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Abstract: The intensification of agricultural production is connected to the increased use of fertilizers,
pesticides, irrigation water, and energy. Among all cropping systems, rice cultivation is considered to
be one of the most significant sources of environmental harm due to the flooding conditions in which
rice normally grows; at the same time, rice has important economic and social implications, especially
in areas where it is a staple food. In the last 20 years, sustainable development of agricultural pro-
duction has become a priority for scientific research and policy programs. Several studies proposed
methodological frameworks to assess the impacts of different management practices adopted in agro-
ecosystems and to identify strategies to mitigate the negative effects of agricultural intensification.
Such methodologies are based on the use of particular indicators, which are increasingly seen as
crucial tools in impact assessment studies and for decision making. This paper aims to review and
analyze the most significant methodological frameworks developed to assess the sustainability of
agricultural production systems, with a particular focus on rice cultivation. The analysis includes
highlighting which dimensions of sustainability (economic, environmental, social, and governance)
are covered by each method and identifying which indicators are used to describe the different
dimensions. The spatial scale of the application of the indicators, their typology, the data needed
for their implementation, and the criteria for formulating the overall sustainability judgment were
then examined. The analysis highlighted the scarce availability of clear operational data for the
calculation of the indicators and the often-limited involvement of stakeholders in the development
and implementation of the methodologies. The exceptions to these limitations are represented by
a few methodologies developed under the umbrella of important international organizations to
promote sustainability and research efficiency in specific agricultural production systems, such
as the SRP (sustainable rice platform) for rice. Finally, the analysis shows that there is a need to
develop methodologies that are applicable not only to an individual farm or group of farms, but
also at larger spatial scales (district, watershed, region), which are often those of greatest interest to
decision makers.

Keywords: agriculture intensification; sustainability assessment; sustainability dimension; indicator;
spatial scale; rice agro-ecosystem

1. Introduction

The expansion of agricultural land and the intensification of agricultural production
methods are approaching environmental, social, and economic limits [1]. In particular, the
unsustainable use of natural resources in the agricultural sector has caused a variety of
negative environmental outcomes, such as groundwater depletion, agrochemical pollution,
soil exhaustion, and increase of greenhouse gas emissions [2,3]. It is therefore feared that
the productivity of many intensive systems cannot be maintained under current manage-
ment practices [4]. Thus, it is necessary to move towards more eco-efficient management
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strategies to minimize the negative effects on the environment [5,6]; however, this must be
achieved while maintaining crop productivity in order to meet global food demand and to
safeguard (or improve) the economic profitability of farms and social well-being [7].

Among all crops, rice has an important position because it is one of the most widely
grown in the world and it is the primary food for more than a half of the global population.
Rice is grown in most countries under flooding conditions using large volumes of water,
which may also mobilize agrochemicals; moreover, anoxic conditions are responsible for
the emission of an important greenhouse gas (methane). From 1961 to 2019, the rice area
harvested globally increased from about 115 million ha to about 162 million ha, with signif-
icant conversions of natural lands to arable lands. Methane emissions are estimated to have
increased from 17,400 to 24,100 kilotons in the same period [8]. Yield production increased
dramatically with the introduction of high yielding crop varieties, farm mechanization,
various types of chemical fertilizers, and pesticides [3,9]. Farmers have often adopted
the attitude of ‘more is better’ to increase yield production, regardless of economic and
environmental costs [6,10]. Among others, refs. [11–13] have stated that the current situa-
tion and trends of rice farming are not sustainable, and that rice sustainability assessment
has become a key challenge for policymakers, development planners, researchers, and
academics in many areas of the world.

In the last 20 years, scientists and experts have felt the pressing need to involve inter-
national organizations, policymakers, governments, and local and national institutions in
discussions on how to increase the agricultural sustainability of all cropping systems. These
discussions led to the development of a number of methodological frameworks designed
to assess the sustainability of agricultural production systems. The methodologies com-
monly rely on sets of indicators, usually grouped under the following three ‘sustainability
dimensions’: ecological, economic, and social. Sometimes the governmental dimension
is added to these. Thus, each dimension unfolds into a set of indicators, each of which is
built to investigate a specific aspect of sustainability.

The objective of this paper is to provide a review of the main methodologies de-
veloped to assess the sustainability of agricultural production systems, with a special
focus on assessments applied to or specifically developed for rice systems. To achieve
this objective, the paper is structured as follows: main sustainability assessment method-
ologies based on indicators and sustainability dimensions (Section 2); indicator selection
and type of data required (Section 3); spatial scale of the assessment and data collection
(Section 4); overall sustainability judgement (Section 5); sustainability assessment of rice
agro-ecosystems (Section 6); discussion on the criticalities of the existing methodologies
(Section 7); concluding remarks and future research needs (Section 8).

2. Main Sustainability Assessment Methodologies Based on Indicators and
Sustainability Dimensions

Several methodologies to assess agricultural sustainability can be found in the litera-
ture. Table 1 summarizes the principal characteristics of the most interesting methodologies
which are based on indicators. In particular, it reports the purpose for which the assessment
techniques were developed, the spatial scale at which they were applied, the proponents of
each methodology, the dimensions of sustainability taken into account, and the approach
used to reach a quantification of the overall sustainability of the production system. More
detailed information about the number and names of indicators considered under each
sustainability dimension is reported in an additional table in the Supplementary Materials.
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Table 1. Main methodologies proposed in the literature for the assessment of agricultural sustainability based on sets of
indicators (more details can be found in Supplementary Material).

Methodology,
References Purpose and Spatial Scale Proponents Sustainability

Dimensions

Procedure to Evaluate
the Overall

Sustainability
Performance

ISAP: Indicator of
Sustainable Agriculture

Practices [14]

Construction and
application of indicators to

study the impact of
farming practices on farm
sustainability. Applied to a
sample of 237 horticulture

farms in UK

Developed by
academic

researchers
Environmental Weighting and scoring

of indicator results

AFI:
Agri-environmental

Footprint Index [15,16]

A tool to identify the
current state of the

environmental situation
and to track the changes

and achievements on
farms. Applied to a sample
of 1300 Lithuanian farms

Developed by
academic

researchers
Environmental Weighting and scoring

of indicator results

[17]

Proposed set of operational
indicators for measuring
agricultural sustainability

at the farm level in
developing countries

Developed by
academic

researchers

Environmental,
Economic, and Social

Comparison of
indicator results with

reference values

[18]

Study of the sustainability
of conventional and

ecological farming systems,
applied at the farm level

in Bangladesh

Developed by
academic

researchers

Environmental,
Economic, and Social

Simple statistical
approach to compare

the two systems

RISE:
Response-Inducing

Sustainability
Evaluation [19,20]

Methodology for
sustainability assessment

at the farm level in
developing countries, such

as Armenia, Colombia,
China, India, Kenia, and

Côte d’Ivoire

Developed by
academic

researchers, social
groups, public

administrations,
and agro-industry

sectors

Environmental,
Economic, and Social

Scale rating of
indicator results

IDEA: Indicateurs de
Durabilité des
Exploitations

Agricoles [21–24]

Operational tool for
sustainability assessment,

designed as a
self-assessment tool for

farmers and policy makers.
Applied at the farm level in
France, Tunisia, Morocco,

and Mexico

Developed by
academic

researchers

Environmental,
Economic, and Social

Weighting and scoring
of indicator results

[25]

General framework for
assessing sustainability at

the farm and at larger
scale levels

Developed by
academic

researchers

A different
classification of

indicators is adopted

Weighting and scoring
of indicator results

SAFE: Sustainability
Assessment of Farming

and the Environment
[26,27]

Framework for
sustainability assessment
of agricultural systems.

Applied at the field, farm,
and larger spatial levels

Developed by
academic

researchers

Environmental,
Economic, and Social

scale rating of
indicator results
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Table 1. Cont.

