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a b s t r a c t

Addressing the issue of agricultural pollution in water protection areas (WPA) requires assessing the
impact of agricultural activities at regional scales. However, current water quality modeling studies often
neglect the agronomic concept of a cropping system and interactions with soils. This paper presents a
participatory assessment framework involving local experts in building a shared diagnosis of nitrate
losses from cropping systems in a WPA. It includes a co-designed typology of landscape units and
participatory assessment of nitrate losses with the modeling software Syst'N. Results show that char-
acteristics of cropping systems depended on soils and that nitrate losses were highest in shallow soils.
Intercrop periods were identified as critical periods for nitrate leaching, which demonstrates the
importance of considering pluri-annual crop rotations rather than individual crops. The framework is
generic for a modeling approach based on the involvement of local experts, who define their functional
system in an agronomically sound way.

© 2015 Elsevier Ltd. All rights reserved.
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as).
1. Introduction

In recent years stakeholderescientist relationships have shifted
from unilateral knowledge transfer to two-way communication of
knowledge and information (Eshuis and Stuiver, 2005; Krueger
et al., 2012; Oliver et al., 2012; Reed et al., 2014). Scientific knowl-
edge is often viewed as formal, objective and decontextualized,
while local knowledge is informal, implicit and context-dependent
(Ingram, 2008; Raymond et al., 2010). By its explicit nature, sci-
entific knowledge is well suited for integration into biophysical
models but, when developed and applied by scientists alone, such
models often lack information from the “real world” to be useful for
improved environmental management. Hence, integrating scien-
tific and non-scientific knowledge offers a lot of promise in envi-
ronmental management to preserve the rigor and accuracy of
scientific methods while ensuring relevance in the context of
application (Reed, 2008; Reed et al., 2008).

Addressing the issue of nitrate pollution in agricultural areas
requires integration of two spatial levels (van Ittersum et al., 2008;
Gascuel-Odoux et al., 2009a, 2009b; Belhouchette et al., 2011): i)
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the water protection area (WPA), i.e. the spatial level at which
water quality is evaluated, hence the most relevant for public
decision makers; and ii) the field or farm levels, i.e. the levels at
which pollution is generated and can be controlled and at which
farmers make decisions. The concept of a cropping system
(Sebillotte, 1974) is a useful framework to analyze interactions
between crops, their succession order and the crop management
plan associated with each crop. Recently, a new discipline called
landscape agronomy (Benoit et al., 2012) has emerged to extend
the cropping system concept, originally developed for a small
number of fields, to regional scales such as WPA. A regional scale
assessment cannot consist of exhaustively analyzing the cropping
system of each individual field because: i) information about soil,
climate and agricultural practices is generally not available at that
scale and ii) the amount of information produced would be too
large to be useful to help stakeholders improve environmental
management. A variety of methods have been developed to
describe cropping systems at regional scales (see Leenhardt et al.
(2010) for a review), including stochastic modeling such as Mar-
kov chains (Mignolet et al., 2004; Salmon-Monviola et al., 2012),
decision trees (Sorel et al., 2010) and use of farm decision models
(Le Gal et al., 2010; Vayssi�eres et al., 2011; Moreau et al., 2013). In
most cases, description and location of cropping systems at
regional scales is performed by scientists alone. The role of
stakeholders is often quite nominal: their contribution is often
limited to providing input data for the biophysical model when
existing agricultural databases are insufficient (Voinov and
Bousquet, 2010). Stakeholders sometimes participate when
defining the scenarios to be tested (e.g. implementation of a
regulation), but collaboration between stakeholders and scientists
usually does not go further than a “transformation … to convert
narrative information into a quantitative form …, thereby enabling
scientists to apply computer models” (Leenhardt et al., 2012).
Generally, the lack of involvement of local stakeholders results in
modeling outcomes that are not understandable to them or that
do not help to answer their questions; hence, they cannot lead to
improved environmental management.

Participatory approaches, in the broader sense of the term,
encompass a wide range of assessment and modeling activities to
articulate different forms of knowledge and opinions (Voinov and
Bousquet, 2010; Carr et al., 2012; Reed et al., 2014). The norma-
tive rationale of participation rests upon the idea that confront-
ing different opinions should be part of a democratic process
(Reed, 2008). Krueger et al. (2012) also emphasize two pragmatic
benefits of participation: i) improved environmental manage-
ment as a result of good articulation between different forms of
knowledge and opinions and ii) improved acceptance of partici-
pation outcomes, which eases implementation of policy
(Souch�ere et al., 2010). The normative argument implies
involving many stakeholders with a diversity of values and in-
terests. Yet, working with many stakeholders is arduous in a co-
construction process; thus, it often results in extractive use of
participation, degrading the quality of participation (Voinov and
Bousquet, 2010; Hare, 2011). Hence, engaging a few well-
identified local experts has sometimes proven to be more effec-
tive in solving environmental management problems (Reed,
2008; Raymond et al., 2010).

In this paper, we sought to integrate a higher level of partici-
pation from local experts than what is usually done in modeling
studies addressing the issue of diffuse nitrate pollution in agricul-
tural areas. The expected benefit of involving local experts in
describing the system and discussing the results was to produce
modeling outcomes that help them answer their questions about
assessment of nitrate losses. Two research questions are addressed
in this paper: i) how to combine local knowledge and an
agricultural database to build a relevant typology of agricultural
landscape units in a WPA and ii) how to assess nitrate losses from
such landscape units in a way that may help local experts improve
environmental management. The assessment framework proposed
includes an expert elicitation process aiming to co-design a typol-
ogy of landscape units (i.e. cropping systems � soil) to be used as
quantitative input data into a biophysical model. The biophysical
model used, called Syst'N (Parnaudeau et al., 2012), was specifically
designed to facilitate discussion with non-scientist users, with
several options for post-processing output data and user-friendly
visualization interfaces. We tested the assessment framework in a
meso-scale WPA prone to nitrate pollution in the Burgundy region,
France. The local experts involved were professionals from exten-
sion services concerned with the development and implementa-
tion of agricultural action plans to alleviate nitrate pollution in the
WPA.

2. Materials and methods

2.1. Study area

The study sitewas Plaine du Saulce, an 86 km2WPA located in Burgundy, France.
TheWPA supplies one third of the 6million cubic meters of water provided annually
to the 60,000 inhabitants of Greater Auxerre. Mean annual rainfall during the study
period (2000e2010) was 694mm, ranging from 552mm in 2003 to 922mm in 2001.
Mean annual temperature was 12 �C (4 �C in January, 20 �C in July). Geology was
dominated by hard calcareous rocks of various permeability. According to CFC and
SF6 dating, the mean travel time of water in the hydrological system was 25 years,
but rapid circulation in karsts transferred 20e40% of the water in less than 5 years
(Anglade et al., 2012). The predominant soils were Rendzic Leptosol (i.e. shallow and
stony calcareous soil) and Calcosol (i.e. deeper, non-stony calcareous soils). These
soils are highly permeable; hence, nitrate transfer consists of vertical leaching to-
wards groundwater before reaching the intake point. Soils deeper than one meter
represented only 13% of the surface area. The WPA was entirely rural, with agri-
culture dedicated mostly to cereals and industrial crops (64% of land cover), forests
(28% of the area), and other land uses (8% in pastures, semi-natural areas, vineyards,
orchards, and urban areas). Point-source emissions were negligible (Association
pour la Qualit�e de l'eau de la Plaine du Saulce, 2012). Nitrate concentration
increased during the 1980s until the first peaks over 50mgNO3

� l�1 were recorded in
1993. Authorities then decided to take measures, and the Association for Drinking
Water Quality in Plaine du Saulce (APS) was created in 1998. The association staff
consisted of two employees, and one technical advisor of the Chamber of Agriculture
was assigned to this territory. Both organizations have collaborated since 1998 on a
number of actions, including demonstration plots, technical advice and financial
support to promote fertilization plans, catch crops, soil tests and conservation
tillage. One significant contribution of the association was to record agricultural
practices in more than 700 fields from 2003 to 2009. The agricultural database in-
cludes 8e20 farms among the 45 having fields in the WPA, representing 30e81% of
the surface area, depending on the year (Table 1).

