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Abstract — Sustainability is a holistic and complex multi-dimensional concept encompassing economic, social and environmental issues, and
its assessment is a key step in the implementation of sustainable agricultural systems. Realistic assessments of sustainability require: (1) the
integration of diverse information concerning economic, social and environmental objectives; and (2) the handling of conflicting aspects of
these objectives as a function of the views and opinions of the individuals involved in the assessment process. The assessment of sustainability
is therefore increasingly regarded as a typical decision-making problem that could be handled by multi-criteria decision-aid (MCDA) meth-
ods. However, the number and variability of MCDA methods are continually increasing, and these methods are not all equally relevant for
sustainability assessment. The demands for such approaches are also rapidly changing, and faster ex ante assessment approaches are required,
to address scales currently insufficiently dealt with, such as cropping system level. Researchers regularly carry out comparative analyses of
MCDA methods and propose guidelines for the selection of a priori relevant methods for the assessment problem considered. However, many
of the selection criteria used are based on technical/operational assumptions that have little to do with the specificities of ex ante sustainability
assessment of alternative cropping systems. We attempt here to provide a reasoned comparative review of the main groups of MCDA methods,
based on considerations related to those specificities. The following main guidelines emerge from our discussion of these methods: (1) decision
rule-based and outranking qualitative MCDA methods should be preferred; (2) different MCDA tools should be used simultaneously, making
it possible to evaluate and compare the results obtained; and (3) a relevantly structured group of decision-makers should be established for the
selection of tool variants of the choosen MCDA methods, the design/choice of sustainability criteria, and the analysis and interpretation of the
evaluation results.

multi-criteria decision aid / cropping system / sustainability assessment / qualitative information / decision rules / outranking qualitative
methods

1. INTRODUCTION integrated while handling a mixture of multiple long-, short-

term, interacting and potentially conflicting goals, depending

The precise meaning of Sustainable Agriculture is far from
clear (e.g., Hansen, 1996; Smith and McDonald, 1998; Pannell
and Schilizzi, 1999; Rigby and Caceres, 2001), but efforts have
been made to produce an integrated definition of this term.
According to Ikerd (1993), Sustainable Agriculture should be
capable of maintaining its productivity and usefulness to so-
ciety in the long term. This implies that it must be environ-
mentally sound, resource-conserving, economically viable and
socially supportive. Based on this definition, economic, en-
vironmental and social objectives should be analyzed as the
principal dimensions of sustainability when sustainable prac-
tices are implemented in a given agricultural system (Schaller,
1993; Vereijken, 1997; den Biggelaar and Suvedi, 2000; Gafsi
et al., 20006). If these objectives are to be considered together,
then knowledge and research from relevant disciplines must be

* Corresponding author: thierry.dore @agroparistech.fr

on the scale on which sustainability is considered (farm, land-
scape, region, nation, group of nations or global; Kruseman
et al., 1996; Meyer-Aurich, 2005).

Assessing the sustainability of agricultural systems is a key
issue for the implementation of policies and practices aim-
ing at revealing sustainable forms of land use (Neher, 1992;
Sulser et al., 2001; Pacini et al., 2003). However, if they are
to be realistic and effective, such assessments must handle
the complexity of the concept of “sustainability”, as described
above, whilst taking personal and subjective views concern-
ing the relative importance of priorities into account (Dent
et al., 1995; Park and Seaton, 1996; Andreoli and Tellarini,
2000). The assessment of sustainability is therefore increas-
ingly regarded as a typical decision-making problem, lead-
ing to the development, by some researchers, of sustainability
assessment decision-aid methods. Most of these approaches
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are based on multi-criteria decision-aid (or making) methods
(MCDA or MCDM), and some have resulted in prototype sus-
tainable solutions in the field (Rossing et al., 1997; Zander and
Kichele, 1999; Loyce et al., 2002a,b; Dogliotti et al., 2005).

However, in practice, such assessments are confronted with
two major problems. Firstly, the number of MCDA meth-
ods and tools available is continually increasing (Bouyssou
et al., 1993, 2000, 2006), and studies aiming to assess the sus-
tainability of agricultural systems rarely justify clearly their
choice of one MCDA method over another. Only a few studies
have presented a comparative, or at least exploratory, evalu-
ation of the principal MCDA approaches available, in terms
of the relevance to the purposes of the assessment. In con-
trast, many authors have concluded that, in typical decision-
aid problems, there is rarely one ideal method and a group
of MCDA methods should therefore be applied (Salminen
et al., 1998; Zanakis et al., 1998; Macharis et al., 2004; Wang
and Triantaphyllou, 2006). Moreover, the guidelines emerging
from comparative studies are generally developed within the
operational research community, based on technically oriented
arguments and criteria from this field of research (see Guitouni
and Martel, 1998 for review) without considering constraints
related to the application domain. It should also be noticed that
although some general guidelines, concerning specific features
of sustainability assessment in most cases, have been devel-
oped (Rehman and Romero, 1993; Munda et al., 1994, 1995;
Munda, 2005), they are still rarely followed explicitly in real-
case contexts.

