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Abstract: The PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluation)
method is applied to five different types of agricultural systems in coastal Bangladesh in order to
rank the alternatives from most to least suitable according to a range of sustainability indicators.
More specifically, composite indicators from six sustainability categories—productivity, stability,
efficiency, durability, compatibility, and equity—are used for this assessment. The case study
demonstrates that PROMETHEE constitutes a flexible MCDA (Multi-Criteria Decision Analysis)
tool to investigate the sustainability of agricultural systems, rank the different alternative systems,
and provide valuable insights.
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1. Introduction

In the present world context, given the potential for agricultural systems to eradicate poverty and
ensure sustainable development in the coming decades [1], understanding the extent of sustainability
for agricultural systems is essential. Accordingly, there is a growing desire among researchers
and policymakers for a systematic method to conduct situational analyses, frame issues, assess
risks/vulnerability to food security and integrate efforts towards sustainability using evidence-based
policy recommendations [2-5]. “Assessments today need to help reverse trends towards deeper
un-sustainability and address the unavoidable interconnections, feedbacks, and uncertainties that
typify complex socio-ecological systems at all scales” ([6] p. 233).

The importance of agricultural sustainability assessments has given rise to the key question of
what frameworks are appropriate and acceptable in different socio-ecological contexts [7]. As many
as 120 approaches have been developed to assess the sustainability of agricultural systems [8,9].
Among these, Response-Inducing Sustainability Evaluation (RISE) [10], Sustainability Assessment
of Farming and the Environment (SAFE) [11], Indicateurs de Durabilité des Exploitations Agricoles
or Farm Sustainability Indicators (IDEA) [12], Monitoring Tool for Integrated Farm Sustainability
(MOTIEFS) [13], Integrated assessment of agricultural systems—A component-based framework for
the European Union (SEAMLESS) [14], Multi-Criteria Decision Analysis (MCDA) [15], MESMIS
Program (acronym for Indicator-based Sustainability Assessment Framework) [4], and Sustainability
Assessment of Food and Agriculture Systems (SAFA) [8] are holistic frameworks that consider social,
economic, and environmental aspects to assess sustainability.
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RISE, IDEA, SAFE, MCDA, and SAFA measure social, economic, and environmental indicators
separately rather than as aggregate indicators in a single index. Decision makers often do not have
enough time to understand all the procedures of agricultural sustainability assessment, in which
case viewing the final results is very important. This requires a methodology that generates a final
score for assessment. In particular, MCDA-based agricultural sustainability assessment, specifically
Multi-Attribute Utility Theory (MAUT), has recently been applied in agricultural sustainability
assessment by Dantsis et al. [15] and Talukder et al. [16]. In both papers, MCDA combines and
aggregates economic, environmental, and social indicators in order to quantify sustainability in
a holistic manner and prioritize the sustainability performance of agricultural systems through
incorporating stakeholder inputs in the form of weighting. This allows for the integrated assessment as
it handles data from the three pillars of sustainability. MAUT-based methods combine and aggregate
sustainability indicators in order to quantify the objectives in a holistic manner. They are able to
consider the economic, environmental, and social issues; evaluate the performance of agricultural
systems based on selected criteria or indicators and prioritize the performance of the systems;
incorporate the input of stakeholders in the form of weighting; handle both qualitative and quantitative
indicators; and calculate the degree of sustainability at the farm level [15].

However, MAUT does not allow for the one-on-one comparison of the indicators of agricultural
sustainability assessment. Therefore, while the MAUT-based MCDA approach is a good sustainability
assessment tool, there is still room to investigate the applicability of other MCDA techniques
like PROMETHEE in order to identify the ones that are most appropriate to assess agricultural
sustainability. With this background, the main objective of this paper is to investigate the applicability
of PROMETHEE-GAIA (Geometrical Analysis for Interactive Assistance), an MCDA technique,
to assess agricultural sustainability. A secondary objective is to identify both the benefits and obstacles
of using PROMETHEE as a tool for agricultural sustainability assessment.

2. MCDA and Sustainability Assessment

MCDA is a well-known branch of Decision Theory [17] that consists of a group of approaches
which account explicitly for multiple indicators in order to support individuals or groups to rank,
select and/or compare different alternatives [18,19]. “Decision theory provides a rational framework
for choosing between alternative courses of action when the consequences resulting from this choice
are imperfectly known. Two streams of thought serve as the foundations: utility theory and the
inductive use of probability theory” ([20] p. 200). MCDA facilitates decision making (such as
evaluation, prioritization, and selection) in the presence of many conflicting choices and criteria
or indicators [21-23]. It can rank decisions, distinguish satisfactory decision options from unacceptable
possibilities, and identify the single most preferred decision [24]. Importantly, MCDA techniques take
into account a wide range of dissimilar but relevant criteria [18,25].

MCDA may be carried out using various methods, including the application of computer software.
Generally, MCDA follows four phases [26,27]. It starts by defining objectives, after which the criteria
are chosen to measure the objectives and then alternatives are then specified. Once the criteria and
alternatives are established, the criteria of different scales are transformed into commensurable units
and weights are assigned subsequently to reflect the relative importance of the criteria. In the last
phase, mathematical algorithms are selected and applied for ranking or choosing alternatives [28].
The literature highlights a number of strengths and weaknesses of MCDA. The comparative strengths
and weaknesses of different MCDA methods are presented in Belton and Stewart [18], who find that
MCDA offers a process that leads to rational, transparent, justifiable and explainable decisions that
can serve as a focus for discussion, whereas the weakness of MCDA lies mostly in the subjectivity
of the weighting process [29]. The techniques of MCDA belong to different “axiomatic groups” or
“schools of thought” ([28] p. 5). Psomas et al. ([30] p. 3) categorized MCDA approaches into four
groups: (a) the Value System techniques such as the Analytic Hierarchy Processes(AHP)/Analytic
Network Processes (ANP) [31,32] and the Multi-Attribute Value Theory(MAVT)/Multi-Attribute
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Utility Theory (MAUT) [33,34]; (b) the Outranking Relations procedures like ELECTRE [35],
PROMETHEE [36], plus other Outranking approaches including TOPSIS [37,38] and VIKOR [38]; (c) the
Disaggregation-Aggregation Approach [34]; and (d) the Multi-Objective Optimization [34] procedure.