2.2. The biophysical crop model Syst'N

Syst'N is a Decision Support System (DSS) software developed by the National
Institute of Agronomic Research (INRA) and French technical institutes to help assess
nitrate losses and improve management in agricultural systems (http://www.rmt-
fertilisationetenvironnement.org/). This software, beyond a mere soilecrop model,
was developed tomeet the requirements and constraints of non-scientist users such
as professionals involved in local water quality actions. Since 2005, Syst'N has been
co-designed with a panel of potential users, in an iterative process of interviews,
computer development and testing (Cerf et al., 2012; Parnaudeau et al., 2012). The
biophysical model included in Syst'N is a 1D soilecrop model. It simulates soil ni-
trogen (N) transformations, crop growth, N uptake, water balance and N losses to
water (as NO3

�) and air (as NH3, N2 and N2O) on a daily time step (Fig. 1). Input data
include description of a crop sequence, agricultural management practices, soil and
climate. The biophysical model was evaluated for a range of crops (wheat, barley,
corn, pea, rape seed, and sunflower) and catch crops (white mustard, ryegrass)
(Parnaudeau et al., 2012). Syst'N's equations combine existing submodels: STICS
(Brisson et al., 2003) for water and nitrate budgets in soils, AZOFERT (Machet et al.,
2004) for mineralization of soils and crop residues, AZODYN (Jeuffroy and Recous,
1999) for crop N uptake, NOE (Henault et al., 2005) for N2 and N2O emissions and
VOLT'AIR (Genermont and Cellier,1997) for NH3 emissions (see Cannavo et al. (2008)
for a description of the equations used). Thesemodels were selected to functionwith
input data that are generally available for identified end-users. Syst'N also includes
post-processing routines of simulation results, a graphical interface for input and
output visualization to facilitate use by non-scientist users, and a database of
observed and simulated N losses in various conditions to help users interpret
simulation results.

http://www.rmt-fertilisationetenvironnement.org/
http://www.rmt-fertilisationetenvironnement.org/


Table 1
Summary of information contained in the agricultural database for the Plaine du Saulce water protection area by year.

Characteristic 2003 2004 2005 2006 2007 2008 2009

Number of farms surveyed 8 14 14 16 16 20 20
Number of fields surveyed 223a 494b 478a 741b 472b 791b 722a

Surface (ha) 1427 2515 2494 3415 2791 3787 3787
Percentage of total agricultural area surveyed 30 54 53 73 60 81 81

a Only crops recorded.
b Management practices recorded: sowing and harvesting dates, fertilization type/dates/level, pesticide type/dates/dose.
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2.3. A framework for co-designing a typology of cropping systems and soils

2.3.1. Theoretical considerations
Nitrate losses from agricultural fields result from dynamic interactions between

pluri-annual crop sequences, agricultural management practices, soils and climate
(Lilburne et al., 2003; Beaudoin et al., 2005; Constantin et al., 2010). Assessing
diffuse nitrate losses in a WPA implies describing all four of these elements, their
variability and their interactions in an agricultural landscape.While we assumed the
climate to be homogenous, the agricultural landscape of a meso-scale WPA com-
prises numerous heterogeneously distributed agricultural fields (Lazrak et al., 2010),
each with distinct physical (e.g. soil) and agricultural characteristics (e.g. crop
grown) (Faivre et al., 2004). The expert elicitation framework described here aimed
to co-design a relevant typology of landscape units based on the concept of the
cropping system. Sebillotte (1974) defined a cropping system as “crops, their suc-
cession order and the crop management plans associated with each crop for a set of
fields managed similarly”. The concepts of landscape agronomy aim to extend this
vision of an agricultural field to larger spatial scales, by analyzing the relationships
between “farming systems”, “landscape patterns”, and “natural resources” in a ter-
ritory (Benoit et al., 2012). This implies that landscape patterns result from the
combination of a cropping system (i.e. part of “farming systems”) and a soil type (i.e.
part of “natural resources”), but also that soil characteristics influence cropping
systems. Therefore, we placed special emphasis on interactions when describing our
system of interest: i) interactions between crop sequence and crop management
plans and ii) interactions between these two components of cropping systems and
soils. Accounting for interactions was crucial because a crop management plan
depends on the crop rotation in which it is included, and both crop rotations and
management plans depend on the soil type. Additionally, assessing nitrate losses
from cropping systems involves considering the pluri-annual time scale of the crop
sequence, thus accounting for effects of the preceding crop and the intercrop period
(Beaudoin et al., 2008). Hence, landscape units in the typology consisted of a
description of homogenous units of cropping system � soil.

2.3.2. Combination of expert knowledge and an agricultural database
Expert elicitationwas used to co-design a typology of landscape units that make

sense to them, without losing sight of the complexity of interactions. Quantitative
description of each landscape unit relied on the agricultural database (Table 1) and a
soil database. The rationale for involving local experts in a co-design process is that
they would understand and agree with the system description (Ravier et al., 2015).
Therefore, modeling results would help increase their knowledge about nitrate
losses from cropping systems in the area where they are working as technical ad-
visors, which should in turn improve environmental management in the Plaine du
SaulceWPA. Expert elicitationwas performed prior database analysis, to ensure that
Fig. 1. N fluxes and transformations as simu
the assessment methodology would be guided by the questions formulated by the
participants rather than by preexisting databases or models.We elicited information
from local experts for all subjective choices in the construction of this quantified
typology. The first subjective choice concerned selection of the criteria used to
define classes (e.g. “the amount of N fertilizer applied will be a criterion”). Selection
of criteria depended on a priori knowledge about the characteristics of cropping
systems that control nitrate losses. Subjectivity and expert judgment also played a
role when determining i) decision rules about how to relate the databases to the
typology and thus determine the percentage of each landscape unit (e.g. “all fields
where fertilizer application < reference fertilization level belong to class 1”) and ii)
how to quantitatively describe each landscape unit in the model (e.g. “fertilizer
application in class 1 is the mean of all fields belonging to this class”). We chose to
work with a limited number of local experts who did not have an economic interest
related to agriculture in the Plaine du Saulce WPA. Thus, we could implement a ‘co-
design’ process (Barreteau et al., 2010) in which discussion and decision are made in
a collegial way during workshops. All local experts (see section 2.3.3) were
considered as belonging to a homogenous group with the same values, willing to
share information and develop knowledge. The result of the elicitation process was a
typology of landscape units to be used as modeling situations with the Syst'N
software.

