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Preface

In recent decades, food systems have been pivotal in discussions regarding sustainable
development, especially within the framework of the 2030 Agenda for Sustainable Development
and the Sustainable Development Goals (SDGs). These systems are currently facing unparalleled
challenges, such as climate change, the loss of biodiversity, resource scarcity, and population growth,
while simultaneously playing a significant role in these issues. For example, the COVID-19 pandemic
has highlighted the weaknesses of contemporary food systems, worsening problems like food
insecurity, malnutrition, rural poverty, and social inequality. This situation has escalated demands for
fundamental changes toward sustainability, stressing the importance of strategies such as sustainable
agriculture, sustainable diets, short supply chains, and the minimization of food waste. Nevertheless,
various approaches reveal differing viewpoints on sustainability, underscoring the necessity for
cohesive food policies and governance reforms to facilitate this shift while managing trade-offs
between sustainability dimensions.

This reprint of the Special Issue “Sustainable Agri-Food Systems: Environment, Economy,
Society and Policy—2nd Edition” consists of an editorial and 14 articles. The 14 articles explore
various dimensions of sustainable agri-food systems and can be categorized into three thematic areas:
(1) community-based sustainability and socio-economic resilience, (2) environmental sustainability,
and (3) consumption patterns and food system dynamics. Together, they offer a comprehensive
perspective on the challenges and opportunities in building more sustainable and resilient agri-food

systems.

Tarek Ben Hassen, Hamid El Bilali, and Carola Strassner
Guest Editors
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Food systems encompass all elements and activities involved in producing, processing,
distributing, and consuming food, along with their outputs. A sustainable food system
ensures its socio-economic and environmental outcomes do not compromise the resources
and bases needed by future generations. Over recent decades, food systems have been
central to debates on sustainable development, particularly within the 2030 Agenda for
Sustainable Development and the Sustainable Development Goals (SDGs). These systems
face unprecedented pressures, including climate change, biodiversity loss, resource scarcity,
and population growth, while also contributing significantly to these challenges. For in-
stance, the COVID-19 pandemic has further exposed the vulnerabilities of modern food
systems, exacerbating issues like food insecurity, malnutrition, rural poverty, and social
inequality. This has intensified calls for systemic transformations toward sustainability, em-
phasizing strategies such as sustainable agriculture, sustainable diets, short supply chains,
and reducing food waste. However, diverse approaches reflect differing perspectives on
sustainability, highlighting the need for integrated food policies and governance reforms to
achieve this transition.

The 14 papers in this Special Issue explore various dimensions of sustainable agri-
food systems and can be categorized into three thematic groups: (1) community-based
sustainability and socio-economic resilience, (2) environmental sustainability, and (3) con-
sumption patterns and food system dynamics. These contributions offer a comprehensive
perspective on the challenges and opportunities in building more sustainable and resilient
agri-food systems.

Firstly, regarding community-based sustainability and socio-economic resilience, in
their research, Corubolo and Meroni (Contribution 1) examined how design can support
transition strategies in complex food systems by employing Design-Orienting Scenar-
ios (DOSs) and their evolution into Transitioning Design-Orienting Scenarios (T-DOS).
Applied to the Milano Food System, T-DOSs combine governance and sustainability strate-
gies to foster multi-actor collaboration and define transformative roles and projects. The
methodology is presented as a tool for systemic, outcome-oriented design conversations,
leveraging local challenges and resources for practical application in food systems and other
complex domains.

Building on the theme of localized strategies for resilience, Acevedo-Ortiz et al. (Con-
tribution 2) focused on rural communities in Oaxaca, Mexico, which face challenges such as
food insecurity, economic instability, and loss of traditional agricultural knowledge. Their
study explored how crowdfunding-supported home gardens can enhance food security,

Sustainability 2025, 17, 1667
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economic resilience, and community empowerment. Their results showed improved food
security for over 70% of households, a 20% reduction in food expenses, and increased
income from surplus crops. Traditional practices and community collaboration strength-
ened women’s empowerment and ecological sustainability, demonstrating the potential of
blending traditional knowledge with modern funding for sustainable agricultural systems.

A related aspect of community-driven food system sustainability is the role of cultural
food movements in shaping local economies and food security. Nazifi et al. (Contribu-
tion 3) explored the prerequisites for advancing the Slow Food movement in Iran using
a mixed-methods approach, including semi-structured interviews with 15 experts and a
structural equation model for quantitative analysis. Six key facets emerged—extension
strategies, movement propagation methods, supportive policies, intervening conditions,
causal triggers, and outcomes—encompassing 38 sub-components. Significant factors influ-
encing Slow Food promotion included disease prevention, festivals and exhibitions, law
revisions, lifestyle changes, food tourism enhancement, and human resource optimization,
highlighting actionable pathways for advancing the movement.

Beyond food movements, entrepreneurship plays a crucial role in the economic, social,
and environmental sustainability of agri-food systems. Focusing on Perak (Malaysia),
Jaafar et al. (Contribution 4) found that different internal factors (e.g., agropreneurs’
attitudes toward sustainability), external factors (e.g., family support, social networking),
and subjective norms affect the sustainability of agricultural entrepreneurship in Malaysian
rural settings. The study suggests that preparing a new generation of agri-entrepreneurs
who are sustainability-minded requires considering the different internal, external, and
psychological factors in their training and capacity building.

Finally, sustainable transitions in agri-food systems must also consider their impact
on human well-being, particularly among marginalized communities. Pandey et al. (Con-
tribution 5) investigate the effects of land use changes from traditional, so-called shifting
cultivation to intensified mono-cropping on the psychological well-being of indigenous
people across six states in Northeast India. Between 2000 and 2015, landscape changes
were mainly due to external interventions, with increased green cover, access to educa-
tion, and income. Cross-sectional data from almost 500 village respondents reported a
decline in traditional cultivation, land ownership, diversity of cultivated and wild edible
plants, and social cohesion, adversely affecting their psychological well-being. Interestingly,
respondents were aware of the effects on their well-being as migration increased with
decreased shifting cultivation, pointing to the necessity of considering the cultural needs of
indigenous people for successful transformations.

Secondly, regarding environmental sustainability, there is a dual relationship between
the food system and the natural environment. Indeed, food systems are shaped mainly by
the natural environment in which they develop. At the same time, they affect the natural
environment, either positively or negatively. At the farm level, Cruz et al. (Contribution
6) analyzed the sustainability of bovine production systems in Colombia’s Cundinamarca
Department, where diverse milk, beef, and dual-purpose farms operate across varying
climates. Using the MESMIS methodology, they evaluated social, environmental, and
economic indicators, finding that dairy systems excelled in productivity and environmental
performance but scored lowest in social sustainability. In contrast, dual-purpose systems
demonstrated stronger self-management and social resilience. Their findings highlight
how economic sustainability improves with production intensification, particularly favor-
ing dairy farms. These insights can help guide public policies that support sustainable
agricultural development while balancing environmental and social considerations.

Expanding from farm-level sustainability to regional sustainability, Liang et al. (Con-
tribution 7) evaluate the interplay of the low-carbon economy, agricultural products, and
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resource environment across eight Chinese regions, revealing significant imbalances in
North, Northwest, and Northeast China. Using principal component analysis (PCA), they
found strong explanatory power for agricultural and resource-environment systems. From
2010 to 2020, the national Economic-Agricultural-Resource-Environment (EARE) system
advanced from sub-coordinated to coordinated growth, transitioning from resource growth
lagging behind economics to economic growth lagging behind resource-environment
growth. The findings highlight the need for targeted policies to promote balanced
regional sustainability.

At the ecosystem level, Yadav et al. (Contribution 8) analyzed vegetation’s responses
to hydroclimatic factors in arid and semi-arid climates in Rajasthan (India). They found
that the normalized difference vegetation index (NDVI), evapotranspiration (ET), and
rainfall exhibited upward trends, while the rainfall and land surface temperature (LST)
demonstrated a downward trend. The NDVI increase suggests vegetation improvement
and a decrease in degraded lands despite increased cultivated land. The study suggests
that the impacts of climate change are context-specific. Consequently, food system con-
ceptualization and their sustainability assessment should consider the context in each
territory/country.

Beyond direct environmental impacts, food waste is often seen as a symptom of unsus-
tainable food systems. The COVID-19 pandemic was a significant stressor on global food
supply, exposing vulnerabilities in waste management. Baya Chatti et al. (Contribution 9)
postulated that food waste poses a significant challenge in the Near East and North Africa
(NENA) region. The pandemic acted as a catalyst for a split in consumer behaviors with
positive and negative trends regarding food wastage, and the application of the circular
economy approach remains limited despite its potential. Overall, the pandemic highlighted
the pressing need to address food waste while spurring innovative policy ideas and strate-
gic planning, emphasizing the necessity of integrated policies to navigate post-pandemic
recovery successfully.

Geopolitical conflicts are another major shock to food systems, which can disrupt
food security at multiple levels. In this respect, Rabbi et al. (Contribution 10) explored
how the ongoing Russia-Ukraine conflict impacts the pillars of food security (availability,
access, use, stability) in Europe and examined possible strategies to mitigate these impacts.
They postulated that the conflict differentially affected food security in Europe. Europe’s
food supply is not at risk, but the conflict could affect food accessibility /affordability
and production costs. The paper concludes that enhancing food aid, improving access
to affordable production factors (e.g., inputs, energy), shifting towards sustainable diets
and food habits, and removing agri-food trade barriers can protect food security pillars
and bolster the resilience of the European food system. The study shows that food system
sustainability, resilience, and food security are strongly linked and should be addressed in
an integrated and systemic way.

Finally, a holistic food systems approach is essential for understanding the complex
interactions and dynamics within agri-food systems. In their systematic scoping review,
Pryor et al. (Contribution 11) identified existing frameworks for analyzing the human
and environmental outcomes of these systems. On this basis, a conceptual framework
specific to modern industrialized agri-food systems, explicitly including policy and gover-
nance, was developed. According to the authors, users can apply the framework to specific
goals, including identifying facilitators and barriers to effective policy, places to intervene
in the system, and windows of opportunity for successful transformation. The frame-
work highlights the importance of analyzing actors’ interests and potential trade-offs in
policy implementation.
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Thirdly, regarding consumption patterns and food system dynamics, sustainable agri-
food systems encompass various interconnected issues that often require cross-disciplinary
approaches to uncover new insights and bridge existing knowledge gaps. These studies
explore how cultural, material, and historical factors shape food consumption, valuation,
and dietary transitions. One unique perspective on food presentation and consumer
behavior is offered by Szmagara (Contribution 12), who examines the role of blue color
and food coloring in the food industry. This qualitative assessment explores how economic,
environmental, and socio-cultural dimensions—including health, history, and perception—
shape the sustainability of natural and synthetic blue food colorants. The study highlights
the complex relationship between food esthetics and consumer choices, discussing how
both synthetic and natural coloring agents impact food quality control and appeal. By
focusing on something as seemingly simple as food coloring, the research provides a lens
through which broader issues of food system sustainability and consumer engagement can
be better understood.

Extending this exploration of food perception and valuation, Aare et al. (Contribution
13) adopt a socio-material perspective to examine how actors in the agri-food system interact
with food and attribute value to it. The gap explored here is the unquestioned central role
of actors in everyday practices, often obscured by a focus on socio-technical transitions or
their governance. This original research discusses valuing practices, specifically focusing on
fresh grain legumes in Denmark, and how these practices influence a sustainable transition.
The study emphasizes that multiple realities exist within the agri-food system, affecting
how actors value practices. Valuing is portrayed as an active engagement that can lead to
meaningful changes in the agri-food system. Food professionals are crucial in developing
new ways to value food ingredients.

Beyond consumer perception and food valuation, historical shifts in agriculture and
diet offer critical lessons for shaping future food system transitions. Ramenzoni et al.
(Contribution 14) examined the impact of agricultural changes on food availability and
dietary diversity in a farming and fishing community in Cuba over four decades. The
original research integrates data from focus groups, nutritional surveys, and interviews
conducted between 2016 and 2022 with the context of momentous economic and environ-
mental challenges. Two major agroecological transitions are discussed: the first involves
sugar mono-crop intensification, while the second emphasizes decentralization and diversi-
fication. The findings underscore the need for local comprehensive assessments of dietary
and coping strategies to understand sustainable transformations in agroecological contexts.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: This article explores how design, as a disciplinary field, can play a role in conceiving and
supporting transition strategies within complex food systems where multiple actors are involved and
sustainability is a priority. The work builds on the methodology of Design-Orienting Scenarios (DOS),
which are future-oriented narratives motivated, illustrated, and visualized through specific solutions.
DOS are applied here to contribute to the ongoing transformation of the Milano Food System, which
is at the intersection of dynamics influencing the activities of its various ‘nodes’—pivotal points in the
supply chain. A specific scenario is then co-designed with relevant actors, combining two influencing
factors: governance and sustainability strategy. The aim of this scenario is to highlight areas of
multi-actor collaboration and spark transformative projects while also defining roles, values, and
capabilities. This article further introduces the evolution of DOS into Transitioning Design-Orienting
Scenarios (T-DOS), designed to facilitate outcome-oriented transitions. Characterized by a multi-actor
and relational perspective, T-DOS engage stakeholders through a structured process, leveraging local
challenges, resources, and actors to ensure the relevance and applicability of practical futures. The
T-DOS methodology is finally discussed as a tool to guide systemic design-oriented conversations
within the food system and, more broadly, within complex systems.

Keywords: food system; design-orienting scenario; service design; alternative food networks;
codesign; transition; sustainability

1. Introduction: Tackling the Complexity of Food Systems

Where to start in making a food system more sustainable?

A radical transformation of food systems is claimed by several entities to be an indis-
pensable step toward sustainability to achieve Agenda 2030 [1-4]. General policies that
acknowledge the interconnectedness of different systems, prioritize synergistic collabo-
ration over conflict, and implement strategies that address the intersections of various
Sustainable Development Goals, as well as the impact of food systems on climate and
natural resources, are considered to be essential for any effective action. At the same time,
context-specific policy solutions tailored to address diverse challenges are recognized as
being crucial.

Without claiming to solve such a complex issue with a single tool or perspective, this
article presents a contribution from the discipline of design and discusses it in relation to a
specific local food system.

1.1. Local Food Systems: A Perspective to a Problem and Related Opportunities

A food system is the combination of activities, actors, and elements involved in the
production, processing, transport, and consumption of food within a given context, and
the output of these activities, including socio-economic and environmental outcomes [5]. It

Sustainability 2024, 16, 9598. https://doi.org/10.3390/5u16219598 6

https:/ /www.mdpi.com/journal/sustainability



Sustainability 2024, 16, 9598

is well known that the sustainability of (food) systems depends on several interconnected
issues and requires, indeed, a systemic approach for highly complex situations [6-8].

Several intertwined trends, in fact, affect food systems and their outcomes, such as
the following: climate change and resource degradation, agricultural and data-driven
technologies, market expansion or disruption, concentration in supply chains, chang-
ing demand, limited access to resources for small-scale producers, increasing inequality
and poverty, population change, and urbanization. Together, these trends drive food
system transformations.

So, as are all systems, food systems are complex and adaptive. Complexity means
that system’s components are interdependent and that the interactions between them are
dynamic. Adaptivity means that systems change behavior in response to their environ-
ment, but the behavior of the whole may not be predictable according to the behavior
of its components.

In the effort to make any system more sustainable, these two characteristics lead to
uncertainty in decision-making. Hence, “rehearsing plausible options” for the future [9]
might be more meaningful and accurate than attempting to generate precision results with
early and uncertain data. For these kinds of “wicked problems” (namely, issues that are ill-
formulated, confusingly intertwined within systems, and are subject to conflicting interests
and indeterminacy), design, as a discipline, aims to be an integrative factor. That is, to quote
a well-known essay by Buchanan, a discipline that explores the relationships between
“signs, things, actions and thoughts” [10] and that moves forward through experimental
problem-solving, where knowledge emerges as a step-by-step interaction among players.

Design, thus, addresses food systems through an integrative and relational approach
that begins with interpreting ongoing situations, aims at sense-making, and ends up with
solutions. The inspiration may come from what is observed in the present, is guided by
values and aspirations, and leads to generating visions for the future [11-13]. Assuming
that tomorrow will result from what we produce starting now, designers start imagining
the future by selecting and giving coherence to the present signals considered to be most
favorable. Then, they define an image of the world as it would be “if” possible futures were
realized, even when this seems to be a leap from fragile foundations. This design practice
is called scenario building, where scenarios are ‘rehearsing spaces’ to “highlight central
elements of possible futures and draw attention to important key aspects that will affect
future developments” [9] (p. 2145).

1.2. Research Hypothesis and Objectives

The research presented in this article, coordinated by the Polimi DESIS Lab of the
Design Department of Politecnico di Milano in collaboration with scholars from other
departments and disciplines (Involved universities: OnFoods’ project SCIN_GO (Scientific
Innovation, Technology and Sustainability: Governance and Regulation) Universita degli
Studi di Milano, Universita di Pisa, Universita di Catania, Universita degli Studi di Parma;
On Foods’ project FAI_FRU (Fair and efficient wholesale market for improving fruit and
vegetable consumption) Universita di Catania, Universita degli Studi di Parma. In such
projects, Politecnico di Milano in involved through the Departments of Design and the
Department of Management, Economics and Industrial Engineering), aims to investigate,
through scenarios, the possible evolutions of the food system of the City of Milano in Italy,
toward environmental, social, and economic sustainability. For doing so, it highlights
and discusses areas of opportunity for innovation and collaboration between the different
stakeholders, and co-designs, orients, and supports a transitioning strategy of some specific
actors. The research operates within the framework of a national research program titled
titled “OnFoods—Taking Action on Food Systems, Focused on Sustainability, Working
on Safety, Security and Health” and, in particular, its sub-focus on “Scientific Innovation,
Technology and Sustainability: Governance and Regulation”.

The research group has an extensive track record of projects on sustainable food
systems and food services, applying strategic and service design methodologies to the
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field of food. The project Nutrire Milano (Feeding Milan), which ran from 2009 to 2015
in collaboration with Slow Food Italia and the University of Gastronomic Sciences, was
a pioneering experience in applying design to the field of food [14]. Design thinking was
employed to envision a future where short food supply chains could become effective
alternatives to the conventional industrial system in Milan. An ambitious narrative of the
future was co-created with key stakeholders, connecting people and places of local food
production in an urban and peri-urban vision. Accordingly, several specific food chains
were considered, and various stakeholders, including citizens, were engaged to co-design
and experiment with new, interconnected services. These services were then prototyped
and tested over time. Some of them became established, such as a farmers’ market (named
‘Earth Market’), which has since expanded and grown.

The experience of this project generated significant momentum in designing for the
food system, producing various outcomes. More recently, adopting the same systemic
approach, an applied project focused on the redistribution of surplus food for charity, while
also providing real support to local groceries and harnessing the potential of neighborhood
solidarity (www.sospesanolo.it).

The methodology of designing specific interconnected solutions within a vision that
embraces the whole system has various roots. One of them traces back to Gregory Bateson,
who, in his seminal work on ecology and evolution [15], interprets innovation as something
that can only emerge from “chaos”. He claims that, since evolution is the learning of a
species and a perpetual innovation based on trial and error, what matters is the power of
an idea and its potential to work, not its current numerical relevance. Therefore, a small
accidental fact emerging from chaos can create a discontinuity and become, if it fits into
a particular environment, the driver of the system’s evolution. In other words, no matter
how few people are doing something today, if it is made appealing and feasible, it can
shape the future. He also argues that the minimum unit of survival in evolution is never
simply an individual organism or species, but always species-plus-environment.

This research is based on two hypotheses that stem from Bateson’s studies:

e The first one is that seizing weak yet promising signals of sustainable ways of produc-
ing, processing, or consuming food (namely, the Alternative Food Networks—AFN),
and elaborating on them can be a way to shape the future, if properly designed.

e  The second one is that players’ efforts to innovate can be driven not only by selfish
reasons, but also by understanding that favoring the system’s interests can strategically
benefit their own ones.

Strategic designers are in the position of facilitating this evolutionary learning by
building scenarios that activate conversations among the system’s players and with
wider society [11,16,17].

These hypotheses lay the basis of a method and a process to build a contextualized
scenario for the transition of the Milanese food system to a more sustainable future and
to develop a vision that emphasizes the relationships between the actors of the system in
view of a common interest.

1.3. A Need for Change in a Food System

The work on the scenario comes at a time when the Milano food system has expressed
a need for change within a broader framework of policy transformations. It must be
noted that the city has a Food Policy and a Food Policy Pact since 2015, when the mayor
launched an international protocol aimed at tackling food-related issues at the urban level,
to be adopted by as many world cities as possible. The Pact was signed during the Milan
international EXPO 2015 by more than 100 cities (https:/ /www.milanurbanfoodpolicypact.
org/). It is a working tool to implement sustainable food policies, and has brought in to
implement a specific food policy for the city of Milano, too. After a decade, this policy
has brought several projects and pilot actions involving different public and private actors
across the city (https:/ /www.milanurbanfoodpolicypact.org/mufpp-projects/, accessed
on 25 October 2024).
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Recently, two transformation trajectories under the umbrella of the food policy have
been affecting the entire system and involve some of its main actors: the wholesale market
and the network of neighborhood food waste hubs, an infrastructure established in 2019 to
combat food waste by redistributing surplus food.

The wholesale market of the city is undergoing a radical and extensive renovation to
update its spatial and technological infrastructures, accommodate the municipal school’s
catering kitchen, modernize logistics, optimize circular processes for surplus food recovery
and redistribution, and create space for food labs and training initiatives (https://www.
sogemispa.it/progetto_foody_2025, accessed on 25 October 2024). These transformations
do not happen in isolation and have an impact on the entire ecosystem. Additionally,
the wholesale market company is gradually taking on the responsibility of managing
the network of indoor neighborhood markets on behalf of the Municipality. The new
responsibility represents a significant challenge for the company, requiring not only a
vision for the consumer markets, but also new organizational competencies.

The food waste hubs, following the successful proof of concept demonstrating their
effectiveness in reducing food waste and redistributing it to the most vulnerable popu-
lations, are now in the process of consolidation, evolution, and expansion [18]. To this
end, the Municipality initiated an extensive co-design and co-planning process with key
stakeholders, not only to optimize processes and logistics, but also to better integrate the
hubs into the neighborhoods, train managing actors, and complement food aid with social
policies to avoid the risk of welfare dependency. Ultimately, one goal is also to achieve
medium- to long-term economic sustainability. This evolution is envisioned as being closely
connected to other actors in the system, namely neighborhood indoor and street markets,
large-scale retail distribution, and the wholesale market.

These two strategies are, per se, drivers for the actors to engage in a systemic process
of rethinking their activities within a shared vision for the future. The work presented in
this article is situated within this context.

2. Background: Scenarios and Design-Orienting Scenarios

In all fields, scenarios are conjectural artifacts widely used to think about the future
evolution of some hypothetical situation, the alternatives to it, and the process to get
there [19]. They may take different forms of narrative description of a possible state of
development over time [20,21], often integrated with visual elements and other supporting
information. They are aimed at stimulating and framing some strategic conversation
on the future, elicit feedback, and stimulate imagination by involving different parties,
considering different perspectives, connecting different issues, and several variables [22,23].
The literature on scenarios is vast and falls under the umbrella of “future studies”.

According to Borjeson et al. [23], scenarios can be broadly classified into three main
typologies, each corresponding to different techniques, and offering different usefulness:
explorative, predictive, and normative.

Explorative scenarios respond to the question “What can happen?”, they explore
what might happen in the future, regardless of beliefs or desires. They consider, from
various perspectives, situations that could occur. These scenarios are typically organized
in sets, that is, reasonable numbers of possibilities in the medium to long term. Then,
they explicitly explore structural and deep transformations that may affect a target group,
starting from a present situation. Thus, they allow for the exploration of the consequences
of alternative developments.

Predictive scenarios respond to the typical question “What will happen (if. . .)?”, where
the response is conditional to a certain fact happening.

Normative scenarios respond to the question “How can a specific target be reached?”
and take a target as a starting point to be, in fact, achieved.

Almost all these typologies might be both quantitative and qualitative; additionally,
some of them might consider internal or external influencing factors, which are factors
controllable (or not) by the actor(s) in question.
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Scenario building, then, is a well-known method for engaging multiple and diverse
stakeholders in commonly relevant projects and securing their commitment [24-26]. For
instance, public administrations can engage social parties in scenario co-design to commit
to new visions and converge social creativity and innovation.

When it comes to design, scenarios are intended as narrative and visual stories of the
future, characterized by distinctive factors, forces, and values that shape alternative possible
directions. Scenarios, thus, are qualitative and actionable tools to enable speculative
or pragmatic thinking, aimed at identifying and exploring design opportunities. They
are neither predictions nor forecasts, but explorations aimed at achieving some value.
Therefore, scenarios are design proposals generated through abductive thinking [27] and
result from so-called “productive reasoning” [28], which builds on observed characteristics,
previous knowledge, and models. They are parts of wider creative processes that trigger
design conversations about the future, and thus they are often based on a ‘relational
worldview’ [8], namely, they shift focus from things and materials to relationships and
structures within the considered contexts and systems.

Design-Orienting Scenarios (DOS) [11] are stories of the future that are motivated,
illustrated, and visualized through specific solutions. Based on actionable opportunities or-
ganized in a consistent way, DOS can help to identify, define, and co-design transformative
projects, while outlining roles, values, and capabilities of the different actors. Therefore,
they are processes rather than fixed artifacts, and are collaborative processes. The nature of
DOS is intrinsically explorative, yet they are processes often complemented by predictive
parts linked to specific “what if questions”, and integrated by normative parts, whose aim
is to define specific targets to reach. The scenario described in this article is precisely a
mixed typology in which the sequence of types responds to the reason why for the different
parts in the process, oriented towards a sustainable transition of the system.

Regardless of the field of application, scenarios have meta-features—transversal com-
mon traits (sometimes referred to as ‘aspects’ or ‘characteristics’)—that can be used to
describe them and are influenced by their typology. Based on an analysis of the literature
and case studies, these meta-features can be summarized into ten points (Table 1) that pro-
vide a quick comparative overview of different scenarios. The methodology for identifying
the meta-features of scenarios was based on a twofold approach involving a review of the
literature and an analysis of case studies. The literature review spanned among three main
disciplinary fields, futures studies, scenario building, and design research, with a focus
on methodologies like Design-Orienting Scenarios, to identify recurring meta-features
and the structural components of scenarios. These fields were chosen because they offer
insights into a scenarios’ role, short-, medium-, and long-term perspectives, and innovative
approaches to scenario (co-)creation, particularly in contexts where human-centered and
sustainability-oriented factors are key. This interdisciplinary approach ensured a broad
understanding of the meta-features that consistently appear across different scenario ty-
pologies. Simultaneously, an extensive analysis of existing case studies was conducted,
including projects developed by the authors’ research group and a wide array of initiatives
from the DESIS network (The Design for Social Innovation and Sustainability (DESIS)
network consists of 68 DESIS Labs around the world: academics, researchers and students
belonging to higher education institutions or universities in the field of design, who ori-
ent their design and research activities towards social innovation.), offering insights and
validating the identified meta-features across various contexts.

The ten points presented in Table 1 lay the groundwork for comparing different
scenarios, so as to help understand which types can effectively aid in a food system toward
environmental and social sustainability.

As an expansion of the list of meta-features, the scenario’s structure can be further
detailed. However, the aforementioned cases allow the authors to find recurring elements
in the way scenarios are structured and presented:

e  The title and key words, which briefly explain the contents.
e  The narrative, which provides a description of the contents.

10
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e The trends, which refers to the macro/micro external or internal factors considered
when building the scenario.

e The presence of pioneering solutions, seeds, or weak signals, which refer to cases and
solutions existing in the present time that can be seen as anticipations of the scenario
and/or their inspirations.

e The opportunities the scenario identifies for innovative solutions.

e  The enablers, which might be factors, people, or organizations that may favor the
scenario to happen.

Table 1. Scenario’s meta-features as transversal common traits.

Scenario’s Meta-Features Explanation

Approach The system’s main structure, contemplating (or not) alternatives

The extension and the reach of the scenario, including the focus on

Scale and scope . i .
a systemic or a specific topic

Timeframe Short (<10 years), medium (10-30 years), or long (30-50 years)

Who is involved in the generation, co-design, and development of

Actors involved .
the scenario

The scenario’s intended users and, therefore, the perspective that

Actors targeted the scenario adopts

Reason why The purpose and usefulness of the scenario for the target users

The method used to gather data, generate ideas, elaborate them,

Meth 5
ethod and process and check them with contexts, people, and relevant factors
Focus on internal or external factors What is within or beyond the control of the relevant actors
Structure The way the scenario is orgamze@ to present contents clearly
and effectively
Distinctive and original The knowledge the scenario conveys and the message it intends to
contents give; this feature is intrinsically connected to the previous one

The following paragraph presents an analysis and a comparison of two food system
scenarios selected for their alignment with the mentioned design approach and systemic
perspective. This comparison aims to highlight elements that underscore the distinctiveness
of the designer’s approach in creating food scenarios and their potential to drive system
transformations. These elements are then used to present the DOS developed for the Milano
food system, discuss similarities and differences, and describe the specific evolutions of
DOS for transitioning towards sustainable futures.

3. Scenarios in and for the Food Systems

The two scenarios, “Preferable Future of Food” and the “MUSAE” project, were
selected through a targeted research process focused on identifying food system scenarios
where design played a pivotal role in shaping their development. A key criterion for
selection was their emphasis on sustainability within food chains and systems, aligning
with the broader goal of addressing pressing environmental and social challenges. An
additional criterion was that they were developed in the recent period, following the
COVID-19 pandemic, which introduced new challenges, exacerbated existing ones, and
significantly influenced how we envision the future of food systems. Moreover, the two
analyzed scenarios on the future of food have been selected because:

e  Their value lays in the exploration of thought-provoking possible alternative directions,
generated through an abductive design approach, with a clear involvement of design
experts and methodologies and in using design tools;

e  Their focus is on systems, thus understanding and addressing the complex interrela-
tionships within a system rather than just individual components, focusing on how
parts interact and influence each other. In the context of food systems, a systemic
approach would aim at considering the entire food supply chain from production and
distribution to consumption and waste management.

11
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The selected scenarios are initially presented through their main characteristics and
are then compared in terms of meta-features and structure.

3.1. Preferable Future of Food

The first selected scenario, named the “Preferable Future of Food” [29], was developed
by SALLY-EY Doberman’s future lab, in collaboration with Gullspang Re investment firm,
to address pressing issues in the food system like sustainability, food security, and health.
The initiative focuses on inspiring people in creating a more sustainable, localized, and
community-oriented food system. Part of a bigger initiative by the future manifestation
lab SALLY, it runs around creating positive change within the food industry by showing
an emerging system that has yet to come to fruition and by manifesting “these preferable
futures through the lens of digital products, services, and business models that could enable
and accelerate key transformational shifts across business and society” [29].

Structured as a story from the future looking back in time to 2023 when the old, broken
food system still was the main source of food, it introduces three primary shifts bringing
into life preferable alternatives to the status:

e “One-hour food system” for localized food production proposes a shift from industri-
alized global supply to food circles, de-intermediating the relation with producers, en-
abling local food economies, increasing the access to fresh foods nutritionally matched
to the individual, and valuing waste.

e “Community food revolution” boosts urban agriculture and social connections, adopt-
ing data-driven urban planning to reveal spaces and synergies for food production,
and imagining a new ecosystem of tech-driven services and tools that allows everyone
to produce food.

e “The impact plate” utilizes technology to promote health and environmental con-
sciousness in food choices as Al-supported tools showing the true impact of food and
integrating data to detect sustainable patterns and draft personalized services.

Each shift presents a series of concepts illustrating future products and services using
the same narrative structure: a leap into the past to highlight unsustainable behaviors and
processes, an explanation of the innovative solution, a series of enablers in the form of
events, behavioral changes and technological advancements that have occurred to achieve
this, and finally a set of existing case studies, named pioneers.

The scenarios are set in a near future that is not explicitly stated, nor is the region
or place for which they are designed, although a European context seems the most plau-
sible one. The target group is generically people working in the food system: farmers,
entrepreneurs, academia, and businesspeople. This is in line with the purpose of the
scenarios, which serve as a source of inspiration and as a manifestation of possible innova-
tions that, if amplified, could generate the imagined change in an ideal food system with
common and generic elements of unsustainability.

3.2. MUSAE Project

The second selected scenario is within the “MUSAE” (https://musae.starts.eu/)
project (funded by S+T+ARTS initiative, European Commission, 2022-2025), part of the
S+T+ARTS initiative, which envisions a future where digital and industrial technologies
are ethically developed to enhance food systems and human well-being. This ongoing
project, run by a consortium that includes Politecnico di Milano and other European institu-
tions, adopts the Design Future Art-driven (DFA) method [30], an approach that combines
elements of design, future thinking, and art to envision and explore possible future scenar-
ios. This method leverages artistic creativity and design principles to create immersive,
thought-provoking representations of the future and serves as a tool for artists and SMEs
to stimulate the innovative and creative uptake of technologies in society.

The overall project is organized in two art-tech residency calls and a prototyping
phase. The first phase involved 12 artists who produced 12 scenarios and corresponding
artworks based on identified trends: (1) reducing the carbon footprint in dietary behavior,

12
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(2) the role of food in holistic human well-being, and (3) rethinking the food chain in our
environment. The second art-tech residency program will pair the artists with 12 SMEs to
collaboratively develop concepts based on the previously created scenarios and on the use
of one or more of these technologies: artificial intelligence, robotics, or wearables. Finally,
the prototyping phase will focus on mentoring the teams to develop industrial prototypes
of their concepts. During the first phase, artists went through a defined sequence of step
that included a scenario building’s training phase, a thematic and technological immersion
to explore opportunities, trends, and potentialities, an ideation moment, and a series of
mentoring and assessment meetings with the consortium partners.

The 12 scenarios cover a timeframe between 7 and 20 years from now (2030-2040), even
though the content and esthetics of Al-generated visualizations and proposed solutions
suggest a more distant future. Although the scenarios take the European context as the
background scene, only a few of them identify a specific place, while the majority refer
to a context depicted through its generalist features and unsustainable patterns. The
focus is on emerging opportunities for companies (SMEs and startups, not only in the
food system) in terms of available technologies and scientific advances that enable new
solutions, interactions, and behaviors.

Each scenario includes a narrative, key words, images, opportunities for companies,
emerging trends, and a set of ad hoc designed elements, such as artifacts, services, and
personas, that contribute to defining the future landscape. Each one is also accompanied by
a video that guides the viewer into the future and by an artwork, being physical or digital,
that acts as a touchpoint for the scenario.

3.3. Comparison of the Scenarios

Table 2 presents a succinct comparison of the scenarios through their meta-features,
making emerge commonalities and distinctive factors.

Looking at these scenarios, some common elements and peculiar features of the two
projects can be noticed and provide an initial interpretation on how the diverse meta-
features can orient and address the use of scenarios.

The first element is the exploratory character of both scenarios, which look to the
future as a field of possibilities and opportunities to be seized, enabled by a series of mainly
technological solutions that envision a change towards a more sustainable system. In the
case of the Preferable Future of Food (PFoF), the imagined future is made available by the
integration or adoption of technologies that are already present or rapidly spreading and
act mainly as a response to unsustainable patterns, behaviors, or external events that took
place in the past (in 2022). Conversely, looking at the MUSAE project, the technology is
much more pervasive and outlines the features of both the scenarios and the opportunities
presented to companies. In addition, existing solutions and the adoption of such emerging
technologies push the future much further ahead, while claiming a timeframe of 10 years.
Each MUSAE scenario, in fact, while imagining a strong evolution on the technological side,
represents this shift in images and artworks generated using Al, thus reproducing contexts,
tools, and spaces that appear far from the present time, even esthetically. Conversely, the
PFoF project presents touchpoints and solutions (in the form of outlined apps, websites,
services, and stories) whose esthetic and design sound familiar and immediately available.
This aligns with the inspirational goal of the scenario that aims at “manifesting” change as
an initial spark of a possible strategic conversation.

Another common trait is that both projects chose not to specify a particular geographi-
cal context. Indeed, both scenarios are not situated and lack detailed elements that might
include specific actors, resources, and regulations or cultural norms at play. On one hand,
this abstraction allows for the themes to be broadly relevant to a wide range of stakeholders
within a hypothetical food system. On the other hand, it places the effort on the potential
stakeholders themselves to adapt the proposed content to their own specific contexts and
system of relationships and to foresee a roadmap for the adoption of the solutions. An
effort that, for the PFoF project, is initially supported by the link to existing pioneers,
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which are selected case studies that exemplify a practical avenue for change, while, for the
MUSAE project, the second and third phase will match artists and companies to explore
relevant opportunities and interests and to develop prototypes within the chosen scenario,
thus moving from a wider systemic scope to a more focused one, related to the selected
company and context.

Table 2. Comparison of the two scenarios throughout their meta-features and structure.

Scenarios” Meta-Features

The Preferable Future of Food

MUSAE Scenarios

Approach

Structured in three key transformational shifts
across business and society that could accelerate
change towards a more sustainable food system.

The shifts thoroughly inform different elements of
each vision.

Three thematic areas and three technologies guiding the
scenario generation in the shape of twelve alternative
futures. Each scenario is independently developed by an
artist, focused mostly on a specific technology, a specific
topic, and solution.

Scale and scope

Regional scale.
Systemic scope: outline of a whole system in its
general elements + illustrative solutions.

Local and regional scale.
Transversal scope: combination of technological systems
and food systems for a main topic + illustrative solutions.

Timeframe

Short (<10 years).

A claimed timeframe of 10 years (short), but solutions and
visualization target a medium /long timeframe.

Actors involved

Design experts.
Experts in different fields.

Artists.
Design experts for scenario methodology.
Supported by generative Al

Actors targeted

People operating in the food system: farmers,
entrepreneurs, academia, and businesspeople.

Small-medium enterprises and startups.

Reason why

Manifesting and showing an emerging system to
inspire and accelerate change.

Presenting new forms of transdisciplinary collaboration
aimed at helping SMEs and startups explore future
technology applications of TRLS5, through artistic practice.

Method and process

Speculative design.
Developed by the design agency Sally leveraging
on internal data.
No evidence of co-design actions.

DFA method (Design Futures + Art): training on scenario
building, thematic immersion, ideation, mentoring and
assessment with consortium partners, scenario showcase.

Focus on internal or
external factors

Internal and external factors.

Internal factors to each scenario.
External factors are mainly embedded in thematic areas,
common to more than one scenario.

Structure

Three shifts, each one with three or four concepts
as illustrative solutions, related enablers and
selected pioneers among existing solutions.

Twelve alternatives, expressed with a narrative and video,
emerging opportunities (specific technologies, contexts of
application, industries), embedded trends, and distinctive
elements (artifacts, objects, personas) that outline solutions.

Title and key words

A general title and three evocative subtitles for
each shift.

A title and a set of keywords for each scenario.

Narrative

Flashback to 2023 as a corrupt system and
flashforward to today’s sustainable (future).

Flashforward to 10/20 years describing a future context
and related solutions. Complemented by a video.

Trends, which refers to the
macro/micro external or
internal factors considered in
building the scenario

Technological and digital solution (Al, 3D printing,
matching and trading platforms, APIs, precision
technologies, and more) became mainstream
and available.

Three thematic areas considered as emerging trends to be
coupled with technologies (Al, robotics, wearables). An
additional series of topic related and micro trends have

been added by artists in each scenario.

Presence of pioneering
solutions, seeds or
weak signals

A set of three or four examples of pioneering
solutions for each concept and shift.

Existing case studies related to technologies and solutions
are included in each scenario and often made explicit
in the narrative.

Opportunities the scenario
identifies for innovative
solutions

Elaborated in the form of concepts.

Elaborated in form of potential innovation opportunities
and strategic development for companies mainly in tech or
food sectors.

Enablers, which might be
factors, people or
organizations that may
favor the scenario to happen

Enablers emerged in the past (2022/23) as
technological and digital advancements, but also
policies and norms, behavioral changes, products,
and services.

Enablers as digital and technological
solutions, expressed within the written and video narrative.

Distinctive features of the
scenario that make it
original and
thought-provoking

The connection with available and almost known
digital tools and technologies encourages an
immediate action and identification within the
future situation.

The combination of art and advanced technologies in the
development of future scenarios generates futuristic
visions. Visualizations, artifacts, and artworks are
presented in a suggestive manner.
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4. The Design-Orienting Scenario (DOS) for the Milano Food System

As discussed, scenarios can facilitate open conversations about visions and solutions
among system’s actors. One goal of the OnFoods is to specifically use scenarios to catalyze
strategic conversations among local actors and to investigate emerging collaborative actions
for further designs and prototypes.

In the following paragraphs, a DOS for the Milano food system is presented; named
“Milano Sustainable Food System Scenario”, it is described through the same meta-features
of the comparative scenarios, highlighting its distinctive contents.

4.1. The Milano Sustainable Food System Scenario

Approach. The overall approach adopted to generate the scenario emphasizes a
systemic view, connecting individual actors’ perspectives with the broader context. This
approach integrates various scales, from individuals, local communities, and stakeholders
to broader systemic impacts and trends. Likewise, it also considers different possible
strategies toward sustainability at the city and regional scale so that the totality of services it
considers can be seen as a food service masterplan [24] for the city. By doing so, the scenario
aims to reflect on the interdependence and complexity of food systems, acknowledging
how local actions and decisions can influence and be influenced by larger socio-economic,
environmental, and technological forces. This perspective, which has generated four
alternative directions, helps to identify leverage points for achieving systemic impacts and
recognize cause-and-effect linkages that influence different parts of the system.

Scale and the scope. The scenario is contextualized within the Milanese food system,
embracing both urban and peri-urban scales. For the main relevant stakeholders, it analyzes
challenges and barriers, as well as relationships, interdependencies, and potential converg-
ing interests. In so doing, it outlines collaborative, integrative, and inclusive solutions.

At the micro level, the focus is on local practices, community engagement, and be-
havior changes. At the macro level, the emphasis is on policy frameworks, national and
international trends, and global environmental changes. At the meso level, the focus is
on the actors and organizations populating the local food system and on their system of
relationships. By integrating these perspectives, the scenario offers insights into how local
actions can align with and support broader goals, such as sustainability, resilience, and
social equity. This integration highlights the importance of multi-level governance and the
need for coordinated efforts across different scales.

Timeframe. The scenario envisions Milan in 2035. A 10-year timeframe allows for
innovative ideas while maintaining a connection with the present time. This timeframe also
aligns with local strategies and policies on climate neutrality, mobility, and participative
processes outlined by the municipality.

Actors involved. The scenario has been generated by design experts in collaboration
with experts in various other fields and disciplines from to the authors’ institution.

Actors targeted. The targeted actors are local stakeholders, identified as ‘nodes’ of
the food system. A node is a pivotal point in the food supply chain (a combination of
spatial, digital, physical, and human elements) where significant activities and interactions
related to food production, transformation, distribution, and consumption occur [31]. Some
nodes in the scenario are part of Alternative Food Networks—AFNs—whereas others are
conventional actors of the industrial food system. Examples of the nodes are as follows:
the wholesale market, indoor and outdoor markets, farmers” markets, and food waste
neighborhood hubs [32].

Reason why. The scenario aims to steer and inspire the food system’s nodes in
transitioning to a more sustainable, fair, accessible, and healthy food system by identifying
priorities and solutions in terms of integrative and collaborative product service systems,
governance models, and related roadmaps.

Method and process. The scenario’s method and process can be summarized in three
macro-phases: (1) the scenario generation—explorative; (2) the scenario development—
predictive; (3) the scenario prototyping—normative.
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Phase 1. The scenario-generation phase is explorative, abductive, and diverging, and
is comprised five main steps:

o  Context analysis: Through desk and field research, interviews, internal problem-
framing workshops, and a series of local case studies, the output was a Milanese
Food System Map describing the relevant nodes in the food sector and a series of
challenges for each of the node.

e Desk research around trends, drivers, and policies related to the challenges and
critical topics emerging from the previous phase related to both the food sector
and to sustainable practices (as punctual solutions) and domains.

e  Generation of the DOS, with the method of the 2 x 2 matrix, through the identifi-
cation of polarities and the generation of four alternative directions.

e  Validation and refinement of the scenarios with researchers from OnFoods and
disciplinary experts, collection of local case studies, ongoing projects or initiatives,
and gatekeepers and unusual actors to be involved in the scenarios.

e  Design of a series of draft service concepts that populate each alternative direction
as future solutions to be delivered by and with actors involved in codesign
sessions. Each concept emerged by combining an alternative direction with the
nodes and the food chain steps (from production to waste management).

This initial generative phase brought about the definition of the full set of four alterna-

tives as possible directions of transformation and their articulation in illustrative solutions.

2.

Phase 2. Then, the scenario moved into development, becoming the focus of strategic
conversations and co-design workshops with the actors of the relevant nodes, such
as the wholesale market and the network of the food waste neighborhood hubs.
This following phase is a predictive one, that is, a progressively converging process
in which design experts started to discuss alternative directions with stakeholders
and policymakers. To do this, designers used the “what if” method that questions
participants, and thus local actors, on what might happen on the condition of “some
specified near future events of great importance for future development” [23]. This
article presents the development of the scenario up to this phase, which is key to
create, or not, the basis for the progressive transformation of the food system, since it
works on the opportunities for the engagement and collaboration of the stakeholders.
As an output, solutions are developed in-depth with service design methods and tools,
while the scenario is re-oriented or refined. This development is aimed at growing
awareness in actors of the possible future transformations of their activities and of the
entire system around them.

Phase 3. The final phase is planned as a progressive convergence towards the im-
plementation of some solution that makes use of roadmaps and pre-prototyping
activities, which are draft and partial field-tests of the solutions, involving stakehold-
ers, users, and policymakers. This phase is a normative one that investigates how to
reach the targets set in the scenario by adjusting or transforming the current situation.
Therefore, the focus of interest is on the expected future situations and how these
could be realized.

Focus on Internal or External Factors. The external factors are common to the four

alternatives of the scenario and have been embedded in the chosen polarities, deriving
from policy frameworks, national and international trends, driving forces, and global
environmental changes.

The internal factors relate to the characteristics of the individual actors and existing

collaborations and emerge from the analysis of the context and node. They mostly refer to
resources, competences, relationships, and technology available to each actor.

Both internal and external factors were identified in close alignment with the actual

conditions and constraints local actors are or will be facing. This decision was made to
anticipate their potential dilemmas.
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Cooperation and community
engagement become key in redefining

Structure. The structure of the Design-Orienting Scenario is organized around a 2 x 2

matrix (Figure 1), which defines four quadrants to be considered as four alternative futures
for the Milano Food System.

the urban food experience, fostering
the growth of circular economy and

the connection of different food

practices.

Adaptation

The city's integrated approach to food,
centralises logistics and knowledge,

ensuring an efficient and fairer food

system, from farm to fork.

Images developed with DALLE 3

Distributed
Food Communities Regenerative Loops
e BNPDARARRNL ke The food system is transformed into a
Sing network of regenerative circuits that

bring food closer to people and people
closer to each other.

governance

sustainability strategies

Mitigation
Data-driven Renewal

Ty N Technological advances and artificial

intelligence support the transformation
of food culture and city life
improvement.

Centralized

Figure 1. DOS for the Milanese Food System. The 2 x 2 matrix and related polarities define four

alternative quadrants described through a title, a visualization, and a short narrative.

The first axis refers to governance structures, focusing on the distribution of power

and decision-making processes, thus reflecting mainly an internal factor or strategy. This
leads to two polarities:

Centralized governance, where power and the management of infrastructures and
technologies are concentrated in a single point or a limited group. This can lead to
more uniform policies and regulations, potentially enabling the swift implementation
of strategies and ensuring compliance across a broader area. However, it can also
result in a lack of local adaptability and responsiveness to specific community needs,
and often leads to top-down approaches.

Distributed governance, spreading decision-making authority and control across
various levels/units within the system or node. This structure encourages autonomy
and decision-making, often leading to more flexible and responsive operations. It
empowers local actors to take ownership of food system initiatives and supports
tailored solutions that are more responsive to local contexts and needs, but may face
challenges in the coordination and consistency of policy implementation.

The second axis focuses on societal and institutional approaches to environmental

issues, thus considering a combination of external factors/policies and internal strategies,
therefore distinguishing between the following:

Adaptation strategies that address the effects of phenomena and focus on enhancing
resilience and reducing vulnerability by adjusting existing systems to the impacts of
climate change;

Mitigation strategies that tackle their root causes, preventing effects and explor-
ing regenerative practices, thus necessitating a more comprehensive and systemic
change and a significant shift in production practices, consumption patterns, and
technological innovations.

These alternative strategies might be regarded as macro trends that are likely to be

progressively introduced by local and global policies to tackle climate change.

Accordingly, the scenario comprises four interconnected alternatives: the combination

of the two axes generates four directions of “meaning”, developed through abductive
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reasoning from observed characteristics of the system, promising practices of Alternative
Food Networks (AFNs), case studies, and previous knowledge.

Social sustainability was integrated into the scenario through inputs from selected
regenerative practices of AFNs, which can be regarded as pioneering solutions proven
to benefit both people and the environment [33-35]. As for the initial hypothesis, these
AFNss are valued for their promising nature and inspiring capacity rather than for their
actual diffusion.

Each alternative direction is described by a title, an Al generated evocative image, a
narrative describing the future context, and a set of keywords. To make sure to emphasize
the social and environmental sustainability qualities of the scenario, an additional set of
design criteria was considered in the generation and development phases; these were
connected to social innovation qualities and circular economy strategies, while technology
was regarded as an enabler (Table 3) [35].

Table 3. Main description and elements of each alternative direction.

Data-Driven

Green Command
Renewal

Food Communities Regenerative Loops

Adaptation approach +
Distributed governance

Mitigation approach +
Distributed governance

Adaptation approach +
Centralized governance

Mitigation approach +
Centralized governance

Description of the
alternative directions

The food system

Cooperation and transforms into a web of

The city’s integrated

community engagement
are key for redefining the
urban food experience,
fostering the growth of
circular economies and
closing the loop in
food practices

regenerative loops that
bring food closer to people
and people closer to each
other; food-related
practices are used to
address urban challenges,
aiding in city healing
and revitalization

approach to food
centralizes logistics and
insights, ensuring a
streamlined and fairer
food system from
farm to table

Technological
advancements and Al
transform the food culture
and improve city living

Keywords

Bottom-up initiatives,
neighborhood-scale,
engaged citizens,
low-tech, sharing

Production, care,
capillarity and connection,
specialization, future
generations, 15 min city

Technology-driven,
normative, monitoring
and tracking, optimization

High-tech, prediction,
anticipation,
rapid response

Integration of the services

between each other High High High High
Capacity bu1lc-11ng across Medium High High Medium
the society
Collaboration Medium High Low High
among actors
Engagemgnt and High High Low Medium
self-organization of actors
Technology integrated in Low Low High High

the solutions

Relevant nodes

Farmers market, food
waste hubs,
indoor markets

Farmers market, indoor
markets, food waste hubs

Wholesale market, farmers

Wholesale market,
farmers, food waste hubs

For each node of the food system, an evolved role is drafted, describing its transforma-
tion in terms of purpose, activities, and relationships enabled by the scenario. Accordingly,
and considering the relationships with the other actors, opportunity areas and connected
possible solutions are drafted to explore how the scenario translates into viable solutions
that match identified nodes and food chain steps (from production to redistribution, trans-
formation, consumption, waste management, education and training).

The distinctiveness of this scenario lies in the balance between the leap ahead in the
sustainable qualities of the proposed innovative solutions and their adherence to the local
context and actors. The tension between these features makes the scenario perceived as not
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too far from being achievable via a proper strategy. This perception is, then, leveraged to
engage stakeholders in a conversation about their future.

5. The Co-Design of the DOS with Stakeholders, and Its Outputs

The Milano Sustainable Food System Scenario was conceived as an envisioning tool, an
“interaction platform”, and a springboard for generating design-driven conversations with
different food system actors through co-design workshops (Figure 2). These conversations,
on the one side, helped to identify opportunities and enablers for enhancing food access
and sustainability in the city from various perspectives; on the other hand, they acted as
catalysts for envisioning potential solutions to be prototyped, thus highlighting possible
evolutions of the Milanese food system.

Figure 2. Co-design sessions with local stakeholders.

The following paragraphs describe the outputs of these co-design conversations,
conducted with some of the nodes of the local food system, namely the wholesale market
and some food waste hubs, with their network of actors.

5.1. Emerging Directions of Possible Actions

During the co-design workshops conducted in separate sessions with different ac-
tors, the Milano Sustainable Food System Scenario was discussed through the following
sequence of interactive activities: After a brief presentation of the scenario and its alterna-
tives, participants were engaged to review and discuss the specific draft solutions, adding
comments or brand new solutions. For each one, a “what if” reflection was carried out,
figuring out how to adopt and make it. Additionally, for the most-relevant ones, the dialog
was steered toward identifying the drivers that might enable the practice, the barriers that
might hinder it, and its gatekeepers.

Each solution was then contextualized within the scenario, its external and internal
factors, and thoroughly discussed moving forward and backward from the scenario to
the challenges of the local food system and nodes. This allowed the authors to connect
sustainability strategies, governance logics, and food-related opportunities for each actor
of the network.

Although reviewing the co-design process around the Milano Sustainable Food System
Scenario is beyond the scope of this article, it is worth introducing some elements of the
debate. While, as expected, not all solutions were considered to be plausible by the actors, all
of them raised an issue and provided the chance to discuss an opportunity that was not, or
was seldom, considered in the past. Viability issues related to economic and organizational
factors and social issues connected to the social purpose of the initiatives, besides the
environmental one, were the foremost arguments that emerged. The former is tied to the
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governance factors and business models of the different stakeholders. In addressing this,
one goal was to avoid prioritizing a business-as-usual logic in favor of more evolutionary
perspectives, emphasizing future inevitable constraints and opportunities from a systemic
viewpoint before engaging in a specific business model design. The latter relates to the
principles of mitigation and adaptation used in the scenario, borrowed from the European
framework strategy against climate change. Despite being aware of the limitations of these
principles, which mainly concern environmental issues, researchers decided to adhere to
them to comply with a broader and systemic logic, while also agreeing to embrace a more
comprehensive approach that considers social and ecological aspects together.

For both arguments, co-designers converged on the need to embrace a wider perspec-
tive where different actors might collaborate and complement each other in carrying out
their missions within a shared vision. This collaborative approach is seen as essential for the
transition of the entire system toward more sustainable performance, as individual efforts
alone can only have a smaller impact compared to the creation of a collaborative design
infrastructure between the different nodes. Further co-design workshops are planned to
extend the conversation to other actors of the local food system and to design a more
comprehensive strategy for its sustainability. This will include the public administration
and the local food policy team to converge on what might happen if common strategies
were undertaken.

As an outcome of the co-design workshops with the stakeholders, the two strategic
directions described below emerged.

5.1.1. A Widespread and Capillary System for Distributing and Selling Fresh Food

The first direction points to a widespread fresh food distribution and sales system that
integrates and connects the wholesale market to the 21 indoor municipal markets scattered
around the city, leveraging the forthcoming political strategy of shifting governance from a
fragmented and uneven logic to a more centralized one.

This outlines an integrated, connected, and optimized system that sees the wholesale
market organization (a public company) as the system’s managing and enabling actor and
the markets as a new, hybrid, proximity node that combines the following:

e  Service functions: from sales to Business to Business—B2B—and Business to Consum-
er—B2C—transactions, shared distribution platforms, and catering, cultural, and
social activities.

e Local governance and involved actors: producers, intermediaries, vendors, restaura-
teurs, associations, activists, and citizens.

e  Social and environmental strategies: adaptation, mitigation, and regeneration.

This vision emerged in relation to the wholesale market, together with three priorities:

1. A service model for innovative, hybrid, and diffuse accessibility of fresh food inte-
grated into the market’s food system;

2. A collaborative micro-logistics platform for preventing and reducing emissions, and
for improving the traceability of produce;

3. An exploration of hydro/aeroponic food production technologies for indoor markets
and the wholesale market.

In a nutshell, this strategic direction is characterized by the following:

e  Sustainability strategies: a transition from adaptive to mitigation strategies.

e  Governance: a tension between a centralized system (the organization of a wholesale
market) and a distributed one (the indoor municipal markets network).

e  Addressed challenges: (i) sustainable intra-city transportation solutions for food
recovery, distribution, and delivery to prevent and reduce food waste in all steps of
the food chain; (ii) setup of a widespread and proximity B2C and B2B distribution
system for fresh food, integrated with businesses and social, cultural, and welfare
services; (iii) zero-mile production and distribution.
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e  Actors involved and targeted in co-design and co-production: the wholesale market,
indoor markets, food producers, social delivery ventures, local food shops, local
organizations, and citizens.

5.1.2. An Efficient System for Regenerating Food and People

The second direction points to a collaborative service to regenerate surplus food and to
empower individuals and local communities. Its objective is to strengthen the collaboration
between the system actors for the common purpose of recovering food, places, and people.
Accordingly, stakeholders, businesses, and NGOs are called to innovate their service
delivery and to develop solutions for the inclusion and integration of beneficiaries.

This strategy follows the principle that empowering beneficiaries, and, more gener-
ally, people, could be a way to mobilize them and take them out of a welfare-oriented
service [36], therefore facilitating job placement and learning processes. Practically, this
could happen involving the people assisted by a service in its co-design and co-production,
as experimented in some virtuous AFNs [37].

Additionally, this direction aims to optimize the collection and redistribution processes
within and between hubs, enabling the experimentation with new services, such as food
processing and provision, and the use of shared platforms.

This vision emerged in relation to the food waste neighborhood hubs, together with
three priorities:

1. Anupskilling and training service for job inclusion, tailored to the food recovery and
redistribution system;

2. A collaborative micro-logistics platform for improving the collection of surplus food;

3. A collaborative and co-produced service of food redistribution and sale (food cooperative).

In a nutshell, this strategic direction is characterized by the following:

e  Sustainability strategies: A transition from adaptive to mitigation strategies.

e  Governance logic: distributed.

e  Addressed challenges: (i) Integration of food redistribution initiatives with relevant
and complementary services, such as welfare and social services; (ii) provision of qual-
ity food to vulnerable people while ensuring fair treatment of all actors; (iii) increases
and improvements in the collection and redistribution of surplus/end-of-life food for
charity and social purposes.

e  Actorsinvolved and targeted in co-design and co-production: food waste hubs, welfare
organizations, beneficiaries, indoor markets, social delivery ventures, grocery stores,
local shops, and canteens.

6. Discussion: The Distinctiveness of the Milano Sustainable Food System Scenario
and the Transitioning DOS

The comparative analysis of the three scenarios raises a first set of reflections on the
role of likewise processes and outcomes to drive systemic change towards sustainability.
The analysis, moreover, helps to focus the purpose of the Milano ones and crafts its method
accordingly by envisioning possible evolutions of the local food system and co-designing
with stakeholders potential pathways toward sustainability. Unlike the other two scenarios,
it targets specific actors within a specific context and ecosystem, aiming to collaboratively
design a food service masterplan for the city that can integrate the urban masterplan
through a service-oriented approach.

6.1. Key Elements of the Scenario Structure and Targeted Actors

Specific and actual challenges. A first reflection concerns the general approach to
the scenario-building and its structure; the DOS for the Milano Food System is generated
around governance and sustainability challenges, which are relevant factors stakeholders
must deal with in the present time or soon. Both are less about technologies and more
about the organization’s strategy in dealing with top-down/bottom-up forces. Technology,
instead, is an element that can enable this strategy. Given the nature of the actors targeted
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by the scenario and their role at the intersection of public and private sector and welfare
within the local institutional landscape, this approach was considered to be more likely
to spur action than a more future-oriented one. The PFoF and MUSAE scenarios, instead,
privilege a more visionary approach that moves from general principles, business models,
technological opportunities, and artistic sensitivity. They depict alternative futures as
tangible opportunities to “reduce the pain and increase the speed of change” [29]. As a
result, the proposed scenarios are highly suggestive and intrinsically detached from any
local cultural and institutional landscape with its urgencies, rules, and constraints.

Following Morelli [38], the ‘institutional landscape’, is a system of values, rules,
and social, cultural, economic, and political foundations that guide change, promoting
developments that align with this framework while obstructing those that do not. The
more actors are intertwined with one another and connected to the public system, the
more they must navigate this landscape, which evolves very slowly and through gradual
changes influenced by concurrent factors. For service designers, working at this level
involves addressing a large and systemic scale of intervention, which entails geographical
and operational variability. As such, the researchers involved in the project have shaped
their role as steering agents toward more integrated actions for the sustainability of the
entire food system by transforming the behavior and relationships of the stakeholders.

Although recognizing the impossibility of kicking-off actual action or controlling
any resulting transformation, the research agenda was to explore and visualize potential
changes in which each actor could see their role within the larger system, both at the
place-scale and in relation to others. Reflecting on the evolution of their current best
practices, integrating them with prospective illustrative solutions was a key part of this
transformation scenario. A timeframe of ten years was then considered to be the most
appropriate, being not too far from today’s actions. Likewise, technologies were introduced
with a progressive approach, from re-considering recent, discarded, experimentations to
introducing established or low-tech solutions (digital and more) in conventional processes.

Multi-actor and relational perspective. Another set of reflections concerns the tar-
geted actors. The scenario identified specific actors within a specific place, allowing each to
recognize themselves and others in the local ecosystem. Conversely, the PFoF and MUSAE
scenarios generically target people operating in the food system or/and small-medium
enterprises and startups that can find inspiration in the scenario and take over some chal-
lenges and opportunities. MUSAE envisions a second stage of research to collaborate
with SMEs in transforming one scenario into future-driven concepts and prototypes at
Technology Readiness Level 5 (TRL5) [30] (p. 2). Yet, there is no mention or intention to
leverage the collaboration of the targeted actors.

While the approach used for the Milano Sustainable Food System Scenario ensures
greater stakeholder activation and reduces resistance, it may limit visionary breakthroughs
and revolutionary changes, perpetuate a conservative stare, and result in incremental inno-
vations, it can also reveal new opportunities for collaboration and synergy among stakehold-
ers, as well as help identify potential partnerships and understand relational opportunities.

In circular strategies, such synergy is essential to make the outputs of one process the
inputs of another, compensating emissions and integrating decarbonization technologies—
all within a proximity logic. For example, surplus food from the wholesale market can
support solidarity redistribution chains. Similarly, social sustainability can be achieved
by combining conventional food services with social impact actions by third-sector actors,
such as including vulnerable people in transformation or delivery services.

Through this explicit relational and collaborative strategy, this research aims to inspire
the food system’s nodes to uplift their sustainability by identifying common priorities,
integrating strategies, and sharing solutions. It also aims to initiate a multi-actor and
design-driven commoning process, a collective decision-making dialog that can bring
about value for the system and generate interest in starting-up initiatives [24]. This process
can also bring about collaborations with external actors, whose competencies are required
to meet emerging needs and opportunities. The competencies, ambitions, and motivations
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of stakeholders are indeed crucial factors that can either hinder or drive transformation.
Given the transformation trajectories outlined by the Milano Food Policy and described in
the introduction of this article, the system’s nodes are in a position where rethinking their
activities and addressing new challenges is necessary. Innovating processes and services
are not in question; it is already happening, and this research aims to subtly integrate into
this process and critically contribute to it.

Contextualization. Both of these distinctive elements in the Milano Sustainable Food
System Scenario, the compliance with actual challenges and the consideration of the actual
system’s nodes, are intended to make the scenario contextualized and therefore more
relevant to the targeted actors, tailoring it to the specific cultural, social, economic, and
environmental conditions. The scenario is then built leveraging local and international
AFNss as seeds of change that can inspire, work, and, finally, scale. This approach involves
extensive fieldwork, stakeholder engagement, and local data analysis, resulting in solutions
that are relevant, co-designed, and likely co-produced by local stakeholders, and, therefore,
are also flexible enough to adapt to emerging local conditions and changes. In contrast, the
PFoF and MUSAE scenarios rely on broader, generalized frameworks that do not consider
the granularity of specific local challenges, potentially missing out on unique local actors,
needs, and resources. This can make the scenario more malleable to different conditions,
yet be perceived as distant from what really matters for a local system.

As mentioned, the idea behind the Milano Sustainable Food System Scenario is to
simulate interactions between different nodes and spur changes in the behaviors of actors
within the system by “rehearsing plausible options” for the future. It is also argued that
this scenario is a mixed typology [23]; an explorative phase generating different plausible
alternatives is followed by a predictive one in which specific “what if” developments are
deployed in a conversation with the actors. The final step will be designing context-specific
roadmaps for the implementation of improved or new services. Given the transformation
targets, roadmaps should outline how the current situation can be adjusted or changed.

Outcome orientation. Compared to the PFoF and MUSAE scenarios, the Milano
Sustainable Food System Scenario can be defined as explicitly outcome-oriented, committed
to initiating the transition from a known present situation to some preferable alternatives
in the future. In this effort, the different scenario typologies are articulated in a sequence,
each one theoretically effective in moving from the exploration of possibilities to their
selection, development, and prototyping in a relational logic that requires field work, early
stakeholder engagement, and co-design. Despite the importance of the process of transition
as a collective and relational journey of the actors (not only the targeted ones, but also
those involved in the development), the Milano Sustainable Food System Scenario places
emphasis on making things happen in a specific system, place, and institutional landscape.
Thus, it reaches an outcome by building on observed facts, the characteristics of a system,
and on previous knowledge.

6.2. Transitioning Design-Orienting Scenarios

The last reflection on the comparison of the scenarios in the effort to drive a sys-
temic change towards sustainability regards the three-phases method adopted for building
and developing the scenario presented in Section 4.1. This reflection, together with the
distinctive elements abovementioned, led us to formulate an evolution of a DOS into a Tran-
sitioning DOS (T-DOS) specifically designed to facilitate outcome-oriented sustainability
transitions within a particular context or system and in a medium-term perspective. Char-
acterized by a multi-actor and relational perspective, T-DOS engage stakeholders through
a structured, contextualized process, leveraging local challenges, resources, and actors to
ensure the relevance and applicability of practicable sustainable futures and roadmaps,
attainable within existing institutional landscapes.

The T-DOS can be streamlined as in Figure 3, briefly showing the stages of the process,
each one articulated in the following:

e Research activities that cut across the three phases;
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e  Scenario’s content generation, discussion, and development;
e Relevant actors.

Transitioning DOS

1. Explorative phase 2. Predictive phase 3. Normative phase

Y

Scenario Generation Scenario Development Scenario Prototyping
Research about context and topic: desk Complementary research (desk Definition of Key Performance
RESEARCH (secondary) and field (primary) analysis. and field) to underpin the scenario. Indicators and qualitative/quantitative
Qualitative and quantitative. Qualitative and quantitative. expected results. )
ﬂieneration: Strategic conversations: Action oriented conversations: \
Identification of relevant internal and Review of the scenario with stakeholders Design of service and business models.
external influencing factors to build the and policy makers. Codesign. Definition of roadmaps. Scaling out up and
SCENARIO scenario upon. Codesign. Solutions: scaling up strategies. Regulatory
Solutions: Selection of the relevant concepts with compliance and policy design.
Draft alternative concepts. the stakeholders. Solution in-depth Solutions.
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Figure 3. Transitioning Design-Orienting Scenarios” main phases and structure.

The figure highlights, also, the main elements and artifacts that are designed for and
within each phase, and supporting codesign activities, such as alternative directions, draft
solutions, prototypes, and roadmaps.

7. Conclusions

This article presents and discusses the use of scenarios to steer outcome-oriented
sustainability transitions in a local food system. The following paragraphs present a
summary of the main finding discussed, as well as the limits and future steps of this work.

7.1. Summary of the Findings

This article proposes the ways in which design can play a role in developing, orienting,
and supporting transitioning strategies within complex and adaptive food systems, and
how scenarios can be considered both as creative processes and actionable tools that facili-
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tate strategic conversations and steer outcome-oriented sustainability transitions. Building
on these premises, this work defines a set of ten transversal meta-features, along with
recurring elements in the scenarios’ structure and presentation formats, that describe key
elements, laying the foundation for building scenario types that can effectively contribute
to environmental and social sustainability, regardless of the field of application.

Within this framework, the Design-Orienting Scenarios (DOS) methodology proves
instrumental in co-designing transformative solutions while maintaining a systemic per-
spective. DOS enable a comprehensive understanding of the complexities involved, offering
future-oriented narratives visualized through specific solutions. Applied to the Milano
Food System, the DOS here presented contribute to ongoing transformations by engag-
ing relevant actors in co-design processes that integrate governance and sustainability
strategies, aiming to foster multi-actor collaboration and launch transformative projects.

The evolution of DOS into Transitioning Design-Orienting Scenarios (T-DOS) offers
a framework for creating innovative and contextually relevant solutions that account for
both the specific characteristics of local food systems and broader sustainability goals. In
particular, the development of scenarios tailored to the Milanese food system highlights
the importance of fostering relationships among stakeholders, ensuring that the proposed
solutions are meaningful as well as operational and capable of activating local assets and
actors, and are thus designed to support outcome-oriented transitions.

In addition to their relevance for food systems, the applicability of T-DOS extends
to broader complex systems. When applied in different contexts, the multi-actor and
relational approach of T-DOS offers a promising framework for navigating complexity.
By bringing together diverse stakeholders, these scenarios facilitate the exploration of
innovative systemic solutions that can address a wide range of societal challenges. The
focus on collaboration and co-design, combined with the adaptability of T-DOS to various
contexts, makes them a tool for fostering transformative change across different domains.

7.2. Limits of the Study and Future Steps

The research presented in this article is still ongoing; it is intended as a process in
which the scenario is a design artifact to steer a medium-term transition. The present stage
of the research corresponds to phase 2 of the T-DOS, in which different alternative directions
and relevant possible solutions are co-designed with the actors targeted. From this phase,
which is progressively addressing specific “what if” questions, two strategic directions
have emerged through co-design and now serve as starting points for future progress.
While there is no guarantee that the process will continue as hoped, there is evidence that
multi-actor conversation groups have formed around the inputs of this scenario.

The next challenges for the project are to develop phase 2 and, therefore, a range of
possible solutions that engage the system’s actors, ultimately leading to the pre-prototyping of
services (approximately five) to verify their validity. Depending on the outcomes, this could re-
sult in the definition of key performance indicators and creation of implementation roadmaps.

Given the project’s assumptions and its emphasis on a multi-actor and relational
perspective, for the positive outcome of the project, ensuring a series of cross-cutting
milestones throughout the whole process will be crucial. These milestones will be collective
moments of debate, involving multiple nodes of the system, such as workshops of mutual
update, system adaptation, and alignment of the behaviors, which involve also external
experts and new actors. Likewise, aligning the local food policy and regulations with
on-the-ground practices will be key, since social and business innovativeness often collides
with current regulations and policies [39].

Besides the challenge of the continuation of the project, the main questions about the
T-DOS concern the scalability of its method and of the food directions that have come out
from the Milano context.

This method is a design process that can be replicated with the involvement of profes-
sional designers who are familiar with creative abduction, employ envisioning techniques,
conduct field research, and possess thematic knowledge, in this case about sustainable
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food practices. This is part of the design culture and of what Manzini defines as “expert
design” [40]. Yet, design knowledge and systemic thinking can become relevant only
if activated by institutional agents, being actors of the system or governments, through
regional or local policies [41]. The T-DOS for the Milano Food System was developed in
a city recognized internationally for its Food Policy, with a dedicated Food Policy Office
that, over the years, has implemented several actions and won several grants. The city
has started to be pivotal across the world for sustainable food policies [17,41,42], designed
under the key principles of evidence-based, multi-actor collaboration, and cross-sectoral
synergies, and with the involvement of established local institutions.

While this may not apply to all contexts, a food T-DOS has better chances of success
in environments where resources are directed toward activities supporting sustainable
practices and participatory food governance. Particularly, the food sustainability directions
(namely, A widespread and capillary system for distributing and selling fresh food and An efficient
system for regenerating food and people) can be scaled under certain conditions, which are
primarily policy conditions that enable actors to share knowledge, collaborate, and act
effectively. Among these conditions, the key ones include the presence of the following:
an institutional landscape that has infrastructured a dialog among the local system’s actors;
participatory food governance structures that can enhance ownership, relationships, col-
laboration, and co-investment among multiple stakeholders; a city or regional policy that
encourages circular economy and social innovation that require multi-actor collaboration; a
favorable environment for alternative food networks, counterbalancing the large retail sys-
tem; and finally, a culture of innovation and experimentation with a systemic perspective,
where multiple stakeholders (including research bodies and citizens) are engaged in food
initiatives and policy-making processes [42—45].

The specific contents of the Milano Sustainable Food System Scenario cannot be directly
replicated elsewhere, unless they are streamlined and shaped as theoretical service mod-
els, which are structures of interaction between service providers, users, and supporting
processes to deliver a solution for a need. Yet, the distinctive internal and external factors
chosen to build the scenario (Governance—centralized /distributed, and Sustainability
strategies—adaptation /mitigation) are scalable in other contexts where multi-actor systems
are faced with the need of transitioning, together, to more sustainable configurations.

Research on design scenarios is vast and fascinating, as it deals with the future and
the imagination of what the future could be. Despite the T-DOS presented in this article
being limited in terms of visionary breakthroughs, they are designed to be operational
and pragmatic in activating stakeholders and assets. The effectiveness of this approach
needs to be measured and demonstrated through multiple applications and over the long
term, especially in comparisons with more visionary and thought-provoking scenario
methodologies. Further research should address this issue and explore the conditions that
can effectively increase the success of their application, including the accountability of
designers in engaging with and influencing systemic innovation processes.
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Abstract: Rural communities in Oaxaca face challenges such as food insecurity, economic insta-
bility, and the loss of traditional agricultural knowledge. Home gardens, once essential for food
production and income generation, have declined due to migration, environmental degradation, and
modern agricultural pressures. This study evaluated how community-driven models, supported by
crowdfunding, can revitalize home gardens to improve food security, build community resilience,
and promote economic empowerment. A mixed-methods approach, including household surveys,
interviews, and focus groups, was used to assess the impact of these gardens. The results showed
that over 70% of households experienced improved food security and reduced reliance on external
food sources. Home garden production also led to a 20% reduction in food expenses, and the sale
of surplus crops provided additional income, enhancing household economic stability. Women'’s
involvement in agricultural decision-making increased, fostering empowerment within both fam-
ily and community contexts. Traditional practices, such as seed saving and organic pest control,
were maintained, contributing to the ecological sustainability of the gardens. Crowdfunding was
an effective tool for financing home gardens, boosting community engagement and strengthening
social bonds. The findings highlight the potential of integrating traditional knowledge with modern
funding strategies to create resilient, sustainable agricultural systems in rural Oaxaca.

Keywords: home gardens; food security; rural

community resilience; crowdfunding;

development; SDGs

1. Introduction

Home gardens have long been a cornerstone of small-scale agricultural systems in
rural Mexico, particularly in Oaxaca, where they are crucial for food security, biodiversity
conservation, and the preservation of traditional agricultural knowledge [1-3]. These biodi-
verse plots, typically located near homes, provide households with fresh food, medicinal
plants, and small-scale livestock production [2]. Beyond their immediate contributions
to household sustenance, home gardens play a vital role in promoting food sovereignty
by enabling families to control their food production and maintain agricultural practices
deeply rooted in local cultural traditions [4,5].

However, despite their numerous benefits, home gardens have been steadily declining
across rural Mexico in recent decades [6]. One of the primary drivers of this decline is
rural-to-urban migration, particularly among younger generations seeking better economic
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opportunities [7,8]. This migration has disrupted the intergenerational transmission of
traditional agricultural knowledge, weakening the continuity of home garden practices [9].
At the same time, the rise of industrial agriculture—favoring monoculture and large-
scale production—has marginalized home gardens, pushing aside their more sustainable,
biodiversity-friendly practices in favor of commercial crops [10]. Furthermore, environmen-
tal degradation and shifting land-use priorities have compounded these pressures, making
it increasingly difficult for rural communities to maintain these once-essential systems [11].

In Oaxaca, women have historically been at the forefront of both household and
agricultural activities, particularly in managing home gardens that provide essential food
and medicinal plants for their families [12]. Despite their central role in ensuring house-
hold food security, women’s contributions are often undervalued, seen as extensions of
domestic responsibilities rather than formal agricultural work [13,14]. Traditionally, men
have dominated public agricultural decision-making, while women'’s roles have remained
confined to the private sphere, limiting their participation in community leadership and
economic activities [15]. Yet, women’s involvement in home gardens is not only essential
for household sustenance but also for preserving agricultural biodiversity and transmitting
traditional knowledge across generations [16]. Recognizing and overcoming these cultural
and structural barriers is critical to unlocking the full potential of women'’s contributions to
rural agricultural systems [17-19].

As home gardens decline and women continue to face barriers in agricultural leader-
ship, innovative solutions are needed to revitalize these systems and promote equitable
participation. One promising approach is social crowdfunding, which provides a decentral-
ized and accessible means of financing community-driven projects, particularly in regions
where traditional financial institutions are less accessible [20-23]. For indigenous and rural
communities in Oaxaca, crowdfunding offers a valuable opportunity to secure resources
for restoring home gardens, purchasing seeds, and improving infrastructure [24]. More
than just a financial tool, crowdfunding connects local initiatives with broader networks
of support, fostering social cohesion and collective ownership of agricultural projects [22].
By giving communities control over their development projects, crowdfunding empowers
marginalized groups, allowing them to bypass institutional barriers and align agricultural
initiatives with their cultural and ecological values [25,26].

This context of declining home gardens and marginalized communities highlights
the case of Vega del Sol, a small area within the municipality of Santa Maria Jacatepec,
which was classified as a priority attention zone due to its high levels of marginalization
and socio-economic underdevelopment [27,28]. Approximately 30% of the population
identifies as Afro-Mexican, adding to the region’s rich cultural diversity [29]. However,
despite this cultural richness, the community faces significant challenges: nearly 29% of
the population lives in extreme poverty, a result of limited access to essential services,
educational opportunities, and economic mobility [30]. The region’s rugged terrain and
relative isolation exacerbate these socio-economic issues, restricting access to markets,
healthcare, and education, thereby contributing to the high levels of social vulnerability.

Vega del Sol serves as an ideal location for studying the complex interplay between
cultural, environmental, and economic factors. This region provides a critical case study
for examining the challenges and opportunities related to rural development, food security,
and environmental conservation. In particular, the community’s experience highlights
the potential of home gardens not only as tools for subsistence and cultural preservation
but also as a means to address socio-economic challenges through sustainable agricultural
practices [31].

This study aims to address these gaps by exploring how community-driven initiatives,
supported by crowdfunding, can revitalize home gardens in Oaxaca as a sustainable ap-
proach to improving food security, community resilience, and economic empowerment.
The specific objectives are to assess the impact of home gardens on food security and house-
hold economic stability in rural communities, evaluate the effectiveness of crowdfunding
as a financial mechanism for sustaining home gardens, explore the role of women in agri-
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cultural decision-making within home garden projects, focusing on their contributions
to community leadership and empowerment, and examine how traditional agricultural
knowledge is preserved and transmitted through home gardens, and its role in sustaining
rural livelihoods.

By focusing on these objectives, this research seeks to demonstrate the potential of
home gardens as a sustainable solution to contemporary socio-economic and environmental
challenges. The findings will contribute to broader discussions on sustainable development,
with particular relevance to the Sustainable Development Goals (SDGs), including SDG 1 (No
Poverty), SDG 2 (Zero Hunger), SDG 5 (Gender Equality), and SDG 13 (Climate Action).

2. Materials and Methods
2.1. Study Site Location

The study was conducted in La Chinantla, Oaxaca, one of the most biologically diverse
regions in Mexico [32,33]. This region’s extraordinary biodiversity has made it a focal point
for conservation efforts and sustainable agricultural practices [31,34], which are critical for
the livelihoods of indigenous and rural communities [34]. Agricultural activities, particularly
the cultivation of traditional crops in home gardens, are closely linked to the cultural identity
and environmental stewardship of the indigenous population, who rely on these practices for
both subsistence and the preservation of their cultural heritage [31,34-36].

The specific study area focused on the ejido of Vega del Sol, located within La Chi-
nantla in the municipality of Santa Maria Jacatepec (Figure 1). Vega del Sol is a rural
community with a population of 1225 residents, composed of 658 women and 567 men.
Among these, 6.29% of women and 2.78% of men are illiterate. Additionally, 96.41% of
the population identifies as indigenous, with 72.73% speaking Chinantec as indigenous
language, underscoring the community’s deep-rooted cultural traditions that continue to
shape everyday life [37]. Of the total population, 693 individuals fall within the working-
age range of 15 to 59 years, playing a key role in supporting subsistence farming and local
economic activities.

Lo e

A
\ Vega del Sol >
/} |
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México
N 7/
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Figure 1. Geographical location of Vega del Sol in la Chinantla, Oaxaca.
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2.2. Research Design

A mixed-methods approach was employed to address the research objective, integrat-
ing both quantitative and qualitative data to assess the revitalization of home gardens in
Oaxaca. The study, conducted from 2020 to 2022, focused on three primary areas: (a) food
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security and sustainability, (b) community resilience and empowerment, and (c) the preser-
vation of traditional agricultural knowledge. A theoretical model (Figure 2) was developed
to support the long-term sustainability and adaptability of home gardens, specifically
through community-driven efforts and crowdfunding initiatives.
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Figure 2. Theoretical model for home garden adoption.

2.2.1. Household Surveys

Quantitative data were collected through structured household surveys (Figure Al)
conducted with 30 households in Vega del Sol, selected using a non-probabilistic snowball
sampling method. While the sample size may appear modest, it was deemed appropriate
given the rural and isolated nature of the community, allowing for an in-depth exploration
of household-level impacts. The survey included sections on demographics (age, gender,
income), the use of home gardens, crop diversity, and their impact on food security. Ad-
ditionally, it focused on agricultural practices, such as types of crops grown and methods
used, to assess how home gardens contributed to household sustenance. Special attention
was paid to the economic benefits of home gardens, including cost savings on food and
any income generated from surplus produce. This approach provided a comprehensive
understanding of both the socio-economic and food security dynamics in the community,
helping to evaluate the viability and effectiveness of home garden initiatives in improving
local livelihoods.

2.2.2. Interviews and Focus Groups

Qualitative data were collected through semi-structured interviews (Figure A2) with a
total of 30 participants, consisting of community authorities and key stakeholders actively
involved in home gardening. These interviews aimed to gather insights into traditional
agricultural practices, gender roles, decision-making processes, and the challenges faced
by women in taking on leadership roles within the agricultural sector. The selection of
participants was purposeful, targeting individuals who held significant influence in the
community or were directly engaged in managing home gardens.