Secondly, demand is increasing among farmers’ groups
and policy-makers for more innovative sustainability assess-
ment, highlighting a need for (i) faster ex ante assessment
approaches for rapidly identifying alternative systems with-
out assessing the entire initial systems in the field (European
Commission, 2005; Van Ittersum et al., 2007), and (ii) the ex-
pansion of sustainability assessment to scales rarely studied at
the moment, such as the cropping system scale. Indeed, most
published studies have been carried out on a plot scale or on
an even larger scale: farm, landscape, state or nation (Bontkes
and van Keulen, 2003; Meyer-Aurich, 2005). A cropping sys-
tem consists of a set of management procedures applied to
a given, uniformly treated agricultural area, which may be a
field, part of a field or a group of fields (Sebillotte, 1990). A
given farming system may therefore be composed of a group
of cropping systems, the sustainability assessment of which
is potentially relevant, as they represent different, uniformly
treated units. However, few published studies have described
sustainability assessment explicitly at the level of the cropping
system, with a given MCDA method (Mazzetto and Bonera,
2003), and those dealing with assessments at this level carried
out no initial comparative assessment of MCDA methods.

The major aim of the paper is to provide a comparative re-
view of the main families of MCDA methods, based on criteria
related to the specificities of the sustainability assessment, for
the a priori selection of groups of candidate MCDA methods
for ex ante assessment of the sustainability of alternative crop-
ping systems. Fine-tuning the selection process to the scale
of individual methods is beyond the scope of our review, as
there are dozens of algorithms/tools available in the literature

and probably as many selection criteria which are set in a more
technical background. A second aim of the study is thus to pro-
vide suggestions regarding the participatory process to be fol-
lowed by the decision-makers, starting from the final MCDA
tool choice to the analysis/interpretation of the ex ante assess-
ment results.

2. OVERVIEW AND TAXONOMY OF MULTIPLE
CRITERIA DECISION-AID METHODS

Multiple-criteria decision aid (MCDA) is a research area
within the field of decision analysis (DA), which aims to de-
velop methods and tools to assist with decision-making, par-
ticularly in terms of the choice, ranking or sorting of options
(i.e., alternatives, solutions, courses of action, etc.), in the pres-
ence of multiple, and often conflicting criteria (Zanakis et al.,
1998; Figueira et al., 2005). MCDA methodology can be seen
as a non-linear recursive process including four main steps:
(1) structuring the decision problem, (ii) articulating and mod-
eling the preferences, (iii) aggregating the alternative evalua-
tions (preferences), and (iv) making recommendations (Roy,
1985; Maystre et al., 1994).

MCDA methods have developed considerably over the last
30 years, resulting in a large number of methods and tools
(Figueira et al., 2005). This has resulted in a need for the com-
parison of MCDA methods, to identify the most appropriate
methods for the decisional problem considered (Zanakis et al.,
1998; Brunner and Starkl, 2004). Many authors have stressed
the need for a taxonomy of MCDA methods, as a starting point
for the selection process (MacCrimmon, 1973; Hwang and
Yoon, 1981). Dozens of taxonomies are currently available,
based on a number of criteria, including:

— The number of alternatives considered: discrete vs. contin-
uous distribution of alternatives (Schérlig, 1985; Maystre
etal., 1994);

— Information measurement level of criteria — qualitative vs.
quantitative, and the level of uncertainty (Munda et al.,
1994, 1995);

— The methods used to construct the preference model:
mathematical decision analysis approach vs. artificial
intelligence approach (Nijkamp and Vindigni, 1998;
Figueira et al., 2005);

— The criteria aggregation mode: complete, partial or local
aggregation (Schirlig, 1985; Maystre et al., 1994; Vincke,
1989);

— The degree of compensation between the criteria (Hayashi,
2000);

— The descriptive, prescriptive, constructive or normative na-
ture of decision-making (Bouyssou et al., 2006).

One of the most integrative taxonomies was established
by Hwang and Yoon (1981). This taxonomy distinguished
between multiple-objective decision-making (MODM) and
multiple-attribute decision-making (MADM) methods, within
the MCDA area. MODM methods can be used in cases in
which there are an infinite (continuous) or large number of al-
ternatives. They are based on multiple-objective mathematical
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programing models, in which a set of conflicting objectives
is optimized and subjected to a set of mathematically defined
constraints, for selection of the “best” alternative. MADM
methods are used in cases of discrete, limited numbers of al-
ternatives, characterized by multiple conflicting attributes (cri-
teria). They are based on (i) the aggregation of judgments
for each criterion and alternative, and (ii) the ranking of
the alternatives according to the aggregation rules. MCDA,
as used in many published studies, generally refers only to
MADM, mainly because of the great number of methods of
this type available. Indeed, a review of the literature spanning
the last 25 years revealed an increasing number of new and
hybrid MADM methods, leading to a great variability in tax-
onomies (Schirlig, 1985; Roy, 1985; Vincke, 1989; Nijkamp
et al., 1990; Roy and Bouyssou, 1993; Maystre et al., 1994;
Bouyssou et al., 2000, 2006; Figueira et al., 2005). Neverthe-
less, a synthesis of these taxonomies revealed that a major-
ity of the most used MADM methods can fall into one of the
following three categories: (i) multi-attribute utility methods,
(ii) outranking methods, and (iii) mixed methods. The bound-
aries of the latter remain fuzzy in the reviewed literature to a
point that led us to provide our own understanding of the term
(see Sect. 3.1. for discussion).

