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Abstract
Food security is an urgent concern, drawing the attention of policymakers at all levels of
governance. Stakeholders have been seeking new approaches to addressing food insecurity,
particularly during times of stress in the global food system, and they often view emerging
technologies as viable solutions. However, technology adoption must be considered within the
context of agriculture’s embeddedness in commodity markets, financial systems, political
systems, trade arrangements, and sociocultural norms. Through a comprehensive literature
review, this paper examines how blockchain, the Internet of Things (IoT), artificial intelligence
(AI) with machine learning, and satellite imaging are being or could be implemented to decrease
uncertainty and mitigate risks to support agricultural production and distribution. Specifically, it
engages with the implications of these technologies for agriculture in less developed regions,
with a focus on India and Pakistan. This systematic review also establishes a knowledge base for
the development of a paper prototype of a food system game, including a high-level game
framework, the initial draft of core rules, and vignettes illustrative of scenarios that might emerge
in play. This type of game would allow participants to effectively investigate the various factors
*
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and stakeholders involved in the decisionmaking process for technology adoption in agriculture
and food production. As such, the paper prototype and our review of the four technological
solutions and their potential integration with existing systems, implementation bottlenecks, and
the (mis)alignment of various stakeholders aims to provide a blueprint to policymakers interested
in ensuring food security at a regional, and by extension, global level.
Key words: food security, food systems, emerging technologies, artificial intelligence,
blockchain, machine learning, Internet of Things, Pakistan, India
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Introduction
More than 820 million people in the world did not have enough to eat in 2018, making
food security an urgent global concern (FAO et al. 2020b). Although there have been significant
efforts to end global hunger by 2030 as part of the UN’s Sustainable Development Goals, the
world has been getting hungrier every year since 2016. An expanding global population and
anticipated demographic shifts will increase demand for food production and for more resourceintensive mixes of foods over the coming decades, while climate change and direct human
activities threaten the viability of many growing regions. Conflicts in various regions around the
world and recent economic recessions have destabilized policies and efforts to alleviate hunger
and to provide access to nutritious food (FAO et al. 2020b). In addition, the COVID-19
pandemic has thrown into sharp relief the impact of global crises on food security, and has
underscored how food security is as much about effective supply chain management and
accessibility as it is about agricultural production and abundance.
The food ecosystem is defined by a dynamic and complex set of interactions between the
ecology, environment and resources, human beings, institutions, and processes (Gregory, Ingram
and Brklacich, 2005). Political and socio-economic stability along with bio-physical factors
determine the production, access, and individual purchasing power to create an interlinked and
delicate system of dependencies (Velthuizen et al., 2007), as illustrated in Figure 1. Hence, this
ecosystem is vulnerable to constant threats that could result in imbalances and disruptions,
leading to food insecurity, poverty, and malnutrition.
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Figure 1. Food Security Ecosystem