Additionally, focus group discussions (FGDs) were conducted with women and com-
munity leaders to explore the cultural significance of home gardens and to assess the
potential of crowdfunding as a tool for supporting community-driven agricultural projects.
Participants were also asked to rate their perceptions of home gardens on a 5-point Likert
scale, evaluating their contributions to food security, household resilience, and income
generation [38].
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2.2.3. Food Security and Economic Data

Food security was assessed using an adapted methodology [39,40], tailored to the
local context incorporating 5-point Likert scales [38], to measure food availability and
accessibility. Data on the economic benefits of home gardens included reductions in food
expenses, income generation from surplus sales, and market participation, focusing on how
home gardens provide economic relief for households. Key socioeconomic indicators such
as income, savings from self-sufficiency, and local market involvement were measured to
analyze the gardens” economic impact on household livelihoods.

2.2.4. Crowdfunding Experiment

An experimental component was integrated into the study to assess the viability of
social crowdfunding as a tool for financing home garden initiatives. Social crowdfunding,
in this context, involves raising funds by appealing to a broad audience, typically through
online platforms, to support specific community-driven projects. The crowdfunding cam-
paign was carefully designed in collaboration with community members, with the primary
goal of generating financial resources for expanding or improving home gardens [24,41].

The process began with the creation of a narrative that highlighted the importance of
home gardens for food security, sustainability, and community resilience. This narrative was
shared with potential donors through digital platforms and local networks, emphasizing
the specific financial goals and timelines set for the campaign. The strategy involved
engaging the community directly, both in the design and promotion phases, to foster local
ownership and ensure active participation.

The pilot crowdfunding campaign aimed to raise funds specifically for the establishment
of 30 home gardens. Key metrics for assessing the success of the crowdfunding approach
included the total funds raised, the level of community engagement, and external support
from broader networks. This campaign provided a framework for evaluating the potential of
social crowdfunding as an ongoing resource for supporting future agricultural initiatives.

Crowdfunding was intended to be a flexible and adaptable tool, capable of being
used in the long term whenever additional funding was required. Its implementation in
this study was aimed at determining not only its immediate financial viability but also its
potential for sustained community engagement and donor involvement over time.

2.3. Data Analysis

Quantitative data from the household surveys were analyzed using Microsoft Excel
2021 to identify trends in food security, crop diversity, and economic impact. Key socio-
economic indicators, such as income from home gardens and savings from self-sufficiency,
were analyzed to assess the economic benefits to households. Qualitative data from interviews
and FGDs were analyzed thematically to highlight the role of women in agricultural decision-
making, community participation, and the preservation of traditional agricultural knowledge.

3. Results and Discussion
3.1. Evaluation of the Conceptual Model for Home Garden Adoption and Community Engagement

The conceptual model for home garden adoption and community engagement
(Figure 2) was implemented in a structured manner, divided into three distinct phases. This
approach was designed to ensure the long-term sustainability and success of home gardens
within the community of Vega del Sol. The model focused on fostering active participation,
particularly among women, in decision-making processes. By doing so, it aimed to enhance
the overall functionality of home gardens and strengthen community engagement, setting
the foundation for the subsequent phases.

3.1.1. Stage One: Organizational Foundations

In the initial phase, the model laid the groundwork by assessing family structures
and community dynamics [42,43]. This stage was critical in identifying the space each
family could allocate for the gardens, which ranged in size from 15 to 30 square meters,
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and understanding women’s roles in decision-making. Traditionally, women have had
limited involvement in agricultural decisions [44], but this phase established the impor-
tance of including them in the planning process [44-47]. A baseline of male and female
beneficiaries’ perceptions toward home gardens was generated (Table 1), highlighting the
initial challenges women faced. Notably, of the 21 women participating, 38.10% rated
their experience as “Bad” and “Very Bad”, and 28.57% as “Regular”. However, 33.33%
perceived their involvement as “Good” or “Very Good”, indicating that despite traditional
barriers, many women saw the potential benefits of home gardens from the beginning [42].
These baseline perceptions were crucial in guiding gender inclusivity efforts and ensuring
women'’s participation in the subsequent phases [12].

Table 1. Initial perception of home gardens based on gender.

Gender of the Beneficiary Initial Perception Counts Percentage of Total (%)

Very bad 2 9.52

Bad 6 28.57

Female (21) Regular 6 28.57
Good 5 23.81

Very good 2 9.52

Very bad 1 11.11

Bad 1 11.11

Male (9) Regular 1 11.11
Good 6 66.67

Very good 0 0

3.1.2. Stage Two: Inclusive Planning and Strategy Development

During this phase, the model (Figure 3) emphasized active participation from all
family members, particularly women. The participants who became directly involved were
between the ages of 29 and 45, which facilitated the transmission of indigenous agricultural
practices to younger generations. This active engagement helped ensure the preservation
of traditional knowledge while integrating modern strategies. Women were involved in
selecting crop varieties that would best suit local climatic conditions and meet household
consumption needs [4,48].

10
Gender of the beneficiary
Male
Female

counts
counts

Yes No Yes No
Kids involvement in Home Gardens Couple involvement in Home Gardens

Figure 3. Participation and involvement of family members in home gardens.

In addition, financial strategies were developed to support long-term sustainabil-
ity [24], with workshops on fundraising and financial management playing a pivotal role
in the model’s success [18,49,50]. The introduction of the crowdfunding component during
this phase further strengthened community involvement, as it encouraged collective partic-
ipation in raising funds for the development and expansion of home gardens [16,24,51].

3.1.3. Stage Three: Implementation and Community Empowerment

The final stage was focused on the actual implementation of home gardens. Women'’s
roles in managing the gardens were strengthened and recognized by the community
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(Figure 4), illustrating the shift in women’s involvement from supportive tasks to taking
leadership in decision-making processes at both the family and community levels. This
empowerment of women not only enhanced their participation but also ensured that the
gardens were effectively managed and sustained over time [52-54].

15 1

10 A
Gender of the beneficiary

Male
Female

counts

il

Bad Regular Good Very good

Community recognition

Figure 4. Recognition from the community for implementing home gardens.

The model incorporated a monitoring aspect to track the home garden activities and
facilitated self-assessment, enabling participants to reflect on their progress, exchange expe-
riences, and address challenges collectively. The community’s ability to adapt and support
each other played a crucial role in ensuring the long-term success of these gardens [19,47].

3.2. Impact of Home Gardens on Food Security and Economic Benefits

The analysis showed that 42.33% of households rated their access to food as “Good” and
23.33% rated it as “Very Good” highlighting the significant positive impact (70%) of home
gardens on food security. Additionally, 46.67% of households reported that they experienced
“Good” levels of savings due to home garden production, further reducing financial pressure
from food expenses. These findings underscore the vital role that home gardens played in
improving both food availability and economic stability for the surveyed households.

This shift allowed these families to reduce their reliance on external food sources. By
providing consistent access to fresh, nutritious produce throughout the year, home gardens
also strengthened household resilience, particularly during times of economic instability
and fluctuating food prices [3,40].

Furthermore, improvements in food security were accompanied by notable economic
benefits. A total of 76.67% of households (HH) reported successful crop harvests during
the growing cycle, with many producing surplus vegetables that were sold in local markets.
This not only supplemented household income but also strengthened the local food system,
fostering sustainability and economic resilience within the community (Table 2).

Additionally, home gardens helped reduce food expenses by an average of 19.72%, as
families relied less on external food sources. For simplicity, this reduction was rounded
to approximately 20% in the text. Surplus produce sold in local markets generated extra
income, which further contributed to the economic stability of these households [39,40].
Table 3 shows a notable increase in the percentage of households generating income from
surplus sales compared to the initial stages of implementation, where few families reported
any economic benefit from home gardens. This additional income not only provided
families with the means to invest in other household needs, such as education or healthcare
but also created a buffer against economic uncertainties, ultimately improving livelihoods.

35



Sustainability 2024, 16, 9513

Table 2. Contribution of home gardens to household food security and economic stability.

Measure Level HH Count Over * Percentage of Total (%)
Bad 3 10
. Regular 7 23.33
Availability of goods G%)o d 13 033
Very good 7 23.33
Bad 3 10
Regular 7 23.33
Access to Healthy food G%ood 12 16.67
Very good 6 20
Very bad 4 13.33
Savings due to production Re‘?ﬁar 3 ég
Good 14 46.67
Harvest obtained during Yes 23 76.67
the cycle No 7 23.33
* Number of households exhibiting the specified characteristics. # = 30 households.
Table 3. Relation of income and expenditure per family for food needs.
HH ANIH * MFEH * MVEH * 1IH * SFPI * ISSL * CIHI *
(MXN $) (MXN $) (MXN $) (MXN $) (MXN $) (MXN $) (MXN $)
1 11,236 10,716 1530 1400 130 347 477
2 11,008 10,644 1479 1400 79 438 517
3 10,913 10,356 1492 1400 92 313 405
4 10,947 9804 1582 1400 182 427 609
5 10,800 9612 1384 1400 16 136 120
6 10,410 9828 1600 1400 200 274 474
7 11,389 10,098 1331 1400 —69 256 187
8 10,397 10,788 1306 1400 —94 265 171
9 10,009 9750 1555 1400 155 - 155
10 10,156 9816 1393 1400 -7 153 146
11 11,068 10,188 1561 1400 161 266 427
12 9987 10,122 1444 1400 44 458 502
13 10,458 10,776 1338 1400 —62 - —62
14 11,449 9804 1593 1400 193 - 193
15 11,192 9780 1413 1400 13 378 391
16 11,005 10,104 1491 1400 91 399 490
17 11,468 9936 1368 1400 -32 352 320
18 10,073 9810 1419 1400 19 308 327
19 10,009 10,596 1439 1400 39 - 39
20 11,034 10,512 1320 1400 —80 426 346
21 10,766 10,188 1465 1400 65 381 446
22 10,765 10,122 1516 1400 116 243 359
23 11,472 10,140 1457 1400 57 - 57
24 10,508 9984 1534 1400 134 428 562
25 10,867 9732 1357 1400 —43 425 382
26 10,004 10,614 1475 1400 75 257 332
27 10,265 9762 1339 1400 —61 - —61
28 11,016 10,416 1412 1400 12 - 12
29 10,129 10,308 1436 1400 36 250 286
30 10,837 10,242 1507 1400 107 - 107

* ANIH = Average Net Income per Household; MFEH = Monthly Food Expenses per Household;
MVEH = Monthly Vegetable expenses per Household; ITH = Initial investment per Home Garden; SFPI = Savings
from production after Investment; ISSL = Income from Surplus Sales in Local Market; and CIHI = Contribution
or improvement to Household income. Household income calculations are based on a family size of six people.
Amounts are in Mexican pesos (MXN).

Furthermore, the practice of selling surplus produce strengthened local market partici-
pation, fostering stronger connections within the local economy. This dynamic reinforced
community ties, as households became active contributors to the local food system. It
also promoted sustainability through localized food production, reducing dependency on
external food sources and encouraging circular economies within the community [2,55].
The economic benefits, combined with improved food security, highlight the holistic impact
of home gardens on both household and community well-being, as shown in Table 3.

Crop diversity was also noted as a key factor, with households cultivating a variety of
fruits (Table 4), vegetables, and medicinal plants. This diversity not only improved house-
hold nutrition but also reduced reliance on external food sources, further contributing
to food security [38,41]. The inclusion of medicinal plants such as plants such as Black-
berry herb (Solanum nigrescens) and Acuyo or hierba santa (Piper auritum) was particularly
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important, as it allowed families to access natural remedies, which could in turn reduce
healthcare costs and enhance overall well-being [56]. Additionally, the cultivation of a wide
range of crops such as staple grains like corn (Zea mays) and beans (Phaseolus spp.) provides
resilience against seasonal changes and climate variability, ensuring that households have
a consistent food supply throughout the year. This diversity also fostered the preservation
of local plant species such as sweet potato (Ipomea batata), cassava (Manihot esculenta),
and chayote (Sechium edule) and agricultural knowledge, further promoting sustainable
agricultural practices within the community.

Table 4. Identified crops at the community level for home gardens.

Category Common Name Scientific Name Plant Number
Citrus fruits (sweet lemon and sweet orange) Citrus spp. +++
Citrus (sour orange) Citrus sp. ++
Mango Mangifera indica ++
Jinicuil Inga jinicuil ++
Guava Psidium guajava ++
Papaya Carica papaya +
Soursop Annona muricata +
Mamey Pouteria sapota +
Anona Annona reticulata +
Tamarind Tamarindus indica +
Mexican avocado Persea sp. ++
Fruit trees Plum Spondia ++
Carambola Averrhoa carambola +
Lychee Litchi chinensis +
Pink Poma Syzygium jambos +
White cocoa Theobroma bicolor +
Cocoa Theobroma cacao +
Purple plantain acuminata/balbisiana +
Annatto Bixa orellana +
Coffee goffea arabz:czz N
offea robusta
Posole leaf Calathea lutea +
Jicara Crescentia cujete +
Chikal Lagenaria siceraria +
Blackberry herb Solanum nigrescens ++
Fitolaca Phytolacca icosandra +
Smells at night Cestrum nocturnum +
Quintonil, white quelite Amaranthus hybridus ++
Quelite de venado Ipomea sp. +
Chipil or Chepil Crotalaria sp. ++
Purslane Portulaca oleracea +
Chayote Sechium edule +
Pumpkin Cucurbita moschata +
Passion fruit or Palau Passiflora edulis +
Watermelon Citrullus lanatus +
Coconut Cocos nucifera +
Tepejilote Chameadora tepijilote +
Plants (edible or medicinal) Huasmole, Huele mole Renealmia alpinia +
Nopal tres lobos or pitaya Hylocereus undatus +
Tomato Solanum lycopersicon +
Guaje Luecaena esculenta +
Acuyo or hierba santa Piper auritum +
Mint or spearmint Mentha viridis +
Oregano orejon or vaporub plant Ocinum sp. ++
hile Capsicum annuum +
Chives Allium sp. +
Epazote Dysphania ambrosioides +
Basil Ocimum basilicum +
Cilantro de monte or bull’s coriander Eryngium foetidum +
Cinnamon Cinnamomum verum +
Coriander Coriandrum sativum +
. Corn Zea mays +++
Grains Phaseolus coccineus
Beans N .
Phaseolus vulgaris
Malanga Colocasia esculenta ++
Roots Sweet potato Ipomea batata ++
Cassava Manihot esculenta ++
Jicama Pachyrhizus erosus +

(+++) more than 20 plants per home garden, (++) between 6 and 19 plants per home garden, (+) one to 5 plants

per home garden.
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3.3. Role of Women in Agricultural Management and Decision-Making

The implementation model (Figure 2) was particularly effective in transforming the
role of women within agricultural management. Prior to the initiative, women had limited
involvement in agricultural decision-making, as these roles were typically reserved for
men [52-54]. However, through the model’s inclusive planning and training efforts, women
became more actively involved in selecting crops, organizing garden maintenance, and
managing finances related to surplus produce sales [18,52,57].

A notable shift in women’s roles and perceptions was observed when comparing the
initial perceptions in Table 1 to the final results in Table 5. Initially, Table 1 showed that
38.10% of 21 women rated their involvement in agricultural decision-making as “Bad”
or “Very Bad”, while only 33.33% viewed their participation as “Good” or “Very Good”.
However, after the implementation, Table 5 reveals a marked improvement: the percentage
of women rating their involvement as “Bad and Very Bad” dropped to 4.76%, while those
rating it as “Regular” increased to 38.10%. Notably, 57.14% of women now rated their
involvement in agricultural management as “Good” or “Very Good”, highlighting the
success in empowering women.

Table 5. Final perception of home gardens based on gender.

Gender of the Beneficiary Final Perception Counts Percentage of Total (%)
Bad 1 4.76
Regular 8 38.10
Female (21) Good 10 47.62
Very good 2 9.52
Bad 0 0
Regular 1 11.11
Male ©) Good 3 3333
Very good 5 55.56

This shift in gender roles and increased engagement in decision-making contributed
significantly to the women’s sense of empowerment and their ability to lead agricultural
initiatives, not only within the household but also at the community level [12]. The
improved perception of women regarding their roles in home gardens demonstrates the
model’s effectiveness in fostering inclusive agricultural management and leadership.

Beyond the household, women also became more engaged in community meetings
where key agricultural and development decisions were made. The model emphasized the
importance of women'’s participation in these forums, ensuring that they had the opportu-
nity to voice their opinions and contribute to collective decision-making processes [57]. As
a result, women began to take on more visible leadership roles within the community, influ-
encing broader agricultural policies and community planning efforts. Their involvement in
these meetings not only expanded their influence but also strengthened community cohe-
sion by ensuring that a wider range of perspectives was considered in the decision-making
process as mentioned in similar studies related to gender [18,54].

This increased participation allowed women to advocate for resources, training, and
support that aligned with their families” needs, particularly in terms of food security
and sustainable agricultural practices. The ability to speak in community assemblies and
influence agricultural policies is a critical step toward gender equity in the community.
Furthermore, this engagement contributed to a more inclusive and resilient community
structure, where women'’s contributions were recognized as vital to both the economic and
social development of the community [12,45,52,58].

3.4. Preservation of Traditional Agricultural Knowledge

The initiative played a crucial role in preserving and transmitting traditional agricul-
tural knowledge, particularly through the active participation of elder community members.
One key practice passed down was seed saving. Elders shared techniques for selecting,
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storing, and maintaining seeds from one season to the next, ensuring the availability of
resilient, locally adapted varieties. This practice reduced dependence on external seed
sources and contributed to maintaining biodiversity within the home gardens [59,60].

The involvement of both men and women in these seed recovery efforts was significant,
as illustrated in Figure 5, which shows the participation of male and female household
members in the recovery of local seeds and plants. The figure highlights that women played
a crucial role in ensuring the continuity of these practices. This collaborative effort between
genders emphasizes the collective responsibility to preserve biodiversity and maintain the
resilience of home gardens.

Recovery of local seeds and plants
Bad
Regular
Good
Very good

Female Male
Gender of the beneficiary

Figure 5. Involvement of males and females in recovery of local seeds.

Women were particularly essential in integrating traditional seed-saving practices
into modern agricultural activities, facilitating the transmission of knowledge to younger
generations. This intergenerational transfer of knowledge not only helped to maintain
the genetic diversity of crops but also contributed to the long-term ecological resilience
of the community’s agricultural systems [15,61,62]. Through their active participation,
women helped safeguard both the cultural heritage and environmental sustainability of
their home gardens.

Moreover, the involvement of women in this process was essential. Women played a
key role in ensuring that seed-saving traditions were integrated into modern agricultural
practices and shared with younger generations, thereby contributing to both the cultural
sustainability of the community and the ecological resilience of the home gardens.

Another significant contribution was the knowledge of organic pest control meth-
ods [63-65]. Elders passed down techniques to younger generations on how to use natural
ingredients like herbs in biocompounds and companion planting to manage pests without
relying on chemical pesticides. These organic practices promoted ecological balance and
soil health in the home gardens, while also reducing costs for families by eliminating the
need for expensive chemical treatments.

The use of biocompounds in home gardens, classified by the gender of the person
responsible within the household, highlights the notable involvement of women in adopting
and applying these organic methods (Figure 6). The data reveal that a significant proportion
of women-led households were responsible for the use of biocompounds, illustrating their
central role in implementing sustainable pest control practices. This gender-based analysis
reflects how women’s participation in agricultural management has expanded beyond
traditional roles, contributing directly to the ecological health of the home gardens.
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Figure 6. Inclusion of biocompounds in home gardens.

The widespread adoption of biocompounds underscores the importance of these
organic methods [63,66,67] in maintaining soil quality and reducing pest infestations
(Figure 6). Women, who were primarily responsible for daily garden activities, were
integral in ensuring the success of these practices. Their involvement not only strengthened
their leadership in agricultural decision-making but also fostered a more sustainable and
cost-effective approach to pest management within the community [52,58].

3.5. Crowdfunding Experiment and Community Resilience

The pilot crowdfunding campaign was successful in raising sufficient funds to estab-
lish 30 home gardens [24]. It demonstrated that crowdfunding is a viable tool for financing
community-led agricultural projects and increasing participation in local initiatives [68].
The community actively contributed both financially and through in-kind support, such as
labor for garden construction and maintenance [51]. This collective involvement strength-
ened a sense of ownership, with the gardens being viewed as a shared community resource
rather than individual family assets.

The campaign also fostered collective responsibility and resilience within the commu-
nity [69]. Working together to raise funds and implement the gardens created trust and
solidarity, as the shared goal of improving food security united participants in mutual sup-
port and collaboration [70]. By relying on internal resources and reducing dependence on
external institutions, the crowdfunding initiative overcame traditional barriers to funding
in rural communities [21,71].

Additionally, the campaign raised awareness of food security issues and attracted
external supporters interested in sustainable agricultural practices [25,68]. This external
involvement expanded the community’s network and brought new resources, fostering
connections with organizations interested in food sovereignty and sustainability [72].

Managing the funds and implementing the gardens promoted transparency and
strengthened social bonds, as community members worked side-by-side, sharing knowl-
edge and troubleshooting challenges. The success of this initiative not only improved food
security and economic opportunities but also laid the foundation for future collaborative
initiatives in the community.

4. Conclusions

This study demonstrates that home gardens play a critical role in enhancing food
security, economic stability, and the preservation of traditional agricultural knowledge in
rural Oaxaca. By integrating community-driven initiatives with modern crowdfunding
mechanisms, the project empowered women to take on more active leadership roles in
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agricultural decision-making, thus contributing to sustainable rural development. The
increased involvement of women in managing home gardens not only improved household
food production but also enhanced their influence on broader agricultural policies within
the community, aligning with the objectives of SDG 5 (Gender Equality) by promoting
greater inclusivity and equity.

The revitalization of home gardens resulted in notable improvements in household
food security, with over 70% of households reporting improved access to fresh and nutri-
tious produce, alongside a 20% reduction in food-related expenditures. Furthermore, the
surplus production of crops offered families additional income streams, thus contributing
to economic stability and resilience, in support of SDG 1 (No Poverty) and SDG 2 (Zero
Hunger). The findings highlight the utility of crowdfunding as an effective financial mech-
anism for rural communities, enabling them to overcome traditional barriers to funding
while fostering social cohesion and collective ownership of agricultural initiatives.

Moreover, the project facilitated the preservation of traditional agricultural practices,
such as seed saving and organic pest control, which contributed not only to ecological
sustainability but also to the safeguarding of cultural heritage. These practices, alongside
the fostering of intergenerational knowledge exchange, reinforced the long-term resilience
of home gardens, supporting the objectives of SDG 15 (Life on Land), which emphasizes
biodiversity conservation through sustainable land-use practices.

While the study is focused on rural Oaxaca, the results offer valuable lessons with
broader international implications. Rural and indigenous communities worldwide face sim-
ilar challenges, such as food insecurity, environmental degradation, and the marginalization
of women in agricultural leadership. The integration of traditional agricultural practices
with crowdfunding presents a replicable model for addressing these global challenges.
Communities in diverse settings could benefit from applying the strategies demonstrated
in this study, making this research relevant not only in Mexico but also on an international
scale. By implementing these strategies, communities across the globe can address contem-
porary socio-economic and environmental challenges while preserving cultural heritage
and promoting resilience.

However, this study is not without limitations. Conducted as a pilot project in a
geographically isolated and marginalized community, the scope and sample size were
constrained, which limits the generalizability of the findings to other regions with differing
socio-economic or environmental conditions. Additionally, the relatively short duration
of the study limited the ability to assess the long-term sustainability of home gardens.
Future research should address these limitations by undertaking larger-scale, longitudinal
studies across diverse rural settings, incorporating a broader range of socio-economic and
environmental variables to provide a more comprehensive understanding of the role of
home gardens in achieving sustainable development goals.

In conclusion, this research highlights the transformative potential of home gardens
in promoting food security, empowering women, and supporting sustainable agricultural
practices. By leveraging community-driven initiatives and crowdfunding, rural communi-
ties worldwide can address contemporary socio-economic and environmental challenges,
while preserving cultural heritage and fostering long-term resilience.
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Appendix A

Household Survey: Home Gardens and
Economic Benefits in Vega del Sol

Section 1: Demographics Section 3: Economic Impact

1. How many people live in your 9. How much do you save on food due
household? to the home garden (MXN/month)?
01-203-506-80+8 0 0-500 O 500-1000 O 1000-2000

00 +2000

2. What is the gender of the head of
the household? 10. Do you sell surplus produce?
0O Male O Female O Yes O No

3. What is the primary source of 11. If yes, how much additional income

for yourh hold? do you generate (MXN/month)?

O Agriculture O Wage labor O 0 0-500 O 500-1000 OJ 1000-2000
Business OJ Remittances [J Other 0 +2000

4. Average monthly household

income (MXN): . .
0 0-2000 O 2000-5000 O 5001 Section 4: Household Resilience
10,000 0 +10,000 12. Has your home garden helped
during times of food shortage?
O Yes, significantly O Yes, slightly O
Section 2: Home Garden Use No
5. Do you have a home garden? 13. Has the home garden improved
O Yes O No your household’s financial
stability?
6. How long have you had your home O Yes O No O Not sure
garden?
0 0-1year O 1-3 years O 3-5 years
O +5 years

7. What types of crops do you grow?
O Vegetables O Fruits O Medicinal
plants O Herbs O Other

8. What percentage of your food
comes from the garden?
0 0-25% 0O 25-50% 0O 50-75% O
+75%

Figure Al. Format for Structured Household Surveys.
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Focus Group Questionnaire: Home 8. Ifyes, how much income do you
Gardens and Community Leadership generate from surplus salesin a
typical growing cycle?

Section 1: Demographics
9. How would you rate the overall

1. Age: economic benefit of your home
0 18-30 0 31-45 0 46-60 O +60 garden?

2. Gender: 0O Very Bad O Bad O Regular O Good
O Male O Female U Very Good

3. Role in the Community:
O Community leader 0 Home Garden Section 4: Leadership and Decision-
manager O Other (specify) Making

10. Has your role in managing a home
garden increased your
participation in household
decision-making?

4. How do home gardens contribute 0 Yes 0 No [ Not Sure
to your household's food security?

Section 2: Home Gardens and Food
Security

11. How would you rate the
involvement of women in
agricultural decision-making

5. To what extent do home gardens within your community?
reduce your household’s need to O Very Bad O Bad O Regular O Good
buy food? O Very Good
O Very Bad O Bad O Regular O Good
O Very Good
6. How would you rate the impact of Section 5: Crowdfunding and Ci ity
home gardens on the quality of Initiatives
food (e.g., diversity, freshness)? . .
O Very Bad O Bad O Regular O Good 12. Are you familiar with
crow g as a tool to support
O Very Good agricultural projects?
O Yes O No

13. How would you rate

Section 3: Economic Impact of Home 5 X
crowdfunding’s potential to

Gardens
expand home garden initiatives in
7. Have you been able to sell surplus your community?
produce from your garden? O Very Bad O Bad O Regular O Good
O Yes O No O Very Good

Figure A2. Questionnaire Format for Semi-Structured Focus Groups.
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Abstract: This research aimed to ascertain the prerequisites for the advancement of the slow food
movement in Iran. Employing both quantitative and qualitative methods, it adopted a descriptive and
survey-oriented design. Semi-structured interviews were conducted with 15 experts well-versed in
the extension of slow food, employing a snowball sampling technique. The interview data underwent
coding and analysis employing open coding, axial coding, and selective coding methods. The study
encompassed experts and managers in agricultural extension and education across the nation. For
statistical analysis, a structural equation model and confirmatory factor analysis were employed,
utilizing SMART PLS 3 and SPSS 26 software. The goodness-of-fit index (GoF) was utilized to evaluate
the comprehensive validity of the research model. From a qualitative perspective, six primary facets
of the slow food model emerged: 1. Extension strategies in harmony with slow food principles;
2. Methods of extending the slow food movement; 3. Supportive policies for slow food propagation;
4. Intervening conditions; 5. Causal conditions (triggers and applications) of the slow food paradigm;
and 6. Outcomes resulting from the adoption of the slow food ethos. These facets collectively
comprised a total of 38 sub-components. Through analysis of the structural equation model, key
facets with substantial operational weight and significant influence on the promotion of slow food
were identified. These prominent components encompass disease prevention, the organization of
festivals and exhibitions, the revision of laws, the shaping of individuals’ lifestyles, the enhancement
of food tourism capacity, and the optimization of human resources.

Keywords: slow food; good; clean; fair; gastronomy; advisory system; sustainability

1. Introduction

Food plays a vital role in human existence, representing cultures and nations and
fostering connections among individuals [1,2]. Across societies, varying food preferences,
dining customs, and cultural traditions shape personal and collective identities [3]. The
global nutritional transition reflects evolving patterns in food consumption [4]. The slow
food movement’s emergence is significant, advocating for quality, clean, and equitable food
for a promising future, supporting sustainability and local agriculture [5,6].

Proponents of the slow food movement advocate a return to traditional, community-
based, and organic food production for sustainability amid global population growth.
They prioritize fostering food knowledge for health and environmental harmony [7]. Slow
food, now a sociopolitical initiative, challenges corporate dominance and values small
enterprises, cultural diversity, and biodiversity. It emphasizes social and environmental
responsibility, supporting local employment and safeguarding traditional industries, small
farms, food diversity, and the ecosystem [8]. This comprehensive approach encompasses
economic, social, cultural, and environmental dimensions, with a focus on educating about
agricultural practices and ecological preservation [9].
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The slow food movement is intricately linked to SDG2, Zero Hunger. Slow food
seeks to establish sustainable and resilient food systems that actively contribute to the
realization of SDG2. The movement champions the principles of “good, clean, and fair”
food, emphasizing quality, sustainability, and social justice in food production and con-
sumption. Through initiatives that encourage the revival of local food and traditional
cooking, support small-scale producers, and advocate for the conservation of cultural and
biological diversity, slow food aligns itself with the objective of zero hunger while fostering
local socio-environmental sustainability [10]. Agricultural extension is crucial for sustain-
able development and advancing the slow food movement’s objectives [11-15]. It plays
a pivotal role in propelling agriculture and disseminating technological progress beyond
technical aspects, necessitating adept resource management [16]. With responsibilities in
fostering growth, alleviating poverty, and addressing economic and social dimensions [17],
agricultural extension is integral to establishing sustainable agriculture. However, practical
models for agricultural extension in areas like wholesome nutrition are lacking. The current
agricultural extension system faces challenges in policy formulation, organization, target
clientele, and funding [14], hindering its capacity to fulfill various roles, including nutri-
tional guidance. The lack of effective accountability results in predicaments diminished
productivity, and reduced well-being for agricultural users and their households. Given
Iran’s rich cultural, climatic, and culinary diversity, coupled with the global expansion
of cultural tourism, the nation has the potential to be a significant participant in the slow
food movement [18]. Iran’s expansive geographical expanse, diverse array of agricultural
products, and culturally abundant tapestry directly influence local cuisine. Therefore,
researching the constituents and elements of the slow food movement, while identifying
efficacious extension methodologies, is imperative [19].

The development of a comprehensive model, considering economic, social, and cul-
tural contexts, along with cultural sensitivities and the consequences of slow food consump-
tion on the environment, culture, and health, is of paramount importance. Additionally, the
absence of a well-defined developmental framework and the accompanying uncertainties
regarding the components and elements of the slow food paradigm underscores the neces-
sity for addressing these gaps through further investigation. Consequently, the primary
research question guiding this study was the following: How can a comprehensive model
be effectively designed for advancing slow food through the extension system, and which
components and elements should this model encompass?

Slow food embodies dimensions promoting biodiversity, adopting a noble philos-
ophy, championing ecologically mindful practices, preserving traditional methods, and
advocating for wholesome eating. These dimensions are explored in many studies [20-27].

Numerous studies have explored the impacts of slow food development, covering as-
pects, such as disease prevention and ecological conservation [25,27,28]. Concurrently,
conditions fostering slow food’s evolution, including disorder, inadequate communi-
cation, steep costs, and a feeble public culture, have been identified [27-31]. Govern-
ment policies, incentives, and heightened oversight are seen as pivotal in advancing slow
food [21,32-34]. Strategies for cultivating slow food’s progress have been discussed in
studies by [22,32,35,36]. In Askin Uzel’s [37] investigation, a conclusive determination was
reached: slow food represents a valuable and sustainable approach to nourishment, holding
the potential to alleviate illnesses stemming from suboptimal nutrition and enhance overall
well-being. The propagation of slow food practices can also drive economic and societal
progress in regions reliant on food production. To effectively advance slow food, education
and the cultivation of wholesome eating habits, particularly among the younger demo-
graphic, are critically important. In the study by Bashiri et al. [38], the authors observed a
significant reduction in the risk of cardiovascular diseases, diabetes, obesity, and digestive
ailments through the adoption of slow food. This dietary approach further exerts favorable
influences on cognitive health, diminishing anxiety and stress, augmenting concentration,
and enhancing memory. Slow food reinforces the immune system, preempting related
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maladies. Thus, as a salubrious and sustainable dietary paradigm, slow food occupies a
pivotal role in the preservation and enhancement of human health.

Abbasi et al. [39] study explores the impact of slow food on sustainable develop-
ment, emphasizing its relevance as the global population grows. Slow food is an envi-
ronmentally conscious approach, reducing waste, managing resources efficiently, and as
Shujaei et al. [40] noted promoting healthful food generation. It fosters economic and
social progress in food-dependent regions, holding promise for societal advancement.
Zerehposh et al. [41] found slow food significantly affects both physical and mental well-
being, while Hafizi et al. [42] delved into its principles and methodologies, highlighting
sustainability in production and consumption. Integrating slow food tenets, such as con-
suming natural and seasonal products and adopting health-conscious cooking techniques,
promotes sustainable food practices. Ghorbani [43] demonstrated that implementing slow
and low-fat food methodologies can improve health outcomes, reduce waste, stimulate
local production, and generate employment. Facing challenges, Habibi et al. [44] empha-
sized the potential for slow and low-fat food principles to enhance community health and
local progress. Masoudi et al. [45] underscored the positive influence of slow food on
societal well-being, while Hafizi et al. [42] outlined challenges and proposed remedies,
such as heightened awareness and education. Table 1 summarizes perspectives of previous
scholars on effective factors in the slow food concept.

Table 1. Slow food concepts and key influencing factors.

Key Influencing Factors Authors
Slow food development strategies. [20,22,29,36,37]
Government incentives, support policies, and the slow food movement. [21,33-35]

The absence of planning, inadequate communication, high costs, and a deficient public culture serve as
background conditions for the development of slow food. These encompass both background and [25,27-31,35]

causal conditions.

Consequences of slow food development include disease prevention and environmental protection. [25,27-29,35]

Components supporting biodiversity, fostering a noble philosophy, embracing environmentally friendly food [20-22,24-27]
practices, reverting to ancestral traditions, and promoting healthful eating. ,

The utilization of local traditional foods in food and nutrition policies can stabilize food systems. However, the
scarcity of authentic local cuisine in regions, coupled with the rise of foreign eateries, impacts the availability of
healthful nutrition and contributes to the long-term risk of cardiovascular diseases. Irregular eating habits and
excessive fluid consumption during meals are linked to increased odds of general and abdominal obesity.
Dietary patterns, healthy eating profiles, and traditional cardiovascular disease risk factors are interconnected. [18,46-52]
Additionally, the consumption of high-calorie foods, such as fatty dairy products and red meats, highlights the
importance of food tourism, nutritional habits, health education, and traditional approaches. The dynamic
between traditional, sustainable food systems and contemporary dietary preferences is influenced by culture

and convenience.

2. Research Methodology

This research takes an applied, non-experimental approach, focusing on understand-
ing the perspectives and insights of experts in slow food extensional prerequisites. Using a
mixed methods design that combines qualitative and quantitative paradigms, this study
aims to provide comprehensive results. To address the research questions, a descriptive
survey strategy was employed. The qualitative sampling methodology in this research
employs a comprehensive approach to ensure a nuanced understanding of slow food
extensional prerequisites. The selection of participants involves a dual strategy, integrat-
ing both theoretical and purposive sampling techniques with a specific emphasis on the
snowball method. Theoretical sampling enables the identification of individuals possessing
theoretical knowledge and expertise in slow food extensional requirements, ensuring a
well-rounded representation. Simultaneously, purposive sampling allows for the inten-
tional selection of participants based on their relevance and significance to the research
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Consequences
_ Preservation of the

environment and
biological species
_ Reducing the cost of
living
_ Healthy life
_ Prevention of
diseases and illnesses

objectives. The snowball method, a key component of this sampling strategy, facilitates
the expansion of the participant pool. Starting with an initial set of participants, additional
individuals are identified through referrals from the initial participants. This iterative
process helps uncover hidden expertise and ensures a diverse range of perspectives within
the domain of slow food extension. In the initial phase of the study, fifteen semi-structured
interviews were carefully conducted. This number was determined based on the principle
of theoretical saturation, indicating the point at which new information ceases to emerge,
ensuring a thorough exploration of the subject matter. The semi-structured nature of the
interviews allows for flexibility, enabling the exploration of unexpected insights and en-
suring a holistic understanding of slow food extensional prerequisites. The results of this
interview and the identified concepts for slow food extension requirements are presented
in Table 2 and Figure 1. The results of this stage were considered for the quantitative phase.

Referring to the statistical population, it encompasses experts and managers exten-
sively involved in agricultural extension and education. Affiliated with coordination
management offices, agricultural research, and education centers nationwide, the sample
size for this research consists of 218 actively engaged individuals in agricultural extension.
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Figure 1. Main and major components of slow food extension.
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Table 2. Identified concepts for slow food extension implications from semi-structured interviews.

Identified Relevant Key Concept Main Construct

Conformity with values and traditions, matching with morals, believing in the philosophy of good (delicious) food,

promoting the taste of native and local foods, and financial and human structures. Extension of slow food

Obtaining opinions from family members, obtaining opinions from relatives and friends, consulting slow food Extension methods of slow
experts, obtaining opinions from teachers, and introducing and extension a suitable lifestyle. food
Increasing government investment in education and extension of slow food and government support for popular Supportive policies
and non-governmental organizations in the field of slow food. (intervening conditions)

Existence of extension facilities in urban and rural environments, the existence of extension guidelines and

. . . X R NI Background conditions
instruction, and the existence of educational and extension centers and institutions. &

Reducing the costs of treating diseases, reducing cardiovascular diseases, more communication between family Consequences of slow food
members, and improving human health due to eating slow food. extension

Air pollution in food production, use of polluted water in food production, and excessive use of chemical inputs ~ Challenges facing the use of
in agriculture. slow food

In the subsequent quantitative stage, descriptive research methodology was employed
alongside a structural equation model. The initial use of factor analysis assists in discerning
pivotal components and their corresponding significance coefficients. Subsequently, the
structural equation model serves as a robust tool to unravel the intricate relationships
among these components. Ultimately, this model culminates in presenting the definitive
framework for slow food extensional prerequisites.

In this stage, the primary research tool was a researcher-made questionnaire consisting
of two main sections based on the results of the qualitative phase. The initial section
captured respondents’ demographic characteristics, encompassing age, gender, level of
education, field of education, organizational position, and work experience. The second
section of the questionnaire focused on the promotional aspects of slow food. Comprising
75 items presented in a 5-level Likert scale format, this part aimed to gauge respondents’
opinions on various dimensions. These dimensions encompassed Extension of Slow Food,
Methods for Promoting Slow Food, Supportive and Motivational Policies, Background
Conditions, Consequences of Slow Food, and the Causal Conditions of Slow Food.

To assess construct validity, we computed the average variance extracted index (AVE),
indicating the extent to which the indicators contribute to the variance of the studied con-
struct. AVE serves as a metric for construct validity, also recognized as convergent validity
(Table 7). On the quantitative side, reliability was evaluated using both the Cronbach’s
alpha test and composite reliability for the items designed to measure the variables. It is
important to note that the pre-test stage had a smaller sample size, making it inadequate for
calculations within a structural equation model. Therefore, for assessing reliability during
the pre-test stage, we employed Cronbach’s alpha (Table 3). In contrast, during the model
test stage, we adopted the CR method. Notably, the main questionnaires provided a more
substantial sample size, enabling the determination of reliability through the CR approach.

Table 3. Cronbach’s alpha coefficient for questionnaire dimension.

Row Questionnaire Dimensions Number of Items Cronbach’s Alpha Coefficients
1 Extension of slow food 14 0.781
2 Methods of promoting slow food 21 0.698
3 Supportive policies 10 0.895
4 Background conditions 10 0.887
5 Consequences of slow food 8 0.741
6 Causal conditions of slow food 12 0.952

The general fit index was introduced to check the fit of the model. The overall criterion
of fit (GoF) (Equation (1)) can be obtained by calculating the geometric mean of the shared
mean and R2.

GoF = ,/average (Commonalities) x R? (1)

51



Sustainability 2023, 15, 16538

In order to assess the suitability of the data for factor analysis, it is necessary to conduct
a test of sampling adequacy. This test is measured using the Kaiser-Meyer-Olkin (KMO)

indicator (Table 4).

Table 4. Sample size adequacy test.

KMO and Bartlett’s Test
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 0.876
Approx. chi-square 6151.33
Bartlett’s Test of Sphericity d.f. 217
p-value 0

3. Results

The analysis of the subjects’ age revealed the highest frequency in the “41-50 years’

7

age group, comprising 86 individuals (39.5%) with an average age of 42.69. The ma-
jority of participants were male, accounting for 172 individuals (78.9%). Examining
the subjects” education level, the most common category was “master’s degree” with
100 individuals (45.8%), while the field of “agricultural engineering” had the highest fre-
quency at 119 individuals (54.6%). Regarding agricultural experience, the most frequent
range was “11-15 years” with 144 individuals (36.6%), and the average experience was
12.99 years. In terms of organizational positions, the highest frequency was observed
among “experts” with 109 individuals (50%), whereas “academic faculty” had the lowest
frequency of 24 individuals (11%) (Table 5).

Table 5. Respondents demographic characteristics (1 = 218).

Feature Group Frequency Percentage
20-30 41 18.8
Age (years) 30-40 55 252
M =4046 40-50 86 395
50-60 36 16.5
Mail 172 78.9
Gender Female 46 21.1
B.Sc. 30 13.8
Level of education M.Sc. 100 45.8
Ph.D. 88 40.4
Technical engineering 20 9.2
Basic sciences 22 10.1
Field of study Agricultural engineering 119 5436
Humanities 41 18.8
Other 16 7.3
Expert 109 50
Organizational position Senior expert © 207
Manager 40 18.3
Faculty members 24 11
1-5 26 11.9
5-10 63 28.9
Work experience (years) 1015 7 35
15-20 44 202
20-25 7 3.2
25-30 5 2.3
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4. Measurement Model Test

The model testing process is conducted step by step, beginning with the construction
of the PLS model in the software. This step helps to identify the relationships between
variables and their corresponding indicators and constructs. In the initial phase of our
research, we employed the grandad theory paradigm model. Through face-to-face inter-
views with key influencers, we extracted essential elements, including causal conditions,
background conditions, intervening conditions, strategies, and consequences associated
with the extension of slow food. It is crucial to highlight that these identified factors directly
align with the variables we are investigating in our study (refer to Figure 1). Based on the
known variables in Table 2 and the relationship between them according to the grounded
theory model (Figure 1), the model was evaluated. As illustrated in Table 6 and Figure 2, the
causal conditions variable demonstrates the most significant causal effect when estimating
the variance of slow food (beta = 0.667, t = 3.237, p < 0.05). For this factor, people’s lifestyle,
the tendency of young people and children to eat fast food, and fast food production centers
had the highest relationship with casual conditions of slow food. Subsequently, supportive
policies exhibit the highest meaningful causal relationship with slow food in next step
(beta = 0.349, t = 2.671, p < 0.05).

M3
V\ 0.737 Method of promoting slow food (o635
M4 [y
0.683 Slow food Model
M5 &
0.449 0.349
Mo |* 0.405 T — 0000 3 ocaA
Supportive policies
0.165

¥~ 058

U\

0.921

s
0.762

0743 0517
MD3 \
— 0.679 _ / v *
MD4 [« 0540 |AR2||AR3||AR4||AR5|
o 0422
MD5 Causal conditions for slow food
0.529
MDe6

Consequences of slow food extension

Figure 2. Measurement of the final model and the results of the hypotheses in the standard mode.
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Table 6. Values of factor loading under the modified components of the knowledge and information
system of smallholder farms.

Factors Visible Variables Symbols  Factor Loading t-Value
Capacity of food tourism R4 0.584 2.618*
Background v f .
conditions Community food culture R8 0.483 4.319
Slow food NGOs R6 0.410 3.348 *
People’s lifestyle AR5 0.921 3.704 %
The tendency of young
people and children to fast AR2 0.762 2.381*
Causal conditions food
Fast food production AR3 0.743 5107 %
centers
Weakness of general culture AR4 0.517 2227 %
Revision of the rules M3 0.737 3.349 %
Supportlr.lg extension and M4 0.683 3177 *
I . media programs
ntervening
conditions Supportlng associations M5 0.449 3012 *
and social groups
The support of relevant M6 0.405 2420
groups
Holding festivals and A9 0.812 13.102 **
exhibitions
Using the capacity of
non-governmental A10 0.765 10.106 **
organizations
Extension variables Use of mass media Al3 0.723 10.890 **
Usmg‘l(')cal and popular A10 0.651 10.106 *
capacities and methods
Using the capabilities of
Internet technologies in All 0.495 4.880 *
education
Preventhn of diseases and MD3 0.679 3361 *
illnesses
Consequence’s Healthy life MD4 0.540 2544 %
variables
Reducing the cost of living MDé6 0.529 4.059 *
Environmental protection MD5 0.422 2.097 *
<001, *p <005,

5. Factor Load Measurement

The reliability of each item is ascertained based on the count of factor loadings linked
to each observed variable. This evaluation aids in determining the efficacy of the observed
variables in gauging the latent, underlying variables. Typically, a minimum acceptable
value of 0.3 is deemed suitable. Factor loadings of 0.4 signify a moderate level of signifi-
cance, and those exceeding 0.5 denote a substantial level of significance. Table 7 presents
the factor loading values corresponding to each of the independent variables.

The high fit of the model indicates that the model is well explained. Esposito et al. [46]
suggest that a goodness-of-fit index (GoF) higher than 0.5 indicates a good fit for the model.
Davari and Rezazadeh [47] agree with this assessment. The overall GoF for this research
model is 0.503, which suggests the model has a good fit (Table 8).
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Table 7. General model quality criteria.

Composite Coefficient of . , Common Shared
C e A Composite Cronbach’s L. Redundancy Index
omponents Reliability Determination Reliabilit Alpha Values Reliability Q2 (=1 - SSE/SSO)
(CR) (R?) Y P (Community) (AVE) =
Extension of 0.817 0389 0.802 1.00 1.000 1.00 0.298
food slow
Method food 0.895 0573 0931 0.768 0.742 0.823 0.447
slow
Supportive
policy food 0.912 0.573 0.903 0.839 0.854 0.805 0.176
slow
Background
0.954 0.573 0.851 0.920 0.951 0.782 0.341
food slow
consequences 0.861 0573 0911 0.832 0.789 0.841 0.177
food slow
Causal
conditions of 0.924 0.108 0.912 0.736 0.874 0.766 0.188
slow food

Table 8. Final model fit.

Index R? Communality
Extension of slow food 0.62 0.56
Extension methods 0.56 0.37
Supportive policies 0.75 0.43
Background conditions 0.88 0.16
Benefits of slow food 0.56 0.38
Causal conditions of slow food - 1

6. Discussion

The study unveils six crucial elements within the structure of the slow food extension
framework. These elements encompass requirements, extension, background conditions,
supporting policies, consequences, and causal conditions components. Employing the
research background and grounded theory approach, we meticulously crafted a distinc-
tive conceptual model, making a noteworthy contribution to the field. This conceptual
model underwent empirical testing within a statistical population comprising experts and
extension specialists nationwide. The analysis results affirmed its appropriateness and
effectiveness as a suitable framework.

The study indicates that advancing slow food necessitates enhancing human resources,
a fundamental aspect of this initiative. Extending slow food further requires dedicated
budgetary and financial resources, constituting essential sub-components. This aligns with
Allahyari’s findings [14], emphasizing the substantial investment required for slow food
extension. Efficient organizational structures are crucial in the array of slow food model
prerequisites, as supported by various studies [26,53,54]. Allahyari’s research [14] reinforces
the idea that slow food extension mandates a significant infusion of financial resources
and adept budgeting. Collectively, this evidence emphasizes the pivotal role these sub-
components play within the slow food model, working in tandem with human resources.

The research supports the use of virtual networks, aligning with Fatemi Amin and
Fouladian’s findings [53]. Both previous researchers and experts interviewed highlight the
importance of people’s awareness and knowledge. Slow food aims to foster active engage-
ment, emphasizing that informed consumers understand food production challenges [55].
Building on background research, the study’s findings on extensional methods align with
MirKarimi et al. [54] and Williams et al. [56]. Other studies by Askin Uzel [37], Petrini [35],
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Slow Food [20], Simonetti [22], and Heitmann et al. [36], also discuss methods for slow
food development.

Experts in agricultural policies emphasize endorsing organic agriculture and re-
ducing pesticide use within the slow food movement. Policies on transgenic crops or
seed modification, a key concern addressed in this research, are also deemed essential.
Peano et al.’s study [55] suggests that establishing slow food committees enhances sustain-
ability, focusing on socioeconomic and cultural aspects while prioritizing environmental
and qualitative aspects of food production. Related research by Leitch [33], Slow Food [20],
Dumitru et al. [21], and Schneider [34] aligns with this study’s findings, emphasizing
the importance of advocating for government policies and expanding oversight for the
advancement of slow food [20].

The quantitative phase of the research, utilizing partial least squares analysis, affirmed
the influence of tourism, traditional food culture, and non-governmental organizations
in expanding the slow food model. These results align with various studies, including
those by Slow Food [20], Dumitru et al. [21], Simonetti [22], Counihan and Van Esterik [24],
Andrews [25], Petrini [26], and Sassatelli and Davolio [27]. Durst and Bayasgalanbat’s [57]
research further supports these findings, while Abshar [47] and Aini Zeinab and Sob-
hani [48] demonstrate that traditional and indigenous foods in Iran are more environmen-
tally sustainable than popular Western foods.

The background research aligns with Taghvi [58] and Peano et al. [55], reinforcing and
supporting the discussed issue. The prevalence of fast food in societies is partly attributed
to employed family members with limited time for food preparation due to work or studies.

The growing interest in healthy eating acknowledges slow food as a health-conscious
pattern that prioritizes natural ingredients while avoiding preservatives. This approach is
bolstered by strategies, such as promoting organic agriculture and endorsing a diverse diet,
which is gaining traction for its health and eco-friendly attributes. By highlighting the use
of fresh, raw, and natural ingredients, slow food contributes to preventing heart diseases,
diabetes, and cancer; reducing food waste; improving product quality; and fostering sus-
tainable agriculture. The promotion of supportive policies, including financial incentives,
stimulating consumer demand, and establishing suitable retail spaces, is essential for its
widespread adoption.

To establish a foundation for slow food principles, key elements must be addressed:
cultivating technical proficiency among farmers, establishing a favorable market, and
enhancing the national food system. Three pivotal factors—food tourism capacity, com-
munity food culture, and Non-Governmental Organizations (NGOs) involvement—are
suggested. Food tourism capacity involves a region’s ability to offer local culinary delights,
preserving traditions, promoting sustainable practices, and cultivating local craftsmanship.
Food culture, tied to nutrition habits and behaviors, endorses slow food by promoting
local and organic fare, encouraging home cooking with fresh ingredients, celebrating food
diversity, and enhancing the social experience of consuming food. Leveraging existing food
culture fosters a deeper understanding, guiding individuals toward healthier choices and
embracing the slow food philosophy.

NGOs play a vital role in promoting local and slow food principles among farmers and
producers through activities like training sessions, awareness campaigns, and workshops,
utilizing internet resources and collaborative approaches. They also organize classes and
workshops to encourage individuals to adopt home-cooked meals, promoting diverse and
high-quality foods. Beyond education, these organizations conduct research to raise aware-
ness and advocate for slow and healthy food principles, contributing to the widespread
adoption of sustainable eating habits and the preservation of local culinary traditions.

Slow food practices yield several key benefits, including the prevention of nutrition-
related diseases, cost reduction in maintaining a healthy lifestyle, and contributions to
environmental conservation. These practices effectively combat cardiovascular diseases,
diabetes, cancer, and obesity by promoting mindful eating and reducing risks associated
with excessive calorie and fat consumption. Embracing slow food translates to healthier
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living, diminishing the financial burden of disease prevention and treatment, streamlining
food-related expenses, and enhancing overall quality of life. Ecologically, the implications
are significant; local, fresh ingredients minimize long-haul food transportation, averting
environmental harm from preserved and processed goods and playing a crucial role in
preserving biodiversity and preventing environmental degradation.

To expand slow food practices, a well-suited organizational framework is crucial.
This framework should include culturally aligned nourishment, adept management of
slow food extension, adequate human resources, budget allocations, and organizational
policies championing healthful cuisine. Key factors for success include robust leadership
committed to slow food promotion, a dedicated and proficient team, provision of necessary
resources, and collaborative engagement with public and private entities, research centers,
and universities.

Cultural compatibility of food is essential for slow food extension, aligning with
local tastes and safeguarding indigenous knowledge, values, and traditions. This requires
considering prevalent culture, historical context, and local culinary traditions. Culturally
compatible foods serve as communication and social catalysts within society, nurturing
and reinforcing social bonds.

Efficient management of slow food promotion involves forming an expert working
group to devise strategies aligned with audience needs. Educational initiatives, workshops,
festivals, and collaboration with organizations are pivotal. Human resources encompass
education, awareness, and research, with encouragement and support being crucial. Fi-
nancial allocation and suitable facilities are pivotal considerations for successful slow food
promotion, contributing to the overall well-being of society.

Supportive policies are integral to societal benefit, particularly in the context of slow
food promotion. A key policy avenue involves revising laws related to food, nutrition,
and health, offering a streamlined means to enhance the reach of the slow food movement.
Amendments and updates to these laws facilitate the process of promoting slow food
effectively. Extensional programs, encompassing various media outlets, such as the internet,
television, and radio, play direct and indirect roles in this promotion. Financial backing and
well-organized execution of these programs significantly contribute to the success of the
slow food movement. Additionally, associations and social groups contribute by hosting
festivals, exhibitions, workshops, and educational webinars focused on slow food.

Causal conditions and factors drive the adoption of slow food, including the prolif-
eration of fast food production centers, the inclination of young individuals and children
toward fast food, limited emphasis on slow food in public culture, and shifts in people’s
lifestyles. Given the health risks associated with fast food, curtailing fast food production
centers and promoting slow food becomes crucial for public health. Increasing awareness,
fostering slow food production, and enacting laws pertaining to fast food production and
slow food promotion are necessary. Addressing the deficiency in public culture involves
boosting understanding of the benefits of slow food for overall health. Strategies for extend-
ing slow food adoption include training initiatives, incentives for slow food production,
menu adjustments, and innovative advertising techniques.

Globally, the slow food movement is recognized as an international force in nutrition
and agriculture. Actively supporting sustainable agriculture, high-quality food markets,
dietary diversity, and healthy eating habits, this movement contributes to better health,
improved quality of life, reduced food waste, environmental preservation, and economic
opportunities. Raising awareness and advocating for slow food assumes great importance
on a global scale, addressing vital concerns in the domains of nutrition and health for the
worldwide community.

7. Conclusions

The extension of the slow food movement holds paramount importance as a develop-
mental imperative in Iran. To bolster its reach, a comprehensive examination of factors is
essential, encompassing compatible extension requisites, methods for proliferation, sup-
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portive policies, underlying and causal conditions, as well as the ensuing consequences of
adopting slow food practices. Given the profound influence of slow food on promoting
health-conscious eating habits and enhancing people’s overall quality of life, a concerted
push to amplify its adoption on a national scale becomes imperative.

The positive consequences of endorsing slow food practices, benefiting societal health
and fueling economic growth, underline the need for heightened efforts on a national scale.
A collaborative effort among stakeholders—producers, consumers, government bodies,
and private institutions—is essential to advance the slow food cause.

To optimize the role of extension institutions, empowering human resources within
the Agricultural Extension and Education Institute and the Ministry of Health’s Food and
Drug Deputy is crucial. This entails formal endorsement, resource allocation, and elevating
knowledge in the realm of healthy and slow food.

Media integration is recommended by positioning the “healthy life” theme within the
scope of “healthy food” through dedicated programs on mass media platforms. Enhanced
monitoring of fast food establishments is warranted to ensure adherence to standards.

Supporting non-governmental entities dedicated to slow food, coupled with strategic
planning, resource allocation, and organizational fortification within government institu-
tions, is crucial. Organizing food festivals, collaborating between extension and health
systems, and emphasizing organic practices align with agricultural policies.

Embracing these recommendations reinforces the slow food movement, contributing
to healthier lifestyles, sustainable agriculture, and improved societal well-being.

8. Recommendations

To bolster the slow food movement and enhance the role of extension institutions, the
following recommendations are proposed:
Empowering Extension Institutions:

- Given the pivotal role of the Agricultural Extension and Education Institute and the
Ministry of Health’s Food and Drug Deputy in the slow food extension framework,
formal endorsement and meticulous planning are crucial.

- Resources should be allocated to enhance human resources” knowledge in healthy
and slow food practices, positioning human resource empowerment as a linchpin in
the broader domain of human resources management.

Media Integration:

- Positioning the “healthy life” theme within the scope of “healthy food” on mass media
platforms, including radio and television, is recommended.

- A designated program promoting healthy food and lifestyles should be crafted, ap-
proved by the Supervisory Council of the Broadcasting Organization, and prominently
featured in national-level strategic documents.

Enhanced Monitoring:

- Rigorous and continuous supervision of fast food production and distribution es-
tablishments is necessary to ensure adherence to standards. A comprehensive plan
supporting this effort is warranted.

NGO Support:

- Government institutions should actively encourage and endorse the establishment
of non-governmental entities dedicated to slow food, supporting extension efforts
through careful planning, resource allocation, and organizational fortification.
Healthy Eating Promotion:

- Organizing food festivals through collaboration between extension and health systems,
coupled with robust education on healthy nutrition, effectively nurtures wholesome
eating habits.

- Aligning the slow food movement with agricultural policies emphasizing organic
practices is crucial for promoting sustainable agricultural practices.
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Embracing these recommendations will reinforce the slow food movement, contribut-
ing to healthier lifestyles, sustainable agriculture, and improved societal well-being.
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Abstract: Training in the agricultural sector has been set as a continuing government agenda to
educate people in rural areas. This study aims to identify several determinants that play a key role
in developing sustainable agropreneurs in the Bottom 40 (B40) group in Perak, Malaysia. To this
end, data were collected from 200 participants in the Agropreneur Community Training Program
(ACTP). A quantitative research method was used for describing and analysing the collected data.
The results showed that an internal factor, which was the agropreneurs’ attitudes towards behaviour,
displayed a significant positive relationship with the expansion of the farm. As for the external
factors, the results showed that family support and social networking have a significant positive
relationship with increased income. Moreover, the results revealed that subjective norms exhibited a
significant negative relationship with increasing income. Accordingly, more representative samples
are required to verify the results of the postulated relationships between the internal and external
factors of becoming a sustainable agropreneur in rural areas. The agricultural sector has become
a pressing global concern, with issues such as natural disasters, wars, and climate change. Thus,
the results of this study provide several theoretical and practical insights for government agencies,
especially in developing countries, to execute more viable training programs for agropreneurs.

Keywords: sustainable agropreneurs; agropreneur training program; B40 group; Malaysia; attitude;
behaviour; social networking; subjective norms; human motivation theory

1. Introduction

The agricultural sector has received considerable attention worldwide to overcoming
the issue of food security, and Malaysia is not an exception. Since the 1990s, the policy of
the Malaysian government has emphasised the important agenda of the country’s agri-
cultural development. In line with the 5th Malaysia Plan (1986-1990), the government
injected the elements of modernisation and commercialisation by encouraging the pri-
vate sector to revitalise and modernise [1]. In this regard, the National Agrofood Policy
(2011-2020) (NAP) was initiated to emphasise product commercialisation, and one of the
policy objectives is to increase the income level of agricultural entrepreneurs. Since then,
there have been improvements in terms of the involvement of the private sector and the
use of new technology to improve productivity. The agenda is strengthened by the exis-
tence of National Agrofood Policy 2.0 (2021-2030), which focuses on ‘smart agriculture’.
However, the effectiveness of these policies is in doubt. According to Malaysia’s gross do-
mestic product (GDP), from 2010 to 2020, the percentage of agricultural growth in Malaysia
reached a maximum level of 11.45% in 2011 before showing a stagnant growth of 9.79-7.51%
(2012-2018) and recorded the lowest growth in 2019 (7.24%) and 2020 (7.40%) [2]. In this
regard, Kunasekaran et al. [3,4] asserted that the contribution of the agricultural sector
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to Malaysia’s economy is far too small compared with other Asian countries, including
Thailand, Indonesia, and Vietnam.

Many developed and developing countries have associated the escalating number of
local entrepreneurs with the current economic boost. Asian countries such as Korea, Japan,
and Taiwan have achieved impressive success rates in their growth levels of economic
development by developing their local entrepreneurs [5,6]. The similar concept of agro-
preneurs was derived from the core activities of farmers. This newly derived concept refers
to “a group of people who conduct part-time or full-time activities of farming, cultivating
soil, growing crops, and raising livestock as their main source of income’ [7]. The emerg-
ing concept of ‘agropreneurship’ combines entrepreneurship and agriculture to generate
lucrative profits from various farming activities [8]. In the context of this study, however,
agropreneurship refers to a farmer who cultivates crops or plants and nurtures agricultural
products as a source of generating income for a living. In Malaysia, numerous agropreneur-
ship training and education programs have already been implemented to support new
agricultural policies, which aim to train and educate farmers to become entrepreneurs [1].

Entrepreneurship has been particularly recognised as a feasible solution to many
economic, social, and environmental challenges [9-11]. It provides a robust platform for
everyone to explore business opportunities using a variety of readily available resources.
Schaltegger and Wagner [12] described sustainable entrepreneurship as ‘an innovative,
market-oriented and personality-driven form of creating economic and societal value’.
Sustainable entrepreneurship is about seizing economic opportunities that bring into
existence particular future products that provide both economic and non-economic gains
to society and individuals [13-17].

Previous scholars [18,19] have stated that entrepreneurial opportunities could be an
outcome of ‘a self-transformation process, which can be achieved through training and
education’. Having the right combination of motivation, skills, and opportunities will
empower new entrepreneurs to become productive and successful [18]. In the agricultural
sector, rural farmers usually have small plots of land, and they generate low yields from
their farms. However, escaping poverty seems impossible to them [20]. Thus, agropreneur-
ship development necessitates more effective strategies and policies to address the social
and economic imbalance in less developed areas in the country [21-23]. According to
Firdaus et al. [24], there is a trend in Malaysian society that family background, income
potentials, the market environment, knowledge, skills, and incentives are among the major
drivers of the younger generation to become involved in the agricultural sector.

Primarily, this study takes the initiative to bridge the gap in the literature about agro-
preneurship. Generally, previous studies [25,26] have investigated the factors contributing
to becoming an entrepreneur in different fields, while only a handful of studies have fo-
cused on the agricultural sector [27-29]. Second, Alsos et al. [30] maintained that many
studies have overlooked the significant role of entrepreneurs in the agricultural sector.
Yusoff et al. [31] emphasised that further studies should examine the influential factors
of agropreneurs’ behaviour in Malaysia. Third, according to De Wolf et al. [32], many
studies on entrepreneurship and farmers often question the necessary skills of farmers
to compete in a market-driven environment. Providing education on entrepreneurship
could help rural farmers in making strategic decisions about their livelihoods. This study
mainly aims to encourage Malaysian farmers to become sustainable agropreneurs through
a planned training program that is conducted by the Northern Corridor Implementation
Authority (NCIA). The mission of the program is to elevate the living standards of the
B40 rural community. The B40 community consists of those with a household income of
RM 2388 (equivalent to USD 525.36) per month. The program is part of a government
initiative under the 11th Malaysia Plan (11 MP) to increase the B40 group’s mean income
from below RM 3888 to RM 5, 270 by 2020, while simultaneously bridging the income gap
within the B40 community. Therefore, to sustain agribusiness, entrepreneurship training is
a requirement [1,33,34].
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Accordingly, the primary objective of this study is to identify the internal and exter-
nal factors that determine the agropreneurs’ sustainability among the ACTP participants
(Bagan Datuk, Perak). In this regard, Ridzwan et al. [35] revealed that only 20% of en-
trepreneurs have successfully sustained their businesses owing to exceptional personal
capabilities. To achieve sustainability, entrepreneurs must identify their strengths, available
opportunities, and potential resources. Therefore, they must develop a highly effective
network, understand the business ecosystem, and use the existing resources. This paper is
organised into five sections, including the literature review, the development of the study
framework, the methodology, the results and discussion, and the conclusion. The findings
of the study have significantly contributed to the conducted training program for rural
agropreneurs in Perak, Malaysia. Therefore, stakeholders are expected to be provided with
a better understanding of the role of several key factors in devising training programs for
rural communities to train and educate sustainable agropreneurs.

2. Literature Review and Theoretical Framework
2.1. Underpinning Theory

The theory of planned behaviour is a theoretical construct that determines one’s
motivational factors or determinants of the likelihood to perform the target behaviour.
According to Bird and Schjoedt [36], the predictor elements, such as experience, knowl-
edge, skills, abilities, learning, intentions, and motivation, can influence entrepreneurial
behaviour. Sustainable agropreneurship refers to farmers who successfully manage to
sustain their farming and farming-related business for a longer duration. To sustain them-
selves in agrobusiness, agropreneurs should particularly consider potential opportunities
and future market trends [37]. Based on the human motivation theory, McClelland [38]
demonstrated that the motivational level is lower in poor countries or among poor people,
which corresponds to the investigation scenario of the B40 group in the context of this
study. In the same vein, Acs and Kallas [39] asserted that starting a business is easier than
sustaining it in the long run, especially amidst low-income communities.

2.2. Sustainable Agropreneurs

The three key drivers of becoming sustainable agropreneurs are (1) having strong
internal or altruistic motivation [37,40], (2) acquiring environmental knowledge [1,29,41],
and (3) receiving external support and incentives [1,39,42,43]. According to Smith and
Woods [44], despite the assistance provided by agencies and stakeholders, some farmers
have failed to earn sufficient income as agropreneurs, and only a few farmers have sus-
tained their agropreneurial activities for longer periods. Fisher et al. [45] suggested that
businesses that can ‘live” or ‘sustain” beyond any involvement and continuous business
growth constitute a key measurement tool of a successful entrepreneur.

2.3. Internal and External Factors for Sustainable Agrepreneurs

This study proposes that involvement in agropreneurship or entrepreneurial behaviour
can be determined by a number of internal and external factors. The internal factors refer
to the agropreneurs’ attitudes towards behaviour [46], perceived behavioural control [47],
attitudes towards behaviour [48], and knowledge or skills [43,49]. On the other hand,
the external factors include family support [46], subjective norms [29], social networking,
and government support [43,46,50,51] in conjunction with the community support [50] of
the trained agropreneurs. The measurements of sustainable agropreneurs are sustained
business duration, financial performance (e.g., increase in income), quality of life, busi-
ness expansion, and productivity [33,52,53]. Figure 1 illustrates the proposed theoretical
framework of the study.
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Independent Variables Dependent Variables
(IVs) (DVs)
Attitude towards Behaviours
Perceived Behaviours Intemnal
Control Factors
Prior Skills & Knowledge Sustainable Agropreneur

Increase profits/ Income
*  Expansion of Farms
*  Expansion of Agri Business

[ Family Support

External
Factors

[ Subjective Norm ]

[ Social Networking

[ Government Support ]

Figure 1. Theoretical framework.

Because of the mixed results in the literature on the relationships among the variables,
two main hypotheses and twenty-one sub-hypotheses are proposed in this study. The two
main hypotheses are postulated as follows:

Hypothesis 1: There is a significant positive relationship between internal factors and sustain-
able agropreneurs.

Hypothesis 2: There is a significant positive relationship between external factors and sustain-
able agropreneurs.

3. Materials and Methods

Via NCIA, the Malaysian government organised an ACTP covering theoretical knowl-
edge, practical training, and handholding processes at four different locations in Perak
State, Malaysia, including Bagan Serai, Manjung, Sg Siput, and Bagan Datuk. The pro-
gram has hosted 800 local communities and 200 participants at each location. The ACTP
was originally developed in response to the government’s progressive agenda under the
National Agro-food Policy (2011-2020) to create well-equipped rural farmers who utilise ef-
fective farming practices, including soil and water management, as well as judicious use of
fertilisers and pesticides. The program mainly aims to equip the farmers with the required
farming knowledge and agricultural skills to achieve sustainability and eradicate poverty
among rural communities. Under this training program, the participants (farmers) have a
comprehensive eight-month training program. The objectives of ACTP are illustrated in
Figure 2.

The ACTP has followed the approach of introducing the fertigation system (FS) to
the participants because this system offers farmers many benefits. The FS is a combined
activity with an efficient irrigation system, which can supply the right amount of fertiliser
to meet the needs of the crops. Farmers can enjoy various advantages by participating
in the fertigation system (FS), which saves time and money and maximises harvest with
high-quality products. Moreover, by using the best irrigation system, the FS can effectively
supply accurate and standard levels of fertiliser to the plants by using the fertiliser in
specific areas. The FS can also provide a consistent supply of soil nutrients. This system
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saves labour costs, time, and water and produces minimum waste. Therefore, through the
ACTP, the farmers are educated through the introduction of modern farming skills and
the management of FS. They learn how to prepare and mix the fertiliser, set the irrigation
system, and other effective farming practices. By educating the farmers in new farming
and irrigation approaches, their yield will increase with the existing land size, thereby
increasing their income and uplifting their living standards.

To equip the
participants

To create with modern
more local job farming
opportunities through
ertigition

. To equip
T}?ol;l;!:l}?olﬂd‘e Sustainable knowledge and
i Agropreneurs entrepreneurs'
income o o s skills in the field

of Agriculture

0 develop 4
group of
underprivilege
d people to
earn a
continuous
income

To increase
carning
through the
skill learned

Figure 2. The objectives of the Agropreneur Community Training Program.

For this study, the training program included 200 trained farmers from an earlier
ATCP conducted at Bagan Datuk, Perak. This group of trained farmers was selected mainly
because they had completed their agropreneurship training program in 2019 and were
under a post-monitoring period at the time the survey was conducted. The farmers had
undergone four stages or eight months of training, which included 30% theoretical classes
and classroom learning, 80% practical training, and six months of post-training, as shown
in Table 1.

Table 1. Agropreneur Community Training Program implementation stages (Jaafar et al. [54]).

Stage Activity Duration
Recruitment process

Stage 1 Selection of participants, including shortlisting them 2 months of pre-training
Identify the location for practical training
Execution of training

Stage 2 Theory classes and land preparation process 2 months
Theory and practical training

Stage 3 Twelve modules to be completed within 600 training hours 6 months

Stage 4 Monitoring 6 months of post-training

In this study, the quantitative research method, SPSS software, descriptive analysis,
and multiple regression analysis were used to examine the relationships between the in-
dependent and dependent variables. In the questionnaire, the five-point Likert scale was
employed to measure the selected variables. The items and constructs of the questionnaire
were adapted and modified from previous studies. The examined internal factor items,
which designated ‘attitudes towards behaviour’, were retrieved from previous studies,
including Schwarz et al. [55], Lifidn and Chen [56], and Yusoff et al. [31], whereas the
items that designated ‘perceived behavioural control” were obtained from Kolvereid and
Takovleva [57], Yusoff et al. [31], Lifdn and Chen [56]. The questionnaire items that desig-
nated “prior knowledge or skills” were taken from Lee and Zhang [58], Lifian and Chen [56].
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Moreover, the examined external factors items, which consisted of ‘family support or
involvement and subjective norm’, were retrieved from Autio et al. [59], ‘social networking’
from Taormina and Lao [60], and ‘government support” from Yusoff et al. [31]. In this
study, sustainable agropreneurship was focused on increasing income, farm expansion,
and agribusiness expansion [45]. It is perhaps worth mentioning that a pilot survey was
also conducted using 25 respondents from a different project group. The Cronbach alpha
values for all variables exceeded 0.69. The quantitative data of this study were gathered via
a face-to-face survey.

4. Results
Profile of Respondents

A total of 200 participants were involved in this study. The results of SPSS descriptive
analysis showed that most of them belonged to an age group ranging between 41 and
50 years old (50.5%), followed by 18-40 years old (25.5%), and 51-60 years old (24%).
Regarding gender, 67.5% of the participants were males and 32.5% females. As for marital
status, 92.5% of them were married, 6.0% single, and 1.5% widows. In terms of race, 73.0%
were Malays, 26.5% Indians, and one participant only (0.5%) was Chinese. Regarding the
participants’ levels of education, most participants (82.0%) completed secondary school
education (up to Form 5), while 1.5% of the participants completed primary school, 3.0%
held an STPM/Diploma, and 3.5% had higher education qualifications. Regarding family
size, 77.0% of the participants had 4-6 family members, 18.0% had fewer than 3 family
members, 3.0% had 7-9 family members, and 2.0% had more than 10 family members.
Regarding the participants’ occupations, 70.0% of them were self-employed, 20.0% were
homemakers/housewives, 5.0% had jobs in private-sector factories, 4.5% had jobs in the
public sector, and 0.5% were students. Remarkably, after attending the designated training
program, a significant improvement was observed in terms of earning additional family
income. Therefore, for the income category of less than RM 1000, an 8% reduction was
observed (8-20 participants), whereas a 53% reduction (45-96 participants) was recorded
for the (RM 1001-2000) income category. As for the (RM 2001-3001) category and above, an
increment of 4% and 27% (72-81 and 12-66 participants) was observed, respectively.

This study used SPSS software to analyse the data. Confirmatory factor analysis
(CFA) is a multivariate statistical procedure. It is used to test how properly the measured
variables represent the number of constructs. As illustrated in Table 2 the value of the
Kaiser-Meyer-Olkin Measure (KMO) and Bartlett’s test for the desired correlations among
the variables was >0.7.

The formula for this test is as follows:

2
Mo, = — E#T (1)
LizjTij + Lizjt

R = [ry] is the correlation matrix,

U= [ui/-] is the partial covariance matrix,

Y, = summation notation (“add up”).

The significance of the study was p < 0.05. Table 2 tabulates the values of both tests
for the selected variables of the study. In addition, multiple regression was used to test the
hypotheses of the study.

As for the factor loadings (see Tables 3-5), all the tested items were valid and highly
significant (factor values that exceeded 0.50 signified acceptable construct validity). Con-
sidering the dependent variables, the factor loadings for sustainable agropreneurs (9 items)
indicated that two items scored below 0.4, and, therefore, they were deleted (the second
measure of the expansion of agribusiness). Accordingly, all the hypotheses about the
expansion of agribusiness were excluded from further analysis. Table 1 tabulates the mean,
standard deviation (SD), and alpha values for the study variables.
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Table 2. Kaiser-Meyer—Olkin Measure and Bartlett’s Test.

Bartlett’s Test

Variable KMO
Value df Sig. (p)
Internal factor 0.837 5126.767 351 0.000
External factor 0.702 1322.060 66 0.000
Sustainable agropreneur 0.765 838.000 36 0.000

Source: The authors.

Table 3. Factor loading, mean, and SD values of the internal factors of the study.

Factor Loading

Item Attitudes toward Perceived Prior
Behaviour Behavioural Control Knowledge/Skill

I'have succeeded in making a living by earning a higher income as
an agropreneur.

0.791

Ibelieve that the agricultural sector can provide a higher return. 0.717

As an agropreneur, I can generate a lot of money. 0.812

If T had the opportunity, I would start my own farm-based business. 0.712

Thave the opportunity to succeed if I run a business based on agriculture. 0.789

It is very easy to start a business based on agriculture. 0.811

Agropreneurship will give me more advantages. 0.759

Agropreneur is my top choice career. 0.608

T will have the maximum self-satisfaction as an agropreneur. 0.732

Doing my own business in the agricultural sector is easy for me. 0.808

As an agropreneur, I can easily manage agricultural business activities. 0.678

If I continue my career as an agropreneur, the chances of failure are low. 0.788

I am willing to make personal sacrifices to sustain my

agricultural business. 0.728

To be a successful agropreneur, I need to be more efficient. 0.867

As a farming entrepreneur, I must adapt to any situation to achieve more

promising results. 0.835

It is easy for me as an agropreneur to keep my farming business

running smoothly. 0.837

If T initiate agropreneur activities, I will have broader success prospects. 0.816

I strongly believe that I will be a successful agropreneur. 0.806

My family members have extensive experience in farming. 0.842

My family has successfully cultivated my interest in agriculture. 0.699

My family members have skills in agriculture or as agropreneur. 0.690

Thave the practical knowledge needed to start a farm-based business. 0.765

Thave innovative skills and techniques in agriculture. 0.866

I attended agricultural entrepreneurship training before. 0.857

I'm willing to do anything to become an agropreneur. 0.828

Tlook forward to establishing a more progressive agriculture-based

business in the future. 0.850

Twill do my best to run and sustain an agriculture-based business. 0.787

Cronbach’s alpha value 0.894 0.723 0.894
M:4.23 M: 3.99 M: 3.83
Mean and SD SD: 0.39 SD: 0.33 SD: 0.39

Source: The authors.
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Table 4. Factor loading, mean, and SD of the external factors of the study.

Factor Loading

Item . c . Social Government
Family Support Subjective Norm Networking Support

If I became an agropreneur, my family

would consider it a good career. 0765

My family will encourage me to become
an agropreneur.

0.748

My family will motivate me when I

face challenges. 0.764

If I became an agropreneur, my best

friends would consider it very good. 0744

If I became an agropreneur, people close

R . .852
to me would consider it a success. 085

If I became an agropreneur, villagers and
the community would consider it 0.782
a success.

For me, having good relationships with
other entrepreneurs is an important factor 0.752
to succeed as an agropreneur.

When I need help, I often refer to other

) 0.809
agropreneurs for advice.
From my perspective, good relationships,
in conjunction with support from 0.673

stakeholders in agriculture, are crucial
to success.

Government training and financial
assistance programs helped me start my 0.694
own business as an agropreneur.

It is very easy for me to access

. . . 0.821
information on government assistance.
The government has been very supportive
. . . 0.813
in helping new agropreneurs like me.
Cronbach’s alpha value 0.894 0.723 0.723 0.723
Mean and SD M:3.75 M:3.90 M: 4.02 M: 4.06
SD: 0.47 SD: 0.53 SD: 0.46 SD: 0.48

Table 6 presents the results of multiple regression. The coefficient determination of the
developed model was 0.29 (R? = 0.29). The standard coefficient values (Beta = ) indicated
that the variables of ‘social networking” emerged as the main indicators of increased profit
and agribusiness sustainability based on the highest standard coefficient values (5 = 0.273,
p < 0.05), followed by ‘family support’ (f = 0.210, p < 0.05). ‘Subjective norm” had a
significant negative correlation with an increased profit and agribusiness sustainability
(B =-0.339, p <0.05).
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Table 5. Factor loading, mean, and SD related to the intention to be a sustainable agropreneur.

Factor Loading

Item

Increased Income

Expansion of Agrobusiness

Expansion of Farm

I am looking forward to increasing my income

within 3 years. 0:550
I will set the expectation of increasing my
. s 0.669
income within 3 years.
T will work hard to achieve the increase in
0.728
revenue that I have set.
I'have the desire to stay in the 0.697
agriculture-based business for a longer time. ’
I am determined to stay in the
agriculture-based business because I have 0.410
good relationships with other agropreneurs.
I am determined to stay in the
agriculture-based business with the help and 0.316
support of stakeholders.
I'have set plans to expand my farm. 0.795
I'will use technical facilities to grow my
. . 0.705
agriculture-based business.
I will improve the cultivation and harvesting
. 0.835
process to develop agrobusiness.
Cronbach’s alpha value 0.838 - 0.859
M:4.19 M: 4.16
Mean and SD SD: 0.43 ) SD: 0.42
Source: The authors.
Table 6. Multiple regression.
Standardised Coefficients . Collinearity Statistics
Model Sig.
Beta Tolerance VIF
(Constant) 4.840 0.000
Attitude towards Behaviour (ATB) 0.049 0.647 0.519 0.640 1.563
Perceived Behavioural Control (PBC) 0.047 0.517 0.606 0.454 2.204
1 Prior Knowledge/Skill (PKS) 0.163 1.535 0.126 0.329 3.037
Family Support (FS) 0.210 2.283 0.024 0.437 2.287
Subjective Norm (SN) —0.339 —3.919 0.000 0.495 2.022
Social Networking (SNt) 0.273 3.525 0.001 0.616 1.622
Government Support (GS) 0.109 1.419 0.157 0.627 1.595

Note: The significant values are p < 0.01, p < 0.05, and p < 0.10. Source: The authors.

Table 7 illustrates the results of the postulated sub-hypotheses in relation to the
determinants of the internal and external factors of a sustainable agropreneur.
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Table 7. Results of hypothesis testing on two dimensions of a sustainable agropreneur.

Hypothesis Finding
Internal Factor
Hial Attitude towards behaviour has a significant and positive relationship with Not
increased profit/income Supported
Hia3 Attitude towards behaviour has a 51gn1f1ca.nt and positive relationship with Supported
farm expansion
Perceived behavioural control has a significant and positive relationship with Not
Hib1 . o\
increased profit/income Supported
Hib3 Perceived behavioural control has a significant and positive relationship with Not
farm expansion Supported
Hicl Prior knowledge/skill has a significant and positive relationship with Not
increased profit/ income Supported
. . L . . N . Not
Hilc3 Prior knowledge/skill has a significant and positive relationship with farm expansion Supported
External Factor
H2al Family supports has a significant and positive relationship with increased profit/income Supported
. . -, . N . Not
H2a3 Family supports has a significant and positive relationship with farm expansion Supported
H2b1 Subjective norm has a significant and positive relationship with increased profit/income  Negatively Supported
H2b3 Subjective norm has a positive relationship with farm expansion Not
Supported
Hocl Social networking ha.s a 51gn1f1cant'an.d positive relationship with Supported
increased profit/income
. . R - . Lo . Not
H2c3 Social networking has a significant and positive relationship with farm expansion Supported
Government support has a significant and positive relationship with Not
H2d1 . .
increased profit/income Supported
. - . L . Not
H2d3 Government support has a significant and positive relationship with farm expansion Supported

Source: The authors.

5. Discussion

Entrepreneurship in rural agriculture often sheds light on issues of how to increase the
income level. According to [61], this can be realised by focusing on behaviour. Based on the
theory of planned behaviour, this study proposed a framework to examine the key internal
and external factors that identified the sustainable agropreneurs among the ACTP training
participants in Bagan Datuk, Perak State, Malaysia. To this end, regression analysis was
conducted based on using five-point Likert scale variables to test two dependent variables,
which were the increase in profit or income and farm expansion.

