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Abstract

During the last two decades, ontologies — theories for representing knowledge — have shown their potential
in cohering heterogeneous perspectives and establishing common semantics across varied stakeholders and
domains. Despite that, to date, limited and isolated efforts have been made with regard to sustainability — a
participatory shared language would highly benefit in clarifying and possibly harmonizing the diverse

perspectives, metrics, and approaches that currently exist on sustainability.

To deal with those shortcomings, this PhD dissertation provides a toolkit of solid philosophical strategies
establishing a suitable foundational basis to support the consistent and interoperable design of ontologies for
sustainability. Food systems have served as the core case study of this work, due to being the primary drivers
of many of the current global sustainability concerns threatening life on Earth, such as climate change,
biodiversity loss, and malnutrition. The proposed toolkit covers three strategies: 1) a review analysis of
currently available ontologies regarding sustainability and related theoretical challenges, a roadmap towards
a family of interoperable sustainability ontologies, and a Sustainability Core Ontology (SCO), 2) a meta-
framework for food systems sustainability, and 3) a methodology for developing food systems sustainability
ontologies using the designed meta-framework, and a use-case ontology addressing sustainability in meat
systems, named Sustainable Meat Systems Ontology (SuMSO). This PhD dissertation is a collection of three

research papers, each dedicated to describing one of these strategies.

Keywords: Sustainability, Food Systems, Complexity, Ontology, Open Biological and Biomedical Ontology
(OBO)-Foundry, Meta-Framework, Participatory Systemic Approach.



Preface

Several disparate but interrelated sustainability issues currently threaten the whole planet's life. Climate
change, biodiversity loss, malnutrition, resource depletion, social insecurity, and inequalities count among
them. Humanity needs to urgently establish viable and long-term transformative actions toward sustainability
to face these issues. This is particularly critical with regard to food systems, which are the primary drivers of

many of these issues globally (Rockstrom et al., 2020).

Sustainability, however, is largely debated across fields of study, and little agreement on what it means,
particularly concerning food systems, has been reached to date. Various perspectives exist, identifying,
measuring, and accounting for sustainability differently. Thus, cohering heterogeneous perspectives across
varied stakeholders and domains into a shared language becomes a fundamental initial step to further set up

any possible transformative actions.

Ontologies — theories for “knowledge representation” (Smith, 2003, p. 158) — have emerged in other
domains as resources capable of achieving this goal. This is because ontologies establish stable and common
vocabularies of terms and relations, employable to organize, infer, and make interoperable data across
disparate data sources (Arp et al.,, 2015; Smith, 2003). These resources show the potential to provide
consistent access and accountability for stakeholders’ perspectives while fostering collaborative

transformative actions toward sustainability.

Nevertheless, to date, there have been only a limited number of efforts to construct sustainability ontologies,
with very few focusing specifically on the sustainability of food systems. Further, these initiatives appear
largely disconnected and poorly attentive to the debates on sustainability. To deal with those shortcomings,
this PhD dissertation provides a toolkit of solid philosophical strategies establishing a suitable foundational
basis to support the consistent and interoperable design of ontologies for sustainability. Food systems have

served as the central case study, due to their relevance with regard to sustainability (Rockstrom et al., 2020).

This toolkit covers three strategies: 1) a review analysis of currently available ontologies regarding
sustainability and related theoretical challenges, a roadmap towards a family of interoperable sustainability
ontologies, and a Sustainability Core Ontology (SCO), 2) a meta-framework for food systems sustainability,
and 3) a methodology for developing food systems sustainability ontologies using the designed meta-
framework, and a use-case ontology addressing sustainability in meat systems, named Sustainable Meat

Systems Ontology (SuMSO).

Strategy 1

The first strategy focuses on analyzing available ontological resources addressing sustainability. We identified

the three major theoretical challenges that authors implicitly or explicitly relate to sustainability: 1) the



polysemy of the term “sustainability”, 2) the controversial relationship between sustainability and sustainable
development, and 3) the sustainability-underpinned complexity. This initial step was performed to further
effectively evaluate if the current available ontological resources consistently engage with sustainability.
Further, we assessed existing ontologies according to these challenges. The resources to analyze were
collected through both a literature review and an exploration of the current main available ontology portals

— OntoBee linked data server browser, EMBL-EBI Ontology Lookup Service (OLS), NCBO BioPortal, and

AgroPortal. Assessed resources were documented in a List of Sustainability Ontologies.

Reviewed resources poorly deal with these challenges and exhibit a general lack of interoperability with
regard to sustainability. Thus, we outlined a possible roadmap to develop a family of interoperable ontologies

addressing sustainability that comply with the Open Biological and Biomedical Ontology (OBO)-Foundry,

currently one of the most internationally recognized ontology communities. We also developed a

Sustainability Core Ontology (SCO) to consistently establish this family. SCO represents the theoretical

challenges to sustainability.

Strategy 2

The second strategy involves the development of meta-frameworks to support the creation of ontologies that
address sustainability effectively. Due to the existence of disparate perspectives on sustainability, it appears
evident that designing sustainability ontologies relying on particular frameworks that reflect particular
perspectives is insufficient. It is necessary to develop such ontologies on the basis of foundational references
that are able to assist in clarifying, accounting for, and possibly accommodating perspectives and frameworks,

i.e. what we name meta-frameworks.

We articulated a clear explanation of what constitutes a meta-framework and subsequently designed one for
food systems sustainability, referred to as the Food Systems Sustainability Meta-Framework (FSSMF). FSSMF
outlines the fundamental grounding elements (tenets) of food system sustainability, that stand orthogonal to

existing food systems sustainability frameworks.

FSSMF distinguishes the food system sustainability tenets between “pillars” and “stocks of essential
relations”. Pillars illustrate the fundamental themes related to food systems sustainability: 1) the complexity
of food systems, 2) the multiplicity of disparate perspectives of food systems stakeholders, and 3) the
transformations of food systems. Stocks cover fundamental sets of relations occurring among entities

pertaining to food system sustainability. OBO-Foundry sets are presented as examples.

To further support food systems sustainability ontology development, we operationalized FSSMF into a
collection of representational maps, named FSSMF Atlas. FSSMF Atlas provides major vocabulary regarding

food systems sustainability. We developed these maps in compliance with SCO and OBO-Foundry resources.


https://ontobee.org/
https://www.ebi.ac.uk/ols/index
https://bioportal.bioontology.org/
https://agroportal.lirmm.fr/
https://github.com/gioUbbiali/The-List-of-Sustainability-Ontologies
https://obofoundry.org/
https://github.com/gioUbbiali/Sustainability-Core-Ontology
https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF

Strategy 3

Strategy 3 provides a methodology to support the efficient usage of FSSMF for developing food systems
sustainability ontologies. Disparate methodologies for ontology design exist in the literature. To our
knowledge, however, no one considers employing meta-frameworks and building ontologies integrating
disparate perspectives and frameworks. FSSMF methodology does so, and constructs on previous efforts,
aiming to interoperate and benefit from existing methodologies. FSSMF methodology covers and details the
following guidelines: 1) goal definition, 2) identification of available resources, 3) stakeholders’ Identification,
4) stakeholders’ engagement, 5) project narrative formulation, 6) ontology construction, 7) ontology approval,

and 8) ontology curation, documentation, and implementation.

According to this methodology, we developed a core ontological module addressing meat systems
sustainability. We conceive this ontological module as the basis to implement an over-comprehensive meat

systems sustainability ontology, named Sustainable Meat Systems Ontology (SuMSQO). SuUMSO ontological

module represents the core architectural features of a sustainable meat system. It focuses on cow-related
meat as the starting example. Our choice to first deal with conventional meat systems, especially cow-related

ones, is due to the extensive sustainability concerns these systems pose globally (Parlasca and Qaim, 2022).

Dissertation Structure

This PhD dissertation consists of three chapters in the form of research papers, each dedicated to describing

one of these three strategies.

e Chapter 1 - Strategy 1: “Ontologies for Sustainability: Theoretical Challenges”.

e Chapter 2 - Strategy 2: “Food Systems Sustainability: The Foundations of a Participatory Meta-
Framework”.

e Chapter 3 - Strategy 3: “A Participatory Methodology for Sustainability Ontology Design: The Case of

Meat Systems”.
Each chapter includes complementary resources as follows:
Chapter 1:

e Annex 1: List of Sustainability Ontologies.

e Annex 2: Sustainability Core ontology (SCO).

Chapter 2:

e Annex 1: FSSMF Atlas.

e Annex 2: Supplementary Materials “Supplementary to FSSMF”.
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Chapter 3:

e Annex 1: Sustainable Meat System Ontology (SuMSO) - core ontological module.

e Annex 2: Supplementary Materials “Supplementary for SUMSO Design”.

The List of Sustainability Ontologies, SCO, FSSMF Atlas, and SuMSO are stored on Giorgio Ubbiali's personal

GitHub profile, accessible through the links referenced in the above list. Supplementary materials of both the

second and the third chapters are, instead, included at the end of this PhD dissertation.

The first chapter of this PhD dissertation was submitted for consideration for publication. At the time of
submission, SCO was not yet developed. The submitted version of the paper comprised a Structured
Vocabulary for Sustainability (SCO SV), that we further used as the basis to design SCO. The SCO SV can be
found at the following link; the preprint version of the submitted paper at the following link. The second

chapter of this PhD dissertation was also submitted for consideration for publication.

The Data Management Plan (DMP) associated with this project can be found at the following link.
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Ontologies for Sustainability: Theoretical Challenges

Abstract

The lack of sustainable practices in key sectors of human societies is a global concern, held by some to
threaten the life of the whole planet. To date, we have found that no studies review ontologies in terms of
sustainability. This chapter aims to fill such a gap. In Section 1, we outline the three major challenges
associated with sustainability: 1) the polysemy of the term; 2) the relationship between sustainability and
sustainable development; and 3) the complexity underlying sustainability. In Section 2, we review the main
accomplishments achieved so far by ontologies to meet these theoretical challenges. We devote special
attention to ontologies belonging to the Open Biological and Biomedical Ontology (OBO)-Foundry due to the
pivotal role these play in the field of applied ontology. We provide a List of Sustainability Ontologies
documenting the resources we assessed. To conclude, we advance a potential trajectory to further develop
an OBO-Foundry-compliant family of sustainability ontologies, and we designed a Sustainability Core

Ontology (SCO) to consistently structure this family.

Keywords: Sustainability, Sustainable Development, Complex System, Ontology, Basic Formal Ontology
(BFO), Open Biological and Biomedical Ontology (OBO)-Foundry.

Introduction

Human activities and behaviors exhibited by organizations, societies, and individuals largely contribute to
global issues such as climate change, land, and ocean degradation, as well as biodiversity loss (IPBES 2018,
2019; UNEP 2021, 2022). Evidence abounds that these issues critically intensify year after year. For instance,
GHG emissions have been estimated for a global total of 54 gigatons CO2 equivalent (GtCO2e) only in 2020
(UNEP, 2022). Seventy-five percent of the Earth’s land surface and 66% of the ocean area appear currently
altered (IPBES, 2018; UNEP, 2021). At present, one million species are at risk of extinction worldwide (IPBES,
2019). Poverty, hunger, and malnutrition present other significant examples of these global issues. In 2020,
extreme poverty affected 11 % of the global population (World Bank, 2022). To date, about 800 million
people face hunger and 462 million adults are underweight. Concomitantly, two billion people are obese or

overweight (Fanzo & Davis, 2021; FAO et al., 2021).

Those are just a few of the alarming data. With the global human population projected to reach almost 10
billion people by 2050 (DESA Population Division, 2022), unexpected extreme events, such as the COVID-19
outbreak, will presumably intensify, due to even more adverse environmental conditions. In short, the
current scenario will only worsen without imperative, viable, and long-term transformative actions intending

to establish a more sustainable world.



Sustainability displays a challenging nature. Its story is well-established (Bolis et al.,2014; Du Pisani, 2006;
Purvis et al., 2019). Nevertheless, the meaning of the term is still largely debated (Hariram et al.,2023; Piso
et al., 2016; Salas-Zapata & Ortiz-Mufiioz, 2019). Over the centuries, authors dealt with different and often
unrelated themes. Reflecting such variety, to date, several alternative perspectives exist on sustainability.
Understanding effectively how the term may be employed to represent stakeholders’ perspectives is a
necessary first step before reaching any possible agreement to design and coordinate any transformative

solution.

Several initiatives have been conceived to account for sustainability. Lists of issues, indicators’ catalogues,
portals, thesauri, and databases count among them. Efforts, however, primarily focused on tracking
sustainability features in specific domains, without considering the challenging nature of cross-domain
conversations. Ontologies appear an interesting, and still relatively underexplored, opportunity to
consistently deal with that. An ontology is a theory for “knowledge representation,” stating an organized
vocabulary whose terms present a “canonical syntax,” shared definitions, and a set of supporting axioms
(Smith, 2003, p. 158). An ontology allows the establishment of a “lexical or taxonomical framework,” ensuring
a shared semantic (data) standard across stakeholders who choose to employ it (Smith 2003, p. 158). Thus,
ontologies appear able to facilitate understanding the meanings of sustainability, offering a precise and
accessible account of sustainability perspectives. Further, they also guarantee their non-misinterpreted and

interoperable practice.

During the last decades, several ontologies that can potentially aid with efforts to achieve sustainability have
been developed. To our knowledge, no study has reviewed them yet. This chapter seeks to fill such a gap. In
Section 1, we highlight the three main theoretical challenges associated with sustainability: 1) the polysemy
of this term, 2) the relationship between sustainability and sustainable development, and 3) the complexity
underlying sustainability. Clarifying what makes effectively understanding sustainability (and ultimately
dealing with it) so challenging appears the primary required step to subsequentially evaluate if an ontology
addresses, at least partially, sustainability. In section 2, we assess currently existing ontological resources in
terms of these challenges. We perform a literature review, and we explore major available ontology portals.

This analysis devotes particular attention to ontologies belonging to the Open Biological and Biomedical

Ontology (OBO)-Foundry, due to the pivotal role these play in the domain of applied ontology. We provide a

List of Sustainability Ontologies (Annex 1), collecting the resources we assessed. In the conclusive section,

we propose a potential trajectory to further develop an OBO-Foundry-compliant family of sustainability

ontologies. We equally designed a Sustainability Core Ontology (SCO) (Annex 2) to consistently structure this

family.
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Section 1. The Theoretical Challenges to Understanding Sustainability

Exploring the related literature, it appears clear how defining what sustainability is is problematic. The
numerous publications display differing perspectives on sustainability. Authors confronted each other over
the centuries (and still do so), majorly disagreeing among them. Here, we propose an evident example to

illustrate the case: the vicissitudes of Nauru.

Nauru is a small island in the central Pacific Ocean. It is famous for the exploitative mining of phosphate in
the Topside, the central plateau of the island, which started at the beginning of the 20th century (Clifford et
al., 2018; Gowdy & McDaniel, 1999; Ott, 2003). The mining devastated the whole island’s ecosystem (Clifford
et al., 2019; Gowdy & McDaniel, 1999). Nauru, however, reached one of the highest per capita incomes
worldwide during the 1970s (Clifford et al., 2019; Gowdy & McDaniel, 1999). The supporters of the so-called
Weak Sustainability consider higher incomes an adequate compensation for natural resource extraction.
Weak Sustainability presupposes a perfect substitutability between the natural capital and the built capital
available to an economy. An economy is considered sustainable if the “aggregate level of capital” is
maintained through generations (Des Roches, 2019, p.185,186). Confidence is granted to innovation for
addressing environmental issues (Bolis et al., 2014; Pelenc et al., 2015). Thus, Nauru appears “weakly
sustainable” (Gowdy & McDaniel, 1999, p.335). Instead, the advocates of Strong Sustainability pointed out
Nauru’s vicissitudes as a paradigmatic case against Weak Sustainability (Ott, 2003). Strong Sustainability
claims for a not complete substitutability between these two kinds of capital (Bolis et al., 2014; DesRoches,
2019; Cabeza Gutés, 1996). Natural capital (or at least some parts of it) is critical for the development of
other capitals. It is necessary to maintain capitals individually over generations instead of in aggregate (Des
Roches, 2019; Pelenc et al., 2015). Even if the island initially reached a high welfare state, Strong Sustainability
supporters declared it could not be sustained over time (Clifford et al., 2018; Gowdy & McDaniel, 1999; Ott,
2003). Nauru is not “strongly sustainable”. Current conditions of the island — in terms of environment,
culture, economy, and human health — seem to confirm the position of Strong Sustainability (Clifford et al.,

2018; Gowdy & McDaniel, 1999; Ott, 2003; Toatu, 2004).

The debate on Nauru’s vicissitudes clearly portrays that sustainability displays a challenging nature. Three
major theoretical challenges are identifiable: 1) the polysemy of the term sustainability, 2) the relationship
between sustainability and sustainable development, and 3) the complexity underlying sustainability. These
challenges emerge constantly, more or less implicitly, in sustainability literature. However, to our knowledge,

no one has accounted for all of them together. We devote Section 1 to this mission.

1.1. Challenge 1: The Polysemy of Sustainability

The first theoretical challenge concerns the polysemy of the term “sustainability”, i.e. the fact that two or
more related meanings are associated with the same “word form” (Sennet, 2021; Vicente & Falkum, 2017,
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p. 1). Over the centuries, authors dealt with sustainability across several disparate fields of study and practice.
Various perspectives exist on sustainability. Consequently, different meanings are associated with the term.
To prove this point, we present the major perspectives that emerged during the last centuries. The following

paragraphs do not aim to be an exhaustive enumeration of all currently available perspectives.

In the post-Second World War context, several authors, such as Goldsmith (in A Blueprint for Survival, 1972)
and Schumacher (in Small is Beautiful, 1973), started criticizing the economic vision of the time. They
primarily argued against the improper use of the terms “development” and “economic growth” as synonyms
(Purvis et al., 2019). They claimed that a development conceived as infinite economic growth is not
sustainable on a finite planet. The Limits to Growth (1972) by Meadows et al., commissioned by the Club of
Rome, appears the major manifesto of this perspective. Meadows et al. (1972) declared that a change in
human activities was necessary. Authors advocated for a “sustainable world system” (Purvis et al., 2019, p.
682), where a “global equilibrium” will ensure each person fulfills proper material needs and has “equal

opportunity to realize his individual human potential” (Meadows et al., 1972, p. 24).

In 1987 the United Nations World Commission on Environment and Development (UN WCED) released the
“Our Common Future” report, also named the “Brundtland Report” (Purvis et al., 2019; Redclift, 2005). This
document coined one of the most famous and debated definitions of sustainable development: “the
development which meets the needs of current generations without compromising the ability of future
generations to meet their own needs” (World Commission on Environment and Development 1987, p. 16).
This definition underlines the two major features at the basis of the “Our Common Future” perspective. The
first concerns who sustainability matters to (present and future generations) and the second relates to what
counts (intergenerational ability to satisfy own needs) (DesRoches, 2021). This perspective brought the

sustainability debate into the view of a wider international public (Purvis et al., 2019; Redclift, 2005).

After the publication of the Brundtland Report, the “Socio-Scientific Approach” emerged in the economics
fields of studies as another influential perspective on sustainability. Here, the debate focused on maintaining
the available capital — stocks and flows of resources, human attributes, human capacities, and means — of
an economy over time to sustain development (DesRoches, 2019; Meadows, 1998). To maintain capital over
time, its “saving rate” must be higher or equal to that of “deprecation” (Cabeza Gutés, 1996, p. 147;
DesRoches, 2019). Conversely, this would mean capital is declining in parallel with human well-being;
development cannot be ever more sustained and so human well-being (DesRoches, 2019). Two main
opposite positions stand on capital maintenance, mainly focusing on the substitutability among different
kinds of capital — social, human, built/manufactured, and natural —, especially between the built and natural
ones (Cabeza Gutés, 1996; DesRoches, 2019; Pelenc et al.,, 2015). The first position, called Weak
Sustainability, claims a complete substitutability between these two kinds of capital. A loss of natural capital
from one generation to the other is acceptable if compensated by an increase in the built one (Ayres, 1998;

4



DesRoches, 2019; Pelenc & Ballet,2015). It only matters that the total aggregate amount of capital does not
diminish across generations. Technological innovation will ensure overcoming possible deriving
environmental issues (Bolis et al., 2014; Pelenc et al., 2015). Contrary, the second position, named Strong
Sustainability, argues a no absolute substitutivity between these two kinds of capital (Ayres, 1998; Bolis et
al., 2014; DesRoches, 2019). Supporters advocate the no equivalence between natural capital and built
capital. The built one depends on the natural one for its production (Pelenc & Ballet, 2015). The destruction
of the built capital is reversible, contrary to that of the natural capital (Bolis et al., 2014; Pelenc et al., 2015).
The natural capital is multifunctional/multidimensional (Pelenc & Ballet, 2015). It encompasses some critical
features (Critical Natural Capital) that uniquely contribute to human well-being and that no other kind of
capital can substitute (DesRoches, 2019; Pelenc & Ballet, 2015). Thus, Strong Sustainability envisages natural
capital and built capital as complementary, claiming a simultaneous — not in aggregate — maintenance of

them through time (DesRoches, 2019; Pelenc & Ballet, 2015; Pelenc et al., 2015).

At the end of the 20th century, authors started to characterize sustainability in terms of “dimensions” or
“pillars”, primarily three: the environmental, the social, and the economic (Lehtonen, 2004; Purvis et al.,
2019). Pillars are generally represented through Venn diagrams or concentric/embedded circle-based
illustrations (Lozano, 2008). In the business spheres, the “Pillars” perspective took the shape of the so-called
“Triple Bottom Line (TBL)” theory (Elkington, 1997). In Cannibals with Forks (1997), Elkington proposed to
complement the traditional financial “Bottom line” with bottom lines addressing social and environmental
features (Elkington, 1997; Purvis et al., 2019). To date, the “Pillars” perspective is extensively diffused both

in public and private discourses.

More recently, sustainability has been addressed through a series of interrelated goals. This goal-centered
perspective gained international relevance with the adoption of the Millennium Development Goals (MDGs)
by UN member nations, at the beginning of the new millennium. MDGs focused on poverty, hunger, gender
inequalities, education, and health conditions (UN Assembly, 2001). They count for eight, specified by
twenty-one targets, and assessed through sixty indicators (Liverman, 2018). In 2015, the Sustainable
Development Goals (SDGs) replaced MDGs. SDGs aim to “end poverty, protect the planet, and ensure

III

prosperity for all”, promoting actions to 2030 in the critical areas of People, Planet, Prosperity, Peace, and
Partnership (United Nations, 2015). SDGs count seventeen goals, specified by 169 targets and monitored
through 231 indicators (Estoque, 2020; United Nations, 2015). Despite being largely debated, SDGs are the

principal international reference frame for sustainability we look at to date.

Sustainability polysemy presents a double nature. It is simultaneously a diachronic and a synchronic
phenomenon. Sustainability polysemy occurs through time (Diachronicity). Many perspectives on
sustainability have arisen over the centuries. Nevertheless, sustainability polysemy equally occurs at one
specific time (Synchronicity). At a specific historical moment, different positions stand over the same
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perspective, for instance, the Weak and Strong sustainability for the Socio-Scientific Approach. Further,
synchronicity also relates to the specific stances of authors. Disparate and sometimes even conflictual
stances about the same theme may crystalize in peculiar points of view, leading to a multiplicity of different
nuances of meanings over the same perspective. The historical moment and the related issues of the time as
well as the author’s background, field of research, values, and aims stand as the basis of this double nature

of sustainability polysemy.

Even if each perspective on sustainability is clearly identifiable, circumscribing them unambiguously is
arduous. Some perspectives may derive from previous ones. Some features pertaining to a perspective may
also be addressed by another one. Even if a new perspective arises, the previous ones may persist in the
debate. Authors may change (partially or radically) their ideas, contributing to the development of new
perspectives or improving already existing ones. Consequently, sustainability polysemy occurs as an

enchained continuum of meanings through and in time.

Sustainability polysemy presents a double shape too: authors not only attribute significance to the term
"sustainability" by defining it, but also through the usage of this term. Salas-Zapata & Ortiz-Mufioz (2019, pp.

3-5) advance four major meanings correlated to the use of the term sustainability:

o A set of criteria: the “social-environmental criteria or qualities” guiding human actions in relation to
a reference system.

e Avision: the aims/goals that human actions point to in a reference system.

e An object: an “entity that exists, that can be represented, studied or intervened”, e.g. a property or
the behaviour of some reference system.

e An approach: the assessment of some “variables of a reference system.”

These use-driven meanings pertain to the field of academic research. Due to the large employment of the

term also in other contexts, additional use-driven meanings may exist.

Thus, we can briefly point out that the sustainability polysemy occurs as an enchained continuum over and
in time (synchronicity and diachronicity). A multiplicity of meanings is realized in several definitions and at

least four main uses of the term.

1.2. Challenge 2: The Relationship Between Sustainability and Sustainable Development

The second theoretical challenge refers to the controversial relationship between sustainability and
sustainable development. Both in the public and private spheres, authors deal with sustainability and
sustainable development in the same narrative, showing their strict relationship. Nevertheless, the nature of
this relationship largely varies depending on the author’s background, field of research, values, and aims.

Simplifying a bit for the purposes of organizing the literature, we can say that authors have primarily



conceived sustainability and sustainable development in one of three ways: as equivalent or synonymous
(Lozano, 2008; Salas-Zapata et al., 2017); as independent of each other; or as interconnected and dependent
on one another (Sartori et al., 2014). In most cases, however, authors do not provide straight definitions of
sustainability and sustainable development (or deliberate uses of the terms). The underpinned meanings are
only implicitly revealed in the proposed narratives, thereby leading to the same situation regarding the
endorsed type of relationship (Salas-Zapata et al., 2017). This largely contributes to shaping the controversial

picture of the sustainability-sustainable development relationship.

The term “sustainable development” is also polysemous (Lozano, 2008; Robinson, 2004; Sartori et al., 2014).
The plurality of meanings, underpinned by the term “sustainable development” and that of “sustainability”,
appears to be, at least partially, overlapping in literature. Some authors associate a particular significance to
the term “sustainability” that others relate to that of “sustainable development”, and vice versa (Sartori et
al., 2014). This shift of meanings may occur only to some extent. An author may associate some aspects of
meaning to the term “sustainability” that another one may refer to the term “sustainable development”. The
two authors may agree upon the remains aspects or have different views. These considerations are relevant
for both significances associated with those terms by definitions and usages of the two terms. This
overlapping polysemy complicates even further the understanding of sustainability and sustainable
development as well as their existing relationship. Equivalence, independency, and dependency between
sustainability and sustainable development turn up intrinsically interconnected to and influenced by this

multiplicity of converging and overlapping meanings.

We can summarize that an intricate and controversial relationship exists between sustainability and
sustainable development. Grappling with the meaning of sustainability requires grappling with the meaning

of sustainable development.

1.3. Challenge 3: The Sustainability-underpinned Complexity

The third theoretical challenge regards the grounding of sustainability in complexity. In parallel to dealing
with meanings (and types of relationships) relating to sustainability and sustainable development, expressing
a “value judgment” on these meanings appears equally fundamental (DesRoches, 2021, p.1). Even if not all
authors agree on that point, those who do agree relate the value judgment to the “thickness” of sustainability
(DesRoches 2021, p. 1). Thickness identifies sustainability as underpinning both non-evaluative (descriptive)
and evaluative features (DesRoches, 2021). Descriptive features “help to give us a specific idea” of
sustainability (Kirchin, 2013, p. 2). The evaluative ones highlight sustainability “to be essentially keyed into
approval and disapproval” (Kirchin, 2013, p. 1). Expressing a value judgment is fundamental, as sustainability
unqguestionably concerns a multiplicity of human and non-human stakeholders. Engaging with a multiplicity

of stakeholders means primarily dealing with the related complexity of which they are part. Thus,



sustainability is essentially grounded in complexity. We dedicate the next paragraphs to delving into the topic

of complexity.t

In the sustainability literature, emphasis on complexity generally emerges in relation to resilience,
vulnerability, and adaptability of the Socio-Ecological systems (SESs), also called Human-Environmental
systems. The appellation of SESs designs complex systems where humans are involved, accentuating the
relation(s) between humans and the other system components (Folke et al., 2005; Haines-Young & Potschin,

2012; Rutting et al., 2022). Nevertheless, the discussion on complexity covers even further themes.

Complexity is an intrinsic feature of our world (Heylighen et al., 2006; Mamédio & Meyer, 2020). To date,
however, there is no common agreement on what complexity is, nor a unique “science of complexity”
(Mitchell, 2009, pp. 94,95). Disparate formal and informal characterizations exist, depending on the field of
research (Mitchell, 2009). A point of convergence of these characterizations may be identified in complex
systems. Complex systems are the main focus of discussions on complexity, with biological systems often

|II

featured as the “ideal” ones (Latora & Marchiori, 2004, p. 1). Despite this, a shared definition of a complex
system does not exist across fields of study (Latora & Marchiori, 2004). We advance a rough possible
definition from which to start to present our analysis. A complex system is a system in which multiple
interdependent components interact dynamically and nonlinearly, causing the emergence of a collective
nontrivial and self-organized behavior, across scales and levels of analysis, without any internal/external

centralized controls.?

The first fundamental aspect that emerges from this definition is that a (complex) system is always
interpreted in relation to a surrounding environment, from which the system is separated and identified by
boundaries (Heylighen et al., 2006; Landgrebe & Smith, 2023). Systems turn up connected among themselves
and with their environment through input and output streams (material, energy, and information) (Heylighen
et al., 2006). Input and output streams concatenate different systems into a network (Heylighen et al., 2006).
If the network “functions in a sufficiently coherent manner”, it shows up as a “supersystem”, where initial

systems present as non-independent subsystems of that new supersystem (Heylighen et al., 2006, p. 7).

To adequately interpret the subsystem-supersystem relationship, we need to refer to scales and levels. A
scale represents “the spatial, temporal, quantitative, or analytical dimensions used to measure and study any

phenomenon” (a complex system), while levels are the “the units of analysis” located along those scales

LIt is beyond the scope of this work to further explore the topic of value judgments for sustainability. Nevertheless,
recognizing its relevance in the narrative on sustainability, we envision dedicating future publications to deepening on
it.

2 We formulated this definition primarily by drawing inspiration from the works of Landgrebe & Smith (2023), Latora
and Marchiori (2004), Mitchell (2009), Ramalingam et al. (2008), Sayama (2015), and Serrat (2017).
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(Gibson et al., 2000, pp. 218,219). Complex systems architectures, behaviors, and properties are conceived

in terms of system scales and levels.

Further, the proposed definition highlights two key features of complex systems: emergence and self-
organization. Emergence points out that complex systems' behaviors and properties (either rules) at a
macroscopic level are nontrivially envisaged from those at the more microscopic ones (Heylighen et al., 2006;
Sayama, 2015). Instead, self-organization highlights that system components spontaneously arrange globally
generating macroscopic and microscopic structures and behaviors, without any internal and/or external

controls (Mitchell, 2009; Sayama, 2015).

Our definition also emphasizes the relevance of interconnectedness and interdependence of the complex
system components among each other and their environment. Interconnectedness and interdependence
occur across scales and levels as well as across different complex systems (Ramalingam et al., 2008). The
“complex changing behaviour” of a complex system at a certain level essentially reflects the interactions
among its interdependent components at that level (Mitchell, 2009, p. 15; Ramalingam et al., 2008). Authors
often employ the term dynamics (or dynamical/dynamics systems) to describe this changing nature (Allen &
Prosperi, 2016; Mitchell, 2009). Such dynamics appear strictly nonlinear across complex systems with no
proportionality elapsing between causes and effects (Heylighen et al., 2006; Ramalingam et al., 2008; Serrat,
2017). Sensitivity to initial conditions equally shapes dynamics within complex systems. In two very close
complex systems (in terms of components and scales), small differences in the initial system state may lead
to two unpredictable largely different scenarios at a later stage (butterfly effect) (Heylighen et al., 2006;
Ramalingam et al., 2008). Possible positive and negative feedback may also occur, contributing to the

nonlinear complex system behaviors (Heylighen et al., 2006; Ramalingam et al., 2008).