Methodology,
References Purpose and Spatial Scale Proponents Sustainability

Dimensions

Procedure to Evaluate
the Overall

Sustainability
Performance

[28]

Evaluation of the effect of
cropping systems

management on the
environment and the

economic profitability in
northern Italy. Applied at

the farm level

Developed by
academic

researchers

Environmental and
Economic

Simple statistical
approach to compare

different systems

SAFA: Sustainability
Assessment of Food

and Agriculture
systems [29–31]

Framework for
sustainability assessment

of the value chain in
agricultural production

that can be used as a
self-evaluation tool for

producers and food
manufacturers

Developed by Food
and Agriculture

Organization of the
United Nations

(FAO)

Environmental,
Economic, Social,
and Governance

Comparison of
indicator results with

reference values

SOSTARE: Analysis of
farm technical

efficiency and impacts
on environmental and

economic
sustainability [32]

Diagnostic tool for farmers
and advisory services to

assess general
sustainability performance

at the farm level

Developed by
academic

researchers

Environmental and
Economic

Weighting and scoring
of indicator results

MOTIFS: Monitoring
tool for integrated farm

sustainability [33]

Indicator-based monitoring
tool for integrated farm

sustainability. Applied in
Flemish dairy farms

Developed by
academic

researchers

Environmental,
Economic, and Social

Weighting and scoring
of indicator results

SIRIUS: Sustainable
Irrigation water

management and
River-basin governance:

Implementing
User-driven
Services [1]

Framework and indicators
for the assessment of

sustainability of irrigated
agricultural systems.

Applied in 10 pilot areas in
eight different countries at

the irrigation perimeter
and watershed scale

Developed by
international

academic
researchers, with

public and
private companies

Environmental,
Economic, Social,
and Governance

Comparison of
indicator results with

reference values

PSDCIFASA:
Problem-oriented

Status-Driver
Composite

Indicator-base
Framework of
Agricultural

Sustainability
Assessment [2]

Tool for assessment of
agricultural sustainability

in a southeast Iranian
province. Applied at the

farm and large levels

Developed by
academic

researchers

Environmental,
Economic, Social,
and Governance

Weighting and scoring
of indicator results

SEAMLESS: System for
Environmental and

Agricultural Modelling,
Linking European

Science and Society [34]

Framework for interactions
within environmental,
economic, and rural

development. Applied in
different EU countries at

field and farm levels

Developed by
international

academic
researchers

Environmental,
Economic, and Social

Weighting and scoring
of indicator results
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Table 1. Cont.

Methodology,
References Purpose and Spatial Scale Proponents Sustainability

Dimensions

Procedure to Evaluate
the Overall

Sustainability
Performance

MESMIS: Evaluating
the sustainability of

complex
socio-environmental

systems [35]

Operational framework to
assess agricultural

sustainability, also offering
guidelines for the selection

of indicators. Applied in
more than 20 case studies

in Mexico and
Latin America

Developed by a
multi-institutional

team in Mexico

Environmental,
Economic, and Social

Comparison of
indicator results with

reference values

LCA: Life cycle
assessment approach,

used to assess the
environmental

sustainability of
agriculture products,
such as wheat [36],
sugar beet [37] and

rice [38–42]

Environmental
sustainability assessment
of agricultural production

at the farm level

Developed by
International

Organization for
Standardiza-

tion (ISO)

Environmental Weighting and scoring
of indicator results

SRP (Sustainable Rice
Platform, Bangkok,
Thailand) [43–47]

Indicator-based system
specifically built to assess
the sustainability of rice
production at the farm

scale. It can be also used as
a self-evaluation tool for

rice producers

Developed by
researchers from
UNEP, IRRI and
GIZ, public and

private
stakeholders,
and NGOs

Environmental,
Economic, and Social

Comparison of
indicator results with

reference values

The three classical dimensions of sustainability (i.e., ‘environmental’, ‘social’, and
‘economic’) are included in a number of methodologies (Table 1). These include: RISE
‘Response-Inducing Sustainability Evaluation’ [19,20], SAFE ‘Sustainability Assessment of
Farming and the Environment’ [27], MOTIFS ‘Monitoring tool for integrated farm sustain-
ability’ [33], IDEA ‘Indicateurs de Durabilité des Exploitations Agricoles’ [24], the MESMIS
framework ‘Evaluating the sustainability of complex socio-environmental systems’ [35],
SEAMLESS ‘System for Environmental and Agricultural Modelling; Linking European
Science and Society’ [34] and SRP ‘Sustainable Rice Platform methodology’ [44–46]. Only a
few methodologies add ‘governance’ as a fourth dimension in the sustainability analysis:
SAFA ‘Sustainability assessment of food and agriculture systems’ [29–31], SIRIUS ‘Sustain-
able Irrigation water management and River-basin governance: Implementing User-driven
Services’ [1], and PSDCIFASA ‘Problem-oriented Status-Driver Composite Indicator-base
Framework of Agricultural Sustainability Assessment’ [2].

However, several methodologies focus only on one or two sustainability dimensions.
For instance, the life cycle assessment (LCA) methodology is often adopted when only
the environmental dimension is examined [14,48–52]. Similarly, the Agri-environmental
Footprint Index (AFI) methodology, presented by [15], addresses only the environmental
dimension [16]. Other methodologies utilize economic indicators to perform an agro-
ecological and economic sustainability assessment, such as, for instance, Bechini and
Castoldi (2010) [28] and SOSTARE ‘Analysis of farm technical efficiency and impacts on
environmental and economic sustainability’ [32].

Whatever the sustainability dimensions considered, they are usually unfolded in a
series of themes, which sometimes are further subdivided in a list of subthemes, which
are finally linked to a set of indicators. Thus, each sustainability dimension relies on a set
of indicators.
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3. Indicator Selection and Type of Data Required

The selection of indicators is a crucial step in the assessment of sustainable agricultural
systems. Given its importance, the issue of defining robust criteria for indicator selection
has been widely discussed in the literature [2,3,17,27,53,54]. For instance, [53] states that
‘defining an appropriate set of indicators for the sustainable development of an agricultural
sector is a difficult task’ and explains that ‘if too few indicators are monitored, crucially
important developments may escape attention. On the other hand, if too many indicators
are considered, data collection and data elaboration become difficult to manage at a
reasonable cost, redundancies might appear and the message expressed by the indicator
set becomes difficult to understand’. Ideally, the developed/selected indicators should be
RACER: relevant, accepted, credible, easy, and robust [16,55]. Following [56], indicators
need to meet two criteria: (i) they must objectively measure progress towards achieving
sustainable development goals; and (ii) they must be easy to use and also applicable to
local conditions. Details on indicators proposed by each methodological approach are
reported in the Supplementary Materials.

Many indicators require quantitative data, directly measured or available from other
studies, that are then elaborated upon and used in the computation of the indicators’
values. This is usually the case for indicators under the economic sustainability dimension,
such as farm profitability or energy productivity. Quantitative data are also required for
many indicators under the environmental sustainability dimension, such as greenhouse
gas emissions or pesticide-use efficiency. An example of environmental indicators based
on quantitative data are those computed in the ‘inventory analysis’ phase of the LCA
methodology. The ‘inventory analysis’ is based on the following two steps: (i) collection of
‘input data’, relating to production factors such as inputs of organic and mineral fertilizers,
water, pesticides, and energy consumption for agronomic and irrigation operations; and
(ii) retrieval of ‘output data’, relating to crop production, straw production, and fertil-
izer and pesticide emissions to air, surface water, groundwater, and agricultural soils.
Emissions can be measured directly in the field or estimated using models. In absence
of field measurements, a number of models have been applied in different studies. For
instance, the IPCC model [57] has usually been adopted for the estimation of methane and
nitrous oxide emission to the air, while the SALCA-Nitrate [58] and SQCB models [58,59]
have been used to estimate nitrate leaching to groundwater in European countries and
elsewhere. Moreover, the SALCA model has been used in studies that estimate pesticide
leaching in surface water, groundwater, and agricultural soils [58]. After the ‘inventory
analysis’ phase, inventory data are aggregated to compute the final LCA indicators (e.g., cli-
mate change, acidification of soil and water, eutrophication, freshwater aquatic ecotoxicity,
mineral resource depletion, and fossil fuel depletion), which are subsequently used to
provide an overall sustainability judgment with respect to the environmental dimension
(see Section 5).