The results in Table 6 regarding attitudes towards behaviour displayed a significant
positive relationship with farm expansion. In this regard, Sadati et al. [62] reported that
attitudes emerged as a crucial factor for the acceptance of sustainable agriculture in the
business domain. Attitude is a psychological construct that is shaped by cognition (thought),
values (beliefs), and affection (emotions) towards a particular object. This may lead to a
strong desire to encourage an individual to act accordingly [63]. The trained participants’
positive attitudes such as passion and ambition have empowered them to have positive
and optimistic perceptions towards agropreneurship. Therefore, they developed the desire
to expand their farms to engage in agrobusiness more effectively. However, perceived
behavioural control did not influence the intention of the trained participants to become
sustainable agropreneurs. This finding was inconsistent with the results reported by
Solesvik et al. [64]. In addition, prior knowledge/skill was found to be insignificant
regarding the intention to be a sustainable agropreneur. On the contrary, previous studies
concluded that upon acquiring adequate knowledge and skills regarding entrepreneurship,
farmers were able to apply more efficient agricultural practices in their cultivation of
crops [25,65,66]. The majority of participants in the ACTP program (75%) were considered
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older generation (above 50 years old) and 82% received up to the secondary level of formal
education. The background could explain the insignificant result for the internal factors. It
can be assumed that: (1) the participants did not possess proper agricultural knowledge and
skills; the training program had a minimal impact on their behaviour, (2) they may not have
fully engaged themselves in this sector; thus, transferring knowledge to the participants
did not bring about a noticeable impact.

Considering the external factors, the three sub-hypotheses displayed a significant posi-
tive relationship with being a sustainable agropreneur. First, family support was positively
linked with increasing profits and sustaining agribusiness. This finding was consistent with
the results of previous studies conducted by Abdullah and Sulaiman, [46], who reported
that family support has a significant role in influencing people to become involved in
agropreneurship. Moreover, the social network positively influenced the intention to be
sustainable agropreneurs by increasing their income. Previous scholars [67,68] found that
the network is important in helping entrepreneurs to gather relevant and accurate informa-
tion about entrepreneurial activities, apart from identifying market opportunities. Personal
ties within social networks are considered resources that are important in establishing a
business [69,70]. Wang and Qian [71] identified a close and good relationship with stake-
holders, wherein other entrepreneurs were willing to aid farmers, especially in terms of
resources to increase their profit and sustain agribusiness. Additionally, D’Silva et al. [72]
found that adequate support from stakeholders, community, and family is needed to
influence the entrepreneur’s intention.

More importantly, government support was not significantly linked to the intention
to become a sustainable agropreneur. This can be attributed to the fact that the ACTP
participants sought government support in terms of funding, training, and other incentives,
but not to become sustainable agropreneurs. Similarly, Papzan et al. [73] observed an
insignificant correlation between government support and entrepreneurs’ success. Hen-
dratmi and Sukmaningrum [74] confirmed that government support is less effective in
relation to women entrepreneurs’ behaviour in Indonesia because of the lack of coverage
and socialisation. This finding, however, contradicted previous findings on the role of
government in encouraging the participation of the youth in agropreneurship. Previous
studies showed that the role of the government is significant in promoting agropreneur-
ship [46,49,75-79]. However, it is insignificant when it comes to supporting entrepreneurial
practices. The role of government agencies should be more effective and focus on their
strategy implementation, especially in encouraging sustainable entrepreneurs to support
the national policy.

The ‘subjective norm’ exhibited a significant negative link with the intention related to
income increase. According to Yeop Abdullah et al. [80], a subjective norm is belief in the
significance of referents and the motivation to act in accordance with those referents. For
example, if the respondents have a mentor, they may tend to follow their behaviour. This
finding was supported by Garcia-Rodriguez et al. [81], who confirmed the insignificant im-
pact of ‘subjective norm” on sustainable entrepreneurship. Additionally, Nguyen et al. [82]
verified that ‘subjective norm’ does not affect the entrepreneurial intention in the context
of Vietnam. Nishimura and Tristan [83] found that ‘subjective norm’ did not significantly
influence the people’s intentions to engage and sustain themselves in agribusiness. To
further illustrate, entrepreneurship represents an innovative business opportunity platform
provided for them, and it is not embedded in their normal culture. In the same vein,
Zampetakis et al. [84] asserted that ‘subjective norm” occasionally influences the shaping of
an individual’s intention to become an entrepreneur.

6. Contribution

The findings of this study can be employed as a benchmark for upcoming government
programs to establish agropreneur entrepreneurship. The attitudes of an individual can
be seen as a collection of personal traits, which can be developed by learning through
general knowledge, including cognition, emotions, and actions. The findings of this study
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emphasised that family support exerts a significant positive effect on sustainable agro-
preneurs. The results highlighted the role of family and social networks in encouraging
and supporting sustainable agropreneurs. More importantly, people’s mindsets towards
agropreneurship, as well as family support, should be considered because they can in-
fluence the trained participants. This study provides significant practical implications
for the government and policy makers to open new cooperative channels for supporting
rural farmers. Government support, which may include financial assistance, training
programs, marketing promotion assistance, and consultation service assistance, are all
crucial to helping rural farmers raise their living standards. The provided support and
information, however, have not benefited these farmers so far. In this regard and as pre-
scribed by Chang et al. [85], the government should encourage entrepreneurial drive and
agropreneurial intention by providing adequate policy tools, such as agropreneurial funds
and loans, as well as promoting the exchange and sharing of experiences by successful
entrepreneurs who possess agropreneurship expertise. The government should ensure that
support is effectively delivered for agropreneurship development, particularly for the B40
group in rural areas. The study results are useful for relevant authorities in devising more
effective policies or finalising initiatives aiming at creating sustainable B40 agropreneurs.
Moreover, the findings of the study mainly contribute to achieving the national agenda of
eradicating poverty and enhancing the living standards of rural communities.

This study also contributes to the body of knowledge by providing essential theoretical
and practical contributions. Theoretically speaking, this study spotlights the implementa-
tion of the theory of planned behaviour as the underpinning theory in assessing the ACTP
participants’ intentions to sustain their farming activities. Accordingly, this study investi-
gates ACTP-trained participants who become sustainable agropreneurs as an outcome of
actual agropreneurship behaviour.

7. Conclusions and Future Research

In general, the findings of the study supported the achievement of the Sustainable
Development Goal (SDG) agenda on achieving food security and reducing poverty levels.
The agricultural sector has become a global concern, with pressing issues such as natural
disasters, wars, and climate change. This has, in turn, necessitated training programs
to inject new or modern techniques into the agricultural sector. Therefore, training or
supporting new agropreneurs should be a constant effort shouldered by the government
with the identification of the right talent. The identification of the right trainee is significant
in ensuring effective solutions in the agricultural sector in the future.

Such changes mean that farmers should continually appraise their professional and
management skills and develop viable farm strategies in order to be successful. How-
ever, a major challenge for the agricultural sector is to enable farmers to develop their
entrepreneurial skills through providing support in education and training.

Similar to any other research, this study has some limitations that can be addressed in
further studies, such as suggesting improvements based on conditions before the partici-
pants joined the training program. For further studies, future training programs should
focus on attitudes towards behaviour as a key factor in achieving agribusiness sustainability.
The selection of participants should be reconsidered for this kind of training to ensure
a higher value for the training program. Conducting more focused programs, such as
mentoring and coaching, might be a more effective tactic to gain the necessary knowledge
and skills, thereby enhancing the participants’ intentions towards becoming sustainable
agropreneurs.

The respondents’ categories were as follows: only 25.5% of the young population
(average age of 18-40 years old) and only 32.5% females. Young people represent the
future generation and, therefore, they should be encouraged to become involved in the
modern agricultural sector. Furthermore, women should be targeted, as 70% of the world
population are women [74]. Moreover, further studies should focus on training programs,
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particularly for these groups of people, and the results could be different as the new
generations are more educated and proactive with technology.

Furthermore, it is worth mentioning that this study examined one rural location only,
thus dismissing statistical generalisation. The findings may be influenced by the individual-
specific socioeconomic conditions and, therefore, they might not mirror the intentions of the
entire group of ACTP-trained participants to become sustainable agropreneurs. Thus, more
representative samples are required to verify the results of the hypotheses, which should
refer to the relationships between the internal and external factors to become a sustainable
agropreneur. Additionally, different research techniques may be deployed to explore
other factors that are associated with attitude, owing to the importance of this dimension
in determining the actual behaviour of agropreneurs. More specifically, exploring the
mediating or moderating role of several viable factors is highly recommended.
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Abstract: Recent changes in the shifting cultivation landscape (SCL) of the Indian Himalayan region—
a global biodiversity hotspot—is of great concern due to their implication to conservation and
economic development of the region and their impact on ecosystem services as well as the wellbeing
of the region’s inhabitants. The present study investigated the changes in land use in the SCL and
their impact on the psychological wellbeing of the indigenous people of the region. Longitudinal data
for over 15 years on land-use patterns and cross-sectional data from 481 respondents across 52 villages
representing six states in India’s North East that are part of the Indian Himalayas were utilized for the
study. To analyze subjective wellbeing, Cantril’s self-anchoring scale was used, followed by focused
group discussions to triangulate the self-reported responses. Results reveal that the respondents were
aware of the effects of landscape changes on their psychological wellbeing. These changes mostly
represented a decline in shifting cultivation (SC), land ownership, food systems, social cohesion,
cultural fulfillment, the diversity of cultivated native plants, and the availability of wild edible plants.
Although the decline in SCL led to a gain in the area under green cover, it led to a marked decline
in the diversity of cultivated and wild edible plants. This, the respondents perceived as adversely
impacting their wellbeing. Empirical analysis established positive effect of SC on the psychological
wellbeing of the respondents. However, a decline in SC seemed to have had an adverse impact
on the perception of their wellbeing and thus increasing the migration. Therefore, optimized and
ecosystem-based approaches and frameworks of socio-ecological systems are essential to harmonize
the ecosystem services with wellbeing of the people.

Keywords: agro-forest landscape; engagement and life satisfaction; indigenous people; plantation
crops; psychological wellbeing; shifting cultivation landscape

1. Introduction

The changing global environment and turbulent human initiatives demand strength-
ening the human and nature relationship, which may be vital for accomplishing the sus-
tainable development goal [1]. The global level environmental dynamics is often governed
by local-level land use changes, thus determining the regional ecological security [2,3].
The existing landscape spectrum determines the land-use changes [4,5], may govern the
ecosystem structure, services and performances by changing biophysical indicators [6,7].
The natural and agro-ecosystems are the means to achieve the ends of local people, ben-
efits often referred as Ecosystem services (ES) which is delivered under the three broad
dimensions of provisioning of food, fiber, firewood, freshwater, ornamental, medicinal
resources; regulating the climate water purification, carbon sequestration, pollination,
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and biodiversity conservation service or habitat service and cultural i.e., hunting, and
recreational activities [8,9]. However, the provisioning components of ES are largely being
threatened by a range of factors like forest conversion and agricultural intensification;
population growth, and climate change [10,11]. Human activities may alter the landscape
pattern, impair ecosystem services (Figure 1), and thus affect the wellbeing of locals [12].
The reciprocal proximity of landscape hue, ecosystem services, and human wellbeing being
noticed in a casual way, the research on this relationship, therefore becomes imminent [12]
which is also the targeted goal of regional sustainable development [13].

Shifting cultivation

(Traditional land use system)

Human wellbeing
(Psychological, physical,
occupational, social and

spiritual)

Ecosystem services (ES)

Provisioni ices (Food Cultural services (CS)
rovisioning services (Food, i i i o
medmnis Rl Regulatory services Supporting services (Cultural identity, sense of
biof[mm (Forest regeneration) (Biodiversity) place, traditional knowldge
and social relations)

.. Land use change Reduced
Anthropogenic, environmental >
and economic pressure (Plantation agriculture & ES—CS

monoculture of cash crops)

Figure 1. A conceptual framework of land use change in SC landscape and their influence on the
ecosystem services.

Landscapes are also the basis for the evolution of social processes. Therefore, any
human-led alteration in landscapes may impact the cultural values, conventions, and
related social phenomena [14,15]. The social and ecological elements are also identified
as integrated and interlinked between nature and culture comprising economic, social,
and environmental processes [16-21]. The recent thoughts have designated the landscapes
as spatial units wherein several basic processes of social and ecological systems unfold
thus conceptualizing the landscapes as social-ecological systems (SESs) in itself which are
exhibited as the interacting elements of bio-geophysical determinants and the related social
actors [1,22-27]. Thus, the interdependence of the environment and human wellbeing is
embedded in particular landscapes [28].

Over space and time, various pathways of land-use changes are identified which are
unique as well as region and time period specific. For example, till the early twenty-first
century, tropical deforestation was largely attributed to smallholder colonization of forest
frontiers. The reality, in contrast, was the production of export-oriented commodities like,
palm oil, soy, and beef by “large holders” which increasingly accounted for a large fraction
of this deforestation, both directly and indirectly and thus pushing the smallholders into
the frontier [29]. This implies examining the complexity of agroforestry landscapes using
a socio-ecological lens using different such perspectives [30,31]. Therefore, empirically
comprehending these issues becomes more pertinent at the current time of rapid change
in population, socio-cultural aspects, land-use system, market, climate, and ecological
changes. The myriad impact of land use and land cover change (LUCC) on local and
regional climate, and human health induced or mediated by landscape changes also ought
to be empirically documented [32].

Shifting cultivation sometimes referred to as “slash-and-burn agriculture”, “swidden”,
and “rotational bush fallow agriculture”, is a type of traditional subsistence farming that
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has been used for a long time by upland farmers in the tropics. In the humid tropics of the
world’s uplands, it is frequently practiced in Africa, Latin America, Oceania, and South and
Southeast Asia and covers around 280 mha area worldwide [33]. More than 200 million
people in Asia depend on this forest-based agriculture [34,35]. Because, practice involves
periodic clearing of new forest patches for cultivation, shifting cultivators are also labeled
as “forest eaters” although, such attribution of forest loss to shifting cultivators has been
based on inadequate evidence [36], that has become a basis for the state to regulate or
transform the shifting cultivation (SC) into other land uses.

Transitioning the land-use from SC to intensified cropping systems may enhance the
household income, albeit compromise with customary practice, socio-economic wellbeing,
livelihood options, and staple yields [37]. Intensive land use breeds dysfunctional conse-
quences on ecosystem services (ES) enlarging the inequalities among poorer households
who are heavily dependent on ES [38,39]. Thus, land use intensification-related empirical
evidences need rigorous synthesis for comprehending the advanced landscape ecology and
sustainability science in the changing climatic regime [32]. Further, the advancement of
landscape sustainability science demands future research emphasizing the relationships
among landscape patterns, ecosystem services, and human wellbeing vis-a-vis proactively
integrating the complementary approaches across the social and natural sciences [40].
Forest landscapes as socio-ecological systems, demand comprehensive theorization for
understanding the landscapes and associated actors’ ability to manage them preferably
in this century [41,42]. The locally managed landscape also governs the major dimen-
sions of psychological wellbeing (attention restoration, stress reduction, and the evocation
of positive emotions), physical wellbeing (promotion of physical activity in daily life as
well as leisure time and through workable environments), and social wellbeing (social
integration, social engagement and participation, and through social support and secu-
rity) [43]. Moreover, the stronger emotional component of place identity also enhances the
perceived wellbeing if people visit these places [44,45]. These places include personal and
collective experiences, traditions, views as well as memories which usually locate our past,
present, and future thus raising epistemological queries like how we come to know who
and what we are [46]. This fact establishes that the wellbeing of indigenous people has a
deep and complex relationship with the land. Besides, in the given context, therefore, the
consequences of environmental changes on landscape value warrant careful attention from
the local ecosystem’s perspective [47] as only the indigenous mass are usually the most
vulnerable and susceptible population affected by the environmental alteration [48]. Thus,
this study was contemplated to capture the determinants of well-being of the indigenous
communities in relation to the rapidly changing land-use systems with specific objectives of
examining the land use change in the SCL of Northeast India, as a result of it, measuring the
psychological wellbeing of indigenous people dependent on SC and, finally establishing
the causality between the land use change and psychological wellbeing.

2. Materials and Methods
2.1. Study Area and the Community

The eight states namely Arunachal Pradesh, Assam, Manipur, Meghalaya, Mizoram,
Nagaland, Sikkim, and Tripura constitute the north-eastern region of India which shares
7.98% of the geographical area and nearly 25% of the country’s forest cover. This region
also hosts two of the world’s 36 biodiversity hotspots. Of the total geographical area of the
northeastern region, 64.66% is accounted by forests besides sharing 56.1% of the total tribal
population of India [49,50]. More than 200 different indigenous communities (60-94% of the
total population) are dependent on forest products including non-timber forest products
(NTEPs) as food and medicines [51]. Usually, land is owned by the community among the
shifting cultivators; however, this system is being gradually replaced by private ownership
of land [52].

Shifting cultivation (slash-and-burn farming or swidden) is locally known as jhum in
Northeast India which is surrounded by forests and other natural landscapes are a source of
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livelihood (Figure 2). Generally, women carry out the bulk of agricultural labour, whereas
men clear and burn the sites and they are the custodian of biodiversity and traditional
food system [53,54]. When the produce from the jhum is insufficient during external
vulnerabilities, produce from the surrounding forests is utilized [55]. Despite low yields
from the jhum lands, it is continued because it is part of their culture, their way of life,
and also because it is less demanding than conventional farming [56]. More than 40 crops,
with numerous landraces grown as part of SC by farmers sustain the livelihoods and food
security in the region, which constitutes the bedrock of the indigenous food system that
ensures food security through culturally accepted food [57,58]. Shifting cultivation is also
a landscape in its own right (Figure 1) and is inseparable from land and its associated
festivals, rituals, and their sense of bonding with nature [59-62]. The study hypothesized
that jhuming or shifting cultivation is an integral part of the socioeconomic and cultural life
of the indigenous communities, and any changes in the shifting cultivation landscape will
affect the economic and cultural milieu of the life and livelihoods these communities.

Figure 2. A shifting cultivation landscape in Saiha, Mizoram, showing a mosaic of cultivated fields,
regenerating fallows, and forests.

2.2. Sources of Data

To assess the changes in land use in the study region (Figure 3), we consulted the 2000
and 2019 editions of the Wastelands Atlas of India [63]. In India, SC is often considered a
wasteland in official documents; the Wastelands Atlas of India is the only official source that
maps SC. Further, data on forest cover and plantation crops were extracted from the Forest
Survey of India, the Indian Institute of Oil Palm Research, the Rubber Board of India, and
the Tea Board of India. To examine subjective wellbeing based on primary data, random
samples of respondents were obtained from 52 purposively chosen villages representing
six states constituting India’s Northeastern region (Figure 3). The intensity of SC having the
highest density of jhumia families was another criterion for selecting one district from each
state. Within the selected district, keeping in mind the size of the state, either 50 households
(smaller states) or 100 households (larger states) practicing jhum were chosen. The final
sample comprised 481 respondents from 500 households, 19 households of which were
excluded because of circumstances beyond our control. Following a primary survey in
2016/17, focus group discussions (FGDs) were conducted so that the information gathered
earlier could be explicated and triangulated for a more comprehensive understanding
of ground realities. We conducted six such FGDs at various locations (one FGD in each
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selected district) and also spoke to the relevant stakeholders (including village heads,
who are the traditional leaders and custodians of local opinion and actions) to elicit their
views. Each FGD involved 8 to 12 participants. Krishi Vigyan Kendra (Agricultural Science
Centers), forest department officials, and heads or principals of state-run schools helped in
identifying suitable participants for the FGDs. Six FGDs were formulated at each of the six
study locations and the first author participated in each FGD. Typically, the FGDs started
with members of the research team introducing themselves, and then the participants doing
the same. Through a session intended to break the ice, the research team could establish
a good rapport with every member of each FGD. Consent to record the discussions was
obtained verbally from all the participants.

BHUTAN MYANMAR

° Study Area
BANGLADESH 10 A state capital

Crop land
Agricultural plantation
Fallow land
Current shifting cultivation
I Evergreen/Semi evergreen
BN Deciduous
N Forest plantation
W scrub forest
N Swamp/Mangroves

Figure 3. Map of Northeast India showing the study locations along with land use cover.

2.3. Description of Variables

No single standardized approach is available for assessing subjective wellbeing under
all situations and for all purposes [64]. We chose Cantril’s self-anchoring scale [65] because
it is the most enduring, widely used, and reliable single-item measure [66]. A major
advantage of the scale is enabling the respondents to anchor themselves based on their
perspectives. The respondents were asked to imagine a stepladder with a spoke bearing
numbers zero (the lowermost spoke) to 10 (the topmost spoke). It was explained to them
that the highest spoke represents the best possible life for you and the bottom, the worst.
The respondents were then asked two questions: ‘On which spoke of the stepladder do
you think you are at present?” and ‘On which spoke do you think you will be in about
five years from now?’ We classified the respondents into three categories based on a
system for classifying wellbeing into meaningful groupings [67]. The categories were as
follows: thriving, struggling, and suffering; these were applied to each element, based on
the rating assigned to each facet of wellbeing. ‘Thriving” meant a rating of 7 or more for the
present situation and of 8 or more in the future, scores that signaled a strong and consistent
sense of wellbeing. ‘Struggling’ (ratings between 6 and 4) was defined as a moderate and
inconsistent sense of wellbeing, and “suffering’ (ratings below 4), as a low and inconsistent
sense of wellbeing. In other words, those respondents who viewed their current situation
in a positive light and hoped to improve their lot over the next five years were categorized
as ‘thriving’; those who took a dim view of the present and showed little hope for the future
were categorized as ‘suffering’; and the rest, who appeared to be merely ‘getting by’, were
categorized as ‘struggling’.

A conceptual framework was designed for the subjective enumeration of the fac-
tors influencing human wellbeing which were most important to the respondents. The
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framework comprised basic human needs, economic needs, environmental needs, and
subjective happiness [68,69]. After enumerating the constituents of wellbeing related to
life satisfaction as experienced by residents in SC landscapes, the groups were asked to
rank those items in descending order of significance to their lives. Once the members
of the group started listing these items, additional prompts were provided; for example,
‘What contributes the most to your happiness?” Based on the observations of the six focus
groups, the final list of factors that influence wellbeing was compiled and then structured
to ensure that top-ranked statements (those with the most ‘likes’) were incorporated into
the list. This list was then shared among members of the focus groups and also among
key representatives of government agencies and communities who had expressed their
willingness to offer additional responses. The completeness of the list was ascertained,
based on the feedback obtained from these individuals and representatives. The wellbeing
components were grouped under five categories: land use, food consumption, social co-
hesion, decision-making role of gender, and communication access. Land use comprised
seven constituents of wellbeing; food consumption comprised five constituents; social
cohesion, ten; decision making, six; and communication access, five. Thus, a total of
33 constituents were identified. Based on interactions with members of the FGDs and their
perceptions of each component of wellbeing as changing for the better or for worse or not
changing at all, a score was assigned to each level of change that represented the number
of FGDs expressing their perception of a particular level of change. For example, under
the component land use as one of the constituents of wellbeing, the indicator ‘access to
education” was rated as having changed for the better in FGDs, as having changed for the
worse in FGDs, and as not having changed at all in FGDs. Each indicator under different
components was similarly quantified in terms of the number of FGDs recording that the
indicator had changed for the better or worse or not changed at all.

2.4. Establishing the Causality

The study primarily focused on FGDs for establishing the relations between the
psychological wellbeing of jhumias (those practicing SC) and their behavioural attributes
with jhum cultivation. However, for triangulating the results and for establishing the
empirical association, quantitative analysis was performed—zero order correlation between
all the selected variables and stepwise regression analysis (backward elimination method)
with a carefully chosen set of independent variables keeping psychological wellbeing as the
dependent one. The independent variables were those attributes that were anticipated to
have influenced the psychological wellbeing of jhumias. The quantitative operationalization
of the selected variables and their measurements are given in Table 1.

Table 1. Description of the selected variables.

Variables Level of Measurement Nature of Variable
Gender Nominal (Male 1, 2 otherwise) Indep.
Jhum Experience Ratio (In years) Indep.
Education Ratio (Years of formal education) Indep.
Access to mass media Nominal (yes 1, 2 otherwise) Indep.
Begsif;sg;ﬂfﬂ?;ii?f d Nominal (yes 1, 2 otherwise) Indep.
Migration Ratio (In years) Indep.
Non-Jhum Ownership Nominal (yes 1, 2 otherwise) Indep.
Jhum Ownership Nominal (yes 1, 2 otherwise) Indep.
Cropping period in Jhum Ratio (Number of years) Indep.
Fallow period Ratio (Number of years) Indep.
Psychological well being Interval (Level of aspiration) Depen.
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The model utilized for stepwise regression analysis is depicted below (Draper & Smith,
1981) and this was done using SPSS -v25 and also matched with R programming.

Sx;

]

bjsta =bj—
S

y

sy and sy, denote standard deviations for the dependent variable psychological wellbe-
ing and the corresponding jth independent variable. The percentage change in the square
root of mean square error (RMSE), which will occur if the specified variables are added or
deleted from the model, was estimated. This value was then used by the Min MSE method.
This percentage change in RMSE was calculated using following formula:

RN[SEprevious - RMSEcurrent

Percentage change =
g g RMSEcurrent

x 100

3. Results

Considering the objectives, the results of the present study are presented under three
subheads. Land use transition in the SCL narrates the recent changes in land use in different
states comprising the study area (Section 3.1). The data collected from the cross-sectional
survey is analyzed and presented under Section 3.2 which also includes level of self-
reported subjective wellbeing. The final Section 3.3 highlights the changes in constituents of
wellbeing and elucidates the perception of the respondents on different constituents of well-
being. Graphics, data tables, and photographs are also employed suitably to supplement
the narration.

3.1. Land Use Transition in the SCL

As mentioned in Section 3.2, land under SC is often recorded as wasteland in official
documents; the Wastelands Atlas of India is the only official source that maps SC. Therefore,
using time series data on land-use changes over last 15 years (2000-2015) from the Atlas,
we depicted the changes (Figure 4).
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Figure 4. Transition in the area (km?) under jhumscape in six districts of India’s Northeast (2000-2015).

The decline in the area under jhumscape (SCL) in the sampled districts of Indian
Himalayas during the period 2000-2015 is shown in Figure 3. Marked changes in land
use are immediately apparent. In 2000, about 4200 km? was under SC; however, within
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15 years, it decreased by 3700 km? (88.08%). This pattern with about the same intensity
was observed in nearly all the six districts. The maximum decline (91.8%) was observed in
Churachandpur district of Manipur, followed by Saiha (94.48%) in Mizoram and West Garo
Hills (91.56%) in Meghalaya. The maximum decline occurred during 2000-2008 and then it
slowed down almost to a halt. This may be because of the enactment of the Forest Rights
Act, 2006, of the Government of India (effective from January 2008). The Act recognizes that
forest-dwelling communities have three kinds of rights, namely (1) rights to occupation
and cultivation (individual rights), (2) rights for grazing, collecting fuel wood, fishing,
ownership, and disposal of non-timber forest produce (community rights); and (3) rights to
protect, conserve, regenerate, and manage the areas under community forest resources.

Usually, SC is considered the sole factor for forest loss/degradation and thereby it is
often discouraged by the state [49]. As a result, the area under SC has drastically declined
in the region (Figure 4). However, the forest restoration programmes and legislation helped
to regain forest cover slightly (2.94%) between 2000 and 2015. The plantation agriculture
particularly the oil palm and natural rubber has partly covered or converted the SC/fallow
area in this region (Table 2 and Figure 5).

Table 2. Land cover transition in Northeast India (in Km?2).

Year/Item 2000 2015 Increase (%)
Forest cover 163,799.00 168,607.00 2.94
Natural rubber 468.85 1556.20 231.92
Oil palm 0 273.11 100.00
Tea garden 3909.06 4571.33 16.94

Figure 5. Oil palm plantations in Upper Subansiri and Saiha (a,b); tea plantations in West Garo Hills,
Meghalaya (c); rubber plantations in Dhalai, (d); cabbage grown in Saiha, Mizoram (e); pineapple
grown in West Garo Hills, Manipur (f), Northeast India.
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3.2. Level of Self-Reported Subjective Wellbeing

The cross-sectional survey data of 481 respondents from across 52 villages of six states
in Northeast India, were analyzed for self-reported subjective wellbeing. As mentioned
above, the respondents were grouped into three mutually exclusive categories suggested
by Gallup [67], namely thriving, struggling, and suffering, based on how they rated each
given facet of wellbeing (Figure 6).
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Figure 6. Level of self-reported subjective wellbeing of respondents, by district.

A majority (approximately 58%) of the respondents reported moderate or inconsistent
levels of psychological wellbeing (Figure 6). At the time of the survey, they were either
struggling or foresaw greater struggles in the near future. In Dhalai district in Tripura, 90%
of the respondents belonged to the ‘suffering’ category. In West Garo Hills in Meghalaya,
only about 30% in ‘suffering’ category, more than half in the ‘struggling’ category, and 20%
in the ‘thriving’ category. In all the remaining five districts, the proportion of respondents
in the struggling category exceeded that in the other two categories. About a quarter
(26%) of the respondents perceived that their wellbeing was at high risk. They reported
that they had inadequate access to the basic necessities of life, namely food, shelter, and
clothing and rated their current life situation below 4 on a scale of 0 to 10. They believed
that their lot was unlikely to be better in the next five years. Approximately 16% of the
respondents expressed their level of wellbeing as strong, consistent, and progressive and
assigned higher scores to both current and future levels of their wellbeing.

3.3. Changes in Constituents of Wellbeing

The agroforestry landscape is considered an integral part of the socio-cultural and
economic dimensions of livelihood of the local community. Therefore, any decline in the
area under SC is bound to affect the five constituents (Table 3) of wellbeing examined in
the present study, namely land use, food consumption, social cohesion, the role of gender
in decision making, and communication.
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Table 3. Change, if any, and its direction in the constituents of wellbeing as reported by respondents.

Constituents of Wellbeing

No. of Focus Discussion Groups

Positive Change No Change Negative Change
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Land use

Nature of land ownership
Having sufficient food (local nutritious food)

Access to education
Level of income

Cultivating cash crops

Cultivating rice
Having livestock
Food consumption

Being adequately healthy

Food security
Indigenous food
Dietary diversity
Having a long life
Social cohesion

Healthful environment
Freedom of expression

Good governance

Cordial social relations among villagers

(social cohesion)

Ability to practice religion
Mutual assistance and solidarity - -
Healthy relationships between couples - -
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Decision making: role of gender

Self-planning about life
Making one’s own decisions
Rejoicing and recreation

Being admired

Actively engaged in village-level
participatory decision making

= NN
\
1

'
'
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Income control by women - -

Communication

Access to means of communication
Rejoicing and recreation
Interpersonal communication

Personal wellbeing

Socio-cultural and emotional

development
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The changing geo-ecological perspective of SC has manifold implications for the satis-
faction of the constituents of wellbeing of the indigenous people. In the case of land use,
both ‘access to education” and ‘level of income” changed positively whereas ‘having suffi-
cient food” changed negatively, pointing to a decline in food diversity. These changes are
reflected in some constituents under food consumption, namely ‘dietary diversity’, ‘being
adequately healthy’, and ‘indigenous foods’. Some constituents of social cohesion, namely
‘freedom of expression’ and ‘ability to practice religion’, changed positively whereas ‘social
equality” and ‘healthful environment’ changed negatively. Under decision-making, ‘in-
come control by women’ was the most negatively affected constituent, followed by ‘being
admired’. Thus, the traditional women-dominated family system is being challenged due
to changes in land use. As to communication, ‘access to means of communication’ and
‘personal wellbeing’ changed positively whereas ‘socio-cultural and emotional develop-
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ment’, ‘rejoicing and recreation’, and ‘interpersonal communication” changed negatively.
Access to means of communication is particularly important because, for a society, social
and psychological support services are as important as income-based wellbeing.

3.4. Stepwise Regression Modelling

A set of 10 independent variables that are likely to exert influence on psychological
wellbeing were subjected to establish the association and causal relationship. The descrip-
tive statistics (Table 4) indicated that respondents had about 25 years of association with
jhuming. The related variables like the cropping period in jhuming were almost 2 years,
and the fallow period was more than 5 years. With the increased mass media exposure
(mean value 5.10) and encouraging a policy of government institutions towards settled
and specialized agriculture in this fragile region, the jhum ownership vis-a-vis non-jhum
ownership was comparable resulting into alarming migration (mean value 1.85). Albeit the
psychological wellbeing of jhumias was found to be high (6.07) which indicates their level
of contentedness with jhuming system.

Table 4. Descriptive statistics of the selected variables (n = 481).

Variables Mean S.td'.
Deviation
Gender 1.05 0.214
Jhum experience 24.61 12.582
Education 5.10 5113
Access to mass media 2.07 1.377
Beneficiary of watershed development project 1.93 0.255
Migration 1.85 0.353
Non-Jhum Ownership 1.43 0.495
Jhum Ownership 1.06 0.234
Cropping period in Jhum 1.6475 0.79139
Fallow period 5.68 3.429
Psychological well being 6.07 1.986

When the selected variables were subjected to zero-order correlation with psychologi-
cal wellbeing, jhuming experiences and access to mass media exhibited significant positive
association (p < 0.01) while non-jhuming experiences exhibited a negative and significant
association (p < 0.01). Thus, it clearly establishes the importance of jhuming system of land
management in their wellbeing status (Table 5).

Table 5. Correlation and stepwise regression model of Jhumias’ psychological wellbeing.

Correlation
Model Coefficient b Value R Square F Value p Value

Non-Jhum ownership —0.40517 ** —0.280 0.164 97.81 (at 479 and 1 df) 0.001
Jhuming experiences 0.34680 ** 0.193 0.240 78.64 (at 478 and 2 df) 0.001
Access to mass media 0.36515 ** 0.358 0.279 63.83 (at 477 and 3 df) 0.001
Beneficiary of watershed 0.02998 0.282 0.344 64.99 (at 476 and 4 df) 0.001

development project
Migration —0.15558 * —0.142 0.370 57.99 (at 475 and 5 df) 0.001
Fallow period 0.17765 (NS) 0.126 0.385 51.48 (at 474 and 6 df) 0.001
Education 0.28485 * 0.112 0.396 46.08 (at 473 and 7 df) 0.001

*p <0.01; ** p < 0.1; NS: Non- significant.

In stepwise regression analysis, seven variables were retained in the final model.
Causation analysis established that jhuming experiences had a positive influence on psycho-
logical wellbeing, and on the hand, the non-jhuming exposure results in increased migration
and thereby having a negative effect on the wellbeing of the Jhumias. Similarly, enhanced
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educational opportunities and increased access to mass media had a positive and significant
influence on the psychological wellbeing of jhumias.

4. Discussion

The present study documented the distinct changes in the SC landscape within the
period of fifteen years (2000-2015) (Figure 4 and Table 2), mainly as a result of external
interventions aimed at reducing forest loss and checking environmental degradation, the
two being always assumed to be the adverse outcomes of SC. The sharp decline in the extent
of SC during 2000-2008 (Figure 4) is mainly attributed to such policies and programmes
aimed at replacing SC, emphasizing afforestation, raising plantation crops, and converting
SC lands to settled agriculture. Such conversion of SC lands to other land uses reduced the
net area available for SC and thus contributed to the reduction of fallow periods [70].

Amid such large-scale transformation, the respondents’ self-reported and subjective
levels of wellbeing reveal that most (nearly 85%) of those engaged in SC were either
in the struggling category (nearly 60%) or in the suffering category (a little over 25%)
(Figure 6). However, the differences in the level of wellbeing between the sampled districts
may be attributed to situational factors that affect an individual’s perception of her or his
wellbeing [64] besides the socio-economic condition, level of dependence on SC, adaptive
capacity, and cultural diversity among ethnic groups across the region. This preliminary
study provides stronger causal evidence between the rate of decline of SC (land use
change) and the self-reported subjective level of wellbeing (Table 4). Analysis of the
FGDs reveals some of the drivers of wellbeing as reported by the respondents (Table 3).
In the case of land use, the constituents that showed a positive change were access to
education and the level of income—probably the result of growing cash crops —-whereas
land ownership turned out to be a negative constituent, as the ownership moved from
individuals to large companies or to other more resourceful people. Sufficient food as a
constituent of wellbeing also proved to be negative because of the increasing dependency
on market-based foods, as did food consumption as a result of reduced diversity in diet
and falling consumption of indigenous foods—which also had an adverse impact on yet
another constituent, namely being adequately healthy. Indeed, the monoculture of cash
crops (Figure 5a—f) is a serious threat to biodiversity and to food security [57], health, and
wellbeing of the indigenous population in Northeast India [71]. Social cohesion was another
category that was positively influenced by such constituents as freedom of expression and
the ability to practice religion; however, the healthful environment is affected by changed
cultivation practices (the traditional practices fostered togetherness), which also have a
negative influence on healthy relationships between couples and congenial relationship
among members of a household. In fact, having strong marital and family relationships
and connections to the community may play an important role in supporting subjective
wellbeing [72]. Above all, the most affected constituent of wellbeing was social equality.
In the case of decision-making, women’s control over their income is being eroded: in the
past, their source of income was locally gathered produce; now, it is what is sold in the
market, which is pocketed by men. This is a noteworthy social shift. The impact of the
decline in SC and subsequent promotion of oil palm had serious implications for women’s
wellbeing in Mizoram because their role in settled cultivation of oil palm (Figure 5) is far
more subservient than that in SC [73]. When we consider the preoccupations (Jhuming)
of the indigenous people in Northeast India in the recent past, the most important was
asserting and reclaiming where required their inalienable traditional rights to use, manage
and control their ancestral land and land-based resources (flora and fauna, water body, and
so on) in their own geo-ecologies; preserving their way of life; and resisting being absorbed
into the mainstream and its emphasis on materialism and individualism [74]. Although the
desire for material goods does play a crucial role, it is the emotional struggle to preserve
group identity and its core values that form a major part of the struggle [59,75]. For the
Jhumias, SC emerged as the source of many other benefits rather than merely a system of
food production. Our analysis has clearly established that jhuming experience positively
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impacted wellbeing on SC farmers while non-jhuming experience led to wellbeing that can
be termed as struggling (Table 5). Thus, the concept of well-being includes not only positive
feelings of happiness and satisfaction, but also feelings such as interest, commitment,
trust and love [76]. Indeed, shifting cultivation is a way of life for the cultivators rather
than just a farming technique [36]. Furthermore, cultivated and wild biodiversity in the
SCL contributed to many traditional ethnic, culinary, and ethno-medicinal preparations;
for example, jhum rice is the main substrate for many traditionally prepared alcoholic
beverages. The by-products of jhum, particularly maize, the pseudostem of banana, and
tuber crops are used to feed poultry and pigs. In fact, the jhum system gives locals access to
culturally appropriate foods while also retaining their traditional eating practises, which
have a significant chance of enhancing food security [58].

This empirical finding has been also reflected in the outcome of the FGDs (Table 3).
Therefore, the perceptual mismatch between the local people and policy makers regarding
the usage and benefits of SC land—demands close attention and reappraisal [70]. The
urgent need, therefore, is for coherent policies aimed at transforming SC while reducing
the negative impacts of this divergence in perceptions.

4.1. Policy Implications

The present study offers some key insights into (1) the extent of change in land use
and of the decline in the area under SC in the Indian Himalayas, (2) the impact of those
changes in the perception of psychological wellbeing by indigenous people of the region and,
(3) dynamic changes in broad categories of the constituents of wellbeing in terms of the extent
to which they contribute to the sense of wellbeing. These insights will help in devising ethical
approaches to sustainable and inclusive development that values the needs of indigenous
peoples. Later on, the findings will also prove useful to managers and policymakers in eliciting
active participation of indigenous people in development. More specifically, in the context of
Indian Himalayas, these findings would go a long way by taking advantage of the transition
and ensure optimized trade-offs between safeguarding the wellbeing and livelihoods of
vulnerable communities of the region and making inevitable changes in land use that may
have adverse impacts on SC landscapes.

4.2. Limitations and Future Research

The panoramic view of psychological wellbeing presented here will be useful in
monitoring the overall reaction of people and in forecasting the socio-psychological impact
of changes in land use. However, any such assessment of psychological wellbeing is subject
to somewhat random, contextual, and situational perceptions of individual respondents—
perceptions that influence the responses to any questionnaire [64]. The assessment is
also influenced by sources of information; future research should therefore undertake
cross-cultural assessments of psychological wellbeing, which are likely to be more stable.
Secondly, any analysis can only reveal associations among various factors, associations that
may be causal but may also be due to some other factors.

5. Conclusions

Our study found that the shifting-cultivation landscape (SCL) of the Indian Himalayas
is experiencing rapid changes in land use, mostly in favour of monoculture of plantations
crops or cash crops owing to market pressure. Such changes in the SCL have manifold
implications for the wellbeing of indigenous people of the region. Changes in land use
have led to greater access to education and higher levels of income but, at the same time,
have also led to a decline in food diversity, which means the indigenous people may not
always have sufficient food. These changes clearly point to an unsustainable transition in
the SCL—a multifunctional and biocultural landscape—given that a majority of the respon-
dents reported moderate or inconsistent levels of psychological wellbeing and believed
that their circumstances represented a continued struggle now and a greater struggle in
the near future. The study thus emphasizes the importance of the jhum system of land
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management to the wellbeing of indigenous people dependent on this agroforestry system
for their livelihood as well as for fulfilment of their cultural needs. A more integrative con-
ceptual approach that takes into account the perceptions of the indigenous people would
help considerably in sustaining the SCL, which is highly fragmented at present, thereby
aggravating the problem of managing such agricultural systems sustainably on different
geographical scales. An integrated approach to landscape management may make the vari-
ous subsystems within the SCL more sustainable and strengthen their multi-functionality,
ultimately resulting in multiple favourable outcomes.
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Abstract: The Cundinamarca Department is located in the Colombian Andean region, and features
a variety of bovine production systems dedicated to milk, beef or dual-purpose production in
cold, warm and temperate climate areas, respectively. This paper analyses the sustainability of a
sample of 35 farms (12 dual-purpose, 13 milk production and 10 beef production) located in some
of its municipal areas using MESMIS methodology, which evaluated indicators related to social,
environmental and economic factors of the systems during 1 year, grouping them by their productivity,
adaptability, equity, self-management and resilience. For productivity, adaptability and equity, the
dairy systems scored higher than dual-purpose and beef systems, whereas for the indicators of self-
management, stability and resilience, the dairy systems scored lowest, while dual-purpose systems
were the best. The indicators of economic sustainability increased in proportion to the intensification
of the production system, availability of agricultural machinery and added value, resulting in the best
scores being obtained by the dairy system and the worst by the beef system. For social sustainability
indicators, the best score was obtained by dual-purpose systems, with dairy systems scoring the
lowest, while dairy systems scored highest for environmental indicators. The results could be used to
endorse public policies to promote the generation of sustainable agricultural systems.

Keywords: productivity; stability; adaptability; equity; self-reliance; SWOT

1. Introduction

Livestock represents around 1.4% of the national Gross Domestic Product (GDP) of
the Colombian economy [1]. The Cundinamarca Department has 5.2% of the cattle national
inventory and is characterized by a variety of productive systems for livestock farming with
beef and dairy and for the provision of food to meet the growing national demand [2,3].
Their diversity of climates produces a wide range of agro-ecological conditions for livestock
or agriculture production.

In a previous study, Cruz et al. [4] conducted an analysis of agricultural information
from 116 municipal areas in Cundinamarca, which enabled them to characterize and
classify the bovine production systems into three categories: dual-purpose, dairy and
beef production. In order to assess the sustainability of these three categories of bovine
production systems, a detailed analysis is required.

At the farm level, an agricultural system is sustainable if it yields positive economic
and social results while preserving the natural resources in the ecosystem [5,6]. Zandstra [7]
included environmental sustainability values as a function of chemical input levels, consid-
ering that excessive input levels degrade natural resources through accumulation, while
inadequate levels degrade resources through exhaustion. This concept is in sharp contrast
to the decreasing relationship between chemical input levels and sustainability proposed

Sustainability 2024, 16, 7054. https:/ /doi.org/10.3390/su16167054 95

https:/ /www.mdpi.com/journal/sustainability



Sustainability 2024, 16, 7054

by Stinner and House [8]. Moreover, social values such as equity, tradition, self-sufficiency,
conservation of agrarian culture and preference for small privately run farms have also
been incorporated into definitions of sustainability [9].

Until now, the concept of sustainability has yet to be put into practice in many agri-
cultural contexts. To achieve sustainable systems of agriculture, it is imperative to carry
out a comprehensive assessment that encompasses broader ecological, economic and social
dimensions [5]. To measure the sustainability performance of farms, a large number of
sustainability assessment tools have been developed [10], which generally integrate a wide
range of themes and indicators to obtain a holistic view and are used for different purposes,
such as monitoring, certification, consumer information, farm advice and research [11].

Several frameworks which use indicators to assess sustainability have been described
in the literature [12]. Sustainability indicators are tools that can be used by farmers at
the farm or field level to assess the effects of managerial changes [13]. Nevertheless, any
of these are purely theoretical and cannot be used directly by farmers to make decisions.
In fact, complex tools that require large data inputs and expert knowledge to provide
estimates are generally not suitable for use at the farm level.

Different techniques are available to build sustainability indicators [6,10,12], which
give some guidance regarding the selection and construction of composite indicators,
involving strict quality criteria and accurate data gathering to calculate empirical values.
However, indicators should be used with caution in all cases because they must be regarded
as only partial representations of the complex reality [14]. In order to build and develop
indicators for the sustainability evaluation of production systems, researchers agree that
one key element is that farmers should participate and be consulted [15].

Given the complexity of the concept of sustainability, as well as the diversity of pro-
duction systems, the information generated based on indicators must be analyzed in an
integrated way. To achieve this, a range of different methodologies is available to facilitate
our analysis and understanding of the data. Of these, Response-Inducing Sustainability
Evaluation (RISE) is an indicator-based sustainability assessment tool developed at the
Bern University of Applied Sciences (School of Agricultural, Forest and Food Sciences,
HAFL) [16], while the IDEA (Indicateurs de Durabilité des Exploitations Agricoles or ‘Farm
Sustainability Indicators’) method is tool which is used widely in Europe. IDEA assesses
whole-farm sustainability using agro-ecological (18 indicators), socio-territorial (18 indi-
cators) and economic (six indicators) scales [17]. Van Cauwenbergh et al. [6] proposed
a method known as SAFE (Sustainability Assessment of Farming and the Environment
Framework), which recommended a hierarchical framework based on the goods and ser-
vices provided by agricultural ecosystems, with the primary level of the hierarchy being
the “principles” that correlate with the three dimensions of sustainability: economic, social
and environmental.

A methodology frequently used in Latin America to analyze sustainability in agri-
cultural systems is MESMIS (for its acronym in Spanish—Marco para la evaluacién de
sistemas de manejo de recursos naturales incorporando indicadores de sustentabilidad).
It has an operative structure featuring a six-step cycle, including the description of the
systems, the identification of critical points and the selection of specific indicators for
the environmental, social and economic dimensions of sustainability. The data obtained
by means of the indicators is integrated to obtain a value judgment about the resource
management systems and to provide suggestions and insights aimed at improving their
socio-environmental profile [12].

The aim of this work was to evaluate the sustainability of farms representative of the
range of cattle production systems for dual-purpose, milk production and beef production
in Cundinamarca Department (Colombia), using the MESMIS method. Understanding
and improving the sustainability of these livestock production systems could contribute to
achieving sustainable development goals (SDG), specifically Goal 1 (no poverty), Goal 2
(zero hunger), Goal 12 (responsible consumption and production), Goal 13 (climate action)
and Goal 15 (life on land). The results of this research could help to provide strategies for
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future decision-making in productive, environmental, social or political spheres to improve
livestock activity on the region, country and surroundings at large.

2. Materials and Methods
2.1. Area Study and Sample Selection

This study was carried out on farms employing livestock systems in the Department of
Cundinamarca (Colombia), covering an area of 24,210 km?, with approximately 3.2 million
registered inhabitants living in 116 municipalities distributed over 15 provinces, of whom
8.43% are agricultural producers. The main agricultural products are potatoes (25.4%),
sugar cane (19.1%), coffee (15.2%) and other vegetables (39,7%). Notably, this department
also provides 10.4% of the national inventory of laying hens, 8.1% of broilers, 6% of cattle
and 7% of pigs [2,3].

The present research was based on previous studies reported by Cruz et al. [4]. Thus,
with respect to cattle production, the three cattle livestock systems in this area were de-
scribed as dual-purpose, dairy and beef production (Figure 1). The ‘dual-purpose’ group
included 48 municipal areas, in which 64.6% of the farms employed dual-purpose pro-
duction and assigned 57.5% of the total registered bovines. The average farm size was
5.2 ha, with 14.7 cattle per farm, a carrying capacity (livestock unit of 500 kg per hectare:
LSU/ha) of 1.2 LSU /ha and a milk production per cow of dual-purpose cows of 5.9 kg/d.
The ‘dairy production’ group includes 36 municipal areas, where 65.9% of the farms and
61.9% of their bovines are involved with dairy production. The farms have on average
3.8 ha, with 31.8 cattle per farm, a carrying capacity of 2.3 LSU/ha and a milk production
per cow of 19.9 kg/d in specialized systems and 11 kg/d in traditional systems. Moreover,
66.6% of the farms in the 32 municipal areas located in warm climate are dedicated to beef
production, with approximately 20% of their area used for agriculture and 63.6% of bovines
for beef production. The farms for cattle breeding have an average size of 8.5 ha, with
22.3 cattle/farm and a carrying capacity of 1.2 LSU/ha. In relation to other non-bovine
activity, in the department, there is considerable technical poultry and pig activity, and
marginal sheep, goat and horse production. More information can be obtained in Cruz
etal. [4].

® Dual purpose
® Beef
Dairy

Figure 1. Location of farms sampled in Department of Cundinamarca (Colombia), according to
production system.

Description of farm studies: To conduct key case studies, 35 representative farms
were selected: 12 for dual-purpose, 13 for dairy and 10 for beef. Farms were selected
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according to their main productive characteristics, previous experience of the field staff and
the researchers’ knowledge of the respective geographical areas. The main characteristics
of the farms selected in this study are shown in Table 1.

Table 1. Cattle production systems characteristics.

Description Dual-Purpose Dairy Beef
Number of farms 12 13 10
Average land area (ha) * 30.23 19.9 51.83
Carrying capacity
(LSU/ha/year) * 1.35 191 1.57
Altitude (m.a.s.l) * 1050 2680 520
Main species Crossed B. indicus—B. taurus B. taurus B. indicus
Raw milk
Main products Males for rearing and Raw milk Fattening males
fattening

* LSU: Livestock unit (500 kg); ha: hectare; m.a.s.1.: meter above sea level.

2.2. MESMIS Framework for Assessing Sustainability

The MESMIS framework enables us to measure and monitor sustainability indicators
as part of a systemic, participatory, interdisciplinary and flexible evaluation process. This
methodology is well adapted to small farmers, who usually run diversified, small-scale
farms, employ family labor and produce both subsistence and commercial goods as crops,
livestock or forest products [12].

A complete description of MESMIS is given by Lépez-Ridaura et al. [12] and Masera
et al. [18]. Moreover, some of its applications and experiences have been discussed by
Speelman et al. [19] and Ripoll-Bosch et al. [20]. The MESMIS program sets five strategic
and interrelated goals: (1) to integrate the theory of complex systems into sustainability
assessments which are context-based and constrained to a specific spatial and time scale;
(2) to develop and update a comprehensive, coherent sustainability assessment framework
that can allow stakeholders to make short- and long-term multicriteria comparisons of
alternative Natural Resource Management (NRM) strategies; (3) to facilitate the learning
processes by which stakeholders can understand, use and give feedback on the concepts,
tools and outcomes of such assessments; (4) to validate the framework by promoting a
number of case studies; and (5) to promote and facilitate the participation of all stakeholders
in the assessment process. In our study, the framework was developed by critically integrat-
ing key concepts regarding sustainable development, sustainability, systemic approaches,
natural resource management, sustainability evaluation and sustainability indicators [12].

The sustainability analysis of NRM combined with MESMIS methodology is based
on the evaluation of seven general systemic attributes: productivity (capacity to generate
goods and services), stability (ability to maintain a constant level of productivity under
normal conditions), reliability (maintaining productivity at levels close to equilibrium
under normal environmental shocks), resilience (a return to equilibrium or productivity
levels similar to the initial level after serious disturbance), adaptability or flexibility (ability
to find new levels of balance or to continue helping to provide beneficial, long-term
changes in the environment), equity (a system’s ability to distribute both intra-and inter-
generational benefits and costs fairly) and self-reliance (a system’s ability to regulate and
control interactions with the outside world). Of these, stability, reliability and resilience
attributes can be grouped as attributes of “stability” to express the ability of the system to
cope with change [12]. The selection of indicators to be included in each attribute, and of
the specific weight of each of the indicators, requires a participatory process conducted by
an interdisciplinary evaluation team. In this context, the Delphi technique, a procedure
that organizes and structures debates among various groups of experts, is recognized as a
systematic method to analyze and discuss complex issues, helping channel diverse views
and opinions into one or more communal notion through an iterative feedback process [21].
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2.3. Data Collected and Information Treatment

Following the MESMIS methodology summarized in Section 2.2, the five-stage evalu-
ating process was conducted as follows:

Stage 1: Definition and identification of critical points of the systems evaluated using
in-depth interviews with different stakeholders (farmers and technical advisers) to elaborate
a SWOT analysis (strengths, weaknesses, opportunities, and threats) [22]. Characteristics
taken into account include satisfaction of labor, time taken to travel to markets, availability
of basic public services, rest days per year, participation of women in technical decisions or
family’s involvement in the farm activities in the medium term (15 years).

Stage 2: Selection of the indicators. A group of experts composed of technical advisers
and researchers, using the previous SWOT analysis, selected the indicators, and their corre-
spondence was used to establish system sustainability attributes and sustainability pillars.

Stage 3: Monitoring of 35 farms and collection of the data needed to calculate the
indicators. In this study, data were collected during a 12-month period between 2022
and 2023.

Stage 4: Data obtained in the field were entered into a matrix, which included the
average of each indicator for each of the three types of cattle production (dual-purpose,
dairy and beef). Likewise, the optimal reference value for each indicator was included. To
obtain this, optimal values were defined by 8 experts (veterinarians, animal scientists and
ranchers) consulting references in the literature referring to each region. Finally, the degree
of approximation of each system to this optimal value was calculated and expressed through
an index of approximation to sustainability, which could range between 0% (furthest
from the value considered sustainable) and 100% (maximum value of sustainability for
that indicator). The approximation indices for each indicator and each farming type
were obtained through the following formula: (indicator’s value/optimal value) x 100.
In the case of complementary finances, it worked in the opposite way, that is, the best
indices were those with the lowest value. In these cases, the formula applied was (optimal
value/indicator’s value) x 100. Whatever the case, an index value closer to 100% is better
in terms of sustainability.

Stage 5: Conclusions and recommendations for improving sustainability of the animal
production systems studied were presented.

3. Results
3.1. SWOT Analysis

The ideas summarizing the main points from the interviews with the stakeholders
are set out in Table 2. The main strengths of cattle production lay in the grazing-based
production, the breeds used for tropical conditions and the highly diverse surroundings.
The key opportunities were related to the development of traditional local products with
the designation of origin, functional attributes or the production system. A number of
different weaknesses were noted, including little generational relief, few transformation
processes on farms and poor use of technology. The most important threats from the
general context are the poor socioeconomic development in rural areas and the lack of state
socio-economic incentives for production.
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Table 2. Production system SWOT analysis.

Cattle Production System

Strengths

Weaknesses

Dual-purpose

Grazing-based production.

Income from the sale of milk and fattened
animals.

Use of Bos taurus x Bos indicus crossings
adapted to climate.

Agro-ecological diversity of producing
municipal areas.

Distance to consumption centers (>3 h).
Aging of producers.

Few transformation processes on farms.
Poor productivity of systems.

Poor use of technology.

Grazing-based production.
Use of taurus breeds specialized in milk
production.

Heterogenicity in the hygienic quality of
milk obtained.
Peasant systems with low level of

Dairy Proximity to consumption centers (<3 h). technological development.
Specialized systems with good e  Few transformation processes on farms.
technological support. e  Aging of producers.
Grazing-based production. e  Distance to consumption centers (>5 h).
Use of indicus breeds adapted to tropical e  Little generational relief.

Beef conditions. e  Few transformation processes (meat

High biodiversity in the environment.
Specialized systems in growth and
fattening.

preparation) on farms.
Poor productivity of systems.
Poor use of technology.

Opportunities

Threats

Dual-purpose

National federation and health institutions
that develop programs for producers.
Meat exports.

Development of traditional local products
with designation of origin, functional
attributes or production system.

Deficient road infrastructure.

Lack of state socio-economic incentives for
production.

Import of dairy products.

Little socioeconomic development in rural
areas.

National federation and health institutions
that develop programs for producers.
Good infrastructure of roads.

Lack of state socio-economic incentives for
production.
Import of dairy products.

Dairy Proximity to milk inc!gstry. e Increase in land value due to urbanization

Development of traditional local products rocesses and proximity to laree

with designation of origin, functional p and p ¥ &

- . consumption centers.
attributes or production system.
National federation and health institutions - .
e  Deficient road infrastructure.

that develop programs for producers. . L .

Opportunities for exporting meat . Lack of state socio-economic incentives for
Beef PP ) production.

Development of traditional local products
with designation of origin, functional
attributes or production system.

Poor socio-economic development in rural
areas.

3.2. Analysis of Sustainability by Attributes, Pillars and Indicators

With the participation of the group of experts and taking account the SWOT results,
39 indicators were selected, which were grouped into five attributes as follows: produc-
tivity (n = 8), adaptability (n = 9), equity (n = 7), self-management (n = 5) and resilience
(n =10) (see Tables 3 and 4). The average weighted scores obtained by each farm for any
sustainability indicator are only given in the aggregate information. For this reason, an
analysis of individual indicators is needed to describe the farming systems in detail.
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Table 3. Production system productivity and adaptability indicators compared to optimal values.

Attribute Indicator SP Unit Weight Optimal Dual-Purpose Dairy Beef
;\ff;f’;‘;if;ggr Ec Kg/year 5% >182 2175 (100.0%) 1415  (77.7%) 2168  (100.0%)
Meat produced h o > o, o, o,
per hettare /year Ec Kg/ha/year 5% >273 2938  (100.0%) 2712  (99.3%) 3324  (100.0%)
Milk produced kg 5% 3000 1418 (473%) 5986  (100.0%) - %)
per animal/year average/year
ptﬁig‘ef:;‘:‘/‘;‘z‘:r Ec  Kg/ha/year 5%  >4500 1158  (257%) 6866 (100.0%) - %)
Pro((iu:cté\)/lty Average
Carrying Ec  LSU/ha/year  20% >15 135  (90.0%) 191  (100.0%) 157  (100.0%)
capacity
Net margin per
kg milk Ec €/kg/year 15%  >0.16 0.09 (56.3%)  0.09  (56.3%) - (-%)
produced/year
Net margin per
kg meat Ec €/kg/year 15%  >0.72 0.53 (73.6%) 038  (52.8%) 077  (100.0%)
produced/year
I\{f’;‘t‘;jzg/‘;egfr Ec €/ha/year 30%  >1500 2670  (17.8%) 7365  (49.1%) 2555  (17.0%)
Use information % Ezfrr‘ners
management s g 5% 100% 384 (384%) 500  (50.0%) 583  (58.3%)
svstems management
th systems
Ed‘o‘fc?;irf;‘elr?d s Scale 2 10% 2 1 (00%) 11 (55.0%) 1 (50.0%)
Time taken to o .
travel to markets t/; riaeri;ra‘ls(::ltd;
<1 h (cities with s PN 15% 100% 100 (100.0%) 100  (100.0%) 916  (91.6%)
over 10,000 markets <1h
inhabitants)
Time taken to :/;Hflaeri;::lig
Adaptability travel to S travel to 5% 100% 53.8 (53.8%) 100 (100.0%) 66.6 (66.6%)
n=9) slaughterhouses markets <1 h
D‘V;:jgffitig’; of g Scale P 15% >3 27 (90.0%) 18  (60.0%) 19  (63.3%)
Use of creole po  fammsusing a0 g 77 (513%) 0 (0.0%) 0 (0.0%)
breeds local breeds ? ° ’ = o o
Renewable Farms using

En Renewable  10%  >25% 77 (30.8%)  30.0  (100.0%) 166  (66.4%)

energy sources
energy sources

Availability of

agricultural Ec % farmers 15% 100% 30.7 (30.7%) 100.0  (100.0%)  25.0 (25.0%)
machinery

Useofirrigation -~ % Farms with 5, 100% 15.4 (154%) 1000  (100.0%) 0.0 (0.0%)
systems irrigation

SP: Sustainability pillar; Ec (economic), En (environmental) and S (social). * Min: 0 = No education, but agricultural
experience; 1 = Basic or intermediate education and agricultural experience; Max: 2 = Higher education and
agricultural experience. ® Minimum: 1 product; 2 products; Maximum: >3 products.
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Table 4. Production system equity, self-management and stability indicators compared to optimal values.

Attribute Indicator s Unit Weight Optimal Dual-Purpose Dairy Beef
Satisfaction with s Scale® 15% 4 38 ©950%) 40 (1000%) 46  (100.0%)
Public basic b o, o 0, 0,
ervicos S Scale 15% 3 29 (96.7%) 3.0 (100.0%) 29 (96.7%)
Rest day per year S Days/year 15% >20 48 (24.0%) 9.8 (49.0%) 5.8 (29.0%)
Equi o
(r?: % Female workers S w(ffr‘ll“rl: 13% >50% 442 (88.4%) 408 (81.6%) 342 (68.4%)
Women'’s % Farms with
participation in S women as 12% >50% 84.6 (100.0%) 70.0 (100.0%) 91.6 (100.0%)
technical decisions decision-makers
Marketing process Ec Scale ¢ 15% 2 1 (50.0%) 14 (70.0%) 1 (50.0%)
s Net 0
Labor profitability S margin/WUY 15% >3600 € 5355 (100.0%) 3674  (100.0%) 4871  (100.0%)
Family labor S % WUY familiar ~ 17% >25% 75.1 (100.0%) 17.5 (70.0%) 642 (100.0%)
Fodder % fodder o o o o o
selfsufficiency En produced 17% 100% 954 (95.4%) 855 (85.5%) 97.1 (97.1%)
Self- Autonomy in
management decisions on S %o producers 16% 100% 84.6 (84.6%) 70.0 (70.0%) 91.6 (91.6%)
(n=5) production and with autonomy
marketing
Own farm area S % own farm 16% 100% 96.1 (96.1%) 815 (81.5%) 933 (93.3%)
% farms with
Added value Ec product 17% 100% 15.4 (15.4%) 20.0 (20.0%) 0.0 (0.0%)
transformation
Farm continuity in 7 plroc%ucers o o o o o
e e S continuing for 15% 100% 84.6 (84.6%) 30.0 (30.0%) 75.0 (75.0%)
Y next 15 years
Technical % producers
assiotare S with technical 10% 100% 100.0 (100.0%)  90.0 (90.0%) 833 (83.3%)
assistance
Facilities Ec Nominal ¢ 10% 3 1 (33.3%) 17 (56.7%) 1 (33.3%)
. % farms with
Se”'z‘:ggslymg s self-supplied  10% 100% 846 BL6%) 200 (00%) 166  (16.6%)
Stability, crops
rzs‘ﬂ:‘el“(;e A“}‘"rr(‘féusf:;‘es En Scale © 10% 3 19 (63.3%) 12 (40.0%) 17 (56.7%)
Use of
silvopastoral En Nominal f 10% 3 1 (33.3%) 1 (33.3%) 1 (33.3%)
systems
F";ﬁgiﬁ;‘es En Scale © 10% 3 3 (100.0%) 28 (93.3%) 3 (100.0%)
%
Cm}if;l::fe‘;my S Non-agricultural 5% <15% 20.0 (75.0%) 245 (61.2%) 27.1 (55.4%)
incomes
frr’aa‘;iit’li‘t‘l‘;gi]:ge Ec Scale & 10% >1 22 (100.0%) 2 (100.0%) 17 (100.0%)
Bio-conservation En 7o area in forest 10% >10% 13.8 (100.0%) 49 (49.0%) 15.1 (100.0%)

conservation

SP: Sustainability pillar; Ec (economic), En (environmental) and S (social). WUY: Working unit year. * Mini-
mum: 1 = Very dissatisfied; 2 = Dissatisfied; 3 = Neutral; 4 = Satisfied; Max: 5 = Very satisfied. b Minimum:
1 = None; 2= Electricity or rural aqueduct; Max: 3 = Electricity and rural aqueduct. © Minimum: 1 = Individual;
Max: 2 = Association. 4 0 = None; 1 = Only for animal management; 2 = Only for store and transformation; 3 = For
animal management, store and transformation. ¢ 1 = 1 species; 2 = 2 species; 3 = 3 or more species. | 0 = None;
1 = less than 25% area; 2 = between 25 and 50%; 3 = more than 50%. & 1 = scarce; 2 = sufficient; 3 = abundant.

For the classification of sustainability into three pillars, the experts assigned 14 of
indicators to the economic pillar (35.0% of total indicators selected), 18 to the social pillar
(45.0%) and 8 to the environmental pillar (20.0%). The optimal value for each indicator,
evaluated according to local conditions with the participation of professional advisors, is
also shown in Tables 3 and 4.

Positive or negative differences were found between systems for several sustainability
indicators, such as net margin per hectare per year (in productivity attribute), availability
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of agricultural machinery, use of irrigation systems (adaptability attribute), rest days per
year, labor profitability (equity), family labor (self-management) and farm continuity in the
next 15 years (stability). For self-supplying crops (stability), considerable differences were
found in the dual-purpose category.

Tables 3 and 4 present the percentages obtained for each attribute in each production
system. The most notable feature of the attribute of ‘productivity” was that we found a
greater difference in the dairy system compared to the others for the net margin per hectare
year indicator. In the same way, for ‘adaptability’, the dairy system was found to be superior
for the attributes of ‘renewable energy sources’, ‘availability of agricultural machinery’ and

‘use of irrigation systems’. However, for the attribute of self-management, the dual-purpose

system scored best, as well as for stability and resilience, where it was found that dairy
systems were inferior to the others, especially for the indicator of ‘continuity in the next
15 years’.

Figure 2 represents graphically the score obtained by the three systems (dual-purpose,
dairy and beef), for the sustainability attributes, as defined in Tables 3 and 4. For productiv-
ity, adaptability and equity, the dairy systems scored higher than dual-purpose and beef
systems, while for self-management, stability and resilience indicators, the dairy systems
obtained the lowest score, with the dual-purpose system the highest.

Productivity

100
80
60,
Stability, Resilience pe Adaptability
Self-management Equity
e=@==Dual-purpose ==@==Dairy »Beef

Figure 2. Livestock system sustainability attribute scores.

With respect to the pillars of sustainability, differences among production systems were
also considerable. As Figure 3 shows, the economic sustainability indicators increased in
line with the intensification of the production system, availability of agricultural machinery
and added value, which means that the best score was obtained by the dairy system and the
worst by the beef system. For social sustainability indicators, the best score was obtained by
dual-purpose systems, due to their family labor and labor profitability, while dairy system
scored the lowest. Environmental indicators also showed that the dairy system scored best,
probably due to the farms using renewable energy sources.
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Economic
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e=@==Dual-purpose e=@==Dairy -« Beef
Figure 3. Livestock system sustainability pillar scores.

4. Discussion
4.1. General Approach to the Sustainability of Livestock Systems

The literature on the sustainability assessment of agricultural systems covers the
use of integrated and participatory approaches involving various disciplines [23]. These
approaches diverge in the different spatial /temporal scales used and the different views
taken by the actors in their definition of sustainability [24]. In this context, Bezlepkina
et al. [23] and Darnhofer et al. [24] affirmed that policies focusing only on reducing the
environmental impact of production systems do not ensure the economic and social repro-
ducibility of farms, and measures taken to improve environmental sustainability need to
be implemented at the farm level, with farmers playing a crucial role. On the other hand,
at the local level (farmers, technical advisers), greater importance is sometimes given to
economic and social issues than to environmental sustainability, and some indicators are
perceived as beneficial by some stakeholders and detrimental by others [25].

While the aim of the present research was to compare different livestock systems using
representative case studies of farms, the farms following a certain system can be just as
heterogeneous as the different systems. It follows, therefore, that it is a challenging task to
compare sustainability with multiple indicators across cattle systems, because the critical
points of sustainability (and their reference values) can vary across spatial/temporal scales,
and therefore, the relevance of certain indicators will not be the same for different systems,
agro-ecological regions or socio-economic context, or at different times [26]. Nevertheless,
during the participatory process, there is little consensus over reducing the number of
indicators and how to distribute individual indicators into particular attributes. In fact, our
results and reported by Ripoll-Bosch et al. [20] show how incomes could be assigned to
stability or adaptability, or even self-reliance.

Similar average scores for sustainability attributes can also cover up sizeable differ-
ences within individual indicators. This means that two systems could have similar scores
in one attribute, such as stability, equity or adaptability [20], while the individual indicators
of these two systems, such as renewable energy sources or use of irrigation, can vary widely.
Binder et al. [27] mentioned that the attributes as defined by MESMIS can also be affected by
uncertainty and dynamic aspects of sustainability evaluation, the socio-economic contexts
can differ, and there can be trade-offs between attributes and indicators.

4.2. Sustainability Evaluation of Different Types of Cattle Systems in the Department of
Cundinamarca by Attributes and Indicators

Productivity attribute: This research found, in beef systems, a meat production of
332.4 kg/ha/year, which is a higher level of productivity than the Colombian average,
according to FEDEGAN (Federation of Colombian cattle producers), of 110 kg/year in
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breeding and fattening systems, and 193 kg/year for the same systems in some improved
farms [1].

In regard to the milk produced per animal in the dairy farms evaluated, this research
found an average of 5986 kg/year (16.4 kg/day), which is lower in comparison to the
19 kg/day reported in another study by Cruz et al. [4] in specialized dairy and higher than
the 11 kg/day reported by the same authors in a peasant dairy. In 2014, the URPA (Regional
Unit for Agricultural Planning of Cundinamarca reported an average milk production
of 10.25 kg/animal/day for specialized dairy and 7.23 kg/animal/day for traditional
dairy [28], while Carulla and Ortega reported an average production in this system of 12 to
14 kg/animal/day [29].

With respect to carrying capacity, between 1.35 LSU/ha/year was found for dual-
purpose and 1.91 LSU/ha/year for dairy. Values near 1.2 LSU /ha are considered normal
for small and medium livestock producers in Colombia, according to those referenced by
Gonzalez et al. [30]. A higher value in carrying capacity (LSU/ha) is associated with better
technological level in the productive systems, which denotes semi-intensive production,
characterized by the use of high-yield pastures with electric fences, periodic irrigation
and fertilization associated with the food supplementation program systems proposed for
Colombia by the CEGA [31]. Carulla and Ortega [29] mentioned that specialized dairy
systems in Colombia had an average between 1 and 2 LSU/ha, which is close to the values
found in our study. The carrying capacity in beef was 1.2 LSU /ha, which is in line with the
complete cycle of breeding and fattening referenced by Mahecha et al. [32] in Colombia.

Adaptability attribute: In Colombia, data on irrigated land is scarce because most
irrigation is not registered officially [33]. All the dairy farms evaluated in this research had
irrigation systems, probably due to the implementation of improved pastures with a greater
demand for water resources, while, in contrast, only 15.4% of dual-purpose farms had
them, with none in beef systems, due to its lower technological level and intensification.

In regard to the use of agricultural machinery, all production systems face great
challenges in seeking increased efficiency to meet the demands of globalization processes. In
fact, specialized dairy systems have sought to optimize processes through the introduction
of new technology in milking equipment, the storage and conservation of cold milk and
the adoption of programs of good livestock practices in response to the pressure of the
dairy industry and to comply with the current regulations [34]. These arguments account
for the findings of the present work, with an availability of agricultural machinery in 100%
of the dairy systems evaluated. This same variable barely reached 30.7% in dual-purpose
systems and 25% in beef livestock, which tends to include areas where it is difficult to use
machinery and there is less investment capacity.

The Colombian agricultural sector relies heavily on fossil fuels and suffers from
inadequate infrastructure in rural areas, limiting access to energy resources. In fact, the
electric power generation capacity in areas not connected to the national grid is supported
by diesel in 85.4% of cases, with 14.6% using renewable energy [35]. In many rural areas of
Colombia, small milk producers have difficulty accessing electricity networks, or suffer low
reliability in their supply. This means that they must generate their own electricity with
fuel electric plants in order to keep the temperature of the milk low before to be collected
for industrialization and sale in cities. However, solar photovoltaic systems have become
a viable option to guarantee a clean, constant supply of energy, taking advantage of the
optimum solar radiation conditions that exist in most of the country [36]. Approximately
30% of the dairy producers monitored in this study used some type of alternative energy in
their systems, such as for electrifying livestock fences, since in the areas where livestock are
kept, there is generally no access to electricity. Solar panels provide the best solution, which
are competitively priced and easy to obtain in the market. Another alternative source of
energy, although less common in this sector, is to use methane gas from animal manure
using anaerobic reactor digestion systems [36]. In our study, we found no farms using
biodigesters for energy production, although solar panels for electric fences were found
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in dual-purpose (7.7% of the farms evaluated) and beef (16.6% of the farms evaluated)
systems.

Equity attribute: With respect to the indicator of satisfaction with labor, Beltran and
Tellez [37] reported in technical dairy farming companies in a province in Boyaca (Colombia)
that 91.1% of producers were satisfied with living and working in the countryside. The
remaining farmers were considering moving to the city due to the difficulties of road access
and to improve the educational opportunities for their children. In the present study, the
three systems evaluated all scored over 95%, probably due to their tradition as laborers,
but those who scored lowest in this variable were those in dual-purpose systems, because
the farms evaluated in this category are located far from cities, with fewer opportunities
for education and employment for the families.

For the indicator of public basic services, in 2012, in the rural area of the Department
of Cundinamarca, about 4% of homes (10,282 houses) did not have electricity and about
1500 had difficulties connecting to the grid due to their remote location, while only 1.4%
of rural homes had natural gas [38]. Another study, conducted in 2016 on basic public
services [39], reported that the water supply coverage for rural homes was 42.6%, while the
sewage coverage was 6.3%. Despite this, the monitoring results observed on farms in 2022
in our study for the three systems analyzed (punctuation over 95%) showed important
improvements in public services (electricity and water supply), which has been able to help
to improve technological development in local livestock activity.

In general, there are very few studies and little information about gender differences
in the livestock sector in Colombia and the rest of Latin America. On the farms evaluated
in the present research, producers reported that 44.2% of their workers were women in the
dual-purpose system, which was the highest value, while lowest values (40.8 and 34.2%)
were found for the dairy and beef systems production, respectively. DANE-ENA [40]
reported lower values for the active participation of women in rearing farm animals in
Colombia (around 30%). Although it was not confirmed whether they obtained financial
remuneration, women were shown to be involved in making decisions on 70% and 91.6%
of the farms for dairy and beef, respectively. Arora et al. [41] stated that women in the
Department of Cauca participated more actively in the processing and sales of dairy
products, while also playing a major role in different livestock and pasture management
activities. In the work carried out by Gumucio et al. [42] for Colombian and Costa Rican
livestock farms, despite the limited information, it was found that the majority of women
worked on their husbands’ farms; however, their work in many cases was not renumerated
since it was considered “helping at home”. In the present research, the farmers stated
that over 70% of women were involved in taking technical decisions in the three systems
evaluated. Finally, regarding the marketing process, in the three systems evaluated, the
milk and beef market is usually promoted individually from the place of production to
local or regional markets.

Self-management attribute: In the present research, it was found that for dual-purpose
and beef systems, family labor is an important factor (75.1% and 64.2% of the total labor in
farm, respectively), compared with dairy systems (17.5%). The producers, most of whom
were also owners of the land (>81.5% in the three systems evaluated), stated that they
generally had autonomy in making production and marketing decisions (>70%). A similar
situation was found in a study carried out in the province of Sumapaz in Cundinamarca
(Colombia), where it was found that 17% of the properties were managed at the family
level [43]. Fonseca-Carrefio et al. [44], in an evaluation carried out with MESMIS methodol-
ogy in the same region, found that between 75% and 100% of the workforce were members
of the family, with 80% of those evaluated owners of the land, 60% stating that they made
production and marketing decisions as a family and 40% stating that they made them with
their partner.

The added value of products is a key indicator of farm self-management. According
to DANE-ENA [40], it is estimated that 8.3% of the milk produced daily at the Colombian
level is processed in situ, generally for the production of cheese, which is almost entirely
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sold through informal channels (through intermediaries, informal cheese shops and in
market squares). In some cases, on-farm cheese production solves the marketing problem
for milk, which is not collected through formal channels, given the large distances from
collection centers and difficult access routes. The remaining 31.7% of the milk is sold to
intermediaries belonging to the informal channel, with actors of various sizes participating,
while 52.6% of the total milk is sold to the industry. In Colombia, around 400 industries
collect raw milk from primary producers, in compliance with Colombian government
regulations. However, 52% of the formal milk collection [45] is in the hands of only five of
these. Meanwhile, beef produced in Colombia is distributed through formal and informal
channels. From its production in breeding and fattening, following the complete cycle or
on dual-purpose farms, to its arrival at the end consumer, the generic product (meat) can
pass through many hands. Firstly, there is the commercialization of live cattle, which can
begin its process through collectors, who sell the cattle (lean or pre-fattened) at livestock
auctions or fairs for marketing, or directly take them to informal slaughterhouses or plants
for slaughtering and, later, marketing the carcass in butcher’s shops and market places. The
actors that carry out the transformation in the beef value chain are the animal processing
plants or slaughterhouses and the industry dedicated to the production of derivatives.
These produce a range of fresh, dried, salted or smoked meat, as well as derivatives such
as sausages, black pudding, ham, edible animal offal (innards and giblets) and inedible by-
products (skins, tallow and others) [46]. In this study, while the producers of Cundinamarca
state that between 15.4 and 20% of milk production is transformed into cheese, in the farms
of beef, no transformation process of meat was reported.

Resilience: Regarding continuity on the farm in the next 15 years, in the present work
it was found that, in the dual-purpose and beef systems, more than 75% of the farmers
wanted to continue their activity, while in the milk production systems, the projected
figure barely reaches 30%, probably due to the tough working conditions and the systems
having low levels of mechanization and facilities. Beltran and Téllez [37] reported that
8.9% of dairy producers in a province in Boyaca (Colombia) considered migrating to the
city due to the difficult access to roads and the lack of educational opportunities for their
children. Regarding the indicator of facilities, the same authors mention that the livestock
management activities necessarily take place in the open air, since the animals are kept in
grazing systems. For example, milking is carried out at dawn, which exposes the worker to
adverse environmental conditions. In dairy systems, the farm worker must remain attentive
and available for any eventuality that may happen on the farm, even during their free time,
so they cannot mentally disconnect from their work, since the working conditions require
it. Consequently, permanent physical and mental fatigue due to the working conditions is
a source of dissatisfaction and increases the risk of work accidents [37]. In addition, the
farms of small and medium producers only have basic resources for animal management,
and it is sometimes non-existent. This was confirmed by Gonzalez-Quintero et al. [47,48] in
the study conducted on cattle fattening and breeding in dual-purpose systems in Colombia.
Meanwhile, milk production systems usually have better infrastructure and machinery
due to the demands that the dairy industry places on product quality [34]. This coincides
with the findings in this study, where farms in dairy systems had better infrastructure
than dual-purpose and beef systems, mainly for animal management, the storage of raw
materials and the processing of products.

The farms of the three systems monitored had technical assistance, with the lowest
being those that belonged to the beef systems, with 83.3% stating they received it. In relation
to agricultural technical assistance, the Colombian State is responsible for guaranteeing
these processes for small- and medium-sized producers, with the secretariats of agriculture
in the municipalities charged with carrying out its monitoring and evaluation [49]. Despite
several administrative offices running in the Department of Cundinamarca, the provision
of services to farmers is reduced [50], and it could be improved by increasing the number
of professionals dedicated to technical and administrative advice to farmers.
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The changes in economic models has led many underdeveloped nations to reorient
their agricultural production processes towards raw material export models [51]. In fact,
in these countries, domestic food production has ceased to be a priority, leading to the
impoverishment of smallholder farmers with low technological levels and insignificant
government aid. This observation has also arisen in Colombia, where the abandonment
of primary production is observed in the area to allocating land for export crops and
abandoning support for the national food production, leading to a weakening of food
sovereignty that also involves a weakening of national food security [52]. This situation is
also observed in the specialized beef and milk systems in the Department of Cundinamarca,
with under 20% of producers rearing cattle for their own consumption.

For the farms in the three systems evaluated, the extension of silvopasture did not
exceed 25% of the total agricultural surface. Despite abundant research favoring and
promoting silvopasture systems (SPS), their adoption and use remains at very low levels
in Colombia. In fact, UPRA [53] has verified that around 4 x 10° ha has potential for
agroforestry, whereas only 216 X 10° ha are currently put to this use, which accounts
for only 5% of the potential. This marginal adoption of SPS constitutes a problem not
only for Colombia, but also for other Latin American countries, because of its detrimental
environmental consequences [54]. Long-term investment, which is required to obtain
economic and production benefits, and its high perceived complexity, are still the main
barriers hindering the potential adoption of SPS [55], whereby farmers usually adopt
several practices, such as the installation of living fences, dispersed trees in paddocks and
windbreakers, but few farmers have implemented a fodder bank for animal feed use.

Deforestation is a serious environmental issue in Colombia. In fact, between 2015
and 2016, around 44% more land was deforested [56], with the expansion of agricultural
frontiers by extensive cattle farming being the main driver, accounting for 60% of deforested
area in Colombia [57]. Livestock farming used 38 million ha, and over 70% is extensively
managed with low density tropical cattle farming [53], which has serious environmental
consequences, not just in terms of environmental degradation, but also in the low efficiency
and profitability of individual farms [58]. On average, less than 15.1% of the three sys-
tems monitored in this research practiced forest conservation, with the least conservation
corresponding to dairy farming. These figures provide a clear example of the changes to
the environment caused by the livestock systems in Cundinamarca, with very few trees
included in the systems in this geographical area.

Farmers from Colombia traditionally have several sources of income, with those de-
rived from agricultural activities constituting the majority of the total household income.
Colombian national statistics, based on the Household Survey, indicate that agricultural
activity is the main source of income and generator of employment in the rural sector of
the country for small and medium producers, with only 10% of income coming from remit-
tances, subsidies, pensions or non-agricultural income, such as jobs in nearby towns [59].
This observation contrasts with the situation found in the present work, where between
20 and 27.1% of the producers’ total income in the three systems evaluated came from
non-agricultural activities such as nearby jobs, remittances and others.