Agency is a further fundamental feature. Normally, authors conceive complex systems as multi-agent, where
several autonomous and distinct components (called agents) interact among themselves and with their
environment (Heylighen et al., 2006). Agents sense “their internal state” and which of their surroundings
(Heylighen et al., 2006; Ramalingam et al., 2008, p. 42). They may display “internal information processing
and decision-making capabilities”, learn, and save knowledge (Ramalingam et al., 2008, pp. 42,43). Agents
equally exhibit adaptiveness. They coevolve, adapting to proper and other system and environment
component changes (Holland, 2006; Ramalingam et al., 2008). Sometimes, authors employ the term complex
adaptive systems to identify which appear strongly characterized by adaptiveness, such as the human

immune system or food systems (Mitchell, 2009). Agency shows up fundamental in complex systems.

It is noteworthy to stress one last essential feature: the perspectives of all complex systems’ stakeholders
matter (to some extent) regarding sustainability. Each living component of the Earth’s complex system(s)

owns (or we may at least hypothesize) its own ensemble (though perhaps it is unaware) of ideal conditions



for living, sustaining, and lasting. In such a way, these stakeholders bear their proper sustainability
perspectives. While not all authors would agree on the relative importance of specific perspectives, it seems
fairly agreed upon in the literature that multiple perspectives, beyond those of (some) humans, must be
taken into account (see more-than-human environmental ethics works, such as the classic Callicott (1984)).
Furthermore, it appears required to give substance to them, even if, setting them from a human point of

view will lead to simply conceiving proxies of the real ones.

This third theoretical challenge underlines the strong grounding of sustainability and sustainable
development on the complexity of our world. Dealing with the complexity of which we are part appears

fundamental to effectively understanding sustainability.

Section 2. Ontologies and Sustainability

We have presented three major theoretical challenges concerning sustainability: 1) the polysemy of the term;
2) the relationship between sustainability and sustainable development; and 3) the complexity underlying
sustainability. We posit that a realistic and robust ontological representation of sustainability requires dealing
consistently with each of these challenges. In this section, we move to evaluate available ontological
resources in terms of these challenges. Prior to doing that, we explore what the term ontology means,
specifically in the field of applied ontology. We also need to clarify which role ontologies can play in

addressing the challenging nature of sustainability.

2.1. Ontologies

The term ontology originally belonged to the discipline of philosophy. Authors employ this term slightly
differently, depending on the covered subject and the area of philosophical inquiry. Nevertheless, ontology
essentially refers to the philosophical discourses on what formally or materially exists. “Formal” refers to
whether the focus is on general features of entities, how they really are, and related relations. Instead,
“material” refers to these features for a specific domain of interest (Arp et al., 2015; Hennig, 2008; Smith,
2003; Varzi, 1999, 2005). During the last few decades, this term has gained relevance in informatics and
computer sciences (Arp et al., 2015; Smith, 2003), serving to define a new field of research called applied
ontology. Here, authors conceive an ontology as a theory for “knowledge representation”, stating a
hierarchically organized corpus of terms, exhibiting a “canonical syntax” with approved definitions and a set
of “supporting relational axioms” (Smith, 2003, p. 158). An ontology allows establishing a “lexical or
taxonomical framework”, ensuring a common semantic standard for accessing data, promoting their
integrability and interoperability among stakeholders that have collectively chosen to employ it (Arp et al.,
2015; Smith, 2003, p. 158). To increase the consistency of data representation and computation, both textual
and logical definitions describe terms within an ontology (Arp et al., 2015). These terms also present universal

IDs, which allow researchers to unequivocally distinguish and disambiguate one term from others (Dooley et
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al., 2018; Griffiths et al., 2017). Ontologies are generally developed in open access, fostering reusability,

shareability, and their common maintenance and enhancement.

The Open Biological and Biomedical Ontologies (OBO) Project plays a prominent role within the field of
applied ontology. The OBO project started in the early 2000s, seeking to provide common guidance on
developing ontologies, to strengthen data interoperability within the domain of life sciences (Jackson et al.,
2021; The OBI Consortium et al., 2007). The OBO project advanced a set of shared principles regarding
ontology design (Jackson et al., 2021; The OBI Consortium et al.,2007). OBO principles held that ontologies
need to be developed as open, orthogonal, and syntactically ordered resources that hold a “common system
of identifiers” (The OBI Consortium et al., 2007, p. 3). Later, the initiative of the OBO-Foundry expanded the
original set of principles, requiring ontologies to be designed through a collaborative effort, employ common
and no-misunderstanding relations, provide a system of user feedback and version tracking, and address a
specific domain of interest (The OBI Consortium et al., 2007). Recently, OBO principles undertook further

elaboration and refinement (Jackson et al., 2021).3

To date, OBO-Foundry includes 181 ontologies, expanding its horizons beyond the initial focus on life sciences

(http://obofoundry.org/; 11/02/2023). Basic Formal Ontology (BFO) plays a pivotal role among OBO-Foundry

ontologies. All resources, which are part of this foundry, employ it as the upper-level ontology (Arp et al.,
2015). BFO offers a set of high-level and general universal classes, upon which building domain-related ones
“at a lower level of generality” (Arp et al., 2015, p. 87). Thus, BFO ensures compliant ontologies to represent
domain-related entities “in a consistent and coherently structured fashion” (Arp et al., 2015, p. 87). Providing
a “common top-level structure”, BFO further fosters integrability and interoperability across the foundry
resources (Arp et al., 2015, p.86). BFO is hierarchically small (Arp et al., 2015; Smith, 2012). The last released
version is BFO 2020, that is a worldwide recognized top-level ontology (TLO), meeting the requirements of
the ISO/IEC 21838-1 TLO standard (“ISO/IEC 21838-2:2021” 2021). It encompasses 36 primitive terms
(“ISO/IEC 21838-2:2021,” 2021).

Ontologies (applied ontology sense) present the potential to contribute to effectively clarifying and
coordinating understandings of sustainability. Ontologies ensure a consistent, fair, and viable enumeration
of the different sustainability perspectives in time and space. This allows stakeholders to deal with the
overlapping sustainability-sustainable development polysemy. Accounting for features addressed by
different perspectives also promotes clarifying the underpinned types of relationship occurring between
sustainability and sustainable development as well as dealing with the underpinned complexity. Further,
ontologies may permit a non-misinterpreted and interoperable practice of these perspectives, supporting

stakeholders in the evaluative judgment required when embracing a particular one. Finally, due to the mainly

3 The current version is available on the OBO-Foundry website page.
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open access status of these resources, stakeholders may contribute to the development and maintenance of
ontologies, providing a constant tracking of possible progress in the sustainability narrative. Ontologies may
valuably contribute to effectively clarifying the understanding of sustainability and coordinating related

research and intervention efforts.

2.2. Reviewing Currently Available Ontologies

Here, we evaluate the currently available ontologies in terms of the theoretical challenges to sustainability.

2.2.1. Methods
We proceeded in two parallel paths to look for ontologies that addressed sustainability and sustainable
development: we performed a literature review (Path 1) and we queried for specific keywords in the major

available ontology portals (Path 2), (period: 06/2022-02/2024; location: Italy and USA).

Path 1. Google Scholar and PubMed are among the major bibliographic search engines. Thus, we explored
Google Scholar and PubMed, employing the following keywords in the combinations listed in Table 1.

Keyword choice was based on the assessment review of sustainability literature we performed in section 1.

Keyword Combinations for the Literature Review

Sustainability

Sustainable Development

Sustainable Development

OBO-Foundry

Ontology Ontology Sustainability Sustainability
Ontology
OBO-Foundry SDGs MDGs Sustainability
Sustainable Development Ontology Ontology Complexity
Ontology

Sustainability

Polysemy

Ontology

Sustainable Development

Complexity

Ontology

Sustainable Development

Polysemy

Ontology

Sustainability

Sustainable Development

Complexity




Polysemy

Ontology

Table 1. The keywords (combinations) employed for the Literature Review.

In case of large amounts of outcomes, we limited our assessment to the first 100 results of each query. We

manually selected relevant articles among matching results and their related bibliographies according to

themes characterizing the sustainability debate, explored in Section 1.

Path 2. Ontologies are generally accessible through portals, such as OntoBee linked data server browser (Ong

etal., 2017; Xiang et al., 2011), EMBL—EBI Ontology Lookup Service (OLS) (Jupp et al., 2015), NCBO BioPortal

(Whetzel et al., 2011), and AgroPortal (Jonquet et al., 2018). To date (06/26/2023), these resources host 262,

280, 1054, and 150 ontologies, respectively. We explored these four repositories. We scrolled portal indexes

and ontology descriptions. Then, we queried for specific keywords, and we assessed results and related

ontology taxonomies. In Agroportal, we also employed the plurals of the keywords, as we noticed many

ontologies included plural nouns. Table 2 shows the employed keywords. Once again, we chose keywords on

the basis of the review assessment of sustainability literature we performed in section 1.

Keywords for Portal Querying

Sustainability

Sustainable

Development

Weak Sustainability

Strong Sustainability

Capital (Natural,
Social, Human,

Financial, Built)

Socio—Scientific

Resilience Paradigm

Limits to Growth

Brundtland Report

Our Common Future

System

Approach
Millennium Sustainable
Triple Bottom Line Bottom Line MDGs
Development Goals Development Goals
Capability(ies)
SDGs Need Capability(ies) Well(-)being
Approach
Polysemy Ambiguity Diachronicity Synchronicity Meaning
Dynamic/Dynamical
Complexity Complex System System Adaptive System
System
Social-ecological
Dynamics Networks Ecosystem Reference System

Table 2. Keywords employed for Portal Querying.
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In case of large amounts of findings, we limited our term assessment to the first 100 items of each query.
We manually selected relevant terms and related ontologies among matching results according to themes

characterizing the sustainability debate, assessed in section 1.

2.2.2. Cataloguing

We documented retrieved ontologies and terms in a List of Sustainability Ontologies (Annex 1). This effort

aims to systematize information collected in this assessment and make it available to interested
stakeholders. We are aware this list is not over-comprehensive of all existing ontologies or terms related to
sustainability and sustainable development. As far as we know, however, no previous study has attempted
to enumerate together all available ontological contents related to sustainability. Thus, this resource aims to

be a starting point.

2.2.3. Ontology Review
The sustainability ontology scenario is strongly varied. Few ontologies focus on sustainability and sustainable
development per se. They almost all relate to the frame of the UN SDGs. We present two of them: the

Sustainable Development Goals Interface Ontology (SDGIO) (UNEP, 2016) and the Common Ontological

Sustainable Development Meta-Model (Deliyska, et al., 2020). SDGIO is the official UN interface ontology for
SDGs (Smith & Jensen, 2016; UNEP, 2016). It is compliant with the OBO-Foundry and its practices. Instead,
the Meta-Model proposes a structured set of ontologies, focusing specifically on sustainable development.

It is the only one we retrieved,-not part of the UN frame.

The SDGIO design started in 2015, at the request of the Inter-Agency Expert Group on Sustainable
Development Goals (IAEG-SDG) to the UN Environment Program (UNEP) and experts in the field (FAO, 2016;
UNEP, 2016; Buttigieg et al., 2015). SDGIO represents SDGs and related entities. It seeks to foster SDGs data
interoperability by clarifying the meanings associated with related terms (Jensen, 2016; Joshi et al., 2021}.
The embraced perspective on sustainability is precisely that of the SDGs. V2018-08-10 is the currently
available version. It covers 906 classes, 470 individuals, and 194 relations (SDGIO, n.d.). SDGIO embraces OBO
principles and employs BFO as the upper-level ontology (Jensen, 2016; Smith & Jensen, 2016). SDGIO appears
strongly designed for interfacing (Joshi et al., 2021). It imports classes from several ontological resources,

such as CHEBI, DOID, EnvO, GEMET, IAO, NCBITaxon, OBI, OGMS, PATO, PCO, and UBERON (Buttigieg et al.,

2016; Bianchetti et al, 2018; Smith & Jensen, 2016).

In 2018, a group of researchers from the University of Forestry (Bulgaria) started to develop the Meta-Model,
aiming to systematize knowledge related to sustainable development (Deliyska et al., 2020). The
fundamental adopted perspective on sustainability appears which of the “three pillars”. Sustainable
development is conceived as “a process and a status of some system” (Deliyska et al., 2020, p. 59; Ivanova &

Deliyska, 2022, p. 2; lvanova et al., 2018, p. 2, 2021, p. 2). The term “sustainability” is used as a synonym.
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Authors embrace a “system theory point of view” (Deliyska et al., 2020, p. 59; Ivanova & Deliyska, 2022, p. 2;
Ivanova et al., 2018, p. 2, 2021, p. 2). The Meta-Model comprises four ontologies: a top-level ontology, named
the Common Ontology of Sustainable Development (COSD) (Deliyska et al.,2020), and three domain
ontologies, called Ontology of Sustainable Development in Economy (OSDE) (lvanova et al., 2018), Ontology
of Social Sustainable Development (OSSD) (lvanova et al., 2021), and Ontology of Environmental Sustainable
Development (OESD) (lvanova & Deliyska, 2022). The major hierarchy division in all these resources occurs
between classification (subsumption) and mereology branches. The classification branch provides the is-
a/has-a relations, and the mereology the part-whole ones. To date, these resources cover respectively about
60, 50, 25, and 30 classes (Deliyska et al., 2020; Ivanova & Deliyska, 2022; Ivanova et al., 2018, 2021). OBO-
Foundry includes no Meta-Model ontology. Nevertheless, COSD, OESD, and OSSD import classes, among
others, from SDGIO.

A quite more significant number of ontologies address sustainability in relation to some specific domains of
knowledge. Domains show up as disparate. The most represented are the urban, indicator/assessment, and
company/business domains. We present the Food-Energy-Water Ontology (FEWsOnt), as an example (Babaie
et al., 2019). This ontology strongly models sustainability from a complex system perspective (Babaie et al.,
2019). Further, FEWsOnt does so in terms of three systems, fundamental to human survival: food, energy,

and water systems.

Researchers developed FEWsOnt in 2018. This resource represents the dynamic structures and interactions
occurring across food, energy, and water complex systems. A vigorous awareness stands on the “nexus” and
interdependence/influence among these three systems (Babaie et al., 2019, pp. 808,809,811). FEWsOnt
primarily addresses major complex system features, such as emergence, self-organization, adaptation, and
coevolution (Babaie et al., 2019). Authors developed FEWsOnt aiming to support knowledge discovering
applying “OWL’s inference rules” and to foster communication among stakeholders in terms of sustainable
development (Babaie et al., 2019, pp. 811,814). FEWsOnt conceives sustainability as an “emergent property
of a desirably functioning complex global economic—environmental—social system” (Babaie et al., 2019,
p.810). The embraced perspective appears which of the “three pillars”. FEWsOnt categorizes system
processes and properties in terms of “effects” on sustainability (Babaie et al., 2019, pp. 812,813). FEWsOnt
pays particular attention to climate change (Babaie et al., 2019). This ontology employs BFO as the upper-

level ontology (Babaie et al., 2019).

Finally, the large majority of the retrieved ontologies only encompass some terms (generally just a few
isolated ones) referring to sustainability and sustainable development without addressing them extensively.

The latter occurs more often than the first.
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2.2.4. Discussion

2.2.4.1. Ontologies and Challenges 1 and 2

In terms of sustainability theoretical challenges, we can summarize that no one singular ontology wholly
engages with or emphasizes the challenging nature of sustainability. We could not find an ontology that
consistently addresses sustainability polysemy. Different perspectives appear across the retrieved
ontologies, with each ontology generally focusing on one singular perspective on sustainability. The “Our
Common Future” perspective is represented the most, followed by those of SDGs and the “three pillars”.
Rarely, some ontologies engage with the perspectives of the TBL or the MDGs. Interestingly, we retrieved an
ontology, called the Strong Sustainable Business Model Ontology (SSMO) (Upward & Jones, 2016), which
represents sustainability in the business domain specifically from the perspective of strong sustainability. A

few resources, such as AGROVOC or GEneral Multilingual Environmental Thesaurus (GEMET), propose terms

and/or definitions referable to more than one perspective, generally the “Our Common Future”, SDGs, and
MDGs perspectives. Sustainability polysemy does not appear addressed in either of those cases. Perspectives
on sustainability are generally confused, and there are no clear accounts of them. Sustainability polysemy is
not even addressed, considering different resources together. Similarly, no retrieved ontology dedicates
attention to possible meanings underpinned by the uses of the term sustainability. The same considerations
regard the types of relationships and the overlapping polysemy between sustainability and sustainable

development.
The three ontological resources we mentioned above present clear examples of that.

e SDGIO aims to specifically address SDGs. The ontology focus is strictly there. Despite its pivotal role
in shaping the semantics of sustainability within the UN frame, no insights into covering sustainability
polysemy seem to emerge from the ontology structure or the related literature.

e The proponents of the Meta-Model mentioned the vagueness and ambiguity of the term
sustainability. They also contemplate several of the major related perspectives before finally
representing sustainable development from the perspective of the “three pillars”, which they
considered the most diffuse one (Deliyska et al., 2020). They do not provide a clear and consistent
account of the other perspectives which, instead, seem only encompassed in an incoherent and
tangled manner. Sustainability is conceived as equivalent to sustainable development, which refers
inconsistently to both a process and a system state.

e FEWsOnt makes no mention of the polysemous nature of these terms. Related literature shows
FEWsOnt defining sustainability as a system property, underlining only the “three pillars”
perspective. Nevertheless, we were not able to retrieve the ontology file. Thus, our considerations

may be adjusted regarding this resource.
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The only ontology that slightly differs is the Social Ontology on Sustainable Development Implementation at
the Central University of Technology, Free State (CUT) (Awuzie et al., 2017). The authors point to designing
this resource based on the different stakeholder perspectives on sustainability. To date, however, this

ontology has either not been developed yet or, if so, not been released publicly.

2.2.4.2. Ontologies and Challenge 3

The findings are quite varied with regard to sustainability-underpinned complexity. Generally, this third
challenge appears addressed disparately, depending on which ontology is considered. Most of the retrieved
ontologies just encompass a few terms relating to sustainability and complexity. Certain ontologies point to
sustainability-underpinned complexity through their purposes and designs or through the role that the
represented domain plays in the sustainability narrative. This is the case of the Ontology for Sustainability
Indicators Set (OSIS) (Ghahremanloo et al., 2012; Ghahremanlou, 2014) or the Sustainability Science (SS)
Ontology (Kumazawa et al., 2009). OSIS aims to uniquely represent current knowledge about indicators
employed to measure the sustainability of complex systems (Ghahremanloo et al., 2012; Ghahremanlou et
al., 2017, n.d.).* SS ontology seeks to support building and systematizing knowledge within the
transdisciplinary field of sustainability science, principally from the perspective of what kind of problems

sustainability science should solve and how (Kumazawa et al., 2009).

Other ontologies address complexity-related themes, which are fundamental in the sustainability narrative,

such as Life Ontology (LifO) (He, 2018) and the Ecosystem Ontology (ECSQO) (O’Brien & Schildhauer, 2017).

LifO represents “the life, different life tenets, and how various life elements are interacted in a dynamic and
complex network pattern” (He, 2018). It is grounded on the theory of OneNet, which states that “the whole
process of the life of an organism is a single complex and dynamic network (“OneNet”)” (He, 2018). LifO
employs BFO as an upper-level ontology. ECSO describes “common terms and measurements used in the
study of Ecosystems”, focusing principally on those related to carbon-cycling (O’Brien & Schildhauer, 2017;
Jones et al., 2021). ECSO has been developed as part of DataONE, a “community-maintained” initiative (Jones
et al., 2021). DataONE aims to foster open data access and interoperability among member repositories

(Jones et al., 2021; The Ecosystems Ontology, n.d.).

Further, few ontologies address sustainability, grounding in complexity. This is, for example, the case of the
Service Ecosystem Ontology (Badawi et al., 2020) or the Ontology for Sustainable Urban Mobility System
(Moskolai et al., 2019). The Service Ecosystem Ontology relies on a systemic thinking based on“ the Service
Dominant-Logic (S-D Logic) perception of service ecosystems” (Badawi et al., 2020, p.305). It addresses

sustainability in relation to the complexity of actors’ practices occurring during “their quest for survival in the

4 For consulting the ontology file, refer to Appendix A of Ghahremanlou, 2014.
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surrounding dynamic environment” (Badawi et al., 2020, p.305). Instead, the Ontology for Sustainable Urban
Mobility System represents the sustainability of urban mobility, strongly taking into account the complex

nature of urban systems.
Regarding the three ontological resources presented above, we can state the following considerations.

e SDGIO does not appear primarily committed to complexity. Nevertheless, for their own nature, SDGs
point to that, proposing a multifaceted view of sustainability. SDGs Agenda outlines a large set of
interrelated and potentially transformative complex themes (Fukuda-Parr, 2016; Liverman, 2018).
Thus, SDGIO carries, in some way, this intrinsic propension to complexity itself.

e The Meta-Model interprets sustainable development from a systems theory point of view. For that
reason, Meta-Model resources refer to the systems-processes terminology which belongs to the

Common Ontology of System (COS) (Deliyska et al., 2020). COS represents knowledge focused on

systems and energy and matter transfer processes (Deliyska, 2019). This effort points to addressing
sustainable development in terms of complex systems.

e FEWsOnt shows up specifically for its strong commitment to complexity. FEWsOnt addresses
sustainability based on and in relation to three major complex systems, fundamental for human

survival.

2.2.4.3. Ontologies and Interoperability

Along with faintly engaging with the theoretical challenges to sustainability, we noted a general lack of
integration and interoperability among assessed ontologies. These ontologies appear largely siloed,
especially with regard to sustainability, as developed in different and disconnected contexts. Authors’
purposes and goals equally vary for these resources. OBO-Foundry and compliant ontologies seem to be the
only exceptions. Lack of integration and interoperability strongly prevents an explicit, fair, and shared
enumeration and practice of stakeholder sustainability perspectives, contrasting effective understanding of

sustainability.

Section 3. Considerations and Conclusions

In the previous sections, we documented theoretical challenges to sustainability, and we reviewed currently
available ontologies accordingly. Here, we present some considerations and possible advancements of our
work. Due to the shortcomings discovered during the ontology assessment, we also propose a potential
trajectory to further develop an OBO-Foundry-compliant family of sustainability ontologies. We equally

designed a Sustainability Core Ontology (SCO) to consistently structure this family.
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3.1. Possible Advancements

We review the currently available ontologies in terms of the major theoretical challenges to sustainability.
We identify these challenges by exploring sustainability-related literature. They emerge implicitly or explicitly
within the underpinned narrative. Nevertheless, other authors may propose additional ones. These further
challenges may relate, for instance, to specific features of sustainability or to specific domains of knowledge
to which authors are referring. In a spirit of common integration, we envisage accommodating these
complementary challenges with those we identified, enriching the presented account. During the next years,
the discourse on sustainability will continue to develop. This will likely reveal other possible new theoretical
challenges to sustainability. We also point to integrating these further challenges with the previously

identified ones. Thus, the conclusions we have drawn may require adjustments accordingly.

In this work, we manually collected the resources we reviewed. This approach is prone to errors in retrieving
and cataloging data. It is also time-consuming, limiting the number of resources that can be assessed. Data
sorting may equally be affected by personal biases on the themes investigated. Thus, we envisage improving
our approach. For instance, Large Language Models (LLMs) and Natural Language Processing (NLP) may be
employed to semi-automatize and enhance the data-gathering process. Manual verification will follow to
revise the harvested information. Implementations of our approach will strengthen the analysis of

sustainability ontologies.

We documented the several resources evaluated in a List of Sustainability Ontologies (Annex 1). We envision

advancing it into a Sustainability Ontology Catalog, covering supplementary information as well as additional
resources addressing sustainability and related fundamental domains, such as, for instance, health and food.
This catalog will be an open resource, providing alternative stakeholder exigence-based methodologies to

retrieve data and contribute to the catalog.

3.2. Towards a Family of Sustainability Ontologies

Due to the shortcomings discovered during this ontology assessment, we propose to build a family of
interconnected and interoperable ontologies that address sustainability. Only an interconnected and
interoperable set of ontological resources would possess the potential to deal with the challenging nature of
sustainability. One single resource would fail to capture all features belonging to sustainability. Its design and
maintenance would require too much time and effort. We further encourage the reuse of already available
resources. For the sake of precision, in the following paragraphs, we will portray a potential trajectory to
achieve this goal. We will not present technical details about the design process, as that will be the subject

of further work.
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3.2.1. A Foundational Structure

A family of sustainability ontologies requires to be designed based on a foundational structure to ensure
family architecture consistency (Fig.1). The foundational structure we envisage comprises BFO as the upper-

level ontology, SDGIO as the bridge to the UN frame, and a novel ontology called Sustainability Core Ontology

(SCO) (Annex 2). Our choice of interfacing with OBO-Foundry and compliant ontologies is motivated by OBO-
Foundry’s strong commitment to interoperability and by the capital role OBO-Foundry plays in the field of
applied ontology. Our choice to design a core ontology for sustainability is motivated by the shortcomings
presented in this work and the necessity of having a resource able to consistently drive and support the

design and harmonization of sustainability ontologies as part of the family.

OBO
Foundry
o SDGIO
o 1o]
@
o4 © (C— o s UN
8 @ oy oo !
\d 8 @
o
©
o
Legenda
) = Employing as an upper-level ontology. == = Reusing.
)y = Mapping to each other. s ’ = Access lo.

Fig. 1. The foundational structure: Basic Formal Ontology (BFQ), Sustainability Core Ontology (SCO), and Sustainable Development
Goals Interface Ontology (SDGIO).

3.2.2. A Sustainability Core Ontology (SCO)

SCO is a middle-level ontology, modeling the theoretical challenges to sustainability. The current design of
SCO provides a structured representation of these challenges that can support extensions for specific
domains and perspectives. It allows for tracing and clarifying views on sustainability and sustainable
development, their relationships, and establishing consistent grounding on complexity. SCO seeks to set up

a core linkage hub that could drive and support the integration and construction of ontologies regarding
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sustainability. These theoretical challenges intrinsically characterize sustainability and can serve as a pivotal

basis for effectively modeling sustainability.

SCO employs BFO as the upper-level ontology. In doing so, SCO refers to an internationally recognized and
widely used upper-level ontology while providing a reference basis shared with OBO-Foundry and compliant
ontologies. This assists in accessing the underpinned topic complexity covered by them. SCO equally points
to SDGIO to bridge sustainability challenges to the UN frame. In addition to SDGIO, SCO also points to and

refers to other OBO-Foundry and compliant ontologies (see Annex 2, SCO development protocol).

The current version of SCO (SCO V1.0.1.) is formalized in Web Ontology Language (OWL), a Description Logic

(DL)-based language, and covers three natural languages, English, Italian, and French. It includes 80 classes,
84 object properties, 65 annotation properties, and 2 individuals. For the sake of brevity, here we only
provide insights into the SCO representation of complex systems, perspectives, and stakeholders. For more

details, see the SCO OWL file directly. For a graphical representation of SCO hierarchies, see Fig.2.

According to the presented analysis, SCO models complex systems as systems whose components interact
dynamically and nonlinearly, among each other and with the related environment, causing the emergence
of collective nontrivial and self-organized behaviors across scales and levels of analysis. Complex system
components that are recognized, according to a certain perspective, as a bearer, in the complex system, of a
role or a disposition (primarily a disposition to benefit/be damaged as being part of that complex system) are
named stakeholders of that complex system. Perspectives are dispositions whose realization leads the
components of a complex system or of the related environment to (re)position themselves within and

regarding the complex system or related environment and possibly act accordingly.

It is equally noteworthy to mention that SCO offers a system of annotation properties to account for

embraced perspectives. Specifically, SCO includes an annotation property named “according to the

perspective” that can be employed to specify the endorsed perspective on sustainability, according to which

an ontology or certain ontology elements have been constructed. For more details, see the SCO OWL file

directly.

Annex 2 provides the SCO OWL file as well as the protocol detailing the process we follow to develop this

resource. Annex 2 also presents the initial core Structured Vocabulary of SCO (SCO SV) (and related

guidelines), upon which we construct SCO V1.0.1.
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Fig. 2. SCO V1.0.1. hierarchical structure. SCO Is_a hierarchies extending BFO (partial). Lightblue boxes = SCO classes; Grey boxes: BFO
classes; Yellow boxes: other imports; = = Is_a relation. SCO imports present the ontology acronym in curly brackets. This picture has

been created using OWLgrEd from the SCO Owl file, along with manual editing.

3.2.3. ARoad Map

We envision harmonizing available ontologies that deal with sustainability with this foundational structure.
Resources require an alignment to SCO and BFO (Fig.3). This will provide them with a shared common upper-
level reference, both in terms of sustainability challenges and a “domain-neutral” representation of reality
(Smith, 2012, p. 3). In addition, employing BFO as the upper-level ontology will facilitate these ontologies to
access the underpinned complexity covered by the OBO-Foundry and compliant resources. Instead, utilizing
SCO at a middle level will ensure a robust interpretation of that complexity in terms of sustainability
challenges. Available sustainability ontologies also need to map to SDGIO or reuse SDGIO classes (Fig.3). The
multiplicity of perspectives on sustainability, underpinned by these resources, will find a bridge to the UN
narrative, fostering support for international efforts. The Meta-Model ontologies and FEWsOnt, presented
above, do not completely address the challenging nature of sustainability. Nevertheless, in our opinion, these
resources appear to be ideal candidates from which to start harmonizing ontologies with this foundational

structure.
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Fig.3. The alignment of available sustainability domain ontologies with the foundational structure.

While available sustainability ontologies may employ some preexistent upper-level ontologies, it appears
essential to map these upper-level ontologies to the foundational structure for fostering the harmonization
of those available sustainability resources within the family (Fig.4). To facilitate that, we envisage mapping

and aligning SCO to other TLOs, aside from BFO, such as the Unified Foundational Ontology (UFQ) or the

Descriptive Ontology for Linguistic and Cognitive Engineering (DOLCE). Including additional TLOs and upper-

level ontologies within the family will solidify and further harmonize the family structure, allowing for better
integration and reuse of terms among ontologies. This will also strengthen the ability of the family to

represent sustainability, taking advantage of possible diverse ontological perspectives.
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Fig. 4. The mapping of the upper-level ontologies employed by available sustainability domain ontologies to the foundational

structure.

Finally, we envisage designing, based on the foundational structure, new ontologies that will model
sustainability/sustainable development within fields of knowledge for which an ontological resource is not
available yet, e.g. a food systems sustainability ontology (Fig. 5). Despite the huge contribution of these
systems in shaping current global issues threatening planet life (Rockstrém et al., 2020), an ontology about
food systems sustainability is still missing. These new resources will extend SCO, BFO, and possibly other
upper-level ontologies and TLOs included in the family. Further, they will reuse SDGIO classes and properties
as well as those of other aligned ontologies. This will enlarge the ontology family, strengthening its ability to
comprehensively represent sustainability and sustainable development. Further, these novel ontologies will
take advantage of joining a robust, flexible, and interconnected environment, which strongly promotes

interoperability and reuse of data across different domains of knowledge.

In light of achieving this final step, we propose establishing a series of concatenated meta-frameworks, each
delineating foundational elements of sustainability within different domains of interest. We consider this
effort essential to assist the effective construction of novel ontologies addressing sustainability. Meta-
frameworks will state common foundations fostering consistency during the ontology development process.

