the required
data; (e) model evaluation and (f) consideration of data
uncertainty and parameter sensitivity analysis.

3.1 Intended users and objectives

All the models analysed in this paper directly originate from
research efforts, in more or less relationships with the farming
profession. The objectives vary according to the model type
(Table 1). The authors of physically based models have the

objective to use their models for research and to improve
process understanding. However, their implementation requires
a level of understanding, which limits their use outside of the
field of research (MIKE SHE ADM and LEACH-runoff;
Table 2). Conceptual hydrochemical models are theoretically
more user-friendly, as they are less-demanding in terms of data
and computation time. However, their implementation gener-
ally requires a calibration phase implying the availability of
water and pesticides concentration and load data. Finally, the
skills required for using these tools limit their implementation
by the stakeholders (Table 2). Environmental indicators are by
definition more user-friendly as they provide an overall picture
enabling a diagnostic and proposals of actions. However, their
environmental relevance, i.e. their capacity to determine the
impact of agricultural practices, should be checked (Payraudeau
and van derWerf 2005). The final users of these indicators can
be the various stakeholders who are responsible for water-
quality management of a catchment; these include the farmer’
advisors and other policy makers (Table 2). The multi-agents
approach is the only model that directly associates the farmers
without intermediates such as the farmers’ advisors (Table 2).
The objective of this model is to increase the level of awareness
of the stakeholders regarding the environmental consequences
of practices that involve the use of pesticides. These tools
particularly aim at providing qualitative results allowing an
appropriation by the stakeholders of the predominating
processes as well as a hierarchical listing of on-farm practices
in order of the greatest potential for environmental harm.

Chemical firms are identified as potential users of conceptual
or physically based models at the scale of the catchment
(Table 2). In practice, models for the fate of pesticides when
used in approval procedures are very often 1-D models
operating at the field scale which can be applied at the
catchment scale (Trevisan and Vischetti 2004) or regional and
national scales (Tiktak et al. 2006; Balderacchi et al. 2008;
Pavlis et al. 2010). Hence, the objectives of these models are to
determine the potential risks of transfer to surface and
groundwater for various soil types, climates and agricultural

Farmers Farmer advisors Policy makers Chemical firms Researchers

MIKE SHE ADM (type 1) X X

LEACHM-runoff (type 1) X X

GR5-pesticides (type 2) X X

SACADEAU (type 2) X X

SWAT (type 2) X X X

STREAM-pesticide (type 2) X X

FLOWT (type 2) X

VESPP (type 3) X X

I-Phy-Bvci (type 3) X X X

PHYLOU (type 4) X X X X

Table 2 Intended (letter X in
italics) and effective (letter X
in bold) users of the described
models of the pesticides fate
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practices. Consequently, a specific model applied to a specific
catchment cannot be included within the pesticide approval
procedure.

The criterion of potential users is thus highly discriminating
as it determines the success of the modelling procedure
according to the addressed objectives (Table 1). The use of a
too complex model may lead to a rejection by some
stakeholders who do not have the necessary scientific
understanding/skills. Conversely, the use of a qualitative model
does not give specific results such as if a water-body will meet
drinking water standards. The use of models belonging to
different modelling approaches in the same catchment can be a
solution that benefits from their respective advantages.
However, it remains rare to use more than two approaches
on the same catchment. For example, such work has been
performed for the VESPP indicators and the physically based
model MIKE SHE ADM (De Bruyn 2004, 2006), as well as
for the lumped conceptual model GR5-pesticides and the
spatialized conceptual model FLOWT (Madier 2007).

3.2 Model applicability, scale and temporal resolution

The choice of amodel for the fate of pesticide assumesmatching
the objective of the study (Table 1), the characteristics of the
study site and the application domain of the model (Table 3).
Most of the models can be applied in various climatic contexts.
However, the assumptions inherent in each model, in particular
those used to describe the key process of runoff, limit the
global applicability of the models and care must be used when
matching a model with a particular catchment or objective.
Thus, models that condition the surface runoff to an excess of
the soil infiltration capacity, such as PHYLOU, are more
adapted to the Mediterranean catchment, which have no
permanent flow and thus are not permanently connected to
an adjacent groundwater system (Table 3). Conversely,
considering the hydrological connectivity between surface
and groundwater in the calculation of the discharge, such as
in the SACADEAU model, generally restricts the application
to the oceanic context usually characterized by permanent
connection between surface water and adjacent groundwater
system (Table 3). The models generally present a relationship
between the range of the area considered in the modelled
catchments and the time step of the input data, including the
rainfall and the output variables of the model. Thus, models
that are adapted to large catchments from about ten to about a
hundred square kilometres, whose response time is a day or
more, rely on input and output data at a daily time step, e.g.
SWAT. Conversely, models adapted to smaller catchment
whose area ranges from a few hectares to a few square
kilometres (Table 3) generally rely on input data at a minute
time step (GR5-pesticides, STREAM-pesticide, FLOWT,
PHYLOU) to an hourly time step (SACADEAU). The
dynamics of pesticide fluxes can be captured by the models

from the infra-hour time step (FLOWT, GR5-pesticide),
accumulated at the scale of the runoff event (STREAM-
pesticide, I-PHY-Bvci) or year (VESPP). With the exception of
the lumped model GR5-pesticide, all the selected models
present a distributed approach of the catchment (Table 3).