MCDA has been used extensively to evaluate sustainability in many different sectors for which a
good overview is provided by Cinelli et al. [39]. Sustainability assessment is essentially a multi-criteria
issue expressed using indicators as it must consider and integrate indicators reflecting economic,
social and environmental dimensions [40,41]. MCDA has the capacity for the integrated sustainability
assessment because it can consider multiple criteria [39], and many of its techniques have been
successfully applied to a range of sustainability challenges. In particular, PROMETHEE is being used
in the areas of environmental management, hydrology and water management, agriculture, education,
and government, among other domains [42].

MCDA in Agricultural Sustainability Assessment

Agricultural sustainability assessment is a key step in the implementation of sustainable
agricultural systems since an assessment will identify the status of the sustainability issues of
the agricultural systems and forms the basis upon which meaningful actions and policies can be
implemented to make agriculture sustainable. A realistic assessment of sustainability requires
(1) the integration of diverse information concerning sustainability 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 agricultural sustainability is therefore increasingly
regarded as an issue of multi-criteria decision analysis [43].

Like other types of sustainability assessment, agriculture also requires a tool that provides data
integration ability, transparency, robust analysis, engaging stakeholders’ opinions, and improved
learning. MCDA methods can be easily applied to agricultural sustainability assessment because they
are structured and transparent, can break down complex problems, facilitate discussion, and produce
a systematic and visual presentation of the perspectives of diverse stakeholders [44—46]. MCDA is
appropriate for assessing complex agricultural sustainability problems because it can integrate the
interests and objectives of sustainability pillars through criteria and weight factors [47]. In this research,
the PROMETHEE approach to MCDA is utilized to rank six agricultural systems in coastal Bangladesh.
However, other MCDA approaches having different decision rules for ordering the alternatives
according to various sustainability criteria could be used, such as the elimination method [48] and
MAUT [49], which have previously been applied to the same agricultural systems studied in this paper.
Moreover, other techniques for assessing the sustainability of agricultural practices could be utilized,
such as in References [50-53].

3. Brief Review of the PROMETHEE Method

In order to fully appreciate the scientific aspect of the outputs from PROMETHEE in
terms of outcomes regarding the problem being studied, one must understand the operational
side of PROMETHEE. PROMETHEE was developed by Brans in 1982 [42]. It is a pair-wise
comparison-based outranking methodology to evaluate and compare a finite set of alternatives in
terms of multiple criteria [54]. The PROMETHEE consist of PROMETHEE 1 for partial ranking,
PROMETHEE II for complete ranking from the best to the worst of a fixed set of possible alternatives,
and PROMETHEE GAIA for visualizing the results [55]. PROMETHEE II with GAIA, also known as
PROMETHEE-GAIA [55], is used in this paper. The PROMETHEE II-GAIA methodology is better than
other methods for the purposes of this paper as it provides a complete ranking of alternatives. In GAIA,
a clear graphical representation of alternatives and their values can be seen. GAIA is able to show
the best alternative as well as represent the criteria that identify the best alternatives and provide a
graphical presentation of the sensitivity analysis [56]. For more details about the PROMETHEE-GAIA
methodology, Brans and Mareschal [57] and the PROMETHEE 1.4 Manual [56] can be consulted.
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The alternatives in PROMETHEE II are evaluated according to the maximum or minimum values
of the criteria. The weighting of the criteria and the preference function of the criteria are two important
elements of PROMETHEE II [56]. PROMETHEE does not offer particular guidelines for determining
weights for criteria, but it is assumed that the decision-maker is able to weight the criteria appropriately.
Weighting is thus influenced by the skills of the decision maker [58], at least when the number of
criteria is not too large [59]. Each weighting remains subjective and is restricted only to the evaluated
alternatives. Therefore, sensitivity analyses, which clarify how far the chosen weights influence the
output, become important [60]. It is also vital to be transparent and clear so the results can be fully
understood and replicated as needed. The sum of the weighting is 1. The preference functions of
PROMETHEE for each criterion reflect the intensity of preference of one alternative over another.
Values of the preference function are between 0 and 1 [61]. For pairwise comparisons, six specific types
of generalized preference functions are suggested [62], as illustrated in Table A1 in the Appendix A.

Figure 1 presents the steps for the PROMETHEE procedure. The procedure usually begins by
identifying the alternatives (a, b) and associated criteria (fj). The deviations of the criteria (f;) of
alternatives (a, b) are determined based on pair-wise comparisons in step two. Next, a relevant
preference function for each criterion is determined. The fourth step is to calculate the global
preference index. Fifth, the positive and negative outranking flows are calculated for each alternative.
Net outranking flow for each alternative and complete ranking takes place in step six. The final step is
a sensitivity analysis of the weighting and the calculation of the complete final ranking. A detailed
guideline of the procedure of PROMETHEE can be found in the PROMETHEE 1.4 Manual [56].