2.3.3. Meeting structure
The expert elicitation process involved three local experts: two staff members of

APS and one technical adviser of the Chamber of Agriculture. A soil scientist from the
Chamber of Agriculture was elicited occasionally for questions related to the soil
database. The organizing team comprised three scientists in the field of agronomy.
The entire process lasted 10 months, during which three formal meetings were
organized at the office shared by the Chamber of Agriculture and APS.

The goal of the first meeting was to agree on common goals for the study. The
local participants asked questions about assessment of nitrate losses from cropping
systems (e.g. comparison of crop rotation, effect of soil characteristics, effect of soil
tillage) and presented their agricultural and soil databases. The organizing team
presented Syst'N and the proposed theoretical framework (section 2.3.1.). We agreed
on a triple assessment: i) assessment and comparison of nitrate losses at a pluri-
annual rotation time scale from existing and/or emerging cropping systems; ii)
diagnosis of nitrate losses at an infra-annual time scale, to identify critical periods
for nitrate leaching for each cropping system; and iii) prediction of nitrate losses at
the scale of the entireWPA, to predict changes inwater quality at the intake point in
simple scenarios (Fig. 2). We also agreed to co-design a typology of landscape units,
in line with our theoretical framework, that would be used as quantified input data
to Syst'N.
lated by the modeling software Syst'N.



Fig. 2. Framework for participatory assessment of nitrate losses from cropping systems.
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The goal of the second meeting was to co-design this typology and agree on
decision rules to relate it to the agricultural database. During this meeting, we also
evaluated model predictions using local nitrate data at the outlet of Fontaine
Creuzy, a small spring draining three intensively monitored fields near the WPA
(22 ha). This evaluation involved the use of a simple two-store hydrological model
(Ruiz et al., 2002) calibrated to match observed water discharge. Simulated N-
nitrate fluxes were then compared with observed data over a period of three
years. For the co-designed typology, the elicitation process consisted of a 2-day
workshop. According to the framework, the workshop aimed to decide i) which
criteria to use to define classes in the typology of landscape units, ii) which de-
cision rules to relate the agricultural and soil database to the typology, and iii)
how to quantitatively describe each landscape unit in input files for the bio-
physical model. Local experts were given total freedom in the definition of
landscape units, the scientists' only prerequisite being to select criteria that could
be represented by the biophysical soilecrop model. We chose to limit the number
of situations modeled to allow for discussion of each via Syst'N' visual output
interfaces. All landscape units identified were modeled and discussed, regardless
of the surface area they covered in the WPA, because participants were interested
in evaluating both dominant and emerging cropping systems. Prior to this study,
Syst'N already had post-processing routines and visual interfaces for pluri-annual
comparison of cropping systems and infra-annual diagnosis of nitrate losses; thus,
the only additional computer development required concerned aggregation of
modeling outputs at the scale of the entire WPA. For this, we assumed that the
percentage of each crop rotation in the agricultural database was unbiased for a
given soil type and that the percentage of each fertilization level in the agricul-
tural database was unbiased for a given soil type � crop rotation. We modeled
nitrate losses from non-arable land uses using constant sub-root nitrate concen-
trations from the literature (Benoit and Fizaine, 1999; Billen and Garnier, 1999;
Tournebize et al., 2012). We considered the climate of the 2000e2010 period in
model runs. Because nitrate leaching was essentially vertical in the WPA, it was
not necessary to consider the spatial distribution of the landscape. Moreover,
participants agreed not to produce maps in which individual fields were visible, to
avoid risks of conflict with farmers resulting from identification of specific farms
when the final report would be made available to the public. Therefore, the spatial
description of the agricultural landscape was not fully distributed but semi-
distributed, the most important aspect being to allocate the right cropping sys-
tems to the right soils (Dupas et al., 2013b).

The third meeting consisted of presentation and discussion of modeling results.
Model outputs were post-processed by Syst'N, and its visual interfaces were used to
analyze the results at the pluri-annual rotation time-scale (sub-section 3.2.2) and at
a tri-monthly scale (sub-section 3.2.3). Aggregation of outputs at the scale of the
entire WPA (weighted by surface area) tested the ability of the approach to predict
nitrate concentration at the intake point and open up prospects of testing simple
scenarios (3.2.4).
3. Results

3.1. Description of cropping systems and soils

Four criteriawere chosen to aggregate the diversity of landscape
patterns in the WPA into homogenous landscape units: soil type,
crop rotation, amount of N fertilizer applied, and catch crop strat-
egy. We accounted for interdependences between these four
components of landscape units both in the definition of the classes
(e.g. fertilization level 1 has different meanings depending on the
crop rotation, the crop considered and the soil type) and in the
linkage between cropping systems and soil types (i.e. the per-
centage of surface area occupied by each cropping system varies
among soils) (Fig. 3). During theworkshop, local expertsmentioned
the possibility of including soil tillage practices as an additional
criterion in the typology, but we had to discard this idea because
the biophysical model Syst'N contained little consideration of
tillage. The components of crop management plans not used to
define landscape units (e.g. sowing and harvesting dates, tillage
practices) were entered in the model as mean observed values or
the most frequently observed practices.

The following sub-sections present the decision rules used to
determine the percentage of each landscape unit in theWPA and to
quantitatively describe each landscape unit for the modeling, based
on the agricultural database.

3.1.1. Characterization of soil types
The French IGCS (“Inventaire, Gestion et Conservation des Sols”)

soil survey described 14 soils in the Plaine du Saulce WPA. Expert
elicitation resulted in grouping these soils into three main types
based on characteristics known to influence nitrate losses. Soil
depth was taken as the main characteristic in the typology because
other factors varied little (e.g. soil organic matter) or correlated
with soil depth (e.g. plant-extractable water, CaCO3 content). Then,
the dominant soil in each of the three classes was considered for
the modeling:



Fig. 3. Map of soil types and frequency of crop rotations per soil type in the Plaine du Saulce water protection area, based on 7 years data.

R. Dupas et al. / Environmental Modelling & Software 69 (2015) 101e110 105
� 1: shallow soils (58% of arable land in the WPA): modeled as
Rendzic Leptosol (World Reference Base for Soil Resources,
2006)

� 2: intermediate soils (29% of arable land): modeled as Calcosol
� 3: deep soils (13% of arable land): modeled as Calcosol decar-
bonated in the surface layer

Soil parameters input into the model corresponded to IGCS
description of the soil considered (Table 2).

3.1.2. Crop rotations
Seven crop rotations were chosen by the participants, either

because they were frequent in the WPA or because the participants
considered them as innovative and wanted to test them:

� rotation 1: rape seedewinter wheatewinter wheatewinter
barley

� rotation 2: rape seed ewinter wheatewinter barley
� rotation 3: rape seedewinter wheatespring barleyewinter
barley

� rotation 4: rape seedewinter wheatespring barley
� rotation 5: rape seedewinter wheatesunflowerewinter
wheatewinter barley

� rotation 6: rape seedewinter wheatespring peaewinter
wheatewinter barley
Table 2
Description of soil types in the Plaine du Saulce water protection area.

