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Tri des systemes de culture en fonction de leur impact

sur la qualité de I’eau de profondeur

Résumé

Ce cahier présente la mise en ceuvre d’une analyse multicritére en réponse & un probléme
posé par des chercheurs de I’INRA (Institut National de la Recherche Agronomique). Ces agro-
nomes ont pour thématique générale de recherche 1’évaluation environnementale des pratiques
agricoles. Dans ce cadre, ils souhaitent disposer d’une méthode permettant de différencier des
systémes de culture en fonction de leur impact sur la qualité de I’eau. Pour mener 4 bien cette
différenciation, des membres du LAMSADE (Laboratoire d’ Analyse et Modélisation de Systé-
mes pour I’ Aide a la Décision) proposent un tri des systemes de culture a 1’aide de la méthode
ELECTRE TRI. Quatre catégories d’impact sont définies et trois familles de critéres sont cons-
truites. La nature des critéres constitue le débat central de 1’étude : si des données de base sont
utilisées, le nombre des critéres est élevé ; si des données agrégées sont utilisées, les échanges
d’information sont délicats. En dépit de ces difficultés, I"étude revét un intérét certain pour les
chercheurs agronomes. Premiérement, en confribuant & donner aux agriculteurs des exemples
concrets de systémes de culture respectueux de la ressource en eau, elle permet aux chercheurs
de coopérer avec des décideurs tels que I’Agence de I’Ean. Deuxiémement, la méthodologie
multicritére semble &tre appropriée aux recherches de ’INRA. En effet, deux analyses similai-
res sont envisagées : I'une pour différencier des systémes de culture en fonction de leur impact
sur la faune sauvage et I'autre pour différencier des systémes de culture en fonction de leur

impact sur la qualité du paysage.
Mots clés

Agriculture ; Systéme de culture ; Impact environnemental ; Qualité de I’eau de profondeur ;

Pesticides ; Azote ; Irrigation ; Méthodologie Multicritére d” Aide 2 la Décision



Sorting cropping systems

on the basis of their impact on groundwater quality

Abstract

In this paper the implementation of a multi-criteria analysis is described in order to an-
swer a question of INRA (‘Institut National de la Recherche Agronomique’, France) research-
ers who assess the impact of agricultural practices on the environmental components. They
were particularly interested in differentiating cropping systems as a function of their impact on
groundwater quality. In order to give effect to this differentiation, LAMSADE (‘Laboratoire
d’Analyse et Modélisation de Systémes pour I’Aide a la Décision’, France) members proposed
a way of sorting cropping systems using the ELECTRE TRI method. Four categories of impact
were defined and three families of criteria were built up. The main debate was about the nature
of criteria: if basic data are used, the number of the criteria is high,; if aggregated data are used,
exchanges of information are tedious. Despite these difficulties, the study has been of important
value for the agronomic researchers. Firstly, it helps them to work with decision-makers, such
as the Water Agency: it allows farmers to be given concrete examples of cropping systems
which preserve groundwater quality. Secondly, the multi-criteria methodology used seems to fit
their reseafch: they are indee.d now using the same approach to differentiate cropping systems

on the basis of their impact on wild fauna or landscape quality.

Keywords

Agriculture; Cropping system; Environmental impact; Groundwater quality; Pesticides; Nitro-

gen; Irrigation; Multi-criteria methodology for decision aiding
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1 Introduction

This paper deals with agriculture and its impact on the environment. For fifty years in
western countries land has been exclusively considered as a generator of produce and has been
cultivated in order to guarantee food security. There has been a great pressure on farmers to
increase agricultural productivity. They succeeded in so doing thanks to progress in mechani-
zation and to chemical treatments (fertilisers and pesticides). As a consequence we have seen
increasing pollution of natural sites and impoverishment of biodiversity. To give just one ex-
ample, the excess of nitrogen spread on arable lands is found almost everywhere in the drinking

water supply.

In 1987 t(he Suvstainable Development concept was defined by members of the United
Nations Organisation. This concept aims at harmonizing economic development with respect to
the environment. All economic areas are covered by this concept. Among them is agriculture.
Nowadays farmers have to follow three different objectives at the same time: profitability (the
‘oldest’ one), quality and ecology. There is also now a new great pressure on them to respect
the environment. They have to implement new cropping systems which are both productive and

harmless to the environmental components.

European and national agricultural or environmental organisations are all working on the
implementation of the concept of Sustainable Development. In France the National Institute of
Agronomic Research (INRA) develops integrated arable cropping systemsl; agencies, such as
the Water Agency (‘Agence de I’Eau’), give to farmers financial subsidies or other incentives
50 as to rﬁodify their agricultural practices towards environmentally and economically viable

alternative agricultural systems.

In this new agricultural context this paper presents a case study. The second section, ‘the
client’s problem’, explains the research field of INRA, the problem which the agronomic re-
searchers met and why they called on LAMSADE to help them to solve it. The third section is
devoted to the choice of the data: which agricultural techniques should be taken into account to
describe a cropping system? Which variables describing the agricultural techniques should be

nsed? The fourth section presents the solution proposed by LAMSADE members to answer

L A cropping system is defined as a sequence, on a given plot of land, of crops and the associated agricul-
tural practices.



INRA’s problem. It gives arguments about the choice of the multi-criteria methodology and the
ELECTRE TRI method; the implementation of the analysis and notably the construction of
three families of criteria are described; finally, the analysis is discussed from a methodological
point of view. The fifth section sets out the client’s comments: the suitability of the resolution

of the problem and further applications. Concluding remarks follow this last section.

2 The client’s problem

The research field of the INRA agronomic laboratory is related to sustainable agriculture
and specifically to the assessment of the environmental impact of arable cropping systems. This
laboratory connects the agricultural techniques involved in a cropping system with the agro-
system and its environment. The relations ‘agricultural techniques - environment’ are presented

in table 1. .