Further, they will assist in designing sustainability ontologies in an interoperable manner.
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3.3. Conclusions

In this chapter, we review the current state of available ontologies with regard to sustainability and its

theoretical challenges. Several resources covering sustainability and sustainable development were found

during our assessment. We documented them in a List of Sustainability Ontologies. Nevertheless, they do

not consistently deal with sustainability. To remedy this, we propose a far-reaching road map for building an

OBO-Foundry-compliant family of sustainability ontologies, and we design a Sustainability Core Ontology

(SCO) to consistently structure this family. Our efforts seek to pave the way towards an ontology-based

participatory approach to sustainability that will help to deal collectively and effectively with current

sustainability issues threatening the whole planet’s life.
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Food Systems Sustainability:

The Foundations of a Participatory Meta-Framework

Abstract

Ontologies foster interoperability and integrability across a multiplicity of disconnected data sources, showing
the potential to support the establishment of a collective and participatory approach to food systems
sustainability. During the last decade, several ontologies for food and related topics have been developed.
Nevertheless, none specifically addresses food systems sustainability. In this chapter, we present the
foundations of a Food Systems Sustainability Meta-Framework (FSSMF) to promote a collaborative and
scalable design of interrelated ontological resources regarding food systems sustainability. In Section 1, we
introduce the notion of a meta-framework, defining its purposes and its characteristic design processes. In
Section 2, we outline our proposed FSSMF. Section 3 operationalizes it into an “FSSMF Atlas,” a series of Open
Biological and Biomedical Ontology (OBO)-Foundry-compliant representational charts, providing the core

vocabulary of FSSMF. Finally, in Section 4, we propose future directions for implementation.

Keywords: Sustainability, Food Systems, Complexity, Ontology, Open Biological and Biomedical Ontology
(OBO)-Foundry.

Introduction

Food systems account for a series of nested systems where a wide range of components — actors, such as
farmers and the cows of their ranch, and items, such as trucks and silos — causally participate in interactions,
primarily those occurring during the value supply chain activities, that pertain to some extent to food.* These
systems largely contribute to the sustainability issues currently threatening the planet’s life (Rockstrom et al.,
2020). About 30% of total global greenhouse gas emissions appear imputable to food value chain activities,
especially to agriculture (IFPRI, 2022; Tubiello et al., 2021). Food systems occupy about 40% of the Earth’s
surface and are responsible for about 70% of all freshwater resource use (Hawkes et al., 2019; UNCCD, 2022).
They are the primary driver of global biodiversity loss (Benton et al., 2021; UNCCD, 2022). Currently, almost
800 million people deal with hunger worldwide. Obesity and overweight concern two billion people, while
462 million adults are underweight (HLPE, 2017; Fanzo & Davis, 2021; Springmann et al., 2018). Inequalities

and injustices occur along and across all the world’s food value chains (D’Odorico et al., 2019).

1 within the context of this paper, we employ the term “food” as it may be understood genuinely in a broad and over-
comprehensive sense. We have deliberately chosen to avoid delving into the debate surrounding the definition of food,
as it falls outside the scope of this paper. For more insights on the topic, we recommend readers explore the relevant

literature, such as Borghini & Piras (2020, 2021) and Borghini et al. (2021a).
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A redesigning of current food systems into more sustainable ones is necessary. We believe that the most
effective way to attain this goal is through a participatory systemic approach. A participatory systemic
approach deals with food systems in their entire complex whole and accounts for and engages with all food
systems stakeholders, adapting to their characteristics, perspectives, and necessities.2 Agreeing on a shared
notion of sustainability has proved to be daunting (Chapter 1). As presented in Chapter 1, three major
theoretical challenges exist to sustainability: 1) several perspectives exist on sustainability assuring this term
to be polysemous, 2) a controversial relationship holds between sustainability and sustainable development,
leading this polysemy to extend between the two terms, and 3) sustainability intrinsically grounds on the
complexity of our world. This shows up clearly in food systems. Disparate stakeholders present different
perspectives on food systems’ sustainability, sustainable development, and their relationship. Even if
sometimes those perspectives may converge, generally they are asymmetric, often conflicting with each
other. 3 Further, complexity is an intrinsic feature of current food systems (Allen & Prosperi, 2016; Gardeazabal
et al., 2023; Ericksen, 2008). Thus, a participatory systemic approach appears the most effective one to deal

with food systems sustainability.

A fundamental initial step to establish this participatory systemic approach is to devise a shared (data)
language that can effectively enable food systems stakeholders' dialog. Ontologies — theories for “knowledge
representation” — hold the potential to assist in achieving this goal (Smith, 2003, p. 158). Ontologies grant the
establishment of common semantics by offering a hierarchically structured terminology that presents a
“canonical syntax”, unequivocal identifiers, common definitions, and “supporting relational axioms” (Arp et

al., 2015, p. xxi; Smith, 2003, p. 158).

Currently, several different ontologies exist that focus on food, food systems, and related topics (Boulos et al.,
2015; Dooley et al., 2021). None, however, addresses food systems sustainability (Chapter 1). In the
conclusions of Chapter 1, we proposed to design a meta-framework supporting the construction of
ontological resources dealing with food systems sustainability. In this chapter, we establish this meta-
framework with the further aim of creating resources that can effectively assist the development of a
participatory systemic approach to food system sustainability. We named it the Food Systems Sustainability
Meta-Framework (FSSMF). In Section 1, we introduce the notion of meta-framework, and we characterize

FSSMF. We point out its purpose and the benefits of employing it. We clarify the design process of FSSMF,

2 Our definition draws attention to the literature on systems thinking and stakeholder engagement. We see close

correspondence with the interpretation of Ha et al. (2016).

3 For instance, Borghini et al. (2021b, pp. 13--15) pointed to the case of local food, explaining that in literature authors
disagree on when food may be considered “local”. Food may be referred to as locally based depending upon 1) the

distance from the site of production, 2) the “terroir” of origin, or 3) the social relationships among involved stakeholders.
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and we state the perspective on sustainability we embrace. In Section 2, we describe FSSMF. In Section 3, we

present its operationalization in a series of Open Biological and Biomedical Ontology (OBO)-Foundry-

compliant representational charts, compiled in what we call the FSSMF Atlas (Annex 1). Finally, in Section 4,

we propose future directions for implementation.

Section 1. Establishing a Food Systems Sustainability Meta-Framework

This section is dedicated to introducing the notion of meta-framework and arguing in its favor concerning

ontology development for establishing a participatory approach to food systems sustainability.

1.1. The Need for a Meta-Framework

To date, several frameworks exist concerning food systems sustainability. See Annex 2 for some relevant
examples. Although, authors employ the term “framework” unclearly and inconsistently (Jabareen, 2009;
McMeekin et al., 2020; Partelow, 2023). Several different explicit and implicit definitions exist (Leshem &
Trafford, 2007; Partelow, 2023). Adjectives pointing to different significances — conceptual, theoretical,
methodological, and analytical — often complement this term. Further, the typology, the purpose, and the
process of development of frameworks largely differ within and across fields of study (Cumming, 2014;
Partelow, 2023). This picture originates from the diverse intents, needs, stakeholders with whom to deal, and

backgrounds of the authors who create a framework.

For the purposes of this chapter, a framework can be roughly described as follows: given a phenomenon of
interest,® a framework is a descriptive-prescriptive structure outlining systematically the features that
characterize that phenomenon.® All frameworks are positioned, which means that each framework embraces
a specific perspective on the phenomenon of interest that it addresses (Partelow, 2023). Different frameworks
may exist (and exist) for the same phenomenon because different perspectives on that phenomenon exist. A
framework may center on some peculiar features of that phenomenon because the authors’ perspective
focuses there. Another framework may privilege other features as the embraced perspective is different.
Furthermore, distinct frameworks may address the same features but from different perspectives, accounting

for them dissimilarly. Thus, frameworks outlining the same phenomenon may result in being asymmetric,

4 In this paper, we employ the term “phenomenon” in a broad sense, referring to any possible “portion of reality”
identified as a subject of interest (Arp et al., 2015, p. 32). In this sense, it is a synonym of that of “domain” used by Arp
et al., (2015, p. 32).
5 We formulate this definition inspired by the works of Binder et al. (2013), Cox et al. (2016), Cumming (2014), Jabareen
(2009), Leshem & Trafford (2007), McGinnis & Ostrom (2014), McMeekin et al. (2020), Miles & Huberman (1994), Nagel
& Partelow (2022), Ostrom (2009), and Partelow (2023).

36


https://obofoundry.org/
https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF

sometimes even incompatible, among them. This is notably the case of frameworks that address food systems

sustainability.

During ontology development, frameworks are employed, consciously or not, to refer to the phenomenon
that ontologies will deal with and represent. Nevertheless, as frameworks are positioned and reflect the
specific perspectives authors have on that phenomenon, simply utilizing particular frameworks is not
adequate when it comes to building ontologies addressing food systems sustainability. Ontologies developed
in this manner would not be able to consistently represent food systems sustainability as they will not account
collectively for the multiple available asymmetric perspectives. Further, these ontologies would establish a
(data) language that cannot be effectively shared among stakeholders, resulting in a lack of real support for
the development of a participatory systemic approach to food systems sustainability. It appears evident that
a different type of resource is needed when it comes to the development of food systems sustainability

ontologies. This resource is what we call a meta-framework.

1.2. A Food Systems Sustainability Meta-Framework

A meta-framework denotes a foundational (meta) descriptive-prescriptive structure. Given a phenomenon of
interest, a foundational structure is one that designates the tenets of that phenomenon, which are necessary
to consider for successfully outlining any features of that phenomenon within any possible framework. A
meta-framework thoroughly outlines the grounding elements of that phenomenon, that, without
contemplating them, any possible account of that phenomenon would fail or, at least, be inconsistent. In
doing so, a meta-framework takes perspective-impartiality as an ultimate desideratum (though, of course,
this may never be purely attainable). This means that it is a dialog platform providing space to accommodate
stakeholder perspectives and frameworks.® Thus, a meta-framework presents the potential to support
the construction of ontological resources that can ultimately assist in establishing a shared, collaborative, and
participatory systemic approach to a phenomenon of interest. See Table 1 for a summary of the cardinal

differences between a meta-framework and a framework.

6 Qutlining the grounding elements of a phenomenon of interest, a meta-framework states the basis to collaboratively
compare perspectives and frameworks on that phenomenon, highlight similarities and differences, and support the
management of possible tensions for the sake of a shared interconnected coexistence or integration. We intend to

accommodate stakeholder perspectives and frameworks in that sense.
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Framework Meta-framework

Def. = Given a phenomenon of interest, a framework isa | Def: = Given a phenomenon of interest, a meta-

descriptive-prescriptive structure outlining systematically | framework is a foundational descriptive-prescriptive

the features that characterize that phenomenon. structure outlining systematically the tenets of that
phenomenon.
= |t provides an account of that phenomenon. = |t provides an account of the grounding elements

(tenets), that each framework necessarily needs to
consider for consistently accounting for that

phenomenon.

= |t is positioned according to the authors’ | = It takes perspective-impartiality as an ultimate

perspective(s) on that phenomenon. desideratum. It stands as a “dialog platform” to
accommodate  stakeholder perspectives and
frameworks on that phenomenon. It ensures
integrating existing perspectives and frameworks

and commonly building new ones.

Table 1. The difference between a Framework and a Meta-Framework. Summary.

It is evident that, in the optic of constructing consistent ontologies for further establishing a participatory
systemic approach to food systems sustainability, a meta-framework is the type of resource needed. To our
knowledge, to date, there exists no meta-framework for food systems sustainability, particularly with a focus
on ontology development. Thus, in this chapter, we establish one that we named the Food Systems

Sustainability Meta-Framework (FSSMF).

FSSMF designates the tenets of food systems sustainability. It stands as a dialog platform to accommodate
stakeholder perspectives and frameworks regarding food systems sustainability. By offering a consistent and
over-comprehensive foundational reference basis for food systems sustainability, FSSMF encourages dialogue
and possible integration among existing views and reference frameworks, as well as the construction of new
interconnected ones. Employing FSSMF during ontology design assists authors in developing ontologies that
are able to effectively and collectively account for the asymmetric perspectives and frameworks existing on
food system sustainability. Similarly, employing FSSMF also promotes interoperability and integrability among
accordingly developed resources, thereby fostering even further their potential to construct a consistent

shared language that underpins a participatory systemic approach to food system sustainability.
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1.3. The Design of a Food Systems Sustainability Meta-Framework

FSSMF has been developed by investigating literature on food systems, sustainability, and ontology, primarily
available on Google Scholar and PubMed, over three years (2022-2024).” Regarding food systems and
sustainability literature, attention was mainly dedicated to the assessment of available frameworks. Materials
were explored, especially with regard to the three theoretical challenges to sustainability proposed in Chapter
1 and previously mentioned. In parallel, discussions with subject matter experts, primarily food philosophers
and ontologists, were carried out to robustly integrate insights from the literature on food systems and

sustainability with that of ontology.

Our analysis started from the framework proposed by Ericksen (2008). To our knowledge, Ericksen’s paper is
the earliest attempt to represent food systems within a framework. We evaluated the perspective as well as
the strengths and weaknesses of this framework. Using that as the point of departure, we further expanded
our exploration to other frameworks (see Annex 2 for some examples). Most of the retrieved frameworks
refer to or are based on Ericksen’s work. We evaluated their underpinned perspectives on food systems
sustainability. We also estimated the possible existing similitudes and divergences, and we determined which
features were represented or lacked by these frameworks. To even more critically analyze retrieved
frameworks, we extend our exploration to literature regarding several topics related to food systems
sustainability, such as those of health, nutrition, and well-being. In particular, we dedicated specific attention
to the theme of meat, due to the pivotal role played within the narrative of food systems sustainability. See

Annex 2 for a summary of our findings.

Starting from this literature assessment, we designed FSSMF. We further operationalized FSSMF into a series

of representational charts (ESSMF Atlas, Annex 1) to support FSSMF usage, especially for ontology design.

1.4. Our Background and Positioning

Our background relates to the fields of study of sustainability, biology, philosophy, food science, and
informatics. Due to the intrinsic complexity of food systems, we recognize there is a need for a larger set of
expertise in order to exhaustively cover all subjects of study. Engagement with multiple stakeholders is
essential to realize robust and over-comprehensive implementations of FSSMF. We envision these
advancements as continuous in time. The debate on food systems sustainability constantly progresses, and,

therefore, FSSMF must do so.

7 The discipline of ontology is the philosophical inquiry into what exists: which kinds of entities and related relations exist
in reality (Arp et al., 2015; Smith, 2003; Varzi, 2005). We considered it critical to also explore this literature in order to
coherently and robustly establish FSSMF. This appears judicious also because FSSMF aims to especially support the

development of ontologies.
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In developing FSSMF, our fundamental assumption concerns the existence of the three theoretical challenges
to sustainability: sustainability polysemy, the controversial relationship between sustainability and
sustainable development, and sustainability-underpinned complexity (Chapter 1). We also hold our own
perspective on what food systems sustainability is, which is embedded in FSSMF since we developed it. As a
meta-framework takes perspective-impartiality as an ultimate desideratum, it appears essential to clarify it.
In doing so, we indicate our positioning and show the starting point from which to drive future

implementations.

Food systems sustainability identifies the processual commitments of food systems components to be part of
the sustainable development of these systems. The sustainable development of food systems is the
continuous (re)establishment, in time and space, of novel opportunities for states of being that are
considered valuable and worthy of value for and by each food system component. This, however, must occur
as part of and in accordance with the perpetuation of the permanent transformative change characterizing
food systems behaviors and far from leading to catastrophic systemic (and particular) collapses (towards

dissolving) of these systems.®

Section 2. Outlining a Food Systems Sustainability Meta-Framework

This section is dedicated to presenting FSSMF, by providing details on its formalization and describing the

covered food systems sustainability tenets.

2.1. The Formalization of the Food Systems Sustainability Meta-Framework

Frameworks and meta-frameworks may display different forms of formalizations, such as mathematical,
logical, or linguistic formalizations. We rely on linguistic constructs — nouns and predicates — to formalize
the tenets of food systems sustainability, thereby articulating them as thematic and relational grounding
elements. In doing so, we aim to line up with a tradition of practices that sees frameworks as semantics-based
structures counting on thematic and relational constituents to outline phenomena of interest (Partelow,
2023). This type of formalization is desirable for FSSMF as it offers a limpid and intuitive understanding of the
addressed phenomena of interest, facilitating stakeholders’ engagement, and consequently enhancing
circulations, usages, and future implementations of FSSMF. In addition, this type of formalization is also
preferable to promote ontology development — ontologies provide semantic representations of entities and

related relations (Smith, 2003).

8 Our perspective is largely influenced by the work of Amartya Sen and Martha Nussbaum on the Capability Approach

alongside that of Holling and colleagues on Adaptive cycles and Panarchies. See the next section and Annex 2 for details.
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FSSMF intends to be a foundational structure for food systems sustainability, spanning across the entire range
of generality-specificity through which reality and, more specifically, food systems sustainability may be
addressed. Thus, FSSMF describes tenets by navigating, discerning, and integrating what is general — that
applies to the entire reality, including food systems sustainability — and what pertains more specifically to

food systems sustainability.

2.2. The Tenets of the Food Systems Sustainability Meta-Framework

FSSMF distinguishes the tenets of food systems sustainability between “Pillars” and “Stock of essential
relations”. Pillars are the thematic grounding elements pertaining to food systems sustainability and count for
three: 1) the perspectives of food systems stakeholders, 2) the complexity of food systems, and 3) the
transformation of food systems (Fig.1). Stocks highlight the grounding sets of relations pertaining to entities

those themes refer to, and count for two: 1) domain-neutral (DNRs) and 2) domain (DRs) relations.

FSSMF pillars and stocks stand as orthogonal to the existing frameworks on food systems sustainability. This
appears evident when assessing related literature. All frameworks that aim to address food systems
sustainability are developed according to certain perspectives, seek to match certain stakeholders and goals,
deal with disparate and interrelated complex features of food systems, and point to certain desiderata to
pursue. For the same reasons, each framework also primarily focuses on certain relations among those that
neutrally apply to the entire reality and those more particularly to sustainability. Consequently, these become

the grounding elements of FSSMF.°

% Asymmetries among frameworks derive from different interpretations of these pillars and stocks. Explicit accounting
for these grounding elements, FSSMF assists in making frameworks and perspectives dialogue and further accommodate

together regarding food systems sustainability.
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Fig.1. FSSMF: the three pillars of food systems sustainability.

2.2.1. Pillar 1: The Perspectives of Food Systems Stakeholders

2.2.1.1. Food Systems Stakeholders and Their Perspectives

Several kinds of stakeholders populate and engage with food systems, holding perspectives on what
sustainability means in the systems in which they belong. Humans and their institutions, such as companies
or governmental agencies, are not the only stakeholders. Animals, plants, and so forth are important parts of
these systems and are equally fundamental stakeholders. They own their own perspectives relative to
sustainability and these perspectives should be considered. Accounting for these perspectives becomes
crucial to consistently and effectively deal with the sustainability of food systems, even if this is done through
proxies settled from a human view and despite potential biases that may arise (Chapter 1). Discussions

regarding how to set proxies and how to minimize biases are required.

2.2.1.2. Food Systems Stakeholders’ Approaches and Backgrounds

The perspectives of food systems stakeholders are generally asymmetric. See Annex 2 for an example of that.
Asymmetric perspectives lead to asymmetric approaches to food systems sustainability. Different peculiar
modalities of standing and acting, ranging from individual stances to recognized methods and procedures,

characterize each food system stakeholder — this applies to both human and non-human stakeholders.°

10 With attention to human procedure and methods, it is noteworthy to cite True Cost Accounting (TCA) due to being
increasingly employed across food systems for its attractive potential in terms of sustainability (Aspenson, 2020; Baker
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Background, experience, and personal being equally influence and make differing stakeholder approaches
(and perspectives). Disparate goals and purposes as well as varying interfaces across unique socio-cultural,
economic, and environmental contexts, equally contribute to diversifying approaches among stakeholders.
Nevertheless, this dependence appears mutual. Based on the internal and external feedback received by
adopting a specific approach, stakeholders may reinforce or modify their perspectives, experiences, goals,
and backgrounds. A mutual interconnected dependence exists among stakeholder perspectives, approaches,

goals, and backgrounds.

2.2.1.3. Food Systems Scales and Levels

Stakeholders navigate and engage with food systems based on specific chosen system scales and levels.
According to Gibson et al. (2000, pp. 218,219), we can roughly define a system scale as “the spatial, temporal,
guantitative, or analytical dimensions used to measure and study any phenomenon”. A system level is a “units
of analysis” positioned along those scales. The identification of system scales and levels is profoundly
grounded in the perspectives, approaches, and backgrounds that stakeholders hold on the food system to
which they belong. Thus, in the optic of sustainability, it becomes essential to dedicate attention to scale and

level choice and account for its connection with stakeholder positioning.
2.2.2. Pillar 2: The Complexity of Food Systems

2.2.2.1. Food Systems

Food systems are complex systems pertaining in some way to food (Allen & Prosperi, 2016; Gardeazabal et
al., 2023; Institute of Medicine and National Research Council, 2015).!! Food systems are interconnected
with each other and with many other identified systems across the planet, such as socio-economic systems,
ecological systems, and climate systems (National Academies of Sciences, Engineering, and Medicine, 2021).

Flows of material, energy, and information move within and across them.?

The behavior and properties of a food system at a certain macroscopic level are nontrivially predictable from
those at microscopic levels (emergence) (Mitchell, 2009; Ramalingam et al., 2008; Sayama, 2015). Consider

the meat system of a specific region as an example; properties of the entire meat value chain cannot be

et al., 2020). TCA roughly refers to a series of approaches focused on measuring positive and negative environmental
and social impacts, in addition to economic ones, to support choice and decision-making. See Annex 2 for some

literature that provides further insights into TCA.

11 Complex systems are “systems in which multiple interdependent components interact dynamically and nonlinearly,
causing the emergence of a collective nontrivial and self-organized behavior, across scales and levels, without any

internal/external centralized controls” (Chapter 1).

12 See Annex 2 for details regarding system delimitation.
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predicted from those characterizing the local sites of production. Food system components tend to
spontaneously arrange themselves, leading to macroscopic and microscopic structures and behaviors without
any pre-fixed control (self-organization) (Mitchell, 2009; Sayama, 2015). Consider these local sites of
production, for instance; farmers and animals spontaneously establish reciprocal practices and
comportments structuring their coexistence. Emergence and self-organization strongly characterize food

systems.

Several agents — identifiable system components that act upon their surroundings, interconnect with and
interdepend on each other (Heylighen et al., 2006; Ramalingam et al., 2008) — populate food systems.
Humans, their institutions, cows, chickens, crops, and bacteria are just a few examples of these agents. Food
systems agents adapt and coevolve while dynamically interacting with each other. Dynamics across food
systems are strongly non-linear and characterized by loops of positive and negative feedback (Heylighen et
al., 2006; Ramalingam et al., 2008).** An example of that can be seen in customer food choices and purchases
at food markets; for instance, the commitment to a healthy lifestyle guided by the careful choice of balanced

and genuine foods strengthens the consumer's preference to purchase such products.

In literature, attention to food systems dynamics often primarily focuses on system activities. The term supply
chain is largely employed to refer to the concatenation of activities involved with bringing food from farm to
fork, including food production, processing, packaging and storing, distribution, transportation and retail,
consumption, and disposal (Ericksen, 2008; Fanzo & Davis, 2021; Hawkes et al., 2019). Participants in these
activities, mainly humans, institutions, and animals, are typically named actors. The terms “value chain” and
“value-based supply chain” are also often used as synonyms to stress the additional value food acquires
moving through the supply chains and the value deriving from the social relationships occurring along supply
chains (Cucagna & Goldsmith 2018; Stevenson & Pirog, 2013). Agency, non-linear dynamics, and supply chain

activities and actors strongly stand as other food systems determinants.

2.2.2.2. Food Systems’ Behaviors

Food systems present dynamic and largely unpredictable behaviors. In literature, the term “behavior” is often
not explicitly defined when it comes to complex systems and differing interpretations exist depending on
the authors’ purposes and fields of study. Due to the centrality of this term in the narrative of complexity and
the cardinal role that plays in our definition of sustainability, we decided to attempt to provide an explicit
definition. The behavior of a complex system designates the perpetual processual changing of its system

dynamics, and by extension, of the entire system, over time. Sometimes, authors refer to behaviors of a

13 system dynamics stands for the system-centered interpretation of interactions occurring among system components
and with their surrounding environments at and across scales and levels (Allen & Prosperi, 2016; Mitchell, 2009).
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complex system as observing its behavior with regard to different specific delimited intervals of time or in

relation to certain system scales or levels. Annex 2 provides further details and references.

Change is fundamental concerning food systems and food systems behaviors. Food systems literature
primarily uses the term “change drivers” to deal with behaviors and change in food systems. The term “change
driver” is debated. Béné et al. (2019, p. 152) seek to bring clarity, defining food systems drivers as
“endogenous or exogenous processes that deliberately or unintentionally affect or influence a food system
over a long-enough period so that their impacts result in altering durably the activities, and subsequently the
outcomes, of that system”. Generally accepted examples of change drivers are, for instance, climate change,
urbanization, and technological innovation (Fanzo & Davis, 2021). Authors often distinguish change drivers
as direct or indirect and conceive them as interacting with each other (Ericksen, 2008; Nass| & Loffler, 2015).
How change drivers relate to food system behaviors, especially in terms of integrating the perpetual systemic

change characterizing these systems, is, however, nebulous and the debate is still ongoing.

Here, we advance a tentative, generalized, and unifying food system-centered account of food change drivers
that points more consistently to the complex changing behaviors of these systems. Our proposal takes into
consideration the driver-pressure-state-impact-response (DPSIR) framework (Smeets & Weterings, 1999),
since being a fundamental and largely diffuse interpretation of the theme.* See Annex 2 for additional works

that primarily inspired us.

A change driver for a food system is a particular identified endogenous or exogenous process, participating in
the perpetual change of its dynamics. Change drivers exert pressure on the food system, stimulating the
occurrence of consequential and adaptive endogenous or exogenous processes, identified as responding
feedback. Feedback processes equally participate in the continuous variation of food system dynamics. Cross-
influence among endogenous or exogenous processes (change drivers/feedback) may occur, resulting, for
instance, in reinforcing or counterbalancing each other (Ericksen, 2008). Feedback may be recognized
afterward as change drivers. Conversely, change drivers may be recognized as the feedback of some other
change drivers. Change drivers lead to responding feedback; feedback results in subsequent change drivers
that generate feedback, thereby permanently perpetuating the food system dynamics change, mostly
unpredictably, over time. Persistent novelty incessantly emerges and self-organizes,

adapting to dynamical change and ensuring food system evolution over time. The identified consequences
of variations of food system dynamics for a specific food system component are referred to as impacts on

that component. We distinguish between “change driver” and deriving “pressure” to emphasize the

14 The DPSIR framework was developed to support the reporting activities of the European Environment Agency. It
focuses on the relationships between environmental and human systems, accounting for socio-economic drivers,
related pressures on the environment, and consequent responses and impacts.
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identified cause of system dynamics change (change driver) and the “actual stimulus” (pressure) leading to it

(Nassl & Loffler 2015, p. 740).
2.2.3. Pillar 3: The Transformation of Food Systems

2.2.3.1. Food Systems Transformations

Sustainability literature places significant emphasis on transforming food systems. Authors, however,
generally envision the transformations of food systems as transitions from “unsustainable” food systems
towards more “sustainable” ones. The focus is solely on shifting from undesirable conditions to more
desirable conditions. No emphasis appears on the permanent systemic change characterizing these systems,
regardless of that being the fundamental determinant to consider, because any transformation implies
change. In engaging with food systems transformations, depending on purposes, values, and perspectives,
authors also generally identify features that can be strengthened, such as resilience, stability, and well-being,
or minimized, such as risks and vulnerability for food system components.’® Nevertheless, a lack of general
awareness regarding the proper characteristics of highlighted features and related debates is often evident

in the related works.

In the next paragraph, we focus on resilience, stability, and well-being as illustrative examples. We offer
insights that draw attention to complex systems' perpetual changing behaviors while strengthening the
awareness of the debates underlying these features. We aim to provide considerations that can assist in

consistently accounting for food systems transformations.

2.2.3.2. System Stability and Resilience

In literature, authors often discuss complex systems behaviors and system change in terms of the stability and
resilience of these systems. To date, however, different characterizations of stability and resilience exist (Van
Meerbeek et al., 2021; Vargas-Hernandez & Ali, 2022). We mention the proposal advanced by Holling and

colleagues as it is of capital importance in the debate on complexity, especially with regard to sustainability.

While resilience was originally considered a component of stability, Holling distinguished resilience from
stability (Holling, 1973; Van Meerbeek et al.,2021). He defined stability as the ability of a system to re-acquire

its previous stable state of equilibrium after a perturbation and resilience as the amount of disturbance a

15 Features to address may not be necessarily compatible across authors nor may the approaches they advocate to deal
with them. Divergences arise because of the different purposes, values, and perspectives authors may endorse regarding
food systems transformations. Authors’ positioning in this sense equally influences possible accommodations across
views and approaches, where resolutions are generally taken according to the overarching ethical and political settings
of reference. For further details on this discussion, see for instance Barnhill & Bonotti (2021, 2023) and Barnhill et al.

(2014) (the focus of these publications is primarily on health).
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system can manage to persist in its stable state of equilibrium before moving to a different state (Holling,

1973). See Annex 2 for details on this terminology.

On these premises, Holling and colleagues further proposed the metaphor of the “adaptive Cycles” that
characterized complex system behaviors in terms of cyclical recurrent periods of destructive and constructive
dynamics leading to system evolution and the emergence of system novelty (Gunderson & Holling, 2002;
Holling, 1985). In the optic of adaptive cycles, the stability and resilience of complex systems are not static,
instead, they vary, fluctuating across these periods. See Annex 2 for further details on Adaptive Cycles. Holling
and colleagues' proposal constitutes a dynamically changing view of system stability and resilience that can
support consistently interpreting food systems transformations as part of the changing behaviors of these

systems.

2.2.3.3. Food Systems Well-being

Addressing features such as system resilience and stability in food systems points to ultimately dealing with
the well-being of these systems. Well-being relates to food systems both in terms of the entire whole and
each living component belonging to them. Systemic and component well-being are strongly interconnected
and are grounded in the dynamical change characterizing these systems. Variations of food systems dynamics
influence well-being, modifying how it is attained, maintained, and improved both systemically and

individually.

Several accounts exist on well-bring (see Annex 2) (Agarwala et al., 2014; Jax & Heink, 2016; Millennium
ecosystem assessment, 2005). The literature on food systems sustainability generally focuses on the well-
being of and for humans, like food security, human health, food sovereignty, or access to markets.'® Despite
the paramount importance of human well-being, it is imperative to allocate greater attention to the well-
being of other components, notably animal welfare. Similarly, it seems also critical to emphasize more
systemic well-being and the permanent change characterizing food systems. Here, we mention the account
of the Capability Approach as an example, aiming to extend its considerations to also cover these further

aspects. We chose the Capability Approach due to its relevance regarding sustainability.