In contrast to indicators based on data that are quantitative by nature, other indicators
used in the sustainability assessment of agro-ecosystems are subjective. They mainly refer
to the social and governance sustainability dimensions, such as, for instance, indicators
related to working conditions or social security. In these cases, information is usually
collected through stakeholder consultations, which involve questionnaires or interviews
that are often based on close-ended questions to ensure that data collected can be reliably
compared among respondents and are statistically processable. Results are then combined
to obtain a value that can be expressed either through categories (e.g., ‘safe’, ‘fairly safe’,
etc.), or converted into a score that can be referred to on a scale (e.g., in the range 0–100,
with higher values indicating a higher safety level). For instance, the health and safety
indicator proposed by the SRP methodology [45,46] is calculated from the results of a
questionnaire including multiple choice questions related to work conditions in the farm,
where a higher score indicates a higher level of safety.
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4. Spatial Scale of the Assessment and Data Collection

The methodologies listed in Table 1 are applied to specific spatial scales during an
assessment. Thus, data collection and the presentation of results also occur at a certain
spatial scale. Most methodologies are based on data collected at the field/farm scale, such
as ISAP, IDEA, [17,18,28], SOSTARE, MOTIFS, SEAMLESS, SAFE, LCA, SRP, and AFI. Some
studies collect data from many farms in a certain geographical area (e.g., a natural park, a
province, or a region) and their goal is to present general results for one or more cropping
systems in that area (taken individually or compared one another). Such a study was
carried out by [18] to compare 45 and 65 farms operated under organic and conventional
agricultural management systems, respectively, in Bangladesh. Another example is the
ISAP methodology, which was applied at the farm scale in the UK using data collected
through a survey conducted in 80 organic and 157 conventional horticultural farms. The
SAFE methodology was explicitly designed to cover three spatial levels: the field level
(data collection and estimation of sustainability indicators at the field level); the farm level
(operating a weighted average of sustainability indicators calculated at the field level to
reach the farm level); and a higher spatial level that can be landscape, regional, or national
scale (based on a weighted average of farm sustainability indicators to obtain indicators
which apply to larger spatial scales). The approach adopted in SAFE to cover the three
levels is described in [26].

On-farm data can be collected through structured questionnaires compiled during face-
to-face interviews with farmers or other key actors within the agricultural sector [14,28],
or by using computer-assisted personal interviewing software [60]. Questionnaires are
generally used to collect the on-farm data needed for the calculation of economic and envi-
ronmental indicators. When very accurate or very specific data are required, information
can be directly measured by researchers or other institutions conducting the study [45,46].
Otherwise, literature sources and existing databases, such as the ecoinvent database [61],
can be a valuable source of information needed for the assessment, such as, for instance,
energy consumption of the most common agricultural machinery.

To facilitate the collection of data and the calculation of indicators at the farm scale, the
SRP Performance Indicators methodology [45,46] describes data needed for each specific
indicator based on three levels of detail: basic, intermediate, and advanced. These levels
correspond to the different data requirements and to the varying complexity of different
numerical procedures to be applied in the calculation of the indicators. In other words, the
SRP approach allows the user to select the most suitable complexity level for which: (i) data
are already available or can be collected; and (ii) the sufficiency of the user’s knowledge
to allow an indicator’s calculation. In case the users are farmers, the basic level is usually
selected. Collection of basic data (Level 1) is considered to be an entry point, while the
collection of higher-level data (more detailed) and the adoption of more complex calcu-
lation procedures are adopted by the more skilled users (e.g., researchers, environmental
associations, and institutions that adopt the methodology for specific purposes).

Few methodologies have been developed to directly make use of data collected at large
spatial scales (e.g., district, watershed, or region) and provide results that are valid at these
scales; in this review, only the SIRIUS procedure exhibited such characteristics. SIRIUS was
developed to assess the sustainability of irrigated agricultural systems and was applied
in ten irrigation districts that are located in eight different countries which have diverse
levels of agricultural development, environmental conditions, socio-economic settings,
and political contexts, but which shared the characteristic that water use was a critical
issue for agricultural sustainability. Most of the information used to calculate indicators
focused on water balance, water quality, biodiversity, education, and health (among others),
and was collected at the irrigation district level by a team which included researchers,
agricultural association members, and water managers from the ten pilot areas involved in
the project. Other data were obtained from officially published data (e.g., official statistics)
or other verifiable sources (e.g., scientific literature). However, when necessary, data were
collected at the farm level and then up-scaled at the irrigation district level, such as in the
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case of data related to production costs and revenues [1]. The SIRIUS methodology, due to
the spatial scale taken into consideration, differs from the others presented in this paper.
Unfortunately, documents illustrating the approach are not particularly detailed, and for
this reason its application may be not straightforward.

5. Overall Sustainability Judgement

To evaluate the overall sustainability performance of an agro-ecosystem, once all the
indicators have been calculated, the following procedures are the most commonly used:
(A) the comparison of indicator results with reference values; (B) weighting and scoring
of indicator results; and (C) scale rating of indicator results. Alternatively, some studies
apply a fourth procedure: (D) statistical techniques to compare the indicator values of two
or more farms or cropping systems, without reaching an absolute judgment about their
sustainability performance.

The first approach (A, the comparison of indicator results with reference values) is
adopted, for instance, by [17], and in the SIRIUS, SAFA, MESMIS and SRP sustainability
procedures (Table 1). The reference values express the desired level to be reached by
each indicator. Reference values are usually determined by scientific studies or coincide
with values provided in legislation. When legal values are used, it is important to keep
in mind that such values are typically the result of a negotiation among policy makers,
farmers’ representatives, advisory organizations, and scientists, and therefore they do not
necessarily express optimal values for farmers, the environment, or society.

Reference values are often introduced as threshold values (i.e., as minimum or
maximum—or as a range of—acceptable values). Ref. [62] used reference values in their
study on current soil fertility management practices in wheat, cotton, and chive agro-
ecosystems and their impact on nitrate concentration in groundwater for the north China
plain. In the study, authors adopted a set of threshold values indicating a good sustain-
ability level: ≥75 mg/kg for soil N content, ≥10 mg/kg for soil P content, ≥100 mg/kg
for soil K content, between 6 and 7 for soil pH, and ≤1% for soil organic matter content
(derived from previous studies of [63,64], as well as ≤50 mg/L for nitrate concentration
in groundwater (proposed by the World Health Organisation [65]). Another example of a
methodology adopting the use of reference values is the SAFA procedure, which reported
a reference value for each calculated indicator; for instance, nitrogen and phosphorus
balances must not deviate by more than 10% from zero.

The second approach (B, weighting and scoring of indicator results) is adopted by
many sustainability assessment methodologies, such as ISAP, IDEA, SOSTARE, MOTIF,
PSDCIFASA, SEAMLESS, [25], LCA, and AFI. This approach consists usually of the follow-
ing operations: (i) calculation of numerical indicators; (ii) conversion of indicator values
to nondimensional variables (normalization) in order to allow a comparison among indi-
cators; (iii) weighting, by assigning a specific weight to each indicator (usually based on
expert opinion or from literature reviews), a step which is often dependent on the focus
of the sustainability assessment; and (iv) aggregation, by combining (often summing) the
weighted indicators to obtain a final sustainability index, also called ‘score’, such that the
higher the score, the more sustainable the agro-ecosystem.

The third approach (C, scale rating of indicator results) is adopted by the RISE and
SAFE methodologies. Following this approach, the individual indicators are normalized
and then a score is assigned to each of them; successively, scores of the individual indi-
cators are used directly (as in the case of RISE) or aggregated (as in the case of SAFE)
to evaluate the overall sustainability of a cropping system. As an example, in the SAFE
methodology, the procedure adopted is the following: (i) indicator values are normalized
through functions that assign to each indicator the corresponding value of a sustainability
index (SI) that ranges from 0 (‘unacceptable level of sustainability’) to 1 (‘desired level
of sustainability’); (ii) SIs of all indicators are weighted; and finally, (iii) weighted SIs
are aggregated to obtain the overall sustainability index, which also ranges from 0 to 1,
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with lower values indicating low sustainability, and higher values referring to the high
sustainability of the agro-ecosystem.

