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ABSTRACT RESUMEN

Some authors raise concerns about the validity, reliability, and 
transparency of indicator selection in agricultural sustainabil-
ity assessments. In this regard, several selection criteria have 
been put forward for sustainability assessments at the farm, 
regional, country, or planet levels. However, assessments at 
the plot or experimental unit level require, in addition to the 
adaptation of these criteria or the generation of new ones, the 
construction of a selection methodology. Thus, the aim of this 
study was to build a framework for selecting the minimum set 
of indicators that will be part of the agricultural sustainability 
analyses at the plot or experimental unit level. A hierarchical 
order of indicators was established, consisting of raw, baseline, 
and core indicators; the latter made up the minimum indicators 
set (MIS). Subsequently, selection procedures and criteria were 
established, consisting of mandatory, main non-mandatory, 
alternative non-mandatory, and correlation indicators. The 
selection method was evaluated with the results of a green-
house tomato fertilization study. Of the 40 raw indicators with 
which the analysis began, the MIS was made up of eight core 
indicators: three environmental, four social, and one economic. 
This indicator selection method uses a rigorous process, with 
22 selection criteria, distributed in four hierarchical groups. 
At the same time, it promotes less subjectivity, by including 
statistical analysis, algorithms, and mathematical processes. 

Algunos autores plantean preocupaciones con respecto a la 
validez, confianza y transparencia al momento de seleccionar 
indicadores en los análisis de sostenibilidad agrícola. En ese 
sentido, se han planteado una serie de criterios de selección 
orientados a evaluaciones de sostenibilidad a escala finca, 
región, país o planeta. Sin embargo, las evaluaciones a escala 
de parcela o unidad experimental requieren, además de la 
adaptación de esos criterios o la generación de unos nuevos, la 
construcción de una metodología de selección. El objetivo de 
este estudio fue, por lo tanto, construir un marco de selección 
del conjunto mínimo de indicadores que harán parte de los 
análisis de sostenibilidad agrícola a escala de parcela o unidad 
experimental. Se estableció un orden jerárquico de indicado-
res, compuesto por indicadores crudos, base y centrales; estos 
últimos conforman el conjunto mínimo de indicadores (CMI). 
Posteriormente, se establecieron los procedimientos y criterios 
de selección, conformados por: obligatorios, no obligatorios 
principales, no obligatorios alternativos y de correlación. Para 
evaluar el marco de selección propuesto, se utilizaron los resul-
tados de un estudio de fertilización en tomate bajo invernadero. 
De los 40 indicadores crudos con que se inició el análisis, el CMI 
se conformó por ocho indicadores centrales: tres ambientales, 
cuatro sociales y uno económico. Esta metodología de selección 
de indicadores utiliza un riguroso proceso, con 22 criterios de 
selección, distribuidos en cuatro grupos jerárquicos. Al mismo 
tiempo, promueve una menor subjetividad, al incluir análisis 
estadísticos, algoritmos y procesos matemáticos.
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Introduction

When performing agricultural experiments in the field, 
many variables are usually measured. To estimate the 
sustainability generated by the treatments evaluated in 
such experiments, it is necessary to choose which of these 

variables are indicators and, therefore, be part of the mini-
mum set of sustainability analyses indicators. 

Although there is consensus on the use of indicators to as-
sess the sustainability of agricultural production systems, 
there is still no agreement on how to select these indicators 
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with a wide diversity of approaches (Parris & Kates, 2003; 
Bell & Morse, 2008; Bockstaller et al., 2009; de Olde, Moller 
et al., 2016; Alaoui et al., 2022). This implies the possibility 
that the indicators evaluated may not be focused on the 
objective of the study, increasing measurement costs and 
raising concerns about the validity of the approach and the 
usefulness and reliability of the evaluation (Bockstaller et 
al., 2009; Schader et al., 2014; de Olde, Moller et al., 2016). 
In response, many authors have highlighted the impor-
tance of establishing indicator selection procedures with 
transparent and well-defined criteria that lead to relevant, 
reliable, comprehensive, meaningful assessments that com-
prehensively represent the agricultural production system 
under study (Hunnemeyer et al., 1997; Binder et al., 2010; 
Lebacq et al., 2013; Marchand et al., 2014).

The criteria for selecting the most relevant indicators have 
been as follow: the indicator must be measurable (Dantsis 
et al., 2010; Gómez-Limón & Sánchez-Fernández, 2010; Roy 
& Chan, 2012), sensitive to variations (Bélanger et al., 2012), 
relevant to the case study (Dantsis et al., 2010; Bélanger et 
al., 2012), and directly related to the topic of study (van 
Asselt et al., 2014). The selection and prioritization of the 
criteria used to define the indicators differ widely among 
the sustainability assessment tools (Reed et al., 2006; Bell 
& Morse, 2008; de Olde, Oudshoorn, et al., 2016; Pereira 
et al., 2022). 