The Capability Approach conceives of human well-being in relation to the freedom of living a life that is
considered valuable and has reasons to value. Freedom is interpreted in terms of capabilities, which are

alternative combinations of valuable and considered-valuable functionings (doings and beings, such as

16 Depending on the considered account, components of well-being may vary. With regard to food systems and related
sustainability, food security and health are those primarily pointed out in the literature. Annex 2 provides a brief

overview of those features.
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owning adequate and safe food and feeling secure) that a person can attain, and from which a person can opt

(Oosterlaken 2009; Pelenc & Ballet, 2015; Sen, 1993).Y

Freedom of living a valuable life that has reasons to value does not concern only humans, but also other food
system components. Consider, for instance, the animals populating food systems, such as cows and pigs.
Capabilities and functionings that a human or a cow can attain and from which they can opt along their lifes
are interrelated with each other, those of other food system components, and those of the components of
the surrounding system environment, depending on each other systemically. Capabilities and functionings
further rely upon the dynamics of the food system (and its environment). The perpetual dynamics variation
leads to the permanent re-establishment of food system components’ capabilities and functionings over time,
thereby integrating the well-being of humans, cows, and other food system components into general systemic

well-being that is more than the sum of its individual parts.®

2.2.4. Domain Neutral Relations (DNRs) and Domain Relations (DRs)

DNRs correspond to highly general relations pertaining to any phenomenon of interest, including food
systems sustainability. Relations of parthood (has part) could be considered a widely accepted example of
DNRs (Varzi, 2005, p. 104). Conversely, DRs count for relations pertaining more specifically to food systems
sustainability. Relations concerning the ingredient composition of foods (has ingredient) appear a good
candidate to classify as DRs. DRs may equally (but not necessarily) apply to other phenomena of interest

besides food systems sustainability. They, however, do not apply to every possible phenomenon as DNRs do.

We constructed this distinction by paralleling the widely accepted account that distinguishes ontologies
between formal (also domain-neutral or top-level) and material (also domain) ontologies. The former provide
“highly general representation[s]” of kinds of entities and related relations pertaining to all possible
phenomena (domain) of interest; the latter representations pertaining to specifically identified phenomena
of interest (Arp et al., 2015, pp. 31-38; Smith, 2003; Varzi, 2005). Formal ontologies mostly address and

represent DNRs, which material ontologies relate to and according to which establish DRs.

In proposing this distinction, we seek to establish the stocks of essential relations as dynamically overarching

but equally consistent sets of relations pertaining to food systems sustainability. This aims to avoid univocal

17 For a deep account of the Capability Approach, we refer readers to Amartya Sen publications, such as Sen (1974, 1980,
1981, 1990, 1993).

18 In complement to these considerations, it is essential to emphasize the necessity of having adequate metrics to deal
with well-being in food systems. To achieve an effective and consistent account, authors must (re-)conceive sets of
indicators and issues addressing well-being in terms of food system components, systemically, and integrating the two
aspects. It is beyond the scope of this chapter to propose specific metrics. Future publications will deepen into this topic.

Nevertheless, we cite the work of Huber et al. (2015) and Springer et al. (2015) as a promising starting point.
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rigid classifications and maintain FSSMF flexibility to engage and accommodate different perspectives on food

systems sustainability, avoiding categorizations of relations from a single ontological perspective.

2.2.4.1. Relations and Ontological Perspectives

The reference to (possible) different relations within different food systems sustainability frameworks, and
consequently in related ontologies, is largely influenced by the different ontological commitments that
authors, consciously or not, made to sustainability, and more generally to reality in constructing those
frameworks and ontologies. There exist different (ontological) perspectives, to which commit, each of them
inquiring, interpreting, and accounting differently for reality (Arp et al., 2015; Varzi, 2005). See the mentioned
literature for details about alternative views. Different perspectives may rely on different relations. A
perspective may admit certain relations that another perspective does not, or only partially does.
Consequently, depending on the chosen perspective, DNR and DR sets may include different types of
relations. Similitudes or overlaps in distinguishing a relation as DNRs and DRs may, however, subsist among

perspectives.

Here, we provide a characterization of DNR and DR sets according to the perspective of “ontological realism”.
This view claims that reality exists per se, independently from possible mental or conceptual representation,
and covers two types of entities: universals and particulars (Arp et al., 2015). Universals are the entities
“responsible for the structure, order, and regularity - the similarities —“ characterizing reality (Arp et al., 2015,
p. 13). Particulars are concrete and discrete “denizens of reality” existing at a particular time and in a
particular space (Arp et al., 2015, pp. 13,15). Particulars of a certain kind are “similar in certain corresponding
sort” caused instantiating the same corresponding universals — particular ground universal existence;
universals exist in particulars (Arp et al., 2015, pp. 13,15; Smith & Ceusters, 2010; Smith et al., 2005). Science
is relied upon to understand reality by inquiring about particulars to construct theories on universals that can
further support scientific inquiry (Arp et al., 2015; Smith & Ceusters, 2010). Thus, seeking to support the work
of science whose focus is on reality, ontologies represent reality itself, rather than related concepts or

conceptualizations (Arp et al., 2015; Smith & Ceusters, 2010). The Open Biological and Biomedical Ontology

(OBO)-Foundry, currently one of the most important applied ontology communities internationally, embraces

this perspective. See Annex 2 for details regarding the OBO-Foundry, the “ontological realism”.

Recognizing OBO-Foundry realism's value in the current context of ontology, we consider it the ideal
perspective to present examples of relations pertaining to food systems sustainability. We further judge it as
a reasonably adequate and solid starting point from which to extend FSSMF coverage to other ontological
perspectives and related categorizations of relations. Nevertheless, we are aware that in doing so, we commit
ourselves to a precise ontological perspective. Our intent is merely explanatory. We desire to offer examples

of relations suitable for proposed stocks to support stakeholders in employing FSSMF.
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2.2.4.2. DNRs and DRs within the OBO-Foundry

According to the OBO-Foundry perspective, both DNRs and DRs include:

e Particular-Particular (P-P) relations.
e Universal-Particular (U-P) relations.

e Universal-Universal (U-U) relations.

See Annex 2 for details regarding conventions to define relations. All those subsets limit coverage to binary
relations. This is because OBO-Foundry curators primarily deal with binary relations to face the exigencies of

ontology implementation for computational purposes.

2.2.4.2.1. OBO-Foundry Primitive Relations: P-P and U-P DNRs

To avoid infinite regress in defining relations, OBO-Foundry assumes a certain number of relations as
primitive, with respect to the further definitions of others (Arp et al., 2015; Smith et al., 2005). Primitive
relations must be “self-explanatory” and apply to all phenomena of interest (Smith et al., 2005, p. 4). As
particulars ground the existence of universals, defining relations among universals implicates accounting for
the underlined relations occurring among the particulars that instantiate them (Arp et al., 2015; Smith &
Rosse, 2004). We can consider a relation between two universals true only if all particulars that instantiate
the first universal (U-P relation) are in the corresponding particular-level relation (P-P relation) with a
particular that instantiates the second universal (U-P relation) (Arp et al., 2015). Thus, primitiveness applies
to OBO-Foundry U-P DNRs and P-P DNRs. Table 2 illustrates the primitive P-P and U-P DNRs accepted within
the OBO-Foundry.

Subset Secondary Relation Elucidation
Subset
U-P DNRs | Instantiation | cinstance_of C at t. A primitive relation between a continuant instance and

a continuant universal instantiated by that continuant
instance at a specific time. Example: Lola instance_of

Bos bovis(cow) at the current time.

p instance_of P A primitive relation between a process instance and a
process universal instantiated by that process instance.
No dependency of time. Example: Lola’s life

instance_of Bos bovis life.

P-P DNRs Parthood c continuant_part_of d at t. A primitive relation between two continuant instances

and a time at which the first is part of the latter.
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Example: This cow tail continuant_part_of Lola at the

current time.

p occurrent_part_of g.

A primitive relation between two process instances,
where the first is a subprocess of the latter. No
dependency of time. Example: Lola’s shearing

occurrent_part_of Lola’s life.

’

r continuant_part_of r

A primitive relation between two instances of two
spatial regions (and/or subregions). No dependency of
time. Example: The spatial region occupied by Lola’s
ranch continuant_part_of the spatial region occupied

by this village.

inheritance

cinheres_ind at t.

A primitive relation between a specifically dependent
continuant instance and an independent continuant
instance at a specific time. Example: the brown color of

Lola’s hide inheres_in Lola’s hide at the present time.

Location

clocated_inratt.

A primitive relation between a continuant instance, a
spatial region instance occupied by it, and a time.
Example: Lola located_in the region occupied by Lola’s

ranch at the current time.

Adjacency

r adjacent_tor’

A primitive relation of “proximity” between two
instances of spatial regions (Arp et al.,2015, p. 135;
Smith et al., 2005, p. 7). Example: the region occupied
by Lola’s ranch adjacent_to the region occupied by

Lola rancher’s house.

Derivation

c derives_from d.

A primitive relation between two material continuant
instances, one succeeding the other across a “temporal
divide” (Arp et al.,2015, p. 135; Smith et al., 2005, p. 6).

Example: Lola’s derives_from Lola’s embryo.

Participation

p has_participant c.

A primitive relation between a process instance and a
continuant instance. Example: Lola’s milk production

has_participant Lola.

Agency

p has_agentcatt

A primitive relation between a continuant, a process,
and a time at which “the continuant is causally active

in the process” (Smith et al.,, 2005, p. 5). Example:
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Lola’s pasturing process has_agent Lola at the present

time.

Table 2. Primitive OBO-Foundry U-P and P-P DNRs. This table has been constructed on the basis of the works of Arp et al., (2015) and

Smith et al. (2005). Elucidations recall those proposed within these works.

2.2.4.2.2. U-U DNRs within the OBO-Foundry
OBO-Foundry identifies four main groups of U-U DNRs, constructed on the basis of the primitive U-P and P-

P DNRs:

=  Foundational relations.
= Spatial relations.
=  Temporal relations.

*  Participation relations.?

Foundational relations account for the “subtype” (is_a) and parthood relations. Spatial relations account for
location (located_in) and adjacency (adjacent _to). Temporal relations cover derivation (derives_from) and
precedence (preceded_by). Participation (has_participant) holds between processes and the continuants that
engage, in some sort, in those processes. Agency (P has_agent C) identifies a specific kind of participation
where the focus stands on the causally active determinant within a process (Arp et al., 2015; Smith et al.,

2005; Smith & Rosse, 2004). Table 3 reports related definitions.

Subset Secondary Relation Semi-formal Definition
Subset
U.U. DNRs | Foundational Ais_aB (continuants) A and B are universals and for all x at
relations every time t, if x instance_of A at t then x

instance_of B at t.

(We proposed this definition according to Arp et al.
(2015) and Smith et al. (2005) works.)

1% OBO-Foundry and compliant ontologies accept some other primitive DN relations besides those presented here. For
the sake of brevity, we refer readers to the literature we cited. We also suggest exploring the documents relating to Basic

Formal ontology (BFO), the Top-level Ontology (TLO) used within the OBO-Foundry (See Annex 2 for some details) and

other main OBO-foundry and compliant ontological resources, such as Relations Ontology (RO), Common Core Ontology

(CCO) suite, and Industrial Ontology Foundry (IOF).
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Pis_aQ

(occurrents) “P and Q are universals and for all x, if

x instance_of P then x instance_of Q”.

C continuant_part_of D

“For every particular continuant c and every time t,
if cinstance_of C at t, then there is some d such that
d instance_of D at t and c is a continuant_part_of d

att”.

P occurrent_part_of Q

“For every particular occurrent p, if p instance_of P,
then there is some particular occurrent q such that

g instance_of Q and p occurrent_part_of q”.

Spatial relations

Clocated_in D

“For every particular continuant c and every time t,
if cinstance_of C at t, then there is some d such that

d instance_of D at t and c located_in d at t”. %°

C adjacent_to D

“For every particular continuant ¢ and for every
time t, if c instance_ of C at t, then there is some d
such that d instance_of D at t and c adjacent_to d

att”.

Temporal relations

C derives_from D

“For every particular continuant c and every time t,
if ¢ instance_of C at t, then there is some d and
some earlier time t ‘such that d instance_of D at t/,

and c derives_from d”.

P preceded_by Q

“For every particular occurrent p, if p instance_of P,
then there is some q, such that q instance_of Q and

p preceded_by g”.

Participation

relations

P has_participant C

“For every particular occurrent p, if p instance_of P,
then there is some ¢ and some time t such that c

instance_of C at t and p has_participant c at t”.

P has_agent C

“For every particular occurrent p, if p instance_of P,
then there is some ¢ and some time t such that ¢

instance_of C at t and p has_agent c at t”.

20 To define the U-U DN located_in relation it is required to combine the primitive P.P DNRs c located_in r at t with the

c located_in d at t relation as follows: “c located_in d at t = def. there are two spatial regions r and r ’ such that the

particular continuant c is located_in r at t and the particular continuant d is located_in r ’ at t, and the region ris a

continuant_part_of the region r' ” (Arp et al., 2015, p. 140; Smith et al., 2005, p. 7).
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Table 3. OBO-Foundry U-U DNRs. This table has been constructed on the basis of the works of Arp et al. (2015) and Smith et al. (2005).

Semi-formal definitions are directly borrowed from those proposed unless otherwise noted.

2.2.4.2.3. DRs within the OBO-Foundry

OBO-Foundry and compliant ontologies cover several other relations. As far as we know, however, to date,
DRs have not been identified for food systems sustainability within the OBO-Foundry or compliant ontologies.
Here, we present examples of possible DRs we selected among relations described by OBO-Foundry and
compliant ontologies (Table 4). For reasons of practicality, we organized them according to thematic areas,
chosen according to the FSSMF pillars. See Annex 2 for details. We do not intend these examples as the only
suitable DRs for food systems sustainability. We will dedicate future publications to accounting for further
possible OBO-Foundry DRs. For the sake of brevity, we will also identify novel possible DRs, not described yet

by OBO-Foundry and compliant ontologies, in future publications.

Consistent documentation exists on OBO-Foundry DNRs. Information about other relations is, instead,
principally accessible by directly exploring ontologies. Curators of OBO-Foundry and compliant ontologies

mainly use semantic web languages, such as Web Ontology Language (OWL), to develop and implement

ontology resources. Based primarily on Description Logics (DLs), these languages express relations among
entities via object properties. Object properties are “constructs for connecting two things in the world”,
identifying binary P-P relations (OBO Relation Ontology, n.d.). Reasoning over object properties guarantees
further identifying corresponding U-U and possible U-P relations. Thus, Table 4 provides examples of P-P DR,
presenting the object properties that identify them. Readers may derive corresponding U-U DRs and U-P DRs,

as outlined in Table 3.

Subset Area Object Property — P-P Relation Ontology Object
Property IRI
P-P DRs Food systems | c environs d BFO http://purl.ob
configurations olibrary.org/o
and dynamics bo/BFO_0000
183
c interacts_with d RO http://purl.ob

olibrary.org/o

bo/RO_00024
34

cis_cause_of d Ccco http://www.o

ntologyreposit
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https://www.w3.org/TR/owl2-overview/
http://purl.obolibrary.org/obo/BFO_0000183
http://purl.obolibrary.org/obo/BFO_0000183
http://purl.obolibrary.org/obo/BFO_0000183
http://purl.obolibrary.org/obo/BFO_0000183
http://purl.obolibrary.org/obo/RO_0002434
http://purl.obolibrary.org/obo/RO_0002434
http://purl.obolibrary.org/obo/RO_0002434
http://purl.obolibrary.org/obo/RO_0002434
http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of

ory.com/Com

monCoreOnto
logies/is caus

e of

c surrounded_by d

RO

http://purl.ob
olibrary.org/o
bo/RO 00022
19

Food systems

scaling

¢ decreased_in_magnitude_relative_to d

RO

http://purl.ob
olibrary.org/o
bo/RO 00150
08

c has_graind

o
@®

http://purl.ob
olibrary.org/o
bo/OBI_00006
43

c increased_in_magnitude_relative_to d

RO

http://purl.ob
olibrary.org/o
bo/RO 00150
07

cis_grain_of d

OBl

http://purl.ob
olibrary.org/o
bo/OBI_00006
45

Food systems
components’

positioning

c acts_on_behalf_of d at_some_time

IOF core

https://spec.in
dustrialontolo
ies.org/ontol
ogy/core/Core
actsOnBehalf
OfAtSomeTim

€

c correlated_with d

RO

http://purl.ob

olibrary.org/o
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http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_cause_of
http://purl.obolibrary.org/obo/RO_0002219
http://purl.obolibrary.org/obo/RO_0002219
http://purl.obolibrary.org/obo/RO_0002219
http://purl.obolibrary.org/obo/RO_0002219
http://purl.obolibrary.org/obo/RO_0015008
http://purl.obolibrary.org/obo/RO_0015008
http://purl.obolibrary.org/obo/RO_0015008
http://purl.obolibrary.org/obo/RO_0015008
https://obi-ontology.org/
http://purl.obolibrary.org/obo/OBI_0000643
http://purl.obolibrary.org/obo/OBI_0000643
http://purl.obolibrary.org/obo/OBI_0000643
http://purl.obolibrary.org/obo/OBI_0000643
http://purl.obolibrary.org/obo/RO_0015007
http://purl.obolibrary.org/obo/RO_0015007
http://purl.obolibrary.org/obo/RO_0015007
http://purl.obolibrary.org/obo/RO_0015007
http://purl.obolibrary.org/obo/OBI_0000645
http://purl.obolibrary.org/obo/OBI_0000645
http://purl.obolibrary.org/obo/OBI_0000645
http://purl.obolibrary.org/obo/OBI_0000645
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
https://spec.industrialontologies.org/ontology/core/Core/actsOnBehalfOfAtSomeTime
http://purl.obolibrary.org/obo/RO_0002610
http://purl.obolibrary.org/obo/RO_0002610

bo/RO_00026
10

c has_role_in_modeling d

RO

http://purl.ob
olibrary.org/o
bo/RO 00033
01

c prescribes d

Ccco

http://www.o

ntologyreposit
ory.com/Com

monCoreOnto
logies/prescri

bes

Food

metrics

systems

¢ has_indicator d

BAO

http://www.bi

oassayontolog

y.org/bao#BA
0O 0095002

c is_a_measurement_of d

Ccco

http://www.o

ntologyreposit
ory.com/Com
monCoreOnto
logies/is a m
easurement_o

f

cis_proxy_ford

(0]:]

http://purl.ob
olibrary.org/o
bo/OBI 00003
14

cis_supported_by_data d

OBl

http://purl.ob
olibrary.org/o
bo/OBI 00001
24

¢ has_allergic_trigger d

RO

http://purl.ob

olibrary.org/o
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http://purl.obolibrary.org/obo/RO_0002610
http://purl.obolibrary.org/obo/RO_0002610
http://purl.obolibrary.org/obo/RO_0003301
http://purl.obolibrary.org/obo/RO_0003301
http://purl.obolibrary.org/obo/RO_0003301
http://purl.obolibrary.org/obo/RO_0003301
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://www.ontologyrepository.com/CommonCoreOntologies/prescribes
http://bioassayontology.org/
http://www.bioassayontology.org/bao#BAO_0095002
http://www.bioassayontology.org/bao#BAO_0095002
http://www.bioassayontology.org/bao#BAO_0095002
http://www.bioassayontology.org/bao#BAO_0095002
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://www.ontologyrepository.com/CommonCoreOntologies/is_a_measurement_of
http://purl.obolibrary.org/obo/OBI_0000314
http://purl.obolibrary.org/obo/OBI_0000314
http://purl.obolibrary.org/obo/OBI_0000314
http://purl.obolibrary.org/obo/OBI_0000314
http://purl.obolibrary.org/obo/OBI_0000124
http://purl.obolibrary.org/obo/OBI_0000124
http://purl.obolibrary.org/obo/OBI_0000124
http://purl.obolibrary.org/obo/OBI_0000124
http://purl.obolibrary.org/obo/RO_0001022
http://purl.obolibrary.org/obo/RO_0001022

Food

value

and food

bo/RO_00010
22

¢ composed_primary_of d

RO

http://purl.ob

olibrary.org/o

bo/RO_00024
73

¢ has_ingredient d

FoodOn

http://purl.ob

olibrary.org/o

bo/FOODON
00002420

c protects d

UBERON

http://purl.ob
olibrary.org/o
bo/uberon/co
reffprotects

Food

behaviors

and context

¢ has_consumer d

RO

http://purl.ob
olibrary.org/o
bo/RO 00090
04

¢ has_country_of_origin d

HANCESTRO

http://purl.ob

olibrary.org/o
bo/HANCESTR
O 0308

¢ has_supplier d

OBl

http://purl.ob
olibrary.org/o
bo/OBI 00006
47

¢ produced_by d

RO

http://purl.ob
olibrary.org/o
bo/RO 00030
01

Table 4. Examples of object properties identifying P-P DRs from OBO-Foundry and compliant ontologies.
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http://purl.obolibrary.org/obo/RO_0001022
http://purl.obolibrary.org/obo/RO_0001022
http://purl.obolibrary.org/obo/RO_0002473
http://purl.obolibrary.org/obo/RO_0002473
http://purl.obolibrary.org/obo/RO_0002473
http://purl.obolibrary.org/obo/RO_0002473
https://foodon.org/
http://purl.obolibrary.org/obo/FOODON_00002420
http://purl.obolibrary.org/obo/FOODON_00002420
http://purl.obolibrary.org/obo/FOODON_00002420
http://purl.obolibrary.org/obo/FOODON_00002420
https://obophenotype.github.io/uberon/
http://purl.obolibrary.org/obo/uberon/core#protects
http://purl.obolibrary.org/obo/uberon/core#protects
http://purl.obolibrary.org/obo/uberon/core#protects
http://purl.obolibrary.org/obo/uberon/core#protects
http://purl.obolibrary.org/obo/RO_0009004
http://purl.obolibrary.org/obo/RO_0009004
http://purl.obolibrary.org/obo/RO_0009004
http://purl.obolibrary.org/obo/RO_0009004
https://ebispot.github.io/hancestro/
http://purl.obolibrary.org/obo/HANCESTRO_0308
http://purl.obolibrary.org/obo/HANCESTRO_0308
http://purl.obolibrary.org/obo/HANCESTRO_0308
http://purl.obolibrary.org/obo/HANCESTRO_0308
http://purl.obolibrary.org/obo/OBI_0000647
http://purl.obolibrary.org/obo/OBI_0000647
http://purl.obolibrary.org/obo/OBI_0000647
http://purl.obolibrary.org/obo/OBI_0000647
http://purl.obolibrary.org/obo/RO_0003001
http://purl.obolibrary.org/obo/RO_0003001
http://purl.obolibrary.org/obo/RO_0003001
http://purl.obolibrary.org/obo/RO_0003001

Section 3. Operationalizing a Food Systems Sustainability Meta-Framework

We operationalized FSSMF into a series of representational charts, named FSSMF Atlas (Annex 1), to further

facilitate stakeholders in understanding and using FSSMF to design ontologies addressing food systems

sustainability. This section is dedicated to presenting the FSSMF Atlas.

3.1. The Atlas of the Food Systems Sustainability Meta-Framework

The FSSMF Atlas establishes a series of representational charts — graphical nodes-and-edges-based
illustrations — of FSSMF pillars and stocks. These charts provide the main vocabulary pertaining to food
systems sustainability. The FSSMF Atlas adopts the OBO-Foundry perspective of ontological realism. The same
reasons previously advanced in Section 2 equally justify our choice here. In each chart, nodes contain terms
referring to universals that exist in reality and pertain to FSSMF pillars. Each edge that connects two nodes
contains a “relational expression” (Arp et al., 2015, p. 65) referring to a U-U relation occurring between the
two universals that the terms contained in the connected nodes refer to. Relations pertain to FSSMF OBO-
Foundry stocks. FSSMF Atlas links the corresponding object properties furnished by OBO-Foundry and
compliant ontologies to the charts’ edges. FSSMF Atlas equally links charts’ nodes (specifically the entry
points, see below) to external literature resources. These publications provide characterizations of the terms
proposed within the contexts where they are generally used. FSSMF Atlas charts hierarchy organizes the

vocabulary, extending it from Basic Formal Ontology (BFO), the TLO re-used by all OBO-Foundry and

compliant ontologies. See Annex 2 for some details, otherwise directly OBO-Foundry publications, such as

Arp et al. (2015), Smith (2012), and Smith & Ceusters (2010).

3.1.1. The Atlas Charts

As extensive terminology pertains to food systems sustainability, a unique chart covering it entirely would
have been unmanageable and difficult to navigate. Thus, the FSSMF Atlas covers four interconnected charts,
a Main Chart (Atlas-MC) and three Auxiliary Charts (Atlas-AC1, Atlas-AC2, and Atlas-AC3). This choice is
motivated solely by the need for chart legibility. We aim to facilitate stakeholders in navigating and using the
FSSMF Atlas. We do not intend to partition terminology pertaining to food systems sustainability or demarcate

possible boundaries.

Atlas-MC extends the chart of the Structured Vocabulary of the Sustainability Core Ontology (SCO-SV)

(Chapter 1) with a core set of terms pertaining to food systems sustainability. SCO-SV extends BFO and
suggests the main terminology and relational expressions pertaining to the theoretical challenges to
sustainability (Chapter 1). This choice aims to include and take advantage of this previously identified

vocabulary. See Annex 2 for details regarding the line and color coding used to distinguish Atlas-MC elements.

Atlas-MC links to Atlas-ACs via the nodes (squared in boldface on the chart) containing the following terms:

=  Food system.
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https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF
https://basic-formal-ontology.org/
https://github.com/gioUbbiali/Sustainability-Core-Ontology/tree/main

=  Food system stakeholder perspective.

®  Food system transformation.
The Atlas-ACs illustrate additional terms pertaining to food systems sustainability. Each auxiliary Chart covers
terms primarily relating to one of the three pillars. Atlas-AC1 focuses on terms referring to entities primarily
concerning Pillar 1. Atlas-AC2 focuses on terms referring to entities primarily concerning Pillar 2. Atlas-AC3
focuses on terms referring to entities primarily concerning Pillar 3. Atlas-ACs connect to each other, by
containing some nodes that belong to the other Atlas-ACs. See Annex 2 for details regarding the color coding

used in the Auxiliary Charts.

Each Atlas-AC also presents some internal sections that cluster terms usually primarily employed together in
the literature (Annex 2, Supplementary Table 1). Auxiliary charts equally provide some Entry Points,
summarized in Annex 2, Supplementary Table 2. An entry point is a node we suggested as a viable place from

which to begin navigating charts. Entry points link to the external resources provided by FSSMF Atlas.

3.1.2. The Designing of the Atlas Charts

We employed CmapTools software (Version 6.03) to draw the charts. We constructed the FSSMF Atlas,

including terms and relational expressions primarily employed in the papers we explored to develop FSSMF.
Relational expressions also conform to those covered by OBO-Foundry and compliant ontologies. We
organized terms and relational expressions in the nodes-and-edges structures of the FSSMF Atlas charts,
following the recommendations of Arp et al. (2015). We established the partitioning of charts and charts’
sections according to the FSSMF narrative. We selected entry points in the same manner. See Annex 2 for

further details. FSSMF Atlas is available in open access on GitHub in CXL and PDF file formats at this link.

Section 4. Next Steps and Conclusions

We conceive of what has been presented in this chapter as the foundations of FSSMF. Chapter 3 complements

this work by describing a methodology to employ FSSMF and the Sustainable Meat Systems Ontology

(SuMSQ), a use-case ontology accordingly developed. In the near future, we envisage engaging food systems
stakeholders to consistently validate, update, and implement FSSMF. We aim to consolidate FSSMF,
strengthening the support for designing and interoperating consistent food systems sustainability ontologies
and related applications, e.g. food and sustainability dashboards; see, for instance, the Food Systems
Dashboard. As previously stated, we foresee these implementations as continuous through time. The debate

on food systems sustainability constantly progresses, and, therefore, FSSMF must do so.

We consider stakeholder engagement fundamental to guarantee consistent and over-comprehensive
implementations of FSSMF along with its curation over time. Interfacing with stakeholders will ensure we
benefit from their disparate expertise as we both account for and address their needs while implementing

FSSMF and its Atlas. All envisaged implementations will enhance FSSMF and keep it updated, ensuring
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https://cmap.ihmc.us/
https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF
https://github.com/gioUbbiali/Sustainable-Meat-Systems-Ontology
https://github.com/gioUbbiali/Sustainable-Meat-Systems-Ontology
https://www.foodsystemsdashboard.org/
https://www.foodsystemsdashboard.org/

constant, consistent, and adequate support to stakeholders in building ontologies. Here, we offer some

possible directions for implementation.

4.1. Future Implementations of the Food Systems Sustainability Meta-Framework

FSSMF implementations will concern both Pillars and Stocks. Regarding pillars, possible implementations will

include:

e Presenting major human perspectives on food systems sustainability.

e Deepening the characterization of both backgrounds and approaches pertaining to the different food
systems stakeholders.

e Discussing possible proxies for non-human perspectives and approaches.

e Extending considerations regarding food systems' architecture and behaviors.

e Detailing food systems transformations, covering features such as vulnerability and risks.

e Strengthening the accounts of stability, resilience, well-being, food security, health, and related metrics.

Regarding stocks, FSSMF will identify further DRs within the OBO-Foundry and will account for the stocks
according to alternative ontological perspectives. In addition, other formalizations of FSSMF tenets, such as

in First Order Logic (FOL) and DL, may complement the current formalization.

We envisage implementing FSSMF concurrently with FSSMF Atlas. Current charts may complement and
possibly integrate with additional charts, which will embrace different ontological perspectives. Similarly, the
FSSMF Atlas will expand the featured vocabulary and the charts’ hierarchical structures. FSSMF Atlas will link
to further published literature as well as to existing ontologies and terms covered by those ontologies.
Consequently, the FSSMF Atlas will require novel environments for navigation, visualization, and retrieval of
charts and associated resources. We also envision employing Protégé, which is among the most widely used
software for ontology design, to implement FSSMF Atlas in an OWL backbone ontology structure that
stakeholders may directly reutilize in desired ontologies they seek to develop. On the same line, we will
develop a food systems sustainability ontology, where a core module may cover Atlas-MC terminology and

ancillary modules Atlas-ACs.

Finally, we envisage interfacing and integrating FSSMF with the List of Sustainability Ontologies we presented

in Chapter 1. Linking the List’s resources to the FSSMF Atlas will contribute to creating a unique common

environment where stakeholders may benefit from employing the List in parallel and jointly with FSSMF.

4.2. Conclusions

In this chapter, we presented the foundations of a Food Systems Sustainability Meta-Framework (FSSMF).
FSSMF defines the tenets of food systems sustainability, aspiring to establish a perspective-impartial dialog

platform to accommodate stakeholder perspectives and related frameworks on food systems sustainability.
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https://protege.stanford.edu/
https://github.com/gioUbbiali/The-List-of-Sustainability-Ontologies

FSSMF operationalizes into a series of OBO-Foundry-compliant representational charts (FSSMF Atlas, Annex

1) to support the collaborative design of ontologies addressing food system sustainability. In doing so, we

intend to state the basis for establishing an ontology-driven participatory systemic approach to food systems

sustainability.
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A Participatory Methodology for Sustainability Ontology Design:

The Case of Meat Systems

Abstract

By standardizing knowledge into consistent vocabularies, ontologies assist in establishing a shared language
among stakeholders, which is essential to effectively dealing with food systems sustainability. In Chapter 2,
we present a meta-framework, named Food Systems Sustainability Meta-Framework (FSSMF). FSSMF aims to
promote the design of ontologies addressing the sustainability of food systems, such as those involving meat
sourcing and supplying. In this chapter, we provide a complementary methodology to ensure collaborative
and participative usage of FSSMF. Following FSSMF methodology guidelines, we further develop an initial core
ontological module that will serve as the starting basis for further building an ontology addressing meat
systems sustainability, named Sustainable Meat Systems Ontology (SuMSO). In Section 1, we present the
FSSMF methodology. In Section 2, we describe the ontological module and its design process. Finally, in

Section 3, we highlight possible directions for implementation.