Soil type Layer depth (cm) % Clay % Silt % Sand Soil texture

1: shallow 0e30 38 52 10 loam
30e50 38 52 10 silty clay

2: intermediate 0e25 35 58 7 silty clay
25e60 42 50 8 clay
60e80 30 60 10 silty clay

3: deep 0e20 38 56 6 silty clay
20e90 55 42 3 clay
90e110 55 42 3 clay
� rotation 7: rape seedewinter wheatespring peaewinter
wheatesunflowerewinter barley

We used the agricultural database to determine the percentage
of each crop rotation in each soil type of the WPA. Due to the large
amount of missing data in the seven years represented by the
database (each field was surveyed 1e7 times) and because recorded
crop sequences did not exactly match the rotations chosen, we
established expert rules to attribute each recorded crop sequence
to one of the seven crop rotations. The expert rules consisted of “if-
then” allocation rules that were first proposed by the scientists,
discussed with the local experts and then modified in an iterative
process. The final rules were:

� if “sunflower” present and “spring pea” absent / rotation 5
� if “spring pea” present and “sunflower” absent / rotation 6
� if “spring pea” present and “sunflower” present / rotation 7
� if “spring pea” absent and “sunflower” absent and “spring
barley” present
� if only one “rape seed” present in recorded
sequence / rotation 4

� if at least two “rape seed” present in recorded
sequence / rotation 3

� if “spring pea” absent and “sunflower” absent and “spring
barley” absent
Density % Stones % Organic matter C:N ratio % CaCO3 pH

1.45 25 4.5 8.7 20 7.5
1.45 75 NA NA NA NA
1.45 5 3.4 8.7 45 7.2
1.45 10 NA NA NA NA
1.45 75 NA NA NA NA
1.40 0 3.1 8.7 0 7.2
1.30 0 NA NA NA NA
1.30 95 NA NA NA NA
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� if two “winter wheat” present in a row / rotation 1
� else / rotation 2

The percentage of each crop rotation differed among soil types
(Fig. 3), e.g. crop rotation 6, which includes spring peas, was less
often present in shallow stony soils than in the two other soil types.
This confirmed our hypothesis than characteristics of cropping
systems, such as crop rotation, are indeed dependent on soil
characteristics.
3.1.3. Fertilizer application
Three classes of fertilizer application levels were determined in

comparison to a reference level. The reference levels used were the
legal fertilization levels set by a prefectural decree for each crop and
soil (DDT de l'Yonne, 2011). We could integrate, to some extent, the
fact that fertilization of a given crop depends on the crop rotation in
which it is included, because the legal levels included (for wheat
only) the effect of the preceding crop. The agricultural database
served to assign a fertilization level to each recorded field, as
follows:

� fertilization 1: low level, i.e. fields in which fertilizer application
was <100% of the reference

� fertilization 2: intermediate level, i.e. fields in which fertilizer
application was 100e110% of the reference

� fertilization 3: high level, i.e. fields inwhich fertilizer application
was >110% of the reference

Thresholds were chosen to obtain a comparable number of
fields in each class. In the model, we set fertilization level 1 at 82%
of the reference, i.e. the mean of recorded fields in class “fertiliza-
tion 1”. Fertilization level 2 was set at 106% of the reference, i.e. the
mean of recorded fields in class “fertilization 2”. Fertilization level 3
was set at 125% of the reference, i.e. the mean of recorded fields in
class “fertilization 3”.
Fig. 4. Cumulative daily N loads observed and simulated at the outlet of Fontaine
Creuzy during the 2008e2011 period.
3.1.4. Catch crop strategy
Two catch crop strategies were distinguished:

� catch crop 1: presence of a catch crop before each spring crop
and volunteer rape seed (self-established rape seed plant from
the previous year's crop) kept after each rape seed crop

� catch crop 0: no catch crop and no volunteer rape seed

Due to a lack of data about the plant species grown, the catch
crop was modeled as white mustard (Sinapsis alba L.), considered
the most frequent catch crop according to the local experts. In the
“catch crop 1” strategy, the sowing date was August 31st, and the
destruction date was December 1st (mean of observed dates). The
sowing date after spring pea was the day of pea harvest, and the
destruction date was September 20th; after a rape seed crop, vol-
unteers were kept until September 20th (requirements of the
decree).

The agricultural database did not contain information about
the actual extent of catch crops during the simulation period
(2000e2010), but, according to the local experts, their use
increased during this period until becoming mandatory in 2011.
Thus, scientists and local experts agreed to test two extreme
scenarios: i) absence of a catch crop in the WPA, to describe past
agricultural practices; and ii) generalization of catch crops in the
WPA, to explore effects of the legal requirement to introduce
catch crops, assuming that all other factors would remain
unchanged.
3.2. Summary of simulation results

3.2.1. Model evaluation
Simulated N-nitrate losses at the outlet of the Fontaine Creuzy

spring fitted observed loads well. Syst'N loss prediction from 2008
to 2011 was 18.1 kg N ha�1 yr�1, i.e. 3% higher than observations
(Fig. 4). Year-to-year error ranged from �6% to þ14%.

This evaluation served to confirm that the model performed
well in the local context, increasing participants' trust in its
predictions.

3.2.2. Pluri-annual comparison of cropping systems and soils
Predicted nitrate losses to water from the landscape units

modeled confirmed that interactions between factors played an
important role: individually, the factors soil type/rotation/fertil-
ization level/catch crop strategy explained only 10%/5%/2%/10% of
the variance of pluri-annual nitrate losses, respectively (one-factor
ANOVA). On the other hand, soil type, catch crop strategy and their
interactions explained 92% of the variance (two-factor ANOVAwith
interactions).

For a given cropping system, the three soil types had different
vulnerabilities to nitrate losses, with the highest nitrate losses in
the shallow soil (Fig. 5). The crop rotations with the lowest nitrate
losses were those with a high frequency of rape seed and catch
cropespring crop sequence. Fertilization level was the factor with
the smallest effect, given our definition of fertilization classes: even
though the lowest fertilization levels generated the lowest nitrate
losses to water for a given soil type� crop rotation, balanced
fertilization (i.e. fertilization levels 1 and 2) did not appear to be
sufficient to reduce losses greatly. Introduction of a catch crop
proved effective in reducing nitrate losses, especially in rotations
with a catch cropespring crop sequence instead of a winter cereal
(winter wheat or winter barley).

3.2.3. Infra-annual diagnosis of nitrate losses
We discussed infra-annual dynamics of nitrate leaching with

the local experts to identify critical periods in each crop rotation.
Syst'N's graphical interface (specifically, tri-monthly) served as a
support for the discussion. During the final meeting, in which
model predictions were presented, participants could zoom in on
specific periods to examine nitrate losses in more detail in each
situation. Autumn and winter were identified as critical periods
for nitrate leaching: when rape seed, catch crops or volunteers
were present at this time of the year, they could take up N from
the soil and thus decrease losses. In contrast, winter cereals did



Fig. 5. Annual nitrate losses to water in the Plaine du Saulce water protection area predicted by Syst'N for soil type� crop rotation combinations. All nitrate losses are normalized to
kg N ha�1 yr�1 regardless of the length of each crop rotation (see section 3.1. for description of soil types, crop rotation and fertilization levels).
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not appear to take up N efficiently during the winter period.
Interdependency among crops in a rotation was identified. For
example, when volunteer rape was kept (Fig. 6a), nitrate leaching
was lower at the beginning of the following winter wheat than if
Fig. 6. Syst'N output interface (simplified and translated into English) comparing rape see
rotation 1 (rape seedewinter wheatewinter wheatewinter barley). Note that the effect of
soils were kept bare during the intercrop period (Fig. 6b). This
example demonstrates the need to consider pluri-annual crop
rotations when assessing nitrate losses, rather than individual
crops.
dewinter wheat intercrop period (a) with volunteers and (b) without volunteers in
the presence/absence of volunteers was visible during the next crop.
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3.2.4. Predicted nitrate losses from the entire area
Aggregation of predicted nitrate losses from each landscape unit

resulted in a predicted mean sub-root nitrate concentration as high
as 53.6 mg NO3

� l�1 without catch crops and 41.3 mg NO3
� l�1 with

catch crops during the 2000e2010 period. Mean nitrate concen-
tration measured during the same period was 41.4 mg NO3

� l�1 at
the intake point. Aggregated predictions showed that shallow soils
contributed 80% of WPA nitrate losses, while representing 58% of
the arable land. Conversely, deep soils contributed only 2% of WPA
nitrate losses, while representing 13% of the arable land. This WPA-
wide prediction constituted another validation of the model,
further increasing participant's trust in its predictions.