Agricultural sustainability assessments can be conducted 
at different scales. Depending on the geographic projection 
to which these assessment results are to be scaled, opinions 
may be generated that reflect differences in worldviews, 
e.g., reductionist versus more holistic perspectives to 
understanding a multivariate activity such as agriculture 
(de Olde, Oudshoorn, et al., 2016). When agricultural 
sustainability assessments are made to compare different 
treatments in scientific experimentation, i.e., when the 
assessment scope is at the plot or experimental unit scale, 
indicators should reflect changes in production systems in 
response to the treatments being assessed.

Based on the above, this study aims to propose a selection 
framework for the minimum set of indicators, adapted to 
the plot or experimental unit scale that combines qualita-
tive and quantitative criteria.

Materials and methods

Indicator hierarchical order
The variables considered indicators are assigned according 
to their hierarchy in raw, base, or central indicators. 

Raw indicators: These are all the variables measured and 
estimated in the experiment in question from which sig-
nificant differences are expected due to the application of 
the treatments evaluated and, in some way, their relation 
to the sustainability of the agricultural production system. 

Baseline indicators: These are those raw indicators that 
have met the mandatory selection criteria outlined below. 
In this group, all the indicators obtained a score higher 
than zero after running the mandatory criteria checklist.

Core indicators: Those baseline indicators that scored the 
most after running the entire selection criteria checklist 
are discussed below. 

Minimum Indicator Set (MIS): The MIS is composed of 
the core indicators that obtained the highest score. The 
indicators that make up the MIS are used for sustainability 
analysis.

Selection criteria
The list of indicator selection criteria, synthesized by de 
Olde, Oudshoorn, et al. (2016), was used as a reference 
point.

A scoring system was established based on the total or 
partial fulfillment of the different selection criteria to 
quantitatively select indicators. A checklist type “Not meets 
= 0 or Yes meets = 1” and rating (from 0 to 3) was estab-
lished according to the rules corresponding to the selection 
criterion that gives the indicator a score according to the 
partial or total compliance with the criterion. 

The selection criteria were grouped into direct manda-
tory criteria, main non-mandatory criteria, alternate non-
mandatory criteria, and correlation criteria. The evaluation 
of each criterion for each indicator is done sequentially, 
obeying the following order:

Mandatory criteria: These are strict compliance criteria, 
i.e., if the indicator does not meet any of the criteria in this 
group, it will obtain a total score of zero, will be discarded, 
and will not continue with the agricultural sustainability 
assessment. They are the first criteria to be considered. 
All raw indicators must meet these criteria to move to the 
next step, becoming baseline indicators. The mandatory 
selection criteria are the following:

a) Related to the agricultural sustainability objective. 
The indicator has a highly significant (2), significant (1), or 
non-significant (0) relationship to the agricultural sustain-
ability objective. Note that the sustainability objective may 
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be different from the study objective. For example, the effect 
of treatments on soil carbon stock is related to both the 
study objective and the agricultural sustainability objec-
tives. The concentration of nutrients in plant tissues would 
not directly correlate with the sustainability objectives; 

b) Quantifiable. Counts and continuous variables are 
more exact than ranges (ordinal scales) or ‘yes/no’ scores 
(binary); any form of quantification is more recommended 
than entirely qualitative assessment (de Olde, Oudshoorn, 
et al., 2016). It is quantifiable (1), not quantifiable (0);

c) Specifically interpretable. The change in the indicator 
can be interpreted by modifying the system in applying the 
treatments. It is specifically interpretable (1), not specifi-
cally interpretable (0);

d) Transparent and standardized. The indicator is based 
on clearly defined, verifiable, and scientifically acceptable 
data, collected through standardized and affordable meth-
ods to be reliably replicated and contrasted with each other. 
It is transparent and standardized (1), not transparent and 
standardized (0);

e) Not redundant. The indicator is not obtained from 
another variable that is part of the analysis or is not a 
variable within an aggregation function (FAg). A FAg is 
an indicator that aggregates two or more variables within 
itself and, through an equation, obtains the interaction of 
the variables that make up the function. If the first case is 
presented, priority is given to the independent variable. In 
the second case, the FAg is chosen because it generates a 
more significant amount of information. It is redundant 
(0), not redundant (1), a FAg (1), or is a variable within a 
FAg included in the study (0); 

f) Significantly different. The indicator is sensitive, 
changes substantially, and it is within the assessment 
threshold with the treatments applied. Statistically, the 
indicator presents significant differences between the 
treatments evaluated. An analysis of variance (ANAVA) 
and a comparison test is performed. If at least 20% of the 
treatments have significant differences (P<0.05), a score of 
one (1) is assigned; between 20-40%, two (2); 40-60%, three 
(3); 60-80%, four (4); and 80-100%, five (5). If it turns out 
that they are not significant, a score of zero (0) is assigned 
and the indicator does not continue in the process.