2.1. Multi-attribute utility methods

These methods are essentially based on multi-attribute util-
ity theory (MAUT, Keeney and Raiffa, 1976), which emerges
from the philosophical doctrine of Utilitarism. If the deci-
sion is made in conditions in which the attributes are known
with certainty (deterministic approach), the term “utility” is
replaced by “value” (MAVT). The term “utility” is preferred
to indicate that the preferences of stakeholders against risk
are formally included in the analytical procedure. The MAUT
method has three major steps: (i) normalization and evalua-
tion of the performance of each alternative in terms of its util-
ity, (ii) identification of the weights statistically representing
the decision-maker’s priorities for each criterion, and (iii) ag-
gregation (based on additive, multiplicative, or other distribu-
tional formalisms, Guitouni and Martel, 1998) and ranking of
the various alternatives.

The analytic hierarchy process (AHP) is another major ap-
proach first developed by Saaty (1980), based on the same ag-
gregation principles as MAUT, but differs from the latter with
respect to the way the decisional problem is handled. The AHP
comprises four major steps:

1. Disaggregating a complex problem into a hierarchy, in
which each level consists of specific elements. The overall
objective of the decision lies at the top of the hierarchy,
and the criteria, sub-criteria and decision alternatives are
placed at descending levels in this hierarchy.

2. Pair-wise comparisons between all elements at the same
level, based on a method converting verbal and subjec-
tive assessments into a set of overall scores or weights.
The conversion depends on the decision-maker’s answers
to questions of the general form: “How important is cri-
terion A relative to criterion B?” A verbal scale is then

used to translate the response into a score from 1 to 9. All
pair-wise comparisons between single objects are used to
constitute a pair-wise comparison matrix.

3. Checking the consistency of the matrix and deriving prior-
ities from it.

4. Aggregation of criteria, with the help of a given additive or
multiplicative utility function.

2.2. Outranking methods

Outranking methods are based on social choice theory.
These methods lack the axiomatic basis of multi-attribute util-
ity methods, but are useful in practice (Guitouni and Martel,
1998). “Outranking” is a concept originally developed by Roy
(1985). It involves comparisons between every possible pair
of options considered, to define binary relationships, such as
“alternative a is at least as good as alternative b”. Procedures
based on outranking have two phases. Decision-makers first
provide information about their preferences for individual cri-
teria, in the form of indifference and preference thresholds.
Partial binary relationships are then calculated for all criteria,
taking into account the inter-criterion preferences expressed
in terms of weightings denoting relative importance. These
weightings do not represent a trade-off between criteria scores
(as in MAUT-based methods), as they are used to combine
preference relationships rather than scores of alternatives. The
ELECTRE method (Elimination et choix traduisant la réal-
ité; Roy, 1968) was the first to use an outranking approach.
It was followed by many others, including different versions
of ELECTRE (II, III, IV, IS and TRI; Maystre et al., 1994)
and the PROMETHEE methods (preference ranking organiza-
tion method for enrichment evaluations; Brans, 1982). These
methods are based on different preference structures.

2.3. Mixed methods

Many approaches other than the MADM methods described
above have been proposed. Some have been referred to as
“non-classical” or mixed. There seems to be no common
definition of these terms within the MCDA community (see
Munda et al., 1994; Maystre et al., 1994; Guitouni and Martel
1998; Figueira et al., 2005 for comparative review), but we un-
derstand these terms to correspond to a group of MADM meth-
ods (i) able to handle mixed qualitative-quantitative or qualita-
tive criteria information explicitly, and/or (ii) with a preference
model different from those classically used for multi-attribute
utility and outranking methods.

A first major group of mixed MADM methods consists of
outranking approaches handling qualitative or mixed informa-
tion (Munda et al., 1994; Guitouni and Martel, 1998). There
are many variants among this group, such as the REGIME
methods (Nijkamp et al., 1990), QUALIFLEX (Paelink,
1978), ORESTE (Roubens, 1982), EVAMIX (Voogd, 1983),
MELCHIOR (Leclerc, 1984) and ARGUS (de Keyser and
Peters, 1994).
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A second group consists of decision rule-based approaches,
which are often generically referred to as ‘expert systems’
(Kim et al., 1990). These methods were initially developed
for the assessment of complex situations that cannot be han-
dled through preference models based on conventional math-
ematical tools (means, sums, simple weighting and complex
models; Tixier et al., 2007). In these methods, the prefer-
ence model can be constructed through learning from exam-
ples. The global preference is defined by sorting the objects of
analysis into predefined categories (e.g. acceptance, rejection,
etc.) through a set of logical statements, typically representing
“if/then” decision rules, which are often organized in the form
of decision trees or decision tables. These decision rules are
formulated on the basis of expert factual-heuristic knowledge
(derived from interviews and literature) and/or with the help of
data-mining and knowledge discovery tools (Kim et al., 1990;
Pawlak, 1991; Zupan et al., 1999).