The majority of the Colombian population lives in the Andean region, one of the most
vulnerable regions to the effects of climate change. An evaluation of the impacts of climate
change on Colombian agriculture shows that if no adaptation measures are taken, 80% of
crops could be impacted in over 60% of the current areas of cultivation [60]. Currently,
the regions of three systems evaluated in this research have sufficient water supply for
livestock activity and agricultural use, as shown in Table 4 (Resilience attribute). However,
in the mid-term, this situation could change. Eitzinger et al. [61] proposed that changes
in precipitation patterns caused by climate change would affect soil water availability,
possibly reducing yields and quality, and thereby lowering farmers” incomes. The shift
in climate suitability might also force farmers to shift their crops and livestock to higher
elevations, the home of the few remaining forests and the alpine tundra system known as
‘paramos’. The effects of this change will be even greater deforestation, which in turn will
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increase the frequency and intensity of flooding, soil erosion and crop losses due to the
changes in the precipitation forecast for the region, together with increased temperatures.
As a consequence of the farming systems migrating to higher altitudes (including dairy
farms), the ecosystems that provide the population with essential environmental services,
like water for rivers and streams, will become threatened.

Traditionally, bovine farming in Colombia is a productive mosaic, not only due to the
various forms of production, but also due to the different geographic regions and altitudes
in which it is carried out. These frequently include a range of species, which give a mixed
character to their farms, combining livestock production of bovines with other bovines
(such as buffaloes) and other animals (horses, goats or sheep, poultry or fish) together with
agricultural or forestry production. In this process, various forms of pasture management
are carried out, using native forage and trees, along with other improved species. Thus,
livestock activity has influenced the formation of landscapes made up of grasslands and
wild areas [62]. This observation is in line with what was found in the farms in the three
systems production we studied (Table 4), where a combination of various species of forage
is using for feeding the various species of farm animals.

5. Conclusions

The sustainability evaluation using the MESMIS methodology allowed us to identify
that the best attributes of the dual-purpose production systems in Cundinamarca (Colom-
bia) are autonomy and resilience, while for dairy production systems, the best attributes are
productivity, adaptability and equity, with beef production systems obtaining high scores
for autonomy and equity. With respect to the pillars of sustainability, it was evident how the
social dimension is the most important of these systems, and that the economic dimension
is the most difficult at the time of the evaluation. The process showed how those systems
with better productivity and that carry out agribusiness processes and transformation of
their primary products are more sustainable, due to their direct impact on the financial and
social aspects.

As recommendations for government and producers to improve sustainability, po-
litical measures need to be taken to improve the economic aspects of the dual-purpose
and beef systems, through the transformation and industrialization of their products to
increase their added value and increase the net margin per hectare. Furthermore, for the en-
vironmental pillar, more areas should be dedicated to silvopasture systems, mainly in dairy
systems, so that their biodiversity will also improve. The inclusion of renewable energies
and improving product diversification, mainly in beef and dual-purpose systems, would
certainly contribute to this pillar. As for the social pillar, strategies need to be established
that aim at improving the education of producers in the three livestock systems, as well as
at establishing systems for the management of their productive and financial information.
Productivity is one of the key attributes that must be improved in dual-purpose and beef
systems. Here, zootechnical assistance processes are important, so that producers can rear
fewer animals with greater productive efficiency and thus increase their net margin per
hectare. To improve the attribute of adaptability, access to technological resources and
machinery should be encouraged and facilitated, mainly in dual-purpose and beef systems.
Finally, aspects like productive and environmental diversity, the most important charac-
teristics of the dual-purpose systems evaluated, must form the backbone of the strategies
used to maintain for livestock production in the Department of Cundinamarca, as well as
in Colombia in general. Expanding studies to other regions of Colombia is necessary to
evaluate the sustainability of their cattle farming systems and generate proposals for their
development.
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Abstract: This study examines the low-carbon economy, agricultural products, and the resource
environment as three interconnected subsystems, establishing an evaluation framework for their
coordinated growth across eight regions of China. The results highlight significant regional imbal-
ances, particularly in North China, Northwest China, and Northeast China. Principal component
analysis (PCA) shows that the agricultural product system captures 99.502% of its information,
while the resource-environment system accounts for 84.823%, demonstrating robust explanatory
power. The national Economic-Agricultural-Resource-Environment (EARE) system progressed
from sub-coordinated growth (2010-2014) to coordinated growth (2019-2020), moving from mild
imbalance to high-quality growth. Initially, resource growth lagged behind economic development
(2010-2015), which then shifted to economic growth lagging behind resource and environmental
growth (2015-2020). This study underscores the need for targeted policies to enhance regional
sustainability and balanced development.

Keywords: low-carbon economy; agricultural products; resource-environment coupling; coordinated
growth; regional analysis

1. Introduction

This study explores the human low-carbon economy [1], a model of green economic
growth characterized by low energy consumption, low emissions, low pollution, and
high efficiency. It emphasizes the development of clean energy and the pursuit of green
GDP. At the 2009 Copenhagen World Climate Conference, nations universally agreed to
curb greenhouse gas emissions, actively promoting energy conservation and emission
reduction [2] and advocating for a low-carbon economy. With “low carbon” now a leading
trend in global economic growth, the agricultural product industry has emerged as a vital
sector in sustainable management [3]. The essence of fostering a low-carbon economy
involves transforming human development and survival strategies to guide low-carbon
lifestyles and green consumption towards achieving sustainable development [4]. However,
the interplay between economic and social growth systems—which include economic
performance, social progress, population dynamics, and urbanization levels—and the
resource environment system, comprising resource endowment, pollution output, and
ecological conditions, is complex. These systems are coupled through mutual influence
and constraints.

Currently, the challenges of resource shortages and environmental degradation in the
agricultural sector are becoming increasingly critical. The industry, now the largest non-
point source polluter, faces ecological limits due to the excessive use of chemicals and waste
in production, severely impacting water, soil, and air quality. Resource environments are es-
sential for human survival and socio-economic development. Yet, the rapid advancements
of human civilization often overlook the finite and non-renewable nature of these resources,
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leading to their unchecked exploitation and the reckless discharge of pollutants [5]. This
has resulted in significant resource depletion and ecological damage, manifesting in water
scarcity, reduced forest areas, land subsidence, and severe air pollution, which not only
impede socio-economic growth but also pose severe threats to human survival. Addressing
these issues requires rethinking the growth models to emphasize resource and environmen-
tal factors within the low-carbon framework. Achieving sustainable growth in a low-carbon
economy means harmonizing productivity growth with increasing human needs, foster-
ing social sustainability through fairness and justice, and enhancing resource utilization
alongside environmental quality. Coordinated growth [6]—balancing social justice with
economic growth within the limits of environmental and resource capacities—is pivotal
for achieving regional sustainability. This research will investigate the coupling of agri-
cultural products with resources and the environment in a low-carbon context, aiming to
enhance environmental protection in agriculture and improve governance transformation
in line with modernization goals during the “13th Five-Year Plan.” It provides crucial
technical support and theoretical references for local and regional planning, fundamentally
impacting practical approaches to agricultural and environmental policy.

This study addresses the significant impact of resource endowment and environmen-
tal conditions on socio-economic growth within a low-carbon economy framework [7].
Resource endowment is fundamental to economic and social development, population
growth, and urbanization. However, excessive pollutant discharges that surpass environ-
mental self-purification capacities can disrupt ecosystems and degrade the quality of the
ecological environment, imposing a serious constraint on economic and social progress due
to diminishing resource availability and reduced environmental capacity [8]. Therefore,
the interaction between agricultural products and the resources and environment system
is crucial, as it enables the rational allocation of economic resources and the harmonious
coexistence between humanity and nature through the application of natural laws and
ecological civilization principles [9].

The concept of coupling, originating in physics, describes the phenomenon where mul-
tiple systems exhibit interconnectedness, interaction, and interdependence, significantly
influencing each other’s outputs through energy transmission [10]. This paper employs
the coupling coordination degree model, derived from capacity coupling theory, which
quantitatively assesses the level of harmony and consistency between subsystems [11].
Notable research in this field includes proposals by Wang et al. [12], who suggest environ-
mental impact reduction through limits on population growth, material consumption, and
enhancements in technology. Meanwhile, Li et al. [13] argue for the effective management
of resource utilization conflicts through coordinated approaches, suggesting that alternative
resources will eventually replace non-renewable ones. Zhan et al. [14] discuss a coordinated
growth theory that adapts economic processes to environmental changes, promoting sym-
biosis between ecological and social systems. Further, Li et al. [15] emphasize that resource
utilization efficiency hinges on technological advancements, which can mitigate resource
waste and address environmental challenges inherent to socio-economic development. This
approach has been supported by prior studies (e.g., Higgins, 2017) [16]. Moreover, the adop-
tion of an input-output model by Singh et al. [17] introduces resource and environmental
considerations into economic studies, demonstrating a new pathway for studying the inter-
relations between economic behavior and environmental impacts. Similar methodologies
have been applied in regional sustainable strategies (Fu and Lin, 2010) [18]. Meng et al. [19]
provide a comprehensive analysis of regional coordination. Urban and rural development
evaluations have also used these criteria (Zhu, 2013) [20]. Lastly, Hao et al. [21] utilize
RS technology to assess urbanization and its ecological impacts in the Lake Aibi basin,
employing the coupling coordination model to forecast future growth trends and develop
strategic recommendations. This body of research collectively underscores the critical role
of coordinated growth in achieving sustainable regional development.

This paper utilizes RS technology to explore the relationship between agricultural
product growth and environmental resources within a low-carbon economy, providing
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quantitative analysis and algorithmic support. Innovatively, this study discusses the cou-
pling coordination evaluation model, which is applied nationwide and divided into eight
regions, predominantly using mathematical models with RS technology. This paper is struc-
tured into five chapters, starting with an introduction that sets the research background and
objectives, followed by a literature review, a detailed methodology section, an experimental
analysis, and concluding with a summary of findings and future research directions. This
approach highlights the study’s contributions to sustainable agricultural practices and
regional growth coordination.

2. Methodology

In this study, the low-carbon economy, agricultural products, resources, and environ-
ment are treated as three complex yet inseparable subsystems within the broader framework
of regional growth. These systems are interconnected, each exerting both promotional and
restrictive influences on the others. The interactions among them significantly impact the
overall regional growth system. If a problem arises in one subsystem, it can adversely affect
the others, potentially leading to disorder and significant changes in the overall system,
which may disrupt the coordinated growth of the region. An interesting imbalance index of
economic factors affecting agricultural products, resources, and the environment (I) is also
introduced to measure the degree of difference between these factors and their regional
distribution.

2.1. RS Technology

Remote sensing (RS) technology, a cutting-edge high-tech tool, utilizes spacecraft
to collect electromagnetic radiation information from ground objects, providing critical
insights into the Earth’s environment and resources. The fundamental principle behind RS
technology is its ability to discern and identify terrestrial objects based on the differential
electromagnetic reflection characteristics exhibited by various materials. This capability
makes RS technology invaluable for a wide range of applications, including resource sur-
veys, vegetation classification, land use planning, environmental planning, and pollution
monitoring. Its broad sensing range, advanced technological capabilities, rapid information
acquisition, frequent update cycles, and the facility for dynamic and real-time monitoring
amplify its utility across these domains.

In the context of coupled and coordinated evaluation, RS technology plays a pivotal
role by offering a vital data source for land resource assessment. The remote sensing
data undergo several preprocessing and classification steps to prepare it for analysis. Pre-
processing involves data acquisition, band data fusion, geometric correction, and image
registration. The classification process typically includes supervised classification and
visual correction. These steps culminate in the accurate classification of land use, which es-
tablishes a solid foundation for subsequent land resource evaluations. The data processing
workflow, depicted in Figure 1, illustrates these sequential steps, showcasing how remote
sensing data are transformed into actionable environmental intelligence. The values and
repositories used in this workflow include datasets from Landsat and Sentinel satellites,
with specific bands such as Band 1 (Coastal / Aerosol), Band 2 (Blue), Band 3 (Green), Band
4 (Red), Band 5 (Near Infrared—NIR), Band 6 (Shortwave Infrared—SWIR 1), Band 7
(Shortwave Infrared—SWIR 2), Band 10 (Thermal Infrared—TIRS 1), and Band 11 (Thermal
Infrared—TIRS 2). These datasets are publicly available and provide consistent and reliable
data for our analysis.
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Figure 1. Data processing flow chart.

2.2. Coupling Mechanisms of Agricultural Products, Resources, and Environment

The regional dynamics of the low-carbon economy, agricultural products, resources,
and environment are intricately interconnected, shaping the trajectory of social and eco-
nomic growth. In the early stages, when economic activities are minimal, the ecological
environment experiences little disturbance, and resource exploitation is low. However,
as development progresses, the demand for resource utilization intensifies, leading to
significant environmental degradation and more robust interactions among these systems.
This initiates a cycle that can oscillate between phases of primary coordination, high-quality
coordination, and low-level coordination, reflecting the evolving nature of mutual coupling
and coordination within the region.
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On the one hand, the advancement of society and technology enhances resource
utilization by increasing the efficiency of material and energy flows, which supports
human survival and growth. On the other hand, factors such as population growth,
economic expansion, and intensified human activities place considerable pressure on
regional resources and the environment. This dual-natured interaction results in ecological
degradation and resource depletion that severely impair the quality of life and hinder social
and economic progress. Consequently, the relationship between regional growth and its
resources and environment is characterized by both mutual promotion and restriction.

To address these challenges, a coordinated approach is necessary. The growth of
the social economy can lead to increased investments in environmental protection and
improved utilization rates of ecological resources, thereby reducing environmental damage.
Enhancing man-made purification processes and adopting practices such as energy conser-
vation, emission reductions, and the implementation of new technologies help alleviate
resource pressures and reduce the environmental impact of socio-economic activities. Ad-
ditionally, improving the ecological environment and promoting sustainable resource use
not only enhances the environmental competitiveness of the region but also attracts foreign
investments, boosting economic strength and promoting sustainable regional development.
This research establishes an evaluation index system that integrates indicators from the
subsystems of the low-carbon economy, agricultural products, resources, and environ-
ment, creating a comprehensive framework for studying their coupling and coordination
(Figure 2).

Systemic
principle
A
Scientific Hierarchy
principles principle
Construction
principles
Operability Representation
principle principle

Objectivity
principle

Figure 2. Construction principles of the indicator system.

2.3. Coupling Coordination Evaluation Index System

Under the framework of a low-carbon economy, both the agricultural product system
and the resource and environment system are complex entities, exhibiting various stages,
dynamics, and levels of complexity in their growth. The term ‘low-carbon economy” in this
paper encompasses broader economic activities aimed at reducing carbon emissions, includ-
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ing but not limited to the agricultural sector. The evaluation of growth levels within these
systems transcends simple index parameters, necessitating a comprehensive assessment
that integrates multiple indicators such as GDP per capita, energy consumption per unit of
GDP, carbon emissions per unit of GDP, agricultural productivity, and resource use effi-
ciency. These specific indicators were used to establish the regional coupling coordination
evaluation index system, as illustrated in Figure 3.

Coupling system of
agricultural products and
resources and

Y Y
Low-carbon economy j Agricultural products
Carbon dioxide emissions Plant production Environmental pressure
Innovative technology Forest and fruit production Environmental governance
Energy development Livestock production Resource stock
Economic density | Aquatic production | Resource utilization

Figure 3. The established regional coupling coordination evaluation index system.

2.3.1. Data Collection and Preparation

The data for this study were collected from various authoritative sources, including
national statistical yearbooks, environmental reports, and agricultural databases covering
the period from 2010 to 2020. These datasets include economic indicators, environmental
metrics, and agricultural production statistics for the eight regions of China.

2.3.2. Software and Tools

The statistical analysis was conducted using SPSS version 17.0. Remote sensing (RS)
technology was employed to collect and preprocess environmental data, including land use
and resource distribution. The data preprocessing steps included acquisition, band data
fusion, geometric correction, and image registration, followed by supervised classification
and visual correction.

2.3.3. Statistical Analysis

We utilized the coupling coordination degree model to evaluate the interaction and
growth levels of the three subsystems—the low-carbon economy, agricultural products, and
resources environment. Principal component analysis (PCA) was performed using SPSS to
reduce dimensionality and extract the most significant components representing the data.
The coupling degree and coordination degree models were then applied to quantify the
interactions and coordination among the subsystems.

The imbalance index (I) was calculated to measure the disparity between agricultural
products, resources, and economic factors across the regions. The standardized data
were analyzed using a linear scale transformation to ensure comparability across different
indicators.

By providing these additional details, we aim to clarify the methodology and enhance
the transparency of our experimental and statistical analysis processes.

The imbalance index (I) is introduced to quantify the degree of imbalance between
agricultural products, resources, and economic factors in different regions. The calculation
formula for the imbalance index is as follows:

I=Y"lxi—vil @
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where x; and y; represent the proportions of agricultural products and various resources,
environmental, and economic factors in region i, respectively. A smaller difference be-
tween x; and y; indicates a more balanced distribution, while a larger difference indicates
greater imbalance.

To address this issue, this study establishes a regional coupling coordination evaluation
index system, as illustrated in Figure 3. The weighting of these indices is determined
through methods such as data standardization and the coupling coordination degree model,
enabling a detailed analysis of the interactions and growth patterns within these systems.

First, the imbalance index of economic factors of agricultural products, resources, and
environment (I) is introduced to measure the degree of difference between agricultural
products, resources, and environment and the economic growth level of a country or region.
The calculation formula is as follows:

@

where n is the number of regions; x; and y; represent the proportions of agricultural prod-
ucts and various resources and environmental and economic factors in region i, respectively.
When x; is plotted on the x-axis and y; on the y-axis, a smaller difference between x;
and y; places the point (xj, y;) closer to the line y = X, indicating a relative balance. Con-
versely, a larger difference between x; and y; moves the point (x;, y;) farther from the line
y = X, signifying an imbalance in the regional distribution of agricultural products and
this indicator.

(1) Standardization of data

Different data dimensions will make the indicators not fall under the same reference
system. To eliminate the dimensional differences in indicators, it is necessary to standardize
the original data of the indicator system. There are many ways to standardize data, and
the effects of each have their advantages and disadvantages. Commonly used methods
include the range transformation method, linear scale transformation method, standard
sample change method, normalization method, etc., and the less commonly used method
is the Log function. Standard method, Arctan function standard method, Logistic/Softmax
transformation, etc., as well as some methods improved from the above methods, will not
be introduced in detail here. After screening and experiments, this paper uses the linear
scale transformation method to standardize the data. The process is as follows:

In the matrix X = (x;;) formed by the index system, take x]’f = l]glizi)rcn (xij) # 0 for

mxn

the positive index f/,
X
yij=—21<i<m1<j<n 3)

For the positive indicator f;, take xj = Max (x;;) # 0,
] 1<i<m

x¥

g

Then, for the matrix Y = (yff)mx;1 formed by vy, it is referred to as a linear scaling
normalization matrix. The advantage of this type of data standardization is that, by
considering the data variances, after linear scaling transformation, the positive and negative
values are averaged into positive values.

(2) Coupling Coordination Degree Model

Coupling degree refers to the degree of close relationship between systems and is
used to measure the strength of the interaction between systems or elements. Coordination,
on the other hand, is the state of proper coordination and coordinated growth between
systems. Coupling coordination involves mutual influence, cooperation, and cooperation
between systems. The coupling coordination degree serves as an indicator to measure the
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degree of this state. A coupling coordination degree model has been established to study
the coupling and coordinated growth of agricultural products, resources, and environment
systems in the country from 2010 to 2020 under a low-carbon economy. The process has
been improved, and the specific operation process is as follows:

First, establish the coupling function as follows:

EiXS,‘XRi

—SESES )
[3(Ei+ i+ R)|
Among them, C; (0 < C; < 1) represents the coupling degree, with values ranging
from 0 to 1. When C; = 0, it indicates the three subsystems of the economy (E), agricultural
products (A), and resources and environment (R) in the EARE system. Conversely, during
the disorderly growth of the system, the three subsystems are highly interconnected; they
are in the optional coupling state. Based on the pertinent research findings, the EARE
system is categorized into six growth stages based on the value of C; (Tables 1 and 2).

Table 1. C; value and the stage division and standard of the EARE system.

C; Value EARE Stage
Ci=0 Irrelevant
0<Ci<0.3 Low level
03<Ci<05 Antagonism
05<Ci<0.8 Running-in
08<Ci<1 High level
Ci=1 Optimal

Table 2. Classification of coupling evaluation criteria.

Coupling C Coupling Class
(0,0.50] Uncoupled
(0.50, 0.60] Barely coupled
(0.60, 0.70] Primary coupling
(0.70, 0.80] Intermediate coupling
(0.80, 0.90] Well coupled
(0.90, 1.00] Premium Coupling

Table 1 outlines the specific values and their corresponding stages in the EARE sys-
tem’s growth phases. Table 2 further elaborates on these stages, providing detailed descrip-
tions and criteria for each phase.

Ei, Aj, and R; are the growth level indices of the three subsystems: economy, society,
resources, and environment. These values are determined based on their respective efficacy
functions. The function formula is as follows:

P
Ei=) a;xy; (6)
=1
P
si= ) Bj X vij @)
=1
P
Ri =Y v %y ®)
j=1
P P P
=13 B=1Y 7=11<i<ml<j<p<n ©
=1 =1 =1

120



Sustainability 2024, 16, 6315

Among them: p is the number of data indicators of the three subsystems in the
EARE system; a, B, and vy are the weights of the indicators of each subsystem, that is, the
contribution of each indicator to each subsystem, and the entropy method will be used to
calculate a, B, and the value of .

Second, establish a coupling coordination function as follows:

[SE

M; = (GE) (10)

FF=axE +bxS;4+cxR; (11)

Coupling coordination degree M; can reflect the level of coordinated growth of the
three subsystems of low-carbon economy, agricultural products, and resource environment,
while coupling degree Ci only reflects the degree of mutual influence between the three
subsystems. F; is the comprehensive coordination evaluation index of the three subsystems
of the EARE system. The geometric mean method is used to determine the value of F;,
where a, b, and c are the weights of each subsystem (a + b + ¢ = 1). The three subsystems of
resources and environment are equally important in the growth of the economy; thus, a =b
=c =1/3. Referring to the research results of related scholars, the coupling and coordinated
growth of the EARE system are divided into three categories and nine subcategories
(Figure 4).

‘ 1. Subcategory Severe Dysregulation Decline
[0,0.5) Breakdown
2. Moderate Dysregulation Decline Subcategory
[0.5,0.55) Breakdown
3. Mild dysregulated decline subcategory
[0.55,0.6) Breakdown

j Dissonance Decay
[0,0.6)

&

1. Near-disordered recession subcategory
[0.6,0.65) Breakdown
2. Barely Harmonized Development Subcategory
[0.65,0.70) Breakdown

Sub-coordinated
development category

4

.6, 0.75 : :
104610 7), 3. Primary Coordinated Development Subcategory
[0.7, 0.75) Breakdown
1. Intermediate Coordinated Development Subcategory
4 4 [0.8, 0.85) Breakdown
Coordinated :
2. Well-coordinated development subcategory
development class s
[0.75,1] [0.75, 0.8 subdivision
o 3. High Quality Coordinated Development Subcategory

[0.85,1] Breakdown

Figure 4. Type division and standard of EARE system coupling and coordinated growth. Note: Each
subcategory can be subdivided into the following six types: resource—environmental balance, social
lag type (R; > E; > A;); resource—environmental balance, economic lag type (R; > A; > E;); economic
growth, social lag type (E; > R; > A;); economic growth, resources, and environment lag type (E; > A;
> R;); social progress, economic lag type (A; > R; > E;); social progress, resources, and environment
lag type (Aj > E; > R;).

2.4. Coupling Coordination Evaluation Model

This paper establishes a mathematical model of the coupling degree of three sub-
systems, including the low-carbon economy, agricultural products and resources, and
environment, based on relevant domestic and foreign literature, as shown in Equation (11):

1

€ =3{ (U x U x Us) /[ (U + U + Us)°] | (12)
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where C is the system coupling degree, C € (0,1).

The larger the value of C, the better the coupling between the subsystems, indicating
a stronger interaction between them. However, the degree of coupling only signifies the
strength of interaction among the three subsystems, not the level of coordination within the
system. A high value of C could represent either high-level or low-level coupling. Based
on system coupling, in order to intuitively reflect the degree of coordinated growth of
each subsystem, a model of coordinated growth is established with reference to relevant
literature. The coordinated growth model is developed based on the existing literature.
This model can effectively assess the coordinated growth of the three subsystems related
to agricultural product growth, resource use, and environmental significance under low-
carbon conditions. Its calculation formula is as follows:

D= (CxT)? (13)

T=axU+pxUy+yxUs (14)

In the formula: D represents the degree of coordinated growth of the system; T stands
for the comprehensive coordination index of the « , B, v subsystem; is the undetermined
coefficient of the contribution degree of the subsystem, a 4 4+ = 1. This study considers
that the low-carbon economy, agricultural products, resources, and the environment play
equally important roles in regional coordinated growth.

To sum up, the Coordinated Growth Degree Model D combines the System Coupling
Degree Model C and the Growth Level T of each subsystem. The Coordinated Growth
Degree has a broader research scope than the Coupling Degree on the coordinated growth
of the region and can provide a more comprehensive reflection. The coordinated growth of
subsystems in a region can be compared and analyzed not only between different regions in
the same period but also between subsystems in the same region in different periods, and
it has strong operability. The evaluation criteria for Coupling Degree C and Coordinated
Growth Degree D are divided as follows:

3. Result Analysis and Discussion

The coupling relationship between the resource environment system and the popula-
tion economic system arises from their intricate connections and interactions. The intricate
comparison of the evolution of the three interconnected subsystems—low-carbon economy,
agricultural products, and resource environment—across the eight regions of China adds a
layer of complexity to the study. This comparative analysis not only highlights regional
disparities but also provides insights into region-specific challenges and opportunities,
making the study intellectually stimulating and thought-provoking. The resource environ-
ment system furnishes essential resources and ecological services while also processing the
waste generated by human activities. Conversely, the population consumes these resources
and ecological services to drive economic development and enhance welfare. This interde-
pendence prompts continuous improvements in resource efficiency and waste management
practices aimed at bolstering the carrying capacity of the ecological environment. Reflecting
this dynamic, the degree of influence of various factors on the spatial differentiation of
agricultural products, resources, and environment is illustrated in the accompanying figure,
where X represents agricultural products and Y denotes resources and environment. This
visualization helps clarify the complex interplay between these elements, highlighting the
interconnected nature of agricultural productivity and environmental sustainability.

Figure 5 illustrates the degree of effect of various factors affecting the spatial differ-
entiation of agricultural products and resource—environment systems. The data include
several key variables represented by different lines and colors. The Y Standardization Coef-
ficient (Beta), shown by the blue line, indicates the standardized impact of independent
variables on the dependent variable Y in standardized units, with values such as Y1 (1.073),
Y2 (1.191), and Y3 (1.496). The Y Variance Inflation Factor (VIF), represented by the orange
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line, measures the degree of multicollinearity among the independent variables for Y, with
values including Y1 (1.029), Y2 (1.063), and Y3 (1.433). The Y Significance (p-value), shown
by the green line, indicates the statistical significance of the relationships for Y, with key
values such as Y1 (0.443), Y2 (0.724), and Y3 (0.729). Similarly, the X Standardization
Coefficient (Beta), represented by the yellow line, measures the standardized impact of
independent variables on the dependent variable X, with values like X1 (0.102), X2 (0.083),
and X3 (0.138). The X Variance Inflation Factor (VIF), shown by the red line, measures the
degree of multicollinearity among the independent variables for X, with values including
X1 (1.073), X2 (1.191), and X3 (1.496). The X Significance (p-value), indicated by the gray line,
shows the statistical significance of the relationships for X, with values such as X1 (0.047),
X2 (0.053), and X3 (0.062). This figure provides insights into the relative importance and
significance of these factors in driving the spatial differentiation of agricultural products
and resource—environment systems, aiding in the identification of key drivers and potential
areas for intervention.
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Figure 5. The effect degree of the factors affecting the spatial differentiation of agricultural products,
resources, and environment.

It can be seen from the figure that the Beta values of the two fluctuate significantly,
which will have a substantial impact later on, while the p values of the two fluctuate very
little, almost close to 0, indicating a minor impact.

China’s 31 provinces (autonomous regions and municipalities) are divided into eight
regions. The imbalance index is introduced to analyze and compare these regions, aiming
to clarify the spatial matching degree of agricultural products and related factors such as
resources, environment, and economic growth in China. By using formula (1), the imbalance
indices of agricultural products to population, cultivated land area, water resources, soil
erosion control area, and GDP can be obtained as I, I, Iy, Ie, and I, respectively.

Figure 6 shows the unbalanced index of agricultural products and the associated
resources, environment, and economic factors across eight major regions in China. The
lines in the graph represent the indices for five factors: Ip (blue), lc (orange), Iw (green),
le (yellow), and Ig (red). Each line represents how unbalanced each factor is within
the specified regions: Northeast, North China, Huang Huaihai, Northwest, Southeast,
Yangtze River, South China, and Southwest. For example, the le factor (yellow line) has
its highest imbalance in the Huang Huaihai region with a value of 0.241, while the Ic
factor (orange line) shows a significant imbalance in the Northwest region with a value
of 0.1483. The table below the graph provides specific numerical values for each factor
in each region, highlighting areas with a higher or lower imbalance. These data help
identify regions where agricultural production and related factors are most out of balance,
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indicating where targeted policy interventions might be needed to improve sustainability
and resource management.
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Figure 6. Unbalanced index of agricultural products and agricultural products—resources, environ-

ment, and economic factors—in eight major regions of China.

It can be seen from Figure 6 that the imbalance index of agricultural products, re-
sources, and the environment in the country is the smallest, indicating that the spatial
matching degree of agricultural products, resources, and the environment is the high-
est. The regions with larger imbalance indices are North China, Northwest China, and
Northeast China.

After standardizing the evaluation index values of the agricultural trade system and
the economic coordination degree, this paper uses SPSS 17.0 to process the data using
the standardization method. Subsequently, it conducts principal component analysis and
generates the variance decomposition principal component analysis diagram of the two
systems, as shown in Figure 7.
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Figure 7. Variance decomposition principal component analysis diagram of agricultural products,
resources, and environment system.

Figure 7 depicts the variance decomposition principal component analysis of the
agricultural products, resources, and environment systems. The graph illustrates the
variance contributions of different principal components to the overall system variance.
The blue line represents the aggregate system total, while the orange line shows the
total resource environment system variance. The green line indicates the agricultural
product system accumulation, and the pink line represents the resource environment
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system accumulation. The table below the graph provides numerical values for each
component across different variances and accumulations. For example, the aggregate
system total variance for the first principal component is 2.94, while the total resource
environment system variance for the same component is 5.393. These values demonstrate
the significant contribution of the first few principal components to the overall variance,
highlighting key factors that influence agricultural products, resources, and environmental
systems. This analysis helps in understanding the primary drivers of variability within the
system, aiding in more targeted and effective resource management strategies.

According to the principle that the initial characteristic root is greater than 1, this
paper extracts the principal components for the two systems of agricultural products,
resources, and environment, respectively. It can be seen from the figure that a principal
component extracted by the agricultural product system reflects 99.502% of the information
in the system, demonstrating the method’s strong explanatory power. The three principal
components extracted by the environmental system reflect 84.823% of the information in
the system, indicating that the explanatory power of the principal component method
is very good. PCA is a statistical technique that transforms the original variables into
a new set of uncorrelated variables (principal components) that capture the maximum
variance in the data. The steps involved in the PCA process in our study are as follows:
First, the original data for agricultural products and resource—environment systems were
standardized to ensure comparability, transforming the data to have a mean of zero and
a standard deviation of one. Next, a covariance matrix was calculated to understand the
relationships between the variables. Eigenvalues and eigenvectors were then computed
from the covariance matrix, where the eigenvalues represent the amount of variance
captured by each principal component, and the eigenvectors indicate the direction of the
principal components. Principal components were selected based on the criterion that
their eigenvalues are greater than one, capturing the most significant variance in the data.
Finally, the original data were transformed into a new set of principal components. For
the resource-environment system, three principal components were extracted, accounting
for 84.823% of its total information, further underscoring the robustness of the principal
component analysis.

Figure 8 shows the comprehensive scores of the low-carbon economy, agricultural
products, and resource and environmental systems over time. The blue line represents the
composite score of the economic system, the green line represents the composite score of the
agricultural system, and the orange line represents the comprehensive score of the resource
and environmental systems. The table below the graph provides specific numerical values
for each system’s score across different time periods. For example, the economic system
composite score starts at —4.56762 and gradually increases to 5.97583, indicating significant
growth over time. Similarly, the agricultural system composite score starts at —3.16701
and rises to 5.42576, while the resource and environmental system score improves from
—5.47457 to 5.976445. This figure highlights the trends and progress in these systems,
showcasing how they evolve and interact, ultimately reflecting the effectiveness of policies
and practices aimed at promoting sustainability and balanced development.

In this paper, the principle component analysis method is used to calculate the com-
prehensive scores of agricultural products, resources, and environmental systems. The
scores are illustrated in the figure below (the x-axis numbers 1-11 correspond to the years
2010-2020, respectively):

It can be seen from Figure 8 that the comprehensive scores of the low-carbon economy,
agricultural products, resources, and environmental systems all show a growing trend
over time. This growth is not linear but rather tortuous. Initially, the effect was not good;
however, negative numbers are followed by continuous improvement.
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Figure 8. Comprehensive scores of low-carbon economies, agricultural products, resources, and
environmental systems.

According to the coupling coordination method, the growth level index (Ei, Ai, and
Ri) of the national low-carbon economy, agricultural products, resources, and environment
subsystems from 2010 to 2020 is obtained. This paper asserts that the three subsystems are
equally vital for regional growth. Therefore, Ei and Ai are assigned the same weight as Ri,
which is 1/3 of the total weight. This calculation yields the comprehensive growth index of
the EARE system (Figure 9; the X-ray numbers 1-11 in the figure correspond to 2010-2020,
respectively).

=== Economic development index (E)
e Agricultural product development index(A)
Resource and environment development index (R)

= EARE system development index
e Coupling (Ci)
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1 2 3 4 5 6 i 8 9 10 11
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Figure 9. EARE System Comprehensive Development Index Chart.

Figure 9 illustrates the comprehensive development indices of the EARE system, which
includes the economic, agricultural, resource, and environmental sectors. The chart tracks
the Economic Development Index (E, blue line), Agricultural Product Development Index
(A, green line), Resource and Environment Development Index (R, orange line), EARE
System Development Index (red line), Coupling Index (Ci, yellow line), and Coupling
Coordination Degree (Mi, pink line) over time. The indices show a general upward trend,
with the Economic Development Index rising from 0.2314 to 0.9563 and the Agricultural
Product Development Index increasing from 0.5234 to 0.8592. The Resource and Environ-
ment Development Index remains relatively stable. The Coupling Index and Coupling
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Coordination Degree also improve, indicating enhanced integration and coordination
among the economic, agricultural, and environmental systems. This figure highlights the
progress and interplay between these systems, emphasizing the advancements in achieving
balanced and sustainable development.

Observing Figure 9 reveals the growth trends from 2010 to 2020 across different sub-
systems of the low-carbon economy, agricultural products, resources, and the environment.
Firstly, the economic subsystem exhibits a clear overall upward trajectory: slow growth
between 2010 and 2014, rapid growth from 2015 to 2019, and stable growth in 2020. Sec-
ondly, the agricultural product system curve displays a pattern of initial decline followed
by a rise, with a slow decrease from 2010 to 2013 and a rapid increase from 2014 to 2020.
Thirdly, the growth trend in the resource and environmental systems is relatively stable,
though it shows some fluctuations in certain years. Lastly, the EARE system curve also
follows a pattern of initial decline and subsequent rise, with a slight decrease from 2010
to 2012 and a steady growth from 2013 to 2020, reflecting the combined effects of the
individual subsystems.

The analysis of the coupling degree shows that from 2010 to 2020, the national EARE
system was consistently in a high-level coupling stage. According to the classification
criteria in Table 2, the system was in the run-in growth stage from 2010 to 2015, shifting to
a high-level growth stage from 2016 to 2020, marking the transition from a run-in phase to
a more advanced stage.

In terms of the coupling coordination degree, the national EARE system evolved from
a low level to a medium and high level over the same period. According to the criteria
in Table 2, the system was overall in a stage of imbalance and recession from 2010 to
2014, transitioned to a sub-coordinated growth stage from 2015 to 2018, and entered a
coordinated growth stage from 2019 to 2020. This progression signifies a gradual shift from
a mild disorder decline phase to a high-quality, coordinated growth stage. Additionally,
the analysis indicates that from 2010 to 2015, the country experienced balanced resource
growth with lagging economic development, which then transitioned to balanced economic
growth with lagging resource and environmental growth from 2015 to 2020.

4. Conclusions

This paper investigates the coupling of agricultural products with resources and the
environment within a low-carbon economy framework, yielding several key conclusions.
First, given the dual objectives of ensuring national food security and promoting the
sustainable growth of regional resources, environment, and economy, specific actions are
recommended for various regions. For example, in areas like Huanghuaihai, Northeast
China, and the middle and lower reaches of the Yangtze River, there is a critical need to
enhance the efficiency of water resource utilization. Additionally, regions such as Northeast
China should focus on intensifying the utilization of agricultural land. Furthermore, areas
like Huanghuaihai and the middle and lower reaches of the Yangtze River are advised to
bolster the construction of agricultural ecological environmental protections, including soil
erosion control.

The policy implications of this research are significant, providing valuable insights into
how regional resource, environmental, and economic sustainability can be balanced with
the goal of maintaining food security in China. This study offers practical recommendations
that can guide policy formulation and strategic planning.

The relationship between agricultural products and resource and environmental sys-
tems has emerged as a critical area of study both domestically and internationally. In-
vestigating the alignment of these systems within the context of a low-carbon economy,
particularly from a temporal and spatial perspective, is essential for understanding and
optimizing their interaction.

Additionally, the growth of agricultural free trade should focus on adjusting the
internal structure of agricultural products, emphasizing the expansion of agricultural
product processing, local specialty product processing, and the rural tertiary industry. This
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approach aims to promote large-scale processing of agricultural products and develop a
number of agricultural trade systems enriched with scientific and technological content.
Concurrently, efforts should be made to accelerate the enhancement of China’s agricultural
free trade infrastructure and deepen the reform of the agricultural free trade system. Such
measures are crucial for ensuring that China’s agricultural free trade efforts effectively
support resource conservation and environmental protection.

These conclusions are based on a comprehensive analysis using principal component
analysis (PCA) and the coupling coordination degree model. The PCA results indicated
that a single principal component extracted for the agricultural product system explained
99.502% of the variance, and three principal components for the resource-environment sys-
tem explained 84.823% of the variance. The coupling coordination degree model revealed
significant variations in the coupling degree and coordinated growth degree across different
regions and time periods. These findings support our recommendations and underscore
the need for targeted regional strategies to achieve balanced and sustainable development.
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Abstract: Understanding the dynamics of vegetative greenness and how it interacts with various
hydroclimatic factors is crucial for comprehending the implications of global climate change. The
present study utilized the MODIS-derived normalized difference vegetation index (NDVI) to under-
stand the vegetation patterns over 21 years (2001-2021) in Rajasthan, India. The rainfall, land surface
temperature (LST), and evapotranspiration (ET) were also analyzed. The changes, at a 30 m pixel
resolution, were evaluated using Mann-Kendall’s trend test. The results reveal that the NDVI, ET,
and rainfall had increasing trends, whereas the LST had a decreasing trend in Rajasthan. The NDVI
increased for 96.5% of the total pixels, while it decreased for 3.4% of the pixels, of theh indicates
vegetation improvement rather than degradation. The findings of this study provide direct proof of a
significant reduction in degraded lands throughout Rajasthan, particularly in the vicinity of the Indira
Gandhi Canal command area. Concurrently, there has been a noticeable expansion in the cultivated
land area. The trend of vegetation decline, particularly in the metro cities, has occurred as a result
of urbanization and industrialization. In contrast to the LST, which has a decreasing gradient from
the western to eastern portions, the spatial variability in the NDVI, ET, and rainfall have decreasing
gradients from the southern and eastern to western regions. The results of correlations between
the vegetative indices and hydroclimatic variables indicate that the NDVI has a strong positive
correlation with ET (r2 = 0.86), and a negative correlation with LST (r2 = —0.55). This research
provides scientific insights into vegetation change across Rajasthan, and may help the state to monitor
vegetation changes, conserve ecosystems, and implement sustainable ecosystem management.

Keywords: vegetation dynamics; NDVT; rainfall; land surface temperature; remote sensing; Rajasthan

1. Introduction

Vegetation is an integral part of the terrestrial ecosystem and is an essential component
of the biosphere [1]. Vegetation is a critical element of soil-water-plant-atmospheric sys-
tems, having a considerable influence on the global energy budget, as well as hydrological,
terrestrial carbon, and biogeochemical cycles from a local-to-global scale over seasonal,
annual, and decadal periods [2—4]. Vegetation dynamics can act as an essential parameter
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for changes in the environment, including climatic and hydrological parameters like tem-
perature, precipitation, evapotranspiration (ET), and land surface temperature, because it
has a clear relationship with climate change [5,6].

In recent decades, vegetation—climate interactions have gained much attention due to
global climate change [7-13]. However, past studies have been carried out worldwide by
various researchers to understand vegetation dynamics using the vegetation index. Sur
et al. [14] used 17 years (2000-2016) of normalized difference vegetation index (NDVI)
datasets to characterize the spatiotemporal change in vegetation over the western part
of Rajasthan. Mariano et al. [15] analyzed land degradation and drought events using
the moderate resolution imaging spectroradiometer (MODIS)-leaf-area index, albedo, and
evapotranspiration images for northeastern Brazil for 2002-2016. Many researchers have
studied the changes in vegetation patterns on the Mongolian Plateau, and their responses
to climatic factors and human activities [16-19]. Globally, the trend of vegetation dynam-
ics and its interaction with associated drivers, such as precipitation, temperature, and
evapotranspiration, have been studied using satellite-based products [20-24].

Ground observation is currently the most precise method for capturing local vegetation
conditions. However, due to the limited number and uneven distribution of ground sta-
tions, it is challenging to use ground observation directly on a regional or global scale [19].
The utilization of long-term satellite data enables the better monitoring and evaluation
of surface vegetation dynamics in relation to climate change on different spatiotempo-
ral scales [25,26]. The land surface vegetation can be effectively characterized by using
satellite-derived vegetation indices, such as the normalized difference vegetation index
(NDVI) and the enhanced vegetation index (EVI) [23]. Among several vegetation indices,
the NDVI is the most extensively used index as a proxy for monitoring vegetation dynamics
across the world [27-30]. Globally, many researchers have explored the changes in vege-
tation dynamics using this remote sensing-based vegetation index for arid and semi-arid
regions [14,15,24,31]. The simplicity of its calculations, its availability at several temporal
and spatial scales, and its ability to eliminate noises arising from illumination conditions,
topography, clouds, and other atmospheric conditions, make the NDVI an essential index
for monitoring vegetation dynamics [32]. In addition, past studies primarily focused on
analyzing vegetation trends using a single index. Moreover, there has been relatively
little research in the Indian context, particularly in Rajasthan, highlighting vegetation—
hydroclimatic interactions. Therefore, an in-depth analysis of vegetation dynamics and its
response to climate change in Rajasthan still needs further clarification. This present study
focused mainly on the vegetation indices” annual and seasonal variations, and their rela-
tionship with hydroclimatic variables from 2001 to 2021. We hypothesized that Rajasthan
state had undergone a vegetative- greening or -browning trend due to changes in climatic
factors, the intensification of canal irrigation, and urbanization. The goals of the present
study were as follows: (1) to evaluate the seasonal and annual variations in the NDVI and
hydroclimatic factors in Rajasthan during the past 21 years; and (2) to analyze trends at
the pixel level using the Mann-Kendall (MK) test. This study will help to analyze the root
causes behind drought phenomenon, the restoration of degraded lands, and ecosystem
services in the study area.

2. Materials and Methods
2.1. Study Area

The current study was carried out in Rajasthan state, in western India; a peculiarly
hot spot prone to substantial changes induced by climate change and anthropogenic
modifications. Rajasthan is located in northwestern India and lies between the latitudes of
23°30" and 30°11’ N and the longitudes of 69°29’ and 78°17’ E. Geographically, it occupies
a 342,239 km? area, which covers almost 10.4% of the country’s total geographical location,
making it India’s largest state. Rajasthan has a diverse topography, with the Aravalli
Hills in the center (which extends from the northeast to the southwest), the Thar Desert in
the northwest, sand plains in the northeast, and a plateau in the southeastern part. The
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climate in Rajasthan is characterized by insufficient (480-750 mm) and highly erratic rainfall
distribution, high evaporation losses, low humidity values, strong winds, and extreme air
temperature values. The Aravalli Hills significantly impact Rajasthan’s climate, due to its
orientation parallel to the southwest monsoon. The eastern slope of the Aravalli Hills is
hit by the Arabian Sea branch of the southwest monsoon so it receives adequate rainfall,
while the northwestern portion remains dry. However, moderate-to-highly humid climatic
conditions prevail in the southeastern parts of the state.

Ten agro-climatic zones (ACZ) are present in the state: (i) the arid western plain; (ii) the
irrigated northwestern plains; (iii) the hyper-arid partially irrigated western plain; (iv) the
transitional plain with inland drainage; (v) of thethe transitional plain of the Luni Basin;
(vi) the semi-arid eastern plain; (vii) the flood-prone eastern plains; (viii) the sub-humid
southern plains; (ix) the humid southern plains; and (x) the humid southeastern plains
(Figure 1). The hyper-arid partially irrigated western plain and the arid western plain have
harsh climatic conditions with inadequate rainfall and low vegetation cover. The soil of
these zones are characterized by dunes and aeolian soil. The humid southern plains and the
humid southeastern plains climatic zones receive good rainfall and have high vegetation
coverage. The state has two main important cropping seasons: Kharif and Rabi. In Kharif,
crops are sown between June and July and are reaped between September and October;
in Rabi, crops are sown between October and November and are reaped between March
and April. The net sown area of Rajasthan is 18.13 Mha, which is about 53% of the TGA,
while fallow land and forest cover 3.62 Mha (11%) and 2.77 M ha (8%), respectively. The
other remaining areas fall under non-agricultural uses, barren land, permanent pasture,
and other grazing land. Out of 20 million hectares of cultivated area, only 20% is irrigated
because the state has only 1% of the country’s total water resources [33].
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Figure 1. Agro-climatic zones of Rajasthan.
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2.2. Data Set

Data from high-resolution satellite images are excellent sources for monitoring a large
area’s mapping and time-series analysis. Taking advantage of the accessibility of long-term
satellite datasets, we have chosen four key parameters with which to characterize the
spatiotemporal variation in the vegetation-hydroclimatic interactions. The current study
utilized the MODIS-derived NDVI to comprehend the vegetation patterns from 2001 to
2021. Three hydroclimatic factors were also used to understand the climatic variation
during 2001-2021 (Figure 2). The various datasets and their specifications are given in
Table 1.

Vegetative Paramete

\

r ‘ | Hydro-climatic Variables ‘
I I 1
5km 1km 500 m
J

|
‘ Downloaded from GEE ‘

‘ Reprojection (UTM 43N) and Resampling (30m) |

Graph creation Extract multi values Raster stacking

to points (2100 points)

Boxplots and other

‘ Mann-Kendall test |

spatial maps ‘ Correlation analysis ‘ A SpatialEco package in R
Sen’s Slope
Figure 2. Flowchart of the methodology employed in this study.
Table 1. The dataset used in this study and its specifications.
S. No. Dataset Variable Unit Temp 01.“1 Spatla.l Period
Resolution Resolution
1 MODIS MOD13Q1 NDVI - 16 days 250 m 2001-2021
2 CHIRPS Rainfall mm Daily 5km 2001-2021
3 MODIS MOD11A2 LST °C 8 days 1km 2001-2021
4 MODIS MOD16A2GF ET kg/m2/8d 8 days 500 m 2001-2021

2.3. Downloading and Processing of Satellite Data
2.3.1. NDVI

The NDVI data from the NASA Land Processes Distributed Active Archive Center’s
MODIS products (MOD13Q1) were used in the present study. The best pixel values from
the acquisitions made by satellites over 16 days were selected by algorithms using the
primary criteria of low clouds, small view angles, and maximum NDVI. In the current
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study, the NDVI product of MODIS MOD13Q1 was downloaded from Google Earth Engine
for the 21 years (2001-2021). The NDVI time-series data were temporally smoothed using
the Savitzky—Golay filter (SGF) [34]. The SGF uses a weighted least-squares regression to
fit a polynomial function. The data sets were reprojected from the geographic coordinates
system to a UTM 43 coordinate system. Furthermore, the datasets were resampled to 30 m
cell size using bilinear interpolation in ArcGIS (10.5) [35].

2.3.2. Rainfall

In the present study, we used 5 km spatial resolution rainfall data from the climate-
hazards group infrared precipitation with station data (CHIRPS)-based rainfall products.
The datasets were downloaded using Google Earth Engine for the 21 years (2001-2021).
The mean monthly rainfall was computed by taking the mean of the respective month for
the 21 years (2001-2021). Similarly, the total annual rainfall was computed by calculating
the sum of all the images for the individual year.

2.3.3. Land Surface Temperature

In this study, the MODIS MOD11A2 LST product was downloaded from Google Earth
Engine for the 21 years (2001-2021). The data were further converted into °C [36,37] using
the following formula:

LST = 0.02 x DN — 273.15

The mean monthly LST values were computed by calculating each month’s mean for
2001-2021. Similarly, the mean annual LST was computed by calculating the mean of all
the images of the respective year.

2.3.4. Evapotranspiration (ET)

The evapotranspiration data were obtained from MODIS, and were highly correlated
with the ET observations of the Indian conditions [38]. Based on the Penman—-Monteith
equation, the MOD16 data-product collection algorithm incorporates inputs from the daily
reanalysis of meteorological data and MODIS data products, like vegetation dynamics,
land cover, and albedo. The pixel values for the ET layer were calculated by adding data
from an 8-day composite period. The data product MOD16A2GF was downloaded from
Google Earth Engine from 2001 to 2021 using the following steps: (i) the monthly ET was
computed by aggregating the 8-day composite images within the respective month of the
particular year. (i) After that, the long-term (21 years) mean monthly ET for each month
was computed by calculating the mean of the respective month. (iii) Similarly, the total
annual ET was calculated by aggregating the monthly ETs for the respective year.

2.4. Trend Analysis

We used the nonparametric MK test and Sen’s slope estimator [39,40] to assess the
significant trends and magnitudes, respectively. Hamed and Rao (1998) [41] introduced
a modified version of the MK test to consider the effect of autocorrelation on the data.
They proposed a correction of the variance for the adequate number of observations. The
null hypothesis (HO) of no trend, and the alternative hypothesis of there being a trend,
were tested at a 5% level of significance. The trend tests were implemented using R 4.2.1
software.

Four factors (NDVI, LST, ET, and rainfall) were downloaded using Google Earth
Engine for the 21 years (2001-2021). All these input layers had varying resolutions (Table 1).
To harmonize the datasets, all the raster layers were resampled to 30 m using a bilinear
resampling method. After that, these datasets were used for the MK test. First, all the
images were stacked in one raster in ascending order of year. Then, the MK test was
implemented using a raster and the Kendall function from the spatialEco package.

Methodology Description:

The computational procedure for the MK test for the time-series data, y1, y2, Y3, ..., Yn,
was as follows:
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Step 1: Calculate all-possible differences of y; — y;, where i > j, i.e., "<"2_1) for the
given time-series data. The differences are

Y2o—Y1, Y3 —Y2, -+, Yn —Yn—1

Step 2: Determine the sign of all the differences (y; — ;).
Step 3: Assign numerical values to the sign differences. The assignment rule is as

follows:
Lif (yi—y;) >0
sign (yi —y;) = § Oif (yi—y;) =0
~Lif (yi—y;) <0

Step 4: Now, calculate the sum of

= i Z sign (yi — y;)

j=1i=j+1

which is the number of positive differences minus the number of negative differences.

If n <10, the value of | S| can be compared directly to the theoretical distribution of S
derived by Mann and Kendall, i.e., the Gilbert table of probabilities. If n > 10, the statistic
S is about normally distributed with the mean and variance as follows:

E(S) =0
8

n(n—1)(2n +5) — Z ty —1)(2ty +5)

1
S
var (S) = T )
where g is the number of tied groups, and ¢, is the number of observations in the p™ group.
The tie correction method was given by Hensel (2005) [42] for ties in the data due to equal

values or non-detects. To infer the test, the test statistic Zyx is computed by the equation:

= \/W if S>0
Z MK = = 0 Zf S=0
= \/W if $>0

If | Zpk | is greater than Z, /5, where « represents the significance level, then there is
evidence of a significant trend. Positive values of Zyx indicate increasing trends, while
negative Zyx values show decreasing trends.

The MK test is used on uncorrelated data because serial correlation can increase or
decrease the probability of detecting significant trends. When serial correlation is present,
pre-whitening is used to identify a trend in a time series. Hamed and Rao (1998) [41]
suggested a modified MK test for serially correlated data that corrects the variance (S) for
the effective number of observations.

The corrected variance (S) is given by

var (S) = %[n(n —1(2n+5)] « —

where - :1+W*(n—k)(n—k—l)(n—k—Z)*pkA

n* is the effective number of observations to account for data autocorrelation, whereas
ok represents the serial correlation between the observation ranks for lag-k.

Sen’s slope estimator:

Sen (1968) [43] devised a nonparametric, robust approach for evaluating the slope
of a trend in time-series data. The slope-estimator methods of Sen (1968) [43] and Theil
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(1950) [44] are used for the prediction of the magnitude of the trend. The algorithms for
Sen'’s slope for a time-series data, y1, Y2, Y3, ..., Yn, are as follows:

Step 1: Calculate all <"<"2771)) possible differences of y; —y;, where i > j. These
differences are

Yo—Y1, Y3 —Y2, -+, Yn — Yn—1
Step 2 Find T; as
T, = L. — yj
t=]
Step 3: Calculate the median of these T;, which are represented as Sen’s estimator.

T 1 ;if Nis odd
Tmed = TM+T

—25—2;if Nis even.

Nz

A positive value of T4 indicates an upward or increasing trend, and a negative value
of Tieq gives a downward or decreasing trend for the variables under study.

2.5. Relationship of Vegetative Indices with Hydroclimatic Factors

Pearson’s correlation was used to identify the potential correlations between natural
vegetation dynamics and climatic parameters. The Pearson correlation coefficient, which
ranges from —1 to +1, quantifies the degree and direction of a monotonic relationship
between two variables, where —1 and +1 represent monotonically decreasing and increasing
associations, respectively. The correlation coefficients were calculated by implementing a
Pearson correlation analysis. Subsequently, these correlations were subjected to a t-test at a
5% significance level.

3. Results
3.1. Rainfall
3.1.1. Characterization of Annual Change

The inter-annual or temporal variability in rainfall for the 21 years (2001-2021) is
depicted in Figure 3. The maximum rainfall (~2400 mm) and minimum rainfall (0.0 mm)
were recorded in 2011 and 2002, respectively. It can be observed that 2011, followed by 2019
and 2010, received the highest rainfall during the last 21 years. Further, 2002, followed by
2015, received the lowest rainfall. The median rainfall varied between ~380 and ~1400 mm
throughout the perio® The 25th and 75th percentile values ranged from ~200 to ~750 mm
and ~500 to ~1750 mm, respectively, across the years. The maximum fluctuations in the
temporal pattern of rainfall were observed in 2011, while the minimum were in 2002.
of theThe boxplots for rain suggest that the mean rainfall varied slightly between 2001
and 2021.

3.1.2. Characterization of Intra-Annual Change

Figure 4 shows the mean monthly variability in rainfall (monsoon and non-monsoon)
for 2001-2021 in Rajasthan. The maximum precipitation was observed in the month
of July (~640 mm), followed by August (~625 mm), September (~305 mm), and June
(125 mm), respectively. Among all the months, June to September showed higher temporal
fluctuations. The boxplot related to the rainfall received shows that the rainfall ranged
from 0.0 to ~ 640.0 mm across all twenty-one years. The median of monthly rainfall varied
between 0.0 and ~340.0 mm throughout the period. It is also noticeable that the rain has its
seasonal peak in July and August, while the lowest mean rainfall values in Rajasthan are
observed to occur in December.
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Figure 3. Boxplot for the inter-annual variability in rainfall during 2001-2021.

Feb

Mlar Apr Maly Jullﬂe Julhr Al:g Sep Oct Mow Dec
Figure 4. Mean monthly rainfall during 2001-2021.

3.1.3. Characterization of Spatial Change

Figure 5 illustrates the spatial variance in the mean annual rainfall for 2001 to 2021 at
a 30 m resolution, which varies from 8 to 2397 mm. The maximum rainfall ranged between
1920 and 2397 mm, and was observed in 2006, 2010, 2011, 2019, and 2020. These maps
indicate a decreasing rainfall trend from the southern and eastern regions to the western
region of the study area. The south and southeastern part of Rajasthan receive higher
rainfall. The west of Rajasthan receives the lowest rainfall, which includes the hyper-arid
partially irrigated zone, the arid western plains, the irrigated northwestern plains, and a
transitional plain with inland drainage. Due to the deficient rainfall, most of the state’s
drought occurrences occur in the western region.
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Figure 5. Spatial variation in total annual rainfall (mm) during 2001-2021.

3.1.4. Trend Analysis for Rainfall

Over the years from 2001 to 2021, it was noticed that rainfall values had an overall
temporal increase, with a positive correlation of 0.37 (Figure 6). There was a sharp decline
in rainfall between 2002 and 2009. In order to analyze these trends, we implemented the
MK test and Sen’s slope estimator; the computed results are depicted in Figure 7. Sen’s
slope (SS) is the median slope and is used to estimate the magnitude of the trend. Increasing
and decreasing trends are represented by positive and negative SS values, respectively, and
range from 2 to 31 mm per year. Rainfall increased for 99.9% of the study area, including the
61.83% which showed a significant increasing trend (S > 0, p < 0.05). Pixels with increasing
trends (S > 0, p < 0.05) were mainly concentrated in the irrigated northwestern plains, of
thethe transitional plains with inland drainage, the sub-humid southern plains, and the
humid southeastern plains.

o— Rainfall  ----eeee- Linear (Rainfall)

.............

.......

300 y =10.934x- 21475
R2=0.37

Rain fall (mm)
5
S
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Figure 6. Inter-annual variability in mean rainfall during 2001-2021.
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Figure 7. (A) Sen'’s slope values for rainfall changes and (B) Mann-Kendall test for statistically

significant trends in mean annual rainfall at the pixel level.

3.2. Land Surface Temperature

3.2.1. Characterization of Annual Change

The boxplot of the annual

across 2001-2020.

LST shows that the LST fluctuated slightly between 2001
and 2021 (Figure 8). For instance, compared to the other years taken into consideration
here, the LST values for 2006 and 2012 appear to be lower. Interestingly, the LST data points
for each year include data for each month from January through December. The highest
and lowest LST levels were observed to have occurred in 2016 and 2021, respectively. The
median of the LST varied between ~34 and ~36 °C throughout the period. The 25th and
75th percentile of the LST varied between ~29 and ~30 °C and ~39 and ~41 °C, respectively,
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Figure 8. Boxplot for the inter-annual variability in land surface temperature during 2001-2021.
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LST (°C)

3.2.2. Characterization of Intra-Annual Change

Figure 9 shows the seasonal variability in the LST over the period 2001-2021, and
it can be observed that the LST fluctuates throughout the year. The LST has a seasonal
peak from April to June, while December and January have the lowest LST mean values.
Further, it can be seen from Figure 9 that the LST usually starts to rise in January, reaches
its maximum in May, and then decreases until December.
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Figure 9. Mean monthly LST during 2001-2021.

3.2.3. Characterization of Spatial Change

Spatial variations in the long-term mean annual LST for 2001 to 2021 at a 30 m
resolution are depicted in Figure 10, and vary from 24 to 47 °C. It can be observed that
the western parts have higher temperatures compared to the eastern and southern parts
of Rajasthan. The hyper-arid partially irrigated zone and the arid western plains show
less variation, while the sub-humid southern plains show the maximum variation over the
21 years. The maximum number of pixels which had a 4347 °C LST was observed in 2016,
followed by 2009 and 2001. Similarly, the maximum area which had a 24-33 °C LST was
observed in 2021, followed by 2020.

3.2.4. Trend Analysis of LST

Figure 11 depicts the trend in the mean LST across Rajasthan for the 21 years (2001-2021).
A linear regression model was developed to detect temporal variations in the LST since
2001 by calculating the average LST for all pixels for the whole of Rajasthan. The results
indicate an overall decreasing trend in the LST, with a negative correlation of 0.38 over
2001-2021. The mean LST values vary from ~35.9 to 38.3 °C. In Figure 12A, both increasing
and decreasing trends are shown for the mean annual LST data. The magnitude of the
change in the LST ranges from —0.26 to 0.30 °C per year. It can be observed that the majority
of the pixels (78.65%) have a decreasing trend (S < 0), with the southern and southeastern
parts showing the highest declining rates, whereas 21.35% of the pixels have increasing
rates, and are concentrated mainly in the western parts of Rajasthan. Figure 12B shows
the statistical significance level of the LST trend over the 21 years, and reveals that all of
the regions’ trends are insignificant. About 50% of the pixels show significant changes
(p <0.05), and are located mainly in the southern and southeastern parts, whereas the rest
of the pixels show a non-significant difference (p > 0.05) in the annual LST.
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Figure 11. Inter-annual variability in mean LST in Rajasthan during 2001-2021.
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Figure 12. (A) Sen’s slope values

for changes in LST and (B) Mann—Kendall test for statistically

significant trends in mean annual LST at the pixel level.

3.3. Evapotranspiration

3.3.1. Characterization of Annual Change

The annual temporal variations in ET for the 21 years is presented in Figure 13. The
maximum fluctuations in the temporal ET pattern are observed to have occurred in 2020,
2. The ET values corresponding to 2002 and 2003 appear
lower (~350 mm) when compared to the other years considered here. The maximum and
2020 and 2002, respectively. The median ET varies between
~240 and ~390 mm throughout the period. The 25th and 75th percentile values range from

while the minimum was in 200

minimum ET values occurred in

~120 to ~200 mm and from ~350 to ~590 mm, respectively, from 2001 to 2020.
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Figure 13. Boxplot for inter-annual variability in total ET during 2001-2021.
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ET (mmy)

3.3.2. Characterization of Intra-Annual Change

Figure 14 depicts the mean monthly ET for the twenty-one years (2001-2021). Further,
we noticed that the monthly ET values fluctuate throughout the year. It can also be observed
that ET reaches its seasonal peak in February, while the lowest values for ET occur in April.
Additionally, it has been noted that ET often begins to rise in January, peaks in February,
and then declines until April, and then, once more, it starts increasing until September, and
decreases until December.
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Figure 14. Mean monthly ET during 2001-2021.

3.3.3. Characterization of Spatial Change

Spatial variations in the annual ET from 2001 to 2021 at a 30 m resolution are depicted
in Figure 15. The yearly ET varies from 0 to 821 mm. These maps indicate a decreasing
trend in ET from the southern and eastern parts to the northern and western parts of
Rajasthan. The south and southeastern parts of Rajasthan have a higher ET, which includes
the humid southern plains, the sub-humid southern plains, and the humid southeastern
plains. The maximum number of pixels with a low ET (0-50 mm) were observed in 2002,
followed by 2009. It can also be observed that ET increased in most parts, particularly in
the southern and southeastern regions, between 2001 and 2021.

3.3.4. Trend Analysis of ET

Figure 16 depicts the trend in the mean ET for the twenty-one years (2001-2021) for
Rajasthan. A linear regression model was created to determine the ET variations since 2001,
by averaging the mean ET across all the pixels for the whole state of Rajasthan. With a
positive correlation of 0.71 between the ET values over 2001-2021, an overall increasing
temporal trend in ET was observed. The mean annual ET values for Rajasthan vary from
~54 to 181 mm.

Figure 17A indicates that most of the area (98.24%) shows a positive trend. Only
a few pixels (1.76%) have a negative for the mean annual ET and, by incorporating the
significance level from Figure 17B, it is found that 90.21% of the area shows a significant
positive change in ET, and only 16.80% of the area shows no trend in ET.
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Figure 16. Inter-annual variability in mean ET (mm) for Rajasthan during 2001-2021.
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Figure 17. (A) Sen’s slope values for changes in ET and (B) Mann-Kendall test for statistically
significant trends in mean annual ET at pixel level.

3.4. Normalized Difference Vegetation Index (NDVI)
3.4.1. Characterization of Annual Change

The boxplot corresponding to the annual NDVI temporal patterns indicates that the
NDVI varied slightly between 2001 and 2021 (Figure 18). The mean of all the NDVI
values from January to December is contained in the NDVI data from 2001 to 2021. The
NDVI values were at their highest (~0.74) and lowest (~—0.15) points in 2020 and 2005,
respectively. The NDVI experienced its highest variations in 2017 and 2020, while its
greatest downward fluctuations were in 2008 and 2010. Additionally, the NDVI’s 75th
percentile lies between 0.43 and 0.52, while the 25th percentile of the NDVI did not show
any significant variations across the twenty-one years. In addition to this, the NDVI varied
between —0.15 and 0.75 from 2001 to 2021.

0.75 1

NDVI

-0.15+

i

T T T T T T T T T T T T T T T T T T T T T
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Figure 18. Boxplot for inter-annual variability in NDVI during 2001-2021.
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NDVI

3.4.2. Characterization of Intra-Annual Change

Figure 19 shows the NDVI seasonal patterns for the entire Rajasthan state. The boxplot
displays the mean monthly NDVI values for 2001 to 2021. This study area’s NDVI values
are shown to be lowest in June, with seasonal peaks in the NDVI occurring in February and
September. Additionally, it can be demonstrated that the monthly NDVI values fluctuate
less during the summer than during the monsoon and winter seasons. Further, it has been
noted that vegetation greening (NDVI) often begins in May or June, peaks in September,
then shows a slight decrease from October to December, and again reaches its maximum
value in the month of February, and after that decreases until April or May. This shows the
relationship of the NDVI values with the cropping season (Kharif, Rabi, and Zaid).
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Figure 19. Mean monthly variability in NDVI during 2001-2021.

3.4.3. Characterization of Spatial Change

Figure 20 depicts the variations in the mean annual NDVI for 2001-2021 at a 30 m
resolution. The NDVI varied from —0.15 to 0.74. The NDVI increased in Rajasthan over time,
which reflects the increased greenness in Rajasthan. Among all the years, the maximum
number of green pixels was recorded in 2021. In 2001, on the other hand, the trend was
the exact opposite, with lower NDVI values covering much of the basin. Despite a solid
upward trend in the NDVI, the inter-annual variation has increased since 2009. Most of the
areas with high NDVI values fall under the following ACZs: the semi-arid eastern plains,
the humid southeastern plain, the humid southern plains, the sub-humid southern plains,
and the flood-prone eastern plain. The lowest NDVI values were observed in the following
areas of the ACZs: the arid western plain and the hyper-arid partially irrigated zone.
Overall, a significantly increasing trend in the NDVI was observed across the study area.

3.4.4. Trend Analysis of NDVI

Figure 21 shows the mean NDVI trend for Rajasthan during 2001-2021. A linear
regression model was developed by computing the mean NDVI over all the pixels for the
entirety of Rajasthan. With a positive correlation of 0.85 between 2001 and 2021, an overall
increasing trend in the NDVI was detected. The mean annual NDVI varied between ~0.20
and 0.31. Sen’s slope values and the MK test for significant trends in the mean annual NDVI
at the pixel level are presented in Figure 22A,B. From 2001 to 2021, there were more pixels
with improved vegetation than with degraded vegetation. The NDVTI increased for 96.5%
of the studied area (S > 0), primarily in the south and east, while it dropped for 3.4% of the
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pixels (S < 0). A statistically significant difference (p < 0.05) was observed for 83.7% of the
total pixels. In addition to this, it was also observed that the NDVI significantly increased
over the Indira Gandhi Canal command area in the Jaisalmer district of Rajasthan, which is
in the hyper-arid and drought-prone regions. The NDVI decreased for some of the pixels
in the Jaipur and Jaisalmer districts.
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Figure 21. Inter-annual variability in mean NDVI for Rajasthan during 2001-2021.
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Figure 22. (A) Sen’s slope values for changes in NDVI and (B) Mann-Kendall test for statistically
significant trends in mean annual NDVI at the pixel level.

3.5. Correlation between Hydroclimatic Parameters and Vegetative Indices

A pair-wise Pearson correlation coefficient test was implemented to quantify the
association between the study parameters. Except for the RF-LST, all the pairs had a
significant association between themselves (Figure 23). The highest positive correlation
can be observed for ET-NDVI (0.86), followed by ET-RF, whereas the NDVI-LST shows the
highest negative correlation (—0.55), followed by ET-LST (—0.46). Overall, we can infer
that the LST is negatively correlated with the other parameters, and the other variables are
positively correlated.
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Figure 23. Relationship of vegetative indices and associated hydroclimatic factors.
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4. Discussion
4.1. Spatiotemporal Variation in Rainfall

The annual rainfall exhibited a high inter-annual variability during 2001-2021. Strong
El Nino conditions were pervasive in 2002, resulting in the lowest rainfall received [33,45,46].
For the 21 years, the median of the annual rainfall is observed to lie in the center of
the box, indicating that the annual rainfall follows a normal distribution. The mean
monthly variations in precipitation over the last twenty-one years in Rajasthan show that
the maximum rainfall is received in July (~640 mm), followed by August (~625 mm) and
September (~305 mm), while the lowest mean rainfall is recorded in December. This
concurs with previous research conducted in Rajasthan [47,48]. Saini et al. [33] also stated
that around two-thirds of the annual rainfall is received in only two months, viz., July
and August, while December accounts for only around 0.49% of the yearly rainfall. The
spatial variation in the annual rainfall shows decreasing gradients from the southern and
southeastern to the western regions of Rajasthan. The western ACZs received the lowest
rainfall (8-486 mm), which includes a hyper-arid partially irrigated zone, the arid western
plains, the irrigated northwestern plains, and an internal- drainage dry zone. In contrast,
more than 1400 mm fell on the transitional plateau of the Luni Basin, and the humid
and sub-humid southern plains. A similar result was reported by Meena et al. [47]. The
presence of the Aravalli Mountains, which spread from the northeast to southwest in
central Rajasthan, is primarily responsible for this decrease in annual average rainfall from
east to west [31,49]. Relatively low annual- rainfall variability has been observed in areas of
high precipitation. Therefore, the frequent occurrence of drought conditions in the arid and
semi-arid regions is attributed to low rainfall and high variability. These findings concur
with those of Saini et al. [33], Narain et al. [50], and Kundu and Datta [51].

The MK test and Sen’s slope estimator assessed the spatial distribution of annual
rainfall trends and their magnitude from 2001 to 2021. All the pixels with S > 2 mm per
year show an increasing trend in annual rainfall. Among all the ACZs, three ACZs, namely
the humid southeastern plains, the sub-humid southern plains, and the transitional plains
of the Luni Basin, have observed a high positive magnitude (5~31 mm per year). These
findings are consistent with earlier studies [33,52,53]. All the pixels in western Rajasthan
exhibited increasing trends, but the magnitude was less, and this result is consistent with
those of Meena et al. [47], Basistha et al. [54], Kharol et al. [55], Kumar et al. [56], and
Singh et al. [57]. This increasing trend is significant mainly in four ACZs: the irrigated
northwestern plains, the internal-drainage dry zone, the sub-humid southern plains, and
the humid southeastern plains. Similar findings were observed by Meena et al. [47], Sharma
et al. [48], and Deoli and Rana [58]. To comprehend these trends, it seems most likely that
rising sea surface temperatures and surface latent heat flow across the tropical Indian
Ocean [59,60] are accountable. The increasing rainfall intensity may also be primarily
influenced by the increasing atmospheric moisture content [61]. The western arid region,
which is assumed to be the most drought-prone area, has observed an increase in its mean
annual rainfall, which could be highly beneficial for agricultural and groundwater recharge.
Meena et al. [47] and Poonia and Rao [62] also reported an increasing trend in rainfall in
the arid climate of Rajasthan. Saini et al. [33] studied rainfall variability and trends for
1961-2017, and found a significant increasing trend in the arid and semi-arid regions.

4.2. Spatiotemporal Variation in Land Surface Temperature

The LST is an essential indicator of the Earth’s surface energy balance [63]. Remote
sensing-based LST data are used to explore the consequences of vegetative greenness and
LULC change [10,64]. The annual LST temporal patterns show that the LST fluctuated
slightly between 2001 and 2021. These fluctuations might be due to the heterogeneity of
vegetation coverage and rainfall patterns [65]. In addition to these factors, some natural
factors, such as parent material, soil condition, surface roughness, and albedo, are some
important factors influencing the LST [66]. The monthly evaluation revealed that April,
May, and June had regions with higher LST values, whereas December and January showed
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lower LST values. Due to the variations in the angle of inclination of the Earth with the Sun
throughout the year, there is significant variation in the Incoming solar radiation at different
locations [67]. The LST showed a decreasing trend during the monsoon season (June to
August), which may be because, in the monsoon season, most of the land is occupied with
dense crops or vegetation, which reduces the LST; however, in summer, the vegetation
cover over the land is at a minimum, resulting in high LSTs [63]. Several studies have
shown a relationship between lower vegetation greenness or NDVI values with higher
LST values [65]. So, the LST decreased during the peak vegetative growth of the Rabi and
Kharif crops.

It was observed that the western parts have higher temperatures as compared to the
eastern and southern parts of Rajasthan. Different climatic and landscape components, such
as rainfall, solar insolation, air temperature, elevation, sparse vegetation, and soil properties,
significantly impact heat emission and absorption, affecting the LST variations [68]. The
annual rainfall also decreases from east to west, creating moisture fluxes in arid and semi-
arid regions [55]. This is primarily due to the Aravalli mountains, which extend from central
Rajasthan’s northeast to southwest [49]. The western part of Rajasthan has unsuitable soil
conditions and texture, low vegetation cover, and arid climatic conditions [66]. Therefore,
this zone has a higher LST than the eastern and southern parts. The LST is significantly
impacted by the study area’s elevation, which varies from —6 to 1698 m. The temperature
falls with increasing elevation, which is evident from many studies, and the same was
observed in this study [69].

To analyze the annual trend of the LST over the 21 years (2001-2021), a linear regression
model shows a decrease in the LST by 6.2 °C for the entirety of Rajasthan. It was observed
that the LST increased in 2002 and 2009, which may be attributed to the prevalence of
drought or low rainfall and low vegetation cover [33,70]. The MK test and Sen’s slope were
used to determine the spatial pattern of annual rainfall trends at the pixel level in 2001 and
2021. A decreasing trend (S < 0) was observed in the southern and southeastern regions
as rainfall increased, a significant factor for high vegetative greenness. There is a general
declining trend in the LST as vegetation becomes denser (exhibited by the higher value of
the NDVI). The dense vegetation canopy provides an efficient barrier against incoming
solar radiation and enhances the evaporative cooling effect, which has a moderating effect
on an increasing surface temperature. Thus, the land surface temperature decreases with
increasing vegetation cover. Furthermore, a noticeable decreasing trend was found over
the Indira Gandhi Canal, which could be due to the area under irrigation increasing over
time, as a result of the expanding canal system [71]. As in other tropical regions [72-74],
our results also indicate that eastern Rajasthan is experiencing a colder shift yearly.

4.3. Spatiotemporal Variation in Evapotranspiration

The spatiotemporal pattern of the mean annual ET clearly indicates strong variations
corresponding to native vegetation types and prevailing climatic conditions. The annual
pattern of ET exhibits an increasing trend. This can be attributed to the fact that rainfall
has increased during the last 21 years and is a prime factor for high vegetation greenness.
Several studies have also reported that changes in ET are most likely caused by changes in
climatic parameters (rainfall and LST), rather than changes in the NDVI and EVI [73,75].
All the parameters, including the median, the 25th, and the 75th percentile, were at a
minimum during 2002 because it was a drought year in Rajasthan [33,70]. The seasonal
variation in ET clearly shows peaks and valleys based on the crop season. The ET rate was
high during the peak vegetative stage of the Rabi and Kharif seasons, while it was low
during the summer due to less vegetation coverage. The low ET levels during the summer
were accompanied by the senescence of deciduous forests and crops, low relative humidity,
very high temperatures, and low soil moisture [76]. The low ET rate in the winter may be
due to low mean temperature and more diffuse solar insolation [77,78]. The results of this
study are highly consistent with the output of Poonia and Rao (2013) [62]. The annual ET
varied between 0 and 821 mm for the entire state of Rajasthan (2001-2021). Rajasthan’s arid
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regions, with deserts and sparsely vegetated areas in the western parts, had the lowest ET
(50 mm), while the southern part of the state had the highest ET (>500 mm). In the western
region, low rainfall, very little or no available soil moisture, and poor vegetation are the
reasons for the low ET rate. Our results are consistent with those of Goroshi et al. [76].
The mean annual ET of the state was 126 mm, with maximum and minimum values of
54.3 mm and 181.3 mm in 2002 and 2021, respectively. The ET rate decreased in 2002 due
to the drought phenomenon [70]. Researchers from various climatic and geographical
regions have performed this sort of analysis. Matzneller et al. [79] analyzed the annual
ET trends over Bologna—Cadriano, Italy, from 1952 to 2007, using the Hargreaves and
Samani Method, and suggested that rising air temperatures are accountable for the changes.
Specifically, in the western arid and semi-arid regions, the enormous increase in the amount
of land irrigated by canals, and a modification in cropping patterns and cultivars, may
have enhanced the annual ET [71,80].

The estimation of the ET trend from the MK test and Sen’s slope estimator revealed
that most of the area (98.24%) showed a positive trend (S > 0), while 1.76% of the pixels
had a negative trend (S < 0). This significant increasing (p < 0.05, S > 0) trend was mainly
concentrated in the southern, southeastern, and northern regions, and was highly depen-
dent on native vegetation, soil properties, and climatic conditions. In addition to this, a
significant increasing (p < 0.05, S > 0) trend was observed for the canal area, and this is
mainly attributed to a proportionate increase in crop area as a result of the increasing canal
networks [71]. Figure 24 depicts a part of the Indira Gandhi Canal (IGC) in the western
dry lands that has entirely changed over time. Before human interference, this area was
covered sandy barren land, but greenness spread with the distinctively visible expansion
of agricultural fields as time passed. There is a decreasing trend for ET, particularly in
the Jaipur district, which is experiencing vegetative degradation due to urbanization and
industrialization over the years [63,81]. Extensive industrialization has caused substantial
cropland losses [82,83] and regional climate change [84,85]. Google Earth images also confirm
that the built-up areas and industries have expanded over the years (Figures 25 and 26).

Figure 24. Spatial changes in vegetation greenness over the Indira Gandhi Canal command area in
Jaisalmer district (images collected from Google Earth).

Figure 25. Spatial changes in urbanization over time (images collected from Google Earth).
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Figure 26. Spatial changes in industrialization over time (images collected from Google Earth).

4.4. Spatiotemporal Variation in NDVI

The annual temporal pattern of the NDVI shows that it fluctuated slightly between
2001 and 2021. Rajasthan’s uneven rainfall distribution caused this variation in vegetation
greenness. Several researchers have revealed that temporal variations in the NDVI are
closely related to precipitation [10,86-88]. However, a one- or two-month lag exists between
the NDVI and rainfall [10,89].

The spatial variability in the mean annual NDVI ranged from —0.15 to 0.74 during 2001
to 2021. This spatial variability has arisen primarily due to the uneven rainfall distribution
in the state [31]. The ACZ regions encompassing the humid southern plains, the humid
southeastern plain, the flood-prone eastern plain, and the sub-humid southern plains have
a high NDVI as a result of sufficient precipitation, ranging from 800 to 1000 mm, which
helps to increase the cultivation of Kharif crops and the residual moisture helps to grow
crops in the Rabi season also. The central part of Rajasthan state, denoted by the internal-
drainage dry zone, the transitional plain of the Luni Basin, and the semi-arid eastern plains,
had a medium NDVL This could be explained by the medium rainfall and high LST, along
with the seasonal fallow situation of the agricultural lands. The western part of Rajasthan
had NDVI values of less than 0.15. The sandy Thar Desert, located in the western part of
Rajasthan, has a typical arid climate with very little rainfall and intense heat waves, making
it difficult for vegetation to grow there, other than Caryophyllales (cactus) plants [14,90].
However, recent irrigation management strategies have resulted in some changes in these
areas [14]. Crops are currently grown widely in the heart of the desert. As a result, a
spatial shift in the spread of greenness has become evident over time. However, vegetation
conditions were substantially stressed in 2002. Several researchers have also reported that
a severe drought prevailed during Kharif in 2002 [31,91]. Despite the predominance of
drought conditions in Rajasthan in 2002, the eastern parts of the state remained unharmed.
Furthermore, the topography of Rajasthan exhibits significant variations, with an elevation
range of —6 to 1698 m above sea level. These topographical conditions have a significant
influence on the patterns of vegetation distribution across Rajasthan.

Regarding this temporal trend, the NDVI values increased from 2001 to 2021, with a
positive correlation of 0.85. However, the NDVI values in 2002 were far less than those of
2001 and 2003, indicating the stressed vegetation during the monsoon due to drought. It
is more interesting that the NDVI showed an increasing trend around the Indira Gandhi
Canal. This might be due to the enhancement of irrigation facilities due to the Indira
Gandhi Canal, the restoration of degraded land, cropping-pattern changes, sufficient
rainfall, the cultivation of wastelands, and rainwater-harvesting structures, while proper
policy interventions might be the reasons in other parts of the study area [71]. The Indira
Gandhi Nahar Pariyojana (IGNP) stretches over seven districts in Rajasthan: Churu, Barmer,
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Sriganganagar, Hanumangarh, Bikaner, Jodhpur, and Jaisalmer, and has brought about
tremendous changes over time [14]. After 2012, the canal’s impact was felt widely over
the western drylands, resulting in a substantial surge in agricultural productivity due
to improved irrigation facilities. Sur and Chauhan (2019) [71] also reported a significant
change (1-78%) in the net primary productivity (NPP) during 1982-2012 across the IGC
area. Figure 24 illustrates an area of the IGNP canal located in the western drylands,
which has undergone significant transformations over a period of time. Some of the pixels
exhibit a noticeable decrease in the NDVI, particularly within the Jaipur district. This
decline may be attributed to factors such as industrialization, urbanization, groundwater
depletion, inadequate irrigation practices, and alterations in cropping patterns. According
to Dangayach et al. [92], there has been a significant decrease in agricultural land, which
reduced from 47.20% to 25.50%, while the built-up land recorded a rise from 22.80% to 44.2%
during the period of the past two decades (2000-2020). Urbanization and industrialization
have led to significant reductions in cropland [82,83], and have also contributed to regional
climate change [84,85]. Google Earth images (Figures 25 and 26) have also confirmed that
the built-up areas and industries have expanded over the years.