Main non-mandatory criteria. These are criteria whose 
compliance is highly recommended, as they provide greater 
validity, transparency, and confidence in the analysis but 

are not strictly mandatory. The main non-mandatory selec-
tion criteria are as follow:

a) Affordable measurement. Direct measurement (field or 
laboratory) or estimation of the indicator through func-
tions or models is easy and cheap (3), easy but expensive (2), 
cheap but complicated (1), or complicated and expensive 
(0) for most stakeholders. Affordable assessment increases 
participation and constancy of monitoring (de Olde, Oud-
shoorn, et al., 2016); 

b) Parameterized. The indicator has pre-set ranges or 
thresholds (3). It is highly recommended that indicators 
be parameterized rather than comparing treatments; 
thresholds clearly define whether the application of the 
treatment results in an increase or decrease in the system’s 
sustainability;

c) Measured or estimated. The indicator is measured 
directly in the field or estimated from variables measured 
directly in the field (2), is measured in the laboratory or 
estimated from variables measured in the laboratory (1), 
or is estimated through functions (e.g., pedo-transfer) or 
modeling (0). Actual (observed) values are generally prefer-
able to estimates;

d) Related to the objective of the study. The indicator has 
a highly significant (2), significant (1), or non-significant 
(0) relationship with the objective of the study. It should be 
noted that the objective of the study may be different from 
the objective of the sustainability analysis;

e) Variable between repetitions. The indicator shows 
differences between repetitions of the same treatment (1). 
Some indicators obtained using estimates generate exactly 
the same value for all the repetitions of the treatment; this 
could detract from the validity of the statistical analysis.

Alternative non-mandatory criteria. These are criteria 
whose fulfillment is recommended, but they are used 
more as a means of tiebreaking if two or more indicators 
that meet the other criteria obtain the same score. The 
alternative non-mandatory selection criteria are as follow:

a) Acceptance. The indicator is either accepted (1), widely 
accepted (2), or not accepted (0) by the main stakeholders 
or decision-makers (e.g., producers, government officials, 
scientists, etc.);

b) Participatory development. The indicator was chosen 
in a participatory way (1) or not (0). It is more probable 
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that indicators and tools will be relevant, reliable, practical, 
heard, and used when stakeholders chose them (de Olde, 
Oudshoorn, et al., 2016);

c) Present and future balance. The indicator can be used 
to assess current and future sustainability. Some of the 
indicators should monitor potential new menaces and op-
portunities in the future (de Olde, Oudshoorn, et al., 2016).

d) Aggregate. The indicator is a FAg representing a set of 
variables (1) or not (0). This type of indicator is preferable 
since a single value explains the behavior of two or more 
variables or components of the production system;

Correlation criterion. This criterion allows us to choose 
between indicators that present a significant correlation. 
The following algorithm must be followed to assign the 
score: 

1. A correlation matrix is made between the indicators to 
be compared; 

2. The selection factor one (FS1) is estimated for each indi-
cator, applying Equation 1:

 FS1 = 
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Where X = Average, Ck1-n = correlation coefficient value, 
in absolute values (0 to 1), between the evaluated indica-
tor and the other indicators in the correlation matrix. FS1 
determines the degree of global correlation of the indicator, 
i.e., its degree of correlation with the other indicators within 
the correlation matrix. The higher the FS1, the lower the 
overall correlation of the indicator;

3. The selection factor two (FS2) is estimated for each in-
dicator, based on Equation 2:
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Where k = indicator, FL = logic function, ranging from 1 
to n, according to the following expression: 

FL = If FS1 > 0.7, then 0, otherwise 1

FS2 relates the magnitude of the correlation coefficient 
to the significance of each indicator. In this way, highly 

correlated indicators are eliminated that are assigned a 
value of zero;

4. The selection factor three (FS3) is estimated for each 
indicator, based on the following logical functions:

If Maximum value [(FS2(k1) … FS2 (kn)] > 0, then FS3 = 
FS2. If Maximum value [(FS2(k1) … FS2 (kn)] = 0, then {If 
FS1 < Maximum value [(FS1(k1) … FS1 (kn)], then FS3 = 0, 
otherwise, FS3 = FS1]}. 

FS3 allows choosing an indicator when all the matrix indica-
tors are correlated in a highly significant way;

5. FS3 is normalized using Equation 3:
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Where FSN = Normalized value of FS3, FS3(k1-n) = Maxi-
mum value of FS3 from indicator one ton.