Finally, the methodologies of group D adopt statistical methods to compare two or
more production systems. For instance, [18] compared two systems, organic farms (45) and
conventional farms (65), in terms of their environmental soundness, economic viability, and
social acceptability, by using different statistical tests for the different indicators. Results
of the statistical analysis showed that significant differences were found between the two
systems in relation to crop diversification, soil fertility management, and crop protection.
However, no significant differences were found with respect to other indicators such as
crop yield and stability, or food security. Ref. [28] evaluated the effect of cropping system
management on the environment and economic profitability in northern Italy at the crop
and field levels by using simple statistical indicators, such as the average and standard
deviation of indicator values. This approach highlighted that when a single crop was
considered, the gross margin of soybean was lower than that of rice, while, at the field
level, the gross margin of maize cultivated in rotation with other crops was lower than that
of continuous maize. Ref. [60] applied the SRP Performance Indicators procedure to six
rice-producing Asiatic countries. Since the SRP documentation does not provide reference
values for the indicators, the authors proposed a statistical approach to overcome this
problem. Performance indicators were calculated first for all the farms selected, and then a
baseline value (population mean) and a target value (top decile) for each indicator were
calculated for each country and compared to identify the gaps between them, as well as to
provide a pathway of action to be adopted by farmers to meet the target value, such as the
adoption of best management practices. In the study of [60], across the six sites, there was
a yield gap of 24–42% and a profit gap of 36–82% between the baseline and the target value.
In addition, there was a labor productivity gap of 12–32%, a nitrogen use efficiency (NUE)
gap of 11–20%, a phosphorus use efficiency (PUE) gap of 1–29%, and a water productivity
gap of 12–42%. Consequently, strategies that could reduce the gap between the baseline
and target values were identified.

6. Sustainability Assessment of Rice Agro-Ecosystems

Only a few of the methodologies described in Table 1 have been applied to cropping
systems in which rice plays an important role. The list of indicators proposed by these
methodologies are described in Table 2.

The SOSTARE methodology was adopted to assess the sustainability of farm pro-
duction in one of the most intensively cultivated areas in Europe, that is, the Po plain
in northern Italy [32], where rice is one of the most important crops (maize, permanent
meadows, and winter cereals were also considered). Data were collected from 68 farms
which were considered to be representatives of the region. In particular, livestock farms
(dairy, cattle, and swine) account for about 25% of the total farms operating in the study
area. Cropping system management is mostly intensive and conventional, and less than
15% of the farms in the area apply agro-environmental measures, such as reduced use of
mineral fertilizers, and fewer than 1% of the farms are organic.

The methodology proposed by [18] was used to assess the sustainability of ecological
and conventional agricultural systems in the Tangail district in Bangladesh, including
paddies, which cover a large area within the district, together with wheat, potato, and
other crops. To make a comparison between the two agricultural systems, two villages, one
adopting conventional practices and another using ecological techniques, were selected in
the Delduar subdistrict and considered to be representative for the two cropping systems
in the region.

The methodology proposed by [28] was developed to evaluate the effects of cropping
system management on the economic and environmental sustainability of agricultural
systems in northern Italy. The study area is a regional agricultural park with cereal and
livestock farms, which cultivate mostly maize, rice, permanent meadows, winter wheat,
winter barley, Italian ryegrass, triticale, and soybean.
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Table 2. Indicators proposed in the literature for the sustainability assessment of rice production at the farm scale.

Proposed Indicators in the Literature Dimension Sources

Profitability and productivity: grain yield, labor productivity

Economic

[6,45,46,60]

Variable costs, gross income, gross margin [28]

Value of production, value added, farm household income, independence from CAP
subsidies, farm business diversification SOSTARE [32]

N-use efficiency, P-use efficiency

Environmental

[6,28,45,46,60]

K-use efficiency [6,60]

Water productivity and water quality, greenhouse gas emission [6,45,46,60]

Pesticide use efficiency, biodiversity [45,46]

Fossil energy input, energy output, dependency of food and feed production on
non-renewable energy, load index algae, load index crustaceans, load index fish, load

index rats, environmental exposure (air), environmental exposure (soil),
environmental exposure (groundwater), crop sequence indicator, soil cover index, soil

organic carbon indicator

[28]

Land-use pattern, cropping pattern, soil fertility management, pest and disease
management, soil fertility status [18]

Cropping system and soil fertility, nutrient application and management,
consumption of non-renewable energy, water resource management, agrochemical

management, natural value of the farm, functional landscape pattern
SOSTARE [32]

Climate change (CC), ozone depletion (OD), terrestrial acidification (TA), freshwater
eutrophication (FE), marine eutrophication (ME), human toxicity (HT), photochemical
oxidant formation (POF), particulate matter formation (PMF), terrestrial eco-toxicity
(TET), freshwater eco-toxicity (FET), marine eco-toxicity (MET), ionizing radiation

(IR), agricultural land occupation (ALO), urban land occupation (ULO), natural land
transformation (NLT), water depletion (WD), mineral resource depletion (MRD), fossil

fuel depletion (FD)

LCA [38,48,51,66]

Social acceptability in terms of: input self-sufficiency, equity, food security, risks and
uncertainties involved in crop cultivation

Social

[18]

Food safety, worker health and safety, child labor and youth engagement, women
empowerment [45,46]

Still fewer are the methodologies that have been applied in specific studies exclusively
to the rice agro-ecosystem; among them, the life cycle assessment (LCA) has been most
frequently used. LCA was used to study the environmental impact of rice produced in
northern Iran [38] and in Bangladesh [51]. In the study presented by [38], 100 paddy fields
of different sizes, utilizing different agricultural management practices (traditional and
semi-mechanized) and input regimes (low, conventional, and high) were selected and
compared in two Iranian regions (Amol and Rasht). In the research presented by [51],
general data describing the baseline rice paddy in Bangladesh used for the LCA were
obtained mainly from available datasets, literature studies, and by interviewing rice farmers
and experts of the Bangladesh Rice Research Institute. Ref. [48] assessed the environmental
profile of organic rice cultivation in the Pavia district (Lombardy region, northern Italy)
by collecting data from 19 paddy fields; the objective of the study was to highlight the
main environmental hotspots for organic rice in northern Italy. In the same area (Vercelli
district, Piedmont region, northern Italy), [66] applied the LCA approach to assess the
environmental consequences of rice production by considering the cultivation practices
most frequently adopted, with particular attention paid to different straw management
strategies. Data describing the cropping systems were identified from published literature
and interviews with experts (researchers, representative farmers, and technicians), as well
as through surveys conducted in farms of the Vercelli district, which were chosen with the
support of Ente Nazionale Risi (Italian Rice Bureau).
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In recent years, the Sustainable Rice Platform (SRP) initiative has been developed
specifically to promote sustainable rice cultivation through the introduction of a range
of tools, including the SRP Standard on Sustainable Rice Cultivation [45,46], and a set of
twelve SRP Performance Indicators [45,46] connected to the economic, social, and environ-
mental sustainability dimensions of rice production (Table 2). Data needed and approaches
for the calculation of each individual indicator proposed by SRP [45,46] change according
to the level of analysis that is selected (basic/intermediate/advanced), as already explained
in Section 4. Ref. [60] applied the SRP Performance Indicators methodology version 1.0 [44]
to compare the economic and environmental sustainability performance of rice production
among six intensive rice-producing regions in Asia. This was the first multi-country com-
parison using SRP indicators. The specific objectives of the study were to suggest priorities
for research and development in each country, and to provide indications for setting target
values of the different indicators (in particular, the mean of the indicator values of the top
decile farmers in each country was suggested to be adopted as target values). Another
recent study that applied the SRP Performance Indicators methodology was that of [6],
which was carried out in the Mekong Delta in Vietnam. In Vietnam, rice production is
characterized by an overuse of inputs (fertilizers and pesticides), coupled with rising rice
production costs, which are increasing the difficulty of producing rice while maintaining
economic profitability and a low impact on the environment. The SRP Performance In-
dicators methodology was applied to evaluate the effects of a number of management
practices proposed by the Vietnam Ministry of Agricultural and Rural Development from
2003 to 2006 and those already implemented (e.g., using good-quality seeds, which should
reduce seeding rates; the optimized use of water, fertilizer, and pesticide inputs; changes in
postharvest management), in order to identify the most effective techniques for increasing
the overall sustainability of the system.