4. Discussion

4.1. Interactions between cropping systems and soils control nitrate
losses

Few regional-scale studies on the impact of agriculture onwater
quality consider variability in soil types (e.g. Dupas et al., 2013a,
2015). This case study demonstrates that considering soil charac-
teristics is crucial from two perspectives: i) the typology of land-
scape units shows that cropping system characteristics depend on
soil types and ii) nitrate losses result from interactions between
cropping systems and soils.

The infra-annual diagnosis of nitrate losses illustrates the
importance of considering pluri-annual crop rotations, rather than
individual crops, in regional-scale studies. Indeed, model pre-
dictions show that intercrop periods were critical for nitrate losses,
and that high nitrate losses during the growing season of one crop
could result from sub-optimal management during the previous
crop or previous intercrop period (Fig. 6). The influence of crop
rotations and management during intercrop periods has long been
identified via agronomic experiments (e.g. Beaudoin et al., 2005;
Constantin et al., 2010; Amoss�e et al., 2014), but it has rarely been
included in regional-scale agro-hydrological models. Hence, the
influence of soil characteristics and of pluri-annual crop rotations
should be considered both when assessing nitrate losses and
defining action plans to mitigate nitrate pollution (Schoumans
et al., 2011).

4.2. Influence of participants and the software on modeling choices
and outcomes

Using a model is often regarded as oneway to ensure objectivity
(Voinov and Gaddis, 2008); however, selecting a model unavoid-
ably restricts the range of possible outcomes (Sterk et al., 2009). In
the present assessment framework, the use of a crop model fosters
reflection on cropping systems but precludes reflection on entire
farming systems or non-agricultural buffer zones, contrarily to
other models (Le Gal et al., 2010; Passy et al., 2012; Moreau et al.,
2013; Garnier et al., 2014). It also precludes reflection on socio-
economic drivers that influence farming activities by focusing on
technical adaptations in the current socio-economic context.
Interestingly, a simultaneous study on solutions to alleviate water
pollution in the Plaine du Saulce WPA, conducted with different
methods and tools, concluded that organic agriculture and the
reintroduction of animal productionwould have a positive effect on
N management (Anglade et al., 2012). These kinds of outcomes
were beyond the scope of our modeling framework. However, we
noted a convergence of views among participants in the Plaine du
Saulce project that reasonable changes in agriculture in the mid-
term and from a local perspective should involve reflection on
cropping systems. Such convergence of views has been observed
elsewhere (e.g. Ingram, 2008; Raymond et al., 2010; Hossard et al.,
2013) as a consequence of prior exchange of knowledge between
scientists and non-scientist participants via formal training or the
media. Despite this convergence, it was crucial that the organizing
team presented the modeling software and the potential outcomes
of its use at the beginning of the study (Reed, 2008).

Many participatory modeling studies engage local participants
in developing the models they use (Oliver et al., 2012). In the
present assessment framework, local experts are fully involved in
co-designing a typology of landscape units, i.e. description of the
system of interest, but simulation of nitrate losses is performed
with a pre-existing biophysical model. This apparent lack of in-
clusion of local experts in model design is motivated by three
arguments: i) developing agronomic DSS software is time-
consuming due to the complexity of the equations in soilecrop
biophysical models; ii) Syst'N's equations are valid for most agro-
pedo-climatic contexts and iii) environmental data such as sub-
root nitrate loads measured in the local context are generally
not sufficient for robust parameterization of a biophysical model.
For these reasons, Syst'N had been developed in collaboration with
a panel of potential end-users broader that just those of the Plaine
du Saulce extension service (Parnaudeau et al., 2012; Prost et al.,
2012). However, confronting the model with a “real-life” use sit-
uation in the Plaine du Saulce project identified two shortcomings
in Syst'N: i) no representation of the effect of tillage practices on N
cycling and ii) no post-processing routine to aggregate model
predictions at the scale of a WPA. The first could not be fixed
during the project due to a lack of existing scientific knowledge,
while the second was overcome by applying an additional post-
processing routine. Thus, confronting modeling software with
“real-life” use situations contributes to their iterative improve-
ment (Prost et al., 2012). Model validation in the local context is an
integral part of the modeling methodology: although local envi-
ronmental data are generally not sufficient to parameterize a
model, they must be confronted with model predictions to ensure
the model is valid in the context of use.

4.3. Limits and potential improvements

Crop models such as Syst'N do not consider the decennial
response time of hydrological systems. In that respect, spatially
aggregating nitrate losses as a weighted mean of surface area is
interesting in that it can increase participants' trust in model pre-
dictions (Hossard et al., 2013) by showing that the predicted nitrate
concentration is of the same order of magnitude as the observed
concentration. It does not, however, inform public decision makers
about the delay between the implementation of agricultural actions
and improvement of water quality, unlike fully-integrated agro-
hydrological models (e.g. Ledoux et al., 2007; Moreau et al., 2012,
2013), which include water and nitrate routing functions. In
contrast, crop models are more appropriate for assessment at the
cropping system level, i.e. the level at which agronomic improve-
ments can be envisioned.

Unlike other assessment approaches, the present framework
does not consider the farm-decision level when describing the
agricultural landscape because of the low diversity of farming
systems in the study area (all were arable farms with similar crops).
The homogenous units of agricultural landscapes considered in this
framework constitute an intermediate spatial level between the
field and the farm level (Boiffin et al., 2014). These units enable
working with a small number of agronomically sound modeling
situations. Such modeling situations resemble demonstration test
plots, which extension services were accustomed to. Another
benefit of working with typical situations is to reduce the risk of
conflict by not identifying specific farms or fields, while still being
able to allocate the correct percentage of each cropping system to
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each soil, thus ensuring correct representation of the agricultural
landscape in the WPA.