If FSN = 0, then the indicator is removed;

6. Two indicators may correlate significantly with the other 
indicators in the correlation matrix and that, in turn, have a 
highly significant correlation with each other. In this case, 
one of the indicators must be eliminated. To define which 
indicator is eliminated, the correlated indicators must first 
be identified using the following logical function:

If [FS1(k1) = FS1(k2), and FS1(k1) = FS1(k3), and … FS1(k1) 
= FS1(kn)], then the correlated indicators (k) are identified 
with this symbol “ϯ”. This comparison must be made with 
all the indicators [FS1(k1) to FS1(kn)];

7. For each indicator that has been assigned an FSN value, 
the sum of the scores obtained in the other selection criteria 
is made, namely: ∑CS = ObDr + NbPr + NbAt. If two corre-
lated indicators were identified in step six with this symbol 
(ϯ), the one that has obtained the highest ∑CS is chosen;

8. CrLc is calculated for each selected indicator by multiply-
ing ∑CS * WCS, where WCS is the weighting value assigned 
for the selection criteria.

At the end of the process, a sum of the scores obtained in 
each category is calculated (ObGt + NbPr + NbAt + CrLc). 
The indicators that obtain a score higher than zero will be 
part of the MIS.
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Case study
This methodology was used with the data of an experiment 
that evaluated the effect of different mixtures of organic 
fertilizers and chemical synthesis in the pre-plant applica-
tion on a greenhouse tomato crop. The research was carried 
out in the Bio-Systems Center of the Jorge Tadeo Lozano 
University of Bogotá, located in the municipality of Chia 
(Colombia) (4°53’3.62” N, 74°00’50” W) at an altitude of 
2650 m a.s.l. Tomato (Solanum lycopersicum L) cv. Sheila 
was used. Five treatments were evaluated: 1) Chemical 
control (ChC) (100% chemical pre-planting fertilization 
formula); 2) organic control (OrC) (100% organic pre-
planting fertilization formula; 3) mixture 1, Mx1): 25% 
organic - 75% chemical pre-planting fertilization formula; 
4) mixture 2 (Mx2) (50% organic - 50% chemical pre-
planting fertilization formula); 5) mixture 3 (Mx3); 75% 
organic - 25% chemical pre-planting fertilization formula. 
A randomized complete block design was established with 
five treatments and 15 experimental units (EU) (three 
replicates per treatment). Each EU had an area of 12.3 m2 
for a total of 185 m2. Table 1 shows the variables evaluated 
in the experiment. 

Statistical analysis
The statistical analyses were performed with the R software 
version 3.6.2 (R Core Team, 2020). For all the variables 
studied, a descriptive analysis was performed, detecting 
extreme values using boxplot graphs, using the mvoutlier 
library (Filzmoser & Gschwandtner, 2017), and performing 
normality tests (Shapiro test) and variance homogeneity 
tests (Bartlett test) from the normtest library (Gavrilov & 
Pusev, 2014). In the cases where mismatches were detected, 
to find the appropriate transformation of the data, the 
boxcox tool from the MASS library was used (Ripley et al., 
2017). Pearson’s correlation analysis was performed with 
R’s source aids. Anava and the Tukey’s multiple compari-
son test (HSD) were performed with the Agricolae library 
(Mendiburu, 2017) to determine the differences between 
treatments.

Results

After running the mandatory criteria list for each raw 
indicator (Tab. 1), SQPCA, LU, W-kg, N-kg, FWT, MWT, 
EP, AP, GWP, and ODP were defined as the baseline 

TABLE 1. Raw environmental, social, and economic indicators evaluated in the case study.

Environmental Social

Raw indicator Abbreviation Raw indicator Abbreviation

Carbon stock StockC Yield Yd

pH pH Percentage of first category PCat

Electrical Conductivity EC Wages per cycle per hectare WC

Effective Cationic Exchange Capacity ECEC Wages per year per hectare WY

Phosphorus P Work effort indicator WE

Bulk density Db High and maximum work effort WE4.5

Available Water Capacity AWC Formation of photochemical oxidants PO

Texture Txt Toxicity for humans TH

Weighted Average Diameter WAD

Nutrient concentration in plant tissue Ntr-Veg Economic

Soil Management Assessment Framework SQSMAF Variable costs VC

Soil Quality Indicator with Principal Component Analysis SQPCA Fixed Costs FC

Land Use LU Investment IV

Amount of water per kilogram produced W-kg Gross Income GI

Quantity of nitrogen per kilogram produced N-kg Net Income NI

Fresh Water Toxicity FWT Net Present Value NPV

Marine Water Toxicity MWT Benefit-Cost ratio B/C

Eutrophication Potential EP Opportunity Rate Obtained ORO

Potential Acidification PA Internal Rate of Return IRR

Global Warming Potential GWP Breakeven Point by Quantity BPQ

Ozone depletion ODP Breakeven Point by Price BPP



103Monsalve Camacho and Henao Toro: Selection of the minimum indicator set for agricultural sustainability assessments at the plot scale

indicators of the environmental dimension (Tab. 2). The 
raw indicators StockC, pH, EC, ECEC, P, Db, AWC, and 
Txt are aggregated in the soil quality functions SQSMAF 

and SQPCA. For this reason, they were assigned a score of 
zero for the redundancy criterion (NoRd). Ntr-Veg has 
no significant direct relationship to the sustainability 
objective (ObSt) and was assigned a zero score for that 
criterion (Tab. 2). The SQSMAF indicator did not show 
significant differences.