Steps [ Description } [ Mathematical J [ Symbols denote J
Problem formulation:
1 Identify alternatives and (@b, f (a,b) denotes alternatives, f; denotes
criteria of the alternatives 2 criterion
N
d,(a,b) denotes the difference between the
Determination of ) :
evaluations of alternatives @ and b on
2 deviations based on d;(a,b) = f;(a) - f;(b) criterion f;
pair-wise comparison ’
P, (a,b) denotes the preference of
Ayt ; alternative a with regard to alternative b
3 . P(@b) = fild(ab)]j =1 ...k on each criterion as a function of d;(a, b)
A A
N w(a, b)of a over b (from 0+to 1) is defined
; Yab A as the weighted sum P, (a, b) for each
q Calf‘;k‘;m 0‘;1‘ overall criterion, and w is the weight associated
or global performance k S e s
it ab) = ) py @b LAt
7
~ B
1
#*(a) === ) nla,x) e e sk
Calculation of positive E A Pt
N ; flow for each alternative, whereas @~ (a)
5 and negative outranking o : :
el denotes the negative outranking flow for
flow #7(a) =— > mla,x) .
n-144 each alternative
Calculation of net @(a) denotes the net outranking flow for
6 outranking flow #(a@) =¢"(a) - 97(a) each alternative +
[Complete ranking]
7 Snsutivityanalysis of the Using GAIA platform Final ranking and conclusion
weighting of the criteria

Figure 1. The general steps of the procedure of PROMETHEE. Source: Adapted and modified from
Behzadian et al. [42] and PROMETHEE 1.4 Manual [56].
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4. Data and Methodological Approach for the Case Study

4.1. Agricultural Sustainability Assessment Methodology Based on PROMETHEE

Agricultural sustainability assessment methodology based on PROMETHEE is illustrated in Figure 2.
To perform the analysis, the Visual PROMETHEE 1.4 Academic Edition software (B. Mareschal, Bruxelles,
Belgium) was selected as it is freely accessible for students and has a wider application in natural
resources applications.

Similarities with stepwise
procedures of PROMETHEE Outcomes
(1]

4 N
Define agricultural sustainability

L
* Select agricultural systems: (a, b) Phase 1:
L

Steps Process

Eomulation of agricultural sustainability assessment \

Define and select indicators Formulating the problem -

Calculate the values of selected indicators identifying altematives and Table 1 &
(AT b T ) criteria Table A2-A7
= Allocate weighting of the indicators by the

stakeholders

T — W), where T W= 1

o AN /

\. J/
\ / \ e ™~
PROMETHEE Il & GAIA analysis
= Establish deviations of Phase 2 e
. X _ Determining deviations based
agricultural systems: d;(a, b) = f{a) —fib) - ;|
= Preference index P (a, b) On palr-uise comparisons :
Outranking degree |_| (a, b) [usual preference] Piguire,
Phit (4"): th i (’ leaving) i Phase 3: Table A8 &
I_ ¢_ - the post w.'e o ea"'"?‘ ow = Articulating and modeling the Figure 6(A)
Phi- (¢ ): the negative (or entering) flow preferences
Phi (¢): the net flow [#(a) = 4"(a) — #(a)] * Aggregating the altemnative
Aggregation: TW ¢(a) evaluations (Preferences)
e N
|

= Conduct sensitivity analysis

nterpretation of results
: Phase 4:
= Rank agricultural systems Malting:recommendabions by ]
= |dentify sustainable agricultural systems evaluation and choice Figure 6(B)

. /

Figure 2. The PROMETHEE steps for agricultural sustainability assessment, developed from the ideas
of the general steps (Figure 1) of the procedure of PROMETHEE and MCDA. Source: Based on the
PROMETHEE 1.4 Manual [56].

First, the agricultural systems to be assessed were identified. Following the first step of MCDA
and PROMETHEE (Problem formulation), agricultural sustainability was defined as human activities
to produce food and fiber in a manner that ensures the well-being of the present and future community
without diminishing the surrounding ecosystems’ capacity and ensuring environmental integrity,
social well-being, resilient local economies, and effective governance [63—65]. This definition helps to
identify the indicators and the indicator values of agricultural systems. Positive values of the criteria
indicate a better sustainability, which means the higher the value of the criteria, the more sustainability
is achieved; therefore, all the criteria are set as a maximized preference function. Due to the qualitative
character of the criteria, the usual criterion function was used because it has no threshold. Here,
the stakeholders” weighting (Table 1) for the indicator was used as criteria weighting.
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In the second step, the deviations of the indicators of the agricultural systems are determined
by pairwise comparisons. From these deviations, the preference indexes are calculated and then
the net flow of the preferences is calculated based on the positive (or leaving) flow and negative
(or entering) flow. Subsequently, the aggregate rankings are calculated by using weighting and the
net flow of the preferences (see step 2 of Figure 2). In the third step, the most sustainable alternatives
(i.e., sustainable agriculture systems) are identified from the aggregate rankings. To investigate the
impacts of weighting, a sensitivity analysis is carried out and from these results, the most sustainable
agriculture system in terms of the selected criteria can be recommended.

4.2. Data for the Case Study

The proposed methodological approach was tested by using the data collected from five
agricultural systems: Bagda (shrimp)-based agricultural systems (S) from Shyamnagar Upazila
(Upazila is the second lowest tier of regional administration in Bangladesh [66]); Bagda-rice-based
agricultural systems (SR) from Kalijang Upazila; rice-based agricultural systems (R) from Kalaroa
Upazila; Galda-rice-vegetable-based integrated agricultural systems (I) from Dumuria Upazila; and
traditional practices-based agricultural systems (T) from Bhola Sadar Upazila. These Upazilas are
located in the southwest coastal zone of Bangladesh (see Figure 3). In the Bagda-based agriculture
system, shrimp with some rice is produced; Bagda-rice-based agricultural systems only produce
shrimp and rice when the salinity is low; rice-based agricultural systems in which rice is intensely
cultivated; Galda-rice-vegetable-based integrated agricultural systems produce shrimp, fish, rice,
and vegetables whereas traditional practices-based agricultural systems cultivate rice throughout the
year. The data for these agricultural systems were tabulated and refined by Talukder [67] based on
issues related to six categories of agricultural sustainability: productivity, stability, efficiency, durability,
compatibility, and equity. In brief, productivity represents the yield of agricultural systems. Stability
indicates the capacity of the agricultural system to maintain a good productivity. Efficiency is related
to the use of resources. Durability means the resistance of the agricultural systems against any shock.
In a broad sense, compatibility indicates the coping capacity of the agricultural systems with the
bio-geophysical, human and socio-cultural surroundings. The equity is related to the quality of life the
farmers and their family members [65].