3. SELECTION OF MULTIPLE CRITERIA
DECISION-AID METHODS FOR EX ANTE
ASSESSMENT OF THE SUSTAINABILITY OF
CROPPING SYSTEMS

3.1. Relevance of MODM methods

Most of the decision-aid approaches developed for assess-
ing the sustainability of agricultural systems have classically
been based on multiple-objective decision-making methods
(MODM) (Meyer-Aurich, 2005). These methods are often im-
plemented within some “systems approach” frameworks con-
sisting of (i) systematic and quantitative analysis of agricul-
tural systems for the mathematical definition of objectives and
constraints, and (ii) the synthesis of optimal “solutions”, us-
ing optimization techniques (Rossing et al., 1997; Zander and
Kichele, 1999; ten Berge et al., 2000; Kropff et al., 2001;
Hengsdijk and van Ittersum, 2002; Bontkes and van Keulen,
2003; Dogliotti et al., 2005). The ex ante evaluation of innova-
tive cropping system sustainability poses two major problems
for MODM methods based on optimization techniques:

(i) These methods are known to be sensitive to missing,
inconsistent or mixed (quantitative and qualitative) data
(Dent et al., 1995; Weersink et al., 2002; Dogliotti et al.,
2005). In typical ex ante assessments of sustainability —
particularly on the cropping system scale, the assessment
of which has not been extensively documented — there is
unlikely to be sufficient scientific and/or expert quantita-
tive knowledge available. Furthermore, as innovative de-
mands cannot generally be systematically translated into
scientific and/or quantitative data, the use of qualitative in-
formation in the assessment process is likely to be neces-
sary. In addition, the use of qualitative data is increasingly
considered a rule rather than an exception for the realis-
tic assessment of the holistic environmental and socioe-
conomic issues underlying sustainability (Maystre et al.,
1994; Munda et al., 1995).

(i) These methods are mostly required in cases in which “in-
finite” alternatives must be assessed to identify the “opti-
mal” option (Steuer, 1986; Zhou et al., 2006). In our case,
we are more likely to be assessing a finite number of alter-
native cropping systems, ranking them in terms of their po-
tential sustainability. Such rankings allow a more extensive
comparative analysis of the outputs of different assessment
methods, potentially identifying promising alternatives not
initially highly ranked.

Both these issues highlight the need for more appropriate
and realistic approaches to the ex ante assessment of sustain-
ability on the scale of the cropping system. The specificity
of the sustainability assessment problem, with the implied
need for MCDA approaches other than classical MODM meth-
ods, has already been highlighted by many authors (Voogd,
1983; Nijkamp et al., 1990; Munda et al., 1994; Nijkamp and
Vindigni, 1998). Below, we will define selection criteria for
identifying the most relevant of these methods for our purpose.

3.2. Criteria for selecting relevant MADM methods

We consider here two groups of criteria for identifying rele-
vant approaches from the many MADM methods, based on the
recommendations of Munda et al. (1994, 1995): (i) the ability
of these methods to handle the typical multi-dimensional char-
acteristics of sustainability assessment, and (ii) their ability to
handle mixed measurement levels of criteria.

The need for methods to handle multi-dimensional char-
acteristics translates operationally into three requirements:
(i) incommensurability — an absence of the need for a
common measure aggregating several dimensions, (ii) non-
compensation — an advantage in one dimension of the eval-
uation is not totally offset by a disadvantage, and (iii) incom-
parability — the method does not offer a single comparative
term by which all alternatives could be ranked (Schirlig, 1985;
Maystre et al., 1994; Stewart and Losa, 2003). In realistic
evaluations of the sustainability of agricultural systems, tack-
ling environmental, social and economic dimensions, trans-
lates then into the fact that strong assumptions about the com-
mensurability, compensation and comparability of values may
not be relevant, as the criteria for different sustainability di-
mensions may have different units with low levels of trade-off
(O’Neill, 1997; Martinez-Alier et al., 1998). The notions of
commensurability, compensation and comparability are inter-
connected, in that strong commensurability implies full com-
pensation of criteria and a high level of comparability of the
actions considered. They are therefore not considered here to
be independent selection criteria.

The second recommendation concerns the ability of these
methods to handle heterogeneous measurement levels of crite-
ria information (i.e., quantitative vs. qualitative) and their un-
certainty (Munda et al., 1994, 1995). We will not consider the
ability of MADM methods to handle uncertainty in this review.
This criterion does not seem to be discriminatory, as almost all
MADM and MODM methods can be linked to a procedure
handling fuzzy or stochastic uncertainty (Chen and Huang,
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MADM methods

T

Multi-attribute utility Outranking Mixed
methods methods methods

ANRAN

MAUT/MAVT AHP  ELECTRE PROMETHEE Decision rule- Outrfnlﬁing

methods methods methods methods based q Selection criteria
methods methods
- - ° ° ° ° - Tackling incommensurability,
non-compensation,
incomparability of dimensions
- o - - o ° - Tackling qualitative or mixed

information of criteria

Overall suitability

Figure 1. Taxonomy of multiple-attribute decision-making (MADM) methods and selection criteria used for the identification of suitable
approaches for ex ante assessment of the sustainability of alternative cropping systems.

Gray symbols are given (—; - -/+; / —/+; +) to indicate the a priori irrelevance, partial relevance or relevance, respectively, of each group of
methods based on the selection criteria considered. Overall assessments are given for each group of methods, in the form of dark symbols
(= —/+; —/+; +) indicating the overall level of suitability (ranging from non-suitable to suitable) for ex ante assessment of the sustainability
of alternative cropping systems. MAUT: multi-attribute utility theory; MAVT: multi-attribute value theory; AHP: analytic hierarchy process;
ELECTRE: élimination et choix traduisant la réalité; PROMETHEE: preference ranking organization method for enrichment evaluations.

1992; Munda et al., 1995; Ertugrul Karsak, 2004). The suit-
ability of each of the MADM methods considered will there-
fore be assessed for the interconnected characteristics of in-
commensurability, non-compensation and incomparability, to-
gether with their ability to handle qualitative or mixed criteria
explicitly. Based on these criteria, we discuss in detail below
the assessment process for each of the 3 groups of considered
MADM methods identified in Section 1. The results are sum-
marized in Figure 1.