As for the social dimension, the raw indicators WY and 
WE scored zero for being redundant with WC and WE4.5. 
Similarly, PCat did not present significant differences and 
was also eliminated (Tab. 2). In this dimension, Yd, WC, 
WE4.5, PO, and TH continued as baseline indicators. In 
the economic dimension, the raw indicators VC, FC, IV, 
and GI are aggregated in the functions of the profitability 
indicators B/C, NPV, ORO, and IRR, while BPP did not 
show significant differences, so they obtained a score 
of zero. In this dimension, the following continued as 
baseline indicators: NI, B/C, NPV, ORO, IRR, and BPQ 
(Tab. 2).

Once the base indicators for each dimension were defined, 
the next step was to select the core indicators. To do this, 
first, the checklist of non-mandatory criteria was run on 
all the core indicators. Finding that the measurement of 
these indicators was affordable, although none were pa-
rameterized, all indicators were assigned a zero score for 
this criterion. 

In the environmental dimension, only LU and W-kg indi-
cators were directly measured in the field, while N-kg was 
measured in the laboratory. The other baseline indicators 
of this dimension were estimated by functions or modeling. 
In the social dimension, it was necessary to make measure-
ments directly in the field to calculate Yd and WC, while 
WE4.5, PO, and TH were estimated through functions or 
modeling. All the baseline indicators were obtained from 
field measurements. 

Within the environmental dimension, the baseline in-
dicators FWT, MWT, AP, GWP, and ODP did not have 
a significant relationship with the study’s objective. The 
same happened for WC, WE4.5, PO, and TH in the social 

TABLE 2. Score obtained by the raw indicators for the mandatory selection criteria (MnTr). 

Raw 
Indicator

StOb QuAt SpIn TrSt NoRd SgDf MnTr Raw 
Indicator

StOb QuAt SpIn TrSt NoRd SgDf MnTr

0 - 2 0 or/a 1 0 - 5 WCS = 0.5 0 - 2 0 or/a 1 WCS = 0.5

Environmental dimension Social dimension

StockC 2 1 1 1 0 3 0.00  Yd 2 1 1 1 1 1 1.00 0.50

pH 1 1 1 1 0 0 0.00  PCat 1 1 1 1 1 0 0.00  

EC 1 1 1 1 0 3 0.00  WC 2 1 1 1 1 1 1.00 0.50

ECEC 1 1 1 1 0 2 0.00  WY 2 1 1 1 0 1 0.00  

P 2 1 1 1 0 0 0.00  WE 1 1 1 1 0 1 0.00  

Db 1 1 0 1 0 0 0.00  WE4.5 1 1 1 1 1 1 0.86 0.43

CAD 2 1 1 1 0 0 0.00  PO 1 1 1 1 1 1 0.86 0.43

Txt 0 0 0 1 0 0 0.00  TH 2 1 1 1 1 1 1.00 0.50

Ntr-Veg 0 1 1 1 1 2 0.00  Economic dimension

SQSMAF 2 1 1 1 1 0 0.00  VC 2 1 1 1 0 1 0.00  

SQPCA 2 1 1 1 1 2 0.73 0.36 FC 2 1 1 1 0 0 0.00  

LU 2 1 1 1 1 1 0.64 0.32 IV 2 1 1 1 0 0 0.00  

W-kg 2 1 1 1 1 1 0.64 0.32 GI 1 1 1 1 0 1 0.00  

N-kg 1 1 1 1 1 2 0.64 0.32 NI 2 1 1 1 1 1 1.00 0.50

FWT 2 1 1 1 1 5 1.00 0.50 B/C 2 1 1 1 1 1 1.00 0.50

MWT 2 1 1 1 1 5 1.00 0.50 NPV 1 1 1 1 1 1 0.86 0.43

EP 2 1 1 1 1 5 1.00 0.50 ORO 1 1 1 1 1 1 0.86 0.43

AP 1 1 1 1 1 5 0.91 0.45 IRR 1 1 1 1 1 1 0.86 0.43

GWP 2 1 1 1 1 5 1.00 0.50 BPQ 2 1 1 1 1 1 1.00 0.50

OLD 1 1 1 1 1 5 0.91 0.45 BPP 2 1 1 1 1 0 0.00  

StOb: related to the agricultural sustainability objective; QuAt: quantifiable; SpIn: specifically interpretable; TrSt: transparent and standardized; NoRd: not redundant; SgDf: significantly different; 
and WCS: weighting value assigned for the selection criteria. The conventions of the variables can be seen in Table 1.
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dimension. The only raw indicator that was not variable 
between repetitions was WC since all the experimental 
units within the same treatment obtained the same value 
for this indicator.