Keywords: Meat, Food Systems, Sustainability, Ontology, Open Biological and Biomedical Ontology (OBO)-
Foundry

Introduction

Currently, redesigning food systems — complex systems where a multiplicity of components, pertaining to
food to some extent, causally interconnect, interact with, and adapt to each other (Chapter 2) — is essential
to preserving and perpetuating life on Earth. In fact, food systems, especially those that guarantee meat
sourcing and supplying, significantly contribute to driving several sustainability issues presently experienced
worldwide (Parlasca & Qaim, 2022; Rockstrom et al., 2020). For instance, food systems are responsible for
about 30% of total global greenhouse gas emissions, nearly two-thirds of which derive from livestock-related
activities (Parlasca and Qaim, 2022; Tubiello et al., 2021; UNCCD, 2022). Food systems are the main cause of
biodiversity loss worldwide, with those related to livestock activities playing a leading role (Parlasca & Qaim,
2022; Rockstrom et al., 2020; UNCCD, 2022). Food and food systems are also central to nutrition, health, and
related issues (Fanzo & Davis, 2021; Springmann et al., 2018). This becomes particularly evident when
considering meat production and consumption. Meat facilities, such as slaughterhouses or meatpacking sites,
are potential sources of zoonosis outbreaks and exposure to several hazards for workers, such as air
pollution, stress, or inadequate working conditions (Parlasca & Qaim, 2022). High meat consumption is

correlated with the incidence of different diseases, such as cancer, diabetes, and cardiovascular diseases

72



worldwide (Fanzo & Davis, 2021, Parlasca & Qaim, 2022). Redesigning food systems, especially meat-related

ones, is mandatory.

In Chapter 2, we claim that the most effective way to achieve this goal seems to be a participatory systemic
approach. This is to effectively deal with the complexity of these systems and the disparate stakeholder
“asymmetric perspectives” existing on sustainability and sustainable development (Chapter 2). In fact,
adopting a participatory systemic approach encourages “deal[ing] with food systems in their entire complex
whole and account[ing] for and engageling] with all food systems stakeholders, adapting to their
characteristics and necessities” (Chapter 2). We equally recognize the necessity of establishing a shared (data)
language among food systems stakeholders, to ensure consistency within this kind of approach, identifying
ontologies — theories for “knowledge representation” — as the ideal resources to assist in realizing that (Smith,
2003, p.158). We further establish a Food Systems Sustainability Meta-Framework (FSSMF) — an actionable
and participatory foundational tool for accommodating and integrating existing perspectives and frames of

reference — in support of food systems sustainability ontology development and integration.

In this chapter, as a complement to the research conducted in Chapter 2, we illustrate a far-reaching
methodology providing guidelines for effective and participatory employ FSSMF. Following this methodology,
food systems stakeholders will appropriately use FSSMF to develop interoperable ontologies addressing food
systems sustainability. According to these guidelines, we developed an initial core ontological module
focusing on the architectural features of a sustainable meat system, as an explicative use case. This module
will serve as the starting basis for further building an ontology for meat systems sustainability, named

Sustainable Meat Systems Ontology (SuMSO) (Annex 1). In Section 1, we present the FSSMF methodology. In

Section 2, we describe the ontological module and its design process. Finally, in section 3, we point out

possible directions for implementation.

Section 1. Employing the Food Systems Sustainability Meta-Framework

In Chapter 2, we present the Food Systems Sustainability Meta-Framework (FSSMF), a foundational
framework establishing a “dialog platform” to accommodate and integrate stakeholder perspectives and
frames of reference concerning food systems sustainability. FSSMF offers an account of the foundational
thematic (Pillars) and relational (Stocks of essential relations) grounding elements, positioned orthogonally
across literature and approaches to food systems sustainability. Pillars count for three: 1) perspectives of food
systems stakeholders, 2) complexity of food systems sustainability, and 3) transformations of food systems;
Stocks for two: domain-neutral and domain (food systems sustainability) relations. For the purpose of

ontology development, FSSMF aligns stocks with the approach to ontology of the Open Biological and

Biomedical Ontology (OBO)-Foundry. FSSMF also operationalizes into the FSSMF Atlas, a series of nodes-and-
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edges-based charts providing major vocabulary pertaining to food system sustainability. For a complete

analysis, see Chapter 2.

In this section, we provide a methodology for the consistent usage of FSSMF to develop food systems
sustainability ontologies. Different methodologies for ontology development are available in the literature,
such as METHONTOLOGY (Fernandez-Lépez et al., 1997) or Ontology Development 101 (Noy & Mcguinness,
2001). In addition, there exist bodies of principles and best practices, such as those proposed within the OBO-
Foundry (Arp et al., 2015). See Table 1 for examples.>? As far as we know, however, to date, there is no
established procedure specifically dedicated to the development of food system sustainability ontologies.

Further, none encompasses the usage of (meta-)frameworks. It is critical to develop one.

Methodology Name Reference Type of Procedure

Enterprise Ontology methodology Uschold et al. (1998); Uschold & | Methodological protocol
Gruninger (1996)

METHONTOLOGY Fernandez-Lépez et al. (1997) Methodological protocol

OBO-Foundry best practices Arp et al. (2015) Corpus of principles and
OBO Principles recommendations

Ontology Development 101 Noy & Mcguinness (2001) Methodological protocol

OTK Methodology Staab et al. (2001) Methodological protocol

TOVE Methodology Gruninger & Fox (1995) Methodological protocol

UPON De Nicola et al. (2005) Methodological protocol

YAMO Dutta et al. (2015) Methodological protocol

Table 1. Examples of ontology development methodologies. The type of methodology (protocol or corpus of recommendations) is

specified.

The proposed FSSMF methodology accounts for, integrates, and builds upon existing methodologies in order
to benefit from the contributions already available in the literature. This methodology is also rooted in our
experience with ontology development acquired during this PhD project. We do not seek to create an

alternative tool that may end up as a standalone and siloed resource. We also conceive this methodology as

! The methodologies listed in this table are those we primarily refer to for developing the FSSMF methodology.

Nevertheless, it is noteworthy to mention that there also exist other methodologies in literature.

2 |t is outside the scope of this work to provide a review of these resources. We recommend that readers refer to the
papers listed in Table 1 as well as to the following review papers: Alfaifi (2022), Cristani & Cuel (2005), Femi Aminu et al.
(2020), Igbal et al. (2013), Law et al. (2019), Sattar et al. (2020), and Tudorache (2020).
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implementable over time. Implementations may be required to adapt or expand this methodology to the

needs of stakeholders. The next paragraphs are dedicated to presenting the FSSMF methodology.

1.1. A Methodology for the Food Systems Sustainability Meta-Framework

Regardless of differences in terminologies used, number and order of steps to perform, approach, and
purposes, we can recognize three major phases generally outlined by ontology development methodologies:
1) the setting of the project, 2) the design of the ontology, and 3) its maintenance and curation over time. The
FSSMF methodology accordingly utilizes the following three phases: 1) project setting, 2) ontology
participatory design, and 3) ontology maintenance, and includes the following guidelines respectively (Fig.

1).3

Project setting:
1. Goal definition.
2. Identification of available resources.
3. Stakeholders’ identification.

Ontology participatory design:

1. Stakeholders’ engagement.

2. Project narrative formulation.

w

Ontology construction.

E

Ontology approval.

Ontology maintenance:

1. Ontology curation, documentation, and implementation.

3 Following Cristani and Cuel (2005), we include the expected input and output at the end of the descriptions of each
guideline in a squared box named “Input and Output- guideline N°”. Following the example of Noy & Mcguinness (2001),
we also include tips at the end of each phase. We assume that at the time of the employment of this methodology, an

initial working group will have been formed.
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Fig. 1. FSSMF methodology. The phases and guidelines of the FSSMF methodology.

1.1.1. Project Setting

This phase aims to establish the context of the work. To consistently approach the ontology design, it is
fundamental to first define the goal of the project, identify who are the relevant stakeholders to engage with,

and assess available resources.

1.1.1.1. Goal Definition

All ontology development methodologies we explored initiate with defining the goal of the work. To foster
consistency and efficiency from the beginning and throughout the entire project, it is essential that the
working group determines the purposes of the work and concomitantly delimits the domain of knowledge
that the ontology will represent as well as at which level of granularity and detail it will be addressed. The
working group must also pinpoint the hypothetical scenarios in which they plan to employ the ontology,
including potential final users. Clarifying which are the possible applications of the ontology will be equally
helpful.* According to Gruninger and Fox (1995), the working group may also formulate informal competency

guestions (CQs) that the ontology seeks to answer in order to further specify the project goal.

4 These indications have been pointed out across several methodologies, such as De Nicola et al. (2005) Dutta et .(2015)
Fernandez-Lopez et al. (1997), Gruninger & Fox (1995), Noy & Mcguinness (2001), Staab et al. (2001), and Uschold et
al. (1998).
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We encourage the working group to perform a literature review to gather information regarding the food
systems sustainability features that are relevant to the domain of knowledge to ontologize. This will aid the
working group in better defining and delimiting the domain of knowledge as well as the level of detail at
which to address it. This action also offers the additional benefits of having materials to discuss with

stakeholders as well as to further employ in the ontology design.

Following the indications of Fernandez-Lépez et al. (1997) and Staab et al. (2001), we also encourage
establishing the desired level of language formality for the ontology (natural language, semi- or complete
formal, such as logic-based ones). On the same line, the working group will declare the ontological
commitment and perspective that will drive the design of the ontology. Reasons for the choices must be

provided.

Ultimately, according to Staab et al. (2001), Noy and Mcguinness (2001), and Fernandez-Lépez et al. (1997),
we similarly suggest planning work tasks, tools to employ, and the project timeline. A “specification
requirements document” can be compiled during this step and further updated with additional information

during the entire project (Fernandez-Lépez et al., 1997, pp. 36,37; Staab et al., 2001, pp. 29,30).

Input and Output - Guideline 1.

Input: none.

Output: the definition of the purposes of the work and the identification of the domain of knowledge to
represent; the establishment of a working plan.

1.1.1.2. Identification of Available Resources

The ontology development methodologies we assessed generally include performing this step. Several
ongoing and previous projects may align with the established goal. Thus, the working group must assess these
initiatives, determining the existence of any potential resources that may be significant for the ontology
development. It also appears imperative to evaluate their status, languages and formalisms used, users, and
scenarios where these resources are employed (De Nicola et al., 2005). We recommend covering the broadest
possible spectrum of resources, including existing ontologies, knowledge graphs (KGs), and datasets. We also
encourage the working group to document this step, expanding the specification requirements document

created in the previous step.

The working group may approach this step differently, depending on proper networks, time at disposal, and

project goal. We suggest including a literature review assessment to benefit from the available literature. The
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chosen approach and reasons for the choice must be declared and detailed.> Performing this step will ensure
a clear overview of available resources relevant to the domain of knowledge, foster reusability and
interoperability with already existing resources and optimize time and efforts during the project. This step
also offers additional material to enrich conversations with stakeholders, providing insights for discussion and

support in better delimiting the domain of knowledge to represent.

Input and Output - Guideline 2.
Input: The project goal.
Output: A clear overview of available resources and materials pertaining to the domain of knowledge to

represent.

1.1.1.3. Stakeholders’ Identification

The working group must carry out two main actions during this step: 1) identifying the food systems
stakeholders relevant to the domain of knowledge to ontologize, and 2) selecting a subset of stakeholders to
engage with during the “ontology participatory design” phase. The first action aims to determine to who food
systems sustainability matters with respect to the domain of interest. This action is fundamental ahead of any
engagement in the next phase. For reasons of feasibility, engagement will interest only a limited number of
stakeholders. Thus, the second required action to perform is to identify the adequate subset of stakeholders
who will be engaged in participating in the next phase. As those stakeholders will participate on behalf of all
concerned ones, the motivations for the choice must be made explicit. Networks vary across working groups.

Thus, we suggest making explicit means and channels of engagement as well as documenting choices made.

Various methodologies, such as METHONTOLOGY (Fernandez-Lépez et al.,1997), mention the necessity of
dialogue with stakeholders in order to acquire knowledge or evaluate the ontology created/to create. Those
methodologies, however, put no substantial emphasis on this point. We strongly recommend identifying and
engaging with stakeholders and further proceeding as such from the beginning of the project. This is essential

to consistently establish the setting of the work ahead of the participatory design phase.

5 The working group may consider conducting this assessment in parallel to the literature review previously
recommended, to reciprocally strengthen each other.

78



Input and Output - Guideline 3.
Input: The project goal.

Output: The identification of relevant food system stakeholders; the involvement of a selected group of
them in the participatory design.

Phase 1 tips:

e We suggest implementing these three guidelines nearly in parallel, in order to mutually benefit and
complement each other.

e We encourage engaging stakeholders in discussions throughout the process of defining the project
goal and identifying existing resources, as they may offer significant insights to refining the purposes

and the domain of the work, as well as counseling resources relevant to developing the ontology.

1.1.2. Ontology Participatory Design

This phase constitutes the ontology development apparatus. It is fundamental to engage with stakeholders,

formulate a shared and participatory narrative, and construct the desired ontology accordingly.

1.1.2.1. Stakeholders’ Engagement

Engaging with stakeholders is essential to clarify their perspectives on food systems sustainability. The
working group will involve the previously selected stakeholders in moments of discussion. During these
moments, we suggest that the working group first presents the goal of the project and introduces the
stakeholders to FSSMF. This action aims to clearly outline the current stage of the work to the stakeholders to
foster their engagement and willingness to contribute to the project. The working group must further
moderate the debate, ensuring that all stakeholders express their positions. The working group may employ
instruments, such as lists of questions and features pertaining to the project goal and domain of knowledge,
tools to create graphical representations, and devices to track and summarize conversations.® Similarly, they
can also mark and organize the discussion into different time slots, each one dedicated to specific topics of

discussion. This approach maximizes the benefits of dialogue with stakeholders.

We let the working group define the appropriate schedule in terms of the number and duration of these

conversations. The working group may adopt different meeting structures, depending on the project needs

6 The working group may compile these lists of questions and themes based on the literature review previously

performed.
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and duration, the types and number of engaged stakeholders, and their personal schedules and backgrounds.

We advise organizing breakout groups, based on types of participants, expertise, and interest.

After these meetings, the working group must collectively synthesize these discussions, complementing the
specification requirements document regarding the engagement process, employed tools, and conversation

outputs. We recommend asking stakeholders for feedback and revision.

Input and Output - Guideline 1.
Input: An established project setting.

Output: A synthesis of meeting sessions.

1.1.2.2. Project Narrative Formulation

At this point, the working group will employ FSSMF as a base to establish a common narrative upon the
synthesis of conversations to further develop an ontology. The working group must first identify and
enumerate stakeholder perspectives and frameworks of reference regarding food systems sustainability. Even
if stakeholders may sometimes declare their positions by explicitly providing definitions and pointing to
specific frameworks, generally, perspectives will emerge implicitly from their conversations. In those cases,
we advise the working group to seek to identify and account for major tracks of significance and refer them

to possible frameworks of reference. This action is critical for clearly stating the involved perspectives.

Subsequentially, the working group must isolate the essential features characterizing each stakeholder
perspective, accounting for and accommodating points of similitude and possible divergences. To do so, the
working group should map stakeholders' thoughts onto FSSMF tenets. We recommend using the FSSMF Atlas
to clarify and align stakeholders’ employed terminologies. They will associate each topic covered by each
perspective with the corresponding pillar(s) and stock(s) of relations. In doing so, the working group will not
only consistently deconstruct each perspective but also expand, align with, and ground them in the

foundational elements of food systems sustainability.

Using tenets as reference anchors, the working group will further interface mapped features within and across
perspectives, identifying existing correspondences, and integrating them into a common account. Possible
divergences may exist across perspectives. Nevertheless, deconstructing perspectives and isolating the
essential features will assist in unfolding points of disagreement toward accommodation or co-existence. In
case this cannot be achieved, we recommend keeping track of conflicting views and accounting for all the

marked features, specifying differences, conflicts, and deriving implications.
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We encourage performing these actions by referring to the literature and resources assessed in the previous
phase. Accounting for this material, in addition to stakeholders' perspectives, will contribute to enriching and
enhancing narrative consistency and coherence.” We also advise setting up breakout groups to work on
specific themes, according to the project schedule and purposes, and involved people's expertise. Each
breakout group will generate a fragment of the narrative. The working group must further assemble and

harmonize the fragments into a final unique shared narrative.

The formulation of a shared narrative may require successive rounds of revision and stakeholders’ feedback
and suggestions. Once the narrative has been completed, the working group must ask for final validation from
stakeholders. The working group will produce a document detailing each performed action and presenting
the developed participatory narrative in the form of storytelling. Alternative forms, such as graphical
illustrations, may complement the storytelling. This document will complement the specification

requirements document.

Performing this step will lead to consistently determining and defining the pieces of knowledge characterizing
the domain that the ontology will represent. It will shape them into a common and participatory narrative of
reference that 1) takes into account and accommodates all involved perspectives and frameworks, 2) builds
upon FSSMF, and 3) makes explicit and clarifies themes, entities, and relations pertaining to the domain of
knowledge the ontology will represent. This will ensure having a participatory common basis to further

construct the ontology.

Input and Output - Guideline 2.
Input: A synthesis of meeting sessions.

Output: A participatory narrative for the project.

1.1.2.3. Ontology Construction

All assessed ontology development methodologies cover this step. This step consists of two major actions: 1)
the construction of an informal ontology from the participatory narrative and 2) its formalization. We suggest

performing them in parallel to benefit from each other.

To informally construct an ontology, the working group must first determine the major terms and relational

expressions corresponding to the entities and relations identified within the participatory narrative. To do so,

7 The methodologies proposed by De Nicola et al. (2005), Dutta et al. (2015), and Uschold & Gruninger (1996) present

some points of similarity with this approach. We refer to these publications for details.
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we recommend interfacing the developed narrative with the FSSMF Atlas. FSSMF Atlas may directly cover

terms and relational expressions of relevance. Alternatively, the FSSMF Atlas may support the working group
to identify additional terms and relational expressions, not included in the Atlas charts yet, by adjacent
relevance. FSSMF Atlas establishes the core vocabulary of food systems sustainability, shaping a background
semantics matrix that may assist the working group in deriving novel terms from preexisting ones, relating,
to some extent, to the narrative. Along the same lines, the working group will equally benefit from having a
reference to determine possible synonyms and preferred labels and select vocabulary to include or exclude.
For vocabulary formatting, we endorse the best practices recommended by Arp et al. (2015). See directly the

publication for details.

Parallelly, the working group must complement the established vocabulary with definitions. FSSMF Atlas
provides links to literature resources, supporting doing so consistently. Building upon stakeholders'
interpretations, the working group may employ these literature references to deepen their characterizations
into adequate definitions, fostering vocabulary reliability and coherence. Definitions will be grounded in both

scholarly and practical expertise.

Definitions may cover different natural languages. Regarding the definition structure, we suggest following
the recommendations proposed by Arp et al. (2015) and Smith (2013), who advocate for definitions expressed

in the Aristotelian form of A = a B that C. See directly the publications for details and benefits of this choice.

The working group must also hierarchically organize the developed vocabulary, declaring the approach they

intend to follow.® According to Arp et al. (2015, pp. 78,82), we recommend to:

8 There exist four main approaches that can be followed to design an ontology (Cristani & Cuel 2005; De Colle et al.,

2023, p. 190):

1) Top-down: The authors develop ontology hierarchies starting from generalities and constraining down more
specific ontological contents. Top-level ontologies (TLOs) are often used as starting points.

2) Bottom-up: this approach is exactly the contrary of the previous one. Authors develop ontology hierarchies
starting from the specificity of the proper data and going up to more general contents.

3) Middle-out: this approach combines the first two, starting from some extent of generality, and extending in
both directions to more general and more specific contents.

4) Middle-in: this approach integrates the first two but in a different way than the Middle-out, i.e. employing top-
level ontologies to assess data and further designing ontological content starting from both the top and the

bottom to reach “the middle”.

We refer to De Colle et al. (2023) for details regarding the advantages and disadvantages deriving from embracing one

or another approach.

82


https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF

1) Structuring the vocabulary around an is_a hierarchical backbone.

2) Guaranteeing is_a completeness. Each term must connect to the hierarchy root via a path of
successive is_a steps.

3) Safeguarding “asserted single inheritance”.

4) Respecting the open-world assumption, i.e. “that each ontology is built in a flexible manner to allow
extension and correction and is never put forward as providing a complete assay of the domain in

question”.®

Once more, the FSSMF Atlas may assist the working group in doing so. Providing a hierarchically structured
graphical representation of the main vocabulary pertaining to food systems sustainability, the FSSMF Atlas

may offer insights and guidance according to which organize the vocabulary.

At this point, an informal ontology will have been established. According to the level of language formality
chosen and declared during the goal definition step, the working group may further formalize it. Generally,
authors use logic-based languages, such as First Order Logics (FOLs) and Description Logics (DLs), to formalize
ontologies. The working group must select the adequate language(s) for their purposes and indicate tools
they plan to use (if so) to support the process of ontology formalization. We recommend designing a version

of the ontology, using a DL-based language, such as Web Ontology Language (OWL), to allow ontology usage

for machine computation. We also suggest the use of Protégé, which is among the most internationally

utilized editors for ontology construction and formalization.

According to the ontology development methodologies we assessed, the working group must specify the
narrative vocabulary and define its hierarchical structure using the chosen formal language. Similarly, the
working group must also establish formal axioms that restrict and structure the vocabulary. If CQs have been
formulated, the working group should formally specify them as well, ahead of ontology validation (Gruninger
& Fox 1995). In the case of employing Protégé, the working group will specify the narrative vocabulary
constructing hierarchies of classes, individuals, and object properties, and axiomatizing restrictions over
them, within a visual DL-based language-supporting environment (Noy & Mcguinness 2001). Further, the
working group will save and export the ontology expressed in the chosen DL-based language.®® At this point,

the working group will have at its disposal a formalized ontology.

% In the informatics and logics domain the Open-World Assumption (OWA) is generally used in opposition to the Closed-
World Assumption (CWA) — “what is not known to be true is false” -, meaning that if something is unknown, it is simply

unknown and not necessarily false (Moore & Van Pham, 2015, p. 388).
10 For further details regarding using protégé to design ontologies, see Noy & Mcguinness (2001) and Horridge (2009).
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Assessed ontology development methodologies typically stress the importance of reusing existing resources.
We endorse this claim. The working group must perform the informal and formal construction of the ontology,
referring to the existing resources previously assessed. Proceeding as such, they will benefit from available
works — for instance, they may identify terms, relational expressions, and definitions that are pertinent to
the participatory narrative and may be reused —, fostering the interoperability of the ontology under

construction with existing ones.

The working group may require performing ontology construction actions repeatedly to consistently
complete this step. Dialoguing with stakeholders is essential to get clarifications and further insights for
revision. The working group must document this step, expanding the previously created documents.

Graphical illustrations may be included.

Input and Output - Guideline 3.
Input: A participatory narrative.

Output: A formalized ontology.

1.1.2.4. Ontology Approval
After having constructed the ontology, the working group must evaluate it to assess its consistency and
coherence. All assessed ontology development methodologies cover this step. The working group must

perform two actions during this step: 1) ontology verification 2) and validation.

According to Fernandez-Lépez et al. (1997), the working group verifies the developed ontology by checking
its correctness and conformity, and those of employed tools, reused resources, and created documents, with

respect to the project goal. The developed resources must satisfy the requirements set in the first phase.

Subsequently, the working group must validate the ontology. Three major approaches to validation exist in
the literature. First, if the ontology has been formalized using languages that are computable by machines,
the working group may validate the ontology using automatic reasoners. Protégé allows pluggability to
different DL reasoners, such as ELK and HermiT. Reasoners process ontologies automatically, testing and
inferring hierarchies, and detecting possible inconsistencies (Horridge, 2009). Consistency checks can be
complemented by evaluating unintended representations, which can be achieved by incorporating error
probes or instantiating the ontology with relevant data and further utilizing DL reasoners for validation.
Second, if CQs have been defined, the working group may employ Protégé DL query functionality along with

SPARQL Protocol and RDF Query Language (SPARQL) to query the ontology and assess its ability in answering

these questions (Gruninger and Fox, 1995). DL reasoners can be leveraged to validate SPARQL queries
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(Almendros-Jiménez et al., 2017). The use of Shapes Constraint Language (SHACL) can complement these

checkpoints, extending ontology evaluation to rate and improve the quality of relevant data connected to the
ontology, and deriving KGs. In this optic, SHACL shapes and constraints can be formalized in compliance with
the design ontology, using, for instance, the SHACLer tool. SPARQL and SHACL can be combined (see SHACL-
SPARQL extension) to enhance ontology validation, for instance, to integrate CQs into SHACL shapes graphs.
Third, the working group may validate the ontology through stakeholders’ approval. Stakeholders' judgment
is essential to evaluate if the ontology effectively represents their perspectives and responds to their needs.
We let the working group define how to proceed with the moment(s) of restitution and validation with

stakeholders. For a promising procedure, we refer to the work of Dutta et al. (2015).

Once the ontology has been verified and validated, the working group has at their disposal a complete and
coherent ontology able to consistently deal with food systems sustainability. We recommend that the working

group documents this step, implementing the previously created documents.

Input and Output - Guideline 4.
Input: A formalized ontology.

Output: A validated ontology.

Phase 2 tips:

o We suggest performing the project narrative formulation and the ontology construction nearly
concomitantly to mutually benefit and complement each other.

e The working group may consider involving some stakeholders to contribute to the process of narrative
development, ontology construction, and validation. The choice may depend on the stakeholders’
expertise and interest, as well as the amount of material collected and the necessities of the project.

e We strongly suggest considering the reuse of the narratives developed following this methodology in
other projects.

e The working group may consider using Artificial Intelligence (Al) tools, such as Large Language Models
(LLMs), to support the ontology design phase. The working group may employ LLMs to semi-
automatize existing resource assessment, vocabulary identification, and ontology formalization. We,
however, recommend carefully pondering the benefits and limitations of using these tools as well as

considering possible ethical concerns.
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e We encourage the working group to store and update versions of all outcomes generated during this
phase on a trusted and reliable repository that supports resource shareability and participatory

revision, such as GitHub.

1.1.3. Ontology Maintenance

This phase commits to curating, implementing, and documenting the ontology after its construction, to

maintain ontology viability and consistency in time.

1.1.3.1. Ontology Curation, Documentation, and Implementation

The development of an ontology extends beyond its construction. An ontology must undergo continuous
revisions and updates to reflect the evolving narrative on food systems sustainability and stakeholders'
necessities (Staab et al., 2001). Maintenance covers actions such as the inclusion of new vocabularies and
revisions of definitions and axioms. Other implementations may regard the reorganization of segments of the
ontology hierarchies, the creation of new ones, and ontology formalization in alternative logic languages. We
recommend implementing the ontology observing guidelines proposed in this methodology to ensure a

coherent implementation of the resource. Reasons for implementation must always be declared.

We encourage the working group to involve new participants in the ontology maintenance effort, for instance,
some of the engaged stakeholders or others who wish to contribute. This will foster dialogue over the
resource, supplying new stakeholder perspectives for strengthening ontology implementation. Similarly, we
equally recommend implementing the developed ontology in a working environment that promotes ontology
versioning, tracking requests and suggestions for modifications and conversations, such as GitHub. Finally,
according to Fernandez-Lépez et al. (1997) and Uschold & Gruninger (1996), we equally strongly advocate
extending the process of documentation to this step. It is capital to account for implementations to ensure

transparency and foster understanding and reuse of ontologies across different projects and stakeholders.

Input and Output - Guideline 1.
Input: A validated ontology.

Output: A continuously implemented and updated ontology.

Section 2. A Sustainable Meat Systems Ontology (SuMSO)

In this section, we present the initial core ontological module of a Sustainable Meat Systems Ontology

(SUMSO) (Annex 1), developed according to FSSMF methodology. We consider this section, complemented
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by Annex 2, as the document accounting for the specification requirements and the development process of

SuMSO.
2.1. Project Setting

2.1.1. Goal Definition

We aim to develop an ontology addressing meat systems sustainability, named Sustainable Meat Systems
Ontology (SuUMSO). Despite the relevance these systems hold with regard to sustainability (Parlasca & Qaim,

2022), an ontological resource specifically dedicated to meat systems sustainability does not exist at this time.

To consistently address meat systems sustainability, SUMSO must deal with a variety of features. Thus, in
building this ontology, we begin by developing an initial ontological module focusing on the core architectural
features of a sustainable meat system. We do so, aiming to establish a consistent basis from which to further
address coherently and entirely sustainability across disparate meat systems. Due to the variety of animals
from which meat may be derived, this core ontological module considers cow-related meat as the starting
use-case example. The reason for this choice is the emblematic role cow meat systems play in the food
systems sustainability narrative. This ontological module deals with meat in a broad sense, meaning not only
focusing on cow-derived meat but also contemplating its liaison with other cow materials, such as leather
and bones. This choice is motivated by the intrinsic connection among cow materials as well as among related

supply chains.!

We envisage this ontology to be used within projects that seek to strengthen sustainability across local and

global meat systems by promoting integrative and participatory ontology-driven approaches, such as the

Growing Grass (GGRASS) project. GGRASS project is a United States (US) project that focuses on improving

sustainability across cow and bison supply chains.!?> We consider food sustainability ontologists and data

11 We refer to meat systems sustainability literature to effectively articulate the project goal and delimit the domain of
knowledge. This literature was explored in parallel to available meat-related ontologies (see the assessment presented

in the next step).

12 GGRASS is a US-based project that aims to foster sustainability of regional meat systems through a participatory
regenerative and climate-smart grazing approach, claiming the derived benefits on climate, soil, and water for meat
system stakeholders and more broadly for the planet. GGRASS is primarily dedicated to incentivizing sustainable
practices across cow and bison supply chains, with a strong emphasis on integrative methods, certifications, and

measures. Source: https://www.ggrass.org/info

More details regarding this project can be found at the following link: https://www.ggrass.org/info
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scientists as the primary potential users of this resource. They may employ SUMSO within their ongoing
projects related to meat and sustainability. Potential users, more broadly, also include end-users of products,
such as dashboards, data platforms, and catalogs, developed within those projects, ranging from farmers and

ranchers to consumers and policymakers.

We endorse the ontological perspective of the OBO-Foundry ontological realism to design the SuMSO
ontological module, aiming to interface and align our work with OBO-Foundry and compliant resources.
According to this perspective, ontologies are conceived as representing entities existing in reality, and not
related conceptualizations, aiming to support scientific inquiries, whose focus is on reality (Arp et al., 2015;
Smith & Ceusters, 2010). SUMSO ontological module encompasses English as the natural language and OWL
as the formal language. Protégé is the ontology editor used to create it. CQs have been formulated in the

optic of implementing this initial ontological module into SUMSO.

2.1.2. Identification of Available Resources

2.1.2.1. Ontology Assessment

We assessed existing resources regarding meat systems sustainability. Due to the goal of creating an initial
core ontological module, we focused our exploration especially on available ontologies and thesauri. We
primarily considered ontologies developed using OWL and related logic-based languages as we sought to
create a resource suitable for automatic computational applications. Furthermore, we mainly dedicated
attention to OBO-Foundry and compliant ontologies, due to our choice to create a resource aligned with this

foundry.

We explored ontology literature by querying Google Scholar and PubMed for keywords. We opted for these
two bibliographic search engines as among the main ones to search for scientific literature. Keywords have
been chosen according to the settled goal and the meat systems sustainability literature explored. Table 2
presents the keywords used (in combination). We analyzed the first 50 results of each search. When papers
reviewed previously available ontologies, we limited our assessment to information provided in the papers.
We acted as such to avoid a snowball effect in ontology retrieval. We made exceptions for ontologies judged

fundamental concerning meat systems sustainability.

Keyword Combinations for the Literature Review
Meat Sustainable Meat Meat System Meat Supply Chain
Ontology Ontology Ontology Ontology
Leather Milk Sustainable Leather Sustainable Milk
Ontology Ontology Ontology Ontology
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Beef Sustainable Beef Manure Sustainable Manure

Ontology Ontology Ontology Ontology
Cow Horns and Bone Cow Hair Cow Livestock
Ontology Ontology Ontology Ontology

Regenerative Agriculture

Ontology

Table 2. Keywords (Combinations) employed for the ontology literature review.