The discretization can rely on a regular grid in two
dimensions for the conceptual models and the indicators
(SACADEAU, STREAM-pesticide, VESPP, PHYLOU), or
in three dimensions for the physically based models (MIKE
SHE ADM, LEACHM-runoff). A discretization relying on
homogenous units in terms of hydrological functioning is
also possible (Table 3). This discretization can integrate
field delineation (FLOWT, I-PHY-BVci) or not (SWAT).
Some models display a mixed segmentation of the space
encompassing both a grid to represent the level of the water
table and homogeneous units to spatialize the inputs of
pesticides (SACADEAU). Considering the type of agriculture
(Table 3), the parameterization of some models relies on the
decision rules exclusively adapted to the vineyard catchments
(FLOWT, I-PHY-BVci and PLYLOU), large-scale crop
(STREAM-pesticide) or bocage landscapes (SACADEAU).
The adaptation of a model to other hydroclimatic or cropping
patterns usually includes intensive work on the hypotheses
and on the structure of the model. Analysing the adequacy
between the application domain of a model and the
catchment under investigation is a crucial criterion to
avoid a failure of the modelling process. Indeed, a model
that is employed out of its application domain can
provide fair results for some variables, such as runoff
volumes, but may lead to an erroneous representation of
the water transfer pathways (Beven 2002). In order to
choose the correct model for an application, an under-
standing of the hydrology and chemistry of the catchment
as well as an understanding of the strengths and
weaknesses of a particular model is needed.

3.3 Including hydrological processes and fate of pesticide
in models

Simulating the fate of a pesticide requires a simplification
of the water and pesticide cycles. At the scale of the
catchment, these cycles concern five environmental com-
partments, namely the atmosphere, plant, soil (unsaturated
zone), groundwater and surface water (perennial stream,
ponds and lakes). Forty-two processes have been listed
from an analysis of the ten models (Table 4). The term
“process” refers here to a separate step in the water cycle or
pesticide fate. The processes have been grouped by
environmental compartment, i.e. atmosphere, plant, soil
and water. Diversity of the modelling approaches originates
from the inclusion or not of these different processes. None
of the ten models includes the entire set of 42 processes.
The number of processes taken into account varies from
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Table 4 Hydrological and pesticide fate processes in air, plant and soil compartments taken into account in the studied models and the selected
models

Processes MIKE SHE
ADM

LEACHM-
runoff

GR5-
pesticides

SACADEAU SWAT STREAM-
pesticide

FLOWT VESPP I-Phy-
BVci

PHYLOU

Air

Drift – – – – – – – – X –

Deposition – – – – – – – – X –

Plant

Plant growth X X – X X X X – X –

Water cycle

Interception X – – – X – X X – –

Foliar evaporation X X – – X – – – – –

Roots uptakes X X – – X – – – – –

Pesticide fate

Volatilisation – – – – X X – – – –

Washoff – – – – X – – – – –

Degradation – – – – X X – – X X

Soil (unsaturated zone)

Water cycle

Horton runoff X X X X X X X X X X

Saturation excess runoff X – – X – – – – – –

Infiltration X X X X X X X – X X

Evaporation X X X X X – X – – –

Percolation X X X X X – X – – –

Lateral sub-surface flow – – – X X – X – – –

Capillary fringe X – – – X – – – – –

Fate of dissolved pesticides

Soil/water exchanges X X X X X – X X – X

Advection/dispersion X X X – – – – – – –

Degradation X X – X X – – X – X

Volatilisation – – – – X – – – X –

Fate of particular pesticides

Erosion – – – – X X – – – –

Deposition on vegetated strips – – – – X X – – – –

Aquifer

Water cycle

Flows X X X X X – – – X –

River/aquifer exchanges X – X X X – – – – –

Pesticide fate

Volatilisation – – – – – – – – – –

Advection/dispersion X – – – – – – – – –

Adsorption X – – – – – – – –

Degradation X – – X – – – – – –

River

Water cycle

Flows X – X – X – – – – X

Pesticide fate

Deposition – – – – X – – – – –

Resuspension – – – – X – – – – –

Volatilisation – – – – X – – – – –

Advection/dispersion X – – – X – – – – –

Degradation X – – – X – – – X X

Landscape mitigation objects
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seven (VESPP) to 32 (SWAT), with an average of about ten
processes. Several factors can explain this variation.

First, the models have an application domain that may
include or not various environmental compartments. Thus,
the physically based model LEACHM-runoff that has been
designed based on the Auradé catchment (Table 5),
characterized by the absence of permanent river network
and the low contribution of groundwater to the surface
water dynamic, only includes 11 processes (Table 4). The
other representative of this family, MIKE SHE ADM, has
21 processes, including those in the saturated zone and in
river processes (Table 4). These last two compartments
cannot be neglected when modelling larger catchments.