In Talukder [67], the data related to these six categories of sustainability came from both primary
and secondary sources. Secondary data were collected from a literature survey and published
government documents like the Upazila soil profile reports released by the Bangladesh Soil Research
Institute. Primary data were collected through field observation, formal and informal questionnaire
surveys, interviews, and focus group discussions with different stakeholders. The stakeholders were
selected from farmers, key informants, agriculture extension officers, fisheries officers, livestock officers,
block supervisors, and local villagers who directly or indirectly influence the selected agricultural
systems. Randomly selected representatives from a total of 221 households in five categories of farmers
(Landless (<0.01 acres), marginal (0.01 < 0.50 acres), small (0.50 < 2.5 acres), medium (2.5 < 5.0 acres)
and large (>5.0 acres) [68]) answered a questionnaire survey for primary data collection.
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Figure 3. The “location of the study areas and gradients of soil salinity (1973-2009) in the coastal zone
of Bangladesh. The soil salinity contours represent the northern boundary of areas where soils may
have salinity values of 2 dS/m or more” ([16] p. 149).

Table 1. The composite indicators, their values, and weighting.

Weighting * Agricultural Systems
Sustainability Category (SC) Composite Indicators (CI)
SC CI S SR R I T
Productivity (P) Productivity (Pro) 20 - 007 016 030 030 0.14
Landscape stability (LS) 5 014 018 020 021 0.22

Stability (S) Soil health/stability (SH/S) 20 10 0.15 0.21 0.21 0.15 0.22
Water quality (WQ) 5 011 018 018 022 029

- Monetary efficiency (ME) 5 010 014 018 043 0.15
Efficiency (E) Energy efficiency (EE) 5 90 007 016 030 030 0.14
Resistance to pest stress (RTPS) 5 024 027 019 018 0.12

Durability (D) Resistance to economic stress (RTES) 15 5 025 020 019 020 0.17
Resistance to climate change (RTCC) 5 022 027 011 030 0.10

I Human compatibility (HC) 5 0.06 022 024 025 024
Compatibility (C) Biophysical compatibility (BC) 0 5 010 013 029 022 027
Education (Edu) 5 020 022 020 026 0.12

. Economic (Eco) 5 0.17 0.23 0.21 0.22 0.17
Equity (B) Health (Hlth) 20 5 017 021 018 026 018
Gender (Gen) 5 017 019 026 032 0.06

Source: [67]. Note *: Total weight = 100.

From the data set, 15 single composite indicators (see Table 1) were developed from a total
of 50 indicators (Tables A2-A7) by using proportionate normalization and the hybrid aggregation
technique. In proportionate normalization a “single attribute value is divided by the sum total of the
values of attributes” ([69] p. 7), whereas hybrid aggregation was carried out by using the arithmetic
and geometric mean. These 15 single composite indicators create a set of representative criteria of the
sustainability of the five selected agricultural systems. To assign weighting values to the sustainability
categories (see Table 1), experts, key informants, and farmers were asked to give their opinions
regarding the relative importance of the categories and their average opinion was taken into account
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in assigning the weighting. Considering the situation of coastal Bangladesh and the importance of
food security, productivity is given the highest weight, followed by soil stability and energy efficiency.
Other criteria are given the same weighting.

As can be seen in Table 1, productivity is highest in rice-based agricultural systems (R) and
integrated agricultural systems (I). The scores of other composite indicators are also good in “I”
compared to other agricultural systems. Farmers of “I” use integrated agriculture with rice, shrimp
and vegetables, whereas in “R” rice is the dominant crop among many diverse crops. “SR” produces
rice and shrimp, whereas Shrimp (“S”) is focused on massive shrimp cultivation with limited rice. “T”
is traditional rice cultivation with other associated crops.

5. Results of the Application of PROMETHEE for Agricultural Sustainability Assessment

The action profiles deployed in Figure 4, as well as Table A8 in the Appendix A, show the
disaggregated view of the strengths and weaknesses of the alternatives based on the inserted values
of the criteria. The action profiles are a graphical representation of the net flow scores for the criteria
(composite indicators) listed in the categories of the five agricultural systems in Table 1. For each
alternative, upward bars (positive scores) correspond to preferred features, while downward bars
(negative scores) link to negative ones. For example, in “I1”, only the SH/S (Soil health/stability) and
RTPS (Resistance to pest stress) criteria have negative scores; all other criteria have positive scores.

In “R”, the WQ (Water quality), RTPS, RTES (Resistance to economic stress), and RTCC (Resistance
to climate change) criteria have negative scores. This action profile demonstrates that “I” is doing well,
followed by “R”, “SR”, “T” and “S” with respect to the decision criteria. “S” is doing well only in
RTPS and RTCC. An interesting observation that can be made from Figure 4 is that “SR” and “S” have
a good durability score, which is supported by the existence of certain features related to durability
like improved availability of seed due to government support, less use of pesticide due to shrimp
cultivation and better climate awareness after the cyclone Aila event in 2009 [67].

The results of the final ranking and network of alternative flow are obtained, and their values are
illustrated in Figure 5A,B. Figure 5A represents the final rank of alternatives based on the net flow
of the alternatives, whereas Figure 5B represents the final score of the positive and negative flow of
the alternatives. This ranking gives an overview of all alternatives, including their preference scores.
The ranking score is the final score of the net preference flow of the PROMETHEE analysis combining
weights, preference functions and values for the criteria per alternative. Among the alternatives,
“1” (0.54) is first in terms of sustainability on the rank list, while “S” and “T” were the lowest ranked
—0.66 and —0.2, respectively. The higher weight on the productivity criteria increased the ranking
score of “I” and “R” since they both have a good productivity score.