7. Discussion on the Criticalities of the Existing Methodologies

In this section, the main issues arising from the review analysis are illustrated and discussed.
The first point which emerges is that publications presenting the application of the

methodologies to specific case studies are often lacking a detailed illustration of data to be
collected and steps to be undertaken to calculate indicators and elaborate the final overall
sustainability judgement. Among the studies cited in this paper, only [28,45,46,48,60,66]
provide a good degree of detail on all the steps to be carried out for an assessment.

Moreover, sustainability assessment methods are often developed by researchers
(as shown in Table 1, column 3). As a matter of fact, the involvement of stakeholders
and experts in the design of the assessment framework from the very first steps is not
easy, as it requires much time and effort to understand procedures and to schematize the
processes and build the indicators. It was obvious from this review that the involvement of
stakeholders and experts in the indicator validation phase is often insufficient or completely
missing. Even when stakeholders and experts are involved in identifying reference values
or in the choice of weighting and scoring procedures to provide the overall sustainability
judgment, numerical reference values and criteria adopted in the choice of weighting and
scoring are seldom reported in the papers.

Additionally, very few methodologies have introduced indicators applicable at spatial
scales larger than an individual farm. While some of the farm-level indicators can be used to
describe an agricultural system also at larger spatial scales (e.g., labor productivity, nutrient
use efficiency), others may need to be revised as additional mechanisms and processes
come into play at larger scales. For instance, in the case of environmental indicators dealing
with water use in agricultural areas, it must be taken into account that percolation under the
rooting zone and surface drainage can be seen as pure losses at the field scale, degrading
efficiency, while at larger scales these same processes can be considered to contribute to
groundwater recharge and to increase water availability for downstream areas, therefore
increasing the efficiency of the system [67,68].
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Regarding the assessment of environmental sustainability in rice agro-ecosystems,
until the introduction of the SRP approach, there were no methodologies developed
specifically for rice, and only a few of the existing strategies have been applied to cropping
systems that include rice. In this context, it seems important to underline that while the LCA
has been so far the most used methodology used to assess the environmental sustainability
of rice systems, this approach has significant shortcomings. For example, LCA cannot
specifically highlight the main environmental impacts of rice cultivation (i.e., methane
emission, surface water and groundwater pollution due to inappropriate use of pesticides,
and the use of large water volumes); rather, these specific impacts are masked within more
‘global’ indicators (e.g., climate change, acidification of soil and water, eutrophication,
freshwater aquatic eco-toxicity, mineral resource depletion, and fossil fuel depletion). Since
2015, the SRP has been important for the construction of indicators for sustainable rice
cultivation, which can be used both for a self-assessment by rice growers, as well as
for evaluating the sustainability of rice agro-ecosystems in the current situation and/or
scenario analysis. Indicators proposed by [45,46] address many relevant environmental
aspects which are strictly connected to the traditional flooding conditions applied in paddy
fields, including water productivity, water quality, GHG emission, nutrient and pesticide
use efficiency, and biodiversity. However, the metrics refer only to the farm scale; it would
be relevant to investigate how to extend these values beyond the farm boundaries, as
already mentioned for other agro-ecosystems.

8. Concluding Remarks and Future Research Needs

This work provides an extensive review of methodologies developed over the last
20 years to evaluate the effects of management practices adopted in various agro-ecosystems
on their overall sustainability. Particular attention was paid to the rice production system,
because rice is a widely cultivated crop that can potentially produce significant impacts on
the environment.

From the review conducted, some critical issues emerge, such as, above all, the lack
of documentation that describes in detail all steps that must be undertaken to apply the
assessment methodologies, from data collection to the formulation of the final sustainability
judgment. If authors wish to see their indicators and methodologies applied in a variety of
economic, environmental, and societal contexts, they should strive to produce comprehen-
sive technical documents describing all the phases for their implementation, in addition to
scientific (i.e., journal) papers. Moreover, the active participation of experts and stakehold-
ers in the formulation of indicators and in their validation is still very sporadic. At the very
least, the validation phase should be conducted with the active input of stakeholders and
experts to assure objectivity, reliability, and applicability of the assessment.

The approach recently proposed by [44–47] for rice production systems provides a
good example of an assessment tool, complete with detailed technical documents that
facilitate its implementation for the different users involved in the sustainable develop-
ment of rice agro-ecosystems. As a matter of fact, indicators can be used by farmers as
well as researchers, both for a self-sustainability assessment and for monitoring progress
towards achieving sustainability goals. The SRP initiative was launched in 2011 and it
is co-convened by the UN Environment Programme and the International Rice Research
Institute (IRRI). It includes over 100 public and private partners. Many stakeholders in
rice areas around the world have been involved in the construction and validation of the
assessment procedure. As a matter of fact, this procedure aims to be the ‘benchmark’ for the
sustainability assessment in rice agro-ecosystems worldwide. Given the road opened by the
SRP, it seems crucial that international institutions aimed at safeguarding the environment
also through the achievement of greater sustainability of agricultural production could
promote similar initiatives for other agricultural sectors. The hard work of constructing
and validating indicators that consider different sustainability dimensions and which are
appropriate to specific geographical contexts, which have already been carried out by
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various researchers around the world, certainly constitutes a valid starting point for the
building process.

Finally, this review has revealed that there are very few procedures that address
sustainability assessment at spatial scales larger than an individual farm. When larger
scales have been considered, indicators are almost always calculated for individual farms
and averaged over the larger space (with the exception of the SIRIUS procedure). Although
this approach can be adopted for some indicators (e.g., gas emissions, yield production), it
is not valid for all. For instance, in the case of indicators aimed at quantifying water use in
the irrigation of agricultural areas, the water use efficiency in a portion of territory (district,
watershed, region) does not necessarily coincide with what is observed in individual farms;
on a territorial scale, in fact, complex mechanisms involved in the reuse of water resources
may occur, especially in traditional irrigation systems. Therefore, both for rice (which
is usually grown in very traditional irrigation systems) and for other agro-ecosystems,
there is a need to identify procedures for the development of indicators covering larger
spatial scales than the single farm; these scales are in fact often of greater interest to
decision makers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su131911123/s1. Table S1: Main methodologies proposed in the literature for the assessment
of agriculture sustainability.

Author Contributions: Conceptualization, A.F.; Methodology, O.G. and A.F.; Validation, O.G., A.F.
and C.G.; Formal analysis: O.G. and A.F.; Resources: O.G.; Data curation, O.G.; Writing—original
draft preparation, O.G.; Writing—review and editing, A.F., C.G. and O.G.; Visualization, O.G.;
Supervision, A.F. and C.G.; Project administration, A.F.; Funding acquisition, A.F. and C.G. All
authors have read and agreed to the published version of the manuscript.

Funding: Italian Ministry of University and Research (MUR); Protocollo nr: 18894 03/12/2020—
PRIMA Call 2018-Section 2 “MEDWATERICE Towards a sustainable water use in Mediterranean
rice-based agroecosystems”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: This research is part of the project ‘MEDWATERICE: Towards a sustainable
water use in Mediterranean rice-based agro-ecosystems’, selected in the context of the PRIMA
Programme (PRIMA-Section 2-2018; Topic: 1.1.3: Irrigation technologies and practices). Italian
researchers are co-funded by the Italian Ministry of Instruction, University and Research (MIUR),
which we wish to thank.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Antunes, P.; Ferreira dos Santos, R.; Cosme, I.; Osann, A.; Calera, A.; De Ketelaere, D.; Yildiz, F. A holistic framework to assess the

sustainability of irrigated agricultural systems. Cogent Food Agric. 2017, 3, 1–25. [CrossRef]
2. Alipour, S.F.; Boshrabadi, H.M.; Mehrjerdi, M.R.Z.; Hayati, D. 2018. Framework for Empirical Assessment of Agricultural

Sustainability: The Case of Iran. Sustainability 2018, 10, 4823. [CrossRef]
3. Roy, R.; Chan, N.W. An assessment of agricultural sustainability indicators in Bangladesh: Review and synthesis. Environmentalist

2012, 32, 99–110. [CrossRef]
4. McKenzie, F.C.; Williams, J. Sustainable food production: Constraints, challenges and choices by 2050. Food Secur. 2015, 7, 221–233.