Table 1 o
Relations ‘agricultural techniques - environment’

Agricultural technigues

Environmental Nitrogen  Phosphorus  Pesticide  Irrigation Organic  Energy Crop Mechanical Soil Ecological
targets management management management matter diversity = operations cover structures

Protection of:
Groundwater X X X
quality
Surface water X
quality
Air quality X
Soil quality X X X
Wild fauna X X X X X
Landscape X X X
quality

P a4
>

Derived from BOCKSTALLER et al. (1997)

A mathematical relationship (marked X in table 1) is developed whenever a technical de-
cision of the farmer has an influence on an environmental target. It is based on the available
scientific knowledge and / or expert judgements [BOCKSTALLER et al. (1997)] and consti-
tutes an ‘evaluation module’. Each evaluation module [agricultural technique x * environmental
target y] summarizes the impact of x on y and is established from basic information recorded by
the farmer (example: quantity of fertiliser spread) and from stable characteristics (example:

human toxicity of a product).

For example, the evaluation module [irrigation * groundwater quality], Mgy, is cal-

culated as follows:



Migw =7+ X bi/20+Z ki 0 < Mjgw < 10
X bi : sum of the positive bi for all irrigations;

2 ki : sum of bonus

The calculation of bi is based on a simplified water balance at the field level for each
irrigation:

bi = State of soil water capacity + Precipitations + Irrigations + Evapotranspiration
One point of the evaluation module corresponds to 20 mm of water.
The bonus can be taken into account only if there is no leaching more than 10 mm. A
bonus can be obtained if the first water supply is less than 20 mm (bonus = 0,5), or if
the soil water capacity is not fully filled after the water supply (i.e., bonus = 1,5 if the
soil water reserve is filled less than 15 mm of the maximum soil water capacity).
The value of the evaluation module M;,, is 7 when the risks of leaching are low (the

soil water reserve is exactly or not totally filled).

Table 1 can be interpreted either down the columns or across the rows. The interpretation
down the columns was already done by INRA researchers [BOCKSTALLER ez al. (1997),
GIRARDIN et al. (1998)] to help the farmer to assess the impact of each of his cultivation
practices on the agrosystem and its environment (i. ., all the environmental targets). In this
way, he can evaluate the weak points of his farm management, and, year after year, the evolu-

tion of his practices.

INRA was motivated by interpreting the table across the rows. Indeed, this second kind
of interpretation gives the impact of all agricultural practices on one environmental target. It
would be of special interest to organisations, institutions, agencies or associations whose main
activity is the protection of a specific environmental component (water quality, soil conserva-
tion, biodiversity, landscape preservation, etc.). The Water Agency which focuses on the com-
ponent ‘water” is one such organisation. It aims to guarantee the quality of aquatic areas and

drinking water supplies.

According to table 1 (first row) and as explained in section 3, three agricultural tech-
niques ambng those involved in a cropping system have an impact on groundwater quality: the
application of nitrogen and the application of pesticides and irrigation. INRA researchers and
Water Agency experts agreed on how to differentiate cropping systems, through these three

techniques, as a function of their groundwater quality impact. Indeed, this differentiation would



help Water Agency technicians to make more easily recommendations to farmers. The agro-
nomic laboratory had all the relevant data to give effect to this study, but it did not have the
methodology to handle this information. Considering the multiple attributes that had to be ana-
Iysed simultaneously (many agricultural techniques), INRA thought that multi-criteria method-
ology for decision aiding could provide a feasible set of tools and asked LAMSADE to work

with them.

As shown in figure 1, there were also two problems, two kinds of clients and two kinds

of analysts:

Figure 1
The actors of the study

First  { Water Agency questioned INRA , which questioned
general problem
client < analyst
client specific problem analyst

- A specific problem was that of the Water Agency. This agency aims to provide accurate
advice to farmers. In order to do this, it needed the help of INRA to differentiate crop-
ping systems as a function of their impact on groundwater quality. For this problem, the

client was the Water Agency and the analyst was INRA.

- The second was a general problem, that of INRA. In order to answer the specific prob-
lem of the Water Agency, INRA needed an appropriate methodology to analyse multiple
and various data. LAMSADE members could help it to find this methoedology. For this
second problem, the client was INRA and the analyst was LAMSADE. Let us note that
LAMSADE experts had direct relations with Water Agency members, as these members

represented the final client.

The study took place from February to September 1996.




3 The data

3.1  The cropping systems in the study

The data relative to cropping systems came from the farm network of INRA. This net-
work included seventeen commercial arable farms of the Rhine plain in France and Germany
and was created in 1993. All the farmers are involved in the network on a voluntary basis. At
the farm level there are several possible ways of cultivating maize (so called ‘cropping sys-
tems’). INRA’s technicians meet farmers yearly and collect all the data on the maize cropping
systems in each farm from the farmer’s ‘log book’, without resorting to field measurements.
Among all the cropping systems used in the network, thirty-three were selected for the study

because of their diversity rather than of their representativeness.
3.2  The agricultural techniques

Table 1 shows that groundwater quality is highly influenced by three agricultural tech-

niques: nitrogen management, pesticide management and water management (irrigation).

Nifrogen management takes into account the nitrogen supplied by fertilisers (amount,
date and number of applications), the ploughing in of straw, the introduction of catch crops
during winter time (or other improving techniques). Nitrate leaching is mainly due to an inap-
propriate balance between nitrate availability and the amount of nitrate required by the crops.
Nitrate pollution is related to leaching, and it can be avoided by a well-adapted nitrogen fertil-
iser supply and by good management of cover crops during the winter which catch the nitrate

still available in the soil.

Pesticide management is described in terms of the amount applied, the chemical and
physical characteristics of the active ingredient (field half-life, mobility, human toxicity), the
location of application (in the soil, on bare soil or on the crop) and the date of application (sea-
son). In order to reduce pesticide pollution of groundwater, it is important that the farmer uses

active ingredients which are as less soluble and as little toxic to humans as possible.