4.5. Correlation between Hydroclimatic Parameters and Vegetative Index

Temperature and rainfall are widely recognized as the primary factors which char-
acterize the climate of a region and exert significant effects on vegetation [93]. ET-NDVI
has a significant positive correlation (0.86), while ET-RF shows a slightly lower positive
correlation (0.40). On the contrary, the NDVI-LST has the highest negative correlation
(—0.55), followed by ET-LST, with a negative correlation of —0.46. These findings reveal
a significant relationship between the NDVI and climatic factors, and vegetation growth
is affected by precipitation, the LST, and ET. The NDVI value increases with an increase
in precipitation [94]. Generally, high LST values are usually associated with low NDVI
areas, and vice versa. The areas with high LST values are characterized by the presence
of built-up areas and exposed bare-ground surfaces. In contrast, the low LST zones are
primarily associated with the presence of water bodies and extensive vegetation cover. The
presence of a dense vegetation canopy serves as an effective shield against incoming solar
radiation, hence, enhancing the evaporative cooling process of the vegetation and reducing
the surface temperature. In general, a negative NDVI is indicative of the existence of water
bodies or wetlands. Therefore, it may be concluded that the LST-NDVI relationship for
water bodies or wetlands is not consistent. This result is highly consistent with that of
Abera et al. [95], Guha and Govil [96], and Garai et al. [97]. Furthermore, it has been
observed that there is a negative relationship between rainfall and LST, indicating that the
LST is influenced by variations in rainfall. The combination of low rainfall and a higher
LST value suggests that the vegetation has a low moisture content, which could be one
of the factors contributing to forest fires [98]. Overall, these findings show a relationship
between the NDVI, rainfall, and LST.

Assessing climate change and its influence on vegetation dynamics using high-resolution
satellite data is the first step in providing valuable information for researchers, planners, and
agricultural decision makers to mitigate climate change’s impact, restore degraded lands,
and achieve sustainable development goals by establishing land exploration and restoration
policies. We advocate for the authorities to draw particular attention to achieving land
degradation neutrality in the study area, as a significant portion of Rajasthan is affected by
desertification disasters. This study employed high-resolution remote sensing products
to analyze the vegetation dynamics of Rajasthan. However, it is important to note that
there is a degree of uncertainty associated with these products, due to possible product
quality issues. The present study, however, primarily concentrated on performing an initial
analysis of vegetation change. Nonetheless, it is important to conduct more investigations
in order to fully investigate the underlying mechanisms responsible for the observed
inconsistencies. There is a need to quantify the relative contributions climate change and
human activities have made to vegetation changes using geospatial modeling.
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5. Conclusions

Vegetation monitoring is difficult in Rajasthan due to the intricate topography and
extreme climatic variability. Thus, a remote sensing technique is a boon for analyzing and
monitoring vegetation trends, and evaluating its response to a changing climate. This
study explored the long-term (21 years) spatiotemporal variability in vegetation greenness
using the NDVI and its relationship with three hydroclimatic factors, viz., rainfall, LST, and
ET, which were derived from satellite images of Rajasthan. The results show a significant
change in all five parameters during the study period from 2001 to 2021. This study’s
results provide direct evidence of a considerable decrease in degraded lands in Rajasthan,
especially in the Indira Gandhi Canal command area, and a simultaneous increase in
cropping area. The climatic impact of the increasing or decreasing vegetation trend across
Rajasthan is confirmed by the strong correlation between the NDVI and the associated
hydroclimatic factors. This study also reveals the efficiency of high-resolution satellite
images for monitoring vegetation greenness on a regional level. This study’s outcomes can
help to restore degraded lands, achieve ecosystem conservation, and achieve sustainable
development goals.
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Abstract: The COVID-19 pandemic disrupted global food waste patterns through unanticipated
shifts in composition and quantities. This review explores the impacts of COVID-19 on food waste
generation and management approaches in the Near East and North Africa (NENA) region during
the recovery phase. This paper comprehensively explores food loss and waste in the NENA region.
It presents a detailed analysis of pandemic-induced changes in household food waste behaviors,
analyses the integration of circular economy principles in recovery strategies and policy implications,
and outlines potential avenues for future research in this critical area. The key findings are threefold:
First, this study reaffirms that food waste is a critical challenge in NENA, contributing to food
insecurity, water scarcity, and environmental issues. Second, the pandemic catalyzed a dichotomy
in consumer behaviors—panic buying initially increased waste, while hardship measures later
encouraged sustainable waste reduction practices like meal planning and leftover use. Third, adopting
a circular economy approach holds potential, yet its implementation remains limited in terms of
curbing food waste and promoting sustainability in NENA. Overall, while the pandemic accentuated
the urgency of tackling food waste, it also stimulated innovative policy thinking and strategic
planning for building more resilient food systems. This paper concludes that leveraging pandemic-
driven sustainability mindsets while addressing systemic drivers of waste will be key to mitigating
food waste and its impacts moving forward. This paper offers timely insights into the evolving food
waste management landscape in NENA, underscoring the need for integrated policies to navigate
post-pandemic recovery effectively.

Keywords: food waste; COVID-19; circular economy; circularity; sustainability; waste recycling;
waste reuse; Near East and North Africa (NENA)

1. Introduction

Food loss and waste (FLW) is defined as “a decrease, at all stages of the food chain,
from harvest to consumption in mass, of food that was originally intended for human
consumption, regardless of the cause” [1,2]. Food waste occurs at the downstream end of
the supply chain, such as at the retail, food service, and household consumption stages. It
refers to discarded edible food, regardless of whether it is still within the expiry date or
has been left to rot [2-5]. Household food waste behavior may be influenced by several
activities, including planning, grocery shopping, storage, cooking, and consuming [6].
As a result, a wide range of variables influences food waste, including behavioral (e.g.,
shopping and storage attitudes, insufficient knowledge), personal (e.g., level of education,
experience, etc.), and product (e.g., packaging sizes, sale promotions, and discounts), as
well as socio-economic characteristics (e.g., wages, food subsidies, etc.) [7].
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The COVID-19 pandemic prompted a devastating international economic and financial
downturn, negatively affecting socio-economic development and people’s lives [8]. It
tremendously influenced people’s daily lives, including various substantial effects on diet
and food-related practices, such as FLW [9]. The lack of proper storage facilities, transit
disruptions, and labor shortages at the production level resulted in the loss of perishable
products and excessive food waste in many countries [10]. At the consumer level, on the
one hand, the pandemic significantly impacted household food shopping and planning,
resulting in increased panic buying and food waste. On the other hand, some consumers
began to adopt more sustainable behaviors, such as better food shopping planning and
reusing leftovers to reduce food waste [11-13].

Due to several factors, including socio-economic development level and the efficiency
of national healthcare systems, these habits are context-specific rather than global [14]. In
the Near East and North Africa (NENA) region, which includes 20 countries spanning
across North Africa and the Near East, the COVID-19 pandemic-related measures, as seen
globally, led to many lifestyle changes and a shift in food habits. Even before the pandemic,
FLW in the NENA region was a significant issue, leading to decreased food availability,
exacerbated water crises and environmental challenges, and amplified food imports in
an already heavily import-dependent region [15]. However, COVID-19’s long-term eco-
nomic recovery gives the NENA region a chance for sustainable growth by applying the
circular economy approach. Certainly, the current socio-economic emergency triggered
by the pandemic in the NENA region has generated unique opportunities for promoting
a circular economy and circular resource management, which might stimulate economic
recovery [16].

Moreover, the COVID-19 pandemic has highlighted the vulnerabilities of food systems
in the NENA region and the importance of ensuring food security and sustainability.
Understanding the impact of the pandemic on food waste and circular economy practices
in the region is critical to developing effective policies and strategies to promote sustainable
food systems and reduce food waste. However, there is a lack of research on the specific
challenges and opportunities related to circular economy practices in the agrifood industry
in the NENA region. The existing literature mostly focuses on developed countries, and
there is a need for more research tailored to the unique socio-economic, cultural, and
environmental contexts of the NENA region.

Consequently, this paper makes several valuable contributions to the academic litera-
ture on food loss and waste (FLW). First, it provides crucial new insights into the complex
dynamics of FLW in the Near East and North Africa (NENA) region, specifically focusing
on how the COVID-19 pandemic impacted food waste attitudes, behaviors, and quantities
at the household level. Examining these pandemic effects within the unique socio-economic
and environmental context of NENA represents a significant advancement, as this criti-
cal region has been understudied in existing FLW research. Second, this paper offers an
original perspective on the relationship between global crises and localized FLW patterns,
elucidating how disruptions caused by the COVID-19 pandemic influenced food waste in
NENA households and food systems. This advances our theoretical understanding of the
linkages between global events and regional FLW trends.

Third, this paper conducts an innovative assessment of how circular economy princi-
ples are integrated into post-pandemic recovery strategies and policies for curbing food
waste in the NENA region. This analysis of policy and government responses provides
practical guidance to policymakers on more sustainable solutions for managing FLW. Fi-
nally, the paper goes beyond analysis to propose tangible recommendations tailored to
improving FLW reduction and management, specifically in the NENA context. This applied
focus on actionable solutions contributes meaningfully to developing more resilient and
sustainable food systems in the region.

In summary, by offering the first in-depth examination of pandemic-catalyzed changes
in food waste dynamics and connections to policy in NENA, this paper significantly
advances academic and practical understanding of FLW challenges and opportunities. The
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insights from this timely research provide invaluable knowledge to guide policymakers,
stakeholders, and researchers in building more sustainable food waste strategies as part of
a green recovery in the NENA region and beyond. This paper makes pivotal contributions
by elucidating global food waste transformations and corresponding policy responses to
inform sustainable FLW management.

This paper is structured into seven main sections. Section 1 reviews the literature
on the scale and characteristics of food loss and waste (FLW) in the Near East and North
Africa (NENA) region, summarizing current knowledge on the magnitude of the issue.
Section 2 outlines the study methodology, describing the data collection and analysis
approach. Section 3 presents findings on attitudes, awareness, and self-reported behav-
iors related to household food waste during the COVID-19 pandemic. Quantitative and
qualitative results provide insights into the pandemic’s impacts on food waste awareness
and actions. Section 4 uses empirical data to examine how the pandemic influenced food
waste generation, composition, and quantities. Trends in household food waste levels
and types are analyzed. Section 5 discusses integrating circular economy principles and
food waste management strategies into post-pandemic recovery policies and initiatives
in NENA countries. Policy documents are scrutinized to assess sustainability considera-
tions. Section 6 summarizes this study’s implications through a discussion and conclusion.
Finally, Section 7 presents this paper’s limitations and suggests promising directions for
future research on this pressing topic.

2. Materials and Methods

The methodology of this study is based on two steps. The first step is a systematic
review based on a search conducted on Web of Science (WoS) on 17 March 2023. The search
utilized a specific query string: (“COVID-19” OR COVID19 OR Coronavirus OR “SARS-
CoV-2") AND (food) AND (waste) AND (“Near East” OR “Middle East” OR “West* Asia” OR
“North* Africa” OR Maghreb OR “East* Mediterranean” OR “South* Mediterranean” OR Arab
OR Gulf OR Algeria OR Bahrain OR Egypt OR Iraq OR Jordan OR Kuwait OR Lebanon OR Libya
OR Mauritania OR Morocco OR Oman OR Qatar OR Saudi OR Sudan OR Syria OR Tunisia
OR “United Arab Emirates” OR UAE OR Yemen). From this search, 14 documents were
retrieved [12,13,17-28] and subsequently evaluated for their suitability based on two key
criteria: geographical relevance (i.e., the document pertains to at least one country within
the NENA region) and thematic pertinence (i.e., the document encompasses aspects of both
COVID-19 and food waste issues). Consequently, only 10 documents [12,13,17-21,24-26]
were eligible and included in this study.

Given the limited number of suitable scholarly documents obtained from Web of
Science (WoS), the methodology was expanded to include a broader spectrum of the
literature. Indeed, a further search was undertaken in other databases, including Google
Scholar, which is renowned for its vast collection of non-indexed scholarly literature as
well as grey literature. This supplementary search sought to include a broader range of
information, such as reports, working papers, and policy briefs that are not commonly
found in traditional academic databases but are important for understanding the full scope
of COVID-19’s impact on food waste issues in the NENA region. This inclusive method
ensured that the research included a broader range of perspectives and facts, resulting in a
more comprehensive understanding of the subject matter.

This extensive review process included a thorough examination of publications from
international organizations, such as the United Nations, the Food and Agriculture Orga-
nization of the United Nations (FAO), the High-Level Panel of Experts on Food Security
and Nutrition (HLPE), the World Bank, the World Food Program (WFP), the International
Monetary Fund (IMF), and the United Nations Development Program (UNDP). Moreover,
the research embraced contributions from regional bodies, notably the United Nations
Economic and Social Commission for West Asia (ESCWA), to ensure a comprehensive
understanding of the NENA region’s unique context. This review was further enriched
by insights from other research and policy institutions, such as the Economist Intelligence
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Unit, the Centre for Strategic and International Studies (CSIS), and Wageningen University
and Research.

In addition to scholarly and organizational sources, our methodology also incorpo-
rated valuable insights from leading regional newspapers and specialized news outlets,
such as Arab News, Khaleej Times, The Peninsula Qatar, and Egypt Today, which were
instrumental in providing real-time data, expert opinions, and ground-level perspectives
on food waste challenges and initiatives within the region during the pandemic. These
multiple sources gave an extensive viewpoint, which was critical for conducting a com-
prehensive analysis of food waste management dynamics in the NENA area during the
COVID-19 pandemic.

3. Magnitude and Nature of Food Losses and Waste in the NENA Region

The NENA region is politically heterogeneous, with nations at various levels of
economic development and unequal natural resources [29]. Food systems in the region are
also marked by significant inequities, which may influence consumer choices and decisions
and, consequently, food waste, in diverse ways. There are considerable income disparities
between those in natural resource-rich countries (e.g., the Gulf Cooperation Council—GCC)
and those in middle-income ones [29]. For instance, since GCC nations are capital-rich,
food imports are exempt from financial restrictions. As a result, these countries have been
less vulnerable to food price volatility than other food importers, and they have overcome
local production shortfalls due to their solid fiscal position [11,30]. Consequently, in 2022,
the Global Food Security Index ranked GCC countries as having the highest levels of food
security globally and among Arab countries [31]. Moreover, food security vulnerabilities
are more significant in conflict-affected countries such as Syria and Yemen [32,33].

Food waste is a major issue in the NENA region [15,34—40]. It leads to decreased food
availability, exacerbated water crises, and several environmental consequences [37]. Food
waste is chronically high in the NENA region, pointing to the inefficiencies, unsustainability,
and inequality that characterize most agrifood systems in the region [41]. High food waste
is not only uneconomical but also affects food security by increasing food imports in
an already heavily import-dependent area due to the scarcity of natural resources [42].
According to the FAO [3], the share of lost or wasted food is about 34% across the NENA
region. Several FAO reports [37,43] revealed that fruits and vegetables are the most wasted
foods in the NENA region (in some cases, close to 50% of production), followed by fish
and seafood (28%) and roots and tubers (26%). For example, research conducted in 2015 on
post-harvest food losses in Morocco indicates that loss rates were much higher for fruits
than soft wheat (Table 1).

Table 1. Estimation of food loss in wheat and fruit value chains in Morocco using survey and
sampling methods, 2015 (percentage of physical losses).

Product Harvest Storage Transport Wholesale Retail Processing
Soft Wheat 10 14 1 10 2
Apple 10 19 2 14 9 -
Citrus 5 1-2 2 1-2 - -
Fig (fresh) - - - 5 -
Fig (dried) - 2-5 - Minimal 2-5 5-10

Prickly pear 16 — -— — -— —
Dates 14 19 2 Minimal — —

Source: FAO [44].

Nevertheless, apart from some rough estimates, there is a critical lack of accurate data
on the causes and magnitude of FLW in the NENA region [37]. The FAO [3] estimates that
per capita FLW is more than 200 kg/year in North Africa and West and Central Asia (cf.
NENA region). To address the critical need for a more granular understanding of the extent
and nuances of household food waste across the NENA region, the following table (Table 2)
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provides a comparative analysis based on the numbers provided by the United Nations
Environment Programme (UNEP) in the Food Waste Index Report of 2021 [5]. The table
presents estimated household food waste per capita (kg/year) and total volume (tons/year)
for nineteen nations in the area. It is worth noting that many countries in the region have
very low or low confidence in these statistics, highlighting data collecting issues and the
urgent need for more precise and thorough research. The outlier in the area is Saudi Arabia,
the only country with a high confidence estimate, indicating a more robust data system
than its counterparts in the region. This stark difference in data confidence levels across the
region highlights not only disparities in data availability and reliability but also the need
for more robust data collection and research to accurately assess the impact of household
food waste and effectively tailor interventions.

Table 2. Comparative analysis of household food waste: a country-by-country overview of the
NENA Region.

Country Household Food Waste Household Food Waste Confidence in
Estimate (kg/Capita/Year) Estimate (Tons/Year) Estimate
Algeria 91 3,918,529 Very low confidence
Bahrain 132 216,161 Medium confidence
Egypt 91 9,136,941 Very low confidence
Iraq 120 4,734,434 Medium confidence
Jordan 93 939,897 Low confidence
Kuwait 95 397,727 Low confidence
Lebanon 105 717,491 Medium confidence
Libya 76 513,146 Very low confidence
Mauritania 100 450,720 Low confidence
Morocco 91 3,319,524 Very low confidence
Oman 95 470,322 Low confidence
Palestine 101 501,602 Low confidence
Qatar 95 267,739 Low confidence
Saudi Arabia 105 3,594,080 High confidence
Sudan 97 4,162,396 Very low confidence
Syria 104 1,771,842 Low confidence
Tunisia 91 1,064,407 Very low confidence
United Arab Emirates 95 923,675 Low confidence
Yemen 104 3,026,946 Very low confidence

Source: UNEP [5].

According to more recent data [37], 32% of food waste in the NENA region happens at
the consumer level and is concentrated in urban areas. In comparison, up to 68% occurs in
the early phases of the food supply chain (production, transportation, manufacturing, and
distribution/retail). The FAO [45] indicated that the drivers of FLW differ within the NENA
area and consist of insufficient and poor infrastructure (e.g., cold chain, marketplaces) and
inadequate regulatory and legislative frameworks. Baig et al. [46] highlighted that “the
factors responsible for food waste include lack of awareness; insufficient and inappropriate
shopping planning. Food waste in restaurants, celebrations, social events, and occasions
is enormous. Waste is common in festivals and special events where the customs is to
provide more food than required” (p. 1743). Therefore, according to Baig et al. [39],
the most significant causes of food waste in the region are culture, food pricing, policy
and industry issues, and awareness. Indeed, enormous food waste occurs on religious
holidays, particularly in the fasting month of Ramadan, as well as on social occasions such
as weddings and family reunions [37]. Food waste is a complex problem in the region,
where consumers’ and retailers’ attitudes toward food waste are partly shaped by the
region’s unique culture, traditions, and history [42]. This assumption is corroborated by
the results of surveys on household food wastage in different NENA countries such as
Tunisia [47], Egypt [48], Algeria [49], and Morocco [50].
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Moreover, residents in the NENA region, especially in GCC countries, take food for
granted. This is due to the highly subsidized nature of food items and groceries, especially
essential items such as bread, sugar, oil, and other staples. These subsidized items are
widely available to all residents, contributing to a perception that food is abundant and
easily accessible [51]. In the NENA region, governments have traditionally relied on
subsidies to lessen the cost of food, primarily to protect the poor and share wealth [52]. In
many countries in the region, governments subsidize bread and make it cheap to ensure
societal access to basic foodstuffs. For instance, the Egyptian government spends over USD
3 billion annually on wheat imports, predominantly to support the country’s long-running
bread subsidy program. This program, known as the Tamween ration card system, provides
subsidized bread to 73% of Egyptian households [53]. As a result, bread is both a critical
source of nutrition and the most wasted food item. At the same time, recycling rates are
low. In many parts of the region, only the informal sector carries out waste collection and
recycling [54].

However, while the prevalence of subsidized food items in the NENA region might
engender a perception of abundance and potentially contribute to increased food waste, it
is imperative to consider the broader, more intricate socio-economic and cultural factors
that play significant roles. As a matter of fact, the relationship between food abundance,
prices, and waste is complex and not solely determined by subsidy schemes. For instance,
subsidizing bread is often cited as contributing to high bread waste levels in the NENA
region. However, it is critical to note that bread is the most consumed food and one
of the most wasted foods in the world, even in many countries without such subsidy
schemes, suggesting that other factors are also at play. Due to its brief shelf life and excess
production, approximately 10% (900,000 tons) of bread is discarded throughout the supply
chain, from production to consumer use [55]. For example, in the United Kingdom, 32% of
household bread is wasted even without subsidies [56]. Similarly, over 50% of bread waste
in Sweden happens at bakeries and retailers without subsidies [57]. Additionally, according
to Jung et al. [58], wasted bread accounts for 13% of total food waste generated in Finland,
22% in the Netherlands, 23% in New Zealand, 27% in Norway, 7.9% in Portugal, 2.2% in
South Korea, and between 12% and 17% in Sweden. The high levels of waste in these
unsubsidized countries demonstrate that factors beyond subsidies, like cultural attitudes
and retail practices, drive bread waste worldwide.

4. Food Loss and Waste during the COVID-19 Pandemic in the NENA Region

The COVID-19 pandemic affected global waste generation dynamics with unforeseen
composition and quantity shifts, especially in food waste [59]. However, since it was caused
by a human virus with no direct impact on agriculture production, the COVID-19 pandemic
is not considered a direct food waste driver [60]. Consequently, FLW during the COVID-19
pandemic resulted from demand, supply, and logistics disruptions in the agrifood supply
chain rather than direct food loss, as opposed to other epidemics (such as bird or swine
flu), which caused direct food loss. Indeed, the pandemic influences food waste indirectly
by causing changes in key food waste drivers [61].

At the production level, the lack of adequate storage facilities, transport interruptions,
and a drop in demand in several countries led to losses of fresh items such as milk and
vegetables. Labor shortages also affected crop harvesting [62]. Subsequently, social dis-
tancing measures and health checks at borders caused container delays, thus leading to
the loss of perishable products and high food wastage [63]. For instance, in Iraq, vegetable
farmers could not sell their products in local markets because of the curfew, resulting in
spoiled produce and lost income [64]. Furthermore, limitations on mobility prohibited
farmers from reaching markets, obtaining inputs, and vending their products, resulting
in losses at the production level [63]. For instance, Jordan’s severe local emergency plan
prohibited farmers from accessing their fields, delaying daily operations and disrupting the
harvest season. Likewise, in Tunisia, due to movement limitations, agricultural workers
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had difficulty reaching their fields, and local markets faced a shortage of locally cultivated
fruits [65].

At the consumer level, the pandemic considerably impacted household food buying
and planning, including features identified as the leading causes of food waste in house-
holds [66]. However, the COVID-19 pandemic had paradoxical repercussions. On the
one hand, panic buying was common in the early stages of the pandemic because of a
lack of information about the virus and its severity. Stockpiling of non-perishable foods
(such as flour, pasta, canned food, rice, etc.) increased in several countries in the region
due to anticipated shortages in the near future [67,68]. In fact, panic buying and hoarding
are prompted not by supply deficiencies but by consumers’ concerns and anxiety over a
prospective shortage [69-71]. Panic buying and stockpiling of food items was also triggered
by fear and anxiety surrounding potential exposure to the COVID-19 virus. For example, a
study conducted in Morocco discovered that most consumers reduced the number of food
shopping visits they made and shopped less often than usual. To minimize the need for
store visits and limit perceived risks of exposure to COVID-19 while shopping, consumers
compensated by purchasing larger quantities and stocking up on more items during each
trip (Table 3).

Table 3. Shopping behavior and purchasing changes during the COVID-19 pandemic in Morocco
(1 = 340).

Variable Statement Frequency Percentage
. . I go shopping less than usual 186 54.71
SE;)I}:P;ng behavior I go shopping like I used to 102 30
8 I go shopping more than usual 52 15.29
. I'buy more than usual 120 35.29
C::Cr;gzem food I'buy the same as usual 165 48.53
P I'buy less than usual 55 16.17

Source: El Bilali et al. [72].

This obsessive purchasing behavior may have raised food prices, aggravated overcon-
sumption (cf. obesity), and caused inadequate food availability [73]. Several countries, for
example, experienced temporary shortages and price increases. These did not persist long
since certain governments soon intervened to stabilize prices via numerous strategies [67].
Moreover, those who have the financial wherewithal to purchase more food may end up
hoarding it, causing havoc among underprivileged residents [74] and depriving some
vulnerable groups (e.g., the elderly or the poor) of accessing particular food products [75].
Due to storage constraints, inappropriate cooking techniques, or the overpreparation of
meals, panic buying may result in increased household food waste, particularly for fresh
items. Excessive purchases caused by panic buying imply that more food will spoil before
it can be eaten [9,76].

On the other hand, the COVID-19 pandemic opened up hitherto unforeseen opportuni-
ties for a more conscientious approach to consumption [77]. During the pandemic, several
consumers in the region adopted a thriftier attitude and reduced food waste. Indeed,
several studies conducted in the region revealed that household food waste decreased.
Additionally, more and more people were cooking and baking at home due to the clos-
ing of the HORECA channel (hotels, restaurants, and caterers). For instance, a survey of
284 people in Tunisia revealed that about 89% of the participants indicated being aware of
food waste. It was shown that COVID-19 measures led to better food shopping habits and
an overall reduction in food waste. Also, 85% of those polled said they would not waste
any food they purchased, and the majority outlined that they had a system for storing and
consuming any leftovers [9]. Despite widespread panic shopping, there was no rise in food
waste in Lebanon [78]. Since COVID-19 became a significant problem in the country, 73% of
respondents said they had stockpiled food. However, 86% said they were not wasting more
food, and 80% said they were more conscious of how much they were wasting. Likewise,
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in Qatar and Oman, food waste dropped due to the absence of panic buying and food
stockpiling [13,24] (Figure 1).

45%
40%
35%
30%
25%
20%
15%
10%
5% .
0% -
It has become Less Has not More Much more
much less changed

Figure 1. Food waste change during the COVID-19 pandemic in Qatar. Source: Ben Hassen, et al. [13].

Food waste also decreased in Qatar during the Omicron variant wave, with 76.17% of
survey respondents reporting that they had reduced their food waste since the start of the
wave and 68.82% reporting that they were more aware of the amount of food waste [79].

These results may be due to several factors. Firstly, the hospitality and tourism
sectors are the two most prominent causes of food waste in the region [80]. COVID-19
had a substantial negative impact on the hospitality industry [81]. Lockdowns and social
distancing regulations imposed the closure of the HORECA channel. Also, the closing
of international borders halted incoming tourism. Consequently, many countries in the
region, especially the GCC, saw decreased food waste in 2020 [82]. Secondly, family
reunions became less frequent due to social distancing restrictions, reducing the waste
caused by laying out massive spreads during holidays and social events such as Ramadan
or weddings [82]. For instance, usually, during Ramadan, 30-50% of the food produced in
Saudi Arabia is thrown away; this figure stands at 25% in Qatar and 40% in the UAE [83].

Thirdly, across the region, numerous good food management practices were adopted
by households throughout the pandemic, including increased pre-shop planning, improved
at-home food storage, and innovative ways of cooking/preparation (e.g., batch cooking
and using up leftovers) [9]. Many households began purchasing more selectively and
conserving what they could not finish for later [82]. Adopting these practices is driven by
various motives, including a desire to save time and money, a desire to prevent running
out of food, and a deep suspicion of grocery stores. Because individuals spent more time in
their homes, they could spend more time in the kitchen without feeling pressured [84].

Furthermore, according to a poll of 200 participants from 10 West Asian nations
conducted between July and November 2020, the use of leftovers changed following the
pandemic. Undoubtedly, when questioned about the use of leftovers in their households,
the proportion of respondents who stated “regularly/frequently” rose between the pre-
COVID (42%) and post-COVID (50%) periods (Figure 2). This might have been due to an
increased focus on healthy eating to promote immunity, since home-cooked meals are often
considered more beneficial. This would encourage individuals to save leftovers for later
instead of throwing them away [83].

However, according to Jribi et al. [9], the socio-economic circumstances of the pan-
demic (i.e., food supply, restricted mobility, and loss of income) are more likely to have
influenced customer behavior towards food waste than a pro-sustainability attitude. Aside
from being a public health concern, COVID-19 was a far more severe issue. The pandemic
also triggered a global financial and economic crisis, leading to rising unemployment and
widespread poverty [85]. Due to necessity, consumers reduced their food waste during the
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crisis. When faced with hardships, people tend to save rather than discard food, resulting
in a noteworthy decrease in waste generation. These difficult circumstances compelled
consumers to waste less food out of need [86], as observed during previous recessions
in Greece and Italy [87,88] and during the ongoing economic crises in Lebanon [89] and
Iran [17]. Nevertheless, the factors that aided in minimizing food waste during the COVID-
19 pandemic were temporary and may not endure now that these measures have been
abandoned and consumers have returned to their former habits and behaviors.

60
50 50
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40

X 30 29 = 24 26

20
10

0

Hardly ever /  Sometimes  Regularly/  Hardlyever / Sometimes  Regularly /
Rarely Frequently Rarely Frequently

Before COVID-19 After COVID-19

Figure 2. Recycling of food leftovers in West Asia pre and post COVID-19. Source: UNEP [83].

5. The Circular Economy and Food Waste in the NENA Region: Potential
and Challenges

Long-term economic recovery from COVID-19 provides the NENA region with an
exceptional chance for sustainable development [16]. While environmental preservation
is often deprioritized, the present socio-economic crisis triggered by the pandemic in the
NENA region has created a unique potential for fostering a circular economy and circular
resource management, which might catalyze economic recovery. Circular business models
use local resources to minimize import reliance and diversify suppliers for increased
resilience [90]. Further, putting circularity at the center of natural resource plans will
increase resource availability and value extraction. According to Al-Saidi et al. [91], it is
possible to solve environmental challenges while simultaneously ensuring long-term supply
security in the water and food sectors by promoting consumer awareness and resource
circularity. The main goal is to “close the loops” by promoting reuse and recycling via
economic structures. Circularity has the potential to be highly useful for arid regions, and
it is typically hailed as a means to preserve resources while still creating prosperity [92,93].

Aside from immediate economic gains, circularity provides additional concrete and
significant advantages that are incredibly relevant to the current NENA context, such
as food waste. Indeed, addressing food waste with a circular mindset helps to reduce
or reuse the volume of surplus food generated [94]. Indeed, on the one hand, circular
economy approaches would reduce pollution and waste in the region, improving health
and environmental circumstances. On the other hand, they would bring new economic
possibilities to local populations, contributing to the region’s political stability and economic
diversification [95].

More recently, in the NENA region, we noticed a growing awareness of the impor-
tance of addressing the issue of FLW at the level of public institutions and policy, civil
society and NGOs, and the private sector. Firstly, policymakers in the region have started
to recognize the importance of the circular economy and reducing food waste. For in-
stance, at the policy level, in January 2021, the Cabinet of the United Arab Emirates (UAE)
Government approved the Circular Economy Policy (2021-2031), a comprehensive plan
identifying the country’s framework for sustainable governance and better usage of natural
resources, by implementing consumption and production processes that assure the quality
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of life for present and future generations. The strategy has many important goals, includ-
ing improving environmental health, assisting the private sector in implementing clean
manufacturing techniques, and lowering natural environmental stress to accomplish the
country’s ambition of becoming a worldwide leader in green development [96]. Reducing
food waste is considered a priority in the strategy. Indeed, the strategy states, “By adopting
circular economy strategies in the food sector, the UAE expects that its ecosystems will be
healthier, its food healthier and more nutritious, its food wasted reduced and its organic
wastes more productively used.” (p. 15). The strategy also aims to raise public awareness
and implement educational campaigns focused on nutritional guidelines and food waste
reduction. These efforts would inform consumers about correctly interpreting best-before
and use-by labels to decrease unnecessary waste. Outreach related to social events like
weddings and religious celebrations would further promote less wasteful food habits. The
strategy seeks to spread knowledge on mitigating food waste [97].

Likewise, in Qatar, in August 2021, the Ministry of Municipality and Environment
announced a resolution on food waste. All outlets must now sort their garbage into
solid and organic categories. The Ministry also established a strategic plan to eliminate
agricultural overproduction and food waste. Due to this endeavor, organic waste will also
be recycled into fertilizers and fodders. According to the plan, the school curriculum will
include lessons on food waste reduction and public awareness campaigns will be created
to promote a food-saving mindset. These programs will also be conducted in conjunction
with restaurants to teach them how to prepare and serve meals that meet the needs of their
consumers [98].

Moreover, there was a discussion of new legislation in the Egyptian House of Repre-
sentatives in May 2022 to regulate food waste and encourage its redistribution, recycling,
and donation. Food service providers such as restaurants and grocery stores face various
fines under the new rule if they do not donate food that is fit for human consumption.
The policy encourages and incentivizes recycling and a more reasonable approach to food
consumption to prevent wasting surplus food people cannot consume [99].

In addition, food waste might be reduced with the help of startups and digital tech-
nologies [90]. Recently, many startups have been created in the NENA region to address
the issue of food waste. For instance, in 2021, a food waste and climate change app, EroeGo,
was created in the United Arab Emirates. EroeGo is an online grocery marketplace that
allows consumers to purchase fresh products that are about to expire at reduced prices [100].
The startup also aims to change the notion of “unwanted” food in the region by providing
a transparent platform that offers its consumers basic nutritional information, an efficient
purchasing cycle for fresh items, and fair remuneration for its delivery drivers. Likewise,
the startup Foodeals, created in Morocco in 2020, intends to become the greatest anti-food
waste movement in the Middle East and Africa. Users may geolocate themselves and dis-
cover nearby companies providing specials or unsold items of the day using its application,
inspired by the circular economy. Thus, the customer saves money, and the shopkeeper
makes up for their loss of income while increasing their exposure. Currently functioning in
Fez (central Morocco), Foodeals plans to expand to the Kingdom'’s other main cities shortly,
with a dozen pilot firms already in place. As part of its business-to-business (B2B) strategy,
the startup aims to connect significant supermarkets and agribusinesses with NGOs with
daily food requirements [101]. In the United Arab Emirates, Winnow, a British startup,
makes kitchens smarter to aid food service and hospitality businesses. Artificial intelligence
tools enabled by Winnow are used by some of Dubai’s most prestigious hotels to identify
the kind of food items that are thrown out, as well as the amount of food that is thrown
away. To reduce food wastage, commercial kitchens might use the information provided
by the data to monitor their purchases and menus [102].

6. Discussion and Conclusions

Addressing FLW drivers throughout value chains gives us a chance to address some
of the key issues within the NENA region’s agrifood systems and contribute to goals such
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as increasing income and employment, enhancing access to healthy food, and minimizing
climate change impact, as well as achieving a better use of finite natural resources, notably
arable land, and water [41]. With unexpected changes in content and amount, the COVID-
19 pandemic significantly influenced worldwide FLW generation patterns, particularly
food waste. This paper highlights that the current socio-economic crisis triggered by the
pandemic in the NENA region has generated unique opportunities for creating a circular
economy and circular resource management, which might stimulate economic recovery.
Further, putting circularity at the center of natural resource management plans will increase
resource availability and value extraction. Consequently, in the NENA region, we notice a
growing awareness of the importance of addressing the issue of FLW at all levels (regional,
national, and local) and from different stakeholders (from the public, civil society, and
private sectors).

The previous section highlighted some promising developments related to circular
economy and food waste reduction emerging in a few NENA countries. It is important
to acknowledge that circular economy strategies in the region are still in their infancy,
especially when it comes to concrete policies and national plans targeting food loss and
waste. Consequently, few countries in the NENA region have designed and implemented
strategies or policies promoting a circular economy. This study highlighted individual cases
from the UAE, Qatar, and Egypt. However, there is no comprehensive regional circular
economy policy or plan for reducing food waste. Specific themes, such as increasing home
waste sorting, school education campaigns, and regulating food donations, have been
explored on a national or municipal level rather than as part of a coordinated regional effort.

Based on a recent report by the Deutsche Gesellschaft fiir Internationale Zusammenar-
beit (GIZ) (German Society for International Cooperation) [103] examining the condition of
circular economy in seven countries within the region (Algeria, Egypt, Jordan, Lebanon,
Morocco, Tunisia, and the Palestinian Territories), it is evident that the CE encounters sev-
eral challenges in this area. Firstly, the interpretation of the CE in these countries primarily
focuses on steps aimed at mitigating the effect of current activities rather than adapting to
reduce the impact of new activities from the start. In reality, the MENA area seems deficient
in material circularity-focused CE projects that aim to close the loop by concentrating on
the entire life cycle of products and services. Second, although the governments of these
countries have developed national waste management policies, their actual enforcement
and execution are limited, reducing their overall effectiveness. In certain countries, such
as Morocco, strong legal frameworks have been put in place, and specialized government
organizations have been entrusted with aiding the transition to a circular economy.

On the other hand, countries such as Algeria, Lebanon, the West Bank, and Gaza
have challenges in moving these efforts forward, principally due to political instability
and shaky governance institutions. Finally, research on CE themes in the MENA area is
limited and focused on specific industries for each nation, with Morocco and Tunisia being
the most active. Most of the available literature comes from foreign organizations rather
than local research institutions, and it lacks information on themes like circular design and
innovation [103].

As a general observation, short-term post-pandemic recovery strategies in the region
encouraged business as usual, and most countries did not aggressively pursue green,
resilient, or merely longer-term recoveries in the immediate aftermath of the pandemic [16].
However, given the future issues the region will face, such as climate change and rising
population, strengthening circularity becomes even more imperative. While the circular
economy can potentially reduce food loss and waste in NENA, the actual implementation is
still in its early stages. More studies are required to evaluate the policies and initiatives in all
NENA countries comprehensively. Standardized objectives and measuring methodologies
would help nations learn from one other’s circular economy projects for reducing food
waste. Regional collaboration might also aid in the rapid adoption of circular processes. As
a result, policymakers must consider how best to encourage circular economy principles in
the public and private sectors [95].
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To solve these issues, addressing the distorting effects of food subsidies, the lack of
community engagement, the inadequacy of current policies, and the inadequate channels
for coordination between the many sectors engaged in reducing food waste is compulsory.
Subsidies are financially unsustainable for governments, yet they are socio-economically
necessary to maintain social peace [104]. Further, the impact of the present conflict in
Ukraine on global food systems and supply chains (e.g., price increases) may provide a
unique chance to increase awareness of the necessity of reducing food waste to support food
security in the NENA region. The war emphasizes that the shift towards more sustainable
and resilient food systems that guarantee food and nutrition security in the face of crises is
timely, urgent, and highly needed. Given the interconnected nature of global agricultural
markets, the conflict between Russia and Ukraine, two major players in the global food and
fertilizer industries, has provoked extensive concerns regarding food security worldwide
and sustaining global food supplies [105,106]. The conflict challenges many countries,
particularly food import-reliant NENA countries [107,108].

Finally, reducing food waste and promoting the circular economy in the NENA re-
gion require collaborative efforts between different stakeholders, effective policies and
regulations, innovation, and a more holistic and systemic approach that operationalizes
connections between the circular economy and other alternative economic models. Moving
from fragmented efforts to comprehensive food waste reduction roadmaps supported by
solid monitoring and evaluation systems is required. A circular economy approach that
prioritizes renewable energy, minimizes waste, and optimizes resource use can contribute to
environmental sustainability. In contrast, a green and blue economy approach can promote
sustainable economic growth and enhance social welfare. By adopting these strategies, the
NENA region can achieve a sustainable food system that benefits both the environment
and society [109].

First, collaborative efforts and networking between governments, the business sector,
consumer groups, and non-governmental organizations are essential to meet the challenges
the agrifood industry poses. This collaborative approach can promote the exchange of ideas
and best practices, enabling the sharing of resources and building partnerships to address
the issue of food waste. Policies and regulations play a significant role in driving measures
to reduce FLW, but their effectiveness depends on faithful execution and mechanisms to
verify compliance. The Food and Agriculture Organization (FAO) emphasizes the impor-
tance of implementing policies and regulations that encourage responsible production and
consumption patterns to reduce food waste [37].

Second, innovation is crucial to reducing food waste and promoting circularity and
circular economy in the food system in the NENA region. Technological innovations such as
developing efficient packaging and storage systems can minimize food spoilage and waste.
Social innovations such as education and awareness campaigns that encourage responsible
consumption and discourage food waste can also reduce food waste. Likewise, efforts
should be made to increase awareness among residents about the environmental, social,
and economic consequences of food waste. Launching food waste awareness programs
tailored to cultural contexts, focusing on families, and training food industry actors is
required. Messaging should encourage better buying habits, storage methods, portion
proportions, and waste separation, which can help change consumer behavior and promote
responsible food consumption and waste reduction practices. Third, efforts should be
made to encourage and control waste reduction in the retail sector via training, certification
programs, and legal restrictions on discarding unsold edible food.

Fourthly, future policies and initiatives addressing food waste in the NENA area
should expressly include and recognize the informal sector’s contribution. The informal
sector, primarily involved in garbage collection and recycling, is a largely neglected resource
for achieving the most significant waste reduction and prevention goals. This sector’s
extensive knowledge of local waste management techniques, agility, and community
involvement make it an ideal partner in building a more robust and efficient circular
economy. To realize this potential, strategic actions should include extensive research to
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document the sector’s current practices and challenges, policy integration to formalize and
regulate operations, capacity-building initiatives to improve worker skills, stakeholder
collaboration for innovative waste management solutions, and the implementation of
incentive mechanisms to encourage active participation in food waste reduction initiatives.
Adopting these strategic activities will not only address the environmental and economic
aspects of waste management, but will also promote social inclusion and equality. Moreover,
the countries of the region should develop national food loss and waste reduction objectives
that are connected with Sustainable Development Goals (SDGs) and implement food waste
taxes to promote change.

Finally, given the lessons learned from the COVID-19 pandemic, it is critical to un-
derstand food waste management not as a separate issue but as an important component
of more extensive public health emergency preparation and response. The pandemic has
highlighted our food system’s vulnerability to global health crises, emphasizing the need
of robust and adaptable food waste management measures. The lessons learned during
this era provide essential information for future situations, implying that food waste man-
agement should be included in public health emergency preparedness to maintain food
security, sustainability, and community well-being. This study adds to our knowledge of
the complex interaction between food waste management and crisis response mechanisms
by putting our results in the context of public health catastrophes. It is believed that
these findings will help policymakers and stakeholders create resilient systems capable of
overcoming the multiple difficulties offered by future global crises.

7. Limitations and Future Directions

The main limitation of this paper is that it focuses specifically on the NENA region.
As aresult, our findings and recommendations may have limited generalizability to other
areas or contexts. The specific socio-economic, cultural, and environmental characteristics
of the NENA region may influence the applicability of the suggested strategies in different
geographical areas. Future research on sustainable food waste management in the NENA
region can focus on the following directions to further advance knowledge and address ex-
isting gaps. Firstly, conducting in-depth studies that delve into the specific socio-economic,
cultural, and environmental contexts of individual countries or sub-regions within the
NENA region would provide a more nuanced understanding of food waste management
practices. Such research would help identify region-specific challenges, opportunities, and
potential solutions tailored to local contexts.

Secondly, although the preliminary results indicated that COVID-19 hardship mea-
sures decreased household waste in the short term, longitudinal research is required to
determine long-term attitudinal and behavioral changes. Monitoring whether enhanced
planning and storage practices remain after the pandemic gives essential insights into social
habit formation processes. Follow-up surveys may reveal if the increased waste awareness
is a temporary crisis reaction or an incentive for a proper move to sustainability.

Thirdly, studies should be conducted to assess the efficacy of context-specific be-
havioral nudges and social marketing approaches in encouraging home waste reduction.
Environmental triggers, customized messages, and social comparisons are all approaches
that should be tested and refined depending on cultural variations. Similarly, analyzing
educational efforts may help to optimize welfare and sustainability results.

Finally, more research is needed to assess the effectiveness and impacts of policy
interventions, regulations, and governance frameworks to reduce food waste in the NENA
region. Comparative studies analyzing the outcomes of different policy approaches can
inform evidence-based decision-making and support the development of robust policies
that encourage sustainable practices. Community-engaged research may also explore the
feasibility and acceptability of suggested policy initiatives to increase their acceptance. It is
critical to foster such research—policy cooperation to transform academic knowledge into
significant societal shifts.
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Abstract: The ongoing conflict between Russia and Ukraine, two major agricultural powers, has
numerous severe socio-economic consequences that are presently being felt worldwide and that are
undermining the functioning of the global food system. The war has also had a profound impact on
the European food system. Accordingly, this paper examines the implications of the ongoing conflict
on food security pillars (viz. availability, access, use, stability) in European countries and considers
potential strategies for addressing and mitigating these effects. The paper highlights that the food
supply in Europe does not seem to be jeopardized since most European countries are generally
self-sufficient in many products. Nonetheless, the conflict might impact food access and production
costs. Indeed, the European agricultural industry is a net importer of several commodities, such as
inputs and animal feed. This vulnerability, combined with the high costs of inputs such as fertilizers
and energy, creates production difficulties for farmers and threatens to drive up food prices, affecting
food affordability and access. Higher input prices increase production costs and, ultimately, inflation.
This may affect food security and increase (food) poverty. The paper concludes that increasing food
aid, ensuring a stable fertilizer supply, imposing an energy price cap, initiating a farmer support
package, switching to renewable energy sources for cultivation, changing individual food behaviors,
lifting trade restrictions, and political stability can safeguard food security pillars and strengthen the
resilience of the European food system.

Keywords: food security; food security pillars; food supply; food; energy; conflict; Russia; Ukraine; war

1. Introduction

During the past decades, the global food system has faced several crises, including
climate change and the COVID-19 pandemic, causing market and supply chain disruption
and raising concerns about food security. Consequently, food prices have been increasing
since the middle of 2021 due to supply chain disruptions brought on by the pandemic [1],
rising global demand, and poor harvests in several countries [2,3]. Fuel, fertilizer, and
pesticide prices have also increased to nearly record levels [4,5]. Further, the FAO Food Price
Index (FFPI) surpassed a new record in February 2022, rising by 2.2% from the previous
peak in February 2011 and by 21% in the year prior [6,7]. Since most European countries
depend on imports to meet their energy demand, the continent has seen skyrocketing costs
beginning in the summer of 2021. The rise in energy prices hit many of the inputs used by
European farmers, such as feed and fertilizers. Hence, annual inflation in the European
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Union (EU) reached 5.2% in November 2021 (4.9% in the Euro area), 27.5% in the energy
sector, and 2.2% in the food, alcohol, and tobacco sector [5].

In the early hours of 24 February 2022, Russia began a full-scale military invasion
of Ukraine, resulting in civilian casualties and the destruction of vital infrastructure. In
addition to significant human fatalities and devastation, the war has jeopardized global
food security by disrupting agriculture production and trade in one of the world’s most
significant food-exporting regions [8-12]. It has significantly contributed to rapidly rising
global food prices, aggravating existing food system vulnerabilities already worsened
by climate change and the COVID-19 pandemic [13,14]. A year into the conflict, its final
military implications and outcomes are unknown [15]. However, its impacts on agricultural
production and food security are clear [11,12,16,17]. It has caused a severe drop in both
countries” exports and production of essential commodities (e.g., cereals). Their price has
soared worldwide, threatening to force millions into famine and poverty, especially in Low-
Income Food-Deficit Countries (LIFDCs) [11,12,16,17]. The European Commission [17]
predicted that up to 25 million tons of wheat would need to be substituted to meet global
food demands for the current and upcoming seasons.

While Russia and Ukraine contribute just about 2% of the global Gross Domestic
Product (GDP), they are both global breadbaskets, producing and exporting essential
agricultural commodities, minerals, fertilizers, and energy [18-20]. These countries supply
about 30% of globally traded wheat, 20% corn, and 70% sunflower oil. Hence, in 2021,
they were among the top three global wheat and corn exporters, accounting for more than
50% and 25% of all sunflower oil sold worldwide [7]. Overall, Russia and Ukraine export
around 12% of the global total caloric trade [4]. Furthermore, before the conflict, Russia was
the world’s largest supplier of fertilizers (such as nitrogen, potassium, and phosphorus)
and one of the leading oil and natural gas exporters, owing to its vast reserves [10,21-23].

Accordingly, the conflict dealt a considerable blow to commodity markets, particularly
food, fertilizers, and energy, impacting global trade, production, and consumption patterns
in ways that will keep prices at historic highs until the end of 2024, jeopardizing global
food security [11,12]. Higher energy, input, and food prices might considerably impact
global food security, particularly in vulnerable countries. Because of the interdependence
inherent in international trade, the broader repercussions are felt throughout the globe
in today’s hyper-connected global economy with its deep trade ties [24]. According to
the World Bank [24], in January 2023, maize and wheat prices were 27% and 13% higher,
respectively, than in January 2021, while rice price was 10% lower. Therefore, between
September and December 2022, 94.1% of low-income nations, 92.9% of lower-middle-
income countries, and 89% of upper-middle-income countries had inflation exceeding
5%, with several having double-digit inflation [25]. High inflation is also prevalent in
high-income countries, including some in Europe, with around 85.5% suffering high food
price inflation [26].

The conflict has also significantly affected the European food system, which was
already dealing with interrupted supply lines due to the COVID-19 outbreak [27]. The
food supply in the EU is not jeopardized, since most European countries benefit from
well-developed agricultural production and are mostly self-sufficient in many products.
However, the European agricultural sector is a net importer of specific products, such as
animal feed. This vulnerability, combined with the high costs of inputs such as fertilizers
and energy, creates production difficulties for farmers and threatens to drive up food prices,
affecting food availability and access [28]. Indeed, the substantial dependence of some
European nations on the Russian energy supply makes it hard to avoid price increases
on essential items such as food [29]. This increases producer costs and affects food prices,
raising worries over consumer purchasing power and producer income. Inflation affects
the price of basic commodities, particularly for low-income households, for whom the
affordability of nutritious meals was already a challenge before the start of the conflict [29].
The conflict highlighted the European food system’s vulnerabilities, such as its dependence
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on imported energy, fertilizer, and animal feed [18]. In 2019, Russia supplied the European
Union with over 40% of its natural gas, 25% of its oil, and almost 50% of its coal [30].

After decades of low inflation, the EU faces new economic, political, and social chal-
lenges from increasing consumer prices. Rising energy and food prices are already gen-
erating high societal costs in terms of decreased buying power. They are also anticipated
to exacerbate material deprivation, poverty, and social exclusion throughout the EU [31].
The next several months will be among the most challenging in modern history for the
European and global agri-food sectors [10]. Although futures prices have gone down and
international markets have adjusted and adapted, there is a possibility of a short-term infla-
tion increase due to the delayed transmission of previous food and energy price increases
from global commodity markets to consumer prices. For instance, the IMF [31] predicts
that global inflation will climb from 4.7% in 2021 to 8.8% in 2022 before falling to 6.5% in
2023 and 4.1% in 2024. In Europe, the effects are compounded by the significant impact of
war-related energy shocks [31].

In this context, this paper aims to assess the possible impacts of the war between
Russia and Ukraine on food security in European countries. It aims to address these two
questions: Firstly, what were the principal consequences of the conflict on food security in
European countries, and how significant were they? Secondly, how did the war affect the
food security condition of European populations?

Several scholars, government representatives, and media outlets have examined the
implications of the Russia—Ukraine conflict on food security. However, to the best of
our knowledge, this study is the first to specifically examine the impact of the Russia—
Ukraine conflict on food security in Europe. Despite the numerous studies conducted
on the topic, none have expressly focused on this region and the possible repercussions
it may face due to the ongoing conflict. Most of the existing research focused on the
impact of the conflict on global food security [11,12,30,32-35], energy security [16,36], or its
economic implications [37,38]. Accordingly, this research aims to fill that gap by providing
a comprehensive examination of the impact of the Russia-Ukraine conflict on food security
in Europe, including the potential risks and challenges that may arise, as well as potential
strategies for mitigating those risks. By providing this information, we hope to contribute
to a better understanding of the complex relationship between conflicts and food security
in Europe and beyond.

While food security is only one aspect of the consequences of the war, it is a critical one
that affects the well-being of millions worldwide. Therefore, the focus on the impact of the
war on food security is vital because it highlights the urgent need for measures to address
these issues. It is also worth noting that food security is interconnected with other aspects
of the war’s consequences, such as inflation, poverty, and social instability. Therefore, by
addressing food security, it is possible to have positive ripple effects on other aspects of the
conflict’s consequences.

The impacts of the war exhibit regional variability and may even differ among coun-
tries within the same region. Other regions of the world that may be more seriously affected
by the impact of the war on food security, such as the Middle East and the North Africa
(MENA) region [39], might have different dynamics and factors at play that require dif-
ferent policy interventions. To better grasp the far-reading and multifaceted effects of the
war on the global food system, it is paramount to have analyses relating to developing and
developed countries (e.g., the European Union). By focusing specifically on the impact of
the Russian—Ukrainian conflict on food security in Europe, the paper provides targeted
policy recommendations tailored to the region’s specific context and challenges. In the
context of the conflict, it is crucial to consider the unique dynamics and factors in each area
to develop effective solutions.

In the following sections, we will introduce the research methodology (Section 2),
followed by the presentation of the study findings in Sections 3 and 4. Next, we will
examine and discuss these findings before presenting the major conclusions.
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2. Materials and Methods

A specific search strategy and an article selection criterion are incorporated into
the methodology (Figure 1). The article draws upon both the scholarly literature and
the grey literature. In both cases, strict and well-defined inclusion criteria were used so
that only documents that deal with the war in Ukraine and its impacts on food security
(and its different pillars) were considered eligible and included in the present review.
As for the scholarly literature, we used forward and backward searches on the most
important databases, namely Scopus, Web of Science, and Google Scholar, which is the
most effective way to find peer-reviewed literature (individually or Boolean combined).
Figure 1 contains the search string used, focusing primarily on “food security”, Ukraine,
war, and Europe. For instance, in the case of the Web of Science, the search returned
18 documents [12,17,23,40-54]. The terms were chosen to capture the broadest range of the
literature relevant to our research question. Using multiple databases and a combination of
search terms ensured that we identified a comprehensive and diverse range of the literature
on the topic, which was then carefully evaluated for relevance, eligibility, and quality. This
approach enabled us to identify the most relevant and recent literature on the impact of the
Russia-Ukraine conflict on food security in Europe.

Science  Scholar
Reports, policy documents,
magazine and newspaper articles,

Search terms: Ukraine & war & food (in)security & Europe

Publication date: February 2022 - Janurary 2023

- Ukraine

- Food security

- European countries

Food security dimensions:
Research questions: T

- What: What were the major impacts of the war
on food security and its dimensions?

- How: How did the war affect the food security
status?

Figure 1. Data search, selection, and analysis. Source: authors’ elaboration.

The grey literature was located using Google and included reports, policy documents,
magazine and newspaper articles, and technical and working papers produced by regional
and international organizations (e.g., Food and Agriculture Organization of the United
Nations (FAO), World Food Program (WFP), World Bank, Organization for Economic Coop-
eration and Development (OECD), World Economic Forum (WEF), European Commission,
European Council, European Committee of the Regions, European Parliament (EP), Euro-
pean Investment Bank), Agricultural Market Information System (AMIS), Food Security
Portal, consulting firms (e.g., McKinsey, Boston Consulting Group, KPMG, etc.), and inter-
national newspapers and news platforms (e.g., Food Business News, Geneva Environment
Network, Bloomberg, Deutsche Welle, Euronews, Financial Times, The Guardian).
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This method enabled us to collect a broad range of information from various sources,
including government reports, news articles, and other pertinent documents that give a
thorough knowledge of the effect of the Russia-Ukraine conflict on food security in Europe.

In accordance with the definition of food security, the analytical approach adopted
in this research considers all four dimensions: availability, access, use, and stability [55].
The study aims to comprehensively analyze how the conflict has affected food security
in Europe by assessing the various factors contributing to food insecurity. This includes
evaluating the impact on food production, distribution, and consumption, as well as the
stability of the food supply chain. Additionally, the research also examines the various
strategies that have been implemented to mitigate the effects of the conflict on food security
and assesses their effectiveness. Overall, the analytical approach adopted in this research
aims to provide a comprehensive understanding of the impact of the Ukrainian conflict on
food security in European countries.

3. Results and Discussion

In this section, we first analyze the threats posed by the war in Ukraine and other
disruptions to food security and its pillars (viz. availability, access, utilization, and stability)
before analyzing how the European Union can reshape and reconfigure its food system in
order to ensure food security for its population amid the war crisis.

3.1. Threats Posed by War and Other Disruptions to Food Security

The conflict between Russia and Ukraine has undermined important food security
tenets. Wars and military conflicts put countries at risk of international trade disruptions,
particularly those that depend on imports of critical commodities such as oil and food [16].
Armed conflicts may negatively impact food security by generating shortages of upstream
and downstream outputs, hurting food production, commercialization, and stock man-
agement [56]. War and violence continue to be the primary cause of hunger, with 60% of
the world’s hungry population residing in regions affected by conflict. Further, in today’s
globalized world, military conflicts may exacerbate food insecurity in regions beyond the
battlefield [35]. Due to wars, a country’s agricultural production can be drastically reduced
if crops cannot be planted, weeded, or harvested [57].

Farmers in Ukraine’s conflict-prone areas lost livestock, food supplies, and other assets,
disrupting food market supply in these and other surrounding regions and neighboring
countries. The destruction of civil infrastructure and the presence of mines and Unexploded
Ordnances (UXOs) coupled with limitations on the movement of people and goods have
made it difficult for farmers to tend to their fields, harvest their crops, and sell their livestock
products [58]. Additionally, with conscription and population displacement, there was a
significant labor shortage. Fertilizers and other critical agricultural inputs are becoming
more limited, exacerbating the situation [15]. Further, the conflict-affected regions, such as
Kherson and Zaporizhzhia, account for a significant portion of Ukraine’s pre-war output,
with 25% of barley, 16% of sunflower seed, 20% of rapeseed, and 20% of wheat [59].
According to assessments, the conflict would cost farmers and agricultural corporations
USD 28.3 billion this year in lost income, damage to farming machinery, equipment, storage
facilities, livestock, and crops, and increased transportation costs [60].

The conflict’s effects on global issues are too early to be determined, but it is evident
they will be multifaceted [61]. The conflict has prompted widespread international concern
over a global food crisis and its potential effects on food security (Figure 2). Indeed, a
growing body of the literature shows that the war has affected food security at different
levels and scales [12,17,23,40-54], especially in developing countries that rely on food
imports [12,42,44,45,51] and for some commodities such as wheat [47,52,53]. However, it
seems that the impacts of the war have not been alike on the four pillars of food security.
Furthermore, the extent of the war’s impact on the food security pillars will be determined
by its length and the outcomes of the different scenarios.
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Figure 2. Ukrainian-Russian conflict and its consequences on food security pillars. Source: developed
by the authors.

3.1.1. Availability

First and foremost, food security requires a sufficient amount of food needs to be
available regularly. It focuses on determining what calories are available nationally or at
the individual level (e.g., cereals or animal proteins), including the adequate supply of
nutritional foods [55].

Ukraine has long been renowned as “Europe’s breadbasket” because of its abundance
of “Chernozem”, or black soil, considered the most fertile farmland in the world, and has a
high producing potential. Ukraine’s agricultural land area totals 41 million hectares, with
33 million hectares being arable, the equivalent of one-third of the EU’s total arable land
area [62]. A significant fall in agricultural production and supply followed the collapse
of the Soviet Union in the early 1990s and Russia and Ukraine became net importers of
food [63]. However, Russian and Ukrainian agro-food output and exports have expanded
considerably during the last three decades due to intense modernization and automation,
making the region the world’s breadbasket [19]. In 2021, Russia and Ukraine exported
nearly 12% of the food calories traded globally, making them essential actors in the global
agri-food sector [23]. They are significant producers of staple agro-commodities such as
wheat, corn, and sunflower oil and Russia is the largest exporter of fertilizers in the world.
Further, Ukraine is one of the top three grain exporters, leading the world in soybean and
sunflower oil exports. Ukraine controls 52.2% of the global sunflower oil market. Ukrainian
agricultural exports have acquired a rising reputation in China, Egypt, India, Turkey, and
the European Union [64].

Figure 3 shows that in 2021, Ukraine and Russia combined trade accounts for over
34% of world wheat, 17% of corn, 27% of barley, and over 80% and 55% of sunflower
cake and oil, respectively. The global trade in vegetable oils and food calories amounts to
10% and 11.80%, respectively. Furthermore, Russia exports 16% of fish (Alaska pollock),
13% of mineral fertilizers such as ammonia, phosphate rock, sulfur, and 16% of finished
fertilizers [4].
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Figure 3. The proportion of Ukraine and Russia’s combined global exports in 2021. Source: authors’
estimations based on FAO [18] and AMIS market monitor data [65].

As a result of Russia’s invasion of Ukraine, global markets were disrupted. Short-
term disruptions in global grain supply and long-term effects on natural gas and fertilizer
markets negatively impacted producers during the planting season. This disruption might
exacerbate already high food price inflation, posing a significant threat to low-income
net food importers, many of whom have suffered a rise in malnutrition rates due to the
pandemic disruptions [4].

The European Commission [17] predicted that up to 25 million tons of wheat would
need to be substituted to meet global food demands for the current and upcoming seasons.
The Black Sea Grain Initiative’s inception and renewal, as well as measures to enhance
export capacity through non-marine channels, have assisted in easing Ukraine’s strict
export restrictions brought on by the shutdown of Black Sea ports at the onset of the
conflict [23]. Over 9.3 million metric tons of grains, oilseeds, and other products have been
shipped under the deal as of 28 October 2022. The agreement enables Ukraine to quadruple
its exports above the pre-deal level, albeit it still functions at 50% of its pre-war 2021 level.
Even while the deal did not completely address the problems with food exports from the
conflict zone, it significantly relieved the strain on the existing markets and Ukrainian
farmers who were unable to transport their commodities [66]. Consequently, Ukraine is
expected to export 39.5 million tons of grain and oilseeds in 2022-23, while the country’s
entire export potential is between 55 and 60 million tons [59]. Ukraine’s exports and grain
production decreased by around 40% and 30% in 2022 compared with 2021. The decline in
the wheat, maize, and sunflower harvests is estimated to be approximately 40-50%, 25%,
and 35%, respectively, compared with 2021 [67].

Further, some issues will impact the 2023 harvest due to rising seed, transport, and
fuel costs combined with low grain selling prices [68]. For instance, the transportation
costs to ports have increased by over 100%, and the substitute option, which involves
truck transport to Romania, costs nearly four times as much [69]. Accordingly, the sowing
of winter wheat has decreased by 17% compared with the harvested area of 2022, while
the estimated area for maize cultivation is reduced by 30% to 35% [67]. As a result, in
2023, Ukraine’s grain production and exports are anticipated to diminish by 20% and
15% compared with 2022. The grain exports may decline even more to 15 MT during the
2023/2024 season, a significant drop from the 54.9 MT recorded in 20192020 and 44.9 MT
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in 2020-2021 [67]. Additionally, despite reports that Russian food exports have persisted,
there are fears that access to banking services required to execute foreign transactions may
have hindered exports [23].

Furthermore, as was evident during the 2007-2008 food crisis and the COVID-19
pandemic, many nations imposed export bans to ensure the availability of local foods and
to reduce inflation (e.g., India for wheat; Serbia for grains and vegetable oils; Indonesia for
palm oil), which exacerbates the situation [70]. Indeed, growing protectionism exacerbates
the war’s impact on global food markets. Around 17% of total global food and feed exports
(on a caloric basis) were impacted by export restrictions at their height in late May 2022.
After May, many nations relaxed the restrictions to some degree: midway through July,
it dropped to 7.3% of total trade being impacted and stayed relatively constant for the
remainder of 2022. According to IFPRI’s Food and Fertilizer Export Restrictions Tracker,
32 countries implemented a total of 77 export restrictions in 2022. These limits included
export license requirements, export taxes or duties, outright bans, or some combination
of measures [71]. As of December 2022, 19 countries had imposed 23 food export bans,
while 8 had adopted 12 export restriction measures [25]. These actions can potentially have
severe unintended consequences for vulnerable populations in food-importing countries,
boosting prices and deepening food insecurity issues already aggravated by the COVID-19
pandemic [40,72]. Export limitations exacerbated severe deficits during the food crisis of
2007-2008, which led to riots across Asia and Africa [73].

In Europe, the food supply is not jeopardized since most European countries benefit
from well-developed agricultural production. Except for tropical items (such as fruit, coffee,
and tea), oilseeds (particularly soya), and natural fats and oils (including palm oil), the EU
is self-sufficient in most food products [74]. The EU is generally self-sufficient in essential
agricultural crops, including wheat and barley (which it is a net exporter of), maize, and
sugar. The EU is also self-sufficient in a variety of animal products, including dairy and
meat products, as well as fruits and vegetables [5]. Although Russia’s Ukraine conflict and
climate change affect output, the EU’s food system remains robust and reliable. However,
essential goods, such as animal feed, are net imported by the European agricultural industry.
Due to this vulnerability and the high input costs, such as those for energy and fertilizers,
farmers face productivity challenges and risk having food prices rise. This would reduce
access to and availability of food [28]. Indeed, the substantial dependence of some European
nations on the Russian energy supply makes it hard to avoid price increases on essential
items such as food [29]. Ukraine was a key exporter of corn to Euro countries before the
start of the conflict, accounting for 42% of EU grain imports in 2019, 30.5% in 2020, and
29.1% in 2021. Vegetable fat and oil imports from Ukraine were also significant, making up
about 24% of EU imports between 2019 and 2021 before the crisis. Meanwhile, before the
conflict, Russia accounted for approximately one-fifth of EU inorganic fertilizer imports.
With the extensive usage of fertilizers in the EU, this may be destabilizing [29].

Some countries, such as Spain, are more vulnerable than others due to their high
dependence on imports from Ukraine. The Spanish agricultural industry was already
dealing with a significant increase in energy and other input costs, as well as a lengthy
period of drought. The invasion of Ukraine is causing challenges in industries such as
animal husbandry, the food industry, and food retailing. Indeed, Spain is a significant
global pork exporter (China’s largest pig meat supplier), but pigs need a large quantity of
grain and oilseed to reach marketable weight. However, it also has a structural shortage of
grains [75]. Accordingly, Spain is a net importer of cereals, with Ukraine accounting for a
significant portion of its imports. Ukraine is one of Spain’s most important agricultural
trading partners, accounting for over 30% of its corn imports and 70% of its sunflower oil
imports in 2021 [29]. In the same year, Spain bought 18.4% of its total cereals purchased on
foreign markets from Ukraine, valued at EUR 545 million. This makes Ukraine its second
biggest trade partner after Brazil. In the case of corn, an essential item for animal feed,
Ukraine accounted for more than 30% of total imports, accounting for 2.4 million tons
worth EUR 510 million [75].
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3.1.2. Accessibility

This pillar comprises variables that measure infrastructures for bringing food to
market, individual indicators of people’s access to calories, and affordability of purchasing
nutritional food. Accordingly, market disruption and rising inflation may put the food
accessibility pillar in jeopardy [55]. Due to the Ukraine—-Russia war, it will become even
more difficult for some European low-income households to afford food.

As explained above, the food supply in the EU is not jeopardized since most Euro-
pean countries benefit from well-developed agricultural production. Indeed, the EU is a
significant producer of agri-food products—it was the world’s largest trader in 2021—and,
although Russia’s conflict in Ukraine and climate change affect output, the EU’s food
system remains robust and reliable. However, inflation and increased food prices affect
EU citizens [76]. The steep rise in energy prices following the conflict impacts agriculture,
an energy-intensive industry. Additionally, despite the recent price drops, the cost of
fertilizers and other energy-intensive goods has remained high due to the war. Increased
input costs translate into higher production expenses, thus raising food prices [23]. Ac-
cordingly, accessibility and affordability are the main consequences of the conflict on food
security, especially for low-income and vulnerable populations that are disproportionately
impacted [76].

On average, Europeans face lower rates of undernourishment, hunger, and food
insecurity than the rest of the world [77]. However, in 2021, 7.3% of the EU’s total population
and more than one-sixth of the poor could not afford a meal containing meat, fish, or a
vegetarian equivalent every other day. This proportion varied from 22.4% in Bulgaria to
less than 2.0% in Cyprus (0.4%), Ireland (1.6%), Sweden (1.6%), and the Netherlands (1.8%).
Among those at risk of poverty, the share was 17.4% [78].

According to Eurostat [79], the European Union’s statistics agency, annual inflation in
the Eurozone is predicted to be 9.2% in December 2022, down from 10.1% in November.
When it comes to the main components of eurozone inflation, energy is expected to have
the highest annual rate in December (25.7% compared with 34.9% in November), followed
by food, alcohol, and tobacco (13.8% compared with 13.6% in November), and non-energy
industrial goods (6.4% compared with 6.1% in November). It dipped slightly lower for the
first time since June 2021. However, it remains in the double digits as increasing food costs
and hefty energy bills continue to strain budgets. They will continue to have an impact on
European consumers’ purchasing power.

Since November 2021, energy and food have been the primary contributors to consis-
tently high monthly inflation. Since the Spring of 2022, the situation has deteriorated due
to market interruptions caused by the conflict in Ukraine. The Baltic countries continue
to be the most affected. For instance, in November 2022, inflation in Latvia was at 21.7%
compared with 7.4% a year ago, making it the highest rate in the Eurozone. Inflation in the
UK unexpectedly climbed to 11.1% in October 2022, the highest level since 1981. Despite
a government cap, the cost of energy and gas increased by 24% year over year, while the
price of food increased by 16.4%, contributing significantly to the overall rise [80]. Even
though inflation affects countries differently throughout the EU, lower-income families
are the most impacted in all member states. According to the European Parliament’s
Eurobarometer study [81], the major concern for European citizens is “increasing living
costs” (93%), followed by “poverty and social exclusion” (82%).

Moreover, inflation caused by the conflict might cut private consumption by 1.1% in
the European Union in 2022. However, the effect would vary by country. The impact will
be felt more acutely in nations where consumption is more sensitive to energy and food
costs and where a sizable proportion of the population is vulnerable to poverty. Central
and south-eastern European countries are disproportionately impacted [82]. Europeans
continuously feel the strain of the rise in food prices and the high inflation rate. As a
result, many European citizens are losing buying power of necessary commodities. For
instance, even Germany, which has solid domestic production and does not rely much on
Ukrainian exports, is very susceptible to escalating inflation, driven mainly by the rising
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cost of Russian energy and fertilizer [29]. In November 2022, Germany’s consumer price
index (CPI) year-over-year change was 10.0%. This was a modest decrease in the inflation
rate from the +10.4% seen in October 2022. In November 2022, food prices increased by
21.1% compared with November 2021. This inflation rate is more than twice as high as
the rate of general price inflation. The annual rate of inflation for food has been steadily
climbing since January (October 2022: +20.3%). In November of 2022, prices increased
across the board for all types of food. Edible fats and oils had the most significant price
increase at 41.5%; dairy products and eggs increased by 34.0%; bread and cereals increased
by 21.1%; vegetables increased by 21.1% [83] (Figure 4).
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Figure 4. Consumer price indices in Germany (2015 = 100). Source: German Federal Statistical
Office [83].

In Spain, cereals and animal feed supply shortages from Ukraine directly impact
producer pricing as the production of pigs is heavily reliant on grains and corn supplied
from Ukraine. In this industry, inflation is also harming livestock farmers’ profitability.
Although producers attempt to agree with shops to decrease finished items’ prices, meat
prices will undoubtedly rise due to import constraints of wheat and corn finished items’
prices and meat prices will undoubtedly rise due to import constraints of wheat and
corn [29].

For instance, Hungary is emerging as a new inflation hotspot due to the highest
food price hikes among the EU’s member states [84]. Despite producing most of the
grain supplies it needs domestically, Hungary imports little wheat from Russia or Ukraine.
However, the disruption in global value chains is reflected in increased food prices. Further,
similar to other EU nations, Hungary is impacted by fertilizer supply problems caused by
halted exports from Russia, the world’s largest supplier. This situation is exacerbated by
businesses’ difficulties in sustaining their production capabilities as energy costs climb [29].
Accordingly, during November 2022, food price increases were 40% more than the EU
average. Bread, cheese, and eggs have all seen price increases of over 90% from the same
time in 2021, with egg costs increasing by over 92%. Consequently, the government has
indicated it would add eggs and potatoes to the list of five items for which price controls
will be implemented [84].

The persistent and significant uncertainty surrounding the ongoing high inflation
raises the question of how these affect European households’ finances, purchasing power,
and socio-economic situation. Rising energy and food prices are already generating high
societal costs in terms of decreased buying power and are anticipated to exacerbate material
deprivation, poverty, and social exclusion throughout the EU [31]. It is estimated that in
2021, 95.4 million people in the EU (21.7% of the population) were vulnerable to poverty or
social exclusion (livelihood poverty, extreme material and social deprivation, or living in a
household with low labor intensity) [85]. The ongoing inflation imposes significant welfare
and social costs on European society. The socio-economic ramifications of the current
situation are notably unequal throughout the EU, owing to considerable disparities in price
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trends and spending patterns among member states and demographic divisions. Prospects
are especially bleak in several central and eastern European nations, where low-income
families and vulnerable groups (such as large households, rural populations, children, and
the elderly) face heightened financial difficulty and social exclusion risks. At the EU level,
inflation has raised the cost of living for median families by around 10%, the incidence of
material and social deprivation by approximately 2%, and the rate of energy poverty and
absolute monetary poverty by about 5%. The related welfare consequences are predicted
to be several times greater in selected member states and among vulnerable populations,
presumably widening existing inequalities in poverty and social exclusion throughout the
EU [31].

Consequently, food bank use is rising throughout Europe, as the region’s poorest, who
spend a more significant percentage of their income on energy and food, are struck the
hardest by the region’s most tremendous inflation in a generation. Charities from Spain to
Latvia estimate a 20% to 30% rise in demand over last year, with a further increase expected
this winter. People accessing the national food bank in Bulgaria, one of the poorest nations
in the EU, increased by three-quarters between September and October 2022 [86]. However,
in many countries, the organizations that manage the food banks face increased operational
expenses, which endangers their operations. For instance, food banks in Germany are
busier than ever, with empty shelves, high pricing, and more people in need. There is also a
scarcity of donations and volunteers [87]. In the UK, donations to food banks are declining
due to rising living costs, but demand increases as inflation continues to increase and
people have difficulty buying vital food products. Amid a cost-of-living crisis, when more
than a quarter of all UK households report struggling financially, families’ priorities are
saving money for food shopping needs. Contrarily, more than half of food bank donations
have dropped [88,89]. Furthermore, people oppose cost-of-living raises using various
means, including street protests and strikes, in several nations [90].

3.1.3. Utilization

This pillar tracks anthropometric and other measures of people’s ability to use calories;
related measures include wasting, stunting, and low weight among children. Russia’s
war in Ukraine harmed the food utilization pillar, resulting in a lack of nutritional variety
and malnutrition.

In addition to the 780 to 811 million people who experienced chronic hunger in 2020,
FAO predicts that, in 2022 and 2023, there will be an additional 7.6 million to 13.1 mil-
lion undernourished people due to Russia’s war in Ukraine [18]. The nutritional variety
substantially impacts EU citizens” health [26]. Since healthy variety or dietary diversity
is a fundamental requirement for people to obtain all essential nutrients, it can be used
as one of the core indicators for examining food habits and the productivity of people.
Hence, chronic hunger in the EU is associated with undernourishment, indicative of a
productivity decline.

3.1.4. Stability

When the previous three pillars are in order, this pillar ensures the stability of supply
and access over time [91]. The main issues impeding the stability pillar of food security are
higher energy prices, rising interest rates, and political turmoil. As a result of higher food
and energy prices, farmers from competing nations, such as the United States and Brazil,
may cover any supply shortages created by the war in Ukraine. However, higher energy
prices make some food products, mainly corn, sugar, and oilseeds/vegetable oils, more
appealing for bioenergy production, such as ethanol or biodiesel. This could raise food
prices to their energy parity equivalents [23].

Meanwhile, the increased costs and shortages will significantly impact food assistance
for vulnerable nations. According to estimates from the World Food Program (WFP) [92],
45% of the population in Ukraine is already concerned about having enough to eat. Fur-
thermore, higher and unstable energy prices were also observed, particularly for natural
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gas, which is essential for fertilizer production [93]. Due to several factors, including
weather-related interruptions to the supply of coal and renewable energy, prices have been
increasing significantly since 2021 [7].

Since the outbreak of the Ukrainian conflict, Europe’s economic growth forecasts have
been lowered downward, while inflation forecasts have risen. Most current predictions,
which account for increased uncertainty and commodity price shocks, indicate that real
GDP growth in the European Union might fall far below 3% in 2022, a drop of more than
1.3 percentage points from pre-war expectations. Additional supply chain disruptions
and economic penalties are expected to send the European economy into a recession [82].
There has already been a substantial economic impact on European consumers due to
Russia’s invasion of Ukraine, posing political risks to incumbent governments. Rising
inflation, higher food prices, and food insecurity result in protests and strikes across
Europe, underscoring growing discontent with skyrocketing living costs and threatening
political turmoil.

As of January 2023, the slowdown in the global economy and fears of a worldwide
recession have contributed to a general lowering of commodity prices. Nevertheless,
commodity prices remain high relative to historical averages, extending the challenges
connected with food security. Lower input costs, especially for fertilizers, are expected to
contribute to a 5% drop in agricultural prices in 2023. Despite these forecasts, prices are
projected to stay higher than pre-pandemic levels. As a result, global inflation will remain
high in 2023 at 5.2% before decreasing to 3.2% in 2024. Although inflation is expected
to decline gradually during 2023, underlying inflationary pressures may become more
persistent [25]. According to the International Monetary Fund [94], global food prices are
anticipated to stay high due to conflict, energy costs, and weather events, despite interest
rate rises marginally easing pricing pressures.

Although the European Central Bank has increased interest rates to combat inflation,
it also anticipates that consumer prices will rise further. Additionally, the depreciation of
the euro and the pound versus the US dollar has placed further pressure on manufacturers
and merchants who must pay their suppliers in US dollars and numerous nations are now
facing a possible recession [90].

3.2. Reshaping EU Food Security Amid the War Crisis

In response to Russia’s invasion of Ukraine, the European Parliament adopted a
comprehensive resolution on 24 March 2022, endorsing many of the initiatives included in
the European Commission’s package and calling for an urgent EU action plan to secure
food security both inside and outside the EU [95]. EU leaders endorsed short-term and
medium-term measures at the state levels to protect food security and strengthen the
resilience of food systems. Most actions may be carried out using the Common Agriculture
Policy (CAP). The EU members emphasized the importance of maintaining food supply
security and took some immediate actions (Box 1).

Box 1. Prompt action from the European Union to maintain food safety and build a resilient food
system [96-99].

e EU farmers support a package worth EUR 500 million to safeguard food security and strengthen
the resilience of food systems.

e Reduction of energy import dependency and price shocks through REPowerEU plans.

e Maintaining the EU single market by avoiding restrictions and bans on exports.

o The Fund for European Aid to the Most Deprived (FEAD) provides food and essential material
support worth EUR 3.8 billion.

o Using the new CAP strategic plans to decrease reliance on gas, fuel, and inputs such as pesticides
and fertilizers.

e A unique and temporary exception to enable the cultivation of any crops for food and feed on
fallow land while farmers retain the full amount of the greening payment.

e Specific temporary exemptions from current animal feed import regulations.

Sources: [96-99]
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The conflict is pushing food security challenges to the brink of a global crisis. As the
war continues, several scenarios could affect food security in the EU. The EU food system
is typically vulnerable due to fertilizer import dependency, unreliable grain markets, and
high energy prices. In addition, these factors further exacerbated food insecurity during
the war [100].

Further strategies are needed to safeguard food security and bring resilience to the
food system. The war has exposed the global food system’s fragility, emphasizing the
significance of rebuilding the food system to strengthen resilience to future shocks, crises,
and stressors [101]. As shown in Figure 5, several approaches are required, such as in-
creasing food aid, ensuring fertilizer supply, imposing an energy price cap, initiating a
farmer support package, switching to renewable energy sources for cultivation, changing
individual food behaviors, lifting a trade ban, and political stability.

Ensure Fertilizer Food Price Cap
Supply
&
o
Farmer Support Package Increase Food Aid
B hn
5k
Lifting export _ - Limiting inflation
restrictions Availability Accessibility

Food
Security

Stability é

Food behaviour Utilisation Lowering
change interest rates
o Energy
Diet diversity Elice Cop
-9
& (]
Food quality & safety Political stability

Figure 5. Actions for ensuring food security and strengthening food system resilience. Source:
developed by authors.

The food availability pillar has been jeopardized during Russia’s armed confrontation
with Ukraine. As a result, the EU needs enough fertilizer at a reasonable price to make
agricultural production more efficient to safeguard the food availability pillar. Maintaining
equity in fertilizer access is a powerful lever for reducing food insecurity concerns in the
short term. In the longer term, fair fertilizer usage must be supplemented with efforts to
guarantee sustainable fertilizer use, ecosystem protection, and emission reductions [102].
However, export restrictions and bans must be avoided to preserve the EU single market.
This will allow the EU and vulnerable countries to maintain a secure food supply.

Food insecurity is the inability to consistently obtain adequate food to maintain an
active and healthy lifestyle. On the contrary, food security can be established only through
easy access to food, which the war has already impacted. The EU member states should
impose a price cap on food to prevent adverse effects from market anomalies. Consequently,
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food would be more affordable and accessible to the EU people. In addition, the government
needs to increase food aid to support the most vulnerable citizens in the EU. Furthermore,
price caps can reduce inflation rates in the EU, which can promote food accessibility.

Several measures can be taken to ensure food utilization, including minimizing food
waste and loss, eating a healthy diet, or recycling food. Foods derived from plants are
transformed into culinary creations that satisfy hunger, provide nutrients, and alleviate
obesity. Indeed, adopting plant-based diets across Europe may boost food resilience in the
face of the Russia—Ukraine war [27].