Many authors advocate involving participants who represent a
broad section of the identified stakeholders and interest groups in
participatory projects dealing with natural resource management,
especially when ‘social learning’ is an objective (Reed et al., 2010,
2014; Carr et al., 2012). However, Voinov and Bousquet (2010)
and Barreteau et al. (2010) point out that it is difficult to involve
many participants in a co-design process. In the Plaine du Saulce
project, we decided to restrict participants to local experts we
assumed had solid knowledge of the diversity of farmers' agricul-
tural practices in the WPA. Generally, we believe that working with
a small number of local experts is sufficient for performing the
initial assessment of nitrate losses in aWPA, but if the participatory
process aimed to lead to collective decision making, it would have
being necessary to involve farmers. Specifically, the present
assessment study highlighted that re-allocating current cropping
systems with a better consideration of soil characteristics could
lead to substantial reduction in nitrate emissions. Adopting and
implementing such a management plan would only be possible if
farmers are involved from the very first stages of a participatory
process (Ravier et al., 2015). The design of Syst'N interfaces for input
and output visualization makes it suitable for working with a larger
number of non-scientist participants, including farmers. Future
work with the Syst'N software, with a larger diversity of partici-
pants and agro-pedo-climatic contexts will help improve the
assessment methodology, particularly the sociological evaluation.
5. Conclusion

We developed a participatory assessment framework involving
local experts at several stages of a modeling study of nitrate losses.
The framework includes i) a methodology for co-designing a ty-
pology of landscape units (i.e. cropping systems � soils) where
expert elicitation is performed prior database analysis and ii) a
participatory assessment of nitrate losses with a modeling software
adapted for usewith non-scientist participants. Results show that it
is possible to account for agronomic considerations, such as
soilecropping systems interactions and delayed effect of agricul-
tural practices in a crop rotation, in a regional scale assessment
study. Combining local expertise and an agricultural database
proved effective for describing modeling units without precluding
the complexity of interactions between their components (such as
soilecrop interactions). Modeling software that offers different
options for post-processing predictions helps to focus on different
aspects of a complex system. In the example of regional scale
assessment of nitrate losses from cropping systems, aggregation at
the rotation and WPA scales helped participants identify the most
vulnerable cropping systems and soils, while infra-annual output
allowed them to identify critical periods for nitrate leaching for
each situation. Finally, testing the software in a “real-life” use sit-
uation helped identify new needs of end-users, which will help to
improve it for future use. The assessment framework presented in
this paper can be applied to other situations and modeling tools:
the methodology combining local knowledge, databases and bio-
physical modeling is applicable in various agro-pedo-climatic
contexts. Different criteria for the typology of landscape units
from those used in this study could be selected depending on the
context, although it is likely that the central role of soils highlighted
here will be valid in all situations. Beyond the issue of nitrate losses
in rural WPAs, working with local experts to define a research
question and criteria for a typology of modeling units prior analysis
of the database is applicable to other environmental management
problems. We believe this approach helps direct the assessment
methodology according to a question formulated by local partici-
pants rather than a preexisting database or model.

Acknowledgments

The Plaine du Saulce project was funded by ONEMA, the French
National Agency for Water and Aquatic Environments. Syst'N was
developed by “RMT Fertilisation et Environnement”. Aur�elien
Dupont and Pascal Dubrulle developed Syst'N's software. The au-
thors would like to acknowledge Lucia Pilorget and Xavier Antoine
from the Association for DrinkingWater Quality in Plaine du Saulce
and Laurette Paravano from the Yonne Chamber of Agriculture for
their valuable contributions to the project. Finally, we would like to
thank Michelle and Michael Corson for their advice in writing this
paper and correcting its English style.

References

Amoss�e, C., Jeuffroy, M.H., Mary, B., David, C., 2014. Contribution of relay inter-
cropping with legume cover crops on nitrogen dynamics in organic grain sys-
tems. Nutr. Cycl. Agroecosyst. 98 (1), 1e14. http://dx.doi.org/10.1007/s10705-
013-9591-8.

Anglade, J., Billen, G., de Marsily, G., Benoit, M., Barraqu�e, B., Vergnaud, V., 2012. Le
BAC de la Plaine du Saulce (Auxerrois) : Analyse de la pollution agricole diffuse
et esquisse de propositions pour un plan d'action �a long terme. Programme
PIREN-Seine e BAC de la Plaine du Saulce, 32 pp.

Association pour la Qualit�e de l'eau de la Plaine du Saulce, 2012. Bassin d'alimen-
tation des captages de la Plaine du Saulce. Synth�ese des actions 2006e2012.
Comit�e scientifique.

Barreteau, O., Bots, P.W.G., Daniell, K.A., 2010. A framework for clarifying “partici-
pation” in participatory research to prevent its rejection for the wrong reasons.
Ecol. Soc. 15 (2).

Beaudoin, N., Saad, J.K., Van Laethem, C., Machet, J.M., Maucorps, J., Mary, B., 2005.
Nitrate leaching in intensive agriculture in Northern France: effect of farming
practices, soils and crop rotations. Agric. Ecosyst. Environ. 111 (1e4), 292e310.
http://dx.doi.org/10.1016/j.agee.2005.06.006.

Beaudoin, N., Launay, M., Sauboua, E., Ponsardin, G., Mary, B., 2008. Evaluation of
the soil crop model STICS over 8 years against the “on farm” database of
Bruyeres catchment. Eur. J. Agron. 29 (1), 46e57. http://dx.doi.org/10.1016/
j.eja.2008.03.001.

Belhouchette, H., Louhichi, K., Therond, O., Mouratiadou, I., Wery, J., van
Ittersum, M., Flichman, G., 2011. Assessing the impact of the nitrate directive on
farming systems using a bio-economic modelling chain. Agric. Syst. 104 (2),
135e145. http://dx.doi.org/10.1016/j.agsy.2010.09.003.

Benoit, M., Fizaine, G., 1999. Qualit�e des eaux en basin forestiers d'alimentation. Rev.
For. Fr. vol. L1 (2), 162e17262.

Benoit, M., Rizzo, D., Marraccini, E., Moonen, A.C., Galli, M., Lardon, S., Rapey, H.,
Thenail, C., Bonari, E., 2012. Landscape agronomy: a new field for addressing
agricultural landscape dynamics. Landsc. Ecol. 27 (10), 1385e1394. http://
dx.doi.org/10.1007/s10980-012-9802-8.

Billen, G., Garnier, J., 1999. Nitrogen transfers through the Seine drainage network: a
budget based on the application of the ‘Riverstrahler’model. Hydrobiologia 410,
139e150.

Boiffin, J., Benoit, M., Le Bail, M., Papy, F., Stengel, P., 2014. Agronomy, land, and
territory: working on and for territorial development, the stakes for agronomy.
Cah. Agric. 23 (2), 72e83. http://dx.doi.org/10.1684/agr.2014.0688.

Brisson, N., Gary, C., Justes, E., Roche, R., Mary, B., Ripoche, D., Zimmer, D., Sierra, J.,
Bertuzzi, P., Burger, P., Bussiere, F., Cabidoche, Y.M., Cellier, P., Debaeke, P.,
Gaudillere, J.P., Henault, C., Maraux, F., Seguin, B., Sinoquet, H., 2003. An over-
view of the crop model STICS. Eur. J. Agron. 18 (3e4), 309e332. http://
dx.doi.org/10.1016/s1161-0301(02)00110-7.

Cannavo, P., Recous, S., Parnaudeau, V., Reau, R., 2008. Modeling N dynamics to
assess environmental impacts of cropped soils. Adv. Agron. 97, 131e174. http://
dx.doi.org/10.1016/s0065-2113(07)00004-1.

Carr, G., Bloschl, G., Loucks, D.P., 2012. Evaluating participation in water resource
management: a review. Water Resour. Res. 48 http://dx.doi.org/10.1029/
2011wr011662.