Irrigation management consists of determining the hydric balance and the amount of wa-
ter applied. Irrigation interferes with nitrogen and pesticide leaching. Inadequate management

of irrigation often produces an excess of water which will induce an almost direct leaching.

The other agricultural practices (phosphorus or potassium management, crop diversity,
soil management, etc.) are considered as techniques which have not any significant direct or

indirect effects on groundwater quality.

4 The solution proposed

4.1 Choice of the multi-criteria method

Cropping systems can be harmful to groundwater quality through three agricultural prac-
tices. From the multi-criteria methodology point of view [ROY and BOUYSSOU (1993b)], the
action (or alternative) ‘cropping system’ (CS) is characterized by three dimensions (nitrogen,
pesticides and water management). These three dimensions are not compensatory: a water
source, no matter how low the nitrate concentration, is not potable if its pesticides content is
high. This consideration led us to synthesize the three dimensions by outranking in a partial

order (or outranking with incomparabilities [ROY (1996)]).

The sorting (the assignment to some predefined categories) of CS provides a good dis-
play of the results for developing recommendations. Indeed, INRA aims at differentiating crop-
ping systems by grouping, for example, into a first category those that are helpful to ground-
water quality and into a second category those that are harmful to it, ... Let us note that INRA
and the Water Agency are able to define a priori some categories (categories will be prede-
fined). The problem formulation chosen is of b type [ROY and BOUYSSOU (1993b), ROY
(1996)]. Sorting is preferred to selecting (problem formulation oo [ROY and BOUYSSOU
(1993b)]) or ranking (problem formulation Y [ROY and BOUYSSOU (1993b)]) because:

- The notion of category is close to the notion of norm (a common expression of quality).
Sorting avoids a comparison of the CS: each CS is judged by itself, independently of the
others; it is only compared to the reference CS, real or fictitious, for example a legal

norm. The number of CS may be extremely high; moreover a CS already sorted can be



deleted from its category and new ones can be added to the sorting process without re-

considering all the CS already analysed.

- Choosing (selecting a certain number of €S) does not allow an exhaustive analysis of
CS: some CS are not taken into account although they may be interesting. For example,
the selection of those CS which are less harmful to groundwater is interesting but unfor-
tunately this is insufficient: the selection of the most dangerous CS may also be worth-

while.

- Ranking (ordering the CS as a function of their increasing or decreasing intensity of
harmfulness) would be interesting but its use would be subjective: at which rank does a

CS become damaging for groundwater?

All these considerations justified the choice of the ELECTRE TRI method [ROY (1996),

ROY and BOUYSSOU (1993a)]. Appendix 1 gives a short presentation of this multi-criteria

assignment method.

4.2  Definition of categories

CS categories were determined by experts of the Water Agency. They defined four cate-

gories as shown in table 2. The number of categories was a compromise between accuracy (two

categories would have given little information) and ease of management (five categories would

have been too detailed).

Table 2
The four categories of cropping systems used in maize production
Category C, C, G Ca
Definition CS with a very kigh CS resulting in CS aimed at CS respecting the
environmental risk environmental Dreserving the environment
level problems environment
Comments Risks caused by an Conventional CS, Reference methods,  Important involvement
error of practice common agricultural use of improved of the farmer for
practices methods protecting the
environment
Which CS that must be CS that have to be CS that should be Edeal CS
recommendations rejected improved implemented

for farmers ?




Category Cs; corresponds to a recommended cropping system which could still be im-
proved. In this cropping system nitrate, pesticides and water management are well balanced. As
an example, a cropping system is put in category C; if the first nitrogen application is less than
50 kgN ha, if nitrogen supply is split into three applications, if the calculation of the total ni-
trogen quantity follows the recommended local rules, and if the second and third applications of
nitrogen afe localised along the maize rows. A CS is included in category C, if the farmer uses
innovative and improved techniques such as the use of a cover crop to catch the residual soil

nitrogen, the measurement of the mineral residue of nitrogen before sowing, etc.

With regard to pesticide management, the cropping system could be placed in category
C; if the farmer uses specific active ingredients. For example, for weeding he must apply ‘sul-
fonylurea’ instead of ‘alachlore’ and ‘atrazin’, and systematically substitute a mechanical
treatment for a chemical one. For irrigation management, if the quantity of the water applied
does not exceed the soil water reserve, the cropping system will fall into category Cs. A soil
water reserve filled to only 90% will correspond to category C,. Category C,; includes cropping
systems which have been managed with significant agronomical mistakes (a high excess of
nitrogen or water, a too high dose of pesticides which have a high toxicity to human beings,
etc.). The cropping systems of category C; are managed without agronomical and / or environ-
mental considerations: the only one objective of the technical decisions is in general the highest

yield.
4.3  Assigning actions to categories

For nitrogen, water and pesticides management, the available information could be either
the basic data obtained directly from the farmer (see section 3) or the evaluation modules built
by INRA rescarchers [GIRARDIN er al. (1998)] (the ‘X’ in table 1, see section 2). According

to this type of information, three families of criteria were constructed.
4.3.1 The first criterion family: three ‘criteria - evaluation modules’
This first criterion family uses most intensively the research results of INRA. The agro-

nomic laboratory is used to synthesize all the basic data for one given agricultural practice in an

evaluation module. This module is based on agronomic knowledge [ARONDEL and



GIRARDIN (1997), BOCKSTALLER et al. (1997)]. Each criterion from this first family is also
built from an evaluation module: the criterion ‘nitrogen’ gy is derived from the evaluation
module [nitrogen * groundwater], the criterion ‘pesticides’ gp, from the evaluation module
[pesticides * groundwater] and the criterion ‘irrigation’ g from the evaluation module [irriga-

tion * groundwater].