The only indicator that is considered not yet accepted is 
WE4.5, since it has not been used in other studies. At the 
same time, the only indicator chosen in a participatory 
way is Yd. Within the base indicators, it was considered 
that SQPCA, LU, W-kg, N-kg, Yd, WC, and all the economic 
indicators could be useful for estimates of future sustain-
ability. SQPCA of the environmental dimension and all eco-
nomic dimension indicators, except NI, were aggregation 
functions (Tab. 3). 

After constructing the correlation matrix, it was evident 
that there were significant and highly significant correla-
tions between many base indicators in each dimension. 

According to the results shown in Table 4, the environ-
mental indicators N-kg, FWT, MWT, EP, AP, GWP, and 
ODP were significantly and highly correlated with each 
other and with the other indicators of the environmental 
dimension. These indicators were eliminated from the 
process, leaving N-kg as the highest FS1. 

The LU and W-kg indicators also showed a highly sig-
nificant correlation, besides being correlated equivalently 
with the other environmental dimension indicators. In 
this sense, according to the score obtained with the other 
selection criteria (∑CS), LU continued in the process. From 
the environmental dimension’s baseline indicators, they 
became central indicators SQPCA, LU, and N-kg (Tab. 4).

In the social dimension, the PO and TH indicators pre-
sented the same correlation among themselves and their 
dimension indicators. This last one reached a higher score 

TABLE 3. Score obtained by the baseline indicators for the main (NmMn) and alternate (NmAt) non-mandatory selection criteria. 

Baseline 
Indicator

Main
NmMn

Alternative
NmAt

AfMs PrTz MsEd ObSt VrRt AcTn PtDv PrFu AgGt

0-3 0-2 0 or 1 WCS = 0.2 0-2 0 or 1 WCS = 0.2

Environmental dimension

SQPCA 3 0 0 2 1 0.55 0.11 2 0 1 1 0.80 0.16

LU 3 0 2 1 1 0.64 0.13 2 0 1 0 0.60 0.12

W-kg 3 0 2 1 1 0.64 0.13 1 0 1 0 0.40 0.08

N-kg 3 0 1 2 1 0.64 0.13 1 0 1 0 0.40 0.08

FWT 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

MWT 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

EP 2 0 0 1 1 0.36 0.07 2 0 0 0 0.40 0.08

AP 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

GWP 2 0 0 0 1 0.27 0.05 2 0 0 0 0.40 0.08

OLD 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

Social dimension

Yd 3 0 2 2 1 0.73 0.15 2 1 1 0 0.80 0.16

WC 2 0 2 0 0 0.36 0.07 2 0 1 0 0.60 0.12

WE4.5 3 0 0 0 1 0.36 0.07 0 0 0 0 0.00 0.00

PO 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

TH 2 0 0 0 1 0.27 0.05 1 0 0 0 0.20 0.04

Economic dimension

NI 1 0 2 1 1 0.45 0.09 2 0 1 0 0.60 0.12

B/C 1 0 2 1 1 0.45 0.09 2 0 1 1 0.80 0.16

NPV 1 0 2 1 1 0.45 0.09 2 0 1 1 0.80 0.16

ORO 1 0 2 1 1 0.45 0.09 1 0 1 1 0.60 0.12

IRR 1 0 2 1 1 0.45 0.09 2 0 1 1 0.80 0.16

BPQ 1 0 2 1 1 0.45 0.09 2 0 1 1 0.80 0.16

AfMs- affordable measurement; PrTz- parameterized; MsEd- measured or estimated; ObSt- related to the study objective; VrRt- variable between repetitions; AcTn- acceptance; PtDv- participa-
tory development; PrFu- present and future balance; AgGt- aggregate; and WCS- weighting value assigned for the selection criteria. The conventions of the variables can be seen in Table 1.
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TABLE 4. Score obtained by the base indicators for the correlation criterion (CrLc). 