3.2.1. Multi-attribute utility methods

Classical MAUT/MAVT methods are based on (i) a totally
compensatory aggregation of criteria, and (i) commensurable
judgments, resulting in high levels of trade-off between crite-
ria. Consequently, it is difficult, with most of these methods,
to take into account the incommensurable and partly compen-
satory criteria that often underlie the dimensions of sustain-
ability in agricultural systems (Rehman and Romero, 1993).
Furthermore, these methods do not take qualitative or mixed
(qualitative and quantitative) criteria into account efficiently
and explicitly (Munda et al., 1994). Consequently, although
some authors have reported the use of MAUT methods for
some agricultural and environmental assessments (Salminen
et al., 1998; Hayashi, 2000), these models may be considered
inappropriate for assessment of the sustainability of alternative
cropping systems, according to our objectives (Fig. 1).

AHP methods offer alternative advantages compared with
classical multi-attribute utility methods, consisting of (i) the
hierarchical decomposition of the decisional problem, and (ii)
the use of subjective and verbal expressions to define the rel-
ative importance of the criteria (Macharis et al., 2004). Some
authors consider most AHP models to be able to handle miss-
ing quantitative data and a lack of precision, based on the judg-
ment and experience of decision-makers, making it possible to

prioritize information to improve decisions (Alphonce, 1997).
This may explain why AHP is the most used MAUT-based
method for solving agro-environmental decisional problems,
mainly ex ante. Indeed, some authors have used AHP models
to choose crops so as to determine the best allocation of re-
sources (Alphonce, 1997), to evaluate soil productivity (Zhang
et al., 2004) and to assess the environmental, economic and so-
cial factors relating to the adoption of silvopasture techniques
in south-central Florida (Shrestha et al., 2004). Other authors
have used this method to rank alternatives for preserving or in-
creasing social benefits from the sustainable use of natural re-
sources, such as forestry management (Schmoldt, 2001), wet-
land management (Herath, 2004) and land preservation (Duke
and Aull-Hyde, 2002).

The main drawbacks of the AHP method are potential in-
ternal inconsistency and the questionable theoretical basis of
the rigid 1-9 scale, together with the possibility of rank re-
versal following the introduction of a new alternative (French,
1988; Goodwin and Wright, 1998; Macharis et al., 2004). Al-
ternative methods, such as the MACBETH method (Bana e
Costa and Vansnick, 1997) have been developed to overcome
some of these objections. However, one of the most often-
cited objections to AHP methods is the totally compensatory
aggregation procedure, resulting in a high level of trade-ofts
between criteria (Roy and Bouyssou, 1993; Macharis et al.,
2004). Thus, as for other MAUT approaches, the use of an
AHP method may limit, to some extent, the possibility of tak-
ing into account incommensurable and partly compensatory
criteria, which often underlie the concept of “sustainability”,
as applied to agricultural systems. Moreover, although the
method uses verbal scales, it is not considered truly quali-
tative (Munda et al., 1994). Instead, it is described as semi-
qualitative (Ayalew et al., 2005) or purely quantitative (Moffett
and Sarkar, 2006). Consequently, attention must be paid to
these advantages and disadvantages if an AHP method is used
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alone for ex ante evaluation of the multi-dimensional sustain-
ability of alternative cropping systems (Fig. 1).

3.2.2. Outranking methods

The key feature of outranking methods, due to the vague de-
termination of preferences, is that they give low levels of com-
parability between options (i.e., performance not measured on
the same cardinal scale), making it possible to deal with in-
commensurability (Maystre et al., 1994). This advantage may
account for their widespread use in agricultural-environmental
sustainability evaluation frameworks, on different scales, for
dealing with problems of choice between alternatives. At pol-
icy level, the ELECTRE and PROMETHEE methods have
been used to rank different projects for environmental con-
servation and the sustainable use of resources for several
specific problems: irrigation management planning (Pillai
and Raju, 1996), the conservation of multifunctional forests
(Kangas et al., 2001), waste management (Salminen et al.,
1998) and environmental quality (Rogers and Bruen, 1998).
On the farm and cropping system scales, outranking meth-
ods have been used successfully more frequently than other
MADM methodologies for various assessments. Van Huylen-
broeck and Damasco-Tagarino (1998) used the PROMETHEE
method to choose the best crops for the ideal cropping
timetable for the farmer. Arondel and Girardin (2000) used
an ELECTRE method to sort cropping systems on the basis
of their impact on groundwater quality. Loyce et al. (2002a,b)
developed an ELECTRE-based method (the BETHA system)
for assessing winter wheat management plans with respect to a
set of conflicting economic, environmental and technological
requirements. Mazzetto and Bonera (2003) developed a multi-
criteria software package derived from the ELECTRE method
(MEACROS), with the aim of identifying alternative cropping
systems meeting a set of technical, economic and environmen-
tal criteria. These examples highlight the possibility of using
outranking methods for ex ante evaluation of the sustainability
of cropping systems, based on their ability to tackle the incom-
mensurability, non-compensation and incomparability of the
sustainability dimensions more efficiently than classical multi-
attribute utility methods. However, it has never been clearly
stated that these outranking methods — in their strictest defi-
nition — are compatible with the use of explicitly qualitative
or mixed (qualitative/quantitative) criteria. Consequently, this
possible limitation should be borne in mind when selecting an
appropriate outranking MADM method for the ex ante assess-
ment of alternative cropping systems (Fig. 1).