Cerf, M., Jeuffroy, M.H., Prost, L., Meynard, J.M., 2012. Participatory design of agri-
cultural decision support tools: taking account of the use situations. Agron.
Sustain. Dev. 32 (4), 899e910. http://dx.doi.org/10.1007/s13593-012-0091-z.

Constantin, J., Mary, B., Laurent, F., Aubrion, G., Fontaine, A., Kerveillant, P.,
Beaudoin, N., 2010. Effects of catch crops, no till and reduced nitrogen fertil-
ization on nitrogen leaching and balance in three long-term experiments. Agric.
Ecosyst. Environ. 135 (4), 268e278. http://dx.doi.org/10.1016/
j.agee.2009.10.005.

Dupas, R., Curie, F., Gascuel-Odoux, C., Moatar, F., Delmas, M., Parnaudeau, V.,
Durand, P., 2013a. Assessing N emissions in surface water at the national level:
comparison of country-wide vs. regionalized models. Sci. Total Environ. 443,
152e162. http://dx.doi.org/10.1016/j.scitotenv.2012.10.011.

http://dx.doi.org/10.1007/s10705-013-9591-8
http://dx.doi.org/10.1007/s10705-013-9591-8
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref2
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref3
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref4
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref4
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref4
http://dx.doi.org/10.1016/j.agee.2005.06.006
http://dx.doi.org/10.1016/j.eja.2008.03.001
http://dx.doi.org/10.1016/j.eja.2008.03.001
http://dx.doi.org/10.1016/j.agsy.2010.09.003
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref8
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref8
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref8
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref8
http://dx.doi.org/10.1007/s10980-012-9802-8
http://dx.doi.org/10.1007/s10980-012-9802-8
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref10
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref10
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref10
http://refhub.elsevier.com/S1364-8152(15)00089-4/sref10
http://dx.doi.org/10.1684/agr.2014.0688
http://dx.doi.org/10.1016/s1161-0301(02)00110-7
http://dx.doi.org/10.1016/s1161-0301(02)00110-7
http://dx.doi.org/10.1016/s0065-2113(07)00004-1
http://dx.doi.org/10.1016/s0065-2113(07)00004-1
http://dx.doi.org/10.1029/2011wr011662
http://dx.doi.org/10.1029/2011wr011662
http://dx.doi.org/10.1007/s13593-012-0091-z
http://dx.doi.org/10.1016/j.agee.2009.10.005
http://dx.doi.org/10.1016/j.agee.2009.10.005
http://dx.doi.org/10.1016/j.scitotenv.2012.10.011


R. Dupas et al. / Environmental Modelling & Software 69 (2015) 101e110110
Dupas, R., Parnaudeau, V., Reau, R., Gascuel-Odoux, C., Durand, P., 2013b. Using a
semi distributed model to enhance communication with stakeholders and
participation for designing nitrogen-efficient cropping systems in a catchment
(2013). Geophys. Res. Abstr. 15. EGU2013-11003. EGU General Assembly 2013.

Dupas, R., Delmas, M., Dorioz, J.M., Garnier, J., Moatar, F., Gascuel-Odoux, C., 2015.
Assessing the impact of agricultural pressures on N and P loads and eutrophi-
cation risk. Ecol. Indic. 48, 396e407. http://dx.doi.org/10.1016/j.ecolind.2014.
08.007.

Eshuis, J., Stuiver, M., 2005. Learning in context through conflict and alignment:
farmers and scientists in search of sustainable agriculture. Agric. Hum. Values
22 (2), 137e148. http://dx.doi.org/10.1007/s10460-004-8274-0.

Faivre, R., Leenhardt, D., Voltz, M., Benoit, M., Papy, F., Dedieu, G., Wallach, D., 2004.
Spatialising crop models. Agronomie 24 (4), 205e217. http://dx.doi.org/10.1051/
agro:2004016.

Garnier, J., Billen, G., Vilain, G., Benoit, M., Passy, P., Tallec, G., Tournebize, J.,
Anglade, J., Billy, C., Mercier, B., Ansart, P., Azougui, A., Sebilo, M., Kao, C., 2014.
Curative vs. preventive management of nitrogen transfers in rural areas: lessons
from the case of the Orgeval watershed (Seine River basin, France). J. Environ.
Manag. 144, 125e134. http://dx.doi.org/10.1016/j.jenvman.2014.04.030.

Gascuel-Odoux, C., Massa, F., Durand, P., Merot, P., Troccaz, O., Baudry, J., Thenail, C.,
2009a. Framework and tools for agricultural landscape assessment relating to
water quality protection. Environ. Manag. 43 (5), 921e935. http://dx.doi.org/
10.1007/s00267-008-9244-x.

Gascuel-Odoux, C., Aurousseau, P., Cordier, M.-O., Durand, P., Garcia, F., Masson, V.,
Salmon-Monviola, J., Tortrat, F., Trepos, R., 2009b. A decision-oriented model to
evaluate the effect of land use and agricultural management on herbicide
contamination in stream water. Environ. Model. Softw. 24 (12), 1433e1446.
http://dx.doi.org/10.1016/j.envsoft.2009.06.002.

Genermont, S., Cellier, P., 1997. A mechanistic model for estimating ammonia
volatilization from slurry applied to bare soil. Agric. For. Meteorol. 88 (1e4),
145e167. http://dx.doi.org/10.1016/s0168-1923(97)00044-0.

Hare, M., 2011. Forms of participatory modelling and its potential for widespread
adoption in the water sector. Environ. Policy Gov. 21 (6), 386e402. http://
dx.doi.org/10.1002/eet.590.

Henault, C., Bizouard, F., Laville, P., Gabrielle, B., Nicoullaud, B., Germon, J.C.,
Cellier, P., 2005. Predicting in situ soil N2O emission using NOE algorithm and
soil database. Glob. Change Biol. 11 (1), 115e127. http://dx.doi.org/10.1111/
j.1365-2486.2004.00879.x.

Hossard, L., Jeuffroy, M.H., Pelzer, E., Pinochet, X., Souchere, V., 2013. A participatory
approach to design spatial scenarios of cropping systems and assess their ef-
fects on phoma stem canker management at a regional scale. Environ. Model.
Softw. 48, 17e26. http://dx.doi.org/10.1016/j.envsoft.2013.05.014.

Ingram, J., 2008. Are farmers in England equipped to meet the knowledge challenge
of sustainable soil management? An analysis of farmer and advisor views.
J. Environ. Manag. 86 (1), 214e228. http://dx.doi.org/10.1016/j.jenvman.2006.
12.036.

Jeuffroy, M.H., Recous, S., 1999. Azodyn: a simple model simulating the date of
nitrogen deficiency for decision support in wheat fertilization. Eur. J. Agron. 10
(2), 129e144. http://dx.doi.org/10.1016/s1161-0301(98)00059-8.

Krueger, T., Page, T., Hubacek, K., Smith, L., Hiscock, K., 2012. The role of expert
opinion in environmental modelling. Environ. Model. Softw. 36, 4e18. http://
dx.doi.org/10.1016/j.envsoft.2012.01.011.

Lazrak, E., Mari, J.F., Benoit, M., 2010. Landscape regularity modelling for environ-
mental challenges in agriculture. Landsc. Ecol. 25 (2), 169e183. http://
dx.doi.org/10.1007/s10980-009-9399-8.