Second, most models begin life in a fairly simplified
form, i.e. many processes are simulated with simplified
assumptions, but then through time or because of a need
these simplified assumptions are replaced with more
realistic models of the processes. For instance, the
conceptual model SWAT includes 32 processes and appears
as the most comprehensive model representing the water
and pesticide cycles. It displays a significant degree of
maturity by associating several models that had been
separately validated in the various environmental compart-
ments (Wauchope et al. 2003): EPIC for the plant growth,
CREAMS for the hydrology, GLEAMS for the fate of
pesticides and SWRRB for the extension of the application
field at the catchment scale. More simplified models such
as Stream-pesticide, FLOWT and SACADEAU have been
improved to enhance the applicability domain, and their
authors have already identified the next processes to be
integrated into future versions.

Finally, the various approaches rely on a number of
processes that are adapted to the particular objectives
(Table 1). Physically based and conceptual hydrochemical
models aim at reproducing the discharges, piezometric
levels and pesticide concentration values. Thus, they
include a significant number of processes, ranging from
eight for FLOWT to 32 for SWAT. Conversely, indicator
models aim at producing more overall information by
selecting major processes, ranging from seven for VESPP
to 12 for I-Phy-Bvci. Event-based hydrochemical models,
such as GR5-pesticides, STREAM-pesticide, and FLOWT,
do not include the evapotranspiration or degradation
processes, which are assumed to be negligible with respect
to the response time of the catchments (Table 3). The
exemplified multi-agent systems approach (PHYLOU;
Table 1) is intermediate with a simplified representation of
the pesticide fate and water cycle that includes eight
processes (Table 4).

The analysis of the described compartments shows a
substantial heterogeneity. Among the ten models exam-
ined within this paper, the indicator model I-Phy-Bvci is
the only model that integrates the atmospheric compart-
ment, notably the influence of treatment practices in
terms of the quantity available at the plant or soil
surfaces. The soil compartment is the most completely
covered compartment across the ten models with a
minimum of three process (Horton runoff, infiltration,
and volatilization) or (Horton runoff/soil water exchanges
and degradation) for I-Phy-Bvci and VESPP, respective-
ly, and a maximum of 11 of 13 processes for the SWAT
model (Table 4).

Table 4 (continued)

Processes MIKE SHE
ADM

LEACHM-
runoff

GR5-
pesticides

SACADEAU SWAT STREAM-
pesticide

FLOWT VESPP I-Phy-
BVci

PHYLOU

Vegetated ditch

Degradation – – – – – – – X – –

Grass strips

Infiltration – – – X – X X X

Degradation – – – – X – – X X X

Wetlands

Degradation – – – – – – – – X –

Ponds, lakes – – – –

Deposition – – – – X – – – – –

Resuspension – – – – X – – – – –

Volatilisation – – – – X – – – – –

Advection/dispersion – – – – X – – – – –

Degradation – – – – X – – – – –

Number of processes 21 11 9 13 32 8 8 7 12 8
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The plant growth processes is in all models with the
exception of GR-pesticides, VESPP and PHYLOU models.
The SWAT model has all of the processes listed for this
compartment (Table 4). The GR5-pesticides model
excludes any processes from this compartment completely.
However, the integration of the plant compartment is
important as it determines the degree of soil covering and
changes over a temporal scale the runoff and erosion
properties within the models.

Processes intervening at the soil surface or within the
soil (Table 4) are systematically represented, indepen-
dently if they represent the water cycle or the fate of
pesticide in the dissolved phase. How a particular process
is represented may differ between models for example the
process of infiltration/runoff. This is important as this
process determines the apportionment of the water and
pesticide flux between the surface and ground water. All
the models simulate the runoff as an excess of the
infiltration capacity. Physically based models use the
Richard’s equation to represent the water flux within the
soil, the change in water content and the infiltration
capacity of the soil, either in one dimension (MIKE SHE
ADM) or in two dimensions (LEACHM-runoff). The
diversity of the concepts used within the conceptual
models to represent the runoff is very high. The SWAT
model uses either the curve number approach of the Soil
Conservation Service, or the one-dimension Green and
Ampt equation. The GR5-pesticides model uses a reser-
voir to represent the evolution of the soil water storage
capacities. The FLOWT model uses the Horton equation
to determine the runoff to infiltration ratio. The STREAM-
pesticide and SACADEAU models rely on the use of
experts rules that determine the runoff/infiltration ratio
related to the condition of the soil surface. The indicator
models indirectly include the runoff to infiltration ratio by
characterizing the risk of runoff either exclusively as a
function of the vegetation cover, the slope and the soil
cultivation (VESPP), or while additionally integrating the
soil texture (I-Phy-Bvci). Only MIKE SHE ADM and
SACADEAU integrate the saturation excess runoff.
Saturation excess runoff typically occurs at the base of
hillslopes, where soil moisture is high due to downslope
movement of sub-surface water in soils with impermeable
horizons or on impermeable rock, where a perched water
table develops, and in areas of shallow groundwater.