Because of the inaccuracy and the vagueness of the data, the reasoning on each criterion
takes place on interval orders. The discrimination power of each criterion is reduced; therefore
a strict preference threshold ‘p’ [ROY (1996)] was defined for each of them. For example the
inaccuracy of ‘nitrogen’ information is due to the extent of control of mechanical spreading
(speed of the tractor, etc.). As a consequence, the amount of nitrogen actually spread can differ
from the required amount. This and the other two thresholds were established with the help of

agronomic researchers, who had developed the evaluation modules,

The help of the experts of Water Agency (Agence de ’Eau Rhin - Meuse) was necessary
to weight the criteria. They could indeed better appreciate the relative impact on groundwater
quality of each agricultural practice. Moreover, two members of the ‘Haut-Rhin’ General
Council (Conseil Général du Haut-Rhin) took part in the definition of the weights. This organi-
sation also gives financial support for initiatives of groundwater protection in the French part of
the Rhine plain. The revised ‘weighting with cards’ method, initially proposed by SIMOS
[SCHARLIG (1996), SIMOS (1990)] was used. Six experts were questioned; their answers
gave five different weight sets (two experts gave exactly the same answers). The five weight
sets (let us note ‘k;’ the weight of the criterion ‘t’, see table 3) underline the major role of pesti-
cide management (kpeq = 0.5), the minor importance of irrigation (kyy < 0.13) and the impor-
tance of nitrogen management (ky = 0.35, except for the fifth set). The order of importance of

the criteria was kept in the different weight sets.

The evaluation {(or performances) of the thirty-three CS on the three criteria are pre-

sented in table 3.



Table 3
Performance table of 33 cropping systems (CS) on 3 criteria

Criteria — N Bpest Birri
csd
1 6.47 6.33 5.46
2 5.5 4.55 5.46
3 1.92 455 5.46
4 6 4.55 5.46
5 4.46 5.26 58
6 6.48 5.26 475
7 6 7.19 5.46
8 4.43 0.88 5.38
9 5.78 0.88 5.38
10 5.92 2.90 5.23
11 4.03 2.14 513
12 6.53 2,14 3.69
13 4.67 6.87 10
14 4.37 2.92 10
15 5.32 6.87 10
16 5.65 3.87 7.58
17 493 6.07 7
18 5.86 6.07 10
19 545 5.18 6
20 3.64 3.49 10
21 3.53 2.11 10
22 4,53 4,51 10
23 5.25 2.05 10
24 4,87 4.59 10
25 3.77 7.16 16
26 3.5 9.35 10
27 5.17 T7.45 7.37
23 6.22 T7.45 7
29 6.27 8.64 7.55
30 6.07 6.96 10
31 55 8.65 10
32 7.07 8.65 10
33 6.43 6.95 10
Thresholds 0.5 025 0.25
kN kpest ku*n
Weight set 1 04 05 0.1
Weight set 2 0.35 0.52 0.13
Weight set 3 0.38 0.5 0.12
Weight set 4 0.38 052 0.1
Weight set 5 0.19 0.7 0.11

The ‘boundaries’ of the four categories were determined by agronomic researchers
through the category profiles [ROY (1996), YU (1992)]. The performances of the profiles were
defined from the evaluation modules. Figure 2 presents the *boundaries’ of the four categories

on the three ‘criteria - evaluation modules’.
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Figure 2
Profiles of the 4 categories for the 3 ‘criteria - evaluation modules’
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The ELECTRE TRI method (see appendix 1) was applied using the software ELECTRE
TRI [YU (1992)] (a new implementation is now available, sece [MOUSSEAU et al. (1998)]).
This software uses two sorting processes: an optimistic one {(disjunctive logic: the best ranked
criterion determines the assignment) and a pessimistic one (conjunctive logic: the worst ranked
criterion determines the assignment). In this case, as usual in the field of quality, the process is
rather conjunctive. Therefore, only pessimistic sorting processes were used. The strictness of
the assignment procedure can be adjusted by the parameter A (see appendix 1): three A values

were used: 0.65, 0.75 and 0.85.

No fixed value of A was used and this was deliberate. This choice was linked with the
sense in which the study was carried out. The aim was neither not to rediscover ‘clements
known from other sources’, nor to confirm results obtained by other scientific procedures. The
reasoning was also ‘voluntarist’. By talking about the problem formulation P.} [ROY and
BOUYSSOU (1993b)], the significance of the A parameter was explained to the actors. From
this point of view, no A value was better than another: the point was only to know with which
severity level the CS should be sorted. This is why the display of results had to present care-
fully the ‘stable’ and ‘unstable’ CS across the different A values and the different weight sets,
keeping in mind that, for one A value and for one weight set, all the CS are put into one cate-

gory or into another.

As a result of this approach, the CS are allocated to the three first categories: six (from

the total number of thirty-three) are assigned to C; (18%), eleven to C, (33%), seven to C;

11




(21%), and nine are considered unstable (28%). In view of the definition of the C, category, it
is not surprising to observe no ‘stable’ CS in this category. Except for one CS (CS 26) which is
sometimes assigned to C; and sometimes to Cy4 the ‘unstable’ CS (with respect to the weight
sets and A values) move between two (or three) neighbouring categories. Figure 3 gives an as-

signment example, for one weight set (weight set 2) and one A value (A = 0.65).

Figure 3
Sorting of the 33 CS into the 4 categories
(three ‘criteria - evaluation modules’; weight set 2; A = 0.65)

167

14 1

121

E number of CS

C4

This first criterion family allows INRA’s problem to be answered. Howevef, this ap-
proach has an important disadvantage: the construction (based on the computational procedure)
of the evaluation modules is not transparent to those unfamiliar with INRA research. This lack
of a clear understanding of the meaning of the evaluation modules adversely affected commu-

nication between the different members involved and made information exchanges very tense.
4.3.2 The second criterion family: the thirteen ‘criteria - basic data’

The aim of this second approach was to improve the discussion with the actors by using
criteria which were easy for everybody to understand. With the help of INRA researchers, thir-
teen new criteria, called ‘criteria - basic data’, were constructed from the data explaining each
of the three agricultural techniques (see section 3.). In this approach, nitrogen management is

described by five criteria: criterion ‘amount’ gy,, ‘balance of nitrogen’ gy, ‘date of application’

12




Zndas ‘SPlitting up’ geu, “improving techniques’ g Pesticide management is described by six
criteria: ‘amount’ gp,, ‘half-life of active ingredient’ gy, ‘mobility’ gn,, ‘toxicity’ g, ‘location
of application’ gy, ‘date of application’ gpg,. Irrigation management is described by two crite-

ria: ‘hydric balance’ gy, ‘amount of first apply’ g, (see table 4, appendix 2).