Ledoux, E., Gomez, E., Monget, J.M., Viavattene, C., Viennot, P., Ducharne, A.,
Benoit, M., Mignolet, C., Schott, C., Mary, B., 2007. Agriculture and groundwater
nitrate contamination in the Seine basin. The STICS-MODCOU modelling chain.
Sci. Total Environ. 375 (1e3), 33e47. http://dx.doi.org/10.1016/j.scitotenv.2006.
12.002.

Leenhardt, D., Angevin, F., Biarnes, A., Colbach, N., Mignolet, C., 2010. Describing and
locating cropping systems on a regional scale. A review. Agron. Sustain. Dev. 30
(1), 131e138. http://dx.doi.org/10.1051/agro/2009002.

Leenhardt, D., Therond, O., Cordier, M.O., Gascuel-Odoux, C., Reynaud, A., Durand, P.,
Bergez, J.E., Clavel, L., Masson, V., Moreau, P., 2012. A generic framework for
scenario exercises using models applied to water-resource management. En-
viron. Model. Softw. 37, 125e133. http://dx.doi.org/10.1016/j.envsoft.2012.
03.010.

Le Gal, P.Y., Merot, A., Moulin, C.H., Navarrete, M., Wery, J., 2010. A modelling
framework to support farmers in designing agricultural production systems.
Environ. Model. Softw. 25 (2), 258e268. http://dx.doi.org/10.1016/j.envsoft.
2008.12.013.

Lilburne, L.R., Webb, T.H., Francis, G.S., 2003. Relative effect of climate, soil, and
management on risk of nitrate leaching under wheat production in Canterbury,
New Zealand. Aust. J. Soil Res. 41 (4), 699e709. http://dx.doi.org/10.1071/
sr02083.

Machet, J.M., Recous, S., Jeuffroy, M.H., Mary, B., Nicolardot, B., Parnaudeau, V., 2004.
A dynamic version of the predictive balance sheet method for fertiliser N
advice. Controlling Nitrogen Flows and Losses. Inst. Grassl. Environ. Res. 193.

Mignolet, C., Schott, C., Benoit, M., 2004. Spatial dynamics of agricultural practices
on a basin territory: a retrospective study to implement models simulating
nitrate flow. The case of the Seine basin. Agronomie 24 (4), 219e236. http://
dx.doi.org/10.1051/agro:2004015.

Moreau, P., Ruiz, L., Mabon, F., Raimbault, T., Durand, P., Delaby, L., Devienne, S.,
Vert�es, F., 2012. Reconciling technical, economic and environmental efficiency
of farming systems in vulnerable areas. Agric. Ecosyst. Environ. 147, 89e99.
http://dx.doi.org/10.1016/j.agee.2011.06.005.

Moreau, P., Ruiz, L., Vert�es, F., Baratte, C., Delaby, L., Faverdin, P., Gascuel-Odoux, C.,
Piquemal, B., Ramat, E., Salmon-Monviola, J., Durand, P., 2013. CASIMOD'N: an
agro-hydrological distributed model of catchment-scale nitrogen dynamics
integrating farming system decisions. Agric. Syst. 118, 41e51. http://dx.doi.org/
10.1016/j.agsy.2013.02.007.

Oliver, D.M., Fish, R.D., Winter, M., Hodgson, C.J., Heathwaite, A.L., Chadwick, D.R.,
2012. Valuing local knowledge as a source of expert data: farmer engagement
and the design of decision support systems. Environ. Model. Softw. 36, 76e85.
http://dx.doi.org/10.1016/j.envsoft.2011.09.013.

Parnaudeau, V., Reau, R., Dubrulle, P., 2012. Un outil d'�evaluation des fuites d'azote
vers l'environnement �a l'�echelle du syst�eme de culture: le logiciel Syst'N. Innov.
Agron. 21, 59e70.

Passy, P., Garnier, J., Billen, G., Fesneau, C., Tournebize, J., 2012. Restoration of ponds
in rural landscapes: modelling the effect on nitrate contamination of surface
water (the Seine River Basin, France). Sci. Total Environ. 430, 280e290. http://
dx.doi.org/10.1016/j.scitotenv.2012.04.035.

Prost, L., Cerf, M., Jeuffroy, M.H., 2012. Lack of consideration for end-users during
the design of agronomic models. A review. Agron. Sustain. Dev. 32 (2), 581e594.
http://dx.doi.org/10.1007/s13593-011-0059-4.

Ravier, C., Prost, L., Jeuffroy, M.H., Wezel, A., Paravano, L., Reau, R., 2015. Multi-
criteria and multi-stakeholder assessment of cropping systems for a result-
oriented water quality preservation action programme. Land Use Policy 42,
131e140. http://dx.doi.org/10.1016/j.landusepol.2014.07.006.

Raymond, C.M., Fazey, I., Reed, M.S., Stringer, L.C., Robinson, G.M., Evely, A.C., 2010.
Integrating local and scientific knowledge for environmental management.
J. Environ. Manag. 91 (8), 1766e1777. http://dx.doi.org/10.1016/j.jenvman.2010.
03.023.

Reed, M.S., 2008. Stakeholder participation for environmental management: a
literature review. Biol. Conserv. 141 (10), 2417e2431. http://dx.doi.org/10.1016/
j.biocon.2008.07.014.

Reed, M.S., Dougill, A.J., Baker, T.R., 2008. Participatory indicator development: what
can ecologists and local communities learn from each other? Ecol. Appl. 18 (5),
1253e1269. http://dx.doi.org/10.1890/07-0519.1.

Reed, M.S., Evely, A.C., Cundill, G., Fazey, I., Glass, J., Laing, A., Newig, J., Parrish, B.,
Prell, C., Raymond, C., Stringer, L.C., 2010. What is social learning? Ecol. Soc. 15
(4).

Reed, M.S., Stringer, L.C., Fazey, I., Evely, A.C., Kruijsen, J.H.J., 2014. Five principles for
the practice of knowledge exchange in environmental management. J. Environ.
Manag. 146, 337e345. http://dx.doi.org/10.1016/j.jenvman.2014.07.021.

Ruiz, L., Abiven, S., Martin, C., Durand, P., Beaujouan, V., Molenat, J., 2002. Effect on
nitrate concentration in stream water of agricultural practices in small catch-
ments in Brittany: II. Temporal variations and mixing processes. Hydrol. Earth
Syst. Sci. 6 (3), 507e513.

Salmon-Monviola, J., Durand, P., Ferchaud, F., Oehler, F., Sorel, L., 2012. Modelling
spatial dynamics of cropping systems to assess agricultural practices at the
catchment scale. Comput. Electron. Agric. 81, 1e13. http://dx.doi.org/10.1016/
j.compag.2011.10.020.

Schoumans, O.F., Chardon, W.J., Bechmann, M., Gascuel-Odoux, C., Hofman, G.,
Kronvang, B., Litaor, M.I., Lo Porto, A., Newell-Price, P., Rubæk, G., 2011. Miti-
gation Options for Reducing Nutrient Emissions from Agriculture. A Study
Amongst European Member States of Cost Action 869. Wageningen, Alterra,
Alterra-Report 2141.

Sebillotte, M., 1974. Agronomie et agriculture. Essai d'analyse des tâches de
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