Baseline 
Indicator Correlation matrix Selection factors CrLc

Environmental dimension

 SQPCA LU W-kg N-kg FWT MWT EP AP GWP OLD FS1 FS2 FS3 FSN ∑CS WCS = 0.1

SQPCA

 0.39 0.39 0.76 0.72 0.72 0.72 0.72 0.72 0.72
0.35 1.00 1.00 1.00  1.25 1.00 0.10

 *** *** *** *** *** *** ***

LU
0.39 1.00 0.54 0.77 0.77 0.77 0.77 0.77 0.77

0.27 1.00 1.00 1.00 ϯ 0.00 1.00 0.10
 *** ** *** *** *** *** *** ***

W-kg
0.39 1.00 0.54 0.77 0.77 0.77 0.77 0.77 0.77

0.27 1.00 1.00 1.00 ϯ 0.00   
 *** ** *** *** *** *** *** ***

N-kg
0.76 0.54 0.54 0.95 0.95 0.95 0.95 0.95 0.95

0.16 1.00 1.00 1.00 0.00 1.00 0.10
*** ** ** *** *** *** *** *** ***

FWT
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***

MWT
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***

EP
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***

AP
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***

GWP
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***

OLD
0.72 0.77 0.77 0.95 1.00 1.00 1.00 1.00 1.00  

0.09 0.00 0.00     
*** *** *** *** *** *** *** *** ***  

Social dimension

 Yd WC WE4.5 PO TH              

Yd
 0.19 0.41 0.77 0.77      

0.47 1.00 1.00 0.50  0.00 0.50 0.05
 * *** ***  

WC
0.19 0.71 0.24 0.24  

0.66 2.00 2.00 1.00  0.00 1.00 0.10
 ***  

WE4.5

0.41 0.71 0.70 0.70  
0.37 2.00 2.00 1.00  0.00 1.00 0.10

 *** *** ***  

PO
0.77 0.24 0.70 1.00  

0.32 1.00 1.00 0.50 ϯ 0.00   
*** *** ***  

TH
0.77 0.24 0.70 1.00  

0.32 1.00 1.00 0.50 ϯ 0.00 0.50 0.05
***  *** ***       

Economic dimension

 NI B/C NPV ORO IRR BPQ             

NI
 1.00 1.00 1.00 1.00 0.96     

0.01 0.00 0.00      
 *** *** *** *** ***  

B/C
1.00 1.00 1.00 1.00 0.96  

0.01 0.00 0.00     
*** *** *** *** ***  

NPV
1.00 1.00 1.00 1.00 0.96  

0.01 0.00 0.00     
*** *** *** *** ***  

ORO
1.00 1.00 1.00 1.00 0.97  

0.01 0.00 0.00     
*** *** *** *** ***  

IRR
1.00 1.00 1.00 1.00 0.97  

0.01 0.00 0.00     
*** *** *** *** ***  

BPQ
0.96 0.96 0.96 0.97 0.97  

0.04 0.00 0.04 1.00  0.00 1.00 0.10
*** *** *** *** ***      

FS- selection factor; FSN- normalized value; ∑CS- sum of the scores obtained in the other selection criteria; WCS- weighting value assigned for the selection criteria; ** and ***: high and very 
highly significant correlation, ϯ: Correlated indicators (k). The conventions of the variables can be seen in Table 1.
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for ∑CS. The following were selected as central indicators 
of the social dimension: Yd, WC, WE4.5, and TH (Tab. 4).

In the economic dimension, all the baseline indicators 
showed highly significant correlations among them. The 
BPQ indicator obtained the highest FS3, so it was chosen 
as the central indicator representing all the economic di-
mensions (Tab. 4).

Based on the results shown in Table 4, the minimum indica-
tor set (MIS) was made up, at the environmental dimension, 
of the central indicators SQPCA, LU, and N-kg. In the social 
dimension, the central indicators were Yd, WC, WE4.5, and 
TH, and in the economic dimension the indicator was 
BPQ. The SQPCA, Yd, LU, and BPQ indicators obtained the 
highest score (0.87, 0.86, 0.85, and 0.85, respectively), while 
WE4.5 reached the lowest score (0.6) (Fig. 1). From 21 raw 
indicators (10 environmental, 5 social, and 6 economic), 
were chosen 8 core indicators (3 environmental, 4 social, 
and 1 economic). 

Discussion

Taking as a reference what Smith and Dumanski (1994) 
have said, an indicator is a characteristic that measures or 
reflects the state or condition of a system’s change. Like-
wise, an agricultural sustainability indicator is a variable 
or a function of aggregation of a set of variables associated 
with the environmental, social, or economic dimensions 
of an agricultural production system, established as a 
reference for reporting on the functioning of that system 
(Gerdessen & Pascucci, 2013; de Olde, Oudshoorn, et al., 
2016). An indicator shows sustainability as a measure of 
distance to the target; i.e., it measures the distance between 

the actual or predicted values of the variable and the refer-
ence value (representing the value with which sustainability 
is achieved).

The selection of indicators is a process that involves both 
qualitative and quantitative analysis. However, although 
indicators can be quantitative (numbers) or qualitative (e.g., 
graphics, colors, symbols), they need to be transformed 
into numerical values and have a unit of measurement 
(Waas et al., 2014). With the procedure described in this 
paper, the aim was to reduce as much as possible the level 
of subjectivity generally associated with the selection of 
qualitative indicators. However, it is not easy to eliminate 
subjectivity from selecting agricultural sustainability 
indicators since decisions must be made closely related 
to the researcher experience. The first subjective choice 
made is the weighting assigned to each group of selection 
criteria. In this work, mandatory criteria are considered 
to have the highest weight, so they were assigned a WCS 
of 0.5 (scale 0 to 1) (Tab. 2), while the main and alternate 
non-mandatory criteria were assigned a WCS of 0.2 each, 
and the correlation criterion a WCS of 0.1. There could be a 
consensus that the mandatory criteria are more important 
than the non-mandatory ones; the question is which WCS 
value should be assigned to each selection criterion? Simi-
larly, the mandatory criteria are more important because 
if anyone of them is not met, the indicator is immediately 
removed from the process, and, therefore, they should be 
reviewed in more detail. 