The results of this case study indicate that “I” has a higher level of agricultural sustainability
compared to “R”, “SR”, “T”, and “S” and is characterized by positive scores for all categories of
sustainability. For example, productivity is high in “I”. This is consistent with the findings of Rahman
and Barmon [70], who also found that productivity was good in integrated agricultural systems and
positive for overall agricultural sustainability. Similar results were determined in a previous analysis
of these Bangladeshi agricultural systems that utilized an energy analysis to evaluate environmental
sustainability [16]. In the action profile, energy use efficiency in “I” and “R” is better than in “SR”,
“T”, and “S”, indicating better environmental performance in integrated and rice-based agricultural
systems because energy efficiency is one of the measures of environmental sustainability. One of the
reasons for the increased energy efficiency may be that the integrated and rice-based agricultural
systems are supported by diverse crops. This case study reviews and allows the comparisons of
the agricultural sustainability of the five agricultural systems. From the analysis based on selected
criteria, it appears that “1” is more sustainable than mono-culture type agricultural systems such as
shrimp-only production systems. This finding can be helpful for the implementation of sustainable
agriculture in coastal Bangladesh.
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[ = Galda-rice-vegetable-based integrated agricultural systems from Dumuria Upazila
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R = Rice-based agricultural systems from Kalaroa Upazila
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SR = Bagdarice-based agricultural systems from Kalijang Upazila

+1 +1

R.T.P.5. R.T.ES RT.C.C

T = Traditional practices-based agricultural systems from Bhola Sadar Upazila
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5 = Bagda (shrimp)-based agricultural systems from Shyamnagar Upazila
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Figure 4. The comparison of uni-criteria net flow scores of criteria of the agricultural systems. Results
generated by PROMETHEE-GAIA software. Note: Pro = Productivity; LS = Landscape stability,
SH/S = Soil health/stability; WQ = Water quality; ME = Monitory efficiency; EE = Economic efficiency;
RTPS = Resistance to pest stress; RTES = Resistance to economic stress; RTCC = Resistance to climate
change; HC = Human compatibility; BC = Biophysical compatibility; Edu = Education; Eco = Economic;
Heal = Health; Gen = Gender. Source: The results were generated by the PROMETHEE-GAIA software.
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Figure 5. The overall ranking (A) and alternatives flow (B) considering criteria values and weighting.
The result generated were by the PROMETHEE-GAIA software.

6. Sensitivity Analysis in PROMETHEE to Assess Agricultural Sustainability

It is clear that the outranking results are influenced by the weights allocated to the criteria, so it
is important to know how the ranking changes when the weights change. Therefore, using a special
feature of the software called “walking weights”, a sensitivity analysis was carried out to verify how
sensitive the results are when the weights change (Figure 6). The walking weights feature of the
Visual PROMETHEE 1.4 Academic Edition software allows the weights of a particular criterion to be
increased while proportionately decreasing the weights of the other criteria. When the criteria were
given an equal weight, sensitivity analysis showed that the ranking of the five alternatives is rather
stable as displayed in Figure 6. The weight of productivity was increased by 50% and no change was
found in the rankings, but the rankings of the agricultural systems varied when the weights of other
criteria were changed by different percentages. Nevertheless, the position of “I” remained the same in
each case. From this analysis, it is clear that most of the criteria (and their weights) do not influence
the final ranking.
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Figure 6. The Walking Weight (sensible score analysis) used for sensitivity analysis. Results were
generated by the PROMETHEE-GAIA software. Top and bottom analyses show the ranking of the
agricultural systems after considering the stakeholders” weight and equal weight.

7. Discussion of the Results of the PROMETHEE Application

This methodology calculates the relative rankings and levels of sustainability by comparing different
agricultural systems and also indicates the weak and strong sustainability criteria of the different
agricultural systems within the total values of the indicators. As agricultural sustainability depends on
complex considerations, the assessment should consider multiple criteria. The PROMETHEE system is
very robust as it has the capability to consider multiple criteria in assessing the final sustainability
ranking as well as comparing the criteria. It also facilitates an understanding of the positive and
negative roles of different criteria for final additive ranking. The net flow graph in Figure 4 helps to
visualize the strengths and weaknesses of the criteria [71]. From the results displayed in Figure 4 and
the findings listed in Table A8, the overall best alternative is the integrated agricultural systems (I),
as explained in Section 5. As the final sustainability ranking of the alternatives critically depends
on the criteria values and weighting assumptions, the criteria information should be as precise and
appropriate as possible [72]. While the selection of essential criteria for agricultural sustainability
is challenging [73], this study shows that by using a set of multiple criteria, PROMETHEE makes it
possible to rank the sustainability of different agricultural systems as well as to analyze and compare a
large amount of information.
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A further advantage is that the PROMETHEE-based methodological approach takes into
consideration all the multiple criteria holistically through pairwise comparisons, which most of the
existing frameworks for agricultural sustainability assessments have failed to do [11]. It also aggregates
the preference values into an individual additive score. The proposed framework evaluation shows that
PROMETHEE is capable of handling a holistic set of indicators and ranking the level of sustainability of
agricultural systems, making it suitable for the agricultural system sustainability assessment. Criteria
with different scales can be handled by this method and it can generate a complete ranking of the
sustainability of agricultural systems from best to worst [54]. This method is also capable of using
the weighting generated by participatory processes [29]. It allows for a graphic representation of the
criteria using GAIA, which provides a better understanding of the inter-dimensional interactions and
conflicts of the criteria of agricultural sustainability, thereby facilitating learning, debate, and consensus
building among the stakeholders. As demonstrated in Figure 5, it can also be utilized to carry out
fairly robust sensitivity analyses.