SOURCE: RAND Corporation

To mitigate food security issues resulting from stresses on the system (including, but not
limited to, global crises, climatic factors, natural disasters, and political unrest), it is imperative
that stakeholders across the global food system adopt a forward-looking approach to ensure
resilience of the food supply. New approaches to addressing food insecurity are desperately
needed, and various emerging technologies are viewed as possible solutions to this persistent
problem. While food systems are already heavily interlinked with technological developments,
the adoption of emerging technologies must be considered within the context of agriculture’s
embeddedness in commodity markets, financial systems, political systems, trade arrangements,
and sociocultural norms. The confluence of these factors represents systemic risks that carry
deep uncertainty about long-term behaviors and responses to policy decisions that, ultimately,
put the world’s poorest citizens at the highest risk.
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To make sense of and communicate this inherently multi-stakeholder problem, this paper
examines the technological solutions that are emerging to address food system vulnerabilities
and how the implementation of these emerging technologies might alleviate food insecurity.
Specifically, the paper reviews how select technologies – blockchain, the Internet of Things
(IoT), artificial intelligence (AI) with machine learning, and satellite imaging – are being or
could be implemented across the globe to decrease uncertainty and mitigate risks to support
agricultural production and distribution. In addition to presenting current applications, we
examine the implications of these technologies for agriculture in less developed regions, with a
focus on India and Pakistan in South Asia. Despite being ranked within the top ten producers of
wheat, rice, and other essential food products, both countries face high levels of food insecurity
and malnutrition issues (FAO in India, 2020; FAO in Pakistan, 2020) due to sustainability
problems, water shortages, and land degradation, which worsen with cyclical droughts and
floods. India and Pakistan also have infrastructure deficiencies, poor governance (Liu, Yaping et
al., 2020), and complex and partly inefficient institutional systems for implementing policies and
market regulations (OECD, 2018), which further contribute to their food insecurity and poverty
issues. By considering the technologies in the context of these cases, we offer insights into how
the technologies might be implemented to increase efficiency in food production and distribution
in India and Pakistan and the potential for their implementation more broadly.
Our review of the selected technologies also informs the development of a paper prototype of
a food system game in which regional or national outcomes depend on actions of human
stakeholder and/or AI players. This type of game would allow participants to effectively
investigate the various factors and stakeholders involved in the decisionmaking process for
technology adoption in agriculture and food production. Together with the paper prototype, our
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discussion of these four technological solutions and their potential integration with existing
systems, implementation bottlenecks, and the (mis)alignment of various stakeholders aims to
provide a blueprint to policymakers interested in ensuring food security at a domestic (U.S.),1
regional, and by extension, global level.

Food Security in the Global Food System
It has been over a decade since the 2007-2008 global food crisis that sent food prices
soaring and fomented unrest in some of the hardest hit regions. Spurred by a number of
interacting factors, such as adverse weather, increasing oil prices, greater demand for biofuels,
increased meat consumption, and speculation in the agricultural commodities market (González,
2011; ENV DG 2011), food insecurity dramatically increased around the globe during that crisis,
resulting in a historically unprecedented number of people – over one billion – going hungry
(Golay, 2010). Although food policy has always been a key concern of practitioners, the 20072008 crisis pushed it to the forefront of public debate (González, 2011) and encouraged
recognition that poverty, not just the supply of food, needs to be a target of attention to mitigate
food insecurity and prevent future crises (Margulis, 2013).
At the global level, food governance is complex, with many institutions engaged in
addressing food security. The United Nations has framed food security as “the right to food.”
Codified in the ICESR (Article 11 1966), “the right to adequate food is realized when every man,
woman and child, alone or in community with others, has the physical and economic access at all
times to adequate food or means for its procurement” (General Comment 12). More specifically,
the UN Special Rapporteur on the Right to Food (n.d.) defines it as “the right to have regular,
permanent and unrestricted access, either directly or by means of financial purchases, to