The integration of the erosion processes and the fate
of pesticide attached to particles add an additional degree
of complexity. Consequently, the number of modes
integrating these processes is small. Among the ten
models, only SWAT and STREAM-pesticide integrate the
fate of the sorbed pesticides (Table 4). This can be
explained by the limited ability to models to correctly
integrate the erosion processes (Jetten et al. 2003; Takken

et al. 2005) and the fate of pesticide sorbed to particles
(Alletto et al. 2010). Therefore, a key way forward is the
integration of erosion processes with the fate of pesticide
adsorbed to these particles (Borggaard and Gimsing 2008;
Pesce et al. 2010). From a practical perspective, processes
occurring in the saturated zone are only taken into account
in the model developed on the catchment that has a water
table close to the surface (SACADEAU) or for application
domain larger than about ten square kilometres (MIKE
SHE ADM, GR5-pesticides, SWAT; Table 3). The same
observation can be made for the river compartment, which
only concerns catchments larger than a few square kilo-
metres and with perennial streams.

Finally, the use of mitigation measures to limit
pesticide transfer is highly variable within the ten models
(Table 4). The effect of the vegetated strips is often
simulated by locally increasing the infiltration and
optionally the pesticide degradation rate (Table 4). Vege-
tated ditches only appear in the VESPP indicator. The
potential pesticide degradation within the wetland areas
(Gregoire et al. 2009) is only simulated in the I-Phy-Bvci
model. The role played by water surfaces, i.e. lakes,
ponds, in the fate of pesticides is represented as a module
within the SWAT model. Among the ten models, the role
of these mitigation measures is perceived as essential for
setting up indicators of risk only in the conceptual models.
The ability to take into account mitigation measures was
previously retained as a key point to assess impact of best
management practices (Quilbe et al. 2006). The physically
based models focused on the water cycle and pesticide
fate do not include such measures (Table 4). The
weakness of the studied models to take into account the
mitigation measures can be explained by the difficulty of
obtaining relevant data on pesticide remediation efficiency
for each type of mitigation measure (Reichenberger et al.
2007). More knowledge of pesticide mitigation is needed to
correctly integrate these measures into models. The European
project ArtWET (Gregoire et al. 2009) has thus generated
data on the efficiency of artificial wetlands that will be
rapidly integrated into existing models such as FOOTPRINT
models (Dubus et al. 2007).

The adequacy between the observed functioning of
the catchment and the simplification degree of the
model in terms of processes and compartments is an
inescapable criterion. Beyond the represented processes
(Table 4), the choice of the model should integrate the
target objectives (Table 1) and the applicability domain of
the model (Table 3), itself depending on the various
represented processes (Table 4). At the scale of the
catchment, the hydrological connectivity (Fig. 2), i.e. the
connection between the fields and the hydrologic net-
work or groundwater, cannot be neglected to correctly
assess rapid flow processes as surface runoff (Ambroise
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2004; Ocampo et al. 2006) and associated pesticide
transfer. A detailed integration of the connectivity at the
catchment scale is crucial to distinguish the active areas,
i.e. generating runoff, from areas that effectively contrib-
ute to the discharge at the outlet. A disconnected field, i.
e. with no hydrological connectivity from field to
catchment outlet, should not contribute to the pesticide
loads at the catchment scale. This in turn implies using
models that explicitly represent the water pathways
(Aurousseau et al. 2009; Lagacherie et al. 2010; Wohl-
fahrt et al. 2010) as well as the mitigation measures that
reduce the pesticide loads, such as vegetated strips and/or
wetlands in STREAM-pesticides, SACADEAU, FLOWT
and I-Phy-Bvci.

3.4 Required data and examples of application

The adequacy between the required data to implement a
model and the data available for a particular catchment also
represents an essential criterion. The more processes that
are included within the model, the larger the amount of data
that is needed. Table 5 synthesises the data required to
implement the ten models on the respective catchments.
With the exception of the SWAT and MIKE SHE ADM
models, the other eight models have only been applied on
the catchments shown in Table 5. This is related to the
maturity of the model. The range of the studied catchments
(Table 5) varies from 42 ha (Rouffach catchment, France)
to 300 km2 (Leysse catchment, France). The choice of the
monitored pesticides depends on the predominant agricul-
ture that exists within the catchments (Table 3). All studied
pesticides are synthetic organics and belong to three types,
namely herbicides, fungicides and insecticides. The data

required for the implementation of a model can be
classified into three distinct types.

The first type includes the physical data used to
characterize the functional units, referred to as hydrolog-
ical response units (HRU) in the SWAT model or
hydrological function units (HFU) in the FLOWT model
(Table 3). HRUs or HFUs are subdivided parts of the
catchment that account for the three-dimensional hetero-
geneity of the catchment and are designed to reflect
different-dominant subsystems of the hydrological cycle.
A digital elevation model (DEM) is required for all
models to describe the topographical characteristics of
the catchment, with the exception of the global approach
GR5-pesticide (Table 5). The resolution of the DEM is
generally a function of the catchment area in order to
optimize the description of the components within the
catchment, i.e. road network, hedges, ditches or grass
strips and the total number of pixels.