In spite of these advantages, this approach comes with limitations. The application of this
methodology requires the simplification of some functions of PROMETHEE. For example, setting
preferences for the agricultural sustainability criteria is difficult since all criteria are important. Given
this challenge, the values of the criteria were developed to show that the higher values of the criteria
are the “best” in terms of sustainability. Therefore, the usual preference functions of the criteria were
considered rather than utilizing the threshold values preference function. However, determining the
thresholds of different criteria of agricultural sustainability is difficult since agricultural sustainability is
relative and influenced by social, economic, and environmental factors [15]. That said, this adaptation
of the PROMETHEE assessment tool is a positive step in understanding and comparing multiple
dimensions of sustainability.

Another drawback is that the calculation of preference information in PROMETHEE can be a
fairly complicated process and may be hard for a non-expert or a practitioner to use or understand it at
a glance. The rather complex calculation process of the final ranking and the difficult interpretation of
the ranking and other results may be a limitation of PROMETHEE from a practical application point
of view [56]. Moreover, like MAUT-based MCDA, PROMETHEE does not provide the possibility to
really structure a sustainability problem [74]. This limitation may prevent users from understanding
issues and concerns related to sustainability problems. Hence, a goal for PROMETHEE developers
could be to make their program more widely relevant.

Another limitation is that PROMETHEE does not provide any formal guidelines for the weighting
of the criteria. Rather, it depends on the capabilities of decision-makers and assumes that the decision
makers are able to weigh the criteria appropriately. To understand the various weighting methods
for the criteria, OECD [75] documents can be consulted. When there are many criteria, the weighting
becomes even more challenging. Many criteria may make it difficult to create a clear view of the
alternatives and evaluate the results. Nevertheless, in general, the transparency of PROMETHEE is
relatively high. This method also has a non-compensatory rationality and the meaning of the criteria
weights is related to the degree of their relative importance [76].

The case study used in this paper facilitates comparisons of the sustainability of five different
agricultural systems. From this case study, it appears that integrated agricultural systems are the best
in terms of the selected sustainability criteria. This finding can be used to formulate an evidence-based
policy promoting the implementation of this system as a way to increase the sustainability of agriculture
in coastal Bangladesh. Ranking agricultural systems using a PROMETHEE-based framework can
provide guidance for local agricultural offices, for agricultural extension workers to assist farmers,
as well as for farmers to act in more structured and strategic ways for sustainable agricultural planning
and programming. For example, the indicators (criteria) and final results can help decision makers to
understand the importance of different indicators. From the performance of the criteria (indicators) in
an overall ranking, the local agricultural offices, agricultural extension workers and farmers can make
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more informed decisions about what initiatives they should utilize to make unsustainable agriculture
more sustainable.

The results of the assessment provide diagnostic information regarding productivity, efficiency,
stability, durability, compatibility, and equity to local agricultural offices, agricultural extension
workers, and farmers that will help them understand the problems and prospects of utilizing different
agricultural systems in terms of sustainability. This research presents a set of sustainability issues
for local officials and farmers that need further investigation. For instance, coastal communities in
Bangladesh practice a type of agriculture that creates impacts particularly in the context of ecological
degradation, climate change, and population increase. The sustainability of coastal agriculture is
very significant for future adaptation and sustainability planning, and the findings from this research
help to identify fairly sustainable outcomes. Sustainability rankings can sound a warning about the
sustainable performance of agricultural systems that will help local agricultural offices, agricultural
extension workers and farmers to take appropriate actions to ensure the sustainability of the agriculture
of coastal Bangladesh and elsewhere. For example, by understanding the environmental, economic
and social problems of shrimp cultivation, local agricultural offices and extension workers can raise
awareness among local farmers about the negative effects of shrimp farming and suggest that they
convert their agriculture to integrated agricultural systems since these are adaptive and show enhanced
performance in terms of sustainability. From this assessment, by looking at the performance of each
criterion (indicator) in terms of social, economic, and environmental issues of agricultural systems,
the practitioner or researcher can make decisions about which criterion (indicator) needs improvement
or which agricultural system should be promoted for the sustainability of the agricultural systems in
coastal areas.

The Asian Development Bank (ADB), International Union for Conservation of Nature (IUCN), Food
and Agriculture Organization of the United Nations (FAO), and United Nations Development Programme
(UNDP) have developed and used sustainability assessment methodologies. In Bangladesh, the Poverty
Reduction Strategy Paper (PRSP), Millennium Development Goals (MDGs) and National Sustainable
Development Strategy (NSDS) urged sustainability assessments. Recently, the United Nations (UN)
introduced indicator (criterion) based sustainable development goals (SDGs), which include a call
for “a robust follow-up and review mechanism for the implementation of the new 2030 Agenda for
Sustainable Development [that] will require a solid framework of criteria (indicators) and statistical
data to monitor progress, inform policy and ensure accountability of all stakeholders” ([77] p. 1). This
important process offers the possibility of develop in a meaningful approach so that the “design and
implementation of a solid framework of criteria (indicators) will provide meaningful and reliable
information to ensure a sustainable future with lives in dignity for all” ([77] p. 1).

SDG frameworks will need to integrate social, economic and environmental criteria (indicators)
and provide guidance for humanity to prosper in the long term [78]. The MCDA-based assessment
framework that is proposed and tested in this paper has the capacity to integrate indicators and could
be a methodological option or template for monitoring and comparing the unified progress of the
SDGs [78]. However, these outcomes would require a test case to see if the proposed framework is
appropriate for monitoring and comparing SDGs among countries. To monitor the progress of SDGs
within and among countries, combinations of the sustainability indicators under the seventeen goals
could be converted into a composite indicator by using PROMETHEE-based assessment frameworks.
PROMETHEE could provide rankings and comparisons of SDGs through pairwise comparisons of
the indicators.

8. Conclusions

To the authors” knowledge, this is the first time an attempt has been made to assess and compare
agricultural sustainability by employing PROMETHEE. The results of this study show that with some
limitations this approach is useful to assess agricultural sustainability. The framework presented
here can enable decision makers and analysts to provide methodological advice for agricultural
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sustainability assessments. In this paper, a multi-criteria-based holistic approach is used for assessing
the sustainability of agricultural systems. The results of the analysis demonstrate that this method has
the capacity to be a useful framework for ranking agricultural systems and making decisions about
their sustainability.