We also assessed ontologies available in AgroPortal. AgroPortal serves as the main repository for available
ontologies related to agronomy, agriculture, and related themes, making it an ideal place where identifying
possible relevant ontologies. We manually scrolled the AgroPortal index, and we examined ontology

descriptions and files stored there. Ultimately, we examined the List of Sustainability Ontologies, the

inventory of currently available ontologies addressing sustainability proposed in Chapter 1. This assessment

was performed in Italy between January and June 2024.

2.1.2.2. Results of the Ontology Assessment
Disparate ontologies exist addressing meat and related topics, primarily with regard to cattle. Nevertheless,

no one specifically deals with meat systems sustainability. Further, several of these ontologies are not publicly
available online. These resources may be private projects or have simply not been released yet. This is the
case, to cite a few, of the Meat Supply Chain Ontology (MESCO), an ontology addressing traceability across
meat supply chains (Pizzuti et al., 2017) or of the Livestock Ontology, an ontology addressing livestock

management with a focus on animal health and nutrient management (Sivamani et al., 2016).

Despite these shortcomings, we retrieved diverse ontologies dealing with meat and related topics to reuse
for developing the SUMSO ontological module. For the sake of brevity, here we mention only the Food

Ontology (FoodOn), currently one of the most mature ontologies addressing meat and more generally food

(Dooley et al., 2018). See Table 3 and Supplementary Table 1 (Annex 2) for additional examples.

FoodOn is an OBO-Foundry open-source ontology that focuses on food materials and products, covering a
wide spectrum of related features, such as food ingredients, food processes, and food sources (Dooley et al.,
2018). This ontology covers a large vocabulary related to meat, with a substantial focus on terms that describe
meat cuts and related items originating from cows. As part of the OBO-Foundry, FoodOn employs Basic

Formal Ontology (BFO) as the upper-level ontology. FoodOn also imports from different ontologies, including
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the Environment Ontology (EnvO) and the Chemical Entities of Biological Interest ontology (CHEBI). Currently

(2024-11-25), FoodOn includes 38.593 classes, 263 properties, 65 annotation properties, and 435 individuals
(Food Ontology, n.d.).

There also exist several other ontological resources that, despite not focusing specifically on meat, are equally
relevant to the set goal. These ontologies address features that equally pertain, in a broader sense, to meat

systems sustainability. This is the case, for instance, of the Industry Ontology Foundry resources (IOF), which

extends BFO to represent industry and manufacturing-related features. Another example is the Common Core

Ontologies (CCO), a set of twelve BFO-compliant ontologies, such as the Artifact Ontology or the Information

Entity Ontology, that together seek to provide a generic representation of reality, at a lower level of generality
than BFO (Jensen et al.,, n.d.; Karray et al., 2021). See Table 3 and Supplementary Table 1 (Annex 2) for

additional examples.

2.1.2.3. Resources Reused to Design SUMSO
We reused different ontologies to construct the SUMSO ontological module. Here, we briefly reiterate

descriptions from Chapters 1 and 2 of the two upper-level ontologies, Basic Formal Ontology (BFO) and

Sustainability Core Ontology (SCO), to which the SuMSO ontological module extends. We documented the

ontologies from which the SUMSO ontological module imports or adapts some classes and object properties
in Table 3. Table 3 provides ontology names, acronyms, homepages/repositories, and whether they reuse BFO
as the top-level ontology. See Supplementary Table 1 for additional ontologies we judged useful for SUMSO

implementations.

BFO is a top-level ontology (TLO), constructed according to the perspective of ontological realism, of which
the last version, BFO 2020, conforms to the ISO/IEC 21838-1 TLO standard (“ISO/IEC 21838-2:2021” 2021).
BFO provides a general domain-neutral representation of reality, upon which more domain-specific
ontologies may be built (Arp et al., 2015). BFO primarily distinguishes entities between continuants — entities
“that continue or persist through time”, e.g. objects and qualities — and occurrents — entities “that occur or
happen”, e.g. processes and spatiotemporal regions occupied by those processes (Arp et al., 2015, p. 87).
BFO is currently the upper-level ontology used by 497 ontologies (as of 2024-08-16), all OBO-Foundry

ontologies and many other compliant ontologies (Arp et al., 2015).

SCO is a middle-level core ontology that endeavors to provide the cardinal ontological backbone upon which
to harmonize ontologies regarding sustainability. SCO represents the three major theoretical challenges to
sustainability that any ontology that aims to address sustainability must account for to effectively deal with
it. See Chapter 1 for details. The last version of SCO that has been released, SCO.V1.0.1, offers a representation

of sustainability challenges that is BFO-compliant. This version extends the SCO structured vocabulary upon

which we constructed the FSSMF Atlas (Chapter 2).
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Ontology Ontology Repository/Homepage BFO
Acronym Compliance

Agronomy AgrO https://bigdata.cgiar.org/resources/agronomy-ontology/ Yes
Ontology
Common Core | CCO https://www.ontologyrepository.com/ Yes
Ontologies
Addiction ADDICTO https://addictovocab.org/ Yes
Ontology
An ontology of | ECOCORE https://github.com/EcologicalSemantics/ecocore Yes
core ecological
entities
BioAssay BAO http://bioassayontology.org/ Yes
Ontology
Environmental | EnvO https://sites.google.com/site/environmentontology/ Yes
Ontology
Experimental EFO https://www.ebi.ac.uk/efo/ Yes
Factor Ontology
Food Ontology | FoodOn https://foodon.org/ Yes
Gender,  Sex, | GSSO https://gsso.research.cchmc.org/#!/#%2Fhome Yes
and Sexual
Orientation
Ontology
Industry IOF https://ontocommons.eu/initiatives/industry-ontology- Yes
Foundry foundry
Ontology
Information IAO https://github.com/information-artifact-ontology/IAO/ Yes
Artifact
Ontology
NCBITaxon NCBI taxon https://github.com/obophenotype/ncbitaxon Yes
Ontology
NCI Thesaurus | NCIT https://github.com/NCI-Thesaurus/thesaurus-obo-edition | No
OBO Edition
OBO Relation | RO https://oborel.github.io/ Yes
Ontology
Occupational OccO https://github.com/Occupation-Ontology Yes
Ontology
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Ontology  for | OBI https://obi-ontology.org/ Yes
Biomedical

Investigations

Ontology  for | OMSE https://github.com/mcwdsi/OMRSE Yes
Modeling and

Representation

of Social

Entities

Phenotype And | PATO https://github.com/pato-ontology/pato/ Yes
Trait Ontology

PO2/Transform | PO2/Transform | https://agroportal.lirmm.fr/ontologies/TRANSFORMON?p | Yes
ON ON =summary

Sustainable SDGIO https://github.com/SDG-InterfaceOntology Yes
Development

Goal Interface

Ontology

Uber-anatomy | UBERON https://obophenotype.github.io/uberon/ Yes
ontology

Vaccine \Y/e] https://violinet.org/vaccineontology/ Yes
Ontology

Table 3. Ontologies that we reused to construct the SuMSO ontological module.

During meetings held with stakeholders (see the next subsections), they pointed out these three sustainability

frameworks: Soil & Climate initiative, RegenScore, and the works of Huber et al.(2015) and Springer et al.

(2015). Soil & Climate initiative and RegenScore offer methodologies to assess and certify sustainable and
regenerative agriculture practices. The work of Huber et al.(2015) and Springer et al. (2015) provides a
collection of food systems sustainability indicators and issues. See Annex 2 for details. SUMSO points to those

frameworks, aligning its vocabulary with those covered by those frameworks.

It is also noteworthy to remark that stakeholders decided to share four working documents with us, judging
it beneficial that we consulted them. In fact, this material contained insights into meat systems sustainability
projects in which they are involved thereby clarifying their positions and perspectives. For reasons of

confidentiality, we did not include these documents in this chapter.

2.1.3. Stakeholders’ Identification

Meat (cow) systems cover a variety of stakeholders, including humans, cows, plants, and bacteria. For evident

reasons of feasibility, we focus on human stakeholders to engage in the participatory design of the SuUMSO
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ontological module. Nevertheless, in doing so, we took into consideration the existence of other non-human
stakeholders (and their perspectives) as we acknowledge that these stakeholders also matter with regard to

the sustainability of meat systems.

Humans participate in meat systems in various ways. We decided to first approach those who relate to meat
systems by working on projects that aim to deal with the sustainability of these systems and include the
development and usage of ontologies. We prioritize engaging with these stakeholders to promote an
adequate and consistent construction of the SuMSO ontological module. These stakeholders present
backgrounds covering both knowledge of meat systems sustainability and ontology. Nevertheless, we
envisage engaging with more stakeholders, especially those directly involved in the meat supply chains, such

as farmers or slaughterers, to drive SUMSO ontological module implementation.

We contact our professional networks to find suitable stakeholders. Four stakeholders expressed their
willingness to participate and dialogue with us. for reasons of privacy, from now on, we will refer to them as
stakeholders A, B, C, and D. They present different backgrounds but are all involved in projects related to meat
systems sustainability, primarily in the context of North America. All these projects encompass the usage and

development of ontologies.
2.2. Ontology Participatory Design

2.2.1. Stakeholders’ Engagement

We interfaced with stakeholders through online calls, engaging with them about meat systems sustainability.
These interviews were performed between July and September 2024, using the Zoom platform. We followed
up the discussions with emails. We shared with stakeholders the developed narrative storytelling and
vocabulary, receiving feedback and validation. We equally shared the final version of the SUMSO ontological

module for validation. Annex 2 provides further details.

Before meeting the stakeholders for the first time, we communicated with them via email to present the goal
and context of the project. We equally sent a document containing a list of questions regarding meat systems
sustainability and benefits deriving from using ontology to deal with it. This document also included a list of
themes pertaining to meat systems sustainability, that we identified from the related literature we explored
in the previous phase. We formulated these lists intending to support setting the stage for discussion. See

Annex 2 for consulting the lists.

We recorded meetings using the Fathom Al Notetaker tool. In addition to recordings, this tool allows for to

automatic generation of reliable summaries of conversations. These summaries were in line with notes

manually taken during the calls. We employed these syntheses to develop the participatory narrative. Annex
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2 provides syntheses, which have been revised to exclude any potentially sensitive or non-relevant

information as well as rectify possible orthographical and grammatical inaccuracies.

2.2.2. Project Narrative Formulation

We formulated a participatory narrative of meat systems sustainability on the basis of FSSMF. We employed
the recordings and the syntheses of conversations with stakeholders as the starting point to determine their
perspectives and frameworks of reference. We identified the essential features and employed FSSMF as a
reference basis to map each feature to the primary related tenet. Using FSSMF as the anchoring basis, we
also compared these mapped features and established similarities and differences. Stakeholders were broadly
in line with each other. We finally accommodated the compared features, constituting a common narrative.
Annex 2 presents the narrative storytelling as well as supplementary tables, documenting the actions

performed to establish it.

2.2.3. Ontology Construction

We performed the formal and informal construction of the SUMSO ontological module in parallel. Using the
FSSMF Atlas as a reference point, we pinpointed major terms and relational expressions from the developed
narrative and the documents that stakeholders shared with us. We complemented this list with those
stakeholders suggested. An initial set of core terms was selected for inclusion, according to stakeholders’
suggestions and pertinence to the project narrative. See Annex 2 for details. Subsequently, we formatted the
core vocabulary and constructed definitions following the guidelines presented by Arp et al. (2015) and Smith
(2013). We also referred to the literature FSSMF Atlas points to for formulating definitions and followed the
insights provided by stakeholders. We equally manually explored the assessed ontological resources to

identify terms, relational expressions, and definitions already covered, to reuse.

In parallel, we hierarchically organized the initial vocabulary of the SuMSO ontological module while
formalizing it in OWL using Protégé. We extended BFO and SCO via a middle-in approach to foster resource
consistency for further implementation. Once more, we employed FSSMF Atlas as a reference point and we
followed the recommendations of Arp et al. (2015). We corresponded classes and object properties to SUMSO
terms and relational expressions, and we established formal axioms to restrict and structure the vocabulary.
We annotate classes with definitions and other relevant information. We utilized and adapted as necessary
relevant classes and properties from existing ontologies we assessed. We generated OWL files containing
materials to import from OBO-Foundry ontologies using OntoFox. We manually imported from other
ontologies not accessible with OntoFox. We used GitHub for ontology (and related materials) storage and

versioning.

%94


https://github.com/gioUbbiali/Food-Systems-Sustainability-Meta-Framework-FSSMF
https://ontofox.hegroup.org/

2.2.3.1. SuMSO Model
Here, we briefly present the major features covered in the SUMSO ontological module representation. For

more details, see the narrative storytelling (Annex 2) and the SUMSO OWL file.

SuMSO ontological module extends BFO and SCO for food and meat systems (Fig.2). Specifically, this ontology
models these systems as complex systems, having components that participate in interactions with each
other and with the components of the related system environment. SUMSO ontological module equally
complies with SCO to describe meat and food system agents and stakeholders. The first are meat (food)
systems components that are causally active in at least a meat (food) system interaction, and the latter are
components that are recognized to bear certain roles or dispositions, especially dispositions to benefit or be
damaged, because of being part of a meat (food) system. SUMSO ontological module offers several examples
for meat systems components, agents, and stakeholders. For instance, terminology is included for describing
different types of cows, human workers, such as farmers, ranchers, slaughterers, and certifiers, and related
companies and organizations. Several terms for cow-derived materials, such as pieces of meat, cow carcasses,
leather, and manure, are equally covered. The majority of this terminology has been reused from existing

authoritative ontologies such as FoodOn, EnvO, and NCBITaxon.

complex system l [_complex system{sco} | complex system interaction among
environment {sco} component{sco} complex system
components{sco}
food system | food system{sumso} | food system component‘ interaction among food
environment {sumso} {sumso} system components
{sumso}
;as participant {bfo}

T L -
meat system spatially disjoint from{ro} i meat system{sumso} | meat system interaction among meat
environment {sumso} component{sumso} system components

SUMSO
has continuant part {bfo} = )

meat system meat system lfh Y
stakeholder{sumso} agent {sumso} | as agent at time t{sco}
as role{ro}

|_stakeholder-role{sco} |

role{bfo}

Fig. 2. Fragment of the SuMSO hierarchical structure: Meat systems, interactions, components, agents, and stakeholders. Lightblue
boxes = SCO classes; Grey boxes: BFO classes; Orange boxes: SuMSO classes; = (bold) = Is_a relation; - = other relations (these

relations are provided only for SuMSO classes). The ontology acronyms are shown in curly brackets. This picture has been created

using OWLgrEd.
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SuMSO ontological module also expands SCO, representing meat and food system actors, supply chains, and
related activities (Fig.3). Here, for reasons of conciseness, we only provide details on the meat systems model.

See the SUMSO OWL file for other information. A meat system actor is an organism or organization that

participates in a meat supply chain activity, i.e. an activity of a meat system that is part of a meat supply chain.
A meat system activity is a planned process that has as parts some interactions, among meat system
components or between the components of a meat system and the components of the related environment,
that are causally concatenated to obtain a certain (often planned/desired) output or fulfill a certain (often
planned/desired) function. Instead, a meat supply chain is a planned process that has as parts some meat
supply chain activities that are causally concatenated and realize the plan of a certain meat system
component. At least one of the outputs of the upstream activity(-ies) is an input for the downstream
activity(ies). SUMSO ontological module reuses terminology regarding plans and planned processes from OBI.
SuMSO ontological module offers several examples of meat system actors, such as ranchers, cows,
slaughterers, certifiers, and certifier companies, and supply chain activities, such as cow grazing, bovine

slaughtering, meat system certification issuance process, and hide tanning.

| process{bfo} |

,_;,I planned process{obi} I,,_

| complex system activity{sumso} | | supply chain{sumso} |
[ food system activity{sumso} | | food supply chain{sumso} |
| meat system activity{sumso} | I meat supply chain{sumso} ‘

| meat system component{sumso} |

I

‘ meat system actor{sumso}

| proper occurrent part of{bfol] ~ mMeat supply chain
I activity{sumso} proper occurrent part of{bfo}

Fig. 3. Fragment of the SuMSO hierarchical structure: Meat system activities, supply chains, and actors. Grey boxes: BFO classes;
Orange boxes: SuMSO classes; Yellow boxes: OBI classes; = (bold) = Is_a relation; = = other relations (these relations are provided
only for SuMSO classes). The ontology acronyms are shown in curly brackets. For reasons of graphic clarity, the picture does not include

references to plans. This picture has been created using OWLgrEd.

In addition, SUMSO ontological module includes a representation of system properties fundamental for meat
systems and related sustainability, i.e. system resilience, vulnerability, and stability (Fig.4). In accordance with

SDGIO and the works on ecology of Holling and colleagues on these topics (Gunderson & Holling, 2002;
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Holling, 1973), SUMSO models these system properties as follows.! System resilience is a disposition whose
realization leads a meat system to persist in its stable state of equilibrium in response to a perturbation.
System stability is, instead, a disposition whose realization leads the meat system to re-acquire its previous
stable state of equilibrium after a perturbation. Finally, system vulnerability is a disposition whose realization
leads the meat system to express sensitivity over resilience to a certain perturbation to which it is exposed.
Exposure to a perturbation (process) is “a process which is causally within or downstream of another process
whose direct or indirect effects cause one or more entities to realize one or more of their disposition” (from

SDGIO).

SuMSO ontological module further proposes a representation of well-being for meat systems (Fig.4). This
ontology distinguishes between the well-being of components of the system, such as human well-being or
animal welfare, and the overall well-being of a meat system. Well-being is interpreted in compliance with the
“Capability Approach”. Reiterating Chapter 2, the “Capability Approach” is a theory on well-being proposed
by the scholars Amartya Sen and Martha Nussbaum in the latter half of the 20th century that holds significant
importance in discussions on sustainability. The Capability Approach postulates that well-being should be
interpreted in terms of capabilities, i.e. combination of valuable and recognized as valuable states of being
and doing, such as feeling safe or owning healthy and adequate food, among which a certain individual has
the freedom to choose to live a valuable life that has reasons to value. See Sen’s publications proposed in
Chapter 2 and Annex 2 of this chapter for further details. Accordingly, the well-being of a specific meat system
component, such as a human or an animal is a disposition whose realization leads all meat system
components to choose freely and among alternative combinations of valuable and considered-valuable states
of doings and beings that they own, interdependently with other meat system components, and among which
they can opt to live a life worthy of value and that has motives to value. Instead, the overall well-being of a
meat system is the integration, more than the mere sum, of all meat system components' well-beings. With
regard to animal welfare, SUMSO ontological module pointed out certain specific features to account for,
including freedom from hunger, thirst, discomfort, and any sort of harm or disease, access to adequate and
salutary living spaces, clean water, and safe and nutritious food, freedom to express proper instinctive
behaviors, freedom from distress and fear, absence of treatment with prohibited medications and substances,
and a minimally painful demise. SUMSO ontological module indicates how the meat system activities

contribute to increasing, decreasing, or losing well-being. See the SUMSO OWL file for examples.

13 The work of Holling and colleagues is of paramount importance in the literature on sustainability and system
complexity. For details, see the cited references and the following papers: Holling (1985, 2001).
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planned process{obi}
I exposure process{sdgio} [ disposition{bfo}

has realizat:on{bfo},[
system vulnerability{sdgio}

i complex system component well-being{sumso} |

system stability{sumso} : complex system well-being{sumso} | i
Y
ili i food system well-being{sumso
| system resilience{sdgio} l Y. = ngisumso} | | animal welfare{sumso} |
L disposition of {ro} disposition of {ro} ] meat system well-being{sumso} |

disposition of {ro} k\as continuant part{bfo} \——f
2] meat system{sumso}

human well-being{sumso} |

disposition of {ro}

has continuant part{bfo} ,! cow welfare{sumso} |

isposition of {ro}
meat system component{sumso} |

Fig. 4. Fragment of the SuMSO hierarchical structure: Meat system properties and well-being. Grey boxes: BFO classes; Orange boxes:
SuMSO classes; Yellow boxes: OBI classes; Purple boxes: SDGIO classes; - (bold) = Is_a relation; = = other relations (these relations
are provided only for SuMSO and SDGIO classes). The ontology acronyms are shown in curly brackets. This picture has been created

using OWLgrEd.

Finally, SUMSO ontological module establishes an initial non-exhaustive general model of sustainability
impact areas, certifications, labels, and related issuance processes for meat and meat systems (Fig.5). It also
provides some examples specific to meat systems. This preliminary account has been established according
to the literature explored and the opinions of stakeholders interviewed. Here, we report on the modeling of
impact areas, certification, and the related issuance process in meat systems. We envision further discussions
with subject matter experts to deepen this representation. A sustainability impact area is a specification of
an objective of some meat system components or components of the related system environment and
describes an intended process endpoint concerning the change for sustainability that the meat system or
meat system environment component wishes to see in the system, according to its perspective. A certification
is a “credential awarded by a professional organization designed to signify the holder's competence as
measured against a specified professional benchmark” (from OccO) A certification issuance process in a meat
system is a planned process that concerns the assessment and attesting of compliance with a specified
benchmark (criteria), prescribed by a certain certification, and the consequent assignment of the certification,
if the specified benchmark (criteria) is met. This process may regard different stages of a meat supply chain,
related activities, participants, items, inputs and outputs, and practices. SUMSO ontological module reuses

terminology concerning objective specification from IAO and CCO.
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generically dependent
continuant{bfo}

information content
entitiy{cco}

T

directive information planned process{obi} |
content entity{cco} T
t I L certification issuance

] certification{occo} |

has participant{bfo} process{sumso}

‘ object specification{iao} |
=

[ impact area{sumso} ]

Fig. 5. Fragment of the SuMSO hierarchical structure: Impact areas and certification. Grey boxes: BFO classes; Orange boxes: SuMSO
classes; Yellow boxes: OBI classes; Purple boxes: IAO classes; Pink boxes: CCO classes - (bold) = Is_a relation; - = other relations
(these relations are provided only for SuMSO classes). The ontology acronyms are shown in curly brackets. This picture has been

created using OWLgrEd.

2.2.4. Ontology Approval

We verified the correctness and conformance of the developed resource with respect to the project goal.
SuMSO ontological module satisfies the requirements settled in the first phase. In parallel, we validated the
constructed resource using Protégé's automatic plug-in for the ELK 0.5.0 and HermiT 1.4.3.456 reasoners and
requiring stakeholders' approval. No logical inconsistencies were detected. Stakeholders judged the resource
adequate to fulfill their needs and perspectives. The OWL file of the SUMSO ontological module (Annex 1) is

retrievable here.
2.3. Ontology Maintenance

2.3.1. Ontology Curation, Documentation, and Implementation

We envision extending the SUMSO ontological module to establish a resource entirely covering meat systems
sustainability. Broadly, we envisage implementing this core ontological module to represent additional
features detailing and expanding the representation of cow-related meat systems sustainability. Further, we
aim to implement it to cover sustainability features pertaining to meat derived from other animals as well as
alternatives to meat, such as novel meats. Interrelations among those meat systems and other food systems

will also be explored. For details, see comments to classes in the SUMSO OWL file and the implementation

document provided here. SUMSO will equally provide coverage for logic definitions in FOLs and DLs and

natural languages other than English. We consider the possibility of compartmentalizing the ontology into
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modules to strengthen resource reusability across projects, interoperability with other ontologies, and clarity

in representing meat systems sustainability.

As planned in the “Project Setting" phase, we foresee implement this resource within projects such as GGRASS
to support the design of application tools and products, such as interactive dashboards to account for meat

and sustainability features, e.g. the Food System Dashboard, interactive platforms for collecting, monitoring

and integrating data regarding the sustainability of local and regional meat systems of interest, e.g. k.LAB and
ARIES, or catalogs of ontologically sound indicators and metrics. Specifically in the context of the GGRASS
project, SUMSO may furnish ontologically sound semantics for meat systems sustainability, facilitating the
design of an efficient platform that harmonizes certifications and labels for tracking and monitoring
(economic) values across stakeholders, meat and other cow and bison-derived materials, and supply
chains. A user-friendly platform can incorporate an Artificial Intelligence (Al)-based model grounded on
SuMSO to collect and infer data from stakeholders' data entrance, enabling the generation of scores to
evaluate stakeholders' regenerative and climate-smart practices with respect to GGRASS certifications and

labels.

To drive these implementations, we plan to engage with stakeholders. Due to the limited cohort of
stakeholders currently involved, we desire to dialogue with more people, especially those who are directly
involved in the meat supply chains, such as farmers and ranchers. Further, we envisage exploring additional
literature and ontological resources for reuse. We may also employ Al tools, such as LLMs, to support these

planned implementations. Proposed CQs will be utilized as well.

Section 3. Next Steps and Conclusions

We conceive the work described in this chapter as a complement to the foundations of FSSMF presented in
Chapter 2. We envisage regular revisions and updates of the FSSMF methodology to promote its continuous
effective usage in accommodating stakeholder perspectives and building food systems sustainability

ontologies. Here, we briefly present some possible directions for implementation.

3.1. Future Implementations

Implementations may deepen each guideline description, extending explanations according to user
necessities and feedback. Implementations may provide more insights about logics for ontology
formalization. For instance, FSSMF methodology may point out advantages and limitations to constructing
food system sustainability ontologies using a certain logic-based language rather than another. Similarly,
these considerations equally regard tools and languages, such as SPARQL and SHACL, to employ for (possibly
automatically or semi-automatically) constructing, manipulating, and validating ontologies and related KGs.

The FSSMF methodology may also offer insights into the usage of LLMs, and related benefits and concerns,
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to construct and implement ontological resources related to food systems sustainability. Ultimately, FSSMF
methodology may present suggestions regarding the usage of designed ontologies to develop application
tools and products, to deal with food systems and sustainability. These implementations will foster the

support this methodology can provide for consistently using FSSMF.

3.2. Conclusions

In this chapter, we provide a methodology for employing the Food Systems Sustainability Meta-Framework
(FSSMF) to develop consistent ontologies addressing food systems sustainability. Accordingly, we also design
a core ontological module that will serve as the starting point to fully construct an ontology addressing meat

systems sustainability, named Sustainable Meat Systems Ontology (SuMSQ) (Annex 1). In so doing, we aim to

support the establishment of a participatory systemic approach to food systems sustainability.
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Chapter 2 - Annex 2
Supplementary to FSSMF

This annex outlines additional information regarding the Food Systems Sustainability Meta-Framework

(FSSMF). The materials are organized according to the order of the sections of Chapter 2.

Supplementary to Section 1

Here, we present some additional details regarding FSSMF design and development.

1.1. Food Systems Sustainability Frameworks in Literature

Different frameworks exist regarding food systems and sustainability, including, for instance, the works of
Ericksen (2008), Fanzo et al. (2020), Hollander et al. (2020), Hawkes et al. (2019), Kaiser et al. (2021), and
Nesheim et al. (2015).

Authors generally highlight the presence of several involved stakeholders within food systems. Nonetheless,
assessed frameworks primarily stand from a strong human-centric point of view, generally considering only
humans and related institutions as stakeholders. If other stakeholders, such as animals, for instance, are
accounted for, they are usually contemplated in function of human activities and necessities. Limited
attention is dedicated to stakeholder perspectives. No emphasis emerges on the relationship between

sustainability and sustainable development, nor on the related overlapping polysemy.

Several publications stress the complexity of food systems. Nevertheless, authors generally addressed
complexity inconsistently without a solid reference to the main topics populating the core discourse on
complex systems. The proposal of Dr. Ericksen strongly influenced (and still does so) the debate (Ericksen,
2008). Several frameworks relate to its vision of food systems. Despite pointing to the complexity of these,
Ericksen’s framework represents food systems merely as a collection of activities generating a series of
outcomes and impacting and being impacted by a set of environmental and socioeconomic features, such as

climate change and human population growth.

Several frameworks identify “dimensions” of food systems, such as political, social, environmental, and so
forth. Nonetheless, what these dimensions are, as well as where one ends and the other begins, appear
unclear in the literature. Finally, each framework generally identifies one or a few features of food systems as
the core one(s) for which to primarily account. For instance, Ericksen’s framework centers on food security

(Ericksen, 2008).
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Supplementary to Section 2

Here, we present some additional details regarding the FSSMF pillars and Stocks of essential relations.
2.1. FSSMF Pillars

2.1.1. Asymmetries Across Food Systems Stakeholders’ Perspectives

The perspectives of food systems stakeholders are asymmetric. Clarifying what a food system is makes an
eloquent example of that. In literature, several characterizations are available, and a common definition for
the term “food system” is currently missing. Fanzo and Davis (2021) and Hawkes et al. (2019) point out that
this term is used, at least, to indicate either 1) a specific food system, 2) the sum of all food systems currently
existing, or 3) the global food system of our planet. This asymmetry applies extensively to the narrative on

food systems sustainability.

2.1.2. Food System True Cost Accounting (TCA)

For further details on True Cost Account (TCA) concerning food systems sustainability, we refer readers to the

following publications:

e Aspenson (2020).

e Baker et al. (2020).

e Eigenraam et al. (2020).

e Hendriks et al.(2021).

e Negowetti (2016).

e Sandhu et al. (2021).

e Sharma (2012).

e TEEB (2018a).

e TEEB (2018b).

e True Cost Accounting for Food Systems: Redefining Value to Transform Decision Making (2021).

e True Cost Accounting of Food (2021).

2.2.3. System Delimitation

A system is a “totality” of interconnected components (Landgrebe & Smith 2023, p. 117). A system is
interpreted with respect to its surrounding environment. The boundaries of a system are always defined
through a delimitation process that identifies where the system of interest ends and its surrounding
environment begins (Landgrebe & Smith, 2023). This does not mean that systems are created through
delimitation; systems are merely delimited accordingly, on the basis of the embraced perspectives (Landgrebe

& Smith, 2023). Thus, a system is a “fiat entity” that can always be viewed as a possible subsystem or
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supersystem of some other system(s) (Landgrebe & Smith 2023, p. 118). Streams of matter, energy, and
information (inputs and outputs) connect and concatenate a delimited system to its environment as well as

to other identified systems, coupling them to networks (Heylighen et al., 2006).

2.2.4. Complex Systems Behaviors

We primarily referred to the following publications to formulate the definition of complex system behavior

and the analysis of food system change drivers proposed in Chapter 2:

e Ackoff (1971).

e Allen & Prosperi (2016).

e Ericksen (2008).

e Folke (2006)

e Gunderson and Holling (2002).
e Heylighen et al. (2006).

e Holling (1973).

e Holling (1985).

e Holling (2001).

e Landgrebe & Smith (2023).
e  Mitchell (2009).

e Nassl & Loffler (2015).

e Ramalingam et al. (2008).

e Sayama (2015).

e Smeets & Weterings (1999).
e Smith (2012).

e Van Meerbeek et al. (2021).

2.2.5. Complex Systems Behaviors — Adaptive Cycles and Panarchies

We consider it noteworthy to complement the discourse on complex systems behaviors by mentioning
contributions on the topic from the field of ecology, especially those of Holling and colleagues, due to the
fundamental influence their proposal had on both complexity and sustainability narratives. Holling and
colleagues primarily developed and applied ecology theories to socio-ecological systems, aterm that
identifies complex systems emphasizing the relationship(s) between humans and other system components

(Haines-Young & Potschin, 2012; Rutting et al., 2022).

Concerning complex socio-ecological systems and related behaviors, Holling and colleagues identified three

major relevant views “Nature Balanced/Constant”, “Nature Resilient”, and Nature Evolving” (Gunderson &
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Holling, 2002; Holling, 1985). Nature Balanced/Constant emphasizes system “constancy” and “homogeneity”
in time and space (Holling, 1985, p. 231). The behavior of a complex system is characterized by a stable state
where a set of properties is relatively maintained in time.! A stable state identifies a point of equilibrium for
the complex system towards which the system tends to return after any perturbation.? Instead, Nature
Resilient, proposed by Holling in 1973, focuses on dynamics and “variability, spatial heterogeneity, and non-
linear causation” (Holling, 1973; Holling, 1985, p. 232). The behavior of a complex system is characterized by
multiple stable states (Holling, 1973; Holling, 1985). Complex systems tend to oscillate between different

points of equilibrium in response to perturbations.