3.2.3. Mixed methods

Outranking qualitative methods

Given the ability of these methods to tackle incommen-
surability, non-compensation and incomparability of the sus-
tainability dimensions while handling qualitative criteria, they

should be considered potentially relevant for ex ante assess-
ment of the sustainability of cropping systems. However, it
is noteworthy that though many of these methods, and espe-
cially the REGIME approach (Nijkamp et al., 1990), are reg-
ularly used for environmental planning and management pur-
poses, such approaches are rarely applied in the agricultural
sector. Nevertheless, the successful use of a REGIME method
in a real case for evaluation of the sustainability of agricul-
tural land use in terms of environmental, economic and social
objectives reported by Hermanides and Nijkamp (1997) is an-
other argument in favor of its use for ex ante assessment of the
sustainability of cropping systems.

Decision rule-based MADM methods

These non-classical methods are considered potentially rel-
evant for the solution of various agricultural decisional prob-
lems (Dent et al., 1995). Indeed, the decision rules approach
(1) is intelligible and uses the language of the decision-maker,
through symbolic qualitative variables, (ii) is based on trans-
parently expressed preference information based on the ob-
servations, views and opinions of the decision-maker, and
(iii) offers the possibility of handling inconsistencies in pref-
erential information resulting from hesitation on the part of
the decision-maker (Bontkes and van Keulen, 2003; Greco
and Matarazzo, 2005). Moreover, decision rule-based meth-
ods can be used for the explicit handling of totally non-
compensatory decision processes (Ma, 2006), making it easier
to tackle incomparability and incommensurability (O’Neill,
1997; Martinez-Alier et al., 1998; Stewart and Losa, 2003).
This makes the decision rule approach more flexible for the
modeling of the decision process, as it takes into account a
large diversity of considerations much more general than those
taken into account by all other existing classical decision mod-
els used within the MCDA area (Figueira et al., 2005). How-
ever, according to Ma (2006), one of the main limitations of
this approach is that, in some complex real-life situations,
too many decision rules may be required to represent the de-
cisional problem, making this technique cumbersome. Con-
versely, others would argue that in many real-life situations,
particularly those concerning the decisions facing farm house-
holds, such approaches are far more realistic and practical than
other classical MCDA methods (Dent et al., 1995). In any case,
the level of complexity of the decision rules probably depends
more on the specific features of the decisional problem con-
sidered than on the approach itself.

In agricultural contexts, decision rules have been used for
the development of agri-environmental indicators for assess-
ing the sustainability of cropping systems in terms of pesti-
cide impact (van Der Werf and Zimmer, 1998; Ferraro et al.,
2003; Tixier et al., 2007). Those authors combined their ex-
pert decision rules with fuzzy logic to cope with uncertainty
and to avoiding the effect of a knife-edge limit for a given
attribute. On the landscape scale, “classical” expert methods
have been used to assess soil erosion risks (Cerdan et al., 2002)
and biodiversity (Crist et al., 2000). Phillis and Andriantiat-
saholiniainan (2001) have developed a more integrative con-
ceptual methodology based on fuzzy expert decision rules for



Ex ante assessment of the sustainability of alternative cropping systems 169

evaluating the sustainability of agricultural systems, accord-
ing to their economic, ecological and social goals. However,
this method did not focus explicitly on the cropping system
scale, as it evaluated farming systems on regional and national
scales. Agronomy researchers have recently begun to make
use of expert tools initially designed for non-agricultural as-
sessment purposes for assessing sustainability-related issues.
For example, Bohanec et al. (2004) tested and established the
a priori usefulness of the expert tool DEXi for evaluating the
ecological and economic sustainability of cropping systems
based on genetically modified maize (Bt-corn). Such expert
tools may thus be relevant for ex ante evaluation of the sus-
tainability of cropping systems (Fig. 1).

As summarized in Figure 1, this review revealed that the
most suitable MADM methodologies for ex ante assessment
of the sustainability of alternative cropping systems are of the
“mixed” type (qualitative outranking and decision rule-based
methods), followed by outranking methods, and then AHP
methods, based on criteria presented at the beginning of Sec-
tion 3.2.

4. GENERAL DISCUSSION

4.1. Bibliographic survey and selection of MCDA
methods: difficulties encountered

In this work, we have discussed the pre-selection of families
of MCDA methods according to their relevance for the ex ante
assessment of the sustainability of alternative cropping sys-
tems. We had an idea concerning the strategy to be followed
— identification of a relevant taxonomy of methods and of an
appropriate set of selection criteria — but the selection process
was nonetheless laborious. The laboriousness of pre-selection
may explain why so few real-case studies include a compar-
ative or explorative evaluation of the main groups of MCDA
approaches available for the specific purposes of the assess-
ment (Zanakis et al., 1998; Hayashi, 2000).