Here, the PROMETHEE-based sustainability assessment framework provides systematic guiding
principles which can be utilized for sustainability assessment of other agricultural systems and
other sectors like organic farming, urban agriculture, agroforestry, poultry farming, dairy farming,
supply chain management, wetland management, water management, green energy management,
and corporate sustainability assessment, among others. FAO [63] noted that considering sustainability
dimensions as a coherent whole remains a major challenge in sustainability assessments, but it can be
solved if agricultural sustainability is assessed using appropriate PROMETHEE-based frameworks,
as these methods allow for the incorporation of indicators from the social, economic, and environmental
dimensions of sustainability to generate overall scores which can represent a range of sustainability
considerations. PROMETHEE-based sustainability assessments are capable of bringing all of the social,
economic, and environment indicators together and assessing sustainability in a holistic way.
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Appendix A
Table A1. The preference functions in PROMETHEE.
Type of Preference Description of the Preference Graphical Presentation Analytical Definition
When the value of the criteria of alternative a exceeds alternative b, then there is a 1if0<d
I: True/Usual criterion strict preference and the preference value is 1. In case of equal value of the criteria, Ssapceacks g f(d) = { 0ifd <0
there is no preference and the preference value is 0. —_— -
The decision maker defines the indifference threshold value of the criteria. If the ' lifg<d
II: Threshold criterion value of the criteria of alternative a exceeds that of alternative b by an amount g, (e | fld) = { 0 if g -
greater than or equal to the indifference value (g), then a is preferred over b. . — =1

If the criteria value of alternative a is closer to the absolute preference than o 1
alternative b, then alternative a is better than alternative b. If the difference of the Mo docronsing R

tern . ; ; decroasing E f(d) = £ ifo<d<p
criteria of alternative a reaches the absolute preference, then alternative a is P p £ d<
absolutely better than alternative b. 8 0 ifd<0

if p<d

IIT: Linear with threshold criterion

First, an indifference value of the criteria is determined. When the difference of

the criteria values of alternatives a and b moves from a value 0 to a value p, o 1 if p<d
IV: Linear over range criterion the preference function increases linearly from 0 to 1 over that range of REEEE Q_::’; fld) = % ifg<d<p
differences. If the criteria value of alternative a passes the difference of the __._J._, a 0 ifd<g

threshold value of 0, then a is preferred to b.

For this method, an absolute preference value and an indifference value are »

determined. If the criteria value of alternative 4 is less than the absolute 1 ifd>p
V: Stair step/Level criterion preference value that gives a preference of 0, the difference between the absolute No-decraashog 1 i f(d) = % if g<d<p
preference value and indifference value gives a preference of 1/2, and a difference R 0 if d<gq

greater than the absolute preference value gives a preference of 1.

The s threshold value is somewhere between the g; indifference threshold and the Non-decroasing 1
VI: Gaussian criterion q; preference threshold and it follows a normal distribution. This preference i: fld) = {
function is less often used due to the difficulty in the parameters. e 0

17exp(57‘122> if 0<d
ifd <0

Legend: d = the difference between two criteria a and b, p = the strict preference threshold, g = the indifference threshold, s = the standard deviation in Gaussian distribution. Source: Based
on Diakoulaki and Koumoutsos ([67] p. 1).
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Table A2. The selected indicators and values to construct single composite indicators for productivity.
Sustainabilit ; bl Agricultural Systems
ustainability ComPOSlte Indicators Unit Data Type Sustal‘nablllty Data
Category Indicator Pillar Source S SR T
Weighted yield of the main staple crop t/ha QTL Economic Q.sS. 2.26 441 5.23 6.51 2.86
Productivity  Productivity ™3 ome from the agro-ecosystem $/ha QTL Economic QS. 31115 102037 158581 1806.04  544.01
Protein yield from the agro-ecosystem kg/ha QTL Ecological QsS. 68.42 147.23 552 373.01 318.87
Source: Reference [53]. Legend: QTL = Quantitative; Q.S. = Questionnaire survey.
Table A3. The selected indicators and values to construct single composite indicators for stability.
Suzt:tl:ablhty ComPosite Indicators Unit Data Type Sustainability Data Agricultural Systems
gory Indicator Pillar Source S SR R I T
Land exposure to natural events: cyclone binary yes/no response QUAL Ecological S.D. 1 2 2 2 1
Land exposure to natural events: saline water binary yes/no response QUAL Ecological S.D. 1 1 3 2 3
Landscape Land exposure to natural events: drought in the . .
stability Kharif fo rabi season binary yes/no response QUAL Ecological S.D. 15 15 2 2 35
Land exposure to natural events: river bank erosion left QUAL Ecological S.D. 2 2 2 2 1
Stability of embankment binary yes/no response QUAL Ecological EO. 1 2 1 2 2
Withdrawal of upstream water binary yes/no response QUAL Ecological S.D. 1 1 1 1 2
Stability Organic materials % QTL Ecological S.D. 4 4 2 3 2
Salinity dS/m QTL Ecological S.D. 1 5 6 3 6
Soil Macronutrient: N meq/100 gm QTL Ecological S.D. 2 2 2 1 2
health/stability ~Macronutrient: P meq/100 gm QTL Ecological S.D. 3 2 3 3 3
Macronutrients: K meq/100 gm QTL Ecological S.D. 6 4 3 2 4
Soil pH Ratio [no unit] QTL Ecological S.D. 1 3 4 2 4
Water salinity in surface water .
(quality of surface water for irrigation) ds/m QIL Ecological S.D. t2o2 23
. Water salinity in ground water .
Water quality (quality of ground water for irrigation) dS/m QTL Ecological S.D. 1 2 2 4 3
Arsenic concentration Ppm QTL Ecological S.D. 2 2 2 2 4

(quality of ground water for irrigation)

Source: Reference [53]. Legend: QTL = Quantitative; QUAL = Qualitative; S.D. = Secondary data; F.O. = Field observation.
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Table A4. The selected indicators and values to construct single composite indicators for efficiency.