The resolution can also be related to the mean area of the
agricultural field when the model uses a mixed pixel/field
discretization, such as that used for the SACADEAU model
(Table 3). The number of units used for the discretizing
space varies from 1 (global model, GR5-pesticides) to
107,000 (STREAM model applied to the Bourville catch-
ment, France). The areas of these basic units vary from
25 m2 (STREAM model applied to Blosseville catchment,
France) to 42 ha (GR5-pesticides applied to the Rouffach
catchment, France). All of the models require some
information on soil properties; what is required may vary
between models (Table 5). Furthermore, land use is
important due to its role in the water cycle at the
atmosphere/soil interface and to localize the inputs of
pesticide. Geologic or hydrogeologic data, as well as the

Fig. 2 Spatial and temporal
variation of the hydrological
connectivity between fields and
outlet of a catchment (a without
connectivity for low intensity
rainfall event; b with connectiv-
ity during high intensity
rainfall event)
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permanent stream network, are only required if the
processes associated to these compartments are assumed
to be predominant in the study catchment (cf. Section 3.3).
Components that favour or limit the hydrological connectiv-
ity, such as soil conservation practices, hedges or vegetated
ditches, are necessary for SACADEAU, STREAM-pesticide
and FLOWT in order to mitigate water and pesticide fluxes
(Table 5). The difficulty in collecting this type of data
hinders the application of such models larger than an area of
about ten square kilometres even if the impact of these
conservation practices and landscape components on pesti-
cide transfer had been demonstrated (Reichenberger et al.
2007; Alletto et al. 2010; Ohliger and Schulz 2010).

The second type of data is input variables for the system.
This type of data concerns the water cycle and includes the
rainfall, potential evapotranspiration or variables that are
needed to calculate it, such as temperature, wind speed and
water vapour content of the atmosphere. The time step of
the data required to characterize rainfall (Table 5) should be
adapted to the hydrological dynamics of the watershed area
(Table 3). The finest temporal discretization needed is
6 min (GR5-pesticides, FLOWT, PHYLOU) and can be as
long as daily (MIKE SHE ADM, SACADEAU, SWAT,
WESPP, I-Phy-BVci). Regardless of the catchment area, the
capacity of the models to use rainfall data with high
temporal resolution, i.e. few minutes, is a key point to
correctly assess the impact on within-storm variability of
rainfall both on pesticide persistence in soil (McGrath et al.
2008) and pesticide transfer (McGrath et al. 2009). Indeed,
rainfall variability within a storm event can have a
significant impact on the amount of contaminant transport
especially surface applied chemicals such as pesticides, by
triggering rapid flow processes as surface runoff or
preferential flows (McGrath et al. 2010; Alletto et al. 2010).

Data characterizing the pesticide inputs are also needed
and include the date of application, the amount, the
physicochemical properties of the molecules and for some
models the application mode, for example, the kind of
spraying nozzles used in the I-Phy-Bvci model (Table 5).
The acquisition of these data requires either an exhaustive
survey from the farmers or an expert estimate, as a function
of the catchment area.

The last type of data concerns the knowledge of the
variables collected at the outlet of the catchment, namely
the discharges, pesticide concentrations and amount of
eroded soil material. For the seven hydrochemical models,
these outputs are essential to select the final values of the
parameters while minimizing the deviation between the
observed and simulated variables, i.e. calibration of the
model. The need to calibrate these models limits their use to
catchments where the history of observed discharge and
pesticide concentration is known. For both the VESPP and
I-Phy-Bvci indicators, as well as the PHYLOU model, the

availability of output variables appears less important.
Indeed, this type of model generally offers a qualitative
perspective of the pesticide transfer, which does not require
a calibrating step of the simulated quantities as a function of
the observed ones (Table 5). However, existing data at the
outlet of the catchment can be used both to build indicators
or multi-agent models and to validate the range of
magnitude of the results. It must be noted that no model
compute pesticide loads in both the dissolved and solid
phases, with the exception of the SWAT model. The choice
of a model thus assumes an analysis of existing and
available data from the studied catchment. In this respect,
how well the catchment is characterized (Table 5) depends
directly on the quality of the available geographical dataset.
Moreover, the available climatic data (Table 5) is directly
linked to the existence and type of meteorological stations
in the vicinity of the studied area. Knowledge of pesticide
use and application data and measured pesticide fluxes at
the outlet are most difficult information to a posteriori
obtain. The rigorous application of a model (Klemes 1986)
or the comparison of models (Vanclooster et al. 2000) is
thus often limited by the availability of measured catchment
data. Of the ten models, only two (SWAT, MIKE SHE
ADM) have been applied to different catchments. The
analysis of the transferability of the eight remaining models
should be continued. The transferability of a model to
various environmental frameworks represents an essential
robustness criterion that is an important attribute for a
model.

3.5 Evaluation of models

Model evaluation represents a key step in the development
of a model. However, the notion of evaluation has different
meanings according to the analysed family of models
(Table 6). As discussed by Konikow and Bredehoeft
(1992) and Oreskes et al. (1994), complex environmental
models cannot be validated but only tested and invalidated.
Therefore, the term of “evaluation” is adopted in this
review instead of “validation”. There are at least three types
of evaluation that can then be considered (Bockstaller and
Girardin 2003).