1

Feeding America projects that 42 million Americans (1 in 8), including 13 million children (1 in 6), may
experience food insecurity in 2021 (Feeding America, 2021).
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quantitatively and qualitatively adequate and sufficient food corresponding to the cultural
traditions of the people to which the consumer belongs, and which ensure a physical and mental,
individual and collective, fulfilling and dignified life free of fear.”
Yet, the right to food is not the only frame used with regard to food security. Food
sovereignty and food justice are other common – and often overlapping – paradigms used to
approach the issue. The variation in approaches to understanding and contextualizing food
security reflect the complexity of food governance. When constructed as an issue area that
recognizes the interconnectedness of the global food system, food security can be viewed as a
regime complex in which three elemental regimes overlap: agriculture and food, international
trade, and human rights (Margulis, 2013). Academic attention to food security in the global
system has touched upon each of these regimes, though scholarship largely focused on trade
policy after the creation of the WTO in 1995 (Ehrenreich and Lyon, 2011; González, 2011;
Halewood, 2011; Joseph, 2011), in part due to the shift in global food governance to the WTO
and a narrowed economic understanding (Ehrenreich and Lyon, 2011). Recognition of food
politics as embedded in social, technological, environmental, and political contexts – in addition
to economic – has taken longer to develop at the international level, but has made gains as the
right to food, food sovereignty, and food justice frameworks have advanced in policymaking
approaches.
This increased attention to shaping forces beyond economic conditions will be critical for
effectively responding to the consequences of the COVID-19 pandemic for the global food
system and any future disruptions. Like the 2007-2008 global food crisis, the pandemic has
severely impacted gains made in global food security. An estimated 690 million people were
undernourished by October 2020, and an additional 132 million people may experience
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undernourishment by the end of 2020 (FAO et al., 2020a). People living in developing countries
are especially at risk due the pandemic’s negative effects on labor force size and labor-intensive
forms of production (e.g., agriculture, fisheries/aquaculture) (FAO, 2020a). In particular, there
has been some indication that “small-scale producers are facing mounting challenges accessing
inputs – such as seeds and fertilizers – because of rising prices of these inputs; severely reduced
household incomes; and/or lack of availability of these inputs in markets” (FAO, 2020a). And,
like the 2007-2008 global food crisis, the negative effects of the pandemic are expected to
reverberate across the global system for years to come.
In response to these impacts, governments and other international, regional, and local
stakeholders are developing mitigation plans, of which many expressly seek implementation of
technological solutions.2 Accordingly, the COVID-19 pandemic may lead to the acceleration of
interest in and adoption of new technologies. In order to examine the selected technologies and
their uses in agriculture and food production, we framed our project around three key questions:
•

How are these emerging technologies (blockchain, IoT, AI, satellite imaging) being
used in agriculture today?

•

How could they be used to improve food security across South Asia in a way that
minimizes costs and maximizes benefits to underserved populations, with particular
attention to understanding interdependencies with non-technological factors (e.g.,
zoning, environmental conditions, public acceptability, etc.)?

•

What are the socio-economic and political concerns about implementing
technological solutions to problems in South Asia?

2

For example, the FAO’s COVID-19 Response and Recovery Programme includes key priority areas that explicitly
focus on technological solutions, such as “Data for decision-making” and “Food systems transformation” (FAO,
2020b), and the Tableau Foundation in partnership with the World Food Programme has framed its response to
hunger during COVID-19 as “data-driven” (Myrick, 2020).
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This review of select technologies and their actual or potential implementation in India and
Pakistan thus provides insight into how technological solutions might become integrated into
existing food systems at a time when governments and organizations are considering both the
short- and long-term impacts of the current crisis.

Methods
In order to examine the technological solutions that are emerging to address food system
vulnerabilities, we selected four technologies (blockchain, IoT, AI with machine learning, and
satellite imaging) for review in the context of two case studies (India and Pakistan). These
technologies were chosen due to their current applications in countries that already have the
underlying technological infrastructure to support implementation. For example, the United
States and China have both been using blockchain and AI together to reduce food fraud and
improve product traceability (Wang et al. 2018). They have also received attention from
policymakers at different levels of governance as potential solutions to food system issues. The
World Food Programme (WFP) has been using blockchain technology as part of its “Building
Blocks” initiative “to expand refugees’ choices in how they access and spend their cash
assistance” (WFP, 2020).
In anticipation of future technology transfers, we were motivated to explore the
implications of these technologies for agriculture in less developed regions and in the context of
sustainability, water, and land degradation issues, while taking the governance aspects into
consideration, for the development of the paper prototype. We selected India and Pakistan in part
due to their vast agricultural sectors, agro-ecological diversity, and high percentages of
agricultural employment. South Asia constitutes almost one third of the world’s population, of
which a large proportion is estimated to be poor and malnourished (Kumar et al., 2018). Out of
the eight countries constituting South Asia, India, Bangladesh, and Pakistan are ranked highest in
10