The main difficulty in this process was the identification of
a relevant taxonomy of MCDA methods. A review of the lit-
erature published on MCDA over the last 25 years revealed
that this research field has increased in diversity and complex-
ity, leading to an increasing number of new and hybrid meth-
ods, resulting in turn in a large number of taxonomies (see
Roy, 1985 and Figueira et al., 2005 for review). The result
was that in work aiming at selecting relevant MCDA meth-
ods, the considered taxonomy was often found not to be inde-
pendent of the views of the authors and the specific purposes
of the assessment. This was also the case for more “concep-
tual” studies proposing formalized typological tree or expert
system approaches for the selection of relevant MCDA meth-
ods, while initially based on a specifically established taxon-
omy and thus not appropriate for systematic generalization
(Jelassi and Ozemoy, 1988; Guitouni and Martel, 1998). An-
other difficulty was that some of these taxonomies were con-
flicting and even, in some cases, contradictory. This was par-
ticularly true for the “mixed” category, the characteristics of
which were highly variable, according to the authors’ own

understanding of this term. For instance, some authors con-
sidered the REGIME methods to be mixed (Munda et al.,
1995), whereas others considered them to be simple classi-
cal outranking methods (Brunner and Starkl, 2004). Some
authors consider the EVAMIX approach to be a mixed out-
ranking method (Munda et al., 1994), whereas others con-
sider this approach to be neither of the outranking nor of the
mixed type (Guitouni and Martel, 1998). Similar discrepan-
cies have also been observed regarding AHP methods, which
are considered by some authors to be qualitative (Alphonce,
1997), whereas others explicitly consider them to be quanti-
tative (Moffet and Sarkar, 2006). In each of these situations,
our classification is based on the predominant view expressed
in published studies, with particular weight given to classifi-
cations relating to agro-environmental or environmental sus-
tainability assessment problems (Munda et al., 1994, 1995;
Nijkamp and Vindigni, 1998).

4.2. Relevance of the considered MCDA taxonomy and
selection criteria

As recommended by Zanakis et al. (1998), our selection
was based on a taxonomy serving more as a tool for elim-
ination than for selection of “the right method”. Moreover,
rather than using selection criteria based exclusively on tech-
nical/operational assumptions, we based our criteria on as-
sumptions derived from more realistic situations, reflecting
the specific features of the sustainability assessment, as rec-
ommended by Munda et al. (1994, 1995). These criteria were
then translated into more technical criteria (incommensurabil-
ity, incomparability, non-compensation; mixed information).
Though the considered taxonomy and selection criteria are
linked to the specific purpose of our assessment, these two ini-
tial steps might serve as guidelines for similar cases.

4.2.1. MADM versus MODM

In our process for selecting potentially relevant MCDA
methods for ex ante assessment of the sustainability of alter-
native cropping systems, we first considered one of the most
integrative taxonomies within the MCDA area (MODM vs.
MADM), to exclude the largest possible group of methods (see
Sect. 3.1).

At that stage of MCDA method selection, we were con-
fronted with two opposite approaches within the agricultural
sustainability research community. Users of MODM methods
claim that only such quantitative methods can disentangle the
complex relationships between agricultural production, envi-
ronment and economy, thereby increasing the transparency of
choices regarding sustainability (Hengsdijk and van Ittersum,
2002). Similarly, others even consider that the use of expert
rules and semi-quantitative indicators in such studies is cause
for concern as it is difficult to evaluate such rules, rendering
the results of local relevance at best, whereas MODM meth-
ods are more effective (Dogliotti et al., 2005). Conversely,
some authors consider that realistic assessment of the holistic
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and uncertain issues of sustainability requires a method capa-
ble of handling qualitative information (Munda et al., 1994,
1995; Hermanides and Nijkamp 1997; Phillis and Andrianti-
atsaholiniainan, 2001). Based on these elements and the par-
ticular features of ex ante assessment of the sustainability of
alternative cropping systems, as stated in Section 2.1, we have
therefore discarded MODM methods in the selection process.

However, it should be pointed out that, although rejected in
this study, some MODM methods have been used for ex ante
assessments of alternative farming systems with respect to
sustainability-related objectives (e.g., Dogliotti et al., 2004,
2005; Tré and Lowenberg-Deboer, 2005). In these cases, the
innovative aspect of these systems consisted of the design
of sustainable production activities, based on the optimiza-
tion of an innovative combination of a limited set of quan-
titatively measurable criteria representing inputs and outputs.
This is quite different from considering innovative sustainabil-
ity issues and objectives directly translated into innovative cri-
teria, some of which cannot be measured quantitatively. For
instance, this would be the case for criteria related to (i) holis-
tic issues such as biodiversity, or (ii) subjective considerations
such as social wellbeing, which are not taken into account
in those quoted studies using a MODM method. However,
this does not mean that optimization approaches are neces-
sarily unsuitable for purposes similar to ours. Indeed, within
the mathematical programing area, optimization algorithms
able to handle qualitative criteria have already been developed
(Brewka, 2006). With new developments continually occur-
ring in the MCDA field, these algorithms are likely to be inte-
grated into MODM methods in the near future, making it pos-
sible for these methods to handle qualitative data. Our decision
to reject MODM methods regarding our aims and the present
state of the art should therefore not be regarded as definitive.
It will be reconsidered regularly, based on surveys of future
developments within the MCDA area.

4.2.2. Selection from MADM methods

In this study, we considered an integrative taxonomy of
MADM methods, so many methods’ variants did not find their
way into this review. Indeed, our purpose was to discuss gen-
eral guidelines for the selection of a relevant MADM method
for ex ante assessment of the sustainability of alternative crop-
ping systems, rather than a complete and exhaustive survey
of the existing methods and their evaluation for this purpose.
In our case, a more detailed comparative review of algorithm
variants within each method group would extend far beyond
the scope of this paper, as it would require more technical
background information and fewer sustainability assessment-
related considerations.