The first type relies on an a priori evaluation of the
hypotheses and construction of the model by a panel of
experts. This type of evaluation often represents the sole
possible method of evaluation of indicators such as I-Phy-
Bvci and VESPP. For these two indicators, the result is thus
expressed in terms of qualitative scores and not quantita-
tively. Nevertheless, the results provided by the indicators
of pesticide fate can be correlated to (a) the results of other
indicators (Reus et al. 2002), (b) results of hydrochemical
models such as in the case of the comparison of the VESPP
model with the physically based model MIKE SHE ADM
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(De Bruyn 2004; De Bruyn et al. 2006) and (c) the
observed concentration values or fluxes, which represents
the classical method of evaluation (Colin et al. 2000;
Schriever et al. 2007). The environmental relevance of the
obtained scores with respect to the observed pesticides flux
is analysed based on rank correlation methods (Table 6),
such as Spearman and Kendall (Siegel 1956).

The second type of evaluation relies on the capacity of
the model to reproduce as accurately as possible the
observed values in terms of water and pesticide fluxes. In
this case, the environmental relevance is tested. This type of
evaluation is specific to the hydrochemical models. For
conceptual models, a preliminary phase of calibration is
necessary owing to the inherent conceptual nature of the
model parameters. Physically based models are also
subjected to this step because evaluating the values of
some model parameters at the scale of the computation
grids is difficult and time consuming (LEACHM-runoff and
MIKE SHE ADM). The evaluation first concerns the
hydrological magnitudes, i.e. the discharge at the outlet,
the piezometric level, and second, the pesticide concen-
trations and loads (Table 6). Mathematical criteria should

be used to permit an objective evaluation step. The
correlation coefficient or the Nash–Sutcliffe coefficient
(Nash and Sutcliffe 1970) is then classically used to
compare the observed and simulated hydrograms (Table 6).
The Theil coefficient (Smith and Rose 1995) is also used to
compare chemograms, i.e. the dynamics of observed and
simulated pesticide concentrations. Furthermore, the simul-
taneous usage of several criteria on different outputs is
recommended in order to better define the set of robust model
parameters during the calibration step (Wagener et al. 2003;
Joyce et al. 2010). The calibration of the GR5-pesticides and
FLOWT models is carried out in two stages by (a) a
calibration of the hydrological sub-model with the Nash
coefficient and (b) a calibration of the chemical sub-model
with the Theil coefficient (Table 6). The major restriction for
model evaluation consists in the usually larger number of
processes (Table 4) and needed available data for use in
calibration (Table 5). Hence, only the fluxes simulated at the
catchment outlet are generally compared with the observa-
tions because without data it is not possible to valid the
model within the catchment, i.e. at the outlets of different
sub-catchments. The imbalance between the number of

Table 6 Approaches of model evaluation

Name Basis for model evaluation Output evaluation End user evaluation

MIKE SHE ADM – Correlation coefficient and Nash criterion –
Piezometric level (confine and non-confined
aquifers)

Flow at the outlet of the catchment

LEACHM-runoff – Correlation coefficient and Nash criterion –
Flow at the outlet of the catchment

Visual comparison between observed/simulated
atrazine concentration values

GR5-pesticides – Nash criterion for the hydrological behaviour and
Theil criterion for the dynamics of pesticides
concentration

–

SACADEAU Expert evaluation for the choice
of sub-models (STREAM for
runoff, TOPMODEL for non-
saturated and saturated flows)

Correlation between observed/simulated peak of
pesticide concentrations, the number of peaks and
the cumulated concentrations

Recommended by the chambers
of agriculture and the activity
leaders of the catchment area

SWAT – Correlation coefficient and Nash criterion –

STREAM-pesticide – Spatial evaluation of drainage network simulated/
observed

–

Correlation coefficient, root mean square error: total
event runoff volume and pesticide concentration in
liquid fraction

FLOWT – Nash criterion for the hydrological behaviour and
Theil criteria for the dynamics of pesticides
concentration values

–

VESPP – Spearman and Kendall’s rank correlation coefficient –
Comparison with MIKE SHE ADM pesticides loads

I-Phy-BVci Expert evaluation Correlation coefficient between scores and pesticide
concentration values

Application of I-Phy-Bvci by
50 vineyard farmers

PHYLOU – – Application by the catchment’s
stakeholders
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parameters and the limited data used to calibrate the model
leads to the problem of equifinality (Beven 2006).

The last type of evaluation focuses on the operational
use of the models. This criterion may be predominant in
multi-agent system approaches when the objective is to
sensitize the interested parties to the consequences of
pesticide use. The environmental relevance and the
operational use have been tested by the manager of the
catchment for the PHYLOU tools and by 50 wine-
growers for the I-Phy-Bvci indicator (Table 6). These
users are sensitized to a realistic consideration of the
agricultural practices and to the clarity of the model
outputs (Frewer et al. 2008). In the models whose objective is
to enable a sensitization of the farmers (PHYLOU, I-Phy-
Bvci, SACADEAU), the agricultural practices are often
much more detailed than the physicochemical models.