For the determination of the weights (SIMOS’ method), only three experts were ques-
tioned. The pesticide data have the largest weights, irrigation has always a very small relative

importance (see table 4).

The set of pesticide data (amount, half-life, solubility, toxicity, location and date of ap-
plication) corresponds to applications of active ingredients. In the studied CS sample, the num-
ber of applications per CS varies from two to six. In this second approach, it was necessary to
combine, by CS, the data from the different applications. The sum or the mean of amounts,
half-life, etc. has no agronomic significance. As a pessimistic or conjunctive process was
adopted for the study, the performance chosen for the CS for each of these criteria was the least
adequate for each of the applications. Thus, the highest value of the amount, of the half-life, of
the mobility, the lowest value of the toxicity, of the location (referring to coding) and of the
date (referring to coding) were chosen. Let us note that there was no methodological problem at
this level in the first approach because the evaluation module already combined the applications
by a set of fuzzy decision rules [BOCKSTALLER ef al. (1997)]. The expert system allows the

giving of a global value for each pesticide application.

The categories were delimited with TNRA researchers by determining the profiles. As a
result, the distribution of the CS is ‘narrow’ (only between C; and Cy). Only one third of the CS
is stable across the three weight sets and the three A values, five in C; and six in C,. All the

others are unstable between C, and C..

This CS distribution is disappointing: it does not allow INRA’s question to be answered.
The two highest categories are useless, although they were defined by the Water Agency ex-
perts. The assignments seem strict compared to the first approach. This can be explained by the
bad or extremely bad performances of the thirty-three CS on the six pesticide criteria. As the
global weight of these six criteria is nearly 60%, it is not surprising to find all the stable CS in
the lowest categories. The way performances have been selected (the worst value of the

amount, half-life, etc.) is a too drastic decision. Another way was investigated: after discussion

13



with a Water Agency expert, it appeared that ‘half-life’ was the most important pesticide char-
acteristic from his point of view. The data of the active ingredients which had the highest half-
life value were selected. In this case, only one application per CS was taken into account. Even
so, the results were also disappointing (all the CS assigned to C; and C, categories). To solve
this difficulty was time consuming. Therefore, it was decided to proceed with the study by us-

ing a part of the aggregation proposed by the INRA researchers.
4.3.3 The third criterion family: the ‘eight criteria’
This last approach accepts the aggregation of pesticide data in a ‘criterion - evaluation

module’ (as done in the first approach) and uses the primary data of nitrogen information and

irrigation information (as done in the second approach) (figure 4).

Figure 4
The three criterion families
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1. First criterion family: three ‘criteria - evaluation modules’
2. Second criterion family: thirteen ‘criteria - basic data’
3. Third criterion family: ‘eight criteria’

From a methodological point of view, this third criterion family is questionable: all the
criteria do not have the same hierarchical nature (see figure 4). Nevertheless it was constructed
in an ‘explicative’ way. It provides indeed an opportunity to compare the two sorting processes
of the first and the third approaches. In both these cases, the best weighted criterion is the same
(Zpes) and the lower weighted criteria are different: in one case two evaluation modules (gy and
Zmi), in the other case the basic data (gng, Zab 8Ndas Ssplies Stech» A Zhp, Z1a). This comparison was

valuable and interesting to the client (INRA researchers). This last approach was performed
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exclusively by INRA and LAMSADE members, because the required data were all deducible

from the data of the two first approaches (see table 5, appendix 3).

The thresholds of the eight criteria are the same as the thresholds defined during the first
two approaches. The weights were established from those of the thirteen ‘criteria - basic data’
{with Kpess = kpa + Kni + K + Keox + Kioe + Kpaa). The categories were delimited from the previous

approaches.

Then, the assignment is ‘wide’ from C, to C,;, and even C,. The results are very close to
those obtained in the first approach. The best weighted criterion gy used in the two approaches
largely explains these similarities. The two sorting processes assign some CS differently. This
difference results from the performances of these CS on the seven ‘criteria - basic data’, corre-
sponding to nitrogen and irrigation management. In that way, it is possible to compare the two
evaluation modules [nitrogen * groundwater] and [irrigation * groundwater] used in the first
approach, with the basic data from which they are derived used in the third approach. For agro-
nomic researchers, this result validates, to a certain extend, the method of aggregation they use

to elaborate these two evaluation modules.

This approach is ‘artificial’ because of the hybrid aspect of its criteria. However, it was
implemented only in order to compare it with the first approach, The comparison of the differ-
ent assignments between the first and the third approaches is valid only if the weight sets were
the same. This is why the first approach was again adopted with three new weight sets:

ki = Kya + Koa1 + Knviaa + Kepiit + Keech
Kii = ki + K
and Kpest = Kpest Of the third approach.

The results are the same as in the first approach with the initial weight sets.

4.3.4 Comments about the implementation of the multi-criteria methodology for decision

aiding

The first and the second approaches underline the fact that criteria are more than tools
across which the different actions are evaluated. They are the basis of the actors’ communica-
tion between each other. The eventual difficulties in understanding them were observed at each

analysis step. On this point, the first approach is questionable, since the three ‘criteria - evalua-
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tion modules’ were not easily readable by people who are not aware of the INRA method. The
Water Agency and General Council experts confirmed the choice of the agricultural practices
which are ‘dangerous’ for groundwater quality, but at each actors’ meeting, it was necessary to

spend time for explaining the content of the criteria.