[CrossRef]
5. Shennan, C.; Krupnik, T.J.; Baird, G.; Cohen, H.; Forbush, K.; Lovell, R.J.; Olimpi, E.M. Organic and conventional agriculture:

A useful framing? Annu. Rev. Environ. Resour. 2017, 42, 317–346. [CrossRef]
6. Stuart, A.M.; Devkota, K.P.; Sato, T.; Pame, A.R.P.; Balingbing, C.; My-Phung, N.T.; Kieu, N.T.; Hieu, P.T.M.; Long, T.H.; Beebout,

S.; et al. On-farm assessment of different rice crop management practices in the Mekong Delta, Vietnam, using sustainability
performance indicators. Field Crop Res. 2018, 229, 103–114. [CrossRef]

7. Ikerd, J. Two related but distinctly different concepts: Organic farming and sustainable agriculture. Small Farm Today 1993, 10,
30–31.

https://www.mdpi.com/article/10.3390/su131911123/s1
https://www.mdpi.com/article/10.3390/su131911123/s1
http://doi.org/10.1080/23311932.2017.1323542
http://doi.org/10.3390/su10124823
http://doi.org/10.1007/s10669-011-9364-3
http://doi.org/10.1007/s12571-015-0441-1
http://doi.org/10.1146/annurev-environ-110615-085750
http://doi.org/10.1016/j.fcr.2018.10.001


Sustainability 2021, 13, 11123 14 of 16

8. FAOSTAT. Food and Agriculture Organization Corporate Statistical Database. Available online: http://www.fao.org/faostat/en
(accessed on 2 August 2021).

9. Barrow, C.J.; Chan, N.W.; Bin Masron, T. Evolving more sustainable sustainable agriculture in the Cameron Highlands, Malaysia.
Int. J. Agric. Resour. Gov. Ecol. 2008, 7, 450–468. [CrossRef]

10. Huelgas, Z.M.; Templeton, D.J. Adoption of crop management technology and cost-efficiency impacts: The case of Three
Reductions, Three Gains in the Mekong River Delta of Vietnam. In Research to Impact: Case Studies for Natural Resources
Management of Irrigated Rice in Asia; Palis, F.G., Singleton, G.R., Casimero, M.C., Hardy, B., Eds.; International Rice Research
Institute: Los Baños, Philippines, 2010; pp. 289–316.

11. Alauddin, M.; Quiggin, J. Agricultural intensification, irrigation and the environment in South Asia: Issues and policy options.
Ecol. Econ. 2008, 65, 111–124. [CrossRef]

12. MoEF (Ministry of Environment and Forests). Bangladesh Climate Change Strategy and Action Plan 2008; Ministry of Environment
and Forests, Government of the People’s Republic of Bangladesh: Dhaka, Bangladesh, 2008; xvi + 68 pp.

13. Rahman, A.M.; Alam, S.S.; Alam, M.R.; Rashid, M.U.; Rabbani, M. Risks, Vulnerability, and Adaptation in Bangladesh; Bangladesh
Centre for Advanced Studies (BCAS): Dhaka, Bangladesh, 2008; Human Development Report 2007/08.

14. Rigby, D.; Woodhouse, P.; Young, T.; Burton, M. Constructing a farm level indicator of sustainable agricultural practice. Ecol.
Econ. 2001, 39, 463–478. [CrossRef]

15. Purvis, G.; Louwagie, G.; Northey, G.; Mortimer, S.; Park, J.; Mauchline, A.; Knickel, K. Conceptual development of a harmonised
method for tracking change and evaluating policy in the agri-environment: The Agri-environmental Footprint Index. Environ.
Sci. Policy 2009, 12, 321–337. [CrossRef]

16. Dabkiene, V.; Balezentis, T.; Streimikiene, D. Development of agri-environmental footprint indicator using the FADN data:
Tracking development of sustainable agricultural development in Eastern Europe. Sustain. Prod. Consum. 2021, 27, 2121–2123.
[CrossRef]

17. Zhen, L.; Routray, J.K. Operational indicators for measuring agricultural sustainability in developing countries. Environ. Manag.
2003, 32, 34–46. [CrossRef] [PubMed]

18. Rasul, G.; Thapa, G.B. Sustainability of ecological and conventional agricultural systems in Bangladesh: An assessment based on
environmental, economic and social perspectives. Agric. Syst. 2004, 79, 327–351. [CrossRef]

19. Häni, F.; Braga, F.; Stämpfli, A.; Keller, T.; Fischer, M.; Porsche, H. RISE, a tool for holistic sustainability assessment at the farm
level. Int. Food Agribus. Manag. Rev. 2003, 6, 78–90.

20. Häni, F.J.; Stämpfli, A.; Gerber, T.; Porsche, H.; Thalmann, C.; Studer, C. RISE: A tool for improving sustainability in agriculture:
A case study with tea farms in southern India. In Sustainable Agriculture from Common Principles to Common Practice. Proceedings
and Outputs of the First Symposium of the International Forum on Assessing Sustainability in Agriculture (INFASA); International
Institute for Sustainable Development: Bern, Switzerland, 2006; pp. 121–148.

21. Baccar, M.; Bouaziz, A.; Dugué, P.; Gafsi, M.; Pierre-Yives, L.G. Assessing Family Farm Sustainability using the IDEA method in
the Saïs plain (Morocco). In Proceedings of the IFSA: Social and Technological Transformation of Farming Systems: Diverging
and Converging Pathways, Newport, UK, 12–15 July 2016.

22. M’Hamdi, N.; Aloulou, R.; Hedhly, M.; Ben Hamouda, M. Évaluation de la durabilité des exploitations laitières tunisiennes par la
méthode IDEA. Biotechnology, Agronomy, Society and Environment. New Medit 2009, 13, 221–228.

23. Salas-Reyes, I.G.; Arriaga-Jordán, C.M.; Rebollar-Rebollar, S.; García-Martínez, A.; Albarrán-Portillo, B. Assessment of the
sustainability of dual-purpose farms by the IDEA method in the subtropical area of central Mexico. Trop. Anim. Health Prod. 2015,
47, 1187–1194. [CrossRef]

24. Zahm, F.; Viaux, P.; Girardin, P.; Vilain, L.; Mouchet, C. Farm Sustainability Assessment using the IDEA Method: From the
concept of farm sustainability to case studies on French farms. In Proceedings of the 1st INFASA Symposium, Berne, Switzerland,
16–17 March 2006. hal-02278989.

25. Rao, N.H.; Rogers, P.P. Assessment of agricultural sustainability. Curr. Sci. 2006, 91, 438–448. Available online: http://www.
currentscience.ac.in/cs/Downloads/article_id_091_04_0439_0448_0.pdf (accessed on 1 November 2019).

26. Sauvenier, X.; Valckx, J.; Van Cauwenbergh, N.; Wauters, E.; Bachev, H.; Biala, K.; Bielders, C.; Brouckaert, V.; Garcia-Cidad, V.;
Goyens, S.; et al. Final Report: Framework for Assessing Sustainability Levels in Belgian Agricultural Systems (CP/28). Scientific Support
Plan for a Sustainable Development Policy (SPSD II) CP 28; Belgian Science Policy: Brussels, Belgium, 2005; p. 125.