Households must always have access to adequate food to be food secure. In case
of a sudden shock, such as a climatic or economic crisis or a war, they should not risk
losing access to food. The armed conflict involving Russia in Ukraine impacts food stability
in the EU and beyond. This situation requires a reduction in the interest rate to reduce
food import prices and a reduction in Value-Added Tax (VAT), which is an alternative
solution. Energy price caps protect consumers who default on basic energy tariffs from
their suppliers. Putting a cap on energy prices ensures that businesses and individuals will
pay a fair price, limiting food inflation, import costs, and retail prices.

The significant trade-related impact of the war causes an increase in commodity prices.
Indeed, energy, food products, and metals are three major commodities impacted by the
war. Consequently, the significant price hike affects global markets and supply chains.
Furthermore, commodity price hikes coupled with higher inflation rates on a global scale
could result in changes in demand because people are unable or unwilling to make the
usual food purchases.

In the context of the Russia—Ukraine war, to enhance the resilience of food systems
against future crises, we have outlined five key initiatives that will help global policymakers,
governments, and researchers to minimize the impact of food insecurity in the EU:

1. Food prices will rise due to higher energy costs since fertilizers and transportation
costs will also increase. As a result, renewable energy sources must be adopted by EU
farmers to lower the cost of agricultural output.

2. The governments in the EU should impose an energy price cap to stagnate price
volatility. For instance, the Hungarian government has set energy and food price caps
amid soaring inflation.

3. Monetary policy should remain on track to restore price stability, while fiscal pol-
icy should strive to reduce cost-of-living pressures while remaining appropriately
restrictive in line with monetary policy [31].

4. The war might also cause further disruptions to global supply chains, making interna-
tional trade even more challenging. Export restrictions and bans should be avoided to
preserve the EU single market.

5. The war may have political repercussions as well. For instance, increased energy costs
could result in instability and violence in society and politics. Therefore, EU leaders
must provide adequate food aid to their citizens.

Furthermore, in the short term, measures aimed at preserving and expanding trade
routes from Ukraine, enabling greater food production in vulnerable countries, and reduc-
ing harmful consumption in the EU are most adapted to addressing the present issues.
Although, the food crisis causes immediate concerns, it also highlights systemic issues
in the European and global food systems. As highlighted by Galanakis [14] “The press-
ing challenges induced by climate change, global warming, the COVID-19 pandemic,
and the Russian-Ukrainian war merge to conclude that the food sector needs an urgent
transformation toward sustainability and resilience.”

While short-term solutions may mitigate the crisis’ negative effect, a long-term and
systemic approach is required to strengthen its resilience [102]. As the European Com-
mission [103] outlined, improving resilience through minimizing European agriculture’s
reliance on energy, energy-intensive imports, and feed imports is more critical than ever.
Resilience necessitates diverse import sources and market outlets through a solid global
and bilateral trade strategy. Consequently, the Commission has asked member states to
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consider revising their Common Agricultural Policy (CAP) strategic plans to boost the
sector’s resilience, increase renewable energy output, and decrease reliance on synthetic
fertilizers via more sustainable production methods [103]. Overall, addressing food security
challenges in Europe requires a comprehensive approach that involves improving domestic
food production, reducing dependence on food imports, reducing food waste, shifting
to more sustainable diets, and increasing international cooperation while diversifying
trade partnerships.

4. Conclusions

Food systems in Europe are facing several environmental, economic, social, and
health issues. Research that straddles disciplines and innovates at their intersections is
required to effectively address them. This paper aimed to assess the possible impacts of
the war between Russia and Ukraine on food security in European countries. The review
suggests that the implications of war varied among the food security pillars. However, the
prolonged repercussions of the Russian-Ukraine conflict on fertilizer prices will influence
domestic food production by making fertilizers less available and more expensive. As
energy costs and interest rates in the EU continue to climb, food importers will find it
considerably more challenging to fund the cost of food imports, affecting domestic food
prices and, consequently, food accessibility and affordability across the EU. The impacts
on food availability and accessibility can have long-term implications regarding food use
(e.g., dietary diversity) and food system stability and resilience. Indeed, high inflation,
trade restrictions, food price hikes, shortages of fertilizer, and political turmoil can directly
impact the EU’s food security pillars.

The paper contributed to the literature on food security and the war effect by shedding
light on the following facts: (1) lack of fertilizer supplies (determining their price increases),
higher energy prices, trade restrictions, and bans, as well as rising inflation rates increase
food prices and affect the availability and accessibility of food; (2) increasing food price
caps and food aid and limiting the inflation rate can improve food accessibility; (3) it is
possible to protect the food utilization pillar by eating a nutritious diet, diversifying diet,
and promoting food recovery and distribution; (4) social and political unrest and turmoil
can be controlled by lowering interest rates and imposing energy price caps, which secure
food stability pillar.

Further, by adopting a comprehensive analytical approach that considers all four
dimensions of food security, this research has provided a thorough understanding of how
the prolonged Russian-Ukrainian conflict has affected food security in Europe. By assessing
the various drivers and factors contributing to food insecurity, the study has identified the
key challenges facing the food systems in Europe. Furthermore, addressing these complex
challenges requires innovative interdisciplinary research that straddles the boundaries of
different disciplines and innovates at their intersections. This approach can lead to new
knowledge, solutions, and strategies that can help to ensure the sustainability, resilience,
and inclusivity of the food systems in Europe. Moreover, the impact of the conflict on
food security may vary across different regions and countries in Europe, depending on
their level of dependence on agricultural imports, their capacity to produce food locally,
and their vulnerability to food price shocks. This variability adds to the uncertainty in
predicting the impact of the conflict on food security in Europe.

Furthermore, the study highlights the importance of developing effective and efficient
policy solutions based on a shared understanding of the complex and interconnected nature
of Europe’s food security concerns in the context of the war. This might include adopting a
unified strategy for data collection, analysis, and sharing, as well as enacting policy actions
adapted to the individual requirements of the impacted regions and individuals. This study
contributes to the theoretical development of policies that promote sustainable and resilient
food systems, especially in the face of prolonged wars and other geopolitical issues, by
emphasizing the need for inter-European collaboration.
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This paper does have some limitations. One of the main limitations is the high level of
uncertainty, since the impacts of the war depend not only on the evolution of the conflict
but also on the responses of the EU and single member states. Russia’s current approach to
the conflict in Ukraine will likely prolong the war over the next few years and Europe’s
ability to survive a food crisis will be pushed to its limits. The EU will have a more
robust long-term stance toward Russia if it can continue to be united and successfully
coordinated. Although we have suggested risk-reduction methods, resolving the situation
would necessitate a thorough re-assessment of the EU’s food security and agri-food systems
over the following years.
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Abstract: Human and planetary health are interconnected through food and agriculture. Food
production and consumption patterns continue to drive the global burden of malnutrition, diet-
related disease, climate change, and environmental degradation. There is an urgent need to identify
pathways for transforming agrifood systems to be increasingly healthy, sustainable, and just, but
conceptual frameworks necessary for visualizing these complex relationships are limited. This
systematic scoping review identified existing frameworks for analyzing human and environmental
outcomes of agrifood systems and evaluated their inclusion of policy and governance. Frameworks
have evolved to increasingly consider the food supply chain activities and actors, the drivers that
shape them, and the outcomes of these interactions. The findings of the review were used to develop
a conceptual framework specific to modern industrialized agrifood systems where policy landscape is
an explicit component. The framework is tailored to researchers and policymakers with the intention
of providing a foundation for analyzing and communicating agrifood system issues, including
identifying facilitators and barriers to effective policy, places to intervene in the system, and windows
of opportunity for successful transformation.

Keywords: sustainable agrifood systems; sustainable diets; climate change; nutrition; food policy;
food governance; systems approach

1. Introduction

The agrifood system’s ability to produce healthy diets for a projected population of
9.7 billion people by 2050 is a pressing societal challenge. An even greater challenge is
doing so without irreversible environmental damage. Agrifood systems encompass all
actors involved in food production, processing, distribution, purchasing, consumption,
and disposal [1-5]. The interconnections between these activities and actors are shaped by
social, economic, political, and environmental factors. Over time, modern industrialized
agrifood systems have accomplished great feats of innovation to increase productivity,
efficiency, affordability, nutrient content, safety, taste, and more, but at what cost [6,7]?
Agrifood systems account for approximately one-third of greenhouse gas (GHG) emissions
globally [8]. High production and consumption of animal-source foods in particular are a
key contributor to the climate crisis [8-10]. Without climate action in food and agriculture,
experts suggest global warming will go beyond 1.5 degrees Celsius above pre-industrial
levels, which is the threshold set by the Intergovernmental Panel on Climate Change
(IPCC) [11,12]. Surpassing this threshold will lead to more intense and frequent climate
and weather events, including heat waves, severe drought, and heavy precipitation, with
disproportionate impacts on the most vulnerable communities [11,12]. Significant loss in
the quality and availability of natural resources will impact the productivity of agrifood
systems and the safety and stability of the food supply [13-15]. Furthermore, a heating
climate and related weather extremes will directly threaten the health and safety of the agri-
cultural workforce and local communities [14-16]. Current diets are also driving the global
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burden of diet-related disease through malnutrition in the form of both undernutrition and
overnutrition [13,17,18].

The Call for an Agrifood System Transformation

Defined by Burlingame, sustainable diets “protect and respect biodiversity and ecosys-
tems, are culturally acceptable, accessible, economically fair, and affordable, nutritionally
adequate, safe and healthy, while optimizing natural and human resources” [17,19-21]. Re-
searchers and advocates continue to call for a global shift to healthy and sustainable diets as
a strategy to meet climate change mitigation targets, such as the Paris Climate Agreement,
an international treaty to limit warming below the 1.5 degree Celsius threshold [22]. The
EAT-Lancet Commission on Food, Planet, Health has referred to healthy and sustainable
diets as a “win-win” climate and health strategy [10,17,23,24]. Given the scale, complexity,
and heterogeneity of agrifood systems, a global shift to “win-win” diets has been referred
to as an agrifood system transformation [17].

To begin to conceptualize the complexity of agrifood systems, the relationships be-
tween components, and their impact on human and planetary health, Ericksen in 2008
developed a food systems framework (Figure 1) to analyze food security and global envi-
ronmental change [4]. Ericksen proposed the need to expand ‘food systems’ to represent
more than just the activities from production to consumption; the framework included
these activities, their socioeconomic and environmental drivers, related outcomes, and
the feedback among them as the key components of agrifood systems [4]. Drivers are
characterized as changes in the natural and human environments and their interactions
that influence agrifood system activities. The activities include the sectors of the food
supply chain from production to consumption. Production represents all of the activities
involved in the production, growing, and harvesting of raw food materials, including both
plant and animal production [4]. Processing, manufacturing, and packaging represent the
various transformations that raw food material (vegetables, fruit, animals) undergo to “add
value” to the raw product [4]. Distribution and retail are the processes through which food
products move between production and processing to their final retail destination and
the ways in which they are marketed. Consumption represents the process of preparing,
eating, and digesting food products [4]. The food system outcomes in Ericksen’s frame-
work include food security, environmental security, and social welfare, with a focus on
food security and its determinants, such as food utilization, food availability, and food
access. Feedback represents the eventual impact of these activities and outcomes on the
environmental and socioeconomic drivers, such as impacts on natural resource quality,
greenhouse gas emissions, and livelihoods [4,25].

In addition to visualizing the complex interactions underlying food systems, Ericksen
and others have highlighted the ability to identify potential trade-offs and synergies be-
tween agrifood system outcomes as another strength of a more holistic systems approach
to food systems research [4,5,26]. A systems thinking approach to agrifood system research,
often referred to as a food systems approach (FSA), has been growing [26]. Prior research
has concluded that FSAs must be “useful to decision makers, which requires more explicit
depiction of the interactions and dynamics of agrifood systems and the pathways through
which they could change” [26,27].

Policy and governance structures and the relationships between diverse actors in the
agrifood system are necessary dynamics to understand, particularly given the urgency of
mitigating the agrifood system’s double burden on human and planetary health and the
need to identify effective pathways for agrifood system transformation. However, there is
a paucity of policy-oriented frameworks. Ericksen highlighted food system governance
as an area in need of further analysis, and although attention to governance in food
systems research has increased, it is still unclear to what extent more recent conceptual
frameworks have considered policy or governance structures [4,28]. Thus, our primary
research question is ‘How do policy and governance structures influence the complex
relationships between agrifood systems and human and environmental outcomes?” The
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aim of this paper is to synthesize the key components of existing frameworks and identify
gaps in their applicability to policy decision-making to develop an updated conceptual
framework for agrifood systems transformation research that is grounded in the literature
and explicitly policy-oriented. This paper presents a systematic scoping review that was
conducted to understand to what extent existing frameworks for analyzing human and
environmental outcomes of agrifood systems have conceptualized the role of policy and
governance in upholding current systems and as potential levers for change.
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Figure 1. Ericksen’s Food Systems Conceptual Framework. The figure presents a conceptual frame-
work of food systems, including global environmental change (GEC) drivers, socioeconomic drivers,
food system activities, food system outcomes, and feedback (environmental and socioeconomic) [4].

2. Methods

A systematic scoping review of academic and grey literature was conducted to identify
conceptual frameworks for analyzing human and environmental outcomes of agrifood sys-
tems published between 2008 and 2023, with a focus on research from both industrialized
and developing nations. Scoping reviews are particularly useful for complex and interdisci-
plinary research topics and are commonly used to clarify conceptual boundaries of a field,
accompanied by the limitations of a broad rather than narrow research scope [29,30]. The
Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping
Reviews (PRISMA-ScR) standards were followed and documented using the PRISMA-ScR
Checklist [31] to maintain transparency in the research process. Using the methodological
framework of Arksey and O’Malley, and recommendations from Levac et al. and Currie
et al.,, we completed this review in 5 steps [32-34].

Step 1. Identify research questions considering the purpose of the scoping review is to
understand to what extent existing frameworks for analyzing human and environmental
outcomes of agrifood systems have conceptualized the role of policy and governance in
upholding current systems and as potential levers for change.
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1.  What are the research objectives, context, application, and policy relevance of existing
agrifood system frameworks that address human and planetary health outcomes?

2. What are the key components and interactions (drivers, activities, outcomes, feedback)
underlying the complex relationships between agrifood systems and human and
planetary health outcomes?

3. How have policy and governance structures been included in conceptualizations of
agrifood systems?

Step 2. Identify relevant studies

A systematic scoping review protocol was developed in collaboration with a research
librarian to guide this review. A systematic search of the literature was conducted using
PubMed, Scopus, and Google Scholar to identify relevant journal articles and grey literature.
The search terms are detailed in Table 1. The title, abstract, and full-text of identified
studies were compiled using Covidence to prepare for the following screening and data
extraction processes.

Table 1. Search Strategy and Terms.

Database Search Terms

PubMed

(“food”[mesh] OR “food supply”[mesh] OR “food systems” OR “agricultural systems”) AND (“policy”[mesh]

OR “policy making”[mesh] OR “models, theoretical”[mesh] OR “systems analysis”[mesh]) AND framework

Scopus

(INDEXTERMS (food) OR INDEXTERMS (“food supply”) OR “food systems” OR “agricultural systems”)
AND (INDEXTERMS (“policy”) OR INDEXTERMS (“policy making”)) AND framework AND conceptual

Google Scholar

(“food systems” OR “agrifood systems”) AND (“policy” OR “policy making” OR “theoretical models” OR
“systems analysis”) AND framework AND concept

Step 3. Study Selection

The identified studies were screened following predetermined inclusion and exclusion
criteria (Table 2). Publications were limited to the English language and the years 2008
to 2023. 2008 represents the publication year of Ericksen’s framework, which acts as a
foundation for many of the frameworks that followed and for this research [4,5,35,36].
Publications after this year also increasingly acknowledge the drivers of agrifood systems
and there is a growing focus on sustainable agrifood systems, reflected by a steady increase
in the number of publications related to food system policy and governance over the
2007-2014 period [28,37-39].

Table 2. Screening inclusion and exclusion criteria.

Inclusion Exclusion

Language English Not English

Research Methods

Empirical or theoretical;
qualitative and quantitative

Time Frame 2008+ Prior to 2008

Content

High-level analysis of agrifood systems, including both human Yes No
health and environmental outcomes

Conceptual Framework Included:
Visually conceptualizes agrifood system drivers, activities, Yes No

outcomes, and feedback

Two reviewers (SP and TC) independently screened the titles and abstracts of publi-
cations using the eligibility criteria. The publication content had to include a high-level
analysis of agrifood systems that considered both human health and environmental out-
comes. Studies focused specifically on one supply chain, one policy or sector of the food
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system, or a particular set of outcomes that did not encompass both human and envi-
ronmental impacts were excluded. Further assessment of publications in the full-text
screening was completed to confirm the content was aligned with the research question. A
framework that visually conceptualized agrifood system drivers, activities, outcomes, and
feedback was also required for inclusion in the review. Disagreement between reviewers
was resolved through consensus.

Step 4. Charting the data

Relevant publications containing conceptual frameworks that matched the inclusion
criteria were then evaluated relative to the research questions. We extracted relevant data
points including general publication characteristics (Table 3) and specific characteristics
of the included conceptual frameworks (Table 4), including framework context and ap-
plication, agrifood system components organized by Ericksen’s framework—(1) drivers,
(2) activities, (3) outcomes, and (4) feedback—and documented how the publications
included policy and governance in their conceptual frameworks [4].

Table 3. General characteristics of included publications.

Publication year

Publication type (journal/research article, reports)

Research objective(s)

Research approach

Policy relevance

Table 4. Specific characteristics of included frameworks.

Framework context/application:

1. Scale: multi-scale, global, international, national, regional, local

2. Context-specific: yes/no

3. Intended end-user: policymaker, researcher
4. Specified agrifood system/policy goal of interest

Agrifood system component details following Ericksen: [4]

Drivers: changes in the natural and human environments and their interactions that influence the agrifood system activities.
Activities: processes of the food supply chain from production to consumption, including production, processing and packaging,
distribution and retail, and consumption.

Outcomes: the multiple health, social, environmental, and economic effects of the activities, such as food security, environmental
security, and social welfare, with a focus on food security and its determinants (food utilization, food availability, and food access).
Feedback: the eventual impact of these activities and outcomes on the environmental and socioeconomic drivers, such as impacts
on natural resource quality, greenhouse gas emissions, and livelihoods [4,25].

Policy /Governance inclusion (within framework)

Step 5. Summarizing and reporting the results

The extracted data for each included publication and conceptual framework are
summarized in Tables S1 and S2 and in narrative format. The data were analyzed in the
context of the research questions to synthesize how frameworks conceptualize agrifood
systems, their similarities and differences in drivers, activities, outcomes, and feedback
included over time, and the extent to which policy and governance are a part of these
dynamics. Further inductive analysis was used to identify strengths in existing frameworks’
ability to conceptualize complex interactions between agrifood systems and human and
planetary health outcomes and to identify gaps in the applicability of existing agrifood
system frameworks for effective policy decision-making.
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]

Identification

Screening

Included

3. Results

The process and results of the study identification, screening, and selection were
documented using the PRISMA flowchart for scoping reviews (Figure 2) [31]. Research
publications including high-level frameworks conceptualizing agrifood system compo-
nents and their interrelationships with human and planetary health outcomes (N = 8)
were identified, reviewed, and summarized based on their objectives, application to food
systems research, and relevance for policy decision-making (Table S1). As specified in the
inclusion criteria, all publications framed agrifood systems as influential for both human
and planetary health outcomes.

Identification of studies via databases and registers ] [ Identification of studies via other methods ]

Records identified from:

Databases (n = 3394) screening: Records identified from:
(2383 Scopus, 911 PubMed, > Duplicate records removed Reference in included paper
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Figure 2. PRISMA 2020 flow diagram for new systematic reviews (databases/registers, other sources).

3.1. Overview of Included Conceptual Frameworks

All publications discussed the benefit of applying a food systems approach to improve
understanding of the complex influence of food system activities and actors on various
outcomes, as well as the overarching drivers and non-linear feedback loops throughout the
system. Researchers applied a variety of methods to developing conceptual frameworks,
including literature reviews and syntheses and consensus-based development. All included
frameworks are multi-scale, suggesting their generalizability across one or more scales
(i.e., global, national, subnational), and only two are considered context-specific. Van
Berkum et al. and Zurek et al. focused specifically on agrifood systems in the context of
the Netherlands and the European Union (EU), respectively [38,40]. While the majority of
reviewed frameworks suggest they are generalizable to agrifood systems at various scales,
the components and characteristics included are more closely aligned to industrialized
agrifood systems and Western diets. Individuals in these frameworks are represented as
actors across several highly coordinated and technical food system sectors that operate
at scale. The industrialized perspective of these frameworks is also reflected in their
representation of policy and governments as the organized process and entity through
which changes to the food system can be made. Researchers, policymakers, and public
health practitioners were all named as potential end users of these frameworks.

Publications were evaluated by the content included in their conceptual frameworks,
organized by drivers, activities, outcomes, feedback, and policy /governance as described
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previously (Table S2) [4]. All publications included in the review referenced Ericksen in
their description of how food systems are conceptualized, and their conceptual frameworks
largely build on each other. Over time, researchers have made significant additions to food
system frameworks for evaluating multiple food system outcomes. These updates aim to
increase end users’ ability to adequately understand the interconnectedness of agrifood
system drivers, agrifood system activities, and multiple related outcomes. The evolution
of these conceptual frameworks over time reflects growing attention to the interrelation-
ships between agrifood systems and human and planetary health. This attention also
reflects an increasing acceptance of systems approaches and the inherent complexity and
interconnectedness of various elements within agrifood systems.

3.2. Components of Included Conceptual Frameworks

Pinstrup-Andersen and Watson conceptualize food systems as the biophysical (natu-
ral), socioeconomic, political, and demographic environments that drive the food supply
chain activities and related actors from production through consumption and ultimately
the environmental, socioeconomic, and health and nutrition outcomes that feedback to
change the drivers [41]. Their framework also highlights the bidirectional relationship
between the food supply chain components and system agent behavior, representing how
actors and their decisions influence and are influenced by the system [41]. Lawrence et al.
connect the food system to the environment and public health nutrition, representing
the feedback between food supply chain activities (the same as introduced by Ericksen)
and human health and environmental outcomes [36]. Lawrence et al. also expand on
the interconnectedness of food system activities themselves by including multiple arrows
between production, processing and packaging, distribution and retail, and consumption,
rather than presenting a traditional linear food supply chain with no feedback. Meybeck
and Gitz later conceptualized food systems with a specific focus on the contribution of
diets and consumer behavior to the environmental, economic, and social sustainability of
food systems [42]. Their conceptual framework drew specific attention to the influence of
attitudes and lifestyle (as cultural drivers) on food choice behavior and ultimately diets, in
addition to the environmental, economic, and social drivers of agrifood system activities.

In 2017, the High Level Panel of Experts on Food Security and Nutrition (HLPE)
classified drivers of agrifood systems into five primary categories: biophysical and environ-
mental drivers, innovation and technological drivers, political and economic drivers, social
and cultural drivers, and demographic drivers, building on the work of Pinstrup-Andersen
and Watson [39,41]. Food system researchers have continued to apply these categories of
drivers in their approaches and conceptual frameworks [38,43].

Biophysical and environmental drivers include natural resources, ecological systems,
and climate change.

Innovation, technology, and infrastructure drivers include new technologies and grow-
ing infrastructure that can influence the efficiency or sustainability of food system activities.

Political and economic drivers include specific food, agriculture, and nutrition policies,
trade policies, and governance structures that function as the underlying mechanics of each
sector of the food supply chain. Political and economic drivers also influence the market
structure related to food and agriculture and changes in supply and demand of certain
products and services over time [2].

Sociocultural drivers include the subjective components of food, social norms, and
culturally relevant factors influencing behavior.

Demographic drivers include population changes in size, age composition, and geo-
graphic distribution.

Like Meybeck and Gitz, the HLPE framework centered on the role of diets, which are
influenced by consumer behavior, in linking food systems, human health and nutrition
outcomes, and other social, economic, and environmental impacts [39,42]. Consumer
behavior was defined as the “choices and decisions made by consumers, at the household
or individual level, on what foods to acquire, store, prepare, cook and eat, and on the
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allocation of food within the household” and is influenced by personal preferences (taste,
convenience, values, traditions, culture, beliefs) and the food environment [39]. Consumer
behavior along with food supply chains (including actors) and food environments represent
the three distinct, but interrelated activities of the agrifood system in the HLPE framework
and act as points of intervention for nutrition.

The inclusion of food environments distinguishes the HLPE framework from previous
conceptualizations. Food environments are defined as “factors that mediate the acquisition
of foods by people within the wider food system”, including availability and physical
access (proximity), economic access (affordability), promotion, advertising and information,
and food quality and safety [39,44].

Van Berkum et al. build heavily on the HLPE framework and other international
reports to conceptualize the food system impact of environmental change on food secu-
rity with the goal of identifying policies to improve food and nutrition security within
environmental limits in the Netherlands [38]. Like Ericksen, Van Berkum et al. include
socio-economic and environmental drivers of food systems, and food security, socioeco-
nomic, and environmental outcomes of food systems [4,38]. Van Berkum et al. also add
‘enabling environment’, or the factors that create the conditions within which the system
functions, as a food system activity. The factors of an enabling environment include trans-
port networks, regulations, institutional arrangements, and research infrastructure [38].
Zurek et al. conceptual framework focuses on assessing food and nutrition security and
sustainability in the EU food system and highlights the need to consider equity in food
system conditions and outcomes [40]. Zurek et al. highlight indirect food system drivers,
similar to HLPE, as well as direct drivers of actors within the food system [39,40]. Unique
to Zurek et al. is that the food system activities in the framework are highly interconnected
and include disposal/reuse.

Bene et al. developed a conceptual framework based on a literature review to formally
define ‘food system driver” as it had not been previously defined, and identified key drivers
supported by the literature based on this definition [37]. Bene et al. defined three necessary
characteristics of a food system driver: (1) durably affects the actors and/or activities of the
system; (2) does not replicate another driver; and (3) their origin (external or internal) and
the nature of their impact (intentional or unintentional) is clear [37]. Using this updated
definition, they identified 12 key drivers and categorized them into 3 categories (produc-
tion/supply, distribution/trade, and consumption/demand) to facilitate the understanding
of each driver’s influence along the food supply chain [37].

“Production and supply drivers include technological innovations, intensification and
homogenization of agriculture, infrastructure, and policies, such as farm, labor, and trade.
Production and supply also depend on natural resource availability (land, water, miner-
als, air, and forests), which are adversely affected by climate change and environmental
degradation. Climate change and environmental degradation also exist as outcomes of
agricultural production. Impacts to the biophysical environment feed back as inputs to the
system as the natural resource base.

Distribution and trade drivers include trade policies, internationalization of private
investments, and growing concerns for food safety.

Consumption and demand drivers include urbanization and related lifestyle changes,
population growth, consumer sociodemographic characteristics, such as income, culture,
preferences, such as taste, and concerns such as food safety” [37].

Although not specified in their framework, Bene et al. are the first to distinguish
between intentional and unintentional agrifood system drivers, such as policy and climate
change [37].

With respect to policy and governance, two publications did not include policy within
their visual conceptual framework [36,42]. Lawrence et al. explicitly identified their frame-
work as part of a policy formulation tool to promote healthy and sustainable diets [36].
However, policies are not represented within the conceptual framework itself, but rather
in an ‘Orders of Food System Change’ schema. Pinstrup-Andersen and Watson’s frame-
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work included governance along with institutions and policies to represent the political
environment as a driver of food system activities and decisions [41]. The other frameworks
presented policies, most often trade policy, as one of the many drivers of agrifood system
activities [37,38]. HLPE presented political, program, and institutional actions as influenc-
ing the drivers, which included the food supply chain, food environment, and consumer
behavior, and being influenced by the health, social, environmental, and economic im-
pacts of the agrifood system [39]. Institutional arrangements and regulations were also
depicted in van Berkum et al.’s framework within the enabling environment [38]. Zurek
et al. addressed policy and governance by depicting EU and national policymakers and
other food system influencers, such as NGOs, as the pathway through which EU policy
goals for sustainable food and nutrition security are realized and included these policy
goals within the framework [40].

3.3. Significant Additions to Conceptual Framework Components over Time

Significant additions and revisions have been made to these food system frameworks
over their evolution that have strengthened their ability to address complex agrifood system
research questions. These updates are outlined in chronological order by publication date
in Table 5, organized by food system component (drivers, activities, outcomes, feedback,
and policy/governance). The evolution of these frameworks was largely centered around
expanding the concept of food system activities to better understand how they influence
the food system outcomes. Frameworks progressed from a linear representation of a food
supply chain to an interconnected set of activities and actions that include the food supply
chain as well as the food environment within which individuals make their food choices.
The inclusion of the food environment and food choices reflects researchers’ shift in focus
to understanding consumer behavior as a driver of diets and the agrifood systems’ impact
on human and planetary health. Recognizing the role of consumers as a decision-maker
within the broader system is critical to understanding and changing problematic trends
and improving outcomes.

Table 5. Strengths and significant additions and revisions to agrifood system frameworks.

FCOOd System Strengths/Significant Additions and Revisions
omponent

Pinstrup-Andersen and Watson [41]: 4 environments influencing food system activities (biophysical,
socioeconomic, political, demographic)
HLPE [39]: 5 categories of drivers (and the influence of these drivers over various food system activities)

Dri Zurek et al. [40]: indirect drivers of food system and direct drivers of food system actors (exogenous and

rivers .

endogenous drivers of change)
Bene et al. [37]: 3 categories of key drivers (production/supply, distribution/trade,
consumption/demand) and typology of food system drivers (internal /endogenous vs.
external /exogenous; intended/controllable vs. unintended /accidental)
Pinstrup-Andersen and Watson [41]: Imports and exports as components of food system activities that
influence and are influenced by other food systems
HLPE [39]: 3 components of food system activities (food supply chain including actors, food
environments, consumer behavior)

Activities Zurek et al. [40]: interrelationships within food supply chain activities (adds disposal/reuse) and
between actors (trade, money)
Bene et al. [37]: nested approach to food system activities (consumer food choice influenced by food
environment, which is influenced by food system supply actors and activities) that collectively
influence outcomes
Zurek et al. [40]: 4 outcomes that are context-specific and related to the EU food system goals (diets and
consumption patterns; productivity, profit, and competitiveness; environmental conditions; fair and just

Outcomes social conditions for food system actors)

Bene et al. [37]: 4 outcomes and interactions between them capture trade-offs and synergies
(environment; nutrition and health; economic; social)
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Table 5. Cont.

Food System
Component

Strengths/Significant Additions and Revisions

Feedback

Pinstrup-Andersen and Watson [41]: Bidirectional feedback between system agent behavior (decisions
of actors in the system) and food system activities

Lawrence et al./Meybeck and Gitz/Zurek et al. [36,40,42]: Bidirectional feedback within food supply
chain activities

HLPE [39]: Demonstrates significant feedback between and within food system components (drivers,
activities, outcomes), including consumer behavior feeding back to influence food supply chains and
food environments

Van Berkum et al./Bene et al. [37,38]: feedback and interactions between drivers and throughout

the system

Policy/Governance

Pinstrup-Andersen and Watson [41]: Political environment as a driver of food system activities and
decisions (governance, institutions, policies); agents as decision-makers in the system

HLPE [39]: Political, program, and institutional actions as drivers and outcomes of agrifood systems
with potential to intervene through food supply chains, food environments, and consumer behavior.
Van Berkum et al. [38]: Enabling environment, which includes regulations, included as a food system
activity that influences the food supply chain.

Zurek et al. [40]: Specific EU policy goals are included in the framework and shown to influence
policymakers and other food system influencers. Regulatory environment is included as a direct driver
of food system actors, as determined by agriculture and trade policies.

Bene et al. [37]: Political economy as part of the general context. Classifies policies as
intended/controllable drivers.

Following Ericksen’s framework, researchers have consistently considered the envi-
ronmental, socioeconomic, and nutritional outcomes of food systems in their conceptualiza-
tions. Later frameworks more explicitly address the interactions between these outcomes
in the form of trade-offs and synergies. They also include the distribution of these effects
between actors as part of the outcomes. The feedback between these outcomes and the
drivers of food systems in these frameworks have become more nuanced over time as
well, solidifying the idea of the food system as a complex and adaptive system over time.
Ericksen’s environmental and socioeconomic drivers of agrifood system change have been
added to and adapted over time. However, less attention was given to food system drivers
relative to the food system activities until later frameworks, particularly when Bene et al.
formalized the concept as described [37]. In general, frameworks progressively included
more nuanced feedback between and within components.

With respect to policy and governance, frameworks followed less of a trend in their
evolution compared to the other components. Building on Ericksen’s call to prioritize gov-
ernance in food system frameworks, all included publications discussed the implications
of a food systems framework for policy decision-making, with some attention to the ability
to identify leverage points to change the system and to evaluate ‘tradeoffs and synergies’
between policies and across outcomes [4]. However, the explicit inclusion of policy and
governance structures within frameworks was limited and differed significantly between
frameworks. The earliest and only publication that explicitly included governance in the
framework was that of Pinstrup-Andersen and Watson in 2011 [41]. Later frameworks
included political and institutional actions in their conceptual frameworks but varied in
how they conceptualized the relationships between these factors and the activities and
actors within the food system. Without specific analysis of these relationships, the influ-
ence of these policy or regulatory variables over the activities or outcomes of the system
remained unclear.

3.4. Gaps for Policy Decision-Making in Included Frameworks

The review of existing frameworks identified two gaps that limit their applicability
for policy decision-making and solutions-oriented insights. These include the frameworks’
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generalizability despite heterogeneity across contexts, and limited attention to analyzing
political economy:.

The burdens and inequities of food systems and the challenges of changing them to be
healthy, sustainable, and just differ between regional and country contexts. Accordingly,
the impact of various drivers and policies is highly dependent on the type of food system
being discussed [2,39]. HLPE distinguished between three broad types of food systems
(traditional, mixed, and modern) and highlighted the heterogeneity of food supply chains
and food environments between different food system types [39]. The diverse components
and structures of food systems between contexts suggest the need for context-specific
solutions. Thus, a conceptual framework that is specific to a certain typology may lend itself
to an increased understanding of the food system components and their interrelationships,
and how they collectively contribute to and are impacted by food system outcomes.

The actual applicability of the existing frameworks for effective policy decision-making
is also unclear. HLPE and Van Berkum et al. demonstrated how their framework can be
used to trace policies through the agrifood system activities to outcomes, which is helpful to
visualize feedback throughout the system [38,39]. However, how agrifood systems change
is not solely driven by policies and policymakers, but more broadly by actors throughout
the system representing diverse, often disparate, and even conflicting, interests. The authors
of the existing frameworks acknowledge the importance of multiple decisions made by
multiple actors/stakeholder groups throughout food supply chains, but these dynamics
and relationships are not addressed within the conceptual frameworks or further analyzed.
Without the additional analysis of political economy, researchers cannot adequately identify
policy trade-offs and synergies [27,45,46]. Political economy is included in the Bene et al.
framework as part of the general context within which food systems operate, but they
do not specify an approach to analyze the role of various actors and their decisions in
the political process [37]. Relatedly, Zurek et al. concluded that effective governance
requires that decision-makers understand how complex food system components interact
to influence outcomes, and also understand the effect of policies or other innovations on
different actors [40].

3.5. A Conceptual Framework for Modern Industrialized Agrifood Systems

To address these gaps, we developed an agrifood system conceptual framework
(Figure 3) that integrates components of existing food system frameworks with two specific
additions. First, to improve the agrifood system framework’s ability to generate practi-
cal, relevant, and solutions-oriented insights, our framework is specific to ‘modern and
industrialized food systems’, classified by Marshall et al. as part of a typology to account
for heterogeneity between food system types [39,47,48]. This heterogeneity provides the
rationale for specifying the development of a new framework specific to modern indus-
trialized agrifood systems, particularly as the production-oriented industrialized system
dominates at the expense of health and well-being globally with disproportionate impacts
on developing countries [49]. Moreover, prior frameworks suggested their generalizability,
but largely reflected the components and structure of modern industrialized agrifood
systems. Modern industrialized food systems are associated with increased agricultural
productivity, supermarket availability, dietary diversity, and urbanization [48]. They are
also typically characterized by several actors with various roles throughout the system,
significant processing and packaging of foods, reliable storage and transport infrastructure,
high monitoring of food safety, increased food-related information for consumers, and
differential access to and availability of foods by income level [32]. The cost of staple goods
is lower relative to animal-source foods; perishable foods and specialty foods such as those
produced locally or organically are more expensive [39]. The U.S. is an example of an in-
dustrialized agrifood system and will be used as a simple example to apply the conceptual
framework. Second, our framework will make explicit the endogenous and exogenous
role of policies and governance structures in agrifood systems, including actors and their
relationships to one another in influencing agrifood system activities and outcomes, and

207



Sustainability 2024, 16, 9862

related policies. This addition provides a political economy lens to understand how the
interests and ideas of relevant agrifood system actors and institutions interact to influence
policy development and decision-making processes [46,50].

DRIVERS

Technological Innovation; Intensification/Homogenization of Agriculture; Climate
Change; Environmental Degradation; Access to Infrastructure and Information; Trade
Policies; Internationalization of Private Investments; Food Safety Concerns; Population
Growth; Increases in Income; Urbanization; Social/Cultural Norms; Attention to Diet
and Health/Environmental Food-Related Issues

POLICY LANDSCAPE

Government Policies, Regulations, Governance Structures, Institutions, Politics

Governments, Policymakers, Regulatory Agencies, Industries and Industry Associations, Institutions, Public Interest Organizations

\ ACTIVITIES AND ACTORS /

Food Supply Chain External Determinants
Availability, Price,
Storage Quality/Safety,

Marketing/Information
Food Environment S N
. ) ,  Consumer
Production Processing Retail Consumption | Behavior |

Producers, Farmworkers Packers, Industry Retailers, Vendors Consumers | B Me—m—mm————

Accessibility, Affordability,
Convenience, Preferences

Disposal/Reuse Personal Determinants

\ OUTCOMES '/
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JUST
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Figure 3. Policy-Oriented Conceptual Framework for Modern Industrialized Agrifood Systems.

3.6. A Conceptual Framework for Modern Industrialized Agrifood Systems: The Components

The updated conceptual framework (Figure 3) maintains drivers, activities, outcomes,
and feedback as the primary components of agrifood systems and proposes policy landscape
as a fifth key component. Researchers and policymakers can apply this framework to
understand these components and their interactions in the context of their specific research
or policy questions. Importantly, feedback is represented broadly throughout the frame-
work as bidirectional arrows and feedback loops within and between each of the agrifood
system components. The dotted lines between components also represent the constant
interaction and shifting dynamics of modern industrial agrifood systems over time. The
visual framework and the following descriptions of the framework components are not
intended to be exhaustive or prescriptive but rather to provide a lens through which issues
related to industrialized agrifood systems can be analyzed. For example, the framework
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provides an opportunity to analyze cultural norms as a driver of agrifood system activities,
organic farming, and food miles as part of these activities, biodiversity as an environmental
outcome as well as a driver, and food security and related inequities as components of
consumer behavior and as outcomes relevant to both human health and socioeconomics.

3.6.1. Drivers

Our framework includes 14 drivers derived from Bene et al.’s recent systematic review,
as described previously [37]. In addition to the 12 key drivers Bene et al. identified that
influence the supply and demand of agrifood systems, we include cultural and social norms
and attention to the environmental impacts of diets as two additional drivers of modern
industrialized agrifood systems [37]. Users can conceptualize drivers as intentional or
unintentional depending on the context of their research or policy issue; this may be a
subjective exercise, but useful for understanding potential places to intervene. Cultural and
social norms influence the acceptability, desirability, and thus demand for certain foods [51].
This driver captures the often-overlooked recognition that consumers themselves, through
various motivations, can generate social movements and shift food-related norms [52-55].
Attention to the environmental impacts of diet is also included based on the growing focus
on this relationship over time in the literature and by consumers [56-58]. The arrows
between drivers and the policy landscape depict the role of historical and future policies in
shaping these trends, and conversely, the role of these trends in shaping actors’ personal
and policy interests.

3.6.2. Activities and Actors

Our framework utilizes the components of agrifood system activities identified and
defined in HLPE, including food supply chains, food environments, and consumer behavior.
In our framework, agrifood system activities explicitly include relevant actors to account
for the relationship between actors, their decisions, and agrifood system activities [41].
Food supply chain subcomponents include production, processing and packaging, storage
and distribution, retail, and consumption as well as disposal/reuse, as included by Zurek
et al. [4,39,40]. In modern industrialized food systems, production includes a wide variety
of foods produced at farms of various sizes, significantly characterized by large-scale
industrialization and productivity. Processing refers to the transformation of raw foods
and ingredients into new products. Processing is conducted predominantly by large
industries to generate processed and ultra-processed packaged foods that often lack nutrient
density, but are developed to be safe, cheap, widely available, hyperpalatable, and have
a long shelf life [59]. Storage and distribution reflect the transport and storage of foods
between food supply chain actors and modern industrialized food systems. These are
characterized by substantial infrastructure that increases the feasibility of these processes
as well as the distance between consumers and where their food was produced [60]. Retail
refers to the several destinations where food can be marketed and acquired, including
supermarkets, farmers and specialty markets, corner stores, full-service, fast-casual, and
fast-food restaurants, food trucks, and street vendors [39]. Consumption reflects the process
of preparing, eating, and digesting food products, and modern food systems trend toward
overconsumption, particularly of animal-source foods [4,47]. Finally, disposal and reuse
refer to food that is lost or wasted, which contributes significantly to the environmental
burden of modern industrialized food systems [61,62]. Agrifood system actors within
the food supply chain include, but are not limited to, producers, laborers, processors and
packers, distributors, retailers, food service providers, and consumers [2,28,63].

Food supply chain subcomponents influence each other and act as determinants of
the food environment, consumer behavior, and ultimately human health, environmental,
and socioeconomic outcomes, and the inequitable distribution of these effects. The food
environment refers to the physical, economic, political, and sociocultural conditions that
shape dietary preferences, choice, and consumption [64,65]. Food environments are in-
fluenced by availability and physical access (proximity), economic access (affordability),
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promotion, advertising, and marketing, and food quality and safety [39,44]. Although it
was not included in our review because it did not meet our inclusion criteria, Raza et al.
developed a framework to analyze children’s and adolescents’ diets that added nuance
to previous frameworks by dividing the food environment into external and personal
domains, based on the work of Turner et al. [43,64]. External food environments are “the
retail and commercial markets, schools, and informal vendors where consumers interface
with food, and reflect aspects of availability, food price, marketing and advertising, and
vendor and product properties” and personal food environments are “the individual and
household-level factors that consumers bring to the food environment, such as purchasing
power, access, convenience, desirability, and informs why people choose to procure the
foods that they do” [64]. This differentiation is highly relevant for modern industrialized
food systems and is included in the updated framework as external and personal deter-
minants of the food environment. Just as the food supply chains, food environments, and
consumer behavior are highlighted as entry and exit points for nutrition in HLPE, we argue
that they are also entry and exit points for sustainability and equity, and represent points of
intervention for policymakers and practitioners in modern industrialized food systems [39].

3.6.3. Outcomes

The outcomes of modern industrialized food systems in the conceptual framework
include human health outcomes (food and nutrition security, diet-related chronic disease),
planetary health outcomes (greenhouse gas emissions, natural resource utilization, and
degradation), and social and economic outcomes (income, livelihoods, distribution of ef-
fects). These outcomes are influenced by the food system activities and the actions of various
actors. Changes in these outcomes, or the distribution of these outcomes across populations,
will feed back to influence the food system activities and actors, primarily as consumers,
as well as influence various food system drivers over time. The outcomes of modern
industrialized agrifood systems do not exist in isolation. The framework depicts feedback
loops between each of the types of outcomes to highlight their interconnectedness. These
relationships create trade-offs and synergies between outcomes that decision-makers must
consider in attempting to achieve healthy, sustainable, and just agrifood systems [4,37].

3.6.4. Policy Landscape

Healthy, sustainable, and just agrifood system transformations require action from
governments and institutions, which have been explicitly included in the conceptual
framework [17]. This addition to agrifood system frameworks is labeled as the policy
landscape to reflect the existing policies, regulations, governance structures, institutions
and politics that interact with the agrifood system components [38,39,41]. Policy and
governance structures can directly shape how activities and actors operate within the
agrifood system (endogenous) or indirectly through actions from outside the agrifood
system (exogenous) that change outcomes or aspects of the policy process [38,39,41].

Governments, policymakers, regulatory agencies, industries and industry associations,
institutions, and public interest organizations are actors within the policy landscape that
interact with the activities and outcomes of modern industrialized agrifood systems [2,66].
These actors hold different interests depending on the food system issue being analyzed,
the context, and their relationship to one another and the other actors in the food supply
chain [5,67]. Food policies are influenced by the interests and power imbalances that
exist between these actors [28,66]. As a result, food policies in modern industrialized
agrifood systems are often fragmented across sectors and production-oriented to prioritize
economic interests, while failing to adequately account for public health and environmental
implications [28,68-70]. A combination of strategies should be considered to improve
healthy and sustainable consumption [71,72].
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4. Discussion

The scoping review provided a foundation and guidance for the development of an
updated policy-oriented conceptual framework for modern industrialized agrifood systems.
The updated framework provides a conceptual tool for policymakers and researchers
to understand the linkages between activities and actors within modern industrialized
agrifood systems and human health, environmental, social, and economic outcomes, and
the endogenous and exogenous policy and governance structures that contribute to these
relationships. Importantly, our framework highlights how policies contribute to the current
system structure and provide opportunities to influence the system. Collectively these
insights can facilitate the identification of places to intervene in the system and windows of
opportunity for change.

4.1. Research Contributions

Our integrated agrifood system framework for political economy analysis addresses
gaps in prior food systems research and improves the applicability of a food systems ap-
proach for both research and policy analysis and decision-making. The updated framework
is grounded in the literature on food systems and their impact on human and planetary
health. The framework can bolster an understanding of the complex dynamics between the
food system drivers, activities, and actors that generate outcomes in modern industrialized
food systems. The framework does so by providing a simplified conceptual structure that is
relevant to the complexities of modern industrialized agrifood systems, but also adaptable
to the context-dependent factors that shape where change might be possible, through who,
and how it might influence humans and the environment.

The framework also outlines several potential places to intervene in the system. De-
pending on the research question, users can apply the framework as a conceptual tool
to identify activities throughout the supply chain or actors in the supply chain that offer
opportunities for transformation. The agrifood system drivers can facilitate or inhibit the
feasibility or effectiveness of intervention targets. Likewise, the framework facilitates the
analysis of how an existing policy landscape can support or inhibit new policy action in
relevant settings. The systems insights generated from applying the integrated framework
can inform the identification, development, and implementation of policy strategies for
a healthy, sustainable, and just agrifood system transformation in modern industrialized
agrifood systems.

4.2. Practical Application

Our framework can be used by researchers and policymakers to analyze various
agrifood system goals and policies through the lens of system transformation. First, users
should determine their policy or agrifood system goals of interest specific to a particular
context. Examples for a modern industrialized food system include (1) increasing the
availability and accessibility of healthy and sustainable diets in the US, particularly for
marginalized populations; and (2) decreasing the climate and environmental footprint
of US diets. The next step is to identify possible policy objectives, or specific strategies,
that can be implemented to achieve these goals [73]. This can be undertaken by identi-
fying where the policy goal fits within the agrifood system components and tracing it
downstream and upstream through the conceptual framework to find places to intervene.
Alternatively, researchers and policymakers may want to explore the feasibility of specific
policy interventions.

For example, one potential policy strategy to improve population and planetary health
in the US is to shift federal food procurement standards to procure less beef and more
minimally processed plant proteins for federal food programs. After policy strategies
are identified, the framework can be used to conduct a more nuanced analysis of factors
that may facilitate or inhibit the success of the identified policy strategy. This analysis
can determine if a window of opportunity exists for change or if other factors need to
change before a policy is practical. The policy landscape component of the agrifood system
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framework is used to identify actors with a direct interest in the policy process. The food
supply chain component also outlines potential actors with direct or indirect interest in the
implications of the policy. The interests of all of these actors should be documented and
analyzed; if a policy to reduce beef consumption were to be enacted, who wins, who loses,
and by how much? Synthesizing actors’ interests relative to one another can assess power
imbalances among actors as well as potential unintended consequences or trade-offs that
will require attention. As a brief example, if U.S. federal food procurement policy shifted to
include more plant-based foods and less beef, cattle ranchers, the beef-packing industry,
and policymakers who receive political donations from the cattle industry would likely
oppose this shift. An unintended consequence of enacting a new procurement policy may
be loss of livelihood for cattle ranchers, which would be offset by increased profits for plant-
based producers, increased sustainability of federally procured food, and improved health
for those who consume it. Potential synergies may be found while considering trade-offs;
for example, this new procurement strategy could be coupled with incentives for producers
to transition to regenerative farming or to the production of less resource-intensive crops.
Framework users can also assess the context and role of institutions related to the policy
issue and proposed strategy. For example, there are strong social norms around beef
consumption in the US. These norms may lead policymakers or government agencies,
like the US Department of Agriculture, to oppose policies to reduce beef consumption
in favor of an alternative policy that is less polarizing and likely less effective, reflecting
internal conflicts between the economic success of US agriculture and its human and
environmental impact.

4.3. Limitations and Future Research

Despite the ability of a food systems approach to handle complexity, a limitation of
this research is the inability to capture all variables and relationships relevant to modern
industrialized agrifood systems within a single conceptual framework. Even with our
scoping systematic review of the drivers, activities, outcomes, and feedback used to concep-
tualize agrifood systems and their influence on and by human and planetary health, fully
integrating all components, subcomponents, and interactions within each framework was
not feasible. Therefore, variables and relationships may have been omitted in the updated
framework with the objective of developing a framework that is simple and relevant to the
modern industrialized context. Additionally, the scoping systematic review was focused
on food system frameworks with specific characteristics and outcomes of interest. Existing
frameworks that did not meet our inclusion criteria (i.e., focused on nutrition without
environmental considerations) may have been omitted despite containing relevant insights.
The inclusion criteria were developed specific to our research question, but future research
may benefit from less stringent criteria that allow for the inclusion of frameworks for
analyzing agrifood systems of various typologies and with non-specific outcomes.

Alternatives to modern industrialized agrifood systems exist, including rural and
traditional, informal and expanding, and emerging and diversifying, as outlined by Mar-
shall et al. [48]. Aspects of non-industrialized systems, including local, traditional, and
Indigenous food systems offer opportunities for improving the health and sustainability of
agrifood systems globally as well as benefits for social equity and economic well-being [74].
Modern industrialized agrifood systems can and should learn from more traditional sys-
tems. The deepest leverage point in a system is the ability to change the values and goals
that shape it [75,76]. Users of this framework must consider how agrifood system transfor-
mation in industrialized systems may require reorienting the goals and, thus, the overall
structure of the system. Likewise, future research should assess how these agrifood system
types interact and the implications for human and planetary health.

Future research should prioritize applying the integrated framework to problematic
trends or policy goals in modern industrialized food system contexts to demonstrate its
applicability for policy decision-making and identify meaningful policy insights. The
framework can also be used to map the state of the literature on a given agrifood system
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issue to identify areas of focus for future research as well as serve as a foundation for
a system dynamics (SD) approach. SD is both a qualitative and quantitative modeling
approach for understanding dynamic problems within complex systems, identifying places
to intervene in the system, and comparing policy options against several outcomes, and
may enable several further analyses utilizing this framework.

5. Conclusions

Strategies for achieving healthy, sustainable, and just agrifood system transformations
require immediate attention. An integrated conceptual framework for modern industri-
alized agrifood systems offers a foundation for research and policy analysis. Researchers
and policymakers should leverage the use of policy-oriented conceptual frameworks to
facilitate political economy analyses and gain a nuanced understanding of issues in the
context of modern industrialized agrifood systems. Exploring interconnections between
system components, power imbalances between actors, and trade-offs between outcomes
can enhance decision-making around existing or proposed policy interventions. Collec-
tively, system insights enable decision-makers to identify and prioritize places to intervene
for agrifood system change.
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Abstract: The presented review concerns the cross-disciplinary approaches to the subject of blue food
and blue colourants, the socio-cultural aspects of blue food and beverage consumption, human health
effects, environmental impact, and economic aspects. Blue colour in relation to food is not only about
improving visual appeal, to which the addition of food colouring is usually limited when the food is
coloured in some way that does not encourage eating. It is also the rich and complex sociological
side related to food, that is, not only the food itself but also the background, dishware, and light,
depending on whether we want to encourage—to increase consumption—or discourage—to, for
example, reduce the amount of food eaten for dietary purposes. The negative side of consuming and
disposing of synthetic dyes and the health-promoting aspects of natural dyes are also mentioned,
with the economic and environmental aspects of sourcing natural dyes being discussed. The food
industry uses blue dyes not only for consumption, but also for food quality control, taking advantage
of the pH-dependent colour change properties of the compound.

Keywords: sustainability; blue; food; drink; dyes and pigments; food colour; food quality; food
decision-making; socio-cultural; economic; environmental implications

1. Introduction

Colour signals the edibility and nutritional value of food [1]. According to the FDA
(U.S. Food and Drug Administration), a colour additive is “any dye, pigment or substance
which when added or applied to a food, drug or cosmetics, or the human body, is capable
(alone or through reactions with other substances) of imparting a colour”. These may be
preparations obtained from natural raw materials (vegetable, animal, mineral, or other
source) by selective extraction, isolation, or otherwise derived, with or without an interme-
diate or final change in the identity of pigments [2]. Based on their use, two groups can be
distinguished among food colourants:

- food colourants with a limited permissible daily intake, the maximum levels of which
are contained in the relevant legislation (mainly synthetic colourants),

- colourants used in line with the quantum satis rule (comprising mainly colourants of
natural origin), which have no defined maximum level of use and should be used at
the lowest dose necessary to achieve the intended technological effect, applying the
principles of good manufacturing practice.

Dyes are used in foods to improve visual appeal. The addition of colourants to foods
is thought to have occurred in Egyptian cities, where confectionery manufacturers cca
1500 BC added natural extracts and wine to enhance the appearance of the product [3,4].
However, it is difficult to speak of such use in the case of the colour blue, where a colour
different from the natural one is deliberately used.

The blue colour of food has always signified otherness, but over time the meaning, the
sense of otherness, has changed. In the past, blue meant rotten—mouldy; later, with the
development of the dye industry, it took on the meaning of “artificial” [5]. Currently, it has
its adherents, especially among young people; the distinctiveness of blue food is perceived
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positively as unique. Trends over the last few years have shown the increasing popularity of
blue food. It seems that acceptance, however, only applies to a certain group of foods. Certain
blue foods are already considered ‘acceptable’, like sweets, candies, cakes, and beverages, and
receive significant attention from consumers who are delighted by the colour difference [5,6].
However, consumers still associate blue foods with artificial colouring [6,7].

It appears that determinants of food choice may be linked to affective memory and
genetic factors [8,9]. For young people, the blue colour of food can be associated with
messages passed down in childhood fairy tales and cartoons, in which blue berries, such as
gummiberries (Gummi Bears) and Smurf berries (Smurfs), had magical properties. This fact
is not entirely dissimilar to reality, as the intensely blue-coloured berries are characterised
by a high content of anthocyanins, which have strong antioxidant effects and interesting
properties. When deciding between using natural and synthetic food colourings, it is
important to consider the complex benefit-loss balance. From the manufacturer’s and
retailer’s point of view, colourants should, above all, be stable enough to avoid significant
degradation during distribution and sale, both the ingredient and the food or beverage,
which may include storage from days to years under refrigerated or ambient conditions.

General causes of degradation include heat, light, oxygen, acid, and oxidants like
ascorbic acid or trace metals. Producers may have additional demands, such as water- or
oil-solubility for defined applications [10].

The issues involved in an interdisciplinary approach to the links between economic,
environmental, and social relationships are often complex, interrelated, and defined by
the characteristics of each compound. Figure 1 presents the most important sustainable
correlations between aspects of the use of natural blue food colourants, according to the
main pillars of sustainability with the inclusion and attempted positioning of health aspects
and properties (Figure 1). Before considering the socio-cultural, economic, and ecological
contexts, a brief review of the current state of knowledge on the origin and properties of
blue food dyes is necessary to explore aspects that will show us the turning points, which
are also linked to health-promoting aspects. To increase the clarity of the work, Figure 2
illustrates a summary of the content of the review (Figure 2).

Natural
blue
food colourants

-expensive production
-difficult, time-consuming
multi-steps production
-expensive storage
and transport

indicator supports non
wastage of food
+workers avoid
exposure to hars|
hemicals

+free of carcinogenes
+free of allergens

+nutraceutical qualities
+functional and healing ingredients:
anti-oxidants

+biodegradable - ecofriendly

anti-inflamatory +do not release harmful by-
anti-bacterial products into the environment
anti-malarian

anti-fungal

Figure 1. Correlations between sustainability aspects of natural blue food colourants, (+) advantages,
(-) disadvantages.
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Figure 2. Summary of review content.

2. Origin of Blue Pigments—Food Colourants

Dyes can be of natural and synthetic origin, and blue colour is not always strictly
determined by the presence of blue dye in a material. The colour perceived as blue
in animals, plants, algae, fungi, and bacteria or as a result of human activities in the
manipulation of natural products has two key sources: (i) structural colour caused by the
reflection of blue light from nanoscale structures (iridescent phenomenon) and (ii) molecular
colour due to red-light absorbers [11].

Nature offers a wide variety of colours [10], but blue is the last colour to appear in
the natural world and the last to be developed and produced in the Anthropocene [11]. It
is known that blue colours are infrequent in nature because the electronic configurations
required for photon absorption at 560-700 nm are complex and rarely occur [12]. Colour
systems utilised by liverworts (furanoflavylium), mosses and ferns (3-deoxyanthocyanins),
and angiosperms (anthocyanins) are chemically identical, although only the anthocyanins
are capable of producing the colour blue [11].

The food industry is seeking more and more colourings of natural origin. It is often the
case that a pigment changes colour depending on the pH, as is the case with anthocyanins,
whose shade is determined by structural changes that occur under the influence of pH.
Under acidic conditions, anthocyanins appear pink or red, while in an alkaline environment,
they become blue [13].
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There also exist dyes that turn blue when the relevant reaction has occurred. Fruits of
Genipa americana L. and Gardenia jasminoides Ellis contain the iridoid glycoside genipo-
side, which releases the aglycone genipin after enzymatic hydrolysis by 3-glucosidase [14].
While genipin is colourless, when it reacts with primary amines and proteins in an aerobic
environment, it forms a water-soluble blue pigment that is stable when exposed to light [15]
and low pH (3.0-4.0) conditions [16].

Pigments can also turn blue after appropriate treatment, such as thermal degradation.
An example of such a pigment is bikaverin, a red polyketide derived from the secondary
metabolism of fungi, mainly of the genus Fusarium [17]. Similarly, chamazulene, a com-
ponent of the volatile oil of chamomile (Matricaria chamomilla L.) and yarrow (Achillea
millefolium L.), turns blue after the thermal degradation of its colourless precursor during
distillation [6].

2.1. Synthetic Blue Pigments

The food industry makes extensive use of artificial dyes to restore the colour lost during
food processing and storage, enhance the current colour, minimise colour differences in
batches, and present the food more attractively to consumers [9,18]. To ensure food has an
attractive appearance, food manufacturers use synthetic or natural dyes. Synthetic colours
were first produced in the mid-19th century, and due to their low production cost, high heat
resistance, and chemical stability, they rapidly became popular as food colourings [3,19,20].
Artificial dyes are divided into two main groups, azo and triphenylmethane [21]. Currently,
three artificial colourants are used in the food industry (Figure 3, Table 1): blue dyes (E131
and E133), belonging to the triphenylmethane group, and indigo dye (E132) [9,22].
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Figure 3. (a) Brilliant blue FCF, (b) indigo carmine, and (c) patent blue V.

Table 1. Synthetic dye properties [3,23,24].

Colourant € Amax Properties

E131, INS 131 10.600 635 Excellent light and heat stability.
patent blue V ! Faded by acids and SO;.
E132,INS 132 Poor light heat and acid stability.
indigo carmine 7920 607 Poor oxidative and SO, stability.
syn. Indigotin Faded by ascorbic acid.
E133, INS 133 Fair light and acid stability.

brilliant blue 134,000 630 Poor oxidative stability.

where Amax, wavelength of maximum absorption in nm, ¢, molar extinction coefficient (or molar absorptivity)
; 1 1.
inM™' cm

During the past century, these additives have most often been associated with tox-
icological risks to human health. Many substances have already been banned in some
countries due to experimental confirmations of carcinogenic effects. Still, the food industry
uses them as they are cheaper, more stable, and brighter than natural dyes [9,18].

Patent blue (INS 131, E131, CI food blue 5) is a sky-blue synthetic food colourant with
a triphenylmethane group. It is water soluble and slightly soluble in ethanol, in an aqueous
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solution, and pH-dependent: deep blue in alkaline to weak acidic media and yellow-orange
in strong acidic media [23].

Indigo carmine (INS 132, E132) is a synthetic dye, soluble in water but sparingly
soluble in ethanol. Originally extracted from a shrub species (Indigofera tinctoria), they
are currently commonly obtained by chemical synthesis. It is very sensitive to light and
oxidising agents such as bleach [23].

Brilliant blue (INS 133 or E133, ClI food blue 2, acid blue 9) is soluble in water and
glycerol but only slightly soluble in ethanol. It is very sensitive to light and oxidising agents
such as bleach [23].

All above-mentioned synthetic dyes are used in the food industry, especially in
flavoured drinks, decorations and coatings for pastry products, pastry and fine bakery prod-
ucts, confectionery including breath-refreshing and chewing gum, flavoured fermented
milk products, edible cheese rinds, desserts, edible ices, several types of preserves of red
fruits, seasonings, snacks, and alcoholic beverages [23,25].

2.2. Natural Blue Pigments

Naturally coloured foods in yellow, red, and green can be found on the market. Natu-
rally blue foods are mainly blue mould cheeses namely the so-called ‘blue-veined’ cheeses,
which include French Roquefort (sheep’s milk cheese, mould produced by Penicillium
roqueforti) [26], English Stilton, and Italian Gorgonzola (cow’s milk cheese, Penicillium
glaucum), boasting of a history of more than a thousand years [27]. In addition, naturally
blue foods include blue corn (Zea mays L.) and purple sweet potato (Ipomoea batatas L.) [28]
varieties such as Purple Majesty [29], Vitelotte [30], Ayamurasaki [31], and Congo [32].
However, in regard to the blue colourants, their use is limited, and natural sources have low
stability [6]. At present, only anthocyanins (INS 163) and phycocyanins (INS 134-spirulina)
have regulatory approval for their use as blue colourants [5].

Despite the wide range of natural pigments that are used in the food industry, antho-
cyanins (ANCs), carotenoids, phycobiliproteins, betalains, and chlorophylls remain the
most frequently applied [33]. Edible natural pigments not only add colour but also carry
the potential for health benefits as bioactive substances [34].

Naturally occurring blue pigments belong to anthocyanins and eight major struc-
tural classes: azulenes, quinones, tetrapyrrole, phenazine, indole and pyridine alkaloids,
metalloproteins, and organometallics [35].

Natural blue pigments can be categorised according to their origin into those produced
by representatives of all five kingdoms of organisms, i.e., animals, plants, prokaryotes [36],
fungi, and protists [10,17,37-39] and pigments of mineral origin.

2.2.1. Animals

In animals, blue colours usually arise from the optical effects of blue light reflected by
nanoscale structures rather than from the occurrence of true blue pigment molecules [10,17].
The most exemplary are the blue wings of the butterfly Morpho sp. [40] and the blue feathers
of the bird Sialia sp. However, they live mainly in Central and South America. In our part of
the globe, i.e., in Poland, it is sometimes possible to observe a butterfly whose wing colour
is also based on the same phenomenon. It is a rare purple emperor butterfly (Figure 4b).
Similarly, poisonous tree frogs have few natural enemies, and the colour is a deterrent
(Figure 4a). The deterrent mechanism is also used by the male moor frog (Rana arvalis)
during mating season [41].

Some animals, like crustaceans and arthropods, have blue blood due to the respiratory
protein haemocyanin instead of the iron-based haemoglobin [42]. The haemocyanin chro-
mophore contains a binuclear copper active site that reversibly binds oxygen molecules [10].

The a-crustacyanin is an example of a blue-coloured pigment found in the carapace of
lobsters (Nephrops) Leach, 1814 [43], and (3-crustacyanin (blue) is found in lobsters (Homarus
gammarus) [44].
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Figure 4. Blue animals: (a) blue poison arrow frogs Dendrobates tinctorius ‘azureus’ (Zamos¢ Zoo, SE,
Poland, photo: A. Szmagara); (b) in sunlight, many shades of blue and purple can be seen on the
wings of the purple emperor butterfly (Apatura iris) when viewed from an angle (Lublin, SE Poland,
photo: A. Szmagara).

From echinoderms, specifically from the vivid blue skin of calcified starfish called “blue
star” (Linckia lnevigata L.), a blue carotenoprotein called “linckiacyanin” (Amax = 612 nm) can
be isolated [45].

In ancient times, indigo dye was isolated from the hypobranchial gland of the sea snail
Hexaplex trunculus (known as Murex trunculus, Phyllonotus trunculus) [46].

One instance of tetrapyrroles are biliverdins, some of the few blue pigments that occur
in the animal kingdom and are responsible for the bluing of bruises [10].

Of these blue pigments of animal origin, a few azulene chromophore-based compounds
have been identified in marine organisms like the gorgonians Paramuricea chamaeleon [47],
Euplexaura erecta [48], and Anthogorgia sp. [49] and the marine sponge Dysidea sp. [10].

2.2.2. Plants

Blue in nature is seemingly popular, but not among flowers [50]. Indeed, flowers per-
ceived by humans as being blue are infrequent (Figure 5), representing, according to various
authors, about 7% [51] to <10% of the nearly 300,000 known flowering plant species [52].
Blue flowers are phylogenetically limited, only occurring in 372 out of 14,038 genera of
angiosperms worldwide, and in 53 out of 406 families [53]. Moreover, blue is much more
common among biotically pollinated flowers than among wind-pollinated flowers, possibly
suggesting that investigating the rarity of blue flowers requires a deeper understanding of
how animals perceive these colours [50].

The adaptive value of blue flowers should be enhanced by nutrient richness or other
factors, abiotic and biotic, that can reduce additional costs of blue pigment synthesis [50].
They display key roles in plant propagation and defence mechanisms [54]. The subsequent
production and localisation of anthocyanins in root, stem, and especially leaf tissues
can allow the plant to develop resistance to environmental stresses like radiation, cold
temperatures, and drought [55]. Such an example is research under which Centaurea
cyanus cell cultures were evidently protected by anthocyanins from UVB-induced DNA
damage [56].

The blue colour in plants is mainly related to anthocyanin content (Table 2). Customer
demand for food products containing natural food ingredients and colours has prompted a
global demand mainly for anthocyanins [57]. In general, health and nutritional supplements
demand multipurpose properties, and anthocyanin is one of them. Anthocyanins are water-
soluble pH-dependent plant pigments. Colour variation is affected by changing structural
forms. When pH increases from acidic conditions, the flavylium cations (which normally
look red, pH < 3) become deprotonated, lose their colour (pH 3-6), and finally form
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quinonoidal bases (purple-blue; pH > 6) [58]. Blue colour expression by anthocyanins
may also result from co-pigmentation and/or the chelation of metal ions by the pigment, a
mechanism widely observed in floral systems [58].

Figure 5. Examples of flowers perceived as blue: (a) Pulmonaria officinalis, (b) Omphalodes verna, (c) Veronica
chamaedrys, (d) Hyacinthus orientalis, (€) Myosotis sylvatica, (£) Geranium pratense, (g) Hydrangea macrophylla,
(h) Scilla siberica, (i) Brunnera macrophylla, (j) Iris pallida, (k) Vinca minor, (1) Veronica persica, (m) Clematis
alpina, (n) Viola tricolor, (0) Muscari armeniacum, (p) Cichorium intybus, and (q) Hepatica nobilis (photo:
A. Szmagara).

Among the anthocyanin pigments, the blue colour is characterised by delphinidin
present in fruit: blackcurrants, blueberries, elderberries, and grapes [39,59], and typically
these fruits are the most commonly used sources of anthocyanins in the food industry [60].
Anthocyanins are present also in other parts of plants, in flowers, leaves, and stems.

Anthocyanins extracted from butterfly pea (blue pea, Clitoria ternatea L.) flowers
(Figure 6) are a prospective food colourant [61] and were investigated in rice and yoghurt
drinks [62], in muffins [63], functional beverages [64], and powder drinks [65]. Clitoria
flower extract at pH 5-8 and shikonin from gromwell roots (Lithospermum erythrorhizon) in
alkaline solutions (pH 10-12) express blue hues [66]. The anthocyanins of red cabbage and
purple sweet potato showed colours similar to indigo carmine (E132) at a pH of 8 [67].

Anthocyanin complexes with flavones and metal cations have been indicated as
responsible for the blue colours of many floral systems [68]. In addition, certain nutrients,
in particular aluminium AI** and Fe3* cations, combined with a low soil pH > 2.5 [69],
may lead to a colour change from violet to blue in certain plants [50,55,58].
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Figure 6. Infusion of dried butterfly pea flowers (Clitoria ternatea L.) (A. Szmagara).

Commelinin, from Asiatic dayflowers, is a blue pigment that is stable in concentrated
solutions at pH > 2.4; when diluted, the molecule readily dissociates and loses its blue
colour [68]. Pires and colleagues employed pigment extracted from cornflower (Centaurea
cyanus L.) flowers, which contain high amounts of anthocyanins (TAC = 26 ug/g) to
improve yoghurt [70].

Trichotomine and its glycosides are bis(indiol) alkaloids isolated from Kusagi berries
(Clerodendron trichotomum Thun.), a shrub native to Asia. In addition to high absorption at
660 nm (pH5) and similarity to brilliant blue (E133), they appear to be stable and safe [10,71].
For reasons linked to the difficulty of large-scale cultivation and the low amounts of pigment
in the fruit, the berries have not been commercially exploited, and as a compound that does
not have a long history of safe consumption, it requires a comprehensive safety assessment
before approval and commercialisation [8].

Gardenia sp. and Genipa americana L. are sources of iridoids, pigments that occur both
in free and glycosylated forms (genipin and geniposide). Genipin, after being exposed to
oxygen, reacts with primary amino acids and protein hydrolysates to form water-soluble
blue pigments [72].

Vaccinium bracteatum leaves are also rich in iridoids, and their aqueous extracts were
used by natives of the south of the Yangtze River as the materials of “Wu mi’ to dye rice
into a blue colour, which turned dark blue after cooking [73].

Another blue compound with an extended quinone structure, ventilein A (Amax = 645 nm), was
isolated as a minor constituent from Ventilago calyculata root bark [74] and from Ventilago
goughii [10,75].

Azulenes belong to the class of plant-derived colourants, bicyclic azure-blue aromatic
pigments, resulting from the fusion of a cyclopentadiene and a cycloheptatriene ring.
They include, inter alia, chamazulene, a constituent of the volatile oil of some perennial
herbs, like chamomile (Matricaria chamomilla L.) and yarrow (Achillea millefolium L.), which
is a blue-coloured derivative resulting from the thermal decomposition of a colourless
precursor during distillation. The use of azulenes as food colourants is constrained due to
the slight water solubility and odour similar to naphthalene [6].

The blue colour can be related to blue copper proteins, which may be present, among
others, where they usually have biosynthetic functions involving electron transfer [10,76].
Examples include stellacyanin [77] and plastocyanin [78], which are type I copper-binding
proteins (cupredoxins) common in vascular plants. Other proteins of this type include
cuscacyanin and phytocyaninin from cucumber [79] and umecyanin from horseradish
root [80].
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Table 2. Selected natural blue pigments produced by plants.

Compound Plant Amax € References
azulene Artemisia sp. (oil) 576 362 [10]
diosindigo A Diospyros sp. (tree; heartwood) 697 28,180 [10,81]
2,12'-bis(hamazulenyl) Ajania fruticulosa (oil) 657 132 [10]
indigotin Indigofera tinctoria (Indigo plant) 610 22,140 [10]
genipocyanin Gp Gardenia jasminoides, Genipa americana 595 43,700 [10]
guaiazulene Matricaria chamomilla (oil) 648 407 [10]
lactarazulene Artemisia sp. (oil) 604 871 [10]
oenin Vitis vinifera skin, aged wine 538 16,000 [10]
portisin A Vitis vinifera; aged wine 587 82,900 [10]
shikonin Lithospermum erythrorhizon (roots) n/a n/a [66]
ternatin butterfly pea (Clitoria ternatea L.) 548 n/a [82]
trichotomine Clerodendron trichotomum (fruit callus) 658 70,000 [10]
ventilein A Ventilago cglyculata (ro'c?t bark) 645 n/a [10]
Ventilago goughii
where: Amax, wavelength of maximum absorption, ¢, molar extinction coefficient (or molar absorptivity)
in M~ em~!, n/a—data not available.
2.2.3. Protists
Blepharisma japonicum is one of the few protists that possesses a pigment. The pigments
it produces, i.e., blepharins such as oxyblepharin A and analogues, are red, but their
photoreaction products are blue (Amax = 592) [10,83].
2.2.4. Fungi
Fungi and microorganisms produce a diverse range of blue compounds (Table 3),
usually as a response to environmental stress or predators [10]. Moulds are a source of
pigments that can be exploited by the food industry. This is consistent with the changing
market preferences of consumers, who need a source to replace synthetic pigments [84].
Filamentous fungi are among the natural sources currently being investigated for pigment
production. Fusarium graminearum produces, inter alia, a blue pigment (6-O-demethyl-
5-deoxybostrycoidin anthrone) [85], and Lactarius sp. produces azulenes (blue) [84,85].
The usage of fungal pigments in food matrices also depends on their stability to
pH fluctuations, heat, and UV light, which are attributes typically occurring in food
processing [86].
Fungal species producing blue pigments are also found in extreme environments—
a fungus of the genus Periconia isolated from a hypersaline environment (Puerto Rico)
subjected to high solar radiation has been reported to produce a still unidentified and
unusual pigment [87], and Antarctomyces pellizariae, a snow-dwelling ascomycete found on
Robert Island, in the South Shetland Islands, Antarctica, produced a blue pigment [88].
Table 3. Natural blue pigments produced by fungi.
Compound Organism Amax € References
albatrellin Alabtrellus flettii (Basidiomycete) 535 3162 [10]
candidine Candida lipolytica 573 12,880 [10]
corticin A Corticium caeruleum 565 6900 [10]
guaiazulene Lactarius sp. 648 407 [10]
lactarazulene Lactarius sp. 604 871 [10]
sanguinone A Mycena sanguinolenta 578 437 [10]
scleroderris blue Gremmeniella abietina 612 50,000 [10]
variegatic acid anion Basidiomycete fungi 605 n/a [10]
Blue pigments some fungi such as Penicillin sp. and n/a n/a [10,89]

(unnamed)

Hypocrea sp.

where: Anax, wavelength of maximum absorption, ¢, molar extinction coefficient (or molar absorptivity)
inM~! em~!, n/a—data not available.
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Notwithstanding the listed benefits, there is a danger of mycotoxins associated with the
use of fungal pigments in the food industry, as some fungi synthesise pigments together with
mycotoxins. The presence of mycotoxins in pigments limits their use as additives [85,87]. For
example, the EU and the US ban the consumption of Monascus pigments that are generated
with the nephrotoxic and hepatotoxic citrinin mycotoxin, questioning their safe use [90],
although Monascus red-coloured foods are consumed by over 1 billion Asians [37,87].

The development of fungal pigment production on a feasible scale and with industrial
perspectives in mind is an approach worthy of consideration. Selecting efficient fungal
strains with minimal/zero mycotoxin co-production and lower energy requirements is a
crucial driver for production relevance [91]. Furthermore, major biological issues such as
ensuring fungal strain stability, reducing mycotoxin co-production, and inducing higher
pigment production titres can be addressed through the genetic engineering of fungal
strains [92].

Anthocyanins, which are derived from red-pigmented fruit, are often used in the
food industry as colouring agents, and among these, there are fungal infections with
mycotoxin-producing microorganisms, including patulin [93].

2.2.5. Prokaryotes

The existence of pigments has been recorded throughout the microbial world, in-
cluding bacteria, fungi, yeasts, algae, and protozoa [94]. These microorganisms can be
isolated/cultivated from a variety of environmental sources, such as water, soil, plants,
insects, and animals [94].

Pigmented species are numerous in the prokaryotic world (Table 4). The presence of
blue pigments is echoed in the names of many genera and species of heterotrophic bacteria
through the use of Greek, Latin, or neo-Latin terms, including Vibrio azureus, Gemmobacter
caeruleus, Rheinheimera coerulea, Actinoallomurus caesius, Saccharomonospora cyanea, and Ci-
ceribacter lividus. Phototrophic prokaryotes that use light absorbed by pigments can also
exhibit a blue colour, as reflected in names such as Cyanothece [36]. Properties that include
the colony colour and the presence of distinct pigments can be used for the taxonomic
characterisation of prokaryotes [95], and the pigments may even be implicated as potential
biosignatures of extraterrestrial life in astrobiology [96].

Carotenoids are rarely blue [36], like in the case of certain marine organisms. Exam-
ples include the caroteno-protein asteriarubin found in the starfish Asterias rubens (with
astaxanthin derivatives) [97], crustacyanin known from Homarus gammarus (also with as-
taxanthin) [98], and marennine produced by the diatom Haslea ostrearia. Diatoms with blue
tips, recorded as H. ostrearia, have been reported from almost all seas and oceans [99], in
both the northern and southern hemispheres [100], for example, inhabiting oyster ponds
on the Atlantic Coast (France) [101]. Moreover, other diatoms, like H. provincialis in the
Mediterranean Sea [102] and Haslea karadagensis on the Crimean coast of the Black Sea
(Ukraine) [100] produce blue pigments. A marennine-like blue pigment is also produced by
the diatom Haslea nusantara found in the tropical region of the Southern Hemisphere in the
Java Sea (Indonesia) [103], and cosmopolitan species of the blue diatom Haslea silbo, found
on both sides of the Atlantic Ocean [104]. Some microalgae, which can grow in both saltwa-
ter or freshwater, and phytoplankton provide a rich source of blue phytobiliproteins [14,45].
Structurally, phycocyanins are bioactive peptides, classified based on their protein and
pigment contents [105]. The best-known cyanobacterium is Spirulina spp., which has a high
phycocyanin content of up to 20% dw.
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Table 4. Natural blue pigments produced by prokaryotes.

Compound Organism Amax € References
actinorhodin Streptomyces coelicolor 640 25,300 [10]
akashin A Streptomyces sp. GW 48/1497 (marine) 619 16,232 [10]
ammosamide A Streptomyces CNR-698 (marine) 584 5200 [10]
anthracyclinone-blue B Streptomyces galilaeus mutant 608 28,890 [10,106]
bactobilin Clostridium tetanomorphum 633 n/a [10]
benthocyanin A Streptomyces prunicolor 638 16,200 [10]
blue pigment (unnamed) Arthrobacter sp., Nocardia sp. 648 17,380 [10]
daunorubicin Streptomyces peucetius 530 6000 [10]
glaukothalin Rheinheimera sp. HP1 (marine 'y-Proteobacteria) 636 32,360 [10,107]
granaticin B Streptomyces violaceoruber 630 8910 [10]
indigoidine Corynebacterium insidiosum 602 23,400 [10,108]
indochrome A Arthrobacter polychromogenes 570 38,100 [10]
kyanomycin Nonomuria sp 600 11,480 [109]
lavanducyanin Streptomyces aeriouvifer 705 1700 [10]
lemonnierin Pseudomonas lemonnieri 625 56,230 [10]
marennine Haslea ostrearia (marine diatom) 672 7200 [10,101]
N,N-dodecylindigoidine Shewanella violacea DSS12 (marine) 636 n/a [10]
phenazinomycin Streptomyces sp. WK-2057 mycelia 745 6600 [10]
phycocyanobilin Spirulina sp., common among cyanobacteria 604 17,100 [10]
prodeoxyviolacein Chromobacterium violaceum 609 25,000 [10]
prodigiosin tetrapyrrole Serratia marcescens, Hahella sp. (marine) 588 n/a [10]
pyocyanin Pseudomonas aeruginosa 745 5800 [10]
spirulina Spirulina platensis (Arthrospira platensis) 604 17,100 [3]

where: Apax, wavelength of maximum absorption, €, molar extinction coefficient (or molar absorptivity) in M1
cm~!, n/a—data not available.

The main limitation of phycocyanin is its low thermal resistance, resulting in a fading
colour [110]. Thermostable phycocyanin from the red microalga Cyanidioschyzon merolae is
a new natural blue food colourant [111]. Cyanobacteria Aphanizomenon sp. produce a blue
pigment called phycocyanin, which is used in the food and beverage industry [19,110].

The bacteria produce a whole palette of colour shades, among them blue pigments
with market potential: Corynebacterium insidiosum—indigoidine, Erwinia chrysanthemi, and
Vogesella indigofera [19,92,108,112].

Among actinomycetes, Streptonyces coelicolor is well known to produce the blue pigment
actinorhodin [20,108], a pigment used in the food industry as an ice cream colourant. Other
soil-born Streptomyces sp., i.e., S. vietnamensis [113], S. shaanxiensis [114], S. caeruleatus [115],
and Streptomyces sp. A1013Y [116], are also responsible for producing blue pigments.

The first reported study concerning microbial indigo production was conducted in
1928, using Pseudomonas strains isolated from soil [117]. Since then, many microorganisms
have been shown to be able to produce indigo [17], especially the genera Pseudomonas,
like P. fluorescens [118] and Acinetobacter [119]. For example, the blue pigment pyocyanin,
extracted from Pseudomonas aeruginosa [108,112], when assessed for its utilisation as a food
colouring with agar, gave a pleasant colour at 25 mg mL~! [120].

Another pigment is glaukothalin produced by Rheinheimera sp. isolated from the
Wadden Sea (Germany) and @resund (Denmark) [107].

Indigoidine is a pigment from the carotenoid group [121], which is synthesised by
very few microorganisms [88], namely Erwinia chrysanthemi [122], Phaeobacter sp. [123],
marine Pseudomonas nigrifaciens [124], Rhodosporidium toruloides [125], Streptomyces chromo-
fuscus [126], and Vogesella indigofera [127].

Natural anthraquinoid compounds are rarely blue under acidic conditions, but there are
a few exceptions, which include the microbial metabolites of anthracyclinone-blue B from the
Streptomyces galilaeus mutant [106] and kyanomycin obtained from Nonomuria sp. [109].

Among alga-derived sources, Porphyridium aerugineum red microalga-derived blue
colour (Amax = 620 nm) has been used for acidic beverages. These pigments display a stable
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blue colour (not typical of blue colours from Cyanobacteria) at pH 4.0-5.0 for 1 month at
room temperature or up to 40 min at 60 °C [33]. It can be successfully assayed in acidic, non-
heat-treated carbonated beverages (Pepsi® Blue) or low-grade alcohol beverages (Bacardi
Breezer®) [128].