both the absolute number of poor in millions and by their respective poverty rates (World Bank,
2018). The agricultural sector, which represents a major share of employed population in both
India (Statista, 2021a) and Pakistan (Statista, 2021b) has long been considered key to food
security and poverty alleviation for this population (Murgai et al., 2001). However, despite food
surpluses, the two countries face high levels of food insecurity due to a multitude of factors
including, but not limited to: lack of access, the countries’ policy sensitivity toward nutrition,
influence of socio-cultural factors, and an overall reluctance in adoption of new technologies.
Regarded as “a land of contradictions”, India’s massive agricultural production amounts
to 11 percent of total global agriculture (Boettiger and Sanghvi, 2019), yet its 195 million
undernourished people account for almost “a quarter of the global hunger burden” (UN Priority
Areas in India, 2018). The dilemma of having vast, arable land holdings while facing issues of
malnutrition, food insecurity, and stunted growth is perhaps even more pronounced in the
context of neighboring Pakistan. Punjab, Pakistan’s most populous province and the largest
contributor to the country’s gross domestic product (GDP), has reported “27 percent moderately
and 10 percent severely stunted children of less than 5 years” (Mahmood et al. 2020). Selecting
India and Pakistan as cases thus provided the opportunity to investigate a range of factors and
stakeholders in agriculture and food production and their roles in technology adoption decisionmaking in areas of high need.
In the first phase of our research, we reviewed the academic and gray literatures to
answer the first question (How are these emerging technologies (blockchain, IoT, AI, satellite
imaging being used in agriculture today?) and to provide a foundational background for
engaging with the second and third questions. We also interviewed four subject matter experts
(SMEs) who represented different stakeholders in the food system: a farmers’ association, a non-
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profit research organization, an international humanitarian organization, and an agricultural
inputs producer in the private sector. These interviews solicited the SMEs’ professional
experiences on topics such as technological solutions to address food insecurity, implementation
bottlenecks towards novel technologies, and socio-cultural barriers and opportunities across
different food supply domains (e.g., harvesting, manufacturing/processing, packaging,
distribution, transportation). The information gathered from the interviews assisted in our
conceptualization of the various interdependencies in the food supply system and our
understanding of the costs and benefits to technology use.
In parallel to the investigation of the technologies mentioned above, we scanned
academic and gray literature to develop a holistic picture of the food system from a global
perspective, including production, processing, distribution, and consumption. We organized this
work by using Miro, an “online visual collaboration platform for teamwork,” which allowed us
to capture the interdependencies and relationships among stakeholders (Figure 2). For each broad
component, we identified typical actors and technologies involved, system functions provided,
key actor decisions, and interdependencies between parts of the system (Figure 3). We also
identified important trends and anticipated developments in the India-Pakistan region, as well as
internationally, using the STEEP framework (social, technological, environmental, economic,
political) (Figure 4).
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Figure 2. High-level Overview of Miro Board for Emerging Tech in Food Production Project

Note: This figure provides a snapshot of the research team’s organizational process. We organized
content using the STEEP framework using the colored boards and white notes in the upper left of figure.
The lower half of the figure contains our visualization of actors, technologies, and interdependencies. The
Miro board also contained other relevant content, like maps (upper right).
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Figure 3. Example of Organizational Process for Identifying Activities, Actors, and
Interdependencies

Note: This figure provides a closer look at one section of the Miro board created by the research team
during their organizational process. This section shows some of the activities, actors, decisions, and
interdependencies identified during the literature review and interviews.
Figure 4. Examples of Technological Trends and Developments

Note: This figure provides a closer look at one section of the Miro board created by the research team
during their organizational process. This section shows some of the technological trends and
developments identified during the literature review and interviews.
14