27. Van Cauwenbergh, N.; Biala, K.; Bielders, C.; Brouckaert, V.; Franchois, L.; Garcia Cidad, V.; Peeters, A. SAFE—A hierarchical
framework for assessing the sustainability of agricultural systems. Agric. Ecosyst. Environ. 2007, 120, 229–242. [CrossRef]

28. Bechini, L.; Castoldi, N. On-farm monitoring of economic and environmental performances of cropping systems: Results of a
2-year study at the field scale in northern Italy. Ecol. Indic. 2010, 9, 1096–1113. [CrossRef]

29. Butti Al Shamsi, K.; Guarnaccia, P.; Cosentino, S.L.; Leonardi, C.; Caruso, P.; Stella, G.; Timpanaro, G. 2019. Analysis of
Relationships and Sustainability Performance in Organic Agriculture in the United Arab Emirates and Sicily (Italy). Resources
2019, 8, 39. [CrossRef]

30. FAO. Sustainability Assessment of Food and Agriculture Systems. Guidelines Version 3.0. 2013. Available online: http:
//www.fao.org/nr/sustainability/sustainabilityassessments-safa/en/ (accessed on 1 November 2019).

http://www.fao.org/faostat/en
http://doi.org/10.1504/IJARGE.2008.022747
http://doi.org/10.1016/j.ecolecon.2007.06.004
http://doi.org/10.1016/S0921-8009(01)00245-2
http://doi.org/10.1016/j.envsci.2009.01.005
http://doi.org/10.1016/j.spc.2021.05.017
http://doi.org/10.1007/s00267-003-2881-1
http://www.ncbi.nlm.nih.gov/pubmed/14703911
http://doi.org/10.1016/S0308-521X(03)00090-8
http://doi.org/10.1007/s11250-015-0846-z
http://www.currentscience.ac.in/cs/Downloads/article_id_091_04_0439_0448_0.pdf
http://www.currentscience.ac.in/cs/Downloads/article_id_091_04_0439_0448_0.pdf
http://doi.org/10.1016/j.agee.2006.09.006
http://doi.org/10.1016/j.ecolind.2008.12.008
http://doi.org/10.3390/resources8010039
http://www.fao.org/nr/sustainability/sustainabilityassessments-safa/en/
http://www.fao.org/nr/sustainability/sustainabilityassessments-safa/en/


Sustainability 2021, 13, 11123 15 of 16

31. FAO. Sustainability Assessment of Food and Agricultural System: Indicators. Rome. 2013. Available online: https://digital-
library-drupal.s3.sa-east-1.amazonaws.com/library-content/safa_sustainability_assessment_of_food_and_agriculture_
systems_indicators.pdf (accessed on 1 November 2019).

32. Paracchini, M.L.; Bulgheroni, C.; Borreani, G.; Tabacco, E.; Banterle, A.; Bertoni, D.; De Paola, C. A diagnostic system to assess
sustainability at a farm level: The SOSTARE model. Agric. Syst. 2015, 133, 35–53. [CrossRef]

33. Meul, M.; van Passel, S.; Nevens, F.; Dessein, J.; Rogge, E.; Mulier, A.; van Hauwermeiren, A. MOTIFS: A monitoring tool for
integrated farm sustainability. Agron. Sustain. Dev. 2008, 28, 321–332. [CrossRef]

34. Van Ittersum, M.K.; Ewert, F.; Heckelei, T.; Wery, J.; Olsson, J.A.; Andersen, E.; Bezlepkina, I.; Brouwer, F.; Donatelli, M.; Flichman,
G.; et al. Integrated assessment of agricultural systems-A component-based framework for the European Union (SEAMLESS).
Agric. Syst. 2008, 96, 150–165. [CrossRef]

35. López-Ridaura, S.; Masera, O.; Astier, M. Evaluating the sustainability of complex socio-environmental systems. the MESMIS
framework. Ecol. Indic. 2002, 2, 135–148. [CrossRef]

36. Brentrup, F.; Kusters, J.; Lammel, J.; Barraclough, P.; Kuhlmann, H. Environmental impact assessment of agricultural production
systems using the life cycle assessment (LCA) methodology: II. The application of N fertilizer use in winter wheat production
systems. Eur. J. Agron. 2004, 20, 265–279. [CrossRef]

37. Tzilivakis, J.; Warner, D.J.; May, M.; Lewis, K.A.; Jaggard, K. An assessment of the energy inputs and greenhouse gas emissions in
sugar beet (Beta vulgaris L.) production in the UK. Agric. Syst. 2005, 85, 101–119. [CrossRef]

38. Habibi, E.; Niknejad, Y.; Fallah, H.; Dastan, S. Life cycle assessment of rice production systems in different paddy field size levels
in north of Iran. Environ. Monit. Assess. 2019, 191, 1–23. [CrossRef] [PubMed]

39. Hokazono, S.; Hayashi, K. Variability in environmental impacts during conversion from conventional to organic farming:
A comparison among three rice production system in Japan. J. Clean. Prod. 2012, 28, 101–112. [CrossRef]

40. Nabavi-Pelesaraei, A.; Rafiee, S.; Mohtasebi, S.S.; Hoseinzadeh- Bandbafha, H.; Chau, K. Integration of Artificial Intelligence
Methods and Life Cycle Assessment to Predict Energy output and Environmental Impacts of Paddy production. Sci. Total Environ.
2018, 631–632, 1279–1294. [CrossRef]

41. Roy, P.; Shimizu, N.; Kimura, T. Life cycle inventory analysis of rice production by local process. Jpn. Soc. Agric. Mach. 2005, 67,
61–67.

42. Roy, P.; Shimizu, N.; Okadome, H.; Shiina, T.; Kimura, T. Life cycle of rice: Challenges and choices for Bangladesh. J. Food Eng.
2007, 79, 1250–1255. [CrossRef]

43. Demont, M.; Rutsaert, P. Restructuring the Vietnamese rice sector: Towards in-creasing sustainability. Sustainability 2017, 9, 325.
[CrossRef]

44. SRP. Sustainable Rice Platform: Performance Indicators for Sustainable Rice Cultivation, Version 1.0. Sustainable Rice Platform.
Bangkok. 2015. Available online: http://www.sustainablerice.org (accessed on 1 July 2019).

45. SRP. Sustainable Rice Platform: Performance Indicators for Sustainable Rice Cultivation, Version 2.0. Sustainable Rice Plat-
form. Bangkok. 2019. Available online: https://assets.rikolto.org/paragraph/attachments/srp_performance_indicators_for_
sustainable_rice_cultivation.pdf (accessed on 1 July 2019).

46. SRP. The SRP Performance Indicators for Sustainable Rice Cultivation (Version 2.1), Sustainable Rice Platform. Bangkok. 2020.
Available online: https://www.sustainablerice.org/resources/ (accessed on 9 November 2020).

47. SRP. The SRP Standard for Sustainable Rice Cultivation (Version 2.1), Sustainable Rice Platform. Bangkok. 2020. Available online:
https://www.sustainablerice.org/wp-content/uploads/2021/09/103-SRP-Standard-Version-2.1.pdf (accessed on 1 July 2019).

48. Bacenetti, J.; Fusi, A.; Negri, M.; Bocchi, S.; Fiala, M. Organic production systems: Sustainability assessment of rice in Italy. Agric.
Ecosyst. Environ. 2016, 225, 33–44. [CrossRef]

49. Dastan, S.; Ghareyazie, B.; Soltani, A.; Omidi, M. The life cycle assessment (LCA) of rice in conventional, intensive and
conservation systems. In Proceedings of the 2nd International and 14th National Iranian Crop Science Congress, Rasht, Iran,
30 August–1 September 2016.

50. Eranki, P.L.; El-Shikha, D.; Hunsaker, D.J.; Bronson, K.; FLandis, A.E. A comparative life cycle assessment of flood and drip
irrigation forguayule rubber production using experimental field data. Ind. Crop. Prod. 2017, 99, 97–108. [CrossRef]

51. Jimmy, A.M.; Khan, N.A.; Hossain, M.N.; Sujauddin, M. Evaluation of the environmental impacts of rice paddy production using
life cycle assessment: Case study in Bangladesh. Model. Earth Syst. Environ. 2017, 3, 1691–1705. [CrossRef]

52. Roy, P.; Nei, D.; Orikasa, T.; Xu, Q.Y.; Okadome, H.; Nakamura, N.; Shiina, T. A review of life cycle assessment (LCA) on some
food products. J. Food Eng. 2009, 90, 1–10. [CrossRef]

53. Bossel, H. Assessing viability and sustainability: A systems based-approach for deriving comprehensive indicators sets. Conserv.
Ecol. 2001, 5, 12.