We did not consider here selection criteria based on the
ability of the methods reviewed to tackle information uncer-
tainty through fuzzy (and/or stochastic) procedures, for two
main reasons. Firstly, the uncertainty criterion is not discrim-
inatory, as all the reviewed methods could be coupled to such
procedures. Secondly, some authors have argued that (i) there
is a lack of convincing evidence that the imprecision captured

through fuzzy sets could match the real fuzziness of percep-
tions that humans typically display with respect to the compo-
nents of decision problems, and (ii) means of calibrating and
manipulating fuzzy functions with a transparent rationale from
the point of view of non-specialists are lacking (UK DTLR,
2001).

Some conceptual selection criteria used in some tax-
onomies were not considered in this work. For instance, we
did not consider the mode of decision-making, which dis-
tinguishes between normative (postulation), descriptive (ob-
servation), prescriptive (unveiling) or constructive (reaching
a consensus) methods (Bouyssou et al., 2006). Indeed, some
authors have expressed the view that this classification is not
really discriminatory, as in practice, methods initially con-
sidered normative may be used in a constructive, descrip-
tive or prescriptive manner, depending on the context in
which they are applied (Dias and Tsoukias, 2003). Never-
theless, to some extent, we have considered (besides crite-
ria specific to ex ante sustainability assessment requirements)
a decision-making mode-based selection approach when dis-
carding MODM methods in favor of MADM ones. Indeed,
the former aim at reaching one optimal (normative) ‘solution’
(i.e., a cropping system) whereas the latter allow for relative
ranking of different ones (see Sect. 2.1), which fitted our ob-
jectives much more.

Other reported selection criteria based on operational as-
sumptions, such as transparency, ease of use, profile of the
decision-maker and number of decision-makers, were not
taken into account in our review, as we consider that (i) some
of these considerations depend more on the control and report-
ing capabilities of the corresponding software/tool than on the
method itself, and (ii) these considerations are only loosely
connected to the specific features of sustainability assessment
(as described in Sect. 2.2). Such an assessment would — at
least theoretically — address all levels of decision-makers, from
stakeholders to policymakers. However, this does not mean
that these aspects are of secondary importance in the process
of ex ante evaluation of the sustainability of cropping systems.
They are simply more relevant to consider in the steps follow-
ing the pre-selection of relevant MADM methods (see section
below).

4.3. Recommended next steps

The proposed ranking of candidate MADM methods
(Fig. 1) should be considered as a starting point for effective
ex ante assessment of the sustainability of alternative crop-
ping systems in order to identify the ones that could be im-
plemented in the field.

Ideally, the next sequence of steps should be closely mon-
itored by a relevant group of decision-makers which should
include researchers and other stakeholders who interact fol-
lowing a participatory/cooperative approach. This is essential
to avoid a classical researcher-driven process toward a pre-
determined direction, which is risky especially for sustain-
ability assessments as those address intrinsically holistic and
subjective issues (Brunner and Starkl, 2004). This group of
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Figure 2. Suggested structure of the framework to be set up following
the multi-criteria decision-aid (MADM) method selection process, in
order to carry out ex ante assessment of the sustainability of cropping
systems.

decision-makers should then work on the basis of a three-axis
framework (Fig. 2), consisting of the following steps:

1. The collective selection of given decision-aid
tools/software from the most suitable MADM method
categories. Each MADM group being composed of numerous
method variants and dozens of corresponding tools, a compar-
ative (even restricted) assessment of these methods and tools
might be necessary before selection. In order for the tool to
be used by a large variety of decision-makers, the comparison
should be based on operational and practical criteria, such as
(i) the availability of the tool and its documentation, (ii) the
time and manpower resources required for the analysis, and
(iii) the ease of use, transparency and reporting capabilities of
the tool (UK DTLR, 2001)

2. The collective ex ante design of the options (i.e., alter-
native cropping systems) to be evaluated based on vectors of
sustainability criteria, with respect to the specific features of
the MADM tool considered (Fig. 2). In this key step, it is
essential that the knowledge and expertise of the decision-
makers encompasses the considered sustainability issues, in
order to design (quantitatively and/or qualitatively) relevant
sustainability criteria (e.g. groundwater pollution, erosion and
compaction risks, impact on biodiversity, energy consumption,
gross margin, health risks, etc.). In order for the group to pro-
mote the discovery/design of alternative sustainability criteria
not obvious or apparent at first sight, a work strategy based on
brainstorming tools such as lateral thinking, affinity diagrams
and interrelationship diagraphs can be of importance (Baker
et al., 2002).

3. The ex ante assessment of the designed cropping systems
and the analysis/interpretation of the results by the decision-
makers based on the considered sustainability criteria and the
characteristics of the applied MADM tools. Consistent with
the recommendations of Zanakis et al. (1998), Macharis et al.
(2004) and Wang and Triantaphyllou (2006), this multi-tool-
based analysis may reveal alternative cropping systems that
would be considered a priori sustainable, independently of the
method applied. However, before the final selection of the op-
tions, it is recommendable to perform sensitivity and explana-
tion analysis of the evaluation results obtained via each con-
sidered tool.

During all these steps, it is necessary to maintain a regular
feedback with the operational research community, in order to
ensure a cohesive operational framework.
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