Holling and colleagues expanded these first two views in Nature Evolving, focusing on evolution and
adaptability (Gunderson & Holling 2002; Holling, 1985). The heuristic metaphor of the “Adaptive Cycle”
describes “Nature Evolving”. The behavior of a complex system is denoted in terms of four “functions”:
Exploitation (r), Conservation (K), Release (Q), and Reorganization (a) (Holling, 1985, p.250).2 By recurrently
characterizing the dynamics of a complex system, these functions identify four consecutive and cyclical
periods, commonly called “phases”, in a heuristic “adaptive cycle” that leads to the evolution and perpetual

novelty of the system.

In literature, these cycle phases are described in terms of the transition from one to the other, looking at how
the system state varies for three properties: system potential, controllability, and adaptive capacity. System
potential refers to the available capital of the system, system controllability refers to the system's degree of
connectedness, and adaptive capacity refers to the resilience of the system (Gunderson & Holling 2002;

Holling, 1985). Phase transitions display as follows:

= r—> K:Moving from r to K, complex system potential and controllability increase, and resilience decreases.
This “front loop” of the cycle identifies long periods where system dynamics slowly vary. The complex
system expresses relative stability, and its behavior becomes relatively predictable (at least in the short

term), the more the cycle moves toward K.

1 A system state represents the set of properties a system holds, and thus that describes it, at a specific time. System
properties may vary over time, resulting in complex systems being characterized by different system states at different

times. We define this term on the basis of the literature listed in the previous paragraph.

2 The term perturbation, either disturbance or stressor, refers to a particular identified cause of change in system

dynamics. The term “change driver” is also often used, especially in the food systems sustainability literature.

3 To our understanding, Holling employs the term “function” to qualify complex system dynamics at a certain time (or a

period of time) in terms of that/those dominating at that time (or period of time).
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= K-> Q: Moving from K to Q, system potential and controllability decrease, and resilience increase. This
phase transition identifies very short periods when existing system dynamics collapse triggered by
perturbations. “A gale of creative destruction” occurs in the system.

= Q- a: Moving from Q to a, potential and resilience increase, and controllability decreases. This “back
loop” of the cycle identifies short periods where novel complex system dynamics rapidly emerge. The
complex system behavior is highly unpredictable. Phase a is the “condition for the greatest uncertainty”,
where “unexpected form of renewal” and crises may occur.

= a - r: Moving from a to r, system potential and resilience decrease, and controllability increases. This
phase transition identifies the complex system reorganization and consolidation on novel established

dynamics.
(Gunderson & Holling, 2002, pp. 32-49; Holling, 1985, pp. 250-252; Holling, 2001, pp. 393—-396).

Several nested adaptive cycles across space and time identify a Panarchy (Gunderson & Holling, 2002; Holling,
2001). Panarchy stresses level interconnection across the complex system. Panarchy emphasizes level
interconnection primarily postulating the “revolt” and “remember” connections (Gunderson & Holling 2002,
pp. 75,76; Holling, 2001, pp. 398,399). When at one level complex system dynamics predominantly reflect
phase Q, it may “cascade”, influencing dynamics, predominantly reflecting phase K, at the next macroscopic
level (Revolt). When at one level system dynamics predominantly reflect phase a, the opportunities of novelty
and evolution are mainly conditioned by dynamics predominantly reflecting the K phase at the next
macroscopic level (remember). The “Adaptive Cycle”, however, is to be intended as a heuristic metaphor
describing complex systems changing behaviors and not as a “rigid, predetermined path” (Gunderson &

Holling 2002, pp. 53-60; Holling 2001, p. 396).*

2.2.6. Well-Being in Food Systems

In Chapter 2, we cited the Capability Approach to human well-being. Other influential accounts equally exist,
including the Desire Theory, Evaluative Well-being, Hedonism, Eudaimonic/Flourishing Well-being,
and Objective List Theories. Desire Theory conceives well-being as preferences and desires’ realization
(Agarwala et al., 2014; MacKerron, 2012). Evaluative Well-being focuses on self-evaluation and reporting of
personal well-being by every individual. Hedonism interprets well-being primarily in terms of pleasure and
feelings (Agarwala et al., 2014; Crisp, 2021; Jax & Heink, 2016). Eudaimonic/Flourishing Well-being centers

the discussion on happiness. Other than a mere fact of pleasure as for hedonism, here, well-being is seen as

4 For further discussion on Adaptive Cycles and Panarchies, we refer readers to Holling and colleagues’ works. We also
mention the following publications: Allen et al. (2014), Folke et al. (2005), Rocha et al. (2020), and Sundstrom et al.
(2023).
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a “good and flourishing life”, where the personal potential is fully expressed and acting occurs in a responsible
way (Agarwala et al., 2014; Jax & Heink, 2016, p. 2). Objective List Theories focus on enumerating needs to
satisfy for achieving well-being (Summers et al., 2012). Needs are generally classified as environmental, social,

and basic human needs. Subjective features often complement these needs.

Depending on the account considered, different features are pointed out as components of well-being. For
the sake of brevity, we limit ourselves to state that generally authors distinguish human well-being
components as either objective or subjective (Agarwala et al., 2014; Crisp, 2021; Jax & Heink, 2016; Summers
etal., 2012). Objective components normally refer to those that can be measured, such as health care, degree
of education, and so on (Summers et al., 2012; Jax & Heink, 2016). Subjective components relate primarily to
the “individual’s assessment of their own circumstances — what they think and feel” (Summers et al., 2012,
p. 328). Alternatively, the components of human well-being are also divided between those that are
“determinants of” (means to achieve well-being) and those that are “constituents” (well-being as an end)

(Millennium ecosystem assessment, 2005, pp. 73,74).

2.2.7. Food Security

Food security is a core feature relating to human well-being. In 1996, at the World Food Summit, food security
was defined indirectly, when it was stated that it is met “when all people, at all times, have physical and
economic access to sufficient, safe, and nutritious food to meet their dietary needs and food preferences for
an active and healthy life” (FAO, 1996). This definition outlines the main features that authors generally
associate with food security: food availability, food access, food utilization, and food stability (Ericksen, 2008;

Ingram, 2011; Mbow et al., 2020).

According to Ericksen et al. (2010), Mbow et al. (2020), and FAO (2008), food availability refers to the quality,
quantity, and type of food available for consumption. Supply chains are fundamental in determining food
availability. Food access relates to food allocation, food affordability, and food preference. Allocation refers
to the mechanisms that individuals and institutions employ to access food. Affordability refers to their
purchasing power in relation to the price of food, and preference refers to social rules governing food choices.
Food utilization indicates the social and nutritional values of food and its safety. Social and nutritional values
denote the benefits associated with food consumption in terms of societal and cultural aspects and daily
dietary requirements. Food safety relates to dangers associated with food along the entire food value chain.
Finally, food stability refers to the necessity to sustain food availability, access, and utilization in time in order

to food secure people.

2.2.8. Health, Nutrition, and Diets

The following considerations primarily focus on humans. They aim to be a starting point for further
discussions and explorations, with regard to humans and also other food systems stakeholders.
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Health is another core feature of human well-being. Health has been an important topic of discussion across
many fields of study for centuries. To date, no agreement has been reached on what human health is and
numerous perspectives, definitions, and accounts exist (Leonardi, 2018; Svalastog et al., 2017). To cite a few,
health has been interpreted in terms of harmony between humans and their environment, balance between
opposite forces, as multidimensional, or as integration between mind and body (Saylor, 2004; Svalastog et al.,

2017).

It is generally accepted that, regardless of the embraced perspective, nutrition is crucial for health. To our
knowledge, however, in the literature, nutrition is vaguely defined only as “a critical component of health and
development” (Fanzo & Davis, 2021, p. 51; WHO, n.d.). Further, the authors primarily approach it in relation

to its opposite, malnutrition.

Malnutrition is experienced differently across the world, between adults and children as well as between
males and females (Fanzo & Davis, 2021; Fanzo et al., 2022; FAO et al., 2021). The three main components
of malnutrition are undernutrition, micronutrient deficiency, and obesity (Fanzo & Davis, 2021; HLPE, 2017).
Here, we repropose the definitions of malnutrition and its components provided by Fanzo and Davis (2021,

pp. 51,52) as judged valuable:

= Malnutrition is “an inadequate, unbalanced, or excess intake of nutrients in an individual’s diet”.
= Undernutrition is a “chronic or acute condition when a person’s energy and nutrient requirements are
not met” and is further typified by the following terms:
o Underweight: “low weight for age”.
e  Wasting: “low weight for height”.
e Stunning: “low height for age”.
=  Micronutrient deficiency refers to a “deficient or excess intake of important vitamins and minerals”.

= QObesity relates to “abnormal or excessive accumulation of fat”.

Diets play a fundamental role with regard to nutrition and health. The term “diet” refers to “the individual
foods that a person consumes” while the term “dietary pattern(s)” is primarily used to indicate the quantities,
proportions, combinations, and frequency with which different foods and beverages are consumed within a

diet (HLPE, 2017, p. 32).

A universal diet does not exist (HLPE, 2017). Instead, a large variety of diets are available across the world.
Diets may be optimal or suboptimal in meeting an individual’s nutritional daily intake (Fanzo & Davis, 2021;
HLPE, 2017). According to Fanzo & Davis (2021, pp. 42,43), HLPE (2017, pp. 32,33), and Willett et al. (2019,

p. 14), WHO recommends that a healthy diet has to match the following features:
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= Quantity: ensuring sufficient “food energy” to live, maintaining adequate body weight, providing
adequate macro- and micronutrients to attain personal nutritional needs, and limiting the consumption
of “nutrient-poor foods high in energy, saturated and trans fats, added sugars and salt”.

= Diversity: including a “variety of nutrient-dense foods” from diversified sources, specific to the geographic
and cultural context.

= Quality: containing the required macro- and micronutrients while avoiding the presence of “unspecified
or unhealthy additives”.

= Safety: minimizing the risk of contamination across the entire lifespan of the provided food.

Despite the substantial relevance of nutrient intake and balance, several other features relate to nutrition
and diets. For instance, while working on food guidelines in Mexico and Guatemala, Cuj et al. (2021) pointed
out how nutrition and diets are intrinsically connected to cultural uses, traditions, and practices. Similarly,
age, gender, territoriality, and income also largely influence nutrition and diets (HLPE, 2017). These latter

considerations apply to health as well.

2.2. OBO-Foundry Stocks of DNRs and DRs

2.2.1. The OBO-Foundry and BFO

This paragraph builds upon the considerations presented in Chapter 1. The Open Biological and Biomedical

Ontology (OBO)-Foundry plays a fundamental role within the field of applied ontology, providing principles,

guidelines, and best practices for the consistent development of interoperable ontologies (Arp et al., 2015;
Jackson et al., 2021; The OBI Consortium et al., 2007). To date, OBO-Foundry houses more than 181 ontologies
(as of 2024.03.08), most of which primarily belong to the domain of life sciences. OBO-Foundry ontologies

and many other compliant resources currently utilize Basic Formal Ontology (BFO) as the upper-level ontology

(497 ontologies as of 2024-08-16). BFO is the OBO-Foundry domain-neutral top-level ontology. The last
released version of BFO, BFO 2020, is currently an internationally recognized top-level ontology (TLO)
standard that conforms to the ISO/IEC 21838-1 TLO standard (“ISO/IEC 21838-2:2021”, 2021). All ontological
resources belonging to or compliant with OBO-Foundry have been designed according to the perspective of

“ontological realism”.

2.2.2. The “Ontological Realism” Perspective

Ontological realism is the perspective on ontology embraced by OBO-Foundry developers. According to
ontological realism, reality and its components exist in a certain way independently from possible “linguistic,
conceptual, theoretical, and cultural representations” (Arp et al., 2015, pp. 44,45; Smith & Grenon, 2005).
Scientific inquiries ensure knowledge of reality, and these inquiries concern reality itself and not possible
concepts or representations scientists may have of it (Arp et al., 2015). Assuming reality is in some way

structured and regular, sciences engage with exploring and investigating “particular instances” (e.g. that
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specific behavior of that specific cow in that specific ranch at that specific time) to ultimately generate and
validate statements into theories regarding some corresponding more universal “general types” cow
behaviors in ranch (Arp et al., 2015, p. 12). Theories further contribute to explaining and predicting reality at
the particular instance level thanks to their providing generalized knowledge about the world (Arp et al.,

2015).

As scientific inquiries commit primarily to generalities and similarities in reality, terms employed in scientific
theories should be understood as referring to such universal “general types” (Arp et al., 2015, p. 12; Smith &
Ceusters, 2010). These general types, usually called universals, are entities that exist in reality and “that are
responsible for the structure, order, and regularity — the similarities —” characterizing reality (Arp et al., 2015,
p. 13).> Universals provide the reason for what all particular individuals (or simply particulars or instances —
concrete and discrete “denizens of reality” existing at a particular time and in a particular space) of a certain
kind share to be “similar in certain corresponding sort” to each other (Arp et al., 2015, pp. 13,15; Smith &
Ceusters, 2010; Smith et al., 2005). Particulars of a certain kind are similar to each other as they are all
instances of (or they all instantiate) the same corresponding universals. Going back to the previous example,
all behaviors of all cows in all ranches at any time (particulars) instantiate the same universal cow behavior
in ranch. By instantiating the same corresponding universal, all behaviors of all cows in all ranches are similar
in some corresponding sort, and thus recognizable as such. Thus, particulars “ground” the existence of
universals (Arp et al., 2015, p. 13). Universals only exist as instantiated in the corresponding particulars that,
conversely, cannot be instantiated (Arp et al., 2015). As universals may be instantiated by several particulars
at several times and spaces, they are considered repeatable. Instead, as particulars exist at particular times

and spaces, they are considered not-repeatable (Arp et al., 2015; Smith & Ceusters, 2010).

Accordingly, OBO-Foundry and compliant ontologies represent existing “entities [and related relations] in the
world” — with main attention on universals as the focus of scientific inquiry — and not concepts, linguistic
usages, or mental representations of reality (Arp et al., 2015, p. 8; Smith & Ceusters, 2010; Smith et al., 2005).
OBO-Foundry developers adopt this perspective to primarily support scientific inquiry (Arp et al., 2015; Smith,

2012). To date, the OBO-Foundry approach to ontology development appears internationally successful.

2.2.3. BFO Tri-Dimensionalism and Four-Dimensionalism

This paragraph builds upon the considerations presented in Chapter 1. It is also noteworthy to mention that
OBO-Foundry ontologies also stand as both tri-dimensionalist and four-dimensionalist regarding reality

(Smith & Grenon 2005; Smith, 2012). BFO and consequently all OBO-Foundry and compliant ontologies that

|n

5 In the context of the perspective of ontological realism, the terms “type” and “universal” are used as synonyms (Smith

& Ceusters, 2010, pp. 3,18).
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extend it admit both tri-dimensional entities (continuants) and four-dimensional entities (occurrents) (Arp et
al.,, 2015, Smith, 2012). Continuants are “entities that continue or persist through time”, as independent
continuants (e.g. objects), dependent continuants (e.g. qualities, functions, and roles), and spatial regions
that these entities occupy. Occurrents are “entities that occur or happen”, which are the processes occurring
in reality and related boundaries and spatiotemporal regions where they occur (Arp et al.,, 2015, pp.
87,89,121). The distinction between continuants and occurrents is of capital importance in BFO. Entities and
all their parts are either continuants or occurrents and cannot be both (Arp et al., 2015; Smith, 2012). This

approach aims to support scientific inquiries that deal with both entities that continue and occur in time.

2.2.4. Relation Conventions

These are the conventions proposed by Arp et al. (2015) and that we followed to represent relations:

e Terms in lowercase italic letters - Universals.

e Upper-case variables, e.g. C, D,...=» Continuant Universals.
e Upper-case variables, e.g. P, Q,...~> Occurrent Universals.
e Lower-case variables, e.g. ¢, d... & Continuant Particulars.
e Lower-case variables, e.g. p, g... & Occurrent Particulars.
e U.U. relations—> ltalics.

e U.P.and P.P. relations—> Boldface.

2.2.5. Thematic Areas to Categorize DRs

The following are the thematic areas according to which we categorized examples of DRs:

1) Food systems configurations and dynamics.

N

) Food systems scaling.

w

) Food systems components’ positioning.

IS

) Food systems metrics.
5) Food and food value.

6) Food behaviors and context.

Relations concerning food systems structures, organizations, and well-being as well as properties and
dynamics characterizing food systems across system scales and levels group in Area 1. Relations concerning
systems scales, levels, and hierarchies employed to navigate food systems complexity group in Area 2.
Relations concerning perspectives, approaches, and backgrounds of food systems components group in Area
3. Relations concerning analyses, indicators, indexes, and other measurements employed to address,
quantify, and classify food systems sustainability group in Area 4. Relations concerning food as an
item/commodity as well as the value that food provides in terms of diets, cultures, societies, economies, and

environments group in Area 5. Relations concerning behaviors of food systems components in terms of food
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consumption, production/provisioning, and disposal as well as places and circumstances of experiencing and
engaging with food group in Area 6. We conceived these thematic areas as expressly broad in order to cover
the varied relations pertaining to food systems sustainability. Further, we do not intend them as the only
possible areas. Future publications will present possible additional ones as well as narrower areas to establish

more focused secondary subsets of DRs.

Supplementary to Section 3

Here, we present some additional details regarding the FSSMF Atlas (Annex 1).

3.1. Lines and Colors Coding — FSSMF Atlas Charts

The Atlas Main Chart (Atlas-MC) applies the following coding to distinguish chart elements:

=  Blue node - BFO term.

=  Green-blue node - Sustainability Core Ontology (SCO) term.

= Grey node - term referring to entities primarily concerning Pillar 1.

= Light-blue node - term referring to entities primarily concerning Pillar 2.
=  Pink node-> term referring to entities primarily concerning Pillar 3.

= Solid edge-> relational expression referring to asserted relation.

* Dashed edge - relational expression referring to an inferred relation.®

= Boldface edge - relational expression referring to is_a relation.

= Blue edge - relational expression referring to a SCO relation.

= Black edge - relational expression referring to an FSSMF relation.
Nodes containing BFO and SCO terms also present labels to identify the referring ontologies.
Each Atlas Auxiliary Chart (Atlas-AC) reiterates one of the colors used in FSSMF-MC:

= Atlas-AC1 - Grey (Pillar 1).
= Atlas-AC 2-> Light Blue (Pillar 2).
= Atlas-AC3 ->Pink (Pillar 3).

In all Atlas-ACs, nodes that belong to one of the other charts exhibit the color of the chart to which they

belong.

5 For the sake of completeness and clarity, the chart illustrates the major relations that are inferable from those
represented. We employed dashed to distinguish edges containing relational expressions referring to the first from those

containing relational expressions referring to the latter.
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3.2. FSSMF-ACs — Further Details

The following paragraphs and tables provide details regarding the organization and structure of the FSSMF-

ACs.

Supplementary Table 1 reports auxiliary charts’ internal sections. Each internal section may be made
collapsing into a single node when FSSMF Atlas is visualized using Cmaps Tool software. We provided internal

sections to assist stakeholders in navigating and using FSSMF Atlas.

FSSMF-AC1 FSSMF-AC2 FSSMF-AC3
Food System Scale Food System Food Security
Food System Stakeholder Perspective Food System Activity Food System Resilience
Food System Architecture Food System Well-being
Human Health

Supplementary Table 1. The internal sections of the auxiliary charts.

Supplementary Table 2 reports the Entry Points of the three auxiliary charts. The auxiliary charts indicate

entry points with a darker color than the others.

FSSMF-AC1 FSSMF-AC2 FSSMF-AC3
Food System Scale Food System Capability Approach
Food System Stakeholder Food System Activity Food Security
Food System Stakeholder Approach Food System Change Driver (Information) | Food System Resilience
Food System Stakeholder Background Food System Component Food System Stability
Food System Stakeholder Perspective Food System Network Food System Transformation
Food System State Food System Well-being
Human Health
Human Well-being

Supplementary Table 2. The Entry Points of each auxiliary chart.

For reasons of chart legibility, FSSMF-ACs provide BFO upper-level terms only for the entry-point terms. Edges,
however, always refer to OBO-Foundry relations. We judged this choice an acceptable compromise to ensure
both the legibility of the charts and their adequate usage. We envision implementing these charts to provide

all nodes with a BFO-compliant hierarchical structure.

118



3.3. FSSMF Atlas Development- Further Details

We designed the FSSMF Atlas-MC by extending the chart of the Structured Vocabulary of SCO (SCO SV),

presented in Chapter 1, with core terms and relational expressions pertaining to food systems sustainability.
We further designed auxiliary charts, expanding this core vocabulary to cover terms and relational
expressions pertaining primarily to one of the three pillars in each chart. When the relations occur mutually
between involved entities, we indicated arrowheads at both ends of the edges containing the corresponding
relational expressions. To distinguish these relations from symmetric relations, we represented these latter
with arrowheads at both ends of each side of the edges. Some nodes provide synonyms of terms contained
in other nodes. Edges connecting these nodes present relational expressions to illustrate the relation of
synonymy. In OWL, however, synonyms are provided as annotated values (via annotation properties and not
using object properties). Therefore, in those cases, edges link to annotation properties, specifying them as
such, rather than to object properties. For details about annotation and annotation properties in OWL, we
refer readers to Toro and Matentzoglu (n.d.). We linked to OBO-Foundry properties associating related URIs
with the charts’ edges. We did the same with entry points and literature resources. Literature resources are

those we judged the most relevant in terms of food systems sustainability among those we reviewed.
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Chapter 3 - Annex 2
Supplementary for SuMSO Design

This annex provides additional materials regarding the construction of the SUMSO ontological module. This

annex is organized according to the FSSMF methodology (Chapter 3). We documented additional information
regarding each step under the name of the corresponding guideline. When there was no need for additional

information, we indicated the symbol “XXXX” under the guideline name.

Project Setting

1.1. Goal Definition

XXXX

1.2. Identification of Available Resources

1.2.1. Relevant Ontologies for SUMSO Implementations

Supplementary Table 1 presents ontologies that can be used to implement the SUMSO ontological module.
These ontologies complement those from which the SUMSO ontological module already reuses or adapts

some classes and object properties.

Ontology Ontology Acronym Repository/Homepage BFO Compliance
AGROVOC Multilingual Thesaurus AGROVOC https://www.fao.org/agrovo | No
c/
Animal Health Surveillance Ontology AHSO http://datadrivensurveillanc | No
e.org/ahso/
Health Surveillance Ontology HSO
Animal Health Ontology AHO http://datadrivensurveillanc | yes

e.org/ontolo

Ecosystem ontology ECSO https://ec.europa.eu/esco/l | No

od/static/model.html

Environment Exposure Ontology ECTO https://github.com/Environ | Yes

mentOntology/environment

al-exposure-ontology

Exposure Ontology ExO https://github.com/CTDbase | Yes

/exposure-ontology

GEneral Multilingual Environmental | GEMET https://www.eionet.europa. | No

Thesaurus eu/gemet/en/about/
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heory/enterprise-

modelling/tove/

Livestock Ontologies ATOL-AHOL-EOL https://www.atol- No
ontology.com/en/erter-2/

Livestock Product Trail (LPT) Ontology LPT https://www.animalgenome | No
.org/bioinfo/projects/lpt/

Ontologies from the Behavioural and | BSSO https://www.bssofoundry.or | Yes

Social Sciences Ontology (BSSO) g/

Foundry

Pesticide Ontology PestOn https://github.com/marco- Yes
medici/peston.git

Plant Ontology PO https://browser.planteome. | Yes
org/amigo

POLARISC Ontologies POLARISCO https://github.com/LindakEl Yes
mhadhbi/POLARISCO

Population and Community Ontology PCO PopulationAndCommunityO | Yes
ntology - GitHub

Semantic Web for Earth and | SWEET https://github.com/ESIPFed/ | No

Environment Technology Ontology sweet/blob/master/READM
E.md

Socio-economic Ontology SEOnt https://github.com/Agricult | Yes
uralSemantics/SEOnt.git

Soil Food Web Ontology SFWO https://agroportal.lirmm.fr/ | Yes
ontologies/SFWO

Soil organic carbon storage and | CSOPRA https://agroportal.lirmm.fr/ | yes

agricultural practices modeling ontologies/CSOPRA

Sustainable Development and Climate | SDC Ontology https://github.com/hbabaie | Yes

Ontology 1/Sustainable-Development-
and-Climate-SDC-ontology

Thesaurus for Animal Physiology and | TRIPHASE https://agroportal.lirmm.fr/ | No

Livestock Systems ontologies/TRIPHASE

Thesaurus to define land management | DATA4C+ http://datadc- No

practices in agriculture and forestry for plus.net/admin/thesaurus/i

soil carbon storage ndex

Toronto Ontologies TOVE https://eil.mie.utoronto.ca/t | No

Supplementary Table 1. A list of additional ontologies judged useful to implement SuMSO.
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1.2.2. Stakeholders Frameworks of Reference

During meetings held with stakeholders, they primarily referred to the following frameworks: Soil & Climate

initiative, RegenScore, and the works of Huber et al.(2015) and Springer et al. (2015).

Soil and Climate Initiative offers a system of measurement, verification, and certification to incentivize
regenerative agriculture. Soil and Climate Initiative primarily focuses on assessing contributions to
preserving and enhancing soil health, especially with respect to minimizing soil disturbance, living
roots in the ground year-round, keeping year-round soil coverage, maximizing diversity above and
below ground, reducing synthetic inputs, continuous learning, and appropriate integration of

livestock. Reference: https://www.soilclimateinitiative.org/whyregenerative

RegenScore provides an analytical approach to monitor, measure, and certify regenerative practices
within the agriculture sector. Through a set of integrated scores, regenScore evaluates what farmers
are doing to implement regenerative practices to improve soil health, mitigate air pollution, foster
biodiversity, conserve water resources, and advance overall welfare. Reference:

https://regenscore.org/#approach

Huber et al.(2015) and Springer et al. (2015) define a set of integrated (44) and component (388)
sustainability issues, relating them to 2064 indicators. Authors equally categorize them according to
pertinence to system vulnerability and impacts’ minimization regarding agriculture (Huber et al.,

2015).

1.3. Stakeholders’ Identification

XXXX

Ontology Participatory Design

2.1. Stakeholders’ Engagement

2.1.1. Engagement Process

We interfaced with stakeholders through online calls. For reasons of stakeholders’ personal schedule

organization, we met stakeholders as follows. The first time, we met them two by two (A and B, and Cand D

respectively). We further met them all together once and, another time, only with stakeholders A, B, and C

to discuss SUMSO vocabulary. In addition, stakeholder A was also available to meet to discuss the first version

of the narrative storytelling. In the time between meetings, we ensured ongoing communication via email.

Feedback was collected primarily by email.

During the initial calls, we first presented FSSMF and the setting of the project. Subsequently, we inquired

about stakeholders' perspectives and frameworks of reference on meat systems sustainability, using the list
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of questions and features to set the direction and guide the conversation. The other calls were dedicated to
discussing the vocabulary of the SuUMSO ontological module. Stakeholders contributed to its construction,

proposing terms, identifying the most relevant ones, and providing advice for formulating definitions.

Stakeholder A strongly suggested referring to the RegenScore framework and facilitated a meeting with the
RegenScore working team. During the call, after we presented the setting of the project, the RegenScore
working team furnished us with further insights regarding their framework of work. Special attention has
been dedicated to possible information relevant to developing an ontology addressing meat systems

sustainability.

Fathom Al Notetaker tool generated automatic syntheses of these meetings. We focused on those from the

first conversations with stakeholders two by two and with the RegenScore working team to construct the

project narrative. These syntheses reported stakeholders’ perspectives on meat systems sustainability.

2.1.2. Questions Regarding the Usage of Ontologies

This is the list of questions concerning ontologies and their usage, that we provided to stakeholders as a

possible starting point for discussion.

Why should we use an ontology with regard to meat system sustainability?

e How do you see ontology being used in the contest of meat systems sustainability?

e How can ontology be useful in terms of meat systems sustainability?

e What kind of resources and projects do you see ontologies useful for in the context of meat system
sustainability?

e How to integrate the use of ontologies with other existing/required models and decision-making
processes?

e What kind of data do you need to capture and annotate within an ontology?

e How/where do you see data captured and annotated?

2.1.3. Questions Regarding Meat Systems Sustainability

This is the list of questions concerning sustainability and meat systems, that we provided to stakeholders as

a possible starting point for discussion.

e What is sustainability for you?

e What is a meat system for you?

e What does it mean to talk about sustainability in meat systems?
e What is a sustainable meat system?

e Who does meat systems sustainability concern according to you?

e What are the major issues relating to meat systems sustainability according to you?
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e What are the most urgent issues to address in ontology per se and in terms of the projects for which
you see the ontology useful?
e What kind of relations do you see occurring among those issues?

o  Which perspective(s) count in the optic of meat systems sustainability? And why?

2.1.4. Themes of Discussion with Stakeholders

This is the list of themes pertaining to meat system sustainability that we provided to stakeholders as a

possible starting point for discussion.

e Meat consumption, distribution, and production (per se and by type of meat).
& Land consumption.

e Resource consumption.

e Production processes (the different types).

e Competition between food and feed (in terms of resources).
e Feed requirement per animal.

e Income.

e Social equity and inequalities.

e (Climate change, GHG emissions.

e Biodiversity loss.

e lLand usage and degradation.

e Water resource use, pollution, and depletion.

e Deforestation.

e lLandscape shaping.

e Malnutrition (all aspects).

e Hunger.

e Nutrient adequacy.

e Health.

e Air quality.

e Physical and mental occupational health hazards.

e Zoonotic disease.

e Animal welfare.

e Ethical issues.

e Animal welfare issues (livestock nutrition, environment, health, and behavior).
e Technological improvement.

e Meat waste, leather waste.
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e Waste contamination.

e Working environment conditions and equipment.

e Type, quality, and defects of raw materials and consumable materials.
e Leather production and methods.

e Labor conditions and time.

e Population growth.

e Grassland and forage, distribution, status, and use.

e Grassland conversion toward cropping.

e \egetation coverage (in relation to grasslands and fields or per se).
e \egetation management.

e Biomass production management.

e Justice.

e Freedom of choice.

¢ Need and desire.

e Policy and regulation.

e  Waste disposal.

e Food security.

e Food safety.

e Food traceability.

e Food hygiene.

o Workers' skills and satisfaction.

e Dependency on imports.

e Low economic margins.

e Reputation.

e Soil health (increase plant diversity, soil disturbance, extend period of active plant growth, maintain

soil cover).

We identified these features primarily from the following academic publications: Aberkane and Aberkane,
(2024), Ahlering et al. (2021), Derner et al. (2018), Golini et al. (2017), Kanerva (2022), Michalk et al. (2019),
and Parlasca & Qaim (2022).

2.1.5. Synthesis of the Meeting with Stakeholders A and B

Here, we provide the Fathom Al Notetaker tool synthesis of the conversation held during the first meeting

with Stakeholders A and B.

Meeting Purpose
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The purpose of the meeting is to gather insights and perspectives related to meat system sustainability for

developing a related ontology.
Key Takeaways

o The economic drivers have historically taken precedence over sustainability considerations in
meat systems.

o Sustainability requires balancing economic viability with human welfare, environmental welfare,
and other factors.

. Key challenges include enabling distributed systems, aligning values across supply chains, and
rebuilding local/regional infrastructure.

o It’s important to consider the roles and perspectives of different actors (ranchers, processors,

distributors, retailers, consumers) in the value chains.

o Meat has cultural significance beyond just nutrition, which impacts sustainability efforts.

o There is a definitional distinction between a living animal and a food product, with regulatory
implications.

o Byproducts could be included in the meat system definition to improve sustainability, but

boundaries need to be set.