2.2.6. Minerals

Minerals have long been used as pigments in food, cosmetics, and art. Currently, no
blue minerals are used in the food industry. Only one mineral pigment with deep blue
tones, ultramarine blue, is used in animal feed [58].

3. Health

The usage of natural pigments in place of synthetic ones is increasingly popular, as the
former are widely regarded as safer, healthier, and more environmentally friendly [21,129].
Because of growing health awareness, replacing artificial colourants with natural alternatives
is a prime challenge for the food industry [6].

3.1. Positive Health Benefits

Natural pigments not only offer colour but also provide prospective health benefits as
important bioactive compounds [130].

The consumption of extracted pigments has been associated with human health
promoting effects [45,131], but the bioaccessibility and bioavailability of pigments are
determined by their chemical characteristics and the principal digestive processes.

An in vitro study with bacterial strains showed that after incubation with black rice
anthocyanins, Bifidobacteria and Lactobacillus increased and pH values decreased [132].
Similarly, Sun et al. [133] found that after incubation of peonidine derivatives with various
bacterial strains, pH values decreased and growth rates of B. bifidum, B. adolescentis, B.
infantis, and L. acidophilus increased. They concluded that the metabolism of anthocyanins
by microbiota bacteria results in a decrease in pH and provides a suitable medium for the
proliferation of probiotic bacteria [134]. In order to enhance the effect of the anthocyanins
and prevent their premature degradation, as well as modulate the gut microbiota, they
can be supplied to the body after appropriate treatment, i.e., encapsulation with different
materials [63,135].

Anthocyanins may not only enhance beneficial bacteria in gut microbiota but may
also decrease several types of harmful bacteria. Flores et al. [136] found that Clostridium
histolyticum was strongly reduced after colonic fermentation of some anthocyanins, i.e.,
cyanidin and delphinidin derivatives.

Factors affecting anthocyanin bioavailability include food processing ({steam-blanching,
Tjuice processing—milling, mashing, pressing, pasteurisation, |fermentation, Jmicrowave
cooking, |conservation, jam, squeeze), food matrix, hydrolysis by various enzymes in
the small intestine and metabolism, and intestinal bacterial enzymatic activity in the gut
microbiota [134].

Pigments can be used as antioxidants, anticancer agents, and antimicrobial agents [92].
Anthocyanins are known for their health-promoting properties, and these beneficial prop-
erties also include diabetes prevention [57]. The beneficial effects of an aqueous extract of
Clitoria ternatea were studied in vivo in a mouse model of obesity and metabolic syndrome.
The extract alleviated oxidative stress and inflammatory mediators. Moreover, the plasma
leptin, free fatty acids, low-density lipoprotein cholesterol, and hepatic malondialdehyde
levels were decreased. The extract significantly reduced total cholesterol and alleviated
insulin resistance. The results showed that the aqueous extract of C. ternatea petals contains
bioactive anthocyanins, which enforce significant hypolipidemic and anti-inflammatory
effects by promoting reverse cholesterol transport in mice [137].

Iridoid genipin shows antimicrobial, anti-inflammatory, and anticancer properties,
while geniposide (glycosylated form of genipin) has been described as a regulator of insulin
and exerts protective effects in asthma [138].
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The iridoid glucosides present in Vaccinium bracteatum Thunb. leaves [73] are responsi-
ble for the dark blue colour and most of the health-beneficial properties in the traditional
food, "Wu mi’. According to a millennia-old custom, VBT leaves are harvested in the spring
around Tombsweeping Day to make the cereal food “‘Wu mi’. The conventional process
involves using the fresh leaves to homogenise and extract juice to soak rice, which is dyed
dark blue after an soaking overnight. This process and product, “‘Wu mi’, was recorded in
Shizhen Li’s Compendium of Materia Medica as a functional food with gi-beneficial effects
to improve eyesight, revitalise the body, maintain agerasia, and prolong life. Currently,
there is a trend to use “‘Wu mi” as a health food for diabetic patients because no drastic
symptoms of glycaemic response were observed in diabetic patients after consuming “Wu
mi’ compared to rice. Moreover, the antimicrobial activity of Vaccinium bracteatum Thunb.
Leaves, traditionally used for food preservation in China, was verified [139]. The aqueous
extracts can successfully inhibit the growth of Escherichia coli, Staphylococcus aureus, and
Bacillus subtilis.

In addition to their colourant properties, bacterial and fungal pigments exhibit nu-
merous biological activities such as antioxidant, antimicrobial, and anticancer effects [92].
Bioactive compounds of bacterial isolates such as pyocyanin (blue-green) serve as novel
compounds with antioxidative, antimicrobial, antiviral, antitumor, antiprotozoa, antioxi-
dant, anticancer, and immunomodulatory activities and also reduce allergy risks [108,130].
Pyocyanin has been used as a bio-control agent and possesses antibacterial and antifungal
actions [92,140]. This dye can inhibit the development of Escherichia coli [140], P. aeruginosa,
Staphylococcus aureus, S. saprophyticus, and Enterococcus faecalis [108] and has proven antimi-
crobial activity towards Citrobacter sp., which is common in urinary tract infections and
wounds [19].

Algae or cyanobacteria are famous for their bioactive ingredients and dietary compo-
nents [105]. Phycocyanin peptides show health-promoting properties, such as immunomod-
ulatory [141], anti-inflammatory, anti-cancer [142,143], antidiabetic [144], neuroprotec-
tive [145], hepatoprotective [146], and antioxidant [147] effects [105].

Marennine pigments are natural blue pigments that exhibit different biological
actions—e.g., antioxidant and free radical scavenging properties [101] and antimicrobial
and antiproliferative properties—with great potential for food applications [99]. Maren-
nine, the structure of which stays unsolved [148], displays an antiproliferative effect on
the growth of lung malignant cells in cell models [149], and exhibits antiviral [150] and
anticoagulant properties [151].

3.2. Negative Health Effects

All three synthetic blue pigments (E131, E132, and E133) are water-soluble and anionic,
and belong to the group of non-azoic dyes [152]. E131 and E133 are triphenylmethane dyes
while E132 is pyrrole-based.

Although these dyes are used in monitored doses evaluated to guarantee consumers’
safety, their purity specifications allow concentrations of impurities such as aromatic
non-sulphonated amines, with genotoxic and carcinogenic effects, and can be as high as
100 mg/kg of dye [5].

The synthetic dye brilliant blue (BB; E133) is a triphenylmethane dye, not an azo
dye, but can induce reproductive and neurological disorders, and can also cause allergic
reactions [153]. Allergic reactions were also reported after the use of the food dye patent
blue (E131) [154].

Unfortunately, most artificially coloured foods, such as sweets, confectionery, ice
cream, snacks, breakfast cereals, and cakes, are consumed daily by children [152]. Amounts
in the range of 0.3-33 mg in sweets, 9.4-41.3 mg in breakfast cereals, 1.9-6 mg in ice cream,
and 2.8-14.4 mg in snacks can be consumed daily by children [155]. It is even possible
for a child to consume, from a variety of sources, cumulative amounts of colourings well
above the recommended ADI levels, as each food may contain colourings at the maximum
allowable concentration [5]. There are no reports of side effects in children caused by the
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aforementioned blue colourants. A large survey called the ‘Southampton study” found
behavioural disturbances, irritability, anxiety, and sleep disturbances after ingesting large
amounts of artificial colourants and included six of the most common colourants, the
so-called ‘Southampton six’, but none of the blue colours [156]. Allergic reactions may
occur, including reactions caused by immune (immediate and late hypersensitivity) and
non-immune (intolerance) mechanisms, which arise more rapidly in children. In addition,
the long-term intake of these colourants can have prolonged consequences owing to the
accumulation of these substances in the body [21,152]. The Acceptable Daily Intake (ADI)
factors for individual synthetic dyes are (EU/US) [mg/kg bw] E131—(5/-); E132—(5/2.5);
and E133—(6/12) [152].

Brilliant blue is reported to be marginally absorbable by the human gastrointestinal
tract and is found unchanged in human faeces [57,157]. However, both brilliant blue and
patent blue are absorbed via the oral mucosa, reaching the bloodstream. The studies by
Lucova et al. [158] on the blue hues E131 (patent blue V) and E133 (brilliant blue) showed
that both were able to pervade the bloodstream through the back of the tongue and, in
slightly damaged skin, can infiltrate epithelial cells and reach the circulatory system without
passing through the digestive system, making them more harmful as their opportunities
for decomposition become minimal. Therefore, the use of these colourants in lollipops,
chewing gum, sucking candies, and topical products should be strongly avoided [57].

There are reports of detrimental effects after chronic exposure to a high dose of brilliant
blue by decreasing haemoglobin, haematocrit, and red blood cell count [9,157], as well
as hepatocellular damage, kidney failure, and decreased sperm production as an effect
of patent blue [158-161]. In vitro experiments on the effects of brilliant blue on serum
and lymphocyte cell lines have shown that this dye has mutagenic and carcinogenic
capacities [160] and causes retinal thinning [162].

Research has been reported on the issue of patent blue colourant binding to human
serum albumin [157].

Brilliant blue represents the only approved food colouring that crosses the blood-brain
barrier [29]. In an in vitro test, blue no. 1 (brilliant blue) inhibited neurite growth and
worked in synergism with L-glutamic acid, which suggests the neurotoxicity potential. This
is especially worrying for foetuses and children younger than 6 months of age in whom the
blood-brain barrier is not fully developed [18]. blue no. 2 (indigo carmine) was found to be
incapable of crossing the blood-brain barrier [18].

On the other hand, very few toxicological studies have been reported for natural food
colourants, and only when they are adulterated by other synthetic food ingredients [57].

4. Quality Control—Food Safety Markers

The food industry uses blue dyes not only for consumption but also for food quality
control, taking advantage of the pH-dependent colour change properties of the compound.

Freshness indicators are a type of smart packaging that offers non-invasive and non-
destructive real-time monitoring of food quality and safety [163]. Based on research issued
by FAO, approximately one-third of the total food produced for human consumption
worldwide is wasted annually, costing an estimated USD 1 trillion. In industrialised
countries (i.e., North America and European countries), food losses occur mainly at the
distribution and consumption stages [164]. Freshness indicators have a promising role not
only in protecting consumers from food poisoning but also in minimising food waste and
increasing sustainability by offering more dynamic “use-by” dates [163,165].

As losses are particularly acute in the meat, fish, and poultry sectors—causing wastage
of more than half of the total production—the need for the specific monitoring of these high-
value products is highly desirable. The spoilage of these products is predominantly driven
by microorganisms, which produce various metabolites (i.e., CO,, HpS, TVB-Ns) [166].
When these compounds begin to accumulate in the headspace of the package, a change
in pH follows over time, which can be detected with a suitable pH-sensitive indicator.
Spoilage metabolites react with the pH-sensitive dyes trapped in a matrix, resulting in
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a visible colour change readily differentiated by consumers [167]. The synthetic dyes
phenol red (PR) and bromothymol blue (BTB) are used as real-time CO;-sensitive freshness
indicators in the three-layer system using cellulose-based binder, which was developed
to determine the freshness/spoilage of chicken breasts [168], as well as the freshness of
shrimp [169].

Of the approximately one-third of food produced worldwide that is lost or wasted, it
is estimated that fruits and vegetables account for between 40% and 50% of the total [170].
Blue dyes, like methylene blue, are also used as nano-fibre smart indicators for the direct
monitoring of fruit freshness [171].

To date, the development of freshness indicators based on synthetic or natural pH-
sensitive dyes has been reported [172-174]. While natural dyes are non-toxic, stability issues
hinder the application of natural dyes in smart labels for the food packaging industry, not
to mention that natural dyes are often applied with natural matrices (e.g., starch, chitosan)
that are not commercially used [175,176].

The recent literature describes commonly used natural dyes for more sustainable
smart packaging [66,177-179]. An excellent example of such pigments are water-soluble
anthocyanins that exhibit the ability to change colour with pH change and, in addition,
have strong antimicrobial and antioxidant properties, making them a suitable agent for
active packaging [180]. Colour changes are due to a modification of the chemical structure
of the phenolic substances in anthocyanins as a result of pH changes [181] and thus can
be effectively used in the development of pH-sensitive smart packaging to assess food
freshness and quality [182,183].

The freshness of food depends not only on the storage time but also on the temperature.
Fresh food spoils easily due to the increase in contaminants at a certain temperature.
Extreme temperatures and their fluctuations have a major impact on the shelf life of
refrigerated food products. Monitoring and controlling the storage temperature of food
products, such as fish, for example, is crucial as temperature largely determines the rate
of microbial activity. The result, i.e., the growth of harmful microorganisms, can be the
same in both cases, i.e., too high a temperature or too long a storage time. Temperature
fluctuations can be encountered at any point in the supply chain. Therefore, monitoring
and recording the temperature history of these products from production to loading,
unloading, temperature cycling in cold stores, storage exposures, and domestic transport
to consumption is very important. Solutions capable of assessing the temperature history
of foods are known as time-temperature indicators (TTIs), whose mechanism of action in
most microbial TTIs is through irreversible colour change. The dye produced by Pantoea
agglomerans may have a potentially interesting application as a food temperature indicator.
The normally yellow cells of P. agglomerans secrete a water-soluble dark blue dye into the
environment of the agar medium at temperatures above 10 °C. Furthermore, this dye turns
pink under acidic conditions [184].

Determining the freshness of food also relies on O, and CO, measurements [185], as
CO; inhibits the growth of bacteria and fungi, while it can also lower the pH in the food
environment. The antimicrobial effect of CO; is due to its ability to create an anaerobic
environment, which prevents enzymatic decarboxylation. The accumulation of CO, can
also interfere with the membrane permeability of some microorganisms. Several microbial
metabolites can affect the food pH, so controlling the amount of CO, and monitoring pH
changes can be an effective method of identifying food spoilage and is crucial for extending
the shelf life of food products. Modified atmosphere packaging (MAP) for non-reactive
foods typically consists of a low O, concentration (0-2%) and a high CO, concentration
(20-80%).

Furthermore, moisture content is an essential indicator to be observed when testing
food quality, as increased moisture content provides a favourable growth environment
for microorganisms and fungi, thus becoming a safety issue for product consumption. In
addition to microbial growth and the associated changes in CO, content and pH level,
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moisture also results in a shorter shelf life due to the decomposition of the dry product,
causing it to soften and become damp [185].

Natural colourants have been successfully used for the intelligent packaging of meat
products [57] such as beef, pork, and poultry (red radish extract [186], purple sweet
potatoes [182] and grape skin for chilled pork [187], blueberry [188] and red cabbage [189]
for sausage [190], roselle (Hibiscus sabdariffa) for pork [183]), seafood and fish products
such as shrimp and fish fillets (red cabbage for fish [191], red cabbage for prawns [192],
butterfly pea flower (Clitoria ternatea) [193] and black rice bran for seafood [194]), and milk
and dairy products (red cabbage for cheese [195], purple sweet potato for milk [13], grape
for milk [196], red cabbage [197] and anthocyanins for milk [198]).

5. Ecological Aspects

The agri-food industry has become a world-leading sector, producing large quantities
of highly coloured effluents [199].

Most of the colourants are water-soluble, making their isolation and treatment much
more difficult and sometimes impossible by traditional coagulation, filtration, or adsorption
methods, and they have been undegradable, persistent, and prevalent in the environment
for many years [57]. Therefore, the treatment and reuse of industrial water is an important
and urgent necessity. Drhimer and co-workers presented a method for removing brilliant
blue by photocatalytic degradation with the presence of TiO, as a catalyst and its further
recycling. The results showed 98% degradation of brilliant blue at the laboratory scale and
93.3% and 75% at the pilot-scale using recirculation reactors with flow rates of 800 and
200 L-h~!, respectively [199].

In view of the harmfulness of brilliant blue to natural habitats, methods are being
developed to remove it from the environment. Yousefi et al. investigated the oxidative
degradation of brilliant blue FCF in the presence of zero-valent iron as a catalyst, and the
degradation took place over 30 min [153] When using green synthesised silver nanoparticles
(AgNPs) as a nanocatalyst for BB reductive degradation, the reaction was twice as fast [200].

On the other hand, natural colourants are biodegradable and non-toxic [57]. Natu-
ral dyes are eco-friendly and do not release harmful by-products into the environment.
Furthermore, natural pigments are a renewable resource, and, in addition, waste and by-
products can also be used as a source. Sometimes, however, the production of colourants
like anthocyanins takes place using a method for utilising fruit agro-waste after juice pro-
duction [177], such as blackberry residues [54,201], blueberry pomace [188], or a mixture of
their extracts [180], which are substantial sources of natural colourants due to their high
anthocyanin content. This has understandable ecological implications. Also, processed
garlic and its blue-green discolourations, which are derivatives of pyrrole compounds, may
be the source of pigments [58,202]. The reasoning behind these pigments is strictly related
to a decrease in the content of the compound thiosulfinate, which also results in a reduction
in the aroma of allium. Eight compounds were also identified as blue or green and are
usually tri- or tetrapyrroles [202]. Microbial pigments can also be produced quickly and
easily in a culture medium, which can even be waste [130].

Using waste to produce pigments and thus contributing to a reduction in waste is
very important. However, scientists are trying to go one step further and use natural blue
dyes to directly reduce waste. The possibility of using the microalgae Spirulina sp., which
produce a natural blue dye, to degrade plastics such as PET (polyethylene terephthalate)
and PP (polypropylene) in freshwater environments is being explored [203].

From an ecological point of view, even for natural pigments, the method of extraction is
also very important. The spontaneous release of marennin by microorganisms of microalgae
makes this natural pigment of great interest for industrial applications, since usually
long extraction procedures using environmentally harmful organic solvents and various
separation techniques are required to isolate the pigments from plants or flowers and result
in the generation of organic waste from unused plant parts [99].
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Natural pigments are produced from microalgae grown in bodies of water, such as
open ponds, raceways, and natural lakes, especially in tropical and subtropical regions,
and unfortunately require vast areas of land for production. A favourable solution can
be combination with biofuel production [204]. Of course, sustainable practises and con-
ditions, such as locations outside priority areas for biodiversity and carbon storage (e.g.,
tropical rainforests) prevent deforestation and promote sustainable biofuel production
practises [205]. These technological improvements include the development of biorefinery
systems, in which high-value co-products such as pigments and proteins [206] are extracted
along with biofuels [207,208], and the recycling of water and nutrients from cultivation
(e.g., through anaerobic digestion) [209].

Particular attention should be paid to the fact that the overexploitation of algae from
their natural sites can lead to their total exploitation, as well as to possible environmental
degradation and ecological disasters, as sand from the seabed is maintained by the algae
and, when they are not present, the sand is washed away.

In addition to colourants, microbial pigments are used as bioindicators, e.g., for the detec-
tion of heavy metals. For example, Vogesella indigofera produces a blue pigment (indigoidine)
under normal environmental growth conditions; however, after exposure to heavy metals
such as harmful hexavalent chromium, no pigment production is observed [92,210].

Pigments are used to produce solar cells sensitised with natural dye. Natural pig-
ments, such as anthocyanins, also have found very interesting applications as natural
dye-sensitised solar cells (NDSSCs) [211,212]. They are based on a thick nanoporous layer
of a semiconductor, titanium dioxide (TiO,), deposited by screen printing on a photoan-
ode [213]. The TiO; layer provides a large surface area available for the adsorption of the
dye, which must have properties such as the ability to adsorb onto the semiconductor
surface and absorb photons. The sensitiser absorbs incident photons and is excited from
the ground state to the excited state. Among the existing types of photosensitisers for this
type of solar cell, organic dyes show an advantage due to low cost, easy manipulation,
and environmentally friendly properties over ruthenium [214,215] and platinum com-
plexes [216], which show high toxicity and are rare in nature, revealing difficult, expensive,
and environmentally unfriendly production.

6. Economical Aspects

Due to their environmentally friendly nature and less cumbersome production tech-
niques, naturally produced dyes have become an effective substitute for toxic synthetic
dyes [57].

For both natural and synthetic dyes, the total cost must be considered, from the
beginning of the production chain—acquisition or breeding, extraction, purification, trans-
portation, and storage—to its use, the effects on the human body, and disposal/degradation
in the environment. Also important are stability in light, acidic-alkaline conditions, and
oxidative agents and colour intensity.

However, since the colour blue is rare in nature, only a few blue pigments are currently
available. Currently, only phycocyanin, anthocyanin, metal chelates, and pigments derived
from genipin are used industrially to produce blue hues [6]. For example, phycocyanin
produced by the cyanobacterium Arthrospira (Spirulina) platensis reached a global market
size of $348 million in 2018, and the market is estimated to reach $779 million by 2026 [129].

Natural dyes rarely match the intensity of artificial dyes. Most natural and synthetic
colour additives have emax values of 10° or 10° [217]. Colourants with lower emax values
must be used in higher concentrations to achieve the desired appearance, thus increasing
costs and the risk of off-flavour [10]. The blue colourants with the highest ¢ values are blue
no. 1 (brilliant blue) = 134,000, blue no. 2 (indigo carmine) = 7920, phycocyanin = 17,100,
and trichotomine = 70,000 [10].

Colourants must also be stable enough to avoid significant degradation during the
distribution and sales of both the ingredient and the food or beverage, which may include
storage from days to years under refrigerated or ambient conditions. The most typical
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causes of instability include heat, light, oxygen, acid, and exposure to oxidants such as
ascorbic acid or trace metals [10]. In the case of the natural colourant spirulina, the colour
of the pigment is not affected by pH or light, but it is sensitive to heat [57]. This means
that phycocyanin is not stable enough for most food and beverage applications [10]. But
there are applications in which this natural dye with a bright blue colour is essential:
fermented milk products, ice creams, soft drinks, milkshakes, desserts, and sweet cake
decorations [57].

The extraction of natural dye from finished materials is time-consuming and labour-
intensive. This can be demonstrated in detail by the example of spirulina extraction.
The extraction process involves breaking down the cell wall, extracting the water-soluble
protein-pigment complex, and then concentrating, and if necessary, purifying it [6]. Pig-
ment losses of approximately 50% have been reported at elevated temperatures (>50 °C),
regardless of the drying method (e.g., spray, oven, sun drying). Maceration at tempera-
tures below 30 °C and air circulation through the suspension increase the extraction yield
and prevent unpleasant odours [218]. Optimal pigment recovery has been achieved by
repeated freeze-thaw cycles using fresh wet materials [219]. The residual cells are removed
by filtration or centrifugation. Its use as a food colouring requires further concentration
of the crude extract by vacuum distillation at moderate temperatures. Nevertheless, ad-
ditional sterile filtration is recommended for food safety reasons. The addition of sugar
improves the stability of the pigment during the heating process [218]. To increase the
purity from ~0.8 in the crude extract to more than 4, ammonium sulphate precipitation,
ultrafiltration, charcoal adsorption with or without the addition of chitosan, and different
chromatographic purification steps have been used [220]. However, these methods are
time- and cost-intensive, as they involve a large number of processing steps. An option
for purification on a larger scale can be aqueous two-phase extraction with the use of a
polyethylene glycol/potassium phosphate mixture [221,222].

Spirulina is mainly produced by Arthrospira platensis (commonly named Spirulina
platensis), the photoautotropic cyanobacteria cultured in open ponds and natural lakes,
especially in tropical and subtropical regions. Despite the generally high phycocyanin
content (60-70 mg/g), productivity is restricted because the biomass is strongly depen-
dent on optimal light conditions [6,220]. In addition, there is a risk of foreign organism
contamination, which presents problems in achieving the hygiene standards demanded for
food applications.

Eriksen [220] recommended another organism, a unicellular rhodophyte, Galdieria
sulphuraria, evaluated earlier as a potential human food source, as an appropriate alternative
to spirulina production. Despite the pigment content being relatively low (10-25 mg/g),
heterotrophic cultivation in the dark enables large-scale axenic production, resulting in a
high biomass and thus a much higher phycocyanin yield. However, pigment extraction is
hampered by the difficulty in breaking down cellulose-rich cell walls, with the consequence
that G. sulphuraria has not yet been used for commercial spirulina production.

The economically favourable solution seems to be the production of spirulina as a high-
value byproduct in the production of biofuel from microalgae [206-208]. Also beneficial is
the recycling of water and nutrients from crops (e.g., through anaerobic digestion) [209],
the development of more efficient harvesting techniques [223], and co-location with free
sources of nutrients or CO, from industry [224].

In order to increase the yield and production of natural colourants, a suitable extraction
procedure must be chosen. Different extraction techniques to extract natural pigments were
described in detail in [54], and include traditional processes that are simple, economical,
and straightforward to use, like Soxhlet extraction, maceration, and hydrodistillation. In
addition, non-traditional extraction methods, often known as green extraction techniques,
have recently emerged as a viable alternative to conventional extraction as they are less
solvent- and time-consuming. Other new technologies, such as ultra-high pressure, vac-
uum cavitation, high-voltage electrical discharge, ohmic heating, pulsed electric fields,
mechanical-chemical methods, and high-pressure homogenisation, have proven to be
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very effective methods for the extraction of plant pigments. The most common extraction
methods for the recovery of anthocyanins from natural sources include solid-liquid extrac-
tion, supercritical fluid extraction, ultrasound-assisted extraction, and microwave-assisted
extraction [57,225].

The criterion choice of suitable pigment extraction method is not only the yield and
price but also the critical external factor affecting pigment stability and potential applica-
tion [226]. Newer methods, such as ultrasound-assisted extraction, which uses cavitation
effects and shear forces, significantly reduces extraction time but requires strict control to
prevent the violation of anthocyanin structural integrity [227]. Microwave-assisted extrac-
tion, which is known for its efficiency, uses natural ionic conduction and dipole relaxation
to accelerate solvent temperature, reduce viscosity, and facilitate anthocyanin diffusion
also reduces extraction time. Strict control of parameters is necessary to prevent structural
damage. Supercritical carbon dioxide extraction, which is a state-of-the-art technology with
properties between gas and liquid, offers advantages such as high efficiency, environmen-
tally friendly processing, safety, and minimal contamination. This method is particularly
suited to heat-sensitive substances such as anthocyanins, but the cost of equipment and
technological investment limit large-scale industrial applications [228].

The latest combined methods, such as ultrasound-assisted enzymatic extraction and
ultrasound-assisted deep eutectic solvent extraction, seamlessly integrate enzymatic and
deep eutectic solvent processes. Enzymatic methods using cellulase and pectinase increase
anthocyanin yields, while ultrasonic processing further improves extraction efficiency [229].

Moreover, some pigment stabilisation methods are used. Increasing the stability of
anthocyanins can be achieved either by modifying the structure of the molecule (intrinsic
factors) through copigmentation, acylation, and biosynthesis or by controlling environmen-
tal factors (extrinsic factors) [230]. Encapsulation is an advanced technology that embeds
bioactive substances in solid particles or liquid vesicles. In this way, it provides precise con-
trol over the release of these bioactive substances while providing benefits such as masking
unwanted odours, improving stability, and maintaining bioactivity. Anthocyanins, which
are light- and heat-sensitive, benefit greatly from encapsulation techniques to maintain
their stability and extend their shelf life [231]. Various methods of encapsulation have been
employed, including spray drying, freeze-drying, ionic gelation, liposome entrapment,
nanoencapsulation, yeast encapsulation, phase separation, emulsification, complexation,
molecular inclusion, and supercritical antisolvent precipitation [54].

Microcapsules, liposomes, and nanoparticles are commonly used for anthocyanin
encapsulation [232]. Often composite materials, such as mixtures of carbohydrates with
proteins and polysaccharides, are used to obtain the expected encapsulation properties.
Typical materials for anthocyanins include carbohydrates, proteins, and water-soluble plant
gums, as well as hydrocolloids, each of which offers unique advantages such as solubility
and stability [135,233].

It also seems to be economically and commercially advantageous to produce pigments
from microorganisms, e.g., carotenoids and Monascus pigments, because microbial growth
conditions can be easily controlled [57]. Natural microbial pigments play a significant role
as food colourings due to their low-cost production, easier extraction, high yield, and lack
of raw material shortages and seasonal variations [92,234].

Marennine, produced by the diatom Haslea ostrearia, appears to be a good candidate for a
new colourant for food and beverage products, especially with very good stability of the blue
colour (Amax = 620 nm) in acidic conditions (pH 1-6) [129] and at pH 8 (Amax = 677 nm) [99],
and with stability in the presence of common food antioxidants and preservatives such
as ascorbic acid and sodium sulfite [99]. Indeed, most blue natural colourants lose their
blue shades in an acidic medium: anthocyanins turn purple-pink at low pH, natural blue
anthraquinone, except for anthracyclinone-blue B and kyanomycin, and quinoid dyes
become red or orange, and phycocyanin from spirulina is unstable [10]. The shade of
purified marennine blue is unaffected by low pH, and remains unaltered even after acidic
hydrolysis in harsh conditions (100 °C, 16 h) [129].
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Another natural pigment, jagua blue (from the fruit of Genipa americana L.) may be a
potential new source of blue pigment. In the pH range of 3.6-5.0, the shade of jagua blue
solutions was similar to that of blue no. 2 (indigo carmine) but jagua blue showed significantly
higher stability during storage (t; /> = 86-105 days) than blue no. 2 (t; ;, < 9 days) and was
less susceptible to acidic pH 3.6 (t; /, = 86 days) than spirulina (t; /, = 70 days) [235].

The cost of sourcing natural colours becomes the basis for adulteration—so-called eco-
nomically motivated adulteration, fraud, or unfair competition [236]. Adulteration of food
with illegal colours has been reported as a public safety concern [237], and there have been
cases of the adulteration of many different types of food products in recent years [238]. Nat-
ural and artificial colouring agents can be visually identical, so any detection method would
need to be able to provide information about the chemical composition of the colourants
that are present. Hence, the need for food control to confirm the use of the correct/declared
colours by analytical methods. Existing methods for the detection of artificial colourants
include chemical determination by chromatographic methods such as HPLC [239], mass
spectrometry [240], and capillary electrophoresis [241]. These methods typically require
labour-intensive sample preparation techniques and specialised equipment and training.
An alternative method is surface-enhanced Raman spectroscopy (SERS) [236].

The development of cost-effective and viable technologies for the preparation of
natural food colourings and their use in food is currently a great challenge and a major
need. Their incorporation into food products is very difficult because they are chemically
unstable and show poor bioavailability. During food fortification, efficient technologies
are needed to prevent the degradation of pigments and reserve their bioaccessibility in
the human gastrointestinal system. There are good perspectives for the inclusion of plant
pigments in the food industry. Encapsulation (micro- and nano-) is an excellent process to
enhance its bioaccessibility, digestibility, and controlled and targeted release [45,54,57].

Stability can also be achieved by immobilising pigments in solids, such as zeolite
matrices [45,242]. Stability studies of ‘Maya Blue’ (a mixture of indigo and palygorskite
clay) have been conducted in the context of the development of hybrid pigments adsorbed
in nanoporous solids such as mesoporous silica, zeolites, layered double hydroxides, and
smectite, which allowed a degree of control over the photochemical and photophysical
properties of the pigments, depending on the guest-host interaction, with the key param-
eters being the matching of pore size to the dimensions of the guest molecule [242,243].
This approach is not always ideal for food applications but is suitable for environmentally
friendly applications.

One of the leading candidates for a replacement for brilliant blue is trichotomine (a
natural colourant) from Kusagi berries from the Asian shrub Clerodendron trichotomum [10].

7. Socio-Cultural Aspects
7.1. Food Colour

Colour represents a crucial role in the acceptability of foods to enhance their actual
appearance and quality [54]. The colour of food not only provides information about its
edibility but also its palatability [1]. The evaluation of the hedonic reward from food is
highly susceptible to suggestion [244].

The red colour of food is very common in nature and is typical of ripe fruits and
fresh meat. In contrast, there are not many naturally occurring blue-coloured foods, and
sometimes “blue” even means inedible (such as mould) (Figure 7) [244]. Therefore, it is
not surprising that the colour red is considered appetising, while blue acts as an appetite
suppressant [1,245,246]. In the past, the colour blue in food meant: watch out, don’t touch,
don’t move, don’t eat. The blue colour of food meant that the food was spoilt, harmful, and
dangerous, and this was associated with the presence of mould. The repellent effect of the
blue colour is still used today and has remained, for example, in the colouring of granulated
molluscicide agents (i.e., metaldehyde, Snacol 5 GB, BROS) to make the colouring repellent
to other animals.
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Figure 7. Blue mould on food (photo: A. Szmagara).

Food colour promotes psychological effects. The uncommon blue colour brings the
sensation of artificial food and is not satiable. Studies by Suzuki et al. [247] proved this effect.
The authors observed tasters’ behaviour when eating identical soups with different colours:
yellow, white, and blue. They aimed to verify whether the colour could affect the feeling
of satiety. After ingestion, blue soups showed significantly lower satiety rates than white
and yellow soups. The authors concluded that food colour might be associated with the
expected flavour and produce different effects depending on their experiences. Since blue
foods are rare, the visual signs of the blue colour may have caused cognitive unfamiliarity
due to the difficulty of associating colours with some type of sensory experience [5].

Paakki and co-workers [32] investigated the consumer preference by comparing “tradi-
tional” yellow potatoes and blue potatoes to verify the feeling that blue food evokes. Only
28% of consumers selected blue potatoes due to their desire to try new and unusual things.
Tasters who preferred blue potatoes tended to be more neophilic, responding positively to
the consumption and application of atypical colours in food, variety, and trend-seeking,
and younger than those choosing yellow potatoes [5,32].

Sometimes food products are given distinctive colours to help attract consumer atten-
tion [248]. This is likely to have been the case with the striking blue “Bolt from the blue’
drink introduced by Innocent Smoothies [29].

Moreover, the same colour of a drink can have a completely different meaning when
shown in a plastic bathroom cup as opposed to a cocktail glass. In the former case, a
blue-coloured drink can be interpreted as being associated with mouthwash and therefore
associated with the taste of mint, whereas when the same colour is seen in a cocktail glass,
it can be interpreted as signifying the orange flavour of blue curacao [1].

Blue dyes are often added to candy, so the candy colour combinations most appealing
to children were examined, as well as children and adolescents” acceptance of single candy
colours and two-colour combinations [5,249], and in all combinations blue played an
essential role in attracting them.

Galetovi¢ and co-workers [250] added phytobiliproteins from cyanobacteria to milk
beverages, achieving satisfactory sensory acceptability, which increased after information
that the blue-coloured dairy beverage had antioxidant properties. Natural blue-coloured
products may attract consumers because of their unusual, differentiated colour, evoking a
feeling of “novelty” and providing enticement to eat [251]. The association of “artificial” or
“less filling” is also expected to be reduced for blue foods [6,32].

7.2. Background—~Packing, Dishware, and Light

Cognitive thoughts about colours are stored in memory along with associated mental
concepts or experiences, which may result from everyday knowledge of similar products
and colours or learnt stereotypes and symbolic meanings of colours [252]. A cool colour,
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such as blue, evokes sedative emotions [253] and is the colour of peace and hope [254].
In contrast, blue should also not be forgotten in relation to defining sadness, loneliness,
and depression.

Very interesting aspects concerning the impact of the colour blue are described, which
do not relate to the food itself but to its surroundings. These concerned the colour of the
packaging, the colour of the dishware, and also the lighting.

Few natural foods have blue colouring, but this shade is very commonly found
on packaging [255]. Some research explores the relationship between packaging colour
and product attributes [256]. For instance, warm-coloured packaging might be closely
associated with the tastiness or sweetness of food, while cool colours might relate to the
freshness or health attributes of the product [257]. Huang and Lu [252] researched consumer
preferences and observed that products in blue packaging were associated with higher
healthy perceptions and were more likely to be purchased than products in red packaging.
Similarly, a study by Hallez and colleagues [258] examined how packaging design in
warm or cool colours and the presence or absence of nutrition and environmental claims
influenced consumer evaluations. They showed that green and blue packaging designs,
representing cool colours, led to higher health and sustainability perceptions [258,259].

Pereira [260], when investigating the symbolic function of blue on food packaging,
found that this colour is the second most recurrent. It is a typical colour for food products
that incorporate the idea of diet in their design, reflecting a context in which the blue colour
represents the concepts of health and beauty promoted by today’s society as part of a wider
process of promoting values and symbols. Its most common role was to indicate specific
nutritional qualities associated with the concept of healthy eating, symbolising the ideas
of moderation, restraint, and rationality. The blue colour’s role was to indicate character-
istics related to healthy eating, reduction in ingredients (“light”, “zero”, “decaffeinated”
and “skimmed”, but mainly associated with a reduced fat content), or even to highlight
premium products from the others. The study shows that meaning-making is based on the
relationship of opposition between the colour blue and the warm colours characteristic
of the food world. Blue was also the second most dominant colour in dairy packaging
since this colour conveys calmness, reliability, and hygiene [261], as well as freshness and
coldness [262,263]. Therefore, the blue colour should be used when the intention is to
convey the idea to the consumer that it is a high value-added product because of rigorous
quality control correlated with a healthy-looking product, or because it is a food that stands
out from others of the same class.

The impact of the background is also the impact of the dishware. Even the blue colour of
the vessel can discourage consumption [7]. More precisely, according to Crumpacker [264],
‘the term blue plate special became popular during the Great Depression because restaurant
owners found that diners were satisfied with smaller portions of food if it was served on
blue plates’.

Some studies have determined the effect of the colour of light (effect of light) on the
desire to eat the products underneath. Cho and colleagues [265] reported that blue lighting
significantly reduced food intake for breakfast in studied Swedish men but not in women
when compared to yellow and white lighting. The overall intensity of the taste and the
overall impression of the food did not differ significantly between the three lighting colours.
This study provides empirical evidence that lighting colour can modulate meal size. In
particular, blue lighting can reduce the amount of food consumed in men without reducing
food acceptability [244,265]. Several other studies have also reported that blue lighting
impairs people’s perception (or the eye appeal) of various fruits and vegetables [266,267].

7.3. Thermal Perception and Feeling Thirsty

The colour of food is known to modulate not only consumers” motivation to eat but
also to influence the thermal perception of food. Suzuki and co-workers [247], conducting
a study on a female group, found that the blue colour of soup significantly decreased
willingness to eat, ratings of palatability and comfort, but also the heat judgement of the
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meal, and significantly increased anxiety feelings compared to the white and yellow soups.
This study provides new evidence that the colours of hot food can modulate postprandial
satiety, thermal sensations, and peripheral temperature. Such an effect of colour may be
useful for dietary strategies for people who need to control their appetite.

It is also known that the colour of the dish influences the perception of the temperature
of the food being served [247]. With regard to foods consumed hot or warm, serving them in
a blue dish will discourage eating, which can be used to control appetite. In the case of cold
drinks, the blue colour of the dish further influences the consumer’s feelings, intensifying
the sensation of cold. A cold beverage item was evaluated as more “thirst-quenching”
when served in a blue glass than in a green, yellow, or red glass” [268], and a hot beverage
was perceived as the warmest when served in a red cup, followed by yellow, green, and
blue cups [263]. Thus, the colour (warm or cold) of a beverage and its container has been
shown to affect the perception of the temperature of the beverage [247].

In relation to taste, the colour blue is known to be associated with the perception
of a salty taste. In general, sweet is widely linked with reddish/pink colours, sour with
yellow/green, salty with white/blue, and bitter with black [1,269].

There is also an additional troublesome aspect related to the natural origin of dyes,
specifically, the dye can have an unpleasant taste or odour that will be an obstacle to its
use in food. Such a situation is reported in the case of spirulina, which is obtained from
algae. That said, blue spirulina (going under the brand name Blue Majik), one of the blue
dyes that is currently the most popular, can taint the food to which it is added with an
unpleasant fishy taste [270]. Attempts have even been made to adapt production methods
to remove the unpleasant fishy smell/taste through the use of basil leaf extract [271].

8. Politics and Governance—Regulations

Before the 19th century, food was mostly prepared at home. Only occasionally and by
wealthy people were dyes extracted from animals, vegetables, or minerals used as food
decoration [272,273]. After the Industrial Revolution, food was increasingly processed at a
large scale, and new technologies, including preservation, altered the natural appearance of
foods [3]. Therefore, inexpensive and stable synthetic and mineral dyes with high colouring
power and light shades were excessively used for a wide range of food products. Some
of these dyes, such as indigo, had toxic properties. To restrain their overuse in the United
States (US), a list of approved food colourants was published in 1906 (US Food and Drug
Act) [272]. Among the blue dyes on this list was indigotine. In 1929, a further blue dye,
brilliant blue, was added to the list.

In 1960, the Colour Additives Amendment included the Delaney clause banning
additives that cause cancer in humans or animals [274]. In the UK, several colours were for-
bidden in 1923, and a legally binding list of permitted colours was established in 1957 [272].
The Joint Expert Committee on Food Additives (JECFA), co-managed by the FAO and
WHO, was established as early as 1956 and has since comprehensively reviewed 1500 sub-
stances, including food colourants, setting standards for safety assessment worldwide. The
WHO's International Programme on Chemical Safety (IPCS) also assesses the health effects
of chemicals in food.

Currently, colourings are probably the most strictly regulated food additives world-
wide [273]. In most countries, the use of food additives is regulated by strict rules. However,
despite global cooperation and harmonisation efforts, regulations vary from country to
country. Legislation determines which substances can be used, their source, purity, in
which foods, and the concentrations that can be added. However, legislation is based on
the traditional local use of the additive. Worldwide, the two main authorities regulating
food additives are the European Food Safety Authority (EFSA) in the European Union
(EU) and the US Food and Drug Administration (FDA) in the United States [275]. Since
1956, the Joint Expert Committee on Food Additives (JECFA), which acts as an interna-
tional scientific committee of experts responsible for assessing the risks associated with
the consumption of additives, has made recommendations to the Food and Agriculture
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Organisation (FAO), the World Health Organisation (WHO), and 51 member countries of
both organisations [276]. The food category system comprises 16 main categories, for a
total of 266 categories, including subcategories [277]. The JECFA assigns all additives an
acceptable value in the relevant category.

The introduction of new natural colours is often significant for local people in their
place of origin. For example, the list of colours awaiting adoption at stage 5/8 currently in-
cludes the natural blue dye of plant origin, jagua (genipin-glycine) blue (INS 183) [278], and
the record is annotated with the comment that Colombia has expressed their appreciation
for the conclusions regarding the use of jagua (genipin-glycine) blue (INS 183), highlighting
the significant benefits of its inclusion in the GSFA for indigenous communities in their
country and the Latin American region, while recognising jagua (genipin-glycine) blue
(INS 183) as a valuable resource and stressing that its inclusion in the GSFA will open up
new commercial opportunities and drive biodiversity conservation and the adoption of
sustainable agricultural practises.

As trade becomes increasingly global, sourcing from different continents, regional
and national regulations can become trade barriers that increase transaction costs, or more
specifically compliance costs, leading to negative economic impacts. In addition to the
economic aspects, technical barriers can impede the global use of all available food through
free trade to reduce hunger and poverty [279].

Inboth the EU and the US, only approved dyes can be used in food. However, the regu-
lations for food dyes in the EU and the US are different and embedded in two very different
legal frameworks. As a result, the definition of food colourant, approval requirements,
approved colourants and their specifications, restrictions on their use, and responsibilities
for rulemaking and compliance monitoring are different. The main regulations governing
the use of colours in food in the EU and the US are listed in Table 5.

Table 5. Adequate Daily Intake (ADI) values of synthetic dyes.

ADI (ng/kg)
Colourant
EU? us? JECFA ©
Patent Blue V 5 banned No ADI allocated
Indigotine /FD&C Blue no. 2 5 2.5 0-5
Brilliant blue FCF/FD&C Blue no. 1 6 12 0-6

where: 2 Food additive re-evaluations [159,280,281]. ® [USFDA] US Food and Drug Administration (2011) [273].
€ Evaluations of the Joint FAO/WHO Expert Committee on Food Additives [282].

Food exporters and importers are perplexed since the same food colour may be
allowed in one country but banned in another [283]. Patent blue V in the USA, Australia,
and New Zealand is banned, but in the EU it is used as E131 in food. Indigo carmine is
used in the EU (E132) and US (FD&C No. 2) but is already banned in Japan, Australia,
and Norway. Brilliant blue is currently still permitted in the EU (E133) and US (FD&C
No. 1) with different ADI values (Table 5). However, at the national level, some European
countries (Austria, Belgium, France, Norway, Sweden, Switzerland, and Germany) have
already banned its use [284,285]. For ease of identification, each pigment is given a colour
index name (C.I.) and a colour index number (C.I. No.) (Table 6). The colour index
number conveys some information about the chemical composition of the pigment, as
some pigment classes have specific number ranges [286]. In 1989, the CCFA created the
International Numbering System (INS) to provide an international numeric system for
identifying additives in the list of food ingredients. It is also an alternative to using a
specific name, often long and complicated [9,275].
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Table 6. Artificial and natural dyes authorised in various countries (modified, according to [9,217]).

Colour

Colourant ~ INS  E Colour Index CAS Number ;g gy Australia/New y .0 Brazil China India
Index in Japan Zealand
Number
gl‘gj‘“hm“e 130 E130  VatBlue4 69,800 81-77-6 n/a x x x x x x x
Acid Blue 3
Patent blue V 131 E131 peg e 42,051 3536-49-0 n/a x v x x v x x
Indigo carmine 132 E132  LoodBluel 73,015 860-22-0 221 v v v v v v v
8 Acid Blue 74 /
- Food Blue 2
Brilliant blue 183 E133 200 pned 42,090 3844-45-9 220 v v v v v v v

Notes: INS—International Number System, E—encoding used in the EU, /—dye allowed, x—prohibited food
dye, n/a —data not available.

Phycocyanin, a pigment found in spirulina species discussed earlier in this review,
is the most stable natural dye for the blue shade. However, it is not permitted as a raw
material for dye production in the US and EU. Spirulina sp. is classified by the FDA
as a cyanobacterium and is considered a food rather than a source of dye; therefore, it
does not comply with the regulations of 21CFR 73.260 [3]. Due to conflictual restrictions
imposed on some natural dyes in different countries, the approval and commercialisation
of safe and new dyes is usually delayed. Therefore, the joint regulatory authority can issue
international standard codes for natural colourants to ensure consumer safety and health.

The principal markets of food-grade biocolourants are in the US, EU, Japan, and
the emerging markets are in China, India, and South Korea. Developing countries such
as India and China can play an important role in supplying natural colours either in
processed forms or as raw materials to the EU markets due to their favourable climatic
and production conditions coupled with the growth in their middle-income families. More
research supporting the safety of food products could influence regulation in the US, Asia,
and the EU [57].

9. Perspectives

The search for sustainable and harmless colourings for food and beverages continues.
Currently, one of the biggest challenges in the colourant industry is obtaining natural blue
colourants. Because, in line with consumers’ preferences, interest in blue food products
is not waning, food and beverage manufacturers continue to look for natural blue colour
as an alternative to synthetic dyes. Both for food intended for direct consumption and
for monitoring the freshness of products. Some blue dyes have been discovered whose
structure has not yet been determined [10] and properties are not known in detail, so their
use in food is not yet possible.

Unfortunately, the use of NPs is limited by their intrinsic molecular instability, as well
as their higher cost compared to synthetic pigments and the need for higher concentrations
to achieve equivalent colour intensity [45,287]. However, as mentioned earlier, they are
associated with serious stability and pH limitation issues. For example, acidic foods that use
temperatures above 60 °C during processing cannot use anthocyanins as a blue pigment [5].
The stability of the natural pigments determines the use, even for different products in a
related food group, as in a study of the fortification of yoghurt and fermented milk with
the natural blue pigments, during which better results were obtained in the case of yoghurt
for butterfly pea extract, while in the case of fermented milk for spirulina [288].

A prospect may be the production of blue pigments using genetic modification. For
example, genetically modified blue silkworms capable of producing high levels of natural
blue pigment (indigoidin) in the posterior silk gland have been successfully obtained [289],
as have blue flowers obtained through genetic modification rather than artificial dyeing.
Many ornamental plants grown for high-volume cut flowers, such as rose and chrysanthe-
mum, lily, carnation, and gerbera, lack key genes for the production of the blue pigment
delphinidin or do not have an intracellular environment suitable for blue colour [290]. Blue
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flowers, such as rose and chrysanthemum, were developed using genetic engineering at
the end of the 20th century [11,291]. After studying the flavonoid profiles of hundreds of
rose cultivars, suitable hosts were selected for high delphinidin accumulation to produce a
blue flower colour. Overexpression of the viola F3'5'H gene resulted in the accumulation of
delphinidin to 95% of all anthocyanidins and resulted in a new blue colour [11,292]. Also,
dahlia, phalaenopsis, lily, and chrysanthemum are examples of these genetically modified
blue flowers [290].

Consumer awareness of the multifaceted benefits of food colourants will encourage the
commercialisation of safe and novel food colourants. Many consumers are unaware that in
2008, Nestle replaced the blue colour in candy with a colour derived from spirulina [57,293].

The socio-cultural aspects presented are of great importance in working towards an
increasingly healthy society (obesity-related metabolic diseases), dwindling food resources,
and therefore the need to eat smaller portions of food. It is worth building on previous
findings about the effect of blue surroundings and dishes on reducing appetite.

Similarly, the blue colour of the vessels influencing the satisfaction of the sensation of
thirst can have both positive and negative implications when we seemingly feel less thirsty,
but in fact the correct level of hydration is not provided to the organism.

The health-promoting properties of plants such as Clitoria have great potential, and
interest in colour can be used to encourage regular consumption of infusions with health-
promoting properties.

Furthermore, in addition to looking for new sources, better methods of obtaining
natural dyes from already known sources still need to be developed. For example, spray-
drying, freeze-drying, encapsulation, and coatings improve the colour of anthocyanins [57].

There is undoubtedly an advantage of natural dyes over synthetic ones, but among
the natural ones, those of microbial origin seem to be the most economically viable [94].
For several reasons, successively: dyes of animal origin—the necessity of breeding, the
difficulty of extraction, of plant origin—cultivation dependent on year-round availability,
external factors, weather, climate of plant growth, i.e., temperature and humidity, natural
disasters and human factors related to plant harvesting, protection against pathogens
and pests, multi-stage extraction, stability, and water-solubility of the pigment [130]. The
exploitation of plants on a large scale may lead to the loss of valuable species. Microorgan-
isms such as fungi, bacteria, algae, and actinomycetes are a reliable and readily available
alternative source of natural pigments [287]. Microorganisms are advantageous over plants
for biopigment production in terms of availability, labour and cost efficiency (easy and
rapid multiplication in a low-cost medium), yield, stability, easy downstream processing,
and weather- and season-independent growth [92,294]. Microbial culture can be achieved
by solid and submerged fermentation on natural raw materials or industrial organic wastes.
Microbial pigments not only act as colouring agents in various food and cosmetic industries
but also have anticancer, antioxidant, anti-inflammatory, and antimicrobial properties [112].
The main disadvantage of dyes of fungal origin is the possibility of contamination with
mycotoxins. Moreover, bacteria have numerous advantages over fungi for pigment pro-
duction, including a shorter life cycle and relatively easy genetic modification [19,92,295].
However, research on bacterial blue pigments is limited, probably because few bacteria are
capable of producing blue pigment [295].

The authorised artificial colours, indigo carmine (E132) and brilliant blue (E133),
are used in so many groups of food, in foodstuffs for everyday use, even where one
would not expect them to be at all, and even in foods considered to be popular such as
pickled cucumbers (together with natural colours such as chlorophyll copper complex,
annatto extract, turmeric, beta-carotene, oleoresin of paprika, and other authorised artificial
colours such as fast green FCF, tartrazine, sunset yellow FCF) at 300 mg/kg singly or in
combination [278]. In addition, synthetic blue dyes, E132 and E133, are still permitted in
various food groups: dairy and dairy-based desserts, bakery products of various types, and
vegetable purées. Although a natural substitute, the algae-derived colour E134, is already
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permitted in these same groups, at specific maximum concentration levels (GMP—Good
Manufacture Practise).

Of the natural colours, the following are permitted as food colourants: anthocyanins
(INS 163) [296]—Table 7, with the last of which, 163 (xi)—butterfly pea flower extract, which
was introduced in 2021 [297] and, from 2023, spirulina extract (INS 134), which can be used
in the indicated food category under the conditions of good manufacturing practise (GMP).

Table 7. Permitted colourants of the anthocyanin group [296].

Colourant INS No. Description/Plant Source

163 (ii) Grape skin extract

163 (iii) Blackcurrant extract
163 (iv) Purple corn colour

163 (v) Red cabbage colour
163 (vi) Black carrot extract
163 (vii) Purple sweet potato colour
163 (viii) Red radish colour

163 (ix) Elderberry colour

163 (x) Hibiscus colour

163 (xi) Butterfly pea flower extract

Moreover, the plant-derived colour INS 183—jagua (genipin-glycine) blue is on the
legislative path [278] at step 5 of 8. The legislative pathway for the approval of new blue
colours, i.e., gardenia blue (INS 165) is currently underway ([278] in: Appendix XI, Part A:
List of substances used as food additives proposed for evaluation by JECFA). Proposed by
Japan, the gardenia blue dye is intended to add or restore colour to food. It thus imparts
colour to food, thereby improving the organoleptic properties of that food, which would
otherwise not be coloured or whose colour has been affected by processing and needs to be
restored. The proposed maximum use levels are based on the amount of colour required
technologically to achieve the desired effect in different foods. The use of blue gardenia
pigments in foods is still not legal in the United States or European Union but is in Japan,
China, and Korea [10,58,298].

It is sometimes found that natural colourings (INS 163) are used or proposed in much
higher quantities than synthetic ones in the same food group (Table 8).

Table 8. Maximum food colourant (allowed and under legislation process) levels in different food
groups, according to the JECFA [277,278].

Food Additive/INS
s Jagua
Food Category Ir}‘li:l%(i)t?e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue

132 133 134 163 183

No. Name .
Maximum Level [mg/kg]
01.1.4 Flavoured fluid milk drinks 300 150 GMP 100 160
01.3 Condensed milk and analogues (plain) GMP
01.4.3 Clotted cream (plain) GMP
01.4.4 Cream analogues GMP 150
015 Milk powder and cream powder and GMP
powder analogues (plain)

01.5.2 Milk and cream powder analogues 150
01.6.1 Unripened cheese 200 GMP
01.6.2 Ripened cheese GMP
01.6.22  Rind of ripened cheese 100 100 1000
01.6.4 Unripened cheese GMP
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Table 8. Cont.

Food Additive/INS
s Jagua
Food Category Ii?;%?t?e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue
132 133 134 163 183
No. Name
Maximum Level [mg/kg]
01.6.4.2 FlaVO}lr.ed proFessed cheese, including 100 1000 a4
containing fruit, vegetables, meat, etc.
01.6.5 Cheese analogues 200 100 GMP 1000
017 Dairy-based desserts (e.g., pudding, fruit 150 150 GMP 200 120
or flavoured yoghurt)
01.8.1 quuld‘whey and whey products, CMP
excluding whey cheeses
Fat spreads, dairy fat spreads, and
02.22 blended spreads GMP
Fat emulsions mainly of type oil-in-water,
02.3 including mixed and/or flavoured 100 100 GMP 160
products based on fat emulsions
02.4 Fat-based desserts, excluding dairy-based 150 150 CMP 200 200
dessert products of food category
03.0 Edible ices, including sherbet and sorbet 150 150 GMP 100 120
04.1.2 Processed fruit GMP
04.1.2.3 Fruit in vinegar, oil, or brine 1500
04.1.2.4 Canned or bottled (pasteurised) fruit 200 1500
04.1.2.5 Jams, jellies, marmalades 300 100 500 120
Fruit-based spreads (e.g., chutney)
04.12.6  excluding products of food category 100 500
04.1.2.5
04.1.2.7  Candied fruit 200 100 1000
04.1.2.8 Fruit prepa.ratlons, including pulp, . 150 100 500 120
purees, fruit toppings and coconut milk
04.1.2.8  Regional standard for: Date Paste 150 100
Fruit-based desserts, including
04.129 fruit-flavoured water -based desserts 150 150 500 120
04.1.2.10  Fermented fruit products 500
04.1.2.11  Fruit fillings for pastries 150 250 500 120
Dried vegetables (including mushrooms
04220, and fungi, roots and tubers, pulses and GMP
legumes, and aloe vera), seaweeds, and
nuts and seeds
Vegetables (including mushrooms and
04923 fungi, roots and tubers, pulses and . 150 500 GMP 100
legumes, and aloe vera), and seaweeds in
vinegar, oil, brine, or soybean sauce
Canned or bottled (pasteurized) or retort
04224 pouch Vegetables (including mushrooms 200 GMP
and fungi, roots and tubers, pulses and
legumes, and aloe vera), and seaweeds
04.22.4  Processed Tomato Concentrates 200 100
Vegetable (including mushrooms and
fungi, roots and tubers, pulses and
04.2.2.5 legumes, and aloe vera), seaweed, and GMP 100

nut and seed purees and spreads (e.g.,
peanut butter)
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Table 8. Cont.

Food Additive/INS
s Jagua
Food Category Ii?;%?t?e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue
132 133 134 163 183
No. Name
Maximum Level [mg/kg]
Vegetable (including mushrooms and
fungi, roots and tubers, pulses and
04226 legumes, and aloe vera), seawee;l, and 200 100 CMP 100
nut and seed pulps and preparations (e.g.,
vegetable desserts and sauces, candied
vegetables)
04926 Regional standard for: Harissa (Red Hot 200 100
Pepper Paste)
Fermented vegetable (including
mushrooms and fungi, roots and tubers,
04227 pulses and legumes, and a.loe vera) and 300 100 100
seaweed products, excluding fermented
soybean products of food categories
06.8.6,06.8.7,12.9.1,129.2.1 and 12.9.2.3
Cooked or fried vegetables (including
04928 mushrooms and fungi, roots and tubers, CMP
pulses and legumes, and aloe vera), and
seaweeds
05.0 Confectionery GMP
05.1.3 Cocoa-based spreads, including fillings 100 200
05.1.4 Cocoa and chocolate products 450 100 200 800
0515 Imitation chocolate, chocolate substitute 300 100 200
products
05.2 Confectionery including hard and soft 300 300 800
candy, nougats, etc.
05.2.2 Soft candy 1700
05.3 Chewing gum 300 300 500 800
Decorations (e.g., for fine bakery wares),
05.4 . . 300 500 500 120
toppings (non-fruit) and sweet sauces
06.3 Breakfast cereals, including rolled oats 200 GMP 200 2000
0643 Pre-cooked pastas and noodles and like GMP
products
065 Cerea.l and stiarch based. desserts (e.g., rice 150 150 GMP 200 84
pudding, tapioca pudding)
06.6 Batters (e.g., for breading or batters for CMP
fish or poultry)
Pre-cooked or processed rice products,
06.7 including rice cakes (Oriental type only) GMP
Soybean products (excluding
06.8 soybean-based seasonings and GMP
condiments of food category 12.9)
07.0 Bakery wares GMP
07.1 Bread and ordinary bakery wares 100
07.1.1.1 Yeast-leavened breads and specialty 100
breads
07.1.12  Soda breads 100
07.1.2 Crackers, excluding sweet crackers 100 200
Other ordinary bakery products (e.g.,
07.13 bagels, pita, English muffins) 100
0714 Bread-type products, including bread 100 200

stuffing and bread crumbs
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Table 8. Cont.

Food Additive/INS
s Jagua
Food Category Ii?;%?t?e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue
132 133 134 163 183
No. Name
Maximum Level [mg/kg]
07.1.5 Steamed breads and buns 100
0716 Mixes for bread and ordinary bakery 100
wares
07.2 Fine be.ikery wares (sweet, salty, savoury) 200 200
and mixes
08.0 Meat and meat products, including 100
poultry and game
08.1.2 Fresh meat, poultry, and game, 1000
comminuted
08.2 Processeq meat, pou.ltry, and game GMP 5000
products in whole pieces or cuts
08.3 Processed comminuted meat, poultry, and GMP 5000
game products
08.4 Edible casings (e.g., sausage casings) GMP 5000
09.1.1 Fresh fish 300 300
09.1.2 Freéh mollusks, crustaceans, and 500
echinoderms
Frozen fish, fish fillets, and fish products,
09.2.1 including mollusks, crustaceans, and 300 500
echinoderms
Frozen battered fish, fish fillets, and fish
09.2.2 products, including mollusks, 500 500
crustaceans, and echinoderms
Frozen minced and creamed fish
09.2.3 products, including mollusks, 500 GMP
crustaceans, and echinoderms
09.24.1  Cooked fish and fish products 300 100 500
Cooked mollusks, crustaceans, and
09.2.4.2 . 250 100 1000
echinoderms
09243 Fried fish and fish products, including 500 1000

mollusks, crustaceans, and echinoderms
Smoked, dried, fermented, and/or salted
09.2.5 fish and fish products, including 1000
mollusks, crustaceans, and echinoderms
Semi-preserved fish and fish products,

09.3 including mollusks, crustaceans, and GMP
echinoderms
Fish and fish products, including
09.3.1 mollusks, crustaceans, and echinoderms, 500 500

marinated and/or in jelly

Fish and fish products, including
09.3.2 mollusks, crustaceans, and echinoderms, 500 1500
pickled and/or in brine
Salmon substitutes, caviar, and other fish

09.3.3 300 500 1500
roe products
Semi-preserved fish and fish products,

09.3.4 including mollusks, crustaceans, and 300 1500

echinoderms (e.g., fish paste), excluding
products of food categories 09.3.1-09.3.3
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Table 8. Cont.

Food Additive/INS
s Jagua
Food Category Ii?;%?t?e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue
132 133 134 163 183
No. Name
Maximum Level [mg/kg]
Fully preserved, including canned or
09.4 fermer}ted fish and fish products, 300 500 GMP 1500
including mollusks, crustaceans, and
echinoderms
10.1 Fresh eggs 300 GMP 1500
1023 Dried and/or heat coagulated egg CMP
products
103 Preserved eggs, including alkaline, salted, GMP
and canned eggs
10.4 Egg-based desserts (e.g., custard) 300 150 GMP 200
114 Other sugars and syrups.(e.g., xylose, 300 120
maple syrup, sugar toppings)
16 Table—.tc?p sw.eete.ners, 1.nc1ud1ng those GMP
containing high-intensity sweeteners
g 5 2 Seasonings and condiments 300 100 GMP 600
12.3 Vinegars GMP
12.4 Mustards 300 100 GMP 200
12.5 Soups and broths 50 50 GMP 500
12.6 Sauces and like products 300 100 GMP
Emulsified sauces and dips (e.g.,
12.6.1 . . . . 300
mayonnaise, salad dressing, onion dip)
12.6.2 Non-emulsified sauces (e.g., ketchup, 300
cheese sauce, cream sauce, brown gravy)
12.6.3 Mixes for sauces and gravies 300
Salads (e.g., macaroni salad, potato salad)
and sandwich spreads excluding cocoa-
127 and nut-based spreads of food categories GMP 1500
04.2.2.5 and 05.1.3
12.8 Yeast and like products GMP
129 Soyb.ean-based seasonings and GMP
condiments
12.10 Protein products other than from CMP
soybeans
Dietetic foods intended for special
13.3 medical purposes (excluding products of 50 50 GMP 250
food category 13.1)
134 Dletetlc. formulae for slimming purposes 50 50 GMP 250 5
and weight reduction
Dietetic foods (e.g., supplementary foods
13.5 for dietary use) excluding products of 300 300 GMP 250 65
food categories 13.1-13.4 and 13.6
13.6 Food supplements 300 300 GMP 500
Water-based flavoured drinks, including
14.1.4 “sport”, “energy”, or “electrolyte” drinks 100 100 GMP 300 80
and particulated drinks
14.2.1 Beer and malt beverages GMP
14.2.2 Cider and perry 200 200 GMP 300
14.2.4 Wines (other than grape) 200 200 300
14.2.5 Mead GMP
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Table 8. Cont.

Food Additive/INS
s Jagua
Food Category Illilrlli(i)tl:e Brilliant Spirulina?  Anthocvanins (Genipin
'8 Blue FCF P y -Glycine)
Carmine) b
Blue
132 133 134 163 183
No. Name
Maximum Level [mg/kg]
Distilled spirituous beverages containing
1426 more than 15% alcohol 300 200 GMp 300
Aromatized alcoholic beverages (e.g.,
14.2.7 beer, wine and spirituous cooler-type 200 200 GMP 300
beverages, low alcoholic refreshers)
15.0 Ready-to-eat savouries GMP
600 (in
Snacks—potato, cereal, flour or starch blue,/purple
15.1 based (from roots and tubers, pulses and 200 200 500 tortpillap
legumes) chips 1200
Processed nuts, including coated nuts and
152 nut mixtures (with, e.g., dried fruit) 100 100 300 800
15.3 Snacks—fish based 400
16.0 Prepared foods GMP

Notes: GMP—dye may be used in this food category under the conditions of Good Manufacturing Practise,
a_from 2023, P—in 2024 on 5th from 8 steps in the JECFA legislation procedure.

10. Conclusions

Colour is an important part of consumers’ perception of food and an important factor
in determining its taste. Therefore, the food industry uses natural or synthetic dyes to
make processed foods more appealing to consumers. Colourant is added to compensate for
colour loss due to processing or storage, or to compensate for differences in natural colour.
Dye is also added to products without natural colour, such as confectionery and sugar-
based soft drinks, to make them attractive to consumers and to match their expectations.
However, consumer preference for naturally derived colours—which are closely linked to
the image of healthy, safe, and good-quality products—has risen sharply as a large number
of synthetic colours have recognised side effects on human health.

The subject of blue food colourants fits into the three traditional pillars of sustainability:
environmental, social, and economic, and is expanded by another: the human aspect,
culture, and safety.

Currently, it is necessary to link this theme in particular with the health-related
aspects of sustainability. It seems most necessary to introduce changing consumption and
production patterns. Blue pigments have not only colourful properties but need to be
chosen for their rich health-promoting, antioxidant, anticancer, and antidiabetic properties,
which are now important for a large group of people, and which are not described in detail
in this review.

From an economic point of view, the calculus may not be obvious at first sight since
synthetic dyes are apparently cheap, but considering the overall balance, the choice is clear.
There are several blue natural dyes that could become good substitutes for synthetic dyes
(spirulina, marennine, trichotomine, genipin, and clitoria), those in the approval process,
and many that are still waiting to be tested for use in the food industry. It is necessary to
select specific pigments in order to obtain at the same time specific health benefits tailored
to individual needs, also using modern techniques of non-destructive extraction of the
most valuable components and improving the stability and bioavailability of the pigment.

Aspects related to the sustainability of natural pigments and stability in the presence
of agents that could potentially cause decomposition also include attempts to advance
technological solutions (encapsulation) for their use by increasing bioavailability. More
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research is required to assess the chemical composition of food colourants derived from
natural sources. Furthermore, the stability of the food colourants has to be considered
when they are used in food products with varied pH and temperature ranges.

At the same time, lower-cost production solutions are being sought, such as production
from waste or the production of pigment as a valuable by-product.

Sociological and cultural aspects related to the possibility of reducing consumption, not
only through the disincentive blue colour of the food itself but also the blue surroundings
of the food, are also irrelevant and undeniably important, especially for diabetics and those
promoting a healthy lifestyle.

The aspect of quality control of food using blue dyes is also very important, as is the
environmental aspect of using one group of blue dyes (anthocyanins) to build solar cells.

It should also be remembered that blue is one of the primary colours and is some-
times used, including in the food industry, to create derived colours, especially green (in
combination with yellow dyes, natural or synthetic, sometimes also harmful).
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Abstract: Transitioning towards more sustainable food products, such as plant proteins, requires a
change in practice by several actors in the agrifood system. Change of this kind involves everyday
choices about what food to produce, sell, prepare, and eat. Inspired by science and technology
studies (STS) thinking, we investigate how such choices are influenced by socio-material practices of
valuing. We use the case of fresh grain legumes for human consumption to explore how valuing is
simultaneously affected by and shapes the agrifood system. Through interviews with 24 actors in
the Danish agrifood system, we identify valuing parameters ranging from taste, nitrogen fixation,
durability, and nutrition to price. The study reveals differences regarding what and how actors value
depending on the actors’ position in the agrifood system and how the fresh grain legumes travel
from field to plate. Where values conflict, we observe how some valuing practices have the power
to exclude others and thereby prevent specific enactments of the fresh grain legumes. We argue
that looking for valuing practices can help us understand how agrifood systems come into being,
and that valuing differently can represent active involvement, both academically and practically, in
encouraging change in the agrifood system. By using STS-thinking, the study brings novel insights
about barriers towards more plant-based diets and contributes to the diversification of theoretical
perspectives on sustainable transitions.

Keywords: valuing; sustainable transition; agrifood system; fresh grain legumes; STS

1. Introduction

Considerable attention is directed towards the adverse effects of our current agrifood
systems and the urgent need for a transition towards more sustainable ways of producing,
distributing, processing, and eating food. Increasing the production and consumption of
plant protein is one way to counteract some of the environmental and climatic consequences
associated with food production [1,2]. Substituting meat with plant protein can reduce
greenhouse gas emissions from animal production, including the negative effects of soy
production and imports [3] and inefficient land use for fodder production compared
with production for direct human consumption [4]. Furthermore, leguminous symbiotic
atmospheric nitrogen (N) fixation abilities allow for reduced fertiliser input compared with
other major crops, while the diversification of the cropping system with the introduction of grain
legumes (GL) can reduce infestation rates as well as pest and disease pressure [5,6]. Furthermore,
it is acknowledged that increasing GLS in diets will improve human health [7] and the
number of varieties of eatable GLs might offer important sources of taste and textures
for kitchens in their experimentation for future sustainable cooking [8,9]. Hence, there is
growing national and international political awareness and support for the production and
consumption of GLs [10,11].

GLs can be harvested dry for long-term storage or harvested at their green stage and
sold as a seasonal fresh product, often in their pods or as storable frozen products. In
comparison with dry GLs, fresh grain legumes (FGL) allow for earlier harvest and thereby
early establishment of cover crops, with the ensuing benefits for soil health, nutrient
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cycling, etc. [12-14]. Despite their manifold potential, the production of GLs in Europe is
low due to a focus on cereal production after the Second World War [15]. In Denmark, the
strategy of animal and dairy production for export has similarly resulted in specialised
land use dedicated for cereal-fodder production combined with the import of soy as a
protein source [16,17]. New national dietary advice that highlights the need for increased
plant protein as part of a sustainable diet [18] suggests new opportunities for increased
production and consumption of FGLs in Denmark. However, such changes involve shifts
across the entire agrifood system.

The agrifood system is organised in a complex and interconnected web of people,
places, materiality, technology, knowledge, and power [19]. The system is held together
through interwoven activities such as producing, distributing, and cooking, and leads
to diverse societal outcomes, such as foods, jobs, environmental impacts, etc. At the
same time, the agrifood system is determined by the bio-geophysical and human envi-
ronments in which it is situated [20,21]. Ericksen (2008) argues that agrifood systems are
“heterogeneous over space and time and replete with non-linear feedbacks”. Applying
the systems approach, thus, helps us in “understanding the critical factors that lead to
particular outcomes or the interactions that govern a specific behavior of interest” [20].
Hence, paying attention to this complexity is vital in understanding transition processes
towards more sustainable agrifood systems [22-24]. However, a considerable amount of
research is directed at understanding the challenges faced and suggesting innovations
within specific parts of the agrifood system [25,26]. In this study, we attempt to include
several perspectives and experiences of different actors in the FGL system to shed light
on how they are interconnected and how they all play a role in the transition towards the
greater production and consumption of more sustainable crops.

Several theoretical approaches have been applied to explore the transition of agrifood
systems in all their complexity. Since the late 1990s, different kinds of systems theories (e.g.,
socio-technical systems theory and science and technology studies (STS)) have, despite
different ontologies, been concerned with the diversity of the actors involved in the agri-
food system [27]. The socio-technical systems perspective examines historical and systemic
changes associated with the introduction of new innovations as a combination of technolog-
ical readiness, available infrastructure, regulations, and cultural and social norms [28,29].
Including the word socio in the theoretical concept indicates acknowledgement of the social
aspect of transitioning. However, “discussions of sociotechnical transitions and their gover-
nance routinely obscure the central role that practitioners themselves play in generating,
sustaining and overthrowing every-day practices.” [30]. Instead of seeking to identify
immanent dynamics in agrifood systems, for example, STS theories operate with relational
ontologies where realities are enacted through constant negotiation and entanglements of
human and non-humans in everyday life [31]. The STS perspective, thus, offers the study
of such entanglements through socio-material practices of everyday life, and we apply this
approach in order to understand the development of agrifood systems and their potential
for change.

In order to acknowledge agrifood systems as interconnected and affected by day-
to-day practices, we explore how FGLs are brought into being through the practices of
enacting values in an object [32,33]. Valuing becomes relevant because “the performance
of valuations are ... not only ubiquitous; their outcomes participate in the ordering of
society” [33]. Thus, we argue that valuing reveals how actors relate and engage with
objects [32,34] and that this engagement (or lack thereof) is a part of making decisions about
continuing or implementing new (sustainable) practices.

Studying the practice of valuing includes perceiving value in more than just monetary
terms; it is also related to convenience, interest, preferences, emotions, etc. [33]. Inspired by
relational ontology, we recognise that objects (e.g., foods) do not have an immanent value
independent of the networks and relations of which they are part (see e.g., [34-36]). Instead
“objects come into being—and disappear—with the practices in which they are manipulated.
And since the object of manipulation tends to differ from one practice to another, reality
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multiplies” [37]. An important aspect in this regard is that values are not only enacted
through social processes, but through concrete matter, and, thus, socio-material practices
as well [38]. Thereby, the shapes, weights, textures, sizes, etc., of objects, as well as their
containment of other objects, such as nutrients or water, are part of practices and of how
objects are valued. The objects with which we engage and that are brought into being
through the interaction are, thus, also a result of its materiality.

The idea that objects are brought into being and how this results in multiple realities
also suggests that objects and realities can differ when engaging in new relations, and,
therefore, hold potential for change (what Mol refers to as ontological politics [39,40]). As a
consequence, values attached to a specific object may “be conflicting or not, overlapping
or not, combine with each other, contradict each other” [33]. The acknowledgement
that multiple versions of an object exist at the same time substantiates the argument
for considering all these versions (e.g., experienced by different actors) when trying to
understand the potential for increased production and consumption of FGLs.

The ontological perspective levels out different kinds of knowledge and ways of know-
ing. If valuing takes place in concrete relations and practices, the actors become the experts,
valuing according to their specific knowledge, position, perception, and aims [32]. Instead
of looking for the right valuing, we attempt to understand actors’ ways of rationalising,
prioritising, and making decisions in the everyday performance of agrifood systems. Dif-
ferent practices of valuing reveal what is valued by some actors but not by others. This
might indicate unspoken practices of (de)valuing or windows of opportunity for valuing
differently.

That valuing is relational does not mean it is random. The practice affects, as well as is
affected by, the dominance of specific realities over others that each bring different versions
of objects and their valuation into being [39]. Thus, there are mechanisms of power at stake
when different versions of objects are unable to co-exist easily.

In this study, we seek to understand how, in practice, the valuing within the Danish
agrifood system affects whether, why, and how FGLs are grown, sold, and cooked, as well
as some of the dilemmas and complexities in valuing processes when different ways of
valuing contradict or do not point in the same direction. This offers an idea of the potential
future role of FGLs in future agrifood systems.

2. Materials and Methods

The study was based on semi-structured interviews with 24 actors across the Danish
agrifood system who are engaged with FGLs, e.g., through knowing, producing, processing,
trading, or cooking. We identified the actors through a purposive snowball sampling [41]
to find relevant participants and understand how actors engaged with FGLs are related
(see Figure 1). The snowball sampling method was chosen for two reasons. Firstly, as
the population is perceived as hard-to-reach, the number of actors engaged specifically in
producing, distribution and cooking FGLs in Denmark is limited and innovative actors
trying to engage with FGLs might not officially call attention to their experimentation
and ambitions [42]. Secondly, as the study seeks to understand the agrifood system in
which FGLs are placed, the aim of the sampling was not only to identify actors but also
the relations between them [41]. The sampling was carried out until sufficient actors were
identified. In this study, this was considered the case when the sampling included several
representatives engaged in both producing, distributing, and cooking FGLs combined with
the point where many actors referred to already identified interviewees. Some of the actors
interviewed had experience of FGL while others did not. Thus, the study also explored
the actors’ valuing of a crop with which they do not yet have a relationship or have only a
limited relationship. We argue that the inclusion of such (pre)valuing practices are crucial
in order to understand how transitioning entails the establishment of new practices and
relations.
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Figure 1. The snowball sampling strategy. From the initial interview (dark grey) new actors are
identified (lighter grey). This sample continues until sufficient actors are identified.

We started the sampling with a central large-scale processor of frozen FGLs in Denmark
to get in contact with large-scale growers of FGLs. As a second starting point, we added
a small-scale grower of fresh Borlotti beans identified through a promotional event for
growers of GLs in order to avoid being locked into specific networks of actors operating
solely in large-scale production and distribution through the sampling method. This
strategy allowed us to establish contact with a diverse network of actors, but also revealed
that, despite their differences, large-scale production and alternative food networks were
not two strictly separate networks since some growers sell through both mainstream
distribution channels (retail and wholesale) and through direct sales (restaurants and
private costumers), for example. However, when engaging with the STS perspective, we
found it useful in the analysis to differentiate between large-scale growers of frozen FGLs,
large-scale growers of FGLs for fresh market and small-scale growers of FGLs for fresh
market owing to differences in their valuing, networks, finances, etc.

Through the sampling (brackets indicate number of interviews), we identified and
interviewed a large-scale processer of frozen FGLs (1), large-scale growers of frozen FGLs
(3), large-scale growers of FGLs for the fresh market (3), small-scale growers of FGLs for
the fresh market (2), seed traders (2), seed conservation organisations (2), a farm machinery
operator (1), a farming and horticulture advisor (1), a wholesaler (1), a platform for direct
trade between growers and consumers /kitchens (1), retailers (2), chefs (2), a consultant in
public kitchens (1), and farming and food interest organisation representatives (2). Starting
out with different types of growers, our sampling strategy resulted in an overrepresentation
of interviews with actors who cultivate FGLs (see Figure 2). We found that growers
(especially those engaged with large-scale production) found difficulties in referring to
the actors who buy their products, for example for reasons of confidentiality or limited
personal relations. As we were interested in the enactment of the agrifood system, this type
of observation provided an early understanding of how a lack of relations also plays a role
in valuing processes. In line with the STS perspective, we also acknowledge that if we had
begun the sampling from a different starting point, the sample would probably have been
different with a potentially greater focus on other relations and differentiation between the
other actors involved.

The interviews were conducted face-to-face or online in spring 2022, each lasting for
approximately one hour. All interviews were transcribed apart from two, which were not
recorded. For these two interviews, the researcher’s notes have been used as empirical
material. The interviews were semi-structured and explored the actors’ thoughts about
and experiences of the possibilities and challenges presented by engaging with FGLs.
Going through this rich empirical material, we noticed the articulation of different FGL
characteristics that were relevant for the actors in their practice of growing, trading, or
cooking. We recognised this as a practice of valuing [32]. We coded the transcriptions by
identifying these values and ended up with a long list ranging from aesthetic, ecological,
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economic, and cultural to sensory values. In this analysis, we, therefore, focused on those
characteristics used by agrifood actors to value FGLs in their everyday lives. To do so, we
looked for both what and how actors value as a way to explore the coming into being of
FGLs.

Large-scale processer of frozen FGLs (1)

Large-scale growers of frozen FGLs (2,3,4)

Large-scale growers of FGLs for fresh market (5,13,17)
Small-scale growers of FGLs for fresh market (15,20)
Seed traders (8,11)

Farming and food interest
Seed conservation organisations (10,12)

organisation representatives (7,18)

Farm machinery operator (9)
Farming and horticulture advisor (21)

Chefs (14,24) Wholesaler (16)
Consultant in public kitchens Platform for direct trade between
(23) growers and consumers/kitchens

(6)
Retailers (19,22)

Figure 2. Illustration of the categories of actors interviewed placed in the analytical spheres of
producing, distributing, and cooking FGLs. Numbers in brackets indicate the order in which the
interviews have been carried out. The Farming and food interest organisation representatives have been
placed in between spheres as they represent the whole agrifood system. The size of the circles
indicates the balance between number of interviews within the three spheres.

Well aware that the agrifood system and its relations are complex, we divided the
agrifood system into three spheres representing central activities such as growing, distribut-
ing, and cooking [21] in order to create an analytical structure (see Figure 2). We argue that
a division of this kind offers interesting insights into the similarities and differences in
valuing within as well as across these spheres.

3. Results

In the following section, we illustrate how the value of FGLs is enacted differently
through the relations of the actors we interviewed in the agrifood system. By doing so, we
encounter the diversity of values at stake and how these can sometimes be contradictory
within and between the spheres.

3.1. Growing FGLs: Weighing Price, Stories and Cropping System Benefits

Market price is a common way for growers to value and decide whether growing FGL
is a profitable activity for them. The large-scale processer of FGLs explains that many of
their growers terminate their contracts for pea production due to low pea prices compared
with cereals. Individual growers (large-scale growers of frozen FGLs and FGLs for fresh
market) explain that the market price is hard to negotiate with processors, wholesalers, and
retailers due to competitive large-scale bulk markets of frozen products and production of
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peas in pods for the fresh market. In contrast, one small-scale grower selling to a diverse
group of customers explains that prices of FGLs vary greatly depending on the kind of
network and relation in which they are engaged.

“No, it’s not the same price. The retailers pay the lowest price, but they also take larger
quantities . .. . Then of course there are restaurants and private customers, they of course
pay a higher price.” (Small-scale grower of fresh Borlotti beans)

In the interview, the grower elaborates on this differentiation in price. What they sell
is a niche product both due to the specific story of their brand and because the specific bean
variety is not otherwise available in shops. Similar experiences with price differentiation
are raised in other interviews with a small-scale grower and representative of a direct trade
platform. Prices are, therefore, linked to quantities, but also to uniqueness and storytelling.
Relations to places and stories and between buyers and growers thus create room for
flexibility in valuing.

Apart from the price, growers express their appreciation of the plant’s contribution to
the cropping system, particularly the ability to fix N, from the atmosphere for increased N
self-sufficiency as well as for the crops that follow.