17 of 22

Sustainabilit i . i ili D Agricultural Systems
y C0m}3051te Indicators Unit Data Type Sustal.nablhty ata g y
Category Indicator Pillar Source S SR R I T
Monetary  Money input and output in the $ output/ $ input QIL Economic QS. 153 224 278 667 229
efficiency  agro-ecosystem
Efficiency Energy Overall energy efficiency Ratio of energy output and input QTL Ecological QsS. 137 201 553 554 59
efficiency  Non-renewable energy efficiency Ratio of energy output and input QTL Ecological QsS. 078 092 217 252 244
Source: Reference [53]. Legend: QTL = Quantitative; Q.S. = Questionnaire survey.
Table A5. The selected indicators and values to construct single composite indicators for durability.
Sustainability Composite . . Data  Sustainability Data Agricultural Systems
Category Indicators Indicators Unit Type Pillar Source S SR R I T
Chemical response to pest stress binary yes/no response QUAL Ecological QsS. 178 417 424 545 654
Resistance to Water availability at transplanting stage of rice binary yes/no response QUAL Ecological Qs. 075 075 02 02 02
pest stress Water availability at flowering stage of rice binary yes/no response QUAL Ecological QS. 075 0.75 0.2 0.2 0.2
Farm management (so.1 1. fest, pest management, land binary yes/no response QUAL Ecological Qs. 067 083 169 136 0.0
Durability management, soil fertility management)
Resistance to Good product price binary yes/no response QUAL Economic QsS. 8.44 5 458 455 38
economic Availability of seeds binary yes/no response QUAL Ecological Q.S. 933 95 10 10 8.85
stress Availability of market (market diversification) binary yes/no response QUAL  Social/economic QsS. 10 917 847 10 7.69
Resistance to Agricultural training binary yes/no response QUAL  Social/ecological QsS. 133 183 033 227 115
climate change  Climate change awareness binary yes/no response QUAL Social QsS. 111 067 051 1.82 0
Advice from agricultural extension workers or NGO  binary yes/no response QUAL Ecological QsS. 066 117 051 045 038

Source: Reference [53]. Legend: QUAL = Qualitative; Q.S. = Questionnaire survey.
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Table A6. The selected indicators to construct single composite indicators for compatibility.

18 of 22

Sustainability Composite . . Data Sustainability Data Agricultural Systems
Catego Indicators Indicators Unit Type Pill Source
gory 1 tllar S SR R I T
Human Drinking water quality (protected) binary yes/no response QUAL Ecological QsS. 0 8 9 10 9
Compatibility  Illness from drinking water binary yes/no response QUAL Ecological QsS. 5 10 10 10 10
— Overall biodiversity condition: percentage of o .
Compatibility non-crop area %o QTL Ecological Q.. 754 648 23.01 1573 18.68
Biop hy,s 1.ca.l Overall biodiversity condition: crop richness number of crops QTL Ecological QsS. 2 6 16 10 17
Compatibility
Overall biodiversity condition: crop rotation number QTL Ecological QsS. 2 3 5 4 4
Ecosystem connectivity binary yes/no response QUAL Ecological FO. 1 1 2
Source: Reference [53]. Legend: QTL = Quantitative; QUAL = Qualitative; Q.S. = Questionnaire survey; FO. = Field observation.
Table A7. The selected indicators and values to construct single composite indicators for equity.
Sustainability Con.lposite Indicators Unit Data Sustai.nability Data Agricultural Systems
Category Indicators Type Pillar Source S SR R I T
Education of farmers % QTL Social Q.sS. 8.56 9.25 4.75 10 5
Educati Education status of farmers’ male children % QTL Social Q.S. 10 9.49 11.2 13.1 7.45
ucation
Education status of farmers’ female children % QTL Social Q.sS. 9.07 10.54 11.17 12.5 6.36
Access to electronic media % QTL Social QsS. 7.78 9.17 9.39 10 3.08
Farm profitability (previously it was Income from $ QTL Economic Qs. 64823 334055 137132 199239 1025.06
agro ecosystem)
Average wage of farm labourer ($) $/person/day QTL Economic Q.S. 1.33 1.33 1.60 1.80 1.60
Equity Economic Livelihood diversity other than agriculture Count, 0to 5 QTL Economic QsS. 6.22 4.33 5.93 4.55 6.92
Years of economic hardship Number of years QTL Economic QS. 0.73 0.73 0.91 0.82 0.64
Road network (establishing farm roads and Access/not access QTL Economic/social QsS. 2 3 3 3 1
access roads)
Health Settings where treatment is taken or public health % QTL Social Q.S. 3.51 4.76 4.07 8.14 4.29
Sanitation or public health % QTL Social Q.S. 7.69 8.73 7.59 741 7.08
Women'’s involvement in decision making about o .
Gender agricultural activities to QTL Social Qs 3 4 5 65 25
Gender-based wage differentials $/person/day QTL Economic QsS. 0.33 0.33 0.5 0.59 0

Source: Reference [53]. Legend: QTL = Quantitative; Q.S. = Questionnaire survey.
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Table A8. The evaluation matrix for agricultural systems for all criteria.

Pro LS SH/S WQ ME EE RTPS RTES. RTCS HC BC Edu Eco HIth Gen

7 14 15 11 153 7 20 22 11 8 20 16 17 16

16 18 21 18 224 16 20 25 22 12 22 21 19
20 21 18 278 16 19 10 24 20 21 18 26
21 15 22 16 20 21

14 229 14 14 17 14 24 27 12 15 18 12

H—=® 5w ;

Note: Red numbers indicate the lowest point and green numbers represent the highest point.
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