Thus, a model should be chosen according to the type of
evaluations that can be implemented. This criterion of
selection cannot be dissociated from the objectives of the
model, i.e. the reproduction of the observed magnitudes, the
prioritization of the risky practices in terms of exposure to
pesticides or sensitization and adherence of the farmers to
good farming practices. Once the user has selected the
model, the selection criterion of the output evaluation
should be refined according to its main objective: quanti-
tative reproduction of the concentration peak, or reproduc-
tion of the volumes and fluxes, for example.

3.6 Sensitivity and uncertainty analyses

Important criteria for model selection include the ability to
perform a sensitivity analysis on the input parameters and
to derive a measure of uncertainty from the pesticide
concentration and load calculations. The analyses of
sensitivity and uncertainty propagation cannot be separated
from the conception and application of a model for flux of
pesticide, respectively. Of the ten models discussed here
(Table 5), nine have been subjected to a sensitivity analysis
(Table 7), whereas only three (GR5-pesticides, FLOWT and
VESPP) have an evaluation of the uncertainty propagation.
Though the methods for analysing the sensitivity and the
uncertainty propagation are often similar (Table 7), the
objective of these two analyses differs.

The sensitivity analysis aims at identifying the key
parameters of the model for which a small change has a
large effect on the model results and which are therefore
important to measure or estimate correctly and upon which
the instrumentation effort should be focused (Kannan et al.
2007; Heuvelink et al. 2010). The study of the ten
approaches shows that there is not a relationship between
the model complexity and the type of sensitivity analysis
that has been conducted (Table 7). The most classical
procedure consists in varying the parameters around their

measured or calibrated values in order to evaluate the
sensitivity of the model results with respect to the values of
the parameters. This procedure is used for five of the ten
models (LEACHM-runoff, MIKE SHE ADM, VESPP, I-
Phy-Bvci and PHYLOU; Table 7). A variation of ±10% of
the values for each parameter is generally used (Table 7).
Due to the increase of computation capacities, methods
of extensive analysis of the Monte Carlo type have been
brought into widespread use to perform sensitivity
analysis (Verma et al. 2009). The Monte Carlo approach,
used for three of the ten models (GR5-pesticides, SWAT
and FLOWT), consists in extracting datasets according to
the associated probability density function (Dubus and
Janssen 2003). The number of combinations to be tested in
order to reach an acceptable stability of the results is on
the order of 1,000. The Latin Hypercube sampling method
previously limits the computation time by adopting a
sampling strategy to constrain the selection of a random
sample (McKay et al. 1979). This technique is systemat-
ically associated to the Monte Carlo approach for the cited
examples.

The analysis of the uncertainty propagation aims at
studying the impact of the uncertainties associated with the
outputs of the model as a function of the uncertainties
affecting the parameters and the forcing variables, i.e.
rainfall depth, temperature and matter inputs (Arabi et al.
2007). This type of analyses does not integrate, as source of
uncertainty, the structure of the model, which necessarily
simplifies the involved processes, such as the source of
uncertainty (Dubus et al. 2003). The used techniques aim at
associating a probability density function with each variable
or parameter rather than a mean value. The construction of
these probability density functions relies either on the
exploitation of parameter measurements or on a priori form
when such measurements are not available (Verma et al.
2009). Fuzzy logic (Zadeh 1965; Corwin and Loague
2004), Monte Carlo or affiliated techniques, such as the
Bayesian approach (Beven and Binley 1992), are then used
to combine the uncertainties associated to each parameter.
Among the three models that were subjected to an uncertainty
analysis, the fuzzy logic is used on time (VESPP), whereas the
GLUE method (Beven 2002) was used for the study of
uncertainty in two models (GR5-pesticides and FLOWT).

The comparison of approaches for the ten models
(Table 7) underscores the possibility to proceed to a
sensitivity study and to an uncertainty analysis for the four
modelling approaches of pesticide fluxes. This criterion
does not appear relevant to distinguish between the four
types of models. Beyond the various families of models, the
choice of a method to analyse the sensitivity or the
uncertainty propagation is linked to (a) the input data and
specifically to the availability of the probability density
function for the various parameters and (b) to the
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computation time, in particular for the Monte Carlo
approaches in the case of the models that include a large
number of parameters. The sensitivity and uncertainty
analyses are essential steps to correctly interpret the model
results (Trevisan and Vischetti 2004; Zheng and Keller
2006; Brown 2010), and the ability to perform these
analyses should be considered when selecting an appropriate
model.

4 Conclusion

The review article outlines the nine main following points.

1. In terms of the number of studies identified between
1975 and 2010, indicators and conceptual models are
the most popular approaches to assess the transfer of
pesticides to surface water at the catchment scale

(Fig. 1), accounting for 59% and 33% of the studies,
respectively, due to a trade-off between environmental
relevance and adaptation to user’s needs.

2. The latest indicators developed are inferred from the
results of proven conceptual or physically based
leaching and hydrological models to combine the
strengths of each approach. These results are combined
into a synthetic indicator according soil types, soil
management, pesticides and climatic scenario database.
Therefore, development of this type of indicator
requires large numbers of simulations but the synthetic
indicator can be useful in the decision-making process.