The knowledge base developed through the literature review and interviews also
informed our work in the second phase of the project: developing the game prototype. For the
development of the prototype, we started with the definition of a game as “a system in which
players engage in an artificial conflict, defined by rules, that results in a quantifiable outcome”
(Tekinbas and Zimmerman, 2003). We also determined that the prototype would be a “game for
play” and not a theoretic model. In formal game theoretic models, the interdependent choices of
actors who are navigating real world dilemmas are simplified into a format for mathematical
analysis. The aim in model development is often to frame a problem such that it is possible to
solve for an optimal strategy. Games for play can be viewed as models that isolate specific
features of reality in order to engage players in meaningful challenges. In games for play,
although it is the player’s goal to seek an optimal strategy, their decisions are bounded by a
design where optimality is uncertain or unknowable. As such, these types of games allow for
repeated play, providing continuous feedback and learning. A game for play design better
reflected the complexity of a food system and the relationships among actors.
Developing a game for play presents some challenges, however. Identifying and
presenting an artificial conflict that is meaningful to players and developing a set of rules that do
not have an obvious or trivial solution can be difficult. Consequently, developing rules for a
game that support this design, including player roles and how they interact, is typically an
iterative process. Game for play development also requires a comprehensive understanding of
any real-world system it is meant to represent. The systematic review and organizational process
for the first phase of this project thus informed the creation of high-level system maps and “story
moments”3 of the food system. And, they informed the authoring of a high-level game

3

Story moments describe important dilemmas or feedback loops that would be of interest in a gaming context.
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framework, the initial draft of core rules, and vignettes illustrative of intended scenarios that
might emerge in play.

Technologies and Agricultural Applications
We sought to answer our first question – How are these emerging technologies being
used in agriculture today? – through a review of academic and gray literature. We have
organized the presentation of our findings by the type of technology: blockchain, IoT, AI with
machine learning, and satellite imaging. In addition to defining the selected technologies, each
section outlines perceived problems for which the technology is being used as a solution, as well
as examples of implementation. Where relevant, we also raise regulatory or legal issues
associated with technology adoption and potential barriers to uptake. Finally, we have included a
section that reviews the key takeaways from our SME interviews. Although the main focus of
those interviews was to inform our conceptualization of the food supply system, the SMEs’
professional insights on the selected technologies and their regional applications also provide
context to the literature review’s findings.
Additionally, each section considers how we might approach effectively answering the other
framing questions: How could these emerging technologies be used to improve food security
across South Asia in a way that minimizes costs and maximizes benefits to underserved
populations, with particular attention to understanding interdependencies with non-technological
factors (e.g., zoning, environmental conditions, public acceptability, etc.)? What are the socioeconomic and political concerns about implementing technological solutions to problems in
South Asia? Thus, the review serves as a knowledge base for the game prototype, by touching
upon key stakeholders, decision points, system functions, and interdependencies.
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Blockchain
According to the World Health Organization (WHO, 2020), one out of ten people
globally (or an estimated 600 million people) get sick from eating contaminated food yearly,
resulting in 420,000 deaths. Following several cases of Salmonella outbreaks between 2009 and
2015 (Healthline, 2018), the US Food and Drug Administration (FDA) proposed a new rule with
more stringent tracking of foods that it included in its Food Traceability List (FDA, 2020).
Moreover, the COVID-19 pandemic has exacerbated existing disparities in accessibility and
affordability of safe and nutritious food (Eschner, 2020). A traditional communication
framework for food traceability relies on information relayed through various channels and
participants, with considerable human involvement along the value chain (Song et al., 2017).
Regulations required at a global level that are similar to the FDA’s on traceability may spur
further research in alternatives to conventional food tracking mechanisms that are largely humandependent. Consequently, a system of traceability that is tamper-proof, secure, and accessible is
needed.
Blockchain enables the implementation of such a system by providing a distributed
network of computers with synchronized and validated replicas of the information documented
in a digital ledger consisting of “blocks of transaction”. Blockchain uses cryptographic hash
encryption to ensure that this information cannot be altered or deleted. Thus, the information
stored is secure, immutable, and redundant to ensure that it is verifiable by multiple nodes, which
eliminates the need for an intermediary authority or human involvement (Iansiti and Lakhani,
2017).
Blockchain characteristics, such as decentralization, security, immutability, and the use of
“smart contracts” (UNOPS, 2018) for safe, two-way transfer of information make it ideal for
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sustainable food supply chain management and food traceability. For example, Walmart piloted
blockchain by tracing a package of mangoes from its origin at a Mexican farm to a hot-water
treatment plant, a U.