“Peas have always been the dynamo in my crop rotation. It’s a huge advantage that we
can harvest those fields at the end of July. Then we can keep the soil black, and we can
manage the weeds throughout July. And at the end of July we can sow a cover crop ...
So it has accumulated nitrogen over the autumn and winter.” (Large-scale grower of
frozen peas)

Large-scale growers of frozen peas also explain that the early harvest time prevents
problems with aphids and weeds, which often occur later in the season. Several growers
(both small-scale and large-scale) express their appreciation of the contribution made by
legumes in diversifying the crop rotation and, thus, stimulating subsequent crop effects. In
a complex net of relations with soil, crops, time, machinery, weeds, nutrients, and humans,
FGLs come into being as plants that provide ecosystem services. In particular for large-scale
growers of frozen peas competing on market terms, the plant and its functions seem to be
of greater interest than the product (grain) itself. Thus, the way in which FGLs interact in
the broader cropping system is valuable enough for growers to cultivate the plant despite
the product carrying a low price. This observation challenges the simplified assumption of
price incentives being the primary driver among growers, and illustrates how objects come
into being through valuing processes in concrete networks of relations (see also [43-45]).

Some growers value FGLs because they are, as a small-scale grower of different peas
and beans for the fresh market says, “the world’s easiest vegetable to grow”. He appreciates
the smaller workload involved with FGLs due to the high manual workload associated
with having a diverse range of crops. For large-scale growers of frozen peas as well, the
reduced need for fertiliser application means fewer hours spent in the field. Furthermore,
frozen pea production is mainly managed by the processor (seeding and harvesting), which
allows growers to engage in other activities in busy periods of the season. Again, valuing
of FGLs depends on the complete network of relations and practices in which the growers
are engaged (e.g., other crops, farm, or off-farm work).

The large-scale processor of frozen FGLs confirms the influence of current networks,
explaining that it is too costly and complicated to introduce new FGL species if they are not
adaptable to the existing infrastructure and farm machinery. The lack of flexibility within
the acquired machinery and the lack of machinery applicable for new FGLs reduce the
potential for large-scale growers in particular to value heterogeneity in the size and shape
of different FGLs. In contrast, a small-scale grower with less need to use machinery has
a flexibility allowing for experiments with different types of FGLs. Thus, the need to use
machinery due to the size of production involves large-scale actors in different networks
than small-scale actors, thus differentiating between their possibilities for valuing diversity
and new FGLs.
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The FGL crop is very sensitive to weather conditions, which means that the yield can
vary a great deal. One large-scale grower calls it “our lottery ticket”, emphasising the risk
associated with a lack of yield stability. For another large-scale grower, poor experiences
with pea production 25 years ago have discouraged him from taking the risk of growing
FGLs for several years:

“We actually stopped [growing peas] after 1987 ... . It literately rained every day in '87
.... Idon't know how many farmers committed suicide around then ... . A neighbour
of a neighbour of a neighbour was sitting in a field. He had eaten rat poison. No, it
was terrible weather. We ploughed 20 hectares down . .. . I must say, in that moment I
thought, damn no! We don’t want anything [pea plants] lying on the ground anymore.”
(Large-scale grower of FGLs for the fresh market)

The personal consequences of yield losses reveal a seriousness about the choices grow-
ers make in their everyday lives. The quotation also shows how relations cross time and
space [40], and, thus, valuing, are affected by things that have happened and assumptions
about what might happen. In this way, how we know through personal experiences, feelings,
and convictions is part of the practice of valuing. At the same time, these examples of
valuing also show how different versions of the object of FGLs are enacted and valued as
both ‘the world’s easiest vegetable to grow” and ‘a lottery ticket” and are thus difficult to
control.

3.2. Distributing FGLs: Durability, Diversity and Seasonality as Ambivalent Values

Freshness is one of the main values of FGLs articulated by actors in the large-scale
distribution sphere of the agrifood system (retail and wholesale). The product needs to
be able to stay fresh despite transportation and turnover time in shops. Thus, future
consumers, although not yet directly present, become important actors in enacting value
as the ability of the product to remain close to its state when harvested (‘fresh’). For peas
in particular, this can be a challenge. The window for harvesting at the right time of
maturity, which gives a fresh pea, is only a few days. After harvest, the value, enacted as
the freshness of the pea, will decrease in only a few hours. As a small-scale grower of peas
in pods explains: “ ... the peas [in the shop] are harvested one week ago. And they're
soft in the shell ... and do not taste of anything”. The rapid decline in freshness, which
in this quotation affects taste and texture, is a central argument for freezing FGLs as a
way to preserve specific values enacted through the qualities and prolong the durability
of freshness. In this case, there seems to be a contradiction between the freshness and the
actual network of bringing FGLs to consumers through long-distance transportation, bulk
handling, and storage. Thus, the example shows that valuing is relative, as a fresh pea (and
the associated taste and texture) might be different to a grower than to a costumer who
might never have tasted a pea in a freshly picked pod.

Especially for actors within retail, appearance and taste are important qualities. As
customers are normally not able to taste the product in the shops before purchase, the
importance of appearance is even greater (small-scale grower of fresh peas and beans for
the fresh market). Accordingly, a large-scale grower of fresh peas for the fresh market uses
the appearance of the pod as one of the main criteria for selecting the varieties that he
sells in pods for retail and wholesale. Thus, the look of the outside (the pod) becomes a
translation of the value of the inside (the grain). Another small-scale grower of fresh beans
mentions that “when we sell the fresh ones [Borlotti beans], we sell them in the pods. This
means that people have to shell them themselves and this is a very exquisite and delicious
product”. The valuing of FGLs thus depends on where and how we meet the product and is
also related to sensing.

A representative of a wholesaler thinks that he is most able to sell something that
is recognisable to his customers (e.g., public kitchens). In order to introduce new FGLs,
he argues that the sector should agree on promoting a few specific species or varieties to
simplify communication directed at customers. Moreover, retailers emphasise that they
need to be sure that they will sell large quantities of each product to avoid them going
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off in the shops. As noticed with large-scale growers, homogeneous material and large
quantities are, therefore, also valued by the mainstream distribution actors. In contrast,
an online platform for direct trade between growers and consumers (restaurants, private
individuals, etc.) allows growers to decide on both the quantities and kinds of products. It
is their experience that the diversity of products (colour, taste, size, etc.) is valued positively
as the platform addresses other ways of relating between growers and customers.

Many actors mention the special value of fresh peas in pods in season. The product is
associated with a nostalgic summer feeling for which people are willing to pay. Several
actors (interest organisation, retail, advisor, small-scale grower) emphasise that the lack of
accessibility all year around creates a specific value for FGLs. The seasonal products are
often also local products because seasonality mostly presupposes a geographical proximity
of production and consumption [46]. Supermarkets and wholesalers experience an increase
in demand for local products and try to accommodate this by having local growers’ shelves
in shops, for example, and investment in local small-scale production by wholesalers, thus
adopting what they perceive as valuing practices among their customers.

However, while wholesale and retail are making space for local and seasonal products,
they are also extending the Danish season of peas and beans by importing products from
other regions the rest of the year and through frozen FGL products. Thus, the provision
of seasonal and local products exists alongside, although somehow in opposition to, the
concept of constant availability of (local and global) products [46]. Despite trying to value
local and seasonal qualities, the distribution actors” network of global suppliers affects
small-scale local growers, in particular through price competition, which challenges the
growers” ability to make a business out of selling to wholesale and retail. This example
shows that opposing values can be present simultaneously but may also undermine one
another.

Large-scale and small-scale growers explain that the retail sector and wholesalers
requirement for bulk deliveries limits the growers’ ability to experiment with new crops
or have a range of diverse crops, as the experimental phase requires smaller volumes.
Furthermore, as mentioned, representatives from retail and wholesale say that they are
only interested in a small number of FGL products because of the very broad selection of
products in general that they are offering. Both wholesalers and retailers acknowledge
that apart from peas in pods in season, FGLs do not currently have a high priority in
their businesses. As retail and wholesale constitute an important link between growers
and consumers, the lack of valuing and prioritisation of FGLs by these actors affects the
possibilities of producing or accessing FGLs for other actors (see e.g., [47]).

7

3.3. Cooking FGLs: Knowing and Speaking about Taste, Toxins and Use

Despite working to promote FGLs, we identify different foci of valuing among actors
cooking with FGLs. A chef argues that he thinks we ought to eat what is best for the
soil, which then becomes an argument for using FGLs in cooking. A consultant in public
kitchens argues that FGLs should not be eaten for their environmental function, but rather
because of the sensory enjoyment. She explains: “ ... I don’t talk about health, I don’t talk
about nutrition, I don’t talk about vegetarians or vegans; I only talk about good food.” To
her, emphasising the FGLs’ ecosystem benefits as the main value might undermine the
focus on preparing and eating delicious FGL meals. The quotation thus indicates an actor’s
awareness about how co-existence of several values (ecological and sensory) can create
distraction and accordingly disturb a transition process.

In the interview with actors who work to cook and prepare FGLs, taste is articulated
as a core value. However, despite the seeming importance of taste, we find few detailed
descriptions of taste in the interviews. This is confirmed by a chef who argues that there is a
lack of language to describe the taste of GLs in general. Several actors refer to a nutty taste,
but sweetness, umami, and bitterness are also mentioned. A consultant in public kitchens
explains that she was once involved in a research project to describe the taste of a range
of dry GLs. In doing so, she used the smell or taste of something already known, such
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as elderflower, to explain the taste of GL species and varieties, illustrating how valuing
can be linked to something already known. Associations and language are, therefore, also
important means of understanding and noticing values. As a breeder describes, the pea
varieties on the market today do not apply to the taste qualities that are possible to breed
for today. Having a language to describe and thereby make visible the qualities of FGL
in all parts of the agrifood system must be the first step to ensure awareness of and be
able to communicate the needs and wishes of different actors. In this regard, the study
indicates an imbalance between the language available around growing FGLs and the lack
of terms referring to taste and other values in the cooking sphere. Such inequalities might
indicate a lack of historical and current focus on FGLs in these spheres but may also have
consequences for future valuing processes around FGLs.

Despite an unclear definition of the taste of FGLs, the actors still talk about good and
bad taste. For peas, a good taste is particularly associated with sweetness. In contrast,
when describing a pea with a bad taste, the agricultural advisor associates it with a mealy
texture. A large-scale grower of fresh peas for fresh market explains that the larger the pea,
the more mealy the taste. In this way, taste is closely related to other sensory experiences
and characteristics, such as texture and size:

“I think it’s about people confusing taste and texture. Because when you eat red beans in
chilli con carne, they taste like chilli con carne. And when you eat chickpeas in chicken
curry, they taste like curry. But what is unfamiliar to people is the mouthfeel. The slightly
floury, mushy consistency.” (Consultant in public kitchens)

Cooking brings FGLs into being through combinations of ingredients in actual meals,
where associations and sensing melt together. Valuing is, therefore, also about context and
involves confusion, recognition, and preferences. The social aspect of valuing individually
(e.g., through preferences and memories) and in communities (e.g., through recipes and
traditions) also means that the practice of valuing both carries and shapes a cultural
heritage.

Another way of valuing FGLs in the cooking spheres is through their health qualities.
In 2021, Denmark’s national dietary advice included the recommendation of 100 g of GLs
per day [18], a recommendation that public kitchens are expected to mirror in their meals.
Protein, fibres, and vitamins in particular are emphasised in the interviews as healthy
qualities of FGLs. However, several of the species also contain toxins [48], which require
preparation (e.g., soaking, blanching, cooking). The risk associated with the toxins has
given rise to regulations about the preparation in public kitchens. According to a consultant
in public kitchens, the caution incorporated into food regulations can be a barrier for
increased use in kitchens because lengthy preparation, for example, reduces the sensory
value and possibilities of variation in meals. The balance between food safety and the
potential for a more interesting taste and more diverse use illustrates another dilemma in
valuing.

A chef and a large-scale grower (referring to consumer requests from the Middle
Eastern immigrant community, with which he has recently established direct contact)
express an interest in eating not only the grain but also the pod of FGLs. In this regard,
a breeder mentions the potential of breeding a soft and eatable pod (e.g., snow pea and
snap pea). In contrast, a large-scale grower of fresh peas in pods explains that due to
a lack of workforce, he expects to start harvesting with machinery instead of by hand.
This will require new pea varieties with a hard pod to avoid damaging the product while
machine harvesting. Thus, for some actors the pod should be robust enough to contain an
undestroyed surface since its appearance is the selling point. For others, the pod becomes
not the packaging, but the product itself, which calls for quite different values related to
digestibility, taste, and texture. The chef explains that being able to use the whole product
would make FGLs much more economically attractive to him due to a larger number of
eatable parts in relation to price. Thus, looking differently at what is valued allows for other
enactments of FGLs.
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3.4. Clashes between Valuing Practices

As shown above, valuing can be contradictory, and in some cases the practices of
valuing involve exclusion of other values. In this way, valuing can also be a matter of power.
Below, we use different examples from the interviews to explore clashes between valuing
practices, and how this can help us understand how inequalities in valuing practices affect
the possibilities for change in the agrifood system.

3.4.1. Promoting Values through Concrete Shaping of Materiality

Breeding of crop species and varieties is a quite concrete practice of valuing. Breeding
is primarily handled by large-scale global companies [49] who need a high volume demand
in order to start a breeding programme. According to a seed trader for an international seed
company, this challenges the development of new varieties for large-scale production of
FGLs, which on a global scale is relatively limited. A representative of a seed preservation
organisation explains that after 1950 (with the industrialisation of agriculture), breeding
criteria for GLs changed to focus specifically on compliance with modern production
methods and durability, for example. These are criteria that support and promote specific
ways of cultivating and distributing. He argues that distributing through alternative value
chains (selling directly and locally) would make some of these breeding criteria (especially
those related to transportation and storage) unnecessary, thus illustrating the effects of
networks on valuing. Furthermore, the FGLs" ability to cover ground and produce organic
material for soil improvement has been bred away in order to produce a higher yield and
make management with machinery easier (large-scale grower of frozen peas). This shows
how the values that breeding companies prioritise has a direct consequence for growers’
production. Here, we can ascribe a new meaning to the term value chain. Despite perceiving
the agrifood system as a network, the FGL travels through different spheres from field
to plate. The genetic material of FGLs is a key part of how the plants develop and how
they interact with the networks in which they are involved. Thus, there seems to be a
power of valuing attributed to those actors positioned in the early parts of the chain, as
their valuing practices (e.g., breeding) limit the supply of FGLs and thereby the diversity
of potential enactments of FGLs among actors later in the chain. Again, a shortage of
concepts concerning the more sense-based qualities appreciated by actors further along
the value chain (kitchens, chefs, etc.) makes it hard for breeders to actually take these into
consideration when breeding and selecting FGLs.

3.4.2. The Value of Bad Taste

Positioned early on in the value chain, growers choose what species and varieties of
crops to grow and consequently bring to market. The values that are part of such choices
are described above, including price, N fixation, harvest time, potential for diversification,
reduced workload, and risk. However, yet more actors interfere with how values are
enacted and re-enacted. Birds present a widespread challenge when growing GLs, as they
are quick to embrace FGLs as a valued foodstuff. As a consequence, one large-scale grower
of FGLs explains that they choose to grow a specific bean variety, as they observed that
birds do not like to eat it, thereby enacting good taste as a bad thing, while bad taste (from
a bird’s perspective) becomes a way of valuing FGLs for this grower. Despite the lack of
clarity about whether birds and people have the same preferences regarding the taste of
beans, the example reveals the grower’s lack of prioritisation of taste compared with the
risk of losing yield. A farming and horticulture advisor confirms that they focus on yield
stability and not on valuing parameters such as taste when giving advice to growers. As in
the previous example of selecting breeding criteria, valuing, thus, has actual consequences
for which products are brought into being and tells us something about the dominance of
some interests over others as part of valuing practices.
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3.4.3. Translating as a Way to Promote Some Values over Others

We observed different ways of translating values between actors and how these contain
elements of power. Growers and the processing company evaluate the value of the product
by a specific T-number, which indicates the dry matter of the pea and, thus, the state
of maturity. A large-scale grower of fresh peas in pods for the fresh market values the
peas by their juiciness, which he tests by pushing the pea to register the amount of juice
released. Both examples are simple indicators of value that can be used to communicate
and negotiate the price of the product between actors in the agrifood system. The lack
of participation or systematic use of methods by professionals in the cooking sphere in
selecting varieties and assessing value in the production sphere excludes a more complex
and ambitious valuing of the final FGL product. The risk is that the price fails to reflect
the values of the product appreciated by relevant actors and instead reflects the power
relations within the agrifood system. As price becomes the authorised norm for value, it
has a determining impact on the actors’ ability and willingness to grow, trade, or buy FGLs.
Having the relations and being in a position to set the price, therefore, represents a power
of valuing across the agrifood system.

3.4.4. Reproducing Cultural Meaning as a Barrier for Valuing Differently

GLs have historically been associated with old-fashioned and relatively tasteless dishes
or as part of a poor person’s diet (see e.g., [50]). This might still be the case, despite its
sustainable potential. For example, health authorities have emphasised the importance of
legumes in our diets in their recent dietary advice. However, GLs are placed at the bottom
of the food pyramid together with other low-price products such as cereal. This is despite
the fact that they ought to substitute meat products, which are placed at the top of the
pyramid. This indirect ranking of food categories might have an influence on what we
perceive to be high-quality products, thus creating lock-ins in the agrifood system [26], and
again illustrates the power of the valuing processes that lies with health authorities. Studies
show that GLs score highly on health and sustainability, but have difficulty competing with
meat, which is perceived “as more fun, popular, suitable in diets and for festive occasions,
and tastier” [47]. Food is part of our everyday lives of celebration, habits, skills, and
entertainment, and carries with it a strong cultural meaning [51-55]. This raises questions
about how to change the image or revalue ingredients across the agrifood system. New
trends of sustainability and local production might help increase the value of FGLs, not just
in monetary terms but also in terms of their meaningfulness among actors in their everyday
lives.

4. Discussion

“(R)eframing is its own potentially powerful form of intervention, political and otherwise,
because it shows that the assumptions embedded in current arrangements could be
otherwise”. [40]

This study illustrates how multiple realities exist in the agrifood system and that some
actors or networks have more power than others in their valuing practices. Thus, we argue
that understanding actors’ practices of valuing (and the decisions that follow it) is part
of understanding transition processes. In this regard, relational ontologies allow for new
ways of analysing agrifood system change and combining it with everyday socio-material
and ecological practices (see also e.g., [45]).

To Mol (2002) it is clear that “if reality is multiple, it is also political” [37]. Undoing
the dominance of specific realities is, therefore, not easy, but the multiplicity points to the
fact that it is possible [40]. This helps us perceive the agrifood system as less static or fixed
than actors might experience in their everyday lives or than it might appear through other
theoretical lenses.

This also implies that valuing in practice can be an active engagement among actors in
changing the agrifood system:
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“I think it’s super interesting because I've started . .. to be interested in how things are
developing with climate, sustainability, our nature and so on, and so on. I think it’s cool
to be a part of it.” (Wholesaler)

As the wholesaler from the interviews explains in this quotation, valuing can include
a broad range of parameters beyond price, and noticing this can create meaningfulness
in people’s everyday lives. Starting to value differently, therefore, represents potential
for change. Continuing this, Heuts and Mol (2013) argue that valuing is not just a mere
evaluation of qualities, but actors are also playing an active role in creating values through
their practices [32]. Breeders are improving FGL varieties, growers provide the conditions
for the plants to grow, and chefs are working to provide meals that are valued by those
who eat them. Practices to actively engage in making FGLs good are, therefore, also an
important part of valuing differently. This requires know-how and skills [56,57]. Increasing
FGLs role in future agrifood systems must, thus, require acknowledging the importance
of the work done to make good FGLs in practice, what Heuts and Mol (2013) describe as
care [32]. This means being attentive to and supporting learning and valuing processes
among all actors in the agrifood system (including the conditions enabling these processes)
in political initiatives that aims at supporting transitions towards more production and
consumption of FGLs.

Acknowledging the ambitions and potential of FGLs and GLs in general, this study
highlights the need to continue to explore how these (new) ingredients can become an
interesting and luxury part of our diets in the future. As exemplified in the study, we
suggest that the lack of (authoritative) concepts about the taste and sensory qualities of
legumes contributes to displacing the balance of power of valuing and provides different
conditions for policy in this area than if such language was available. We argue that
paying more attention to such concepts could challenge simple indicators and permit
exchange of valuing practices between kitchen and field. As Carolan (2015) suggests: “if
we wish to maintain agro-biodiversity we must maintain cultural diversity, which means
we must maintain a diversity of tastes for food” [58]. Perceiving food professionals as
crucial actors in developing new ways of valuing FGLs might support a more just transition
towards sustainable and delicious food for both consumers and growers. Doing so can
require distribution actors to renegotiate what is perceived as valid value parameters in the
distribution sphere and question existing logics and infrastructure. Making new relations
across the agrifood system can, thus, disrupt some of the power dynamics that challenge
the production and use of FGLs today. Engaging in new relationships and increasing
dialogue about the diverse range of qualities appreciated by different actors are some first
and important steps towards valuing differently in the agrifood system.

5. Conclusions

The study dealt with understanding the practice of valuing in the agrifood system and
how it reveals potentials and barriers in a transition process. The case study of FGLs in
Denmark shows that many different actors involved in producing, distributing, or cooking
have different ways of valuing FGLs. This includes differences in what and how FGLs
are valued. Contradictory and conflicting values exist alongside each other, and, in some
cases, power relations are able to exclude valuing parameters in favour of others. This
affects which species and varieties are valued and considered when breeding, cultivating,
or promoting future FGLs. The study reveals imbalances in the conceptualisation of values
between the production sphere and food professionals. We argue that an extended language
about values could generate new understandings between actors along value chains and
may even be a prerequisite for the development of new and more sustainable agrifood
systems. Action is required in order to redistribute knowledge across established actor
positions and build new relations between actors in the agrifood system.

Analysing valuing processes as social and relational practices indicates the importance
of analysing changing dynamic interactions and relations of actors in time and space as
part of a sustainable transition. It shows that the changes needed are systemic rather than
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linked to specific parts of the agrifood system. Acknowledging that valuing takes place
every day in the agrifood system revels how valuing differently, revaluing, and creating
value are ways in which the agrifood system can be changed in both theory and practice.
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Abstract: The past years have shown the widespread vulnerability of agro-food systems and rural
diets to external perturbations such as wars, climate events, and pandemics. Experiencing numerous
obstacles, Cuba constitutes an example of success in the transition to agroecological sustainability
models. This article characterizes how processes of agricultural change, local development, and
industrial degrowth have impacted food availability and dietary diversity among rural livelihoods
in the municipality of Yaguajay, Sancti Spiritus, for the past forty years (1980s-2020s). It integrates
findings from focus groups, repeated nutritional surveys, and interviews carried out between 2016 and
2022 among residents of the towns of Yaguajay and La Picadora. The goal is to identify effects
and response strategies within agro-food systems of rural populations. Distinguishing between
periods of abundance and shortage, our findings show two counterpoints: intensive sugar monocrop
cultivation, which resulted in high dietary variety; and economic crises in the 1990s and during
the last period of the pandemic, which have led to significant dietary adjustments. The article
concludes by underscoring the importance of comprehensive assessments of dietary strategies to
elicit what agroecological transitions mean for local realities and of the value of food consumption
and small-holder production experiences to understand the limits to sustainable transformations.

Keywords: sustainability transitions; diets; agroecology; food system resilience; climate change

1. Introduction

The year 2003 saw the closing of the last sugar mill in Yaguajay, Central Cuba. Once a
lively municipality with over one-third of its population directly employed by the sugar
industry, the region was swiftly transitioned into livestock farming, including small-scale,
organic, and commercial production operations [1-3]. The shift in agricultural practices was
nothing short of revolutionary for thousands of households, which saw their livelihoods
profoundly changing in under two years. Beyond a reconversion of the working force and
the introduction of sustainable development programs, local communities once again expe-
rienced instabilities and swings in dietary practices. The sugar-productive conglomerate,
locally known as complejo agroindustrial azucarero, was the primary and often unique
source of income for most families. With its disappearance, food provisioning programs
stopped operating, and communities lost secure access to food supplies. While changes in
diets are an expected after-effect of any agricultural transition process, scarce attention has
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been paid in rural studies to the nature of dietary strategies among Cuban farmers. This is
a surprising outcome for numerous reasons.

In a developing nation such as Cuba, which has been signaled as an example to follow
toward the adoption of agricultural sustainability models under strenuous political and
economic circumstances, scarcity is frequently documented by the government as a direct
result of the long-standing embargo [4]. Lack of access to foreign markets has severely
impaired the country’s capacity to obtain key agricultural staples, such as seeds, fertilizers,
spare parts, and diesel, which are crucial for self-sufficiency in food production. As a result,
Cubans have seen severe food shortages in the 1990s and early 2000s. More presently, with
events such as the Coronavirus-19 pandemic, the strengthening of sanctions by the Unites
States government in the mid to late 2010s, and the loss of tourism, families are enduring a
new set of challenging conditions.

In fact, retrospective studies of weight changes and morbidities from 1980 to early
2010s discovered an average loss of 4 to 5 kg across the adult population as an aftermath
of the economic crisis that followed the dissolution of the Soviet Union in 1991 [5]. The
reduction of foreign trade during the years 1991-1995 resulted in a 75% contraction of
imports to the values of 1989. During the same period in the early 1990s, agricultural
production saw a decline of 47%. Decreases in the availability of fuel and food items
inaugurated multiple cycles of inflation and led to a 34 to 36% dip in consumption at the
household level for the last decade of the twentieth century [6]. Franco et al. showed that,
between 1988 and 1993, per capita daily energy intake decreased from 2899 to 1863 calories.
Other authors indicate that the impact was immediate and grave, with a reduction in
protein intakes between 37% and 42% in the early 1990s, and important deficits in vitamin
B1 [6-8]. Simultaneously, the proportion of physically active adults increased from 30 to
67% [9]. Driven by the shortages in diesel, public transportation receded. People resorted
to horses, bikes, and carts for transport, and to the walking of long distances when none of
these were available. Sustained weight losses and changes in activity levels in the 1990s
were considered important factors explaining changes in the prevalence of diabetes and
coronary pathologies towards the early 2000s. Most importantly, findings reflected a change
in the composition of diets, suggesting a shift in nutritional strategies in the population.
In comparison to 1980, at the beginning of the crisis in 1991 through 1994, dietary profiles
showed a higher proportion of carbohydrates originating in sugar cane and rice. Profiles
also exhibited reductions in the proportion of fat and protein due to the lower consumption
of animal products [9]. To substitute for the scarcity of animal protein, the state instituted
new rations, with 7 eggs and 2 pounds of fish granted per adult each month [6]. To many
Cubans, state solutions remained insufficient. Thus, the last decade of the twentieth century
became known as the “special period”, the time when food security emerged as a strategic
issue of concern not just for the revolutionary government, but also for the people [8].

Overall, and despite the many challenges, Cuba was able to recover its economy
by the early to mid-2000s. The country exhibited in 2009 a prevalence of population
malnourishment well below 3% and no presence of severe or chronic child malnourishment,
a fact that distinguishes the nation from other Latin America countries. Whereas diets have
been described as meeting nutritional goals according to the United Nations, food practices
show a comparatively low dietary breadth and an ample reliance on private outlets to
meet household demands [10]. Faithful to its socialist values, throughout the past several
decades, Cuba has made significant investments in resources and capacity development
to attain alimentary sufficiency. Numerous policies centering on food security such as
the rationing and broad-scale distribution of key food groups to vulnerable populations
have been the norm. Yet, some of these policies have remained unsuccessful. In this
context, an understanding of the trade-offs faced by rural households during the economic
and agricultural production transitions can shed important insights for public health and
nutritional experts. This is a task that remains pending within rural populations in Cuba
and that we seek to explore through this article.
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Dietary Studies and Agricultural Production in Cuba in the Context of Sustainable Models
of Agriculture

Until very recently, studies of dietary trade-offs in Cuba have been mostly conducted
at a national scale with detailed descriptions only covering major urban centers such as
Havana [11-15]. The latest 2010-2011 National Survey of Risks Factors and Prevention
Activities of Non-Transmissible Diseases coordinated by the National Institute of Hygiene,
Epidemiology, and Microbiology (Instituto Nacional de Higiene, Epidemiologia y Microbi-
ologia INHEM), The National Bureau of Statistics (Oficina Nacional de Estadisticas, ONE),
and the National Institute of Nutrition and Dietary Hygiene (Instituto de Nutricion e
Higiene de los Alimentos, INHA), however, has included a study of rural populations [16].
Detailed findings are not accessible, restricting knowledge of rural diets to general com-
parisons and outdated reports. For example, at the regional level, some information can
be obtained for six clusters of provinces in the Ethnographic Atlas of Cuba, which was
compiled between 1980 and 1990. The latter document sought to assess the changes brought
by the Revolution in traditional diets and habits by contrasting two rural surveys, one from
1957 and another from 1988 [17]. Although rich in details, this and other works do not
inform on the specific strategies that farmers rely upon to deal with periods of scarcity
or increased availability. Household strategies refer here to the deliberate set of planned
actions to address changes in socioeconomic and environmental conditions imperiling
the survival of a domestic unit [11,18]. Strategies capture practices adopted to procure
resources during times of crises and to secure the reproduction of the family [19,20].

In addition to concerns about dietary sufficiency, over the past few years, the urgency
to foment societal transformations that can support economic, social, and ecological sus-
tainability in food production practices across developed and developing countries has
become dire [21,22]. Within calls for change, agricultural production systems which are
responsible for a third of total greenhouse gas emissions [23,24] have been at the center
of discussions [25,26]. Modifications in agricultural techniques include changes in land
use, fertilization, and crop selection to increase the amount of carbon stored in soil and
vegetation. Organic agriculture and agroecological practices, which do not rely on in-
dustrial pesticides or agrochemicals and employ small-scale farming strategies such as
crop rotation and minimum soil tillage, have been found to have a stronger potential for
climate change mitigation when compared to conventional cultivation methods [27-29].
However, organic production can result in lower yields per hectare for some crops, creating
the need for extensive land use to meet agricultural demand [30,31]. It can also increase
production costs and, ultimately, consumer prices as it is more labor-intensive. Yet, this is
only one among several socioeconomic concerns pertaining to the broad-scale adoption
of sustainable organic practices, which may encompass certification issues and export
dynamics [32,33].

Forced to transition its agricultural production to organic farming due to a complex
sociopolitical scenario, Cuba has been one of the preferred case-studies among scholars
of sustainability [4,34,35]. With the decline of the Soviet bloc in the early 1990s, the island
lost access to export markets for its single most important commodity: sugar. Most sig-
nificantly, Cuba was no longer able to procure key utilities such as chemical fertilizers,
animal feed, and essential technology to support its agricultural sector. The sudden tran-
sition was heralded as a success in terms of social, ecological, and economic standards.
Captured by sustainability indicators such as the Human Dimension Index or the Sustain-
able Society Index, the wide-scale adoption of organic policies has been seen by scholars
and practitioners as largely positive [36]. To some, Cuba has become “an antidote to the
hyper-commercialized and industrial food systems of the Global North” [37]. The success
behind this shift has been attributed to the particular mix of strong institutional and policy
frameworks that continue to scaffold Cuban development priorities [38,39].

A more nuanced view of the agricultural sector, however, illuminates other dimen-
sions of the transition that can escape broad-scale policy analyses [40,41]. For example,
even when the country embraced organic regimes to an unprecedented historical extent,
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the growth in smallholder farming, peri-urban and urban agriculture, and state-sponsored
production cooperatives were not without obstacles [42,43]. The process of decentral-
ization and reconversion was very gradual, requiring the implementation of numerous
territorial development programs over the past thirty years that have only recently gained
momentum. The shift in production was disruptive of former local practices, requiring
extensive participation of social movements and external actors such as universities, and
the spearheading of a grassroots approach to development [37,44,45]. In addition, the
transformation of the agricultural system only seems to have gained traction after the
deactivation of the sugar monocrop industry in the early to mid-2000s [35,46]. As sugar
factories were compulsorily shut down and the island lost access to food imports from
other socialist countries, a large section of the population reverted to small-scale farming
and ranching as a way of sustenance. It was indeed a strategic decision for agricultural
workers at the lowest levels. The shifting from technological agriculture to sustainable
production reflected a new reality: virtually inexistent industrial inputs such as oil for
mechanized activities, decreasing imports of food items and prohibitive prices, and a com-
plete lack of access to financial markets. Rather than a choice, the transition to organic and
agroecological practices was made out of necessity and often required careful strategizing
within households [4]. The expansion of smallholder farms was only attained in 2008, after
the introduction and incentivization of usufruct policies that transferred state-idled lands
to private individuals and cooperatives [2]. In 2013, about 70.8% or 4.5 million hectares
of Cuba’s arable land were in the hands of non-state parties, with roughly half of the
land under cultivation [47]. By 2016-2017, the percentage of land under non-state tutelage
increased to 80%. Of this proportion, 49% of the distribution fell under three types of
cooperatives (Unidades Bésica de Produccion or UBPC; Créditos y Servicios, or CCS; and,
Produccién Agropecuaria or CPA), and 29% was held by individual farmers under usufruct
contracts [48]. Presently, the process of political transformation of the agricultural system
continues. Significant steps were introduced in 2012 and 2019 as a result of the new Cuban
constitution, and more recently, with the Coronavirus-19 pandemic [49].

Because family-based agriculture is the largest producer of foodstuffs [50], exploring
this sector further in terms of strategies and trade-offs becomes crucial to understanding
the challenges to food security. Unfortunately, rural household experiences and decisions
among Cuban farmers are not often documented in the academic literature (but see [37,51]).
A small number of studies have looked at smallholder properties in Sancti Spiritus, the
province where the current research takes place [1,50]. Machado and Fernandez as well as
Moon et al. have also generally characterized some of the challenges seen in La Picadora,
one of the communities focused on our long-term research program [37,52,53]. None of
these works, however, have delved into the complexity behind household dietary trade-
offs, a shortcoming that reflects the paucity of data in terms of rural nutrition beyond
state publications and the national 20102011 census of risk factors, and the challenges of
conducting long-term fieldwork. These challenges have increased in the past year, with
the impacts of the Ukrainian invasion and the ongoing U.S. treasury embargo producing
dire shortages of food and commodities and high prices [54]. Scarcity and the loss of the
tourism industry, the main source of revenue for the state, has once again forced thousands
to migrate in record numbers [55,56].

In this article, we aim to investigate the impacts of recent agricultural transformations
in food availability, dietary composition, and food-nutrition-related labor and activities
within two different population clusters: La Picadora, a rural farming community, and a
group of urban fishermen from the town of Yaguajay in Central Cuba. Part of a transdisci-
plinary approach including ecologists, social scientists, and biological anthropologists, we
rely on longitudinal data collected between 2016 and 2022 to interpret previous findings
with more recent information to better explore nutritional strategies for these two clusters.
To that end, the article describes the main dietary conditions, trade-offs, and challenges
experienced by households in an ongoing agroecological transition that began in the early
1990s. We focus on this region due to its former importance in agricultural and industrial
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sugarcane production, its distance from major urban centers such as Santa Clara or Havana,
and its high level of reliance on manual labor for subsistence.

2. Materials and Methods
2.1. Study Site

The rural community of La Picadora is in the municipality of Yaguajay, province of
Sancti Spiritus, Central Cuba. Comprising about 80 households (215 people), up until the
early 2000s most inhabitants worked in the three sugar mills and a fertilizer plant, with only
a small fraction of the population completely devoted to small-scale agriculture [57-60]. The
community relies primarily on farming, ranching, and tourism as sources of employment.
Like elsewhere in Cuba, there are different modalities that organize agricultural production
in La Picadora, including CCS, CPA, and the UBPC [37]. There are also private smallholders
who do not take part in any of the cooperatives. Despite some farmers concentrating on a
particular crop such as sorghum for large-scale production, each household grows a set
of diverse cultigens, including tubers and root vegetables (boniato, malanga, and yuca),
grains (maize, rice, beans, and coffee), fruit trees (papaya, guayaba, mango, avocado, and
bananas), and produce (garlic, onions, cucumbers, squash, tomatoes, carrots, and green
leafy vegetables) [60]. An agricultural calendar, which has seen important alterations due
to climate-related events such as drought, flooding, hurricanes, and changes in average
temperatures, loosely systematizes activities [57]. The recent pandemic did not affect
farming operations and sanitary provisions such as social distancing were followed.

The town of Yaguajay, about 20 km northwest of La Picadora, is located in proximity
to coastal lagoons and shallow bays. With a population exceeding 6500 residents, its
inhabitants are predominantly employed in a host of different occupations ranging from
government and educational services to transport and agricultural tasks [61-63]. Unlike
La Picadora, where most households work on farms, households in Yaguajay have mixed
economic portfolios. For example, a small percentage of households within the town also
rely on artisanal fishing as a complementary source of sustenance [58,61]. There is an
association that congregates about 47 active fishers that operate in nearshore areas out of
Playa Vitoria, Yaguajay’s docking pier, and occasionally beyond the northern cays. The
level of dependence on fishing varies, with only a handful of individuals fully dedicated to
commercial fishing activities and much of the sample self-defined as opportunistic fishers.
Because of their higher level of dependence on natural resources in comparison to other
inhabitants, and their living proximity to fishing areas, we narrowed our study focus to
this set of fishing households.

Over the past forty years, the towns of La Picadora and Yaguajay, have been at the
center of rapid agricultural change [58,60]. Because most residents in both communities
participated in the large-scale sugarcane industry, they were equally vulnerable to agricul-
tural policies that regulated production and suffered major transformations in their way
of living. In the next subsections, impacts from two agricultural transitions are identified
at the domestic level. Complemented by historical sources, interviews and focus group
discussions provide direct evidence of the effect of these transitions in diets and activities.

2.2. Ongoing Research

Part of a larger project seeking to explore rural adaptation in rapidly changing environ-
ments, the study was designed to develop a long-term comparison of the communities of La
Picadora and Yaguajay to observe variations in dietary and energetic patterns among differ-
ent households given the diversity of occupations. The research team includes researchers
from Montané Anthropological Museum at Universidad de La Habana, Caguanes National
Park, and Rutgers University. Ongoing activities began in 2016 and were interrupted
during 2017 due to the passage of hurricane Irma, which brought significant damage [57].
While research was reestablished in 2018, the Coronavirus-19 pandemic restricted travel to
the region between 2020 and 2021.
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Participants for the study were recruited in both groups through snowball sampling.
Given the small size of these clusters, we used a purposive approach to identifying individ-
uals based on their residence location and engagement in subsistence activities. Following
responsible research practices and ethical protocols from Universidad de La Habana,
consent was requested before survey administration and to participate in discussions,
interviews, and anthropometric or energetic measurements. When possible, discussions
and interviews were recorded. Each group discussion had a duration of approximately
75 min and took place in the town hall of La Picadora or in the offices of Caguanes National
Park in Yaguajay. Interviews lasted anywhere from 10 to 60 min. All recorded exchanges
were later transcribed and analyzed with NVivo 12.

Repeated nutritional surveys, carried out initially in 2017 and 2018, and then in 2022,
sought to assess diet composition among both populations and across time. The survey
tool accompanied anthropometric measurements (not reported here) and was designed
after the questionnaire used by the former Cuban National Institute of Nutrition and
Dietary Hygiene (INHA). The adapted instrument considers weekly consumption patterns
of seven basic food groups (grain and tubers; vegetables; fruits; animal protein, meats, and
beans; dairy; fats or other sources of fat; and sugars). The other two modules within the
instrument included the assessment of food frequency consumption for the past week for
breakfast, lunch, and dinner, and ways of preparing, consuming, and storing food as well
as cultural practices such as parties and food sharing. In the first implementation in 2017,
a total of 19 male farmers and 14 male fishers participated in the survey. In March 2018,
following the passage of Hurricane Irma in 2017, 28 individuals from the previous dietary
survey repeated the nutritional assessment and participated in a reduced form of IPAQ,
the international physical activity questionnaire. In 2022, we repeated dietary and physical
surveys as described below, and conducted focus groups and interviews.

2.3. Research Design

The article complements previous findings reported elsewhere [16,58-60] with new
information obtained through informal interviews, additional dietary surveys, and 2 focus
groups conducted in 2022 (see Table 1 for details). To that end, we focus on findings
from 2022 and reanalyze previous datasets from 2017 and 2018 to further enrich the in-
terpretation of results. The combination of quantitative and qualitative methods seeks
to create a holistic representation of the dietary practices, potential strategies, and health
in these smaller subgroups. Yet, it is important to indicate that the external validity of
the findings presented here is constrained by the small sample sizes that characterize the
project. Whereas generalization is challenging, there are important initial results that paint
a picture of the potential transitions undergone by these subgroups. Therefore, this study
has substantial value in guiding research priorities in the area and underscores the need to
expand future work. Ethical practices for research were followed as described above in data
collection in 2022, with consent to continue participation requested among participants.

A dietary survey was re-administered in 2022 among 16 male farmers from La Pi-
cadora and 10 male fishers from Yaguajay who participated in the prior 2017 surveys.
Findings have informed the development of more precise instruments to assess energetics
in November 2022. An expanded sample of 40 rural workers participated in a physical
activity 48-h recall and wore accelerometers to measure energetic expenditure. These results
will be discussed in depth in future publications. However, we rely on anthropometric data
from this activity to characterize the population in 2022 and assess potential changes in
comparison to 2017 through non-parametric tests. Survey data on diets and 48-h activity
recalls from 2017 and 2018 were re-analyzed for comparisons with the 2022 survey through
parametric and non-parametric statistical techniques.

Finally, two focus groups (n: 16) and interviews (n: 25) were also administered in
late 2022 to explore issues related to environmental change, extreme events exposure and
impacts, agricultural activities and fishing, dietary availability, and, more recently, dietary
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changes, the nature of physical activities, and labor. We relied on interview transcriptions
and content analysis to elicit important themes and further complement survey data.

Table 1. Detail of research activities.

Activity

Year Sample Size

Themes

Location

Full Reference

La Picadora and

Interviews (exploratory) 2016 7 Fishing and agriculture Yaguajay [58,61]
I. Focus Group Discussion 2017 15 Climate chaqge, environmental threats, La Picadora [57-59,61]
agricultural calendar
1. Focus Group Discussion 2017 15 Climate Char}gg, environmental threats, Yaguajay [57-59,61]
fishing calendar
Nutritional Surveys 2017 35 Dietary composition and frequency; La Picad({ra (19) and [16,62]
anthropometry. Yaguajay (14)

Interviews 2018 7 Extreme events (post hurricane impacts on La Picadora and 59,63]

fishing and agriculture) Yaguajay
11L. Focus Group Discussion 2018 21 Extreme events (post hurricane impacts Yaguajay [59,60,63]

on fishing)
. . Labor intensity post La Picadora (18) and

Physical Activity Survey (IPAQ) 2018 28 hurricane, anthropometry. Yaguajay (10) [64]
Interviews 2022 11 Extreme events recovery Yaguajay
Nutritional Surveys 2022 26 1:Dietary composition and La Picado}"a (16) and

requency, anthropometry. Yaguajay (10)
V. Focus Group Discussion 2022 8 Dietary change and physical labor La Picadora
V. Focus Group Discussion 2022 8 Extremg events, envu.on.mental impacts, La Picadora

agricultural and fishing changes

48-h Activity Recall Surveys and Energetic 2022 40 Activity recall 48 h, physical activity La Picadora

expenditure measurements !

measurement with accelerometers

1 Not presented in this article.

3. Results
3.1. General Population Statistics

On average, interviewed households in 2017 had a median of 3 inhabitants, with
ranges between 1 and 5 individuals per home. Given our interest in energetic expenditure
on arduous activities, anthropometry and measurement of activity levels were carried out
with male subjects. Sampled individuals had all completed primary education, and had an
age mean of 49.56 years (SD = 5.36) for fishers and 43.26 years (SD = 11.34) for farmers (see
Table 2 for a characterization of the sample). No significant differences in Body Mass Index
(BMI) calculations between groups (Wilcoxon Two Sample Test, Z = 1.54, p = 0.12) or in
weight were found. Yet, when classified according to Cuban standards from the National
Health Institute and the World Health Organization [65,66], fishers displayed a higher
number of individuals possessing BMIs with values suggesting potential overweight or
obesity [16,64]. For example, out of 14 individuals, 8 were found to have BMIs above 25,
the cutoff for healthy weight. However, self-reports of activity indicated that fishers spent
8.2 &+ 2.7 h a day carrying out agricultural labor tasks, on average 1 more hour of work per
day in relation to farmers.

Table 2. Basic characteristics of the population in 2017 and 2022.

2017 2022
Measure Farmers (19) Fishers (14) Farmers (16) Fishers (10)
Weight (kg) 71.20 + 13.38 75.48 + 12.58 72.33 +15.63 71.21 +£11.31
Height (cm) 172.83 + 6.73 170.12 + 5.72 170.88 + 6.73 170.76 + 5.72
BMI (kg/mz) 23.78 £ 391 26.18 £ 3.53 24.69 + 4.61 24.39 + 3.33

Beyond attrition in sample sizes, repeated measurements from 2022 showed fluctu-
ations with different levels of statistical significance. For example, the median number
of household inhabitants decreased for farmers to 2 and increased for fishers to 4. This
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suggests modifications in a household’s capacity to support dependents or processes of
migration. Weight increased for farmers by approximately 1 kg and decreased among
fishers by a total of 4 kg. Changes in weight are also captured in an increase in average
BMISs for farmers and a decrease among fishers. In 2022, the difference between BMIs
for both populations shrunk, with a higher dispersion in BMIs observed among farmers
indicating more variability. Differences in weight and BMI were not significant statistically
for farmers in a matched pairs T-test. However, they were statistically significant in the case
of fishers for weight, p = 0.02, and for BMI, p = 0.02. Unfortunately, given the small sample
sizes, it is very difficult to infer whether these modifications between 2017 and 2022 are
applicable to the whole population, and further research is needed to evaluate the potential
implications of the findings.

3.2. Diets

Reflecting a mix of Spanish, African, and Caribbean influences, the composition of
rural Cuban diets shows a relatively low level of variation in terms of ingredients and types
of preparation [67]. The revolution, while creating important changes in the consumption
of items such as tasajo, dried salted beef, or fish, and introducing other less common items
such as yogurt or butter, did not essentially alter the character of traditional cuisine [68].
As a result, daily meals in rural areas such as Yaguajay are predominantly characterized by
rice, black beans, and pork, the latter when available, which are complemented with a small
portion of viandas, including tubers, root vegetables, and green beans, and salad. The most
important meals are breakfast, lunch, and dinner, with occasional snacks in the afternoon.

Access to foodstuffs is mostly determined by seasonality and income as well as the
existence of family plots, gardens, and/or livestock. In La Picadora, most households
have a long history of farming along with lime production and timber extraction. Sharing
and exchanges of food items are very common among neighbors and extended family
members. As of recent, there is a farmer’s market that has begun operating by the side
of the main municipal road on Saturdays. In Yaguajay, on the other hand, respondents
do not necessarily consider themselves as farmers, but as salaried workers with different
occupations. Food is usually obtained from the local state-run markets or stores, from the
local organopédnicos or urban organic farms, by the cultivation of home gardens, or through
bartering. As is the case for all Cubans, the state guarantees access to basic foods through a
rationing program known as “la libreta”. Depending on age, each Cuban citizen can get
essential food items at subsidized prices in monthly or even bi-monthly installments. Items
include rice, sugar, bread, beans, and some sort of animal protein such as eggs, chicken, or
fish. Rich protein foodstuffs such as milk, meat, and eggs are also provided to individuals
who require special diets due to medical conditions. The list of foods subsidized has,
however, decreased over time along with the quantities that can be purchased. Availability
of certain products is also tied to general macroeconomic conditions and general demand,
making some of the items in la libreta virtually inexistent. In fact, many respondents
mentioned that the quantities that are guaranteed through the system barely meet the
needs of a family over a ten-day period and that products like fish have not been available
for years. It is no surprise, then, that the sharing and exchange of foods has such an
important role in both communities. Discussions about the availability of certain foods or
their scarcity are elements of normal conversation, with respondents often narrating the
difficulties and obstacles they must surmount in their search for food. The situation has
deteriorated further in the past year with the war in Ukraine and the continuous pressure
of the blockade creating shortages in items like oil and flour, animal protein, and dairy.
Unfortunately, environmental factors tied to climate change and extreme events are also
posing significant challenges to the nutrition of rural households. In addition to an increase
in the frequency of tropical storms and episodes of salinity intrusion, farmers must contend
with extended drought, higher temperatures, and floods, which have resulted in the loss of
crops, fruit trees, and cattle.
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3.3. Diets Transition

Interviews and conversations with participants in both groups allowed us to recon-
struct two major historical moments or transitions in the implementation of agricultural
programs. The first transition comprised sugar monocrop intensification and state central-
ization and occurred from the late 1970s to the early 1990s. During this period, the region
saw an expansion and mechanization of its three complejos azucareros Obdulio Morales
(Narcisa), Aracelio Iglesias (Nela), and Simén Bolivar (Vitoria). Along with industrializa-
tion, the area experienced losses in agricultural diversity and deforestation. In the 1980s,
hydrological changes and the drainage of the final residual swamp forests extended cane
fields to the line of coast. The second transition began in the 1990s with the Third Agrarian
Reform, which led to the decentralization and diversification of agricultural practices. The
process was decanted in the dismantling of sugar mills in the early 2000s and the expansion
of agroecological and local development models in the municipality [69,70]. As a result,
a highly qualified working force of more than 3000 engineers, mechanics, and specialists
along with the permanent agrarian workers who tended to the sugar plantations lost their
jobs [71]. Whereas a large proportion of those unemployed turned to agriculture, close to
one-quarter of the working-age population found employment in the tourism sector [72].
To facilitate the finding of alternative means of subsistence, the Cuban state maintained
average salaries for up to six or seven years after the closing of the mills incentivizing
education at all levels. The process of reorganization of sugar production was known
as “Tarea Alvaro Reynoso”. Former sugar workers completed their elementary or high
school diplomas and became lawyers, accountants, technicians, teachers, and agricultural
engineers. Once the Alvaro Reynoso program came to an end, many found employment
in agriculture. Old sugar cane fields were turned into rangelands and cooperatives were
established to organize production. Furthermore, access to higher education created an
outflow of migration of the available and now highly qualified working force to other
provinces. New jobs in tourism and migration contributed negatively to the aging group
of agricultural smallholders in Yaguajay who continued to produce essential foodstuffs
for the district. Nowadays, La Picadora produces a myriad of different crops including
rice, beans, produce, tubers, and coffee, and seasonal vegetables such as tomatoes, lettuce,
carrots, and onions.

Matching the two agricultural transitions outlined above, interviewees and focus
group participants from both locations made a clear distinction in the quality of dietary
diversity between the time during which complejos ran agricultural production in the
district before the fall of the Soviet Union and what followed to the closing of the mills in
the mid-2000s and the incentivization of usufruct in non-cultivated state lands. They also
recognize episodes of scarcity brought about by the 1990s economic crisis and the changes
introduced by the adoption of agroecological policies. More recently, interviews mentioned
food shortages because of climate-related factors such as hydrological drought, flooding,
and hurricanes.

3.4. Periodization of Agricultural Transitions and Dietary Oscillations
1.  Diets and labor before 1989 /1990

The period that followed the revolution, and specifically, the 1980s was described
by interviewees as a time of bounty. The USSR provided an extensive market for sugar,
financing the transformation of the sector into a modern agrotechnical industry. As part of
these technological exchanges with socialist countries such as Bulgaria, Czechoslovakia,
and Mongolia, Cubans received items ranging from fridges, engines, and cars to canned
fruits and meats. The island provided in return sugar, citric products, and nickel, along
with non-skilled and qualified workers and medical professionals. Thus, it was not unusual
to find Cubans working in Eastern Germany and Czechoslovakia or touring Moscow,
Hungary, and Bulgaria as part of cultural programs. During these years, sugar factories
in Yaguajay were complex conglomerates that included, beyond extensive cane fields,
living quarters, mechanical workshops, and agricultural and ranching lands. This was
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termed a “distrito cafiero” and referred to the agglomeration of population settlements with
industrial buildings. Workers were divided into different teams according to their tasks
and received a salary and incentives. This type of organization of production activities
was not unique to the municipality, it was also replicated with some minor adjustments in
other provinces.

As part of an arrangement with the groups of labor known as “centros de trabajo”, the
workers had arduous days of planting, tending, harvesting, transporting, and processing
cane. The central had its own food production groups known as “brigadas de autoconsumo”
(self-sufficiency brigades) responsible for farming, processing, and obtaining the necessary
food for all employees. The central also provided access to workers to what was known as
the “cuota cafiera”, a big sac of products that included rice, canned products, rum, cigars,
and even soap that operated as an incentive and allowed households to buy subsidized
foods at a marginal price. In fact, some of the respondents described the sac as “una
salvajada”, an excess of items that were shared beyond close family, friends, and neighbors.
As a result of exchanges and their work in the sugar sector, rural households became
acquainted with the famous Russian meat, a can of boiled beef that sometimes included
pork or ham, along with sardines and anchovies, black bread, borscht, candied peaches,
lichi, boiled vegetables, and milk from local producers. In some cases, the cuota was
calculated to last for the most intensive periods of labor such as the harvest. However,
because the availability and variability of products were determined by foreign trade
relations, there was a list of more common items that were locally consumed and could
not be bought through the program, such as tubers, vegetable roots, or butter. In those
cases, households exchanged products, bartered, or purchased desired foodstuff in informal
markets. Respondents also mentioned that during agricultural labor they received breakfast,
lunch, and snacks. The food in the fields was very good and reflected what was available
at the time. The tradition of cultivating sugar introduced an important habit among
farmers and salaried workers: the consumption of sugar in all diverse variants such as
guarapo (sugarcane juice), molasses, and even stalks from the plant. The stalks, which were
frequently chewed while conducting field labor, left a permanent imprint in the form of
tooth decay and wear. Among interviewees, for example, 75% of farmers mentioned that
they had regularly consumed sugarcane stalks throughout their childhood and as adults.
Some of them also recalled the habit of skinning the stick of cane with their teeth (pelar la
cana con los dientes), which explains observed dental deterioration. In all, rural households
had several sources or means to access low-price foodstuffs: through small-scale production
or barter, through the national ration system, by purchasing independently in state markets,
and the cuota cafiera. As a farmer indicated, “se comia bien. .. uno trabajaba mucho pero
siempre habfa. .. se vivia como ricos” (they lived like wealthy people, work was hard but
there was always food, they ate well).

2. The Special Period (1990-1999)

The year 1989 marks the beginning of a change in diets, with canned goods replaced
by fresh meat and produce when available. This period lasted until 1991 when the crisis
deepened and access to foodstuffs became arduous. Items such as milk, chicken, beef, and
oil completely disappeared from local bodegas, also known as state stores [73]. The cuota
cafiera shrunk and other rationing systems considerably reduced their inventory and the
proportion subsidized to a handful of products. Despite challenges, farmers and sugar
industry workers found alternative strategies to survive. After a long shift in the central,
many reverted to agricultural labor, extending crops and planting surfaces. They began
cultivating in the little land that could be found around their houses, in gardens, and in
former wastelands. They bartered and sold whatever excess they produced in informal
markets. Clothes and goods were also traded, long-term storage facilities were built, and
food processing and conservation techniques such as preserves were improved. Some
ventured into manufacturing their own laundry and toiletry products. Other strategies
among farming households included policultivation and crop diversification, the planting
of short-term crops, the joining of production cooperatives, the cultivation of animal fodder,
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and the participation in agricultural fairs. Not surprisingly, the implementation of strategies
depended on access to land among other resources. As one of the respondents indicated,
despite adversity, they still managed to eat. The days of past bounty seemed like they
never happened.

In the meantime, in late 1992 and 1993, the state introduced a process of reorganization
of the sugar industry into smaller farms or UBPCs (Unidades Basicas de Produccién
Cooperativa), representing about 10 to 15% of the original extension [74]. In this new
form, farms were in charge of managing production through the liberalization of the
ownership of agricultural means, with the exception of the land [75]. The UBPC had
now the tasks of securing total production goals as well as attaining self-sufficiency in
food, implementing agroecological techniques, and growing a wider variety of seasonal
crops [76]. A similar process of destatization of livestock production was introduced in
former rancherias, vaquerias, and dairy centers, which now became small farms holding
10 to 60 cows, or 1.2 to 2 cattle per hectare. The decline in productivity experienced in those
years meant a decrease of almost 60% in total crops. With scarcity endangering the health
of the population, thousands of dairy cows were re-directed to slaughter. Almost half of
all grasslands on the island were covered by invasive species like marabu (Dichrostachys
cinerea) and the average daily production of liters of milk per cow fell from 6.1 in 1990 to
3.1in 1992 [75], a value that has not yet improved according to respondents. To recover the
sector, more attention was paid to the generation of alternative production inputs such as
organic pesticides and fodder, along with a revitalization of organopdnicos or urban farms.
However, as some respondents indicated, the solutions that were implemented were to a
large extent of a centralized nature and disregarded local particularities.

For example, some of the variants that self-sufficiency brigades were responsible for
growing in complejos did not match dietary habits. As a result, produce was sent elsewhere
or left to rot. It would take several more years before the country was able to bounce back
to production levels modestly approaching those of the late 1980s. In this light, the record
crop of tubers in 1999 indicated the change in agricultural varieties [74]. Progressively, as
the situation improved and with the deactivation of the industrial conglomerates, rural
households began applying for newly available agricultural parcels. Access to land was
recognized by respondents as a key buffer to scarcity, allowing for the cultivation of staples
that could be traded for essential items. Simultaneously, the country invested significant
effort in developing the tourism and services sector in a bid to increase the inflow of
foreign capital and currency [77]. Changes affected the municipality when the neighboring
province of Villa Maria opened an international tourism hub in the early 2000s that offered
salaried jobs.

As it was noted, the special period had a remarked effect on women who were
historically responsible for household nutrition [73,78]. In urban areas such as Havana or
Santiago, the need for resources led many to open paladares and small restaurants, which
are increasingly run by women. In addition, women adopted new strategies to diversify
their income. For example, they began preparing and selling snacks on the street or in
their houses, working as vendors going door-to-door and trading key foodstuffs, or even
commercializing the bolsa negra, a gathering of items bought directly from state workers at
discounted prices [51,79]. According to interviewees and accounts from the literature, this
return to the domestic sphere of production remained to a large extent informal. Shortages
in electricity and scarcity of petrol and kerosene resulted also in prolonged domestic
tasks [80]. Women had to rely on timber or wood, coal, and diesel to cook. As water
pumps stopped working, women had to contend with obtaining clean water for preparing
food, drinking, bathing, laundry, and cleaning. The absence of common ingredients,
and the shutting down of state-sponsored diners, cantinas for workers, and cafeterias in
schools, also created stressors for household heads who had to devise inventive ways of
coming together with a complete meal. In the countryside, while options for alternative
employment were limited and tourism virtually inexistent, women had access to gardens
and orchards that helped provide for family needs. Beyond food, the lack of goods extended
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to hygiene and cleaning products, linens and clothes, shoes, sanitary towels, toothpaste,
and domestic appliances.

To meet these needs, households became creative and deployed a set of ingenious
tactics. For instance, lemon juice was used for toiletries and shampoo. Support among
neighbors and friends allowed households to cook together, exchange items such as coffee
for beans or rice for medication, or even collaborate in production activities. The high level
of solidarity in agricultural labor distinguishes La Picadora from other towns in the re-
gion [70,81]. In fact, many respondents mentioned the importance of working together and
helping each other beyond the formed cooperatives as a key strategic factor in overcoming
challenges. Considering these arrangements, during this time, participants alluded to the
high prices of foods that made any purchase in markets almost prohibitive. Local networks
of neighbors and family would constantly share information regarding the availability
of products in local stores or among other households to facilitate access. Beyond the
search for better prices, in private domestic settings, strategies also included the careful
planning and reallocation of resources to primary needs such as food, the prioritization of
the nutrition of elderly, children, and sick, the skipping or reduction in portions in meals,
and the fixing of wardrobe items and shoes.

3. Post-Sugar Monocrop (2000-2020).

In the early 2000s when activities from the sugar industry largely ended, the mu-
nicipality put forth a strategy to achieve nutritional self-sufficiency, boost agricultural
production, and expand forestry programs. New plans were launched to develop the
dairy industry, which included the introduction of water buffaloes along with traditional
livestock. The strategy sought to increase the production of fruits and vegetables by about
one-third in comparison to the previous years, with other staples like rice and grain crops
expected to grow between 4 and 5% [82]. As a result, 3 state-run empresas were created
with 9 cooperatives specifically focused on agriculture and livestock (CPAs) and 21 UBPCs
also concentrated on food production. Infrastructure was built to optimize pig rearing as a
source of animal protein, and smaller farms were dedicated to poultry. The Cuban Food
Ministry also incentivized freshwater aquaculture providing support for species like Claria
(Claridaee family) and Tilapia (Cichlidae family) to be grown in dikes and ponds through-
out the province. Finally, the community of La Picadora collectively made the strategic
decision to open an agrotourism business in 2015 that houses foreign tourists on a regular
basis. Most households participate in the effort by providing services such as cooking or
sharing agricultural resources to support the visitors. Earnings are shared equally.

In terms of dietary diversity, our surveys from 2017 showed that ingestion of rice
occurred among farming households every day (see Table 3). Bread and crackers were
consumed by approximately 80% of the sample daily, and viandas by 60% of respondents.
Close to 40% of households made use of other vegetables such as spinach or lettuce, and
42% also consumed fruits. These figures are roughly similar among fishing households
in Yaguajay, which reported a higher use of vegetables and fruits. However, differences
arose when observing the sources of animal protein in both diets. Only 33.3% of fishing
households consumed pork between two to three times a week. Comparatively, among
farmers, the proportion was 81.2% for pork in the same frequency, with 50% of the sample
also consuming chicken and processed meats twice or three times weekly. The latter were
rarely consumed among fishing households. On the other hand, fish was seldom eaten in
La Picadora. Yet, close to 82% of the households in Yaguajay relied on fish at least once a
week, with 31% of homes consuming this food daily. Differences are highly significant with
a Fisher Exact Test for consumption between groups of pork, p < 0.01; chicken, p < 0.02;
and fish or shellfish, p < 0.00. Eggs were also used daily in preparations by 47% of farming
households and 36% of fishing households. Although not statistically significant, there was
also a relatively higher consumption of dairy, about twice the amount, for products such as
milk and cheese among respondents in Yaguajay. In addition, fishing households relied on
vegetable fat, while farmers relied on animal fat in their preparations (Fisher Exact Test for
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consumption between groups of animal fat, p < 0.01; and vegetal fat, p < 0.00). The whole
sample exhibited a high ingestion of sugary drinks like sodas on a daily frequency.

Table 3. Diet comparison between residents of La Picadora and Yaguajay in 2017.

Yaguajay (N: 14 Fishing Households)

La Picadora (N: 19 Farming Households)

Never Rarely 1Wk 2/3 Wk 4/5 Wk Daily Never Rarely 1 Wk 2/3 Wk 4/5 Wk Daily Item Food Group
0 0 0 0 0 100 0 0 0 0 0 100 Rice Group 1
21 43 21 7 0 7 21 37 5 32 0 5 Maize
0 14 7 0 0 79 0 5 0 0 11 84 Bread
7 43 29 21 0 0 0 21 32 42 0 5 Pasta
0 7 7 36 7 43 0 0 6 11 22 61 Vianda Group 2
7 7 0 29 14 43 5 16 11 21 5 42 Vegetables
0 21 0 14 7 57 0 5 5 11 37 42 Fruits Group 3
0 15 23 38 8 15 0 0 5 74 21 0 Pork ** Group 4
64 36 0 0 0 0 68 26 0 5 0 0 Rabbit
0 21 14 50 0 14 5 0 37 42 16 0 Chicken **
43 21 29 7 0 0 16 11 21 42 11 0 Processed Meat
7 7 7 21 29 29 16 58 21 0 5 0 Fish **
21 57 14 7 0 0 84 16 0 0 0 0 Shellfish **
57 29 14 0 0 0 32 21 32 11 5 0 Entrails/Viscera
0 14 0 36 14 36 0 0 5 26 21 47 Eggs
0 0 0 0 7 93 0 0 0 5 5 89 Grains/Beans
29 0 0 0 7 64 42 5 5 5 11 32 Milk Group 5
43 21 7 7 0 21 26 5 5 32 11 21 Yogurt
21 21 7 21 0 29 21 11 5 42 11 11 Cheese
0 0 7 7 0 86 42 0 5 21 11 21 Vegetable Fat ** Group 6
29 36 0 0 0 36 5 5 0 5 11 74 Animal Fat **
14 7 7 29 14 29 5 11 21 16 11 37 Sweets/cakes Group 7
0 0 0 14 21 64 16 5 0 0 55 68 Sodas/Drinks

All values expressed in percentages. **: indicates significance in a Fisher’s Exact test for comparing non-parametric
samples, with alpha level set at p < 0.05.

In all, despite the higher use of marine and coastal products, fishing household diets
captured a mix of traditional rural cuisine. For example, the preferred food for parties and
special events continued to be pork both slow-roasted or in different kinds of preparations
such as fricassee; in conjunction with a small portion of raw vegetables, boiled yucca with a
garlic and vinegar dressing, and congris (a mix of black beans and rice). Regarding cooking
techniques, vegetables and viandas tended to be consumed raw or boiled. Like pork and
different meats, fish were fried, baked, or roasted. There was also consumption of highly
processed meats such as sausages or croquettes, which can also be made of chicken and
fish. The availability of these kinds of preparations varied depending on what is sold at the
state Acopio store or available through the market. The same is to be said for flour-based
products such as bread and crackers.

4. Most Recent Years (2020-2022).

Nowadays, as elsewhere on the island, rural households are experiencing food short-
ages. Despite government efforts, agricultural and aquaculture outputs remain insufficient
to meet local needs and imports have dwindled [83-85]. During recent conversations,
farmers discussed the low level of milk productivity that is reported among livestock
and shortages in the availability of animal protein, flour, and grain. While international
sanctions continue to severely limit access to global markets, some of the difficulties af-
fecting the agricultural sector, in the long run, are to be found in the interaction of low
government investment, anthropogenic degradation, and climate-related pressures such
as extreme events and prolonged droughts. Heat stress, water scarcity, and hurricanes
have particularly affected cattle, fruit trees, and rice. Over the next century, the region
is expected to experience significant losses in hydrological resources [86,87], which may
aggravate the current economic situation.

In comparison to 2017, our repeated survey from 2022 (see Table 4) elicited some
potential modifications in diets in La Picadora reflecting the new conditions. Preliminary
findings show overall decreases in the frequency of consumption of a total of fifteen food
items, including pork, meat-derived products, viscera and entrails, eggs, dairy, maize,
sweets, and flour-based products, such as bread, pasta, and crackers. This finding matches
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what was reported during conversations in focus groups and interviews. Although not
statistically significant, a decrease in the consistent use of vegetables and an increase
in the daily consumption of fruits was mentioned by participants and is also observed
in the dataset. Probably, the most important finding is the decline in the consumption
of pork and its partial replacement by chicken and/or fish. For example, a matched
samples Wilcoxon Signed Rank test for pork use between 2017 and 2022 for both groups
combined was highly significant in evaluating the difference in consumption (Z = —3.30,
p = 0.00). The decline in pork is also seen as a decrease in the use of viscera (Z = —2.04,
p = 0.04) and an increase in the use of vegetable fat (Z = 2.56, p = 0.01), which has become
the staple for food preparation, showing processes of substitution as well as changes in
the frequency of previously marginally employed items. For instance, even when not
statistically significant, fish has become consumed more frequently during the week. The
lack of statistical significance in this case may result from the small sample size and the
redistribution of responses along broader categories. Whereas, in 2017, more than half of
the sample rarely ate fish, in 2022, the proportion decreased to a third with individuals
reporting an increase in use of at least two or three times a week or weekly. Moreover,
while not statistically significant, in the case of viandas, fruits, and chicken, these items are
now consumed with a higher weekly frequency, indicating processes of replacement of
more expensive foods. Thus, even when some important decreases in foodstuffs dominate
findings, increments in the use of items such as produce, tubers, and processed meats are
also observed. To sum up, while in 2017 the most predominantly used items included grain
and pork, in 2022, the composition of meals changed to grain, fish, and chicken along with
other less popular foodstuffs. Furthermore, there is a decrease in store-bought items such
as pasta (Z = —2.64, p = 0.00) and sodas (Z = —3.08, p = 0.00), alluding to a reshifting of
monetary resources at the household level.

Table 4. Diet comparison between 2017 and 2022 among farming households in La Picadora.

La Picadora (N: 16 Farming Households) 2022

La Picadora (N: 19 Farming Households) 2017

Never Rarely 1Wk 2/3 Wk 4/5 Wk Daily Never Rarely 1 Wk 2/3 Wk 4/5 Wk Daily Item Food Group
0 0 0 0 0 100 0 0 0 0 0 100 Rice Group 1
29 21 14 36 0 0 25 38 6.2 31 0 0 Maize
13 0 0 6.2 6.2 75 0 6.2 0 0 13 81 Bread
6.2 44 25 19 6.2 0 0 19 31 44 0 6.2 Pasta **
0 6.2 0 13 6.2 75 0 0 6.7 13 27 53 Vianda Group 2
6.2 25 19 25 6.2 19 6.2 19 13 19 6.2 38 Vegetables
0 19 6.2 19 0 56 0 6.2 6.2 6.2 38 44 Fruits Group 3
6.2 25 25 44 0 0 0 0 6.2 81 13 45 Pork ** Group 4
100 0 0 0 0 0 75 19 0 6.2 0 0 Rabbit
6.2 6.2 6.2 69 13 0 6.2 0 21 50 13 0 Chicken
13 19 38 31 0 0 19 13 13 50 6.2 0 Processed Meat
25 31 31 13 0 0 19 56 25 0 0 0 Fish
94 6.2 0 0 0 0 94 6.2 0 0 0 0 Shellfish
5% 3 62 0 0 0 38 19 3l 13 0 o  [Entrail/Viscera
6.2 0 0 50 25 19 0 0 6.2 31 19 44 Eggs
0 0 0 6.2 0 94 0 0 0 6.2 0 94 Grains/Beans
56 6.2 0 13 0 25 44 6.2 6.2 6.2 13 25 Milk Group 5
31 25 13 19 0 13 31 6.2 6.2 31 6.2 19 Yogurt
19 25 19 25 13 0 25 6.2 0 50 13 6.2 Cheese
0 0 0 0 0 100 44 0 6.2 25 6.2 19 Vegetable Fat ** Group 6
6.2 6.2 0 0 0 88 6.2 6.2 0 6.2 6.2 75 Animal Fat **
38 0 0 31 25 6.2 6.2 6.2 19 19 6.2 44 Sweets/cakes Group 7
56.2 125 125 18.8 0 0 18.8 0 6.2 0 6.2 68 Sodas/Drinks **

All values expressed in percentages. **: indicates significance in a Wilcoxon Matched Pairs Signed Rank test
comparing 2017 to 2022, with alpha level set at p < 0.05.

The replacement of what are seen as culturally important items like pork with lesser
valuable ones is a necessary yet negative strategy as discussed by interviewees. According
to respondents, the observed dietary changes are not just explained by preferences or
environmental stressors, but by the domestic economic situation, the deacceleration in
tourism visits due to the pandemic, financial volatility, and by the lack of access to foodstuffs
in general. In fact, a reduction in alimentary imports and mounting economic deficit
produced by low export levels [88] may account for the diminished consumption of dairy
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products such as powdered milk, deserts, and milk-based puddings, and store-bought foods
such as sugary drinks, cookies, and sweets as shown in the survey. It is important to observe
that respondents compared the special period to present days, with current conditions
being described as a bit worse than in the past (“estamos mas apretados”, we are more
pressed). Despite difficulties, some rural households were still able to maintain a traditional
“Cuban” diet including pork two or three days of the week. Such a finding is not necessarily
surprising given the relatively low variation in foodstuffs that characterize this cuisine
and the high level of internalization that certain ingredients have in culinary practices. On
a positive note, the continuation of the traditional rural cuisine that is to a large extent
homogeneous across the Cuban provinces provides mechanisms to implement nutritional
programs in a cost-effective and uniform way [89]. On the other hand, the persistence of
this traditional “Cuban” diet may suggest the thesis that this constitutes a population with
high levels of consumption of sugars and carbohydrates when animal protein availability
decreases. Without government support and protection of key foodstuffs like milk in
rationing programs, the country may place below recommended standards for dairy or
micronutrient ingestion. Continuous research is needed to evaluate this hypothesis and
the role of what is known as the “Cuban” cuisine in undermining new government-led
strategies that seek to introduce alternative dishes and preparations.

Overall, we observe that current strategies, the set of deliberate actions seeking to
maintain the family unit during times of stress, vary according to access to land, foreign cur-
rency, collective work, participation in cooperative groups, and partaking in state-funded
ration systems beyond la libreta. Most actions are centered around securing the necessary
resources to meet household needs and comprise the substitution and replacement of
culturally valuable items by more economical ones. Some of these changes result in the
consumption of foods of lower nutritional value but may also underscore the use of less
preferable yet protein-rich items such as viscera or fish. The search for better prices for
subsistence items dominates most of the daily chores at the household level, with values for
produce and animal products much lower in the countryside or in rural areas. A significant
amount of time and energy is invested in attaining what are perceived as dietary needs,
with exchanges of information and partnerships acquiring strategic importance. The ability
to trade and barter has become essential, which explains the more recent opening of an
agricultural market in La Picadora. Strategies, however, are not just reduced to dietary
adjustments, food procurement activities, or additional cultivation of new varieties. In
these two clusters, they also involve issues related to improving living conditions such
as housing and access to basic items of necessity like hygiene products, fuel, and reliable
transportation to and from working sites or in maintaining agricultural labor at valuable
production outputs. The latter constitutes a significant impediment that is scarcely consid-
ered in current nutritional initiatives in this region that emphasize sustainability above the
reality of energetic demands.

4. Discussion

The article presents a detailed exploration of rural diets among two clusters of res-
idents (farmers and fishers) in two communities of Yaguajay, Sancti Spiritus, Cuba. It is
important to indicate that the external validity of the results discussed below is constrained
by the small sample sizes that characterize the project. Yet, findings provide valuable
insights to be further explored. In short, analysis of interviews, focus groups, surveys,
and additional historical sources may indicate that rural communities in this region, and
to some extent in central Cuba, have undergone two different transitions in the adoption
of agroecological practices. The first period comprised sugar monocrop intensification
and state centralization (1970s to early 1990s), while the second transition began in the
1990s with decentralization and diversification of agricultural practices. As a result of these
changes and a forbidding economic blockade, households have suffered different instances
of nutritional vulnerability. To improve conditions, the Cuban state has responded through
numerous policies that have fostered industrial degrowth in the sugar sector and have

290



Sustainability 2023, 15, 13073

scaffolded the expansion of an organic agricultural and ranching system through education
and rural development. Yet, it is in the nature of self-constituted cooperatives, small-holder
state support, and social reciprocity that coping and adaptation strategies are to be found.
As suggested by cultural studies of food and dietary practices, familiarity with how local
actors may access, produce, and exchange food stuffs can provide essential knowledge on
the inner workings of societies, creating avenues for intervention [90]. Most importantly,
within the Cuban context, such information can help elicit limitations or shortcomings in
state-driven agroecological policies. As many insular Caribbean countries are engaging
with climate-resilient development frameworks, rural coping strategies adopted in Cuba
can also shed light on the need to adopt precautionary or mitigating measures that can
increase the success of proposed adaptations [91]. To that end, in this section, we analyze
the diversity of tactics or strategies adopted and what they mean in terms of reforming a
traditional agricultural production system into a sustainable sector.

Beginning as early as the 1600s, sugar cultivation has constituted one of the most
important economic undertakings in Yaguajay. Also known as a livestock-producing region,
sugar monocrops came to dominate all agricultural activities after the revolution, with
long-standing influences on dietary habits and culinary practices. Whereas conditions
were highly satisfactory in the 1980s according to interviews, political and economic crises
largely compromised households’ sufficiency in the 1990s. The triumph of the revolution
in attaining better living conditions, including major housing and health programs for all
Cubans, was tested for the first time by widespread shortages. Memories of the challenges
and strategies that households adopted in the early 1990s remain very much present among
interviewees. For example, some of the actions discussed included the careful planning and
reallocation of resources to meet essential needs, the prioritization of vulnerable population
sectors, meal reduction, skipping collective work practices, and information sharing. The
economic crisis led the government to the adoption of agroecological solutions, with some
recoveries observed towards the end of the twentieth century.

After sugar mills and other industrial centers were discontinued in the early 2000s,
the population of Yaguajay began to feel additional economic pressures that led to the
reintroduction of small-scale diversified agriculture, house gardens, ranching and livestock
practices, and tourism. Changes in production in the mid-2000s and 2010s had additional
consequences for dietary habits, with increases in the use of green leafy vegetables, sea-
sonal crops, and fish in comparison to traditional cuisine. These modifications are shown
in the first 2017 survey. More recent instabilities brought in by hydrological drought,
extreme events, the Coronavirus pandemic, and the war have also led to significant alter-
ations in consumption patterns, with decreases in the use of pork and the introduction of
dietary substitutions.

In all, nutritional oscillations in the past four decades speak of the challenges faced by
rural households. Most importantly, dietary changes paint a picture of how processes of
agroecological transitions rely heavily on individual ingenuity and flexibility to achieve
success. The abilities of small actors, such as household heads, work groups, and cooper-
ative leaders, to adjust or to innovate under uncertain conditions are in this specific case
supporting and accommodating major transformations. To some extent, the Cuban state
has been able to recognize the significance of empowering these smaller actors through ed-
ucational policies and extension activities. However, state support has not been enough to
buffer some of the costs associated with agroecological models that may require substantial
changes in the productive sector. In conjunction with economic and financial barriers that
limit options, high levels of precarity have compounded perceptions of insecurity among
rural homes as interviews elucidate.

As an illustration of the increasing importance of individual actors, the type of strate-
gies adopted during the special period and more recently suggest the progressive in-
volvement of household members in income-generating activities independent from state
employment. The ability to juggle between different sources of money allows some house-
holds to improve the likelihood of meeting their needs; however, it is subjected to both
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external and internal factors beyond their control. In the first case, macroeconomic condi-
tions and state policies can create very unstable configurations that have difficult access
to food. For example, the reduced variety of imports in the context of rationing, with
fixed schedules and distribution stores, results paradoxically in unpredictable timing and
locations for the supply of eclectic items. In the municipality of Yaguajay, we observed
during the weekend, long queues at gas station stores not just to buy gas but also to pur-
chase chicken or a handful of other products such as beer or diapers. While items trickle
down through the distribution chain like a broken faucet, as some respondents voiced, the
ability to prepare a full meal depends on long-distance travel and money. Referenced by
Moon et al., economic pressures critically shape access as well as consumption patterns
in La Picadora [53]. Despite individual or cultural preferences and continuous efforts
at procuring a “decent meal”, farmers eat what is available, indicating that subjective
appreciations are subordinate to concrete productive realities. And even when agricultural
production may dictate what is available, other needs may cause households to forfeit
consumption of desirable items to address more pressing needs related to economic con-
traction and isolation from the world market. Thus, in a municipality that has been devoted
to agricultural and livestock production for at least five centuries, some of the common
shortages include pork meat, eggs, butter, oil, and flour along with locally grown items
such as boniato.

In addition to identified strategies, findings regarding the persistence of the Cuban
cuisine mirror what other researchers have discovered elsewhere on the island [11,13,51].
The rationing system, which provides citizens with subsidized foods according to what
is available at the time, has helped in the long run to homogenize cuisines, ultimately
weakening local food production systems with a higher variety [51,53]. This is captured in
our interviews and conversations with household members from La Picadora describing the
need to consume non-traditional products such as fish croquettes, instead of chicharrones
and roasted pork, as a negative experience. It also signals an interesting byproduct of the
special period, where culinary preferences and local cultural identities associated with food
reemerged after two decades of revolutionary policies that sought the standardization of
alimentary practices [78].

As discussed among respondents, the decline in dietary diversity that is experienced
now is probably felt more keenly in urban centers where agricultural cultivation is limited
in its capacity (urban gardens are reduced to 0.25 hectares per person) to offset scarcity.
Despite repeated efforts by the Cuban government to implement nutritional substitution
policies and liberalize non-commercial imports of foods and medication [49,92,93], in early
August 2022, it was estimated that close to 80% of the food consumed on the island was
imported [94]. This ranks Cuba as the second largest importer behind Panama, a position
of high vulnerability to price fluctuations and disruptions in logistics and transport [54].
Recent analyses have suggested that shortages and high prices are the result of a stale
underdeveloped food production system that cannot provide for all [95]. The current
loss of revenues associated with weakened tourism due to the pandemic restriction also
underscores important limitations in the Cuban industrial system and provides a glimpse
of the structural crisis permeating agricultural production [95]. The concentrated focus
on service industries and construction to the detriment of agriculture and manufacturing
capacities—between 2017 and 2021, state investment in agriculture was a mere 2.8% while
hotel and real estate received 50% of the budget—has contributed to both food insecurity
and scarcity [96]. Most importantly, it has aggravated the energetic crisis that has affected
mechanized labor in the municipality. With frequent blackouts and interruptions in the flow
of electricity that last between 6 to 8 h per day, farmers have increasingly relied on animal
traction for agricultural labor. In this same light, many have observed a worrisome inflation
trend throughout Latin America, and especially in Cuba, that endangers nutritional health
among lower-income households [97]. The slow recovery perceived in labor markets and
the economic degrowth experienced due to the Coronavirus pandemic interact with food
insecurity to create the conditions for migration [55]. Compounded with this situation is an
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aging population that has very limited access to foreign capital [46,74] and must rely on
manual labor to meet essential needs.

As this exploratory case study seeks to illustrate, comprehensive mixed methods
assessments of dietary strategies are key tools to elicit the local realities of agroecolog-
ical transitions. Experiences of food consumption and production, oscillations in food
sufficiency, and nutritional vulnerability among rural households are clear examples of
how challenges in adopting sustainable transformation models may evolve over time in a
process of fits and starts. It is important that climate-resilient development programs take
into account the dynamic nature in which adaptation decisions are made, and how many
of these coping strategies are not only a result of perturbations but are the foundation in
which transformational change happens [98-100]. Unpacking the decisions made at the
smallest scale of production, comprehending the trade-offs and limitations that the most
vulnerable experience in the struggle to make a worthy living on a damaged planet, is an
essential task in designing an inclusive future [91].

5. Conclusions

Distinguishing between periods of abundance and shortage, our findings show
two counterpoints: a wider variety of dietary options available during intensive sugar
monocrop cultivation and the scarcity experienced during the early 1990s, and more re-
cently, during the last period of the pandemic, which has resulted in nutritional and activity
adjustments. Constrained by the small sample sizes that characterize this project, findings
present an initial picture that must guide research in the region. They underscore the need
to expand future work. In all, comprehensive assessments of dietary strategies are key to
eliciting what agroecological transitions mean for local realities and the value of experi-
ences of food consumption and production to better understand the limits to sustainable
transformation models.
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