The delimitation of the categories emphasized the ‘weak points’ of the three ‘criteria -
evaluation modules’. The elaboration of profiles was impossible with the Water Agency ex-
perts, because they expressed the data as direct units (essentially in concentrations) instead of
indices, which are pure indirect data, and it was very difficult (especially with the criterion gpeq)
for the INRA researchers. However, in the second approach, the profiles were developed
quickly and easily referring to data from existing literature (mobility, half-life, toxicity, etc.). In
this approach, the profiles could be developed by anybody who has some knowledge in this

topic.

The revised method of ‘weighting with cards’ was effective. The actors who, at first,
were surprised by the direct involvement of each of them, agreed on the method both because
of its simplicity and because it made use of their own opinions. The subsidiary question
(‘which is the balance of importance between the first and the last cards’?) seemed to them
unnecessary because they assimilate this balance to the number of cards separating the extreme
cards [SCHARLIG (1996)]. Some experts simply counted the cards, others timidly suggested a

value for this balance.

It is interesting to compare the weighting given by the same three actors (the three Gen-
eral Council members) to both the three ‘criteria - evaluation modules’ and the thirteen ‘criteria
- basic data’. Except in one case, the sum of the weights of the split criteria was not equal to the
weight of the corresponding aggregated criterion (see tables 3 and 4). In contrast to the usually
observed behaviour [EISENFUHR et al. (1988)], no participant weighted systematically the set
of split criteria more than the aggregated criterion. Let us note that the criteria of irrigation
management show again the subsidiary importance of this agricultural practice for the inter-

viewed actors.
The difficulty encountered in the second approach (about ‘pesticide management’ infor-

mation) is a real problem. This is particularly unfortunate, because this information is domi-

nant: it represents at least 50% of the total weight of the information describing the three given
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agricultural practices. For the six ‘pesticide’ criteria (gps, Zhi, Zm» Ztox» o aNd gpga), the available
information refers to an application of an active ingredient, although for the other seven criteria
it refers to a CS (that is to say, a set of several pesticides). How can we convert the ‘pesticide
management’ information? How can we aggregate it at the ‘CS’ level with respect to the differ-
ent active ingredient applications? More generally, how can we decide the performances of an
action on n criteria, when only the performances of its components (sub-actions) are known?
The aggregated criterion (evaluation module) gives a real advantage compared to the basic data:
it allows us to take into account several treatments (applications of active ingredients). This
important question should be also central in a study where actions (or alternatives) should not
be the CS-anymore but all the CS of a farm (maize, sugar beet, wheat, etc.) which constitute
what is called a ‘Farming System’ by researchers in agronomy. In this case, in order to obtain
global indicators (at the farm level), INRA researchers calculated the weighted sum of the spe-

cific indicators as a function of the CS areas.
5 The client’s comments

As far as the INRA researchers were concerned, the multiple criteria method imple-
mented has made it possible: a) to make the best possible use of the aggregation of the basic
information into a more synthetic form - the evaluation modules, b) to demonstrate that it is
easy for researchers in agronomy to take over such a method, ¢) to demonstrate that it is feasi-
ble for the ELECTRE TRI sorting method to answer the questions of the end users; but it is also
possible to point out some difficulties: a) the presentation of the multi-criteria approach to the
‘clients’ needs time to be taken so as to be sure they will be able to give an accurate value to the

weighting factors, b) the degree of aggregation of the basic information is difficult to choose.

The methodology presented in this study is relevant for organisations which focus their
activities on one environmental component. As the end user, the Water Agency was interested
in the results given by the method developed jointly by the specialists in muiti-criteria method-
ology and the researchers in agronomy. The construction of criteria associated with the problem
formulation P. [ROY and BOUYSSOU (1993b)] allows one to identify cropping systems
which can be recommended according to their impact on groundwater quality, to follow the

evolution of agricultural practices, and to assess the impact of its agro-environmental policy,
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Moreover, this methodology allows us to appreciate how decision-maker’s strategies in-
fluence the analysis. In our case, the important weights of ‘pesticides’ criteria lay stress on the
Water Agency’s current measures, that is to say, the protection of ground and surface water
against pesticides residues. If this study had taken place five years ago, we think that the highly
weighted criteria would have been those concerned with ‘nitrogen’ information. In France in-

deed, in 1992, the main interest in water protection was nitrogen pollution.

The best demonstration of the relevance of such a multi-criteria analysis assessing the
impact of a cropping system on the environment, is certainly that INRA researchers are imple-

menting it again for two other research activities (figure 5).

Figure 5
INRA’s other research activities

Hunting Association

INRA ‘ »

Regional Council

general problem

client analyst

specific problems analyst

clients

First, a regional hunting association wishes to give financial support to farmers who manage
their land with positive benefits for small game, and it has asked the researchers to help them to
choose such a farming system. Indeed, a new study is starting using the same multi-criteria
method to choose criteria which have an impact on small game, as it was done in the present
study to choose criteria which characterize the impact of agricultural techniques on groundwa-
ter quality. In this case, the cropping systems will be sorted taking into account the impact of
pesticides, irrigation, soil covering, soil tillage, cropping plan and non-productive elements
(e.g., edges, field margins, etc.) as presented along the fifth row of table 1. Secondly, the same
approach is also being used to answer the question of a Regional Council which is interested in
the impact of cultivation practices on landscape quality, for example, how to identify cropping
systems which have a beneficial impact on the landscape. The problem is more complex than
the previous ones because of the difference of spatial scale, but it could be solved by using the

same methodology (sixth row, table 1).
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6 Conclusion

This study took place in the course of research into Sustainable Agriculture and more
specifically into the assessment of the tmpact of cropping systems on environmental compo-
nents. It was generated by a request of INRA researchers, who wanted to differentiate cropping
systems on the basis of their impact on groundwater quality. This differentiation was done
thanks to multi-criteria analysis: the action is the cropping system, the criteria describe the agri-
cultural techniques harmful to groundwater quality (nitrogen, pesticide and water management)
and the problem formulation chosen is the sorting of cropping systems into four categories.
Three criterion families have been built. The comparison of them stresses the importance of the

nature of the data used for criteria elaboration,

From a methodological point of view this work underlines the relevance of the multi-
criteria methodology for decision aiding for environmental issues. In this area indeed: a) data
are multiple and various (criteria are tools which respect to this diversity); b) there are different
stakeholders such as researchers and decision-makers (the weighting of criteria is a tool which

takes account of their own opinions).