3. Only a handful of physically based models have
addressed both flow and pesticide transport at the
catchment scale as affected by the internal heterogene-
ity of the system largely due to the significant data
required to operate them. However, it is only physically
based models that can simulate the impact of changes

Table 7 Parameters and methods used for sensitivity and uncertainty analysis

Name Analysed parameters for
the sensitivity analysis

Analysed parameters for
the uncertainty analysis

Methods and values used
for the sensitivity analysis

Methods and values used
for the uncertainty analysis

MIKE SHE
ADM (type 1)

Percentage of karstic bypass – Different modalities –
Hydraulic conductivity [0%, 25%, 50%, 95%]

Impervious surface coefficient [4.10−3, 4.10−4, 4.10−5]m s−1

Rainfall data time step Percentage of impervious

Daily and hourly time step

LEACHM-runoff
(type 1)

Van Genuchten parameters
(moisture retention curve)

– Different modalities –

Hydraulic conductivity
(unsaturated flow)

Ks−10%; Ks; Ks+5%; Ks+
10%; Ks+20%; Ks+30%

GR5-pesticides
(type 2)

All parameters (7 for the
hydrological sub-model
and 6 for the chemical
sub-model)

All parameters (7 for the
hydrological sub-model
and 6 for the chemical
sub-model)

Monte Carlo analysis with
Latin hypercube sampling

Adaptation of the GLUE
method (Bayesian approach)

SACADEAU
(type 2)

– – – –

SWAT (type 2) 12 hydrological parameters
and 12 parameters for the
fate of pesticide

– Monte Carlo analysis with
Latin hypercube sampling

–

STREAM-pesticide
(type 2)

– – – –

FLOWT (type 2) All parameters (6 for the
hydrological sub-model
and 1 for the chemical
sub-model)

All parameters (6 for the
hydrological sub-model
and 1 for the chemical
sub-model)

Monte Carlo analysis with
Latin hypercube sampling

Adaptation of the GLUE method
(Bayesian approach)

VESPP (type 3) Half time life of pesticide Leaf Area Index Variation of 10% of the mean
value of the parameters

Fuzzy sets and Monte Carlo
analysisSlope

Proximity of river network Half time life of pesticide

Effective rainfall Koc Triangular function
[min; mean; max]Koc foc

I-Phy-Bvci
(type 3)

Undefined – 3 parameters (mitigation efficiency
of grass strips, pesticide retention
of plot, type of runoff pathway)

–

PHYLOU
(type 4)

Pesticide input period – Probabilistic behaviour of farmers
with respect to agricultural
practices (uniform, normal, bimodal)

–
Pesticide amount

Landscape mosaic

Koc organic carbon partition coefficient (cubic centimetres per gram), foc soil organic carbon fraction, Ks saturated hydraulic conductivity, GLUE
generalized likelihood uncertainty estimation
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to the catchment alterations in land use and practice as
well as the concerns arising from global change.
Physically based models integrate feedbacks between
hydrological and chemical processes not possible from
empirical studies alone. More knowledge of mitigation
measures is needed to correctly describe and integrate
these landscape components into physically based
models to assess the sustainability of farming activities
regarding pesticide use.

4. Depending on the family of pesticides, the ability of
models to assess the pesticide loads both in the
dissolved and particulate phases is a key issue not
properly addressed by many indices or models. A key
way forward is the integration of erosion processes with
the fate of pesticide adsorbed to these particles.

5. At the scale of the catchment, hydrological connectiv-
ity, i.e. the connection between the fields and the
hydrologic network or groundwater, is perhaps the
primary hydrological variable required to correctly
assess rapid flow processes as surface runoff or
preferential flows and associated pesticide transfer.
This in turn implies using models that explicitly
represent the connectedness of surface and/or sub-
surface water pathways including mitigation measures
and those that use rainfall data with high temporal
resolution to correctly assess the impact on within-
storm variability of rainfall both on pesticide persis-
tence in soil and pesticide transfer.

6. The level of complexity of the model should be adapted
to the study objectives and to the users. When the
involvement of the farming profession is a priority, a
high complexity may result in a rejection of some
interested parties that do not possess the necessary
scientific background. Conversely, qualitative models,
such as specific indicators or multi-agent systems may
not produce conclusive quantitative results, such as
when and under what circumstances drinking water
limits will be exceeded.

7. The underlying structure, assumptions, hypotheses and
why a model was developed should correspond to the
specificities of the studied catchments. While the use of
a model beyond its intended use may provide fair
results for a particular variable, such as the runoff
volume, it may give an erroneous representation of the
pathways of water transfer. A systematic and detailed
investigation of the model hypotheses, as well as the
modelled processes and the environmental compart-
ments, is strongly advised prior to selection.

8. The type of expected evaluation, i.e. the reproduction
of the observed magnitudes, the organization into a
hierarchy of the agricultural practices with respect to
the exposure of pesticides or the sensitization and
adhesion of the agricultural profession to good agricul-

tural practices, should directly determine the choice of a
modelling approach.

9. Evaluating the sensitivity of the model and the
uncertainty associated with the results should necessar-
ily be integrated in the modelling process in order to
appropriately interpret the results.
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