54. FAO. A Literature Review on Frameworks and Methods for Measuring and Monitoring Sustainable Agriculture. Available online:
http://www.fao.org/3/br906e/br906e.pdf (accessed on 30 June 2021).

55. Wieck, C.; Hausmann, I. Indicators everywhere: The new accountability of agricultural policy? In Proceedings of the 172nd
EAAE Seminar, Brussels, Belgium, 28–29 May 2019.

56. Reed, M.S.; Fraser, E.D.G.; Dougill, A.J. An adaptive learning process for developing and applying sustainability indicators with
local communities. Ecol. Econ. 2006, 59, 406–418. [CrossRef]

https://digital-library-drupal.s3.sa-east-1.amazonaws.com/library-content/safa_sustainability_assessment_of_food_and_agriculture_systems_indicators.pdf
https://digital-library-drupal.s3.sa-east-1.amazonaws.com/library-content/safa_sustainability_assessment_of_food_and_agriculture_systems_indicators.pdf
https://digital-library-drupal.s3.sa-east-1.amazonaws.com/library-content/safa_sustainability_assessment_of_food_and_agriculture_systems_indicators.pdf
http://doi.org/10.1016/j.agsy.2014.10.004
http://doi.org/10.1051/agro:2008001
http://doi.org/10.1016/j.agsy.2007.07.009
http://doi.org/10.1016/S1470-160X(02)00043-2
http://doi.org/10.1016/S1161-0301(03)00039-X
http://doi.org/10.1016/j.agsy.2004.07.015
http://doi.org/10.1007/s10661-019-7344-0
http://www.ncbi.nlm.nih.gov/pubmed/30826990
http://doi.org/10.1016/j.jclepro.2011.12.005
http://doi.org/10.1016/j.scitotenv.2018.03.088
http://doi.org/10.1016/j.jfoodeng.2006.04.017
http://doi.org/10.3390/su9020325
http://www.sustainablerice.org
https://assets.rikolto.org/paragraph/attachments/srp_performance_indicators_for_sustainable_rice_cultivation.pdf
https://assets.rikolto.org/paragraph/attachments/srp_performance_indicators_for_sustainable_rice_cultivation.pdf
https://www.sustainablerice.org/resources/
https://www.sustainablerice.org/wp-content/uploads/2021/09/103-SRP-Standard-Version-2.1.pdf
http://doi.org/10.1016/j.agee.2016.03.046
http://doi.org/10.1016/j.indcrop.2017.01.020
http://doi.org/10.1007/s40808-017-0368-y
http://doi.org/10.1016/j.jfoodeng.2008.06.016
http://www.fao.org/3/br906e/br906e.pdf
http://doi.org/10.1016/j.ecolecon.2005.11.008


Sustainability 2021, 13, 11123 16 of 16

57. IPCC. IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by the National Greenhouse Gas Inventories Programme;
Eggleston, H.S., Buendia, L., Miwa, K., Ngara, T., Tanabe, K., Eds.; World Rice Statistics; IGES: Japan, 2006; Available online:
http://www.ipcc-nggip.iges.or.jp (accessed on 1 November 2019).

58. Nemecek, T.; Bengoa, X.; Lansche, J.; Mouron, P.; Riedener, E.; Rossi, V.; Humbert, S. Methodological Guidelines for the Life
Cycle Inventory of Agricultural Products; Version 3.0; World Food LCA Database (WFLDB). Quantis and Agroscope: Lausanne,
Switzerland; Zurich, Switzerland, 20 July 2015.

59. Faist Emmenegger, M.; Reinhard, J.; Zah, R. Sustainability Quick Check for Biofuels–Intermediate Background Report; With contributions
from T. Ziep, R. Weichbrodt, Prof. Dr. V. Wohlgemuth, FHTW Berlin and A. Roches, R. Freiermuth Knuchel, Dr. G. Gaillard;
Agroscope Reckenholz-Tänikon: Dübendorf, Switzerland, 2009.

60. Devkota, P.K.; Pasuquin, E.; Elmido-Mabilangan, A.; Dikitanan, R.; Singleton, G.R.; Stuart, A.M.; Vithoonjit, D.; Vidiyangkur, L.;
Arlyna Budi Pustika, A.B.; Afriani, R.; et al. Economic and environmental indicators of sustainable rice cultivation: A comparison
across intensive irrigated rice cropping systems in six Asian countries. Ecol. Indic. 2019, 105, 199–214. [CrossRef]

61. Frischknecht, R.; Jungbluth, N.; Althaus, H.-J.; Bauer, C.; Doka, G.; Dones, R.; Hischier, R.; Hellweg, S.; Humbert, S.; Köllner, T.;
et al. Implementationof Life Cycle Impact Assessment Methods; Ecoinvent Report no. 3, v2.0; Swiss Centre for Life Cycle Inventories:
Dübendorf, Switzerland, 2007.

62. Zhen, L.; Michael, A.; Zoebisch, M.A.; Chen, G.; Feng, Z. Sustainability of farmers’ soil fertility management practices: A case
study in the North China Plain. J. Environ. Manag. 2006, 79, 409–419. [CrossRef]

63. Zhang, W.L. Investigation of nitrate pollution in groundwater due to nitrogen fertilization in agriculture in North China. J. Plant
Nutr. Fertil. Sci. 1995, 1, 80–87. (In Chinese)

64. Zhang, X.Q.; Qu, S.G.; Xu, X.; Zhang, G.L.; Li, Y.H.; Liu, Q.M.; Zhao, X.R. Soil nutrition distribution and content in the plough
layer in Dezhou district. J. Shandong Agric. Univ. 1998, 29, 143–147.

65. World Health Organization (WHO). Guidelines for Drinking-Water Quality. 1993. Available online: https://apps.who.int/iris/
handle/10665/259956 (accessed on 1 July 2019).

66. Fusi, A.; Bacenetti, J.; González-García, S.; Vercesi, A.; Bocchi, S.; Fiala, M. Environmental profile of paddy rice cultivation with
different straw management. Sci. Total. Environ. 2014, 494–495, 119–128. [CrossRef] [PubMed]

67. Chen, H.; Gao, Z.; Zeng, W.; Liu, J.; Tan, X.; Han, S.; Wang, S.; Zhao, Y.; Yu, C. Scale effects of water saving on irrigation efficiency:
Case study of a rice-based groundwater irrigation system on the Sanjiang plain, northeast China. Sustainability 2017, 10, 47.
[CrossRef]

68. Mayer, A.; Rienzner, M.; Cesari de Maria, S.; Romani, M.; Lasagna, A.; Facchi, A. A comprehensive modelling approach to assess
water use efficiencies of different irrigation management options in rice irrigation districts of northern Italy. Water 2019, 11, 1833.
[CrossRef]

http://www.ipcc-nggip.iges.or.jp
http://doi.org/10.1016/j.ecolind.2019.05.029
http://doi.org/10.1016/j.jenvman.2005.08.009
https://apps.who.int/iris/handle/10665/259956
https://apps.who.int/iris/handle/10665/259956
http://doi.org/10.1016/j.scitotenv.2014.06.126
http://www.ncbi.nlm.nih.gov/pubmed/25038430
http://doi.org/10.3390/su10010047
http://doi.org/10.3390/w11091833

	Introduction 
	Main Sustainability Assessment Methodologies Based on Indicators and Sustainability Dimensions 
	Indicator Selection and Type of Data Required 
	Spatial Scale of the Assessment and Data Collection 
	Overall Sustainability Judgement 
	Sustainability Assessment of Rice Agro-Ecosystems 
	Discussion on the Criticalities of the Existing Methodologies 
	Concluding Remarks and Future Research Needs 
	References