From the point of view of applications, this work is useful, a} for INRA’s researchers:
they appreciate the methodology, which helps them to solve some of their research problems, b)
for the Water Agency, as the end user: this organization can indeed take advantage of this work
by giving farmers some concrete examples of cropping systems which preserve the qualities of

the groundwater.
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Appendices

Appendix 1
Principle of the ELECTRE TRI method
(for further details see [ROY and BOUYSSOU (1993a)], [MOUSSEAU and SLOWINSKI

(1998)], [YU (1992)])

ELECTRE TRI is a multiple criteria assignment method: it allows the assignment of ac-

tions {or alternatives) to some predefined ordered categories.

The following figure presents the different criteria (‘g’ is the criterion, ‘n’ the number of
criteria) and the different categories; one assumes that preferences increase with the value on

each criterion.

Category 1 Category 2 Category m-1  Categorym  Category m+1
\ ....................... / \ » £
) ....................... . i »
/ \ !
/ \ /
/ \ !
/ \ /
/ \ /
\ ....................... / \ » Eni
....................... > 4
profile profile profile o
by b1 by,

The limit between two consecutive categories is formalized by a profile (or ‘reference
action’). Each category is defined by two profiles: a lower profile and an upper profile (for

example, category ‘Cy,’ is defined by the lower profile ‘b’ and the upper profile ‘by,’).
Categories are exclusive of each other: one action cannot be assigned to different catego-

ries. In order to assign each action to one category, the action is compared with the profiles.

The ELECTRE TRI method proceeds in two consecutive steps:
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1. construction of an ‘outranking’ relation §;

2. exploitation of § in order to assign actions to categories.

1. Construction of an ‘outranking’ relation S

Let a be the action and b, be the upper profile of category C; (and also the lower profile
of category C;+;). ELECTRE TRI uses an outranking relation S [ROY (1991}], i.e., validates or
invalidates the assertion aShy, (and b,Sa), whose meaning is ‘a is at least as good as b,’. In order

to validate the assertion aSh, (or b,Sa), two conditions should be verified:

¢ concordance: for an outranking aSh; (or b,Sa) to be accepted, a ‘sufficient’ majority
of criteria should be in favour of this assertion (the weights & of the criteria represent
voting power),

+ non-discordance: when the concordance condition holds, none of the criteria in the
minority should oppose the assertion aSh, (or b,Sa) in a ‘too strong way’ (the veto

thresholds account for this discordance concept).

Technically, an index ofa, b;) (o(by, a), respectively; o e [0, 1]) is built [ROY (1991)]
and represents the degree of credibility of the fuzzy outranking relation assertion aSh;, (or b,5a,
respectively). In order to obtain a crisp relation S, a cutting level A is introduced (4 € [0.5, 1])

[ROY (1991)]. The assertion aSh; (or b,Sa, respectively) is considered to be valid if ofa, by)= A
{o(by, a) = A, respectively).

The values of ofa, by), ofb;, a) and A determine the preference sitnation between a and

o dla, by) 2 Aand olby, a) 2 A= aSh, and b;Sa = alb,, i.e., a is indifferent to b,

* ola b, = Aand ofb,, a) < A = aSh, and not b,Sa = aPb, or aQb,, ie., a is preferred
to by (strongly or weakly),

e ofa, by) < A and ofb,, a) 2 A = not aSh; and b,Sa = b,Pa or byQa, i.e., by is preferred
to a (strongly or weakly),

e ofa, b) < Aand ofb;, a) < A = not aSh; and not b,Sa = aRby, i.e., a is incomparable

to bh.
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2. Exploitation of S in order to assign actions to categories
Two assignment procedures are then available (the role of these exploitation procedures
is then to analyse the way in which an action a is compared to the profiles so as to determine

the category to which a should be assigned):

Pessimistic (or conjunctive) procedure:
a) compare a successively to b, for i =m, m-1, ..., 0,

b) b, being the first profile such that aSb,, assign a to category Cyi; (@ = Cper).

Optimistic (or disjunctive) procedure:
a) compare g successively to b, fori =1, 2, .., m,

b) bybeing the first profile such that b,Pa or b,Qa, assign a to category C, (a — Cp).

If by.; and by, denote the lower and upper profiles of the category C,, the pessimistic (or
conjunctive) procedure assigns the action a to the highest category C, such as a outranks by,
i.e., aSh;.;. When using this procedure with A = 1, an action a can be assigned to category C;

only if g/{a) equals or exceeds g(b) (up to a threshold) for each criterion {conjunctive rule).