. Challenges include transferring economic value (consumer willingness to pay more for
sustainable products) across actors and ensuring information flow about sustainability practices
to justify value transfer.

. Ontologies can help bridge language gaps and enable communication about sustainability
practices between different supply chain actors.

. Capturing more economic value from byproducts along the supply chains will increase

sustainability by providing incentives to ranchers.
Topics
Sustainability Challenges and Drivers

o Economics has been the primary driver, overshadowing other sustainability factors like

human/environmental welfare.

o Enabling sustainable systems while maintaining economic viability is a core challenge.

. Centralization and loss of local/regional capacity are barriers to more distributed, sustainable
models.

. Aligning values and incentives across supply chain actors (producers, markets) is difficult.

Stakeholders and Value Chain
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. Key human actors: ranchers, meat companies, processors, transporters, retailers, and consumers.
. Potential to consider animals like cows as stakeholders, though typically limited to humans. This

depends on the chosen definition of 'stakeholder'.

. Ranching differs from crop agriculture in animal welfare considerations and spatial relationship
to land.
. The cultural significance of meat consumption can conflict with sustainability goals.

Value Transfer Across Supply Chain

e Theory: Ecologically conscious consumers pay more for sustainable products, transferring that
premium value back to ranchers.

* |tis a complex process with many uncoordinated actors who may not prioritize sustainability.

* Value has different meanings (monetary premium, emotional benefit) for different actors.

e Sustainability premium depends on traceability and trust that practices occurred.
Boundaries and Definitions

e Meat systems could include byproducts beyond just meat for human consumption.

e There is a definitional line where a living animal transitions to a regulated food product.

* Expanding system boundaries too far (e.g. including gas stations) adds costs without benefits in terms
of addressing sustainability.

* Clear boundaries are needed to define the sustainable "unit of analysis".
Information Flow and Transparency

e Hard to verify if a product was truly raised sustainably across a long supply chain.
e Need transparency mechanisms to build trust and communicate sustainability information.

e Ontologies help bridge language gaps between actors about sustainability practices.
Certifications as Sustainability Frameworks

e Certifier protocols (organic, regenerative, etc.) essentially catalog sustainability practices.

* They can serve as a starting point for addressing sustainability for meat.

2.1.6. Synthesis of the Meeting with Stakeholders C and D

Here, we provide the Fathom Al Notetaker tool synthesis of the conversation held during the first meeting

with Stakeholders C and D.

Meeting Purpose
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The purpose of the meeting is to gather insights and perspectives related to meat system sustainability for

developing a related ontology.

Key Takeaways

Topics

Ontologies help provide a universal understanding and enable comparisons across different contexts
when discussing sustainability.

Sustainability is highly context-specific, and a sustainable meat system in one region may look very
different from another.

Key aspects to consider include impacts, vulnerability, resilience, scale (spatial and temporal), and
the integration of social, ecological, and physical systems.

Mapping the identified sustainability issues to a controlled vocabulary of sustainability terms would

enable structured comparisons across contexts.

Importance of Ontologies

Ontologies provide a formal way to describe actors (human and non-human) and their interactions
within a system.

They enable universal understanding and comparisons across different contexts when discussing
sustainability.

Ontologies can help map out a global view of sustainability rather than one-off assessments.

Defining Sustainability

Sustainability has many different meanings and is highly context-specific.

Two key lenses are impacts (minimizing negative impacts) and vulnerability (resilience to external
shocks).

Sustainability encompasses social, ecological, and physical systems, which should be integrated.

Scale (spatial and temporal) is important in defining sustainability boundaries.

Key Issues and Relationships

Issues like water availability, seasonality, socioeconomic patterns, regulations, and wildfires can vary

across regions.

2.1.7. Synthesis of the Meeting with the RegenScore Working Team

Here, we provide the Fathom Al Notetaker tool synthesis of the conversation held with the RegenScore

working team.

128



Meeting purpose

The purpose of the meeting is to get insights into the RegenScore framework.

Key Takeaways

Topics

RegenScore is a scoring framework that evaluates regenerative agriculture practices, outcomes
monitoring, and community engagement across soil health, air quality, water, biodiversity, and social
impacts.

RegenScore aims to be an accessible, place-based, evidence-backed, and market-driven scoring
framework providing a tool for purchasers to make informed decisions to support regenerative
growers.

The scoring considers acreage, verification approach, sampling design, methodology rigor, and level
of improvement for different metrics.

RegenScore adaptations are being developed for specific regions and production systems based on

literature reviews and expert surveys.

RegenScore Overview

Developed through a Google Food Lab accelerator with about 100 stakeholders.

Four core commitments: farmer-first, place-based, evidence-backed, and market-driven.

Scoring is based on practices, outcomes monitoring, verification, and background info.

There are a single RegenScore and 5 ecosystem co-benefit scores (regarding impacts on soil, air, water,
biodiversity, and social welfare).

RegenScore allows purchasers to identify and support regenerative growers.

There are three categories — Transitional Improvement, Continual Improvement, or Continuous

Improvement — to distinguish growers/farmers.

RegenScore Scoring Methodology

Practices are scored based on acreage adoption and verification rigor as well as sampling design,
methodology, number of samples, and third-party involvement.

Scoring is still evolving for some metrics like soil carbon.

RegenScore refers to implementing different principles (e.g. reducing disturbance) that are weighted
as a percentage of the total score.

RegenScore has been adapted through literature review and expert surveys for specific

regions/systems.

129



Potential Uses and Next Steps

e Growers/farmers can use scores for marketing and storytelling.
e Purchasers can use it for procurement decisions, incentive programs, and reporting.

e Planned score adaptations will regard tree nuts, small grains, and rangelands.

2.2. Project Narrative Formulation

2.2.1. Stakeholders' Perspectives

We analyzed the presented syntheses to determine stakeholders’ perspectives and frameworks of reference
regarding meat systems sustainability. Given that the stakeholders attending the same call (the first two-by-
two calls) exhibited a shared viewpoint, Supplementary Table 2 describes a single unified perspective for each

binomen. Supplementary Table 2 also presents our perspective and frameworks of reference.

Involved Perspective on meat systems sustainability Frameworks of reference

stakeholders

Stakeholders A =  Sustainability is seen through the lens of system = Sustainability

and B complexity and variability. The focus is on supply certification program

value chain activities and human stakeholders that frameworks, such as Soil
take part in those activities. & Climate and

=  Value (economic, cultural, nutritional, and so on) RegenScore initiatives.
and value transferring/tracking across activities are
cardinal features of sustainability.

= The general focus is on business-related and
economic aspects of sustainability.

= Information, financial, and economic challenges are

crucial for sustainability.

Keywords: complexity, value, economics.

Stakeholders C = Sustainability is context-specific (geographic-centric =  Frameworks of

and D

view). Attention to socio-ecological systems.
Sustainability has many different significances.
Sustainability must be addressed through a series of
issues and indicators that can provide an
understanding of it in a certain context as well as

ensure comparisons with other contexts (to identify

sustainability issues and
indicators, such as those
proposed by Huber et al.
(2015) and Springer et al.
(2015).

130


https://www.soilclimateinitiative.org/
https://www.soilclimateinitiative.org/
https://regenscore.org/

differences and specific exigencies in terms of
sustainability). Some issues are more relevant in

certain contexts than in others.

Keywords: context-specificity and sustainability

issues.

The authors of

this work

Meat systems sustainability identifies the
processual commitments of meat systems
components to be part of the sustainable

development of these systems.

The sustainable development of meat systems is the
continuous (re)establishment, in time and space, of
novel opportunities for states of being that are
considered valuable and worthy of value for and by
each meat system component. This, however, must
occur as part of and in accordance with the
perpetuation of the permanent transformative
change characterizing meat systems behaviors, and
far from leading to catastrophic systemic (and
particular) collapses (towards

dissolutions/dissolving) of these systems.

Adapted from Chapter 2 for meat systems.

Keywords: Change, complexity, and value.

Capability approach (Sen
1974, 1980, 1981, 1990,
1993).

“Nature evolving”-
Adaptive  Cycles and
Panarchy (Gunderson &
Holling, 2002; Holling,
1973; Holling, 1985;
Holling, 2001).

Supplementary Table 2. The perspectives on meat systems sustainability endorsed by authors and stakeholders.

2.2.2. Perspectives’ Deconstruction

We evaluated stakeholders’ perspectives and frameworks to identify the essential features pertaining to each

of them. We employed FSSMF as a reference basis to isolate, from the recordings and syntheses of

conversation, features primarily relating to each tenet, and we mapped them accordingly. With regards to the

conversation with stakeholders A and B, we also consider the synthesis with the RegenScore team. We equally

performed this action with regard to our perspective. Supplementary Table 3 presents the essential features
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of all perspectives and frameworks involved. Supplementary Table 3 is organized into three blocks, each one

presenting features pertaining to each perspective. Each block is further organized according to FSSMF tenets.

Stakeholders A and B

FSSMF Pillars | Pillar 1 * Meat systems may be addressed at different scales and levels, especially
geographically.

= Different stakeholders populate meat systems. Humans and related institutions are
to consider the stakeholders. Depending on the given definition of “stakeholder”,
animals can also be considered stakeholders. Nevertheless, the focus is generally
on humans.

= Different stakeholder perspectives exist, and this is critical, especially to define
what is considered worthy with regard to meat systems (primarily economic).

=  Accounting for products other than meat depends on which perspective is

embraced in delimiting the meat system.

Pillar 2 = Meat systems are complex systems.

=  Meat systems cover different actors, such as ranchers and slaughterers, and
different activities, such as cow breeding, raising, and slaughtering.

=  Meat products are complemented by other cow-derived products, such as leather
and bones.

= System delimitation is essential to determine which system actors, activities, and
products to account for.

=  The value associated with meat (economic value) varies at different stages of meat

systems supply chains.

Pillar 3 = Balancing economic viability is essential for sustainability within meat systems.
Economic value and revenue play a fundamental role besides other features such
as animal welfare and hygiene. Nevertheless, the value related to meat exceeds the
simple economic one, covering also cultural and nutritional aspects.

= Cultural drivers related to meat consumption may conflict with considerations
regarding environmental sustainability.

=  Consumers are willing to pay more for products and by-products derived from
animals more sustainably raised. This additional economic value can be concretized

in a monetary premium that, if traced back to ranchers, can provide incentives to
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pursue sustainable practices and, consequently, foster meat systems sustainability.
Trustful and transparent mechanisms to acquire, certify, and communicate
information along supply chains are essential in this respect. Areas of evaluation
and assessment include impacts and contributions to the soil, water, air, climate,
biodiversity, and social equity.

With regard to value, it is important to consider the passage from a living being
(e.g. a cow) to a food product (e.g. a steak).

Regenerative agriculture is a valuable approach to transform meat systems.

FSSMF Stocks

(OBO-Foundry

perspective)

DNRs

Spatial and temporal relations.
Parthood and Is_a.

Participation and agency.

DRs

Food systems configurations and dynamics.
Food systems scaling.

Food systems components’ positioning.
Food and food value.

Food behaviors and context.

Stakeholders C and D

FSSMF Pillars

Pillar 1

The spatial and temporal scales play a fundamental role in defining meat systems.
Geographic specificity becomes crucial to deal with meat systems sustainability.
Several stakeholders populate meat systems. Stakeholders account for both
humans and non-human ones, such as animals.

Meat systems stakeholders present different perspectives on sustainability.
Defining sets of sustainability issues and indicators can facilitate dealing with meat

systems sustainability across different geographic contexts.

Pillar 2

Meat systems are complex systems, where multiple social, biological, physical, and
ecological components integrate together.

Meat systems are highly context-specific. Sustainability features, such as
socioeconomic patterns, regulations, weather seasonality, wildfire, and water

availability vary across geographic locations.
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Central features account for natural resources, the dynamics and the structure of
the meat systems as well as for human well-being, human socioeconomic and

nutritional status, and human health.

Pillar 3

Dealing with meat systems sustainability includes dealing with the resilience and
vulnerability of those systems, paying especially attention to minimizing impacts

and threats deriving from human actions and whole systems change.

FSSMF Stocks

(OBO-Foundry

perspective)

DNRs

Spatial and temporal relations.
Parthood and Is_a.

Participation and agency.

DRs

Food systems configurations and dynamics.
Food systems scaling.

Food systems components’ positioning.
Food systems metrics.

Food behaviors and context.

The authors of this work

FSSMF Pillars

Pillar 1

Different stakeholders populate meat systems, including humans, animals, plants,
and bacteria.

Stakeholders endorsed different perspectives on the sustainability of these
systems.

The personal desired states of being that a stakeholder aims to achieve are
subjected to the stakeholder’s personal perspective on sustainability.

Similarly, this consideration also applies to which features of meat systems and
meat systems sustainability are considered worthy of value by each stakeholder.
For example, some stakeholders might mainly emphasize the necessity to deal with
climate change or biodiversity loss, whereas others may prioritize dealing with food
security and other human needs or with animal welfare.

On the same line, this equally regards the delimitation of the meat systems and the

definition of which scales and levels to use for addressing these systems.
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Identifying whether a cow-derived material is a product or a by-product depends
on stakeholders' perspectives concerning its associated value (worth) and the meat
system of analysis.

Meat systems may be approached at different scales and levels.

Pillar 2

Meat systems are complex systems where a myriad of components act and interact
dynamically with each other. Meat systems are strongly characterized by a
perpetual and unpredictable change.

Delimitation of the meat system is essential to identify the meat system to account
for.

Several actors, activities, inputs, and outputs pertain to meat (cow) systems.

Meat (cow) supply chains cover activities that also integrate, at least at the first
stage, with those of other cow-derived products, such as milk and leather.

Matter, energy, and information circulate through meat systems and other systems,
driven by systemic processes, such as system resource utilization, climate and
biodiversity change, and technological innovation.

Value (worth) is not static, but rather equally flows within and across meat systems
and other systems. Across meat systems, related supply chains, and other systems,
what is considered worthy of value varies according to stakeholders’ perspectives,

leading to a constant cycling/circulation of value (worth).

Pillar 3

Meat systems change is fundamental with regard to the sustainability of these
systems.

Meat systems transformations that aim to deal with issues such as climate change
or biodiversity loss must be seen in the light of the continuous change of these
systems.

The well-being of meat systems (in their entirety) and their components is essential
concerning sustainability. Meat system transformations ultimately point to well-
being.

Meat system well-being(s) should be interpreted in terms of opportunities to
achieve worthy states of being that are valued as such by meat systems
components.

System resilience and stability are central features in dealing with meat systems

sustainability.
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FSSMF Stocks | DNRs = Spatial and temporal relations.

=  Parthood and Is_a.

(0BO-Foundry »  Participation and agency.

perspective)

DRs *  Food systems configurations and dynamics.
=  Food systems scaling.

=  Food systems components’ positioning.

*  Food systems metrics.

*  Food and food value.

=  Food behaviors and context.

Supplementary Table 3. Essential features pertaining to each involved perspective, mapped on FSSMF tenets.

2.2.3. Perspectives Integration

Using FSSMF as the anchoring basis, we compared these mapped features, identifying similitudes and

differences across perspectives. Stakeholders were broadly in line with each other.

Regarding Pillar 1, stakeholders agreed on the importance of accounting for the disparate stakeholders and
related perspectives. They equally emphasized the role of system scales, especially the geographic one, in
dealing with meat systems and related sustainability. Stakeholders diverge regarding who are the meat
systems stakeholders. Stakeholders C and D agreed with us on designating non-human components of the
systems, such as animals, as meat systems stakeholders. Stakeholders A and B, instead, limited the use of this
term to identify humans and related institutions. Nevertheless, they admitted that the term “stakeholder” is
polysemous and that it may be utilized to refer to non-human system components, contingent upon the

definition adopted.

Regarding Pillar 2, stakeholders highlighted the importance of accounting for the complexity of meat systems,
especially with regard to system flows, actors, activities, and products pertaining to these systems. They
equally point out the context specificity (especially geographically) of meat systems and the necessity of

delimiting the meat system of interest to address it.

Regarding Pillar 3, stakeholders claimed the importance of accounting for the value (what is considered
worthy of value, especially economically) and tracking it within meat systems in the optic of sustainability.
They also pointed to the importance of considering the resilience, stability, and vulnerability of these systems

as other crucial features concerning sustainability.
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Regarding the Stocks of Essential Relations, stakeholders referred to all OBO-Foundry subsets of DNRs.

Concerning the DRs, each group of stakeholders privileged some subsets over others (see Supplementary

Table 2), as they primarily focused on certain themes concerning sustainability. Nevertheless, if we consider

all perspectives together, including ours, all subsets were covered.

We further accommodated and unified these compared features on the basis of FSSMF, constituting a

common account. Supplementary Table 4 illustrates this common account mapped on FSSMF tenets.

The common account

FSSMF Pillars

Pillar 1

Accounting for meat systems (may) occurs across different scales and levels. The
geographic and temporal scales are essential to deal with the sustainability of these
systems.

Meat systems encompass different stakeholders that include both humans and
non-humans, such as animals. The term, however, is frequently limited to referring
specifically to humans and related institutions.

Stakeholders endorse different perspectives on meat systems and their
sustainability.

These perspectives on meat systems and their sustainability are critical to defining
which personal states of being a stakeholder aims and desires to achieve and what
features are worthy of value (economically and not).

These perspectives are also important to delimit the meat system of interest and
decide the scales and levels of analysis.

Consequently, the decision on whether a cow-derived material is a product or a by-
product of the meat system of interest and whether to account for it or not
depends on those perspectives.

Sets of sustainability issues and indicators can assist in dealing with sustainability

across different meat systems and contexts.

Pillar 2

Meat systems are complex systems, where disparate components act and interact
dynamically with each other. Meat systems are characterized by a permanent
unpredictable change.

Meat systems cover different actors, activities, inputs, outputs, and products. Meat
(cow) supply chain activities also integrate, at least at the first stage, with those of
other cow-derived products, such as milk and leather.

Meat systems are highly context-specific. Sustainability features to consider may

vary across geographic locations.
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Delimitation of the meat system is essential to identify features to account for
regarding the meat systems of interest and their sustainability.

Flows of matter, energy, and information circulate through and across meat
systems.

As what is considered worthy of value varies according to meat systems
stakeholders, the value (worth) equally circulates across meat systems and related

supply chains (and other systems).

Pillar 3

The meat systems change is critical concerning the sustainability of these systems.
Meat systems transformations concerning sustainability and related issues, such as
climate change and biodiversity loss, ultimately point to dealing with the well-being
of these systems and their components.

Well-being is mainly interpreted in terms of opportunities to achieve worthy states
of being that are valued as such by meat systems components. It is cardinal to
account for value (worth) and what is considered as such.

As the value (worth) circulates/varies across meat systems and related supply
chains, tracking it becomes essential concerning sustainability.

Balancing the economic viability of meat systems is essential for sustainability.
Thus, with regard to value, it seems significant to track what is considered
economically worthy of value within and across meat systems. Nevertheless, this
must not come at the expense of recognizing other forms of value (worth).
Trustful and transparent mechanisms to acquire, certify, and communicate
information regarding what is considered (economically) worthy of value appear
essential.

System resilience, stability, and vulnerability (with attention to minimizing impacts
and threats to the meat systems) are other core features to account for to deal with
meat systems sustainability.

Regenerative agriculture is a valuable approach to drive transformations of meat
systems and a good example of an approach to sustainability, pointing to

integrating the perpetual change characterizing these systems.

FSSMF

Stocks

(OBO-Foundry

perspective)

DNRs

Spatial and temporal relations.
Parthood and Is_a.

Participation and agency.
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DRs =  Food systems configurations and dynamics.
=  Food systems scaling.

=  Food systems components’ positioning.

= Food systems metrics.

*  Food and food value.

=  Food behaviors and context.

Supplementary Table 4. A shared account of essential features pertaining to meat systems sustainability mapped on FSSMF tenets.

2.2.4. A Shared Narrative

Here, we present the narrative storytelling developed based on this shared account. For the sake of clarity,

we structured the narrative storytelling according to FSSMF tenets.
Pillar 1: The perspectives of meat systems stakeholders

Several disparate stakeholders populate meat systems. Authors frequently employ the term “stakeholder” to
solely refer to humans and related institutions. According to the analysis conducted in Chapters 1 and 2, we,
however, recognize that meat systems also include other stakeholders beyond just humans and related
institutions, such as animals and plants. To provide some examples, human stakeholders broadly include
ranchers, breeders, veterinarians, slaughterers, processors, distributors, retailers, consumers, and
policymakers (Golini et al., 2017). Non-human stakeholders include cows alongside plants and bacteria (broad

sense).!

Meat systems stakeholders endorse several disparate perspectives on their own systems and related
sustainability (Chapter 2). These perspectives are critical to determining the personal states of being that
meat systems stakeholders desire to achieve. Similarly, stakeholders define what features and issues of meat
systems sustainability they consider worthy of value, and consequently must be addressed, according to
those proper perspectives. With attention to humans as a matter of example, consider a cow rancher and a
meat processor. Broadly, the former is primarily attentive to the ecological and environmental conditions of
its ranch(es) along with the welfare of animals who live there. Similarly, connections with the belonging
community, regulations, economic incomes, personal satisfaction, and health are equally relevant features

for a rancher (Ahlering et al., 2021). A meat processor may consider some of these features worthy of value,

TIn line with the settled goal and for reasons of practicality, we decided to initially dedicate attention specifically to cows
and consider plants and microorganisms in a broad sense — without deepening into biological species distinctions.
Further implementation of SuMSO will account for additional animals, along with detail more on plants and
microorganisms pertaining to meat systems.
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such as economic income, animal welfare, and personal satisfaction. Nevertheless, a meat processor also
places relevance on meat quality and safety. Similarly, product traceability, working environment conditions,
and processing techniques and materials are equally relevant features for a meat processor (Vasilev et al.

2019).

The relevance of stakeholders’ perspectives extends further. According to their perspectives, stakeholders
also delimited the meat system of interest, identifying boundaries between it and its surrounding
environment (Landgrebe & Smith, 2023). Similarly, their perspectives are equally fundamental in establishing
the system scales and levels to use to address that meat system of interest. See the previous chapters or
directly Gibson et al. (2000) for a definition of these terms. Consider delimiting a meat system of interest in
terms of spatial location. Even if involved along the same meat supply chain, a rancher and a meat processor
may spatially delimit the meat system differently. The first may restrict it to the proper ranch, while the second

may count for the meat processing facilities and places of meat provisioning.

This perspective grounding has important consequences with regard to what and how stakeholders account
for and approach meat systems and related sustainability. In this light, defining sets of sustainability features
and impact areas considered worthy of value as well as corresponding indicators to address and measure
these features and impact areas appear judicious to assist in dealing with sustainability across stakeholders’

perspectives, meat systems, and contexts.
Pillar 2: The complexity of meat systems

Meat systems are (food) complex systems where a multiplicity of different components pertaining to meat,
to some extent, causally interconnect and interact (Chapter 2). Meat systems components count for the most
disparate ones, including meat systems actors, such as humans, cows, and companies, and items and
instruments, such as slaughtering tools and meat cuts. Meat system actors constantly act, adapt, and coevolve
with each other in response to various system dynamics, such as physical, spatial, socio-economical, or
regulatory dynamics. They continuously reconfigure self-spontaneously (self-organization), generating system
architectures, properties, and behaviors that are nontrivially predictable at a certain level of analysis from
those at a more microscopic level (emergence) (Mitchell, 2009; Ramalingam et al., 2008; Sayama, 2015). A

dynamic and unpredictable change permanently characterizes meat systems (Chapter 2).

Meat systems actors primarily, though not exclusively, dynamically interact along meat supply chains. Meat
systems actors participate in disparate supply chain activities. Activities can include cow breeding and raising,
provisioning of animal care and veterinary controls, cow slaughtering, meat processing and packaging, meat
transportation, distribution and retailing, meat refrigeration, meat preparation, cooking and consumption,

and waste disposal (Golini et al., 2017). Disparate inputs and outputs characterize meat supply chain
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activities, inter alia, cow-derived materials, primarily meat cuts and entrails, but also bones, leather, hair, and

manure. Actors, activities, inputs, and outputs are the dynamic constituents of meat supply chains.

Meat systems actors, activities, inputs and outputs concatenate with each other and with those that pertain
to other systems. For instance, consider the first stages of meat supply chains. Cow raising and grazing are
activities part of the meat supply chains that, however, intersect with fodder and dairy supply chains. It is
evident that meat systems integrate together and with other socio-ecological systems. Flows of matter,
energy, and information circulate through and across the meat systems and other systems interconnecting
them (Heylighen et al., 2006). Value (worth) equally flows permanently across meat and other systems in a
similar manner. Value (worth) is not static. What is considered worthy of value varies according to
stakeholders' perspectives, which (may) differ, moving along systems and supply chains. Consequently, value
(worth) manifests as constantly flowing and cycling similarly to matter, energy, and information within and

across the meat and other systems.

Meat systems are highly context-specific, especially geographically. Different geographical locations lead to
unique specificities that may greatly influence the system architecture, thereby resulting in considerably
diversifying one meat system from another. Meat system architectures may vary locally in terms of actors and
communities involved as well as in terms of meat supply chain activities, inputs, and outputs. Similarly, the
geographic characteristics also largely influence meat systems components’ needs, concerns, and goals.
Accordingly, the sustainability features and issues to consider and account for may strongly differ depending
on the geographic location of the meat system of interest. The necessity of particularized (though integrated)

specific approaches and metrics is evident.
Pillar 3: The transformation of meat systems

Transforming current meat systems for sustainability requires grounding on the perpetual change
characterizing those systems (Chapter 2). Conceiving meat systems transformations in this manner appears
fundamental to consistently addressing sustainability issues and coherently accounting for features that these
transformations point to. Across human approaches to food system transformation, we mention that of

regenerative agriculture (RA), due to its strong commitment to interpreting transformations in this sense.?

To date, no common agreement exists on what RA means (Newton et al., 2020; Page & Witt, 2022). Roughly,
RA refers to an ensemble of holistic approaches that seek to align and integrate farming and ranching activities
into the natural, dynamically changing processes characterizing meat systems (Gosnell et al., 2020; Khangura

et al., 2023; Page & Witt, 2022). RA promotes the adoption of practices, such as multispecies intercropping,

2 Regenerative Farming (RF) and Regenerative Ranching (RR) are other terms often used in the narrative related to food

systems transformation towards RA. See Newton et al. (2020) for further terminology.

141



integration of livestock management and crop cultivation, rotational grazing, and reduction of synthetic
inputs (Khangura et al., 2023; Newton et al., 2020). These practices primarily attempt to foster soil health and
carbon sequestration, enhance biodiversity, and mitigate climate change while sustaining social and economic

benefits (Elevitch et al., 2018; Khangura et al., 2023).

RA serves as an exemplary case to illustrate the major features to which meat systems transformations point.
RA broadly aims to address the well-being of meat systems and their components. Different interpretations
exist on what well-being is. Here, as presented in Chapter 3 and in Chapter 2, we refer to the “Capability
Approach (CA)”, one of the most relevant positions with regard to the debates on sustainability and well-
being. The scholars Amartya Sen and Martha Nussbaum proposed CA in the latter half of the 20th century.
CA interprets well-being in terms of the capabilities — “alternative combinations of valuable and considered-
valuable functionings (doings and beings, such as owning adequate and safe food and feeling secure)” — that
individuals own and among which they can opt to live a life worthy of value and that has motive to value
(Chapter 2).2 CA was developed to refer to humans, but we recognize it also applies to the non-human

stakeholders of meat systems (Chapter 2).

Accordingly, meat systems' well-being appears strictly grounded in value (worth). As value circulates across
meat supply chains, meat systems, and other systems, tracking it becomes essential in the optics of meat
systems transformations. Consider humans and the economic value assigned to meat products as a matter of
example. Consumers (may) allocate a plus value to meat produced according to RA practices, compared to
meat produced with conventional methods, and be willing to pay more for this plus-valued product. Trustful
and transparent mechanisms able to track the allocated plus value, certify it, and convey related information
can ensure that it corresponds with a monetary premium that consumers who recognize it (may) pay. Those
same mechanisms may further assist in tracing back this monetary premium to RA practitioners, incentivizing

them to pursue RA practices and ultimately fostering meat systems transformation for sustainability.

The other fundamental features that RA broadly deals with are the resilience, stability, and vulnerability of
meat systems. Large debates exist on what these terms mean. Here, we repropose the characterization of
system resilience and stability, advanced by Holling and colleagues and discussed as part of FSSMF in Chapter
2. Stability is “the ability of a system to re-acquire its previous stable state of equilibrium after a perturbation”,
and resilience is “the amount of disturbance a system can manage to persist in its stable state of equilibrium

before moving to a different one” (Chapter 2; Holling, 1973, p. 17). Regarding system vulnerability, we

3 As also indicated in Chapter 2, for a detailed analysis of CA, see Amartya Sen and Martha Nussbaum’s publications,

such as Sen (1974, 1980, 1981, 1990, 1993).
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repropose the largely accepted interpretation provided in 2012 by the Working Group Il of the

Intergovernmental Panel on Climate Change (IPCC). System vulnerability is interpreted as a “function” of:

= System exposure: exposure relates to the presence of system components that may be influenced
(generally negatively) by the exertion of some perturbation.

= System Sensitivity: sensitivity refers to the system's “potential magnitudes of consequences” of having
been exposed to pressure to such perturbation (Allen & Prosperi 2016, p.959).

= System resilience.?

Well-being, value, resilience, stability, and vulnerability of meat systems are the major features to which

meat systems transformations point.
Stocks of Essential Relations

With regard to Stocks, we provide the following considerations. All FSSMF subsets of domain-neutral relations
(DNRs) and domain relations (DRs) (OBO-Foundry perspective) relate to meat systems sustainability.
Considering the DNRs, all subsets are essential to determining and grounding entities pertaining to meat
systems sustainability. Considering DRs, all subsets are essential to further characterize meat systems

sustainability. See Chapter 2 for details about Stocks subsets.

2.3. Ontology Construction

2.3.1. SUMSO Vocabulary

We have compiled a list covering the terms identified from the narrative and the documents that the
stakeholders shared with us, along with those suggested by them. The list refers each term to the FSSMF Pillar

to which it primarily pertains. The list can be accessed here.

Legenda: The terms highlighted in blue are those currently covered and formalized in the OWL SuMSO core

“uxn

ontological module. Terms presenting an are those (also) proposed by stakeholders. Terms indicated with
a “t” are those stakeholders’ suggestions primarily focused on. The choice of which terms to prioritize for
inclusion in SUMSO was based on the literature assessed and stakeholders’ judgment. Primary emphasis was
dedicated to meat systems components and initial-middle meat supply chain activities, such as animal
grazing, animal slaughtering, and leather tanning, in accordance with stakeholders’ recommendations. We

plan to incorporate the remaining terms into SUMSO as part of future implementations of this ontology.

It is noteworthy to mention that by exploring FoodOn, we identified several terms relevant for inclusion in a
meat systems sustainability ontology. For reasons of project feasibility and consistency, the SuMSO

ontological module does not currently include all these terms. We started to import the most relevant ones

4 See Chapter 2 for a definition of the expressions “system state” and “system perturbation (disturbance or stressor)”.
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https://github.com/gioUbbiali/Sustainable-Meat-Systems-Ontology/tree/main/SuMSO/materials%20for%20implementation
https://foodon.org/

for the purposes of this core ontological module. We envision importing all others in future implementations
of this ontology. Thus, we collected all of those additional terms into an RDF file, with the intention of creating

a readily available resource for implementation. The file is accessible at the following link.

2.4. Ontology Approval

XXXX

Ontology Maintenance

3.1. Ontology Curation, Documentation, and Implementation

3.1.1. Materials for Implementation

We stored materials for implementation here.
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