The second subjective choice is the score assigned to some 
selection criteria. For example, defining whether an indi-
cator has a significant or highly significant relationship 
to sustainability’s objective could have several points of 
view. Determining that an indicator has no relationship 
to the sustainability objective can generate a great deal 
of discussion. In this regard, there is a lack of consensus 
on which indicators to include in sustainability analyses, 
with a wide diversity of approaches (Parris & Kates, 2003; 
Bell & Morse, 2008; Bockstaller et al., 2009). However, 
the simple fact of considering these selection criteria 
increases the study’s reliability, despite not reaching an 
absolute agreement.

This indicator selection methodology is designed to di-
lute the subjective selection process as one moves from 
raw indicators to base and core indicators. The degree of 
subjectivity is diminished by including statistical analysis 
and absolute (yes/no) selection criteria. 

As shown in this paper, many indicators are usually mea-
sured, but many are redundant and correlated. The choice 
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FIGURE 1. Score obtained for each indicator of the minimum indicators 
set (MIS) for each selection criterion.
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of indicators through a matrix and a correlation algorithm 
allows selecting the indicators with the most significant 
statistical weight, avoiding redundancy in the analysis. 
Likewise, the selection procedure gives higher importance 
to those indicators that are aggregation functions since a 
single indicator explains the behavior of all variables that 
make up the function. 

From a technical perspective, an indicator is “a variable 
or an aggregation function of several variables related to a 
reference value that gives meaning to the values taken by 
the variables” (Pintér et al., 2012; Singh et al., 2012). In that 
sense, an indicator is related to a reference value since the 
term comes from the Latin indicare that means to point to 
something (Waas et al., 2014). None of the base indicators 
were parameterized. Therefore, the definition of sustain-
able must be made in terms of the comparison between the 
treatments evaluated, assuming that more or less is better 
for the indicator in question. 

Choosing only the indicators that show significant dif-
ferences between the treatments evaluated eliminates 
noise in the analysis. Working with indicators that have 
the same importance for all the systems under evaluation 
only increases the work but does not inform about the 
differences to be identified between the treatments under 
evaluation. This is more evident at small scales such as 
plot or experimental units. At these scales, indicators 
associated with government or macroeconomic policies, 
for example, would not have a differential effect among 
the treatments under evaluation, and therefore should 
not be considered.

Although the methodology proposed in this study pro-
motes less subjectivity for the indicator selection process, 
it must still be recognized that definitions of sustain-
ability and indicator selection vary with the researcher 
approaches, contexts, and expectations (Bell & Morse, 
2008; Gasparatos, 2010). Nevertheless, this methodology 
allows the indicators that are part of the minimum set of 
indicators to show the effect of the treatments evaluated 
on the production system’s sustainability. By applying this 
methodology, it can be ensured, to a large extent, that all 
environmental, social, and economic variables measured 
in the experiment are represented in the minimum set of 
indicators. This, despite the fact that in some cases, as in 
the environmental dimension, it began with a significant 
number of indicators (22) and was reduced to three. This 
drastic reduction was associated with a high correlation 
and/or redundancy between the environmental indicators 
evaluated.

Generally, the criteria for selecting indicators for agricul-
tural sustainability assessments are associated with post-
field study evaluations. However, it is highly recommended 
that the selection criteria proposed in this study (except, of 
course, those related to statistical analyses) be considered 
when evaluations are being planned. This would decrease 
the investment of resources.

Conclusions
The indicator selection process began with the evaluation of 
40 raw indicators: 21 environmental, 8 social, and 11 econo-
mic. At the end of the process, they were reduced to 8 core 
indicators: 3 environmental (N-kg, SQPCA, S-Pr), 4 social 
(TH, WC, Yd, and WE4.5), and 1 economic (BPQ). This in-
dicator selection methodology uses a rigorous process, with 
22 selection criteria distributed in four hierarchical groups 
while promoting less subjectivity by including statistical 
analysis, algorithms, and mathematical processes. Using 
this methodology, the probability that all environmental, 
social, and economic variables measured in the experiment 
are represented in the minimum set of indicators is increa-
sed. Also, it increases the possibility that the selected core 
indicators will more reliably assess the production system’s 
sustainability. We suggested replicating this work under 
different environments, species, and treatments.
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