The optimistic (or disjunctive) procedure assigns a to the lowest category C, for which
the lower profile b, is preferred to a, i.e., byPa or byQa. When using this procedure with A = 1,
an action a can be assigned to category C, when g(b) exceeds gi(a) (up to a threshold) at least
for one criterion (disjunctive rule). When A decreases, the conjunctive and disjunctive charac-

ters of these rules are weakened.
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Appendix 2

Table 4
Performance table (33 CS; 13 criteria)
Criteria — ENa Ehal  ENda  Esplit  Liech Epa g1 Em Biox Zoc  Epda Sk Zla
preference order  decr.  decr. incr. incr.  incr. decr.  decr. decr. incr. incr. incr. decr. decr.
csd _
1 -5 21 1 067 0 24 60 3,556  0.0005 2 2 21 35
2 7 45 1 1 0 24 60 3.356  0.0005 2 2 21 35
3 127 21 1 1 0 2.4 60 35356  0.0005 2 2 21 35
4 7 60 1 2 0 24 60 3556  0.0005 2 2 21 15
5. 34 42 0 1 1 0.75 91 4,515  0.0005 1 2 24.1 27
6 15.8 25.5 0 0.67 1 0.75 91 4515  0.0005 1 2 45.1 3
7 0 24 0 067 i 1.575 o1 2543 0.0005 2 2 21 15
8 40 37 0 1.5 1 1.05 1278 6213 0.0005 1 2 324 12
9 8.3 37 0 1 1 1.05 1278 6213  0.0005 1 2 32.4 12
10 8.5 24 0 1 1 1.799 90 4515  0.0005 1 2 354 12
11 " 49 48 0 3 1 1.05 90 4,515  0.0005 1 2 374 25
12 21 24 0 1 1 1.05 90 4.515  0.0005 1 2 66.3 25
13 45 42 0 2 1 0.85 91 5.446 0.0005 3 2 =70 0
14 57 39 0 2 1 0.85 91 5446  0.0005 1 2 -70 0
15 42 24 0 1 1 0.85 o1 5446  0.0005 3 2 -70 0
16 5 255 -1 0.67 0 24 1278 6.213  0.0005 1 2 -11.6 20
17 20 42 0 1 0 0.585 60 4,239  0.0005 3 2 0 12
18 -8 42 -1 2 0 0.585 60 4,239  0.0005 3 2 -70 0
19 63 255 -2 0.67 0 2.88 60 3556 0.0005 2 2 20.1 25
20 58 42 -1 2 0 2.88 60 4515  0.0005 1 2 -70 0
21 58 48 0 2 0 288 1278  6.213  0.0005 1 2 70 0
22 26 48 0 2 0 2.88 60 4515  0.0005 1 2 =70 0
23 10 42 0 2 0 2.88 1278 6.213  0.0005 1 2 -70 0
24 22 42 1 1 0 1.225 60 4515  0.0005 1 2 =70 0
25 52 45 1 1 0 1.25 60 3.556  0.0005 2 2 70 0
26 70 35 1 1 0 0.36 30 2.699 0.05 3 2 -70 0
27 33 29 0 3 1 0.24 49 4.239 0.01 3 2 2.2 30
28 14 14 -2.5 1 1 0.24 49 4.239 0.01 3 2 0 30
29 2 29 25 3 1 0.3 49 3.314 0.01 3 2 -11.1 30
30 23 6 0 1 1 2.88 90 2.543  0.0005 1 2 70 0
31 18 15 0 1 1 0.3 91 3.314 0.01 1 2 =70 0
32 1 27 0. 2 1 0.3 91 3.314 0.01 1 2 -70 0
33 -4 42 0 2 i 1.5 91 3.320 0.01 1 2 -70 0
Thresholds 5 5 0.5 0 0 100% 25% 15% 25% 0 0 5 5
Weightsetl C.1 006 01 007 0.04 0.11 0.11 0.11 0.11 0.08 008 0.02 0.03
Weightset2 006 007 006 007 0.06 0.11 0.11 0.11 0.11 01 002 0.05 0.06
Weightset3 0.1 003 008 005 0.03 0.1 0.13 0.13 0.13 0.05 008 0.03 0.05
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Appendix 3

Table 5
Performance table (33 CS; 8§ criteria)
Criteria — ENa Ebal ENda Baplit Etech Epest Ehh Ela
preference order decr. decr. incr,  incr.  incr. incr. decr. decr.
csl
1 -5 21 i 0.67 0 6.33 21 35
2 7 45 1 1 0 4,55 21 35
3 127 21 1 1 0 4.55 21 35
4 7 60 1 2 0 4.55 21 15
5 34 42 0 1 1 5.26 24.1 27
6 15.8 25.5 0 0.67 1 5.26 45.1 3
7 0 24 0 0.67 1 7.19 21 15
8 40 37 0 15 1 0.88 324 12
9 85 37 0 1 i 0.88 324 12
10 8.5 24 0 1 1 2.90 354 12
11 49 48 0 3 1 2.14 374 25
12 21 24 0 1 1 2.14 66.3 25
13 45 42 0 2 1 6.87 =70 0
14 57 39 0 2 1 2,92 -70 0
15 42 24 0 1 1 6.87 =70 0
16 5 25.5 -1 0.67 0 3.87 -11.6 20
17 20 42 0 1 0 6.07 0 12
18 -8 42 -1 2 0 6.07 -70 0
19 63 25.5 -2 0.67 0 5.18 20.1 25
20 58 42 -1 2 0 349 =70 0
21 58 48 0 2 0 2.11 <70 0
22 26 48 0 2 0 4,51 -70 0
23 10 42 0 2 0 2.05 -70 0
24 22 42 1 1 0 4.59 =70 0
25 52 45 1 1 0 7.16 =70 0
26 70 35 1 1 0 9.35 =70 0
27 33 29 0 3 1 7.45 22 30
28 14 14 25 1 1 7.45 0 30
29 2 29 2.5 3 1 8.64 -11.1 30
30 23 6 0 1 1 6.96 =70 0
31 18 15 0 1 1 8.65 =70 0
32 1 27 0 2 1 8.65 70 0
33 -4 42 0 2 1 6.95 -70 0
Thresholds 5 5 0.5 0 0 0.25 5 5
Weight set 1 0.1 0.06 0.1 0.07 0.04 0.6 0.02 0.03
Weight set 2 0.06 0.07 006 007 006 0.56 0.05 0.06
Weight set 3 0.05 0.03 0.08 005 003 0.62 0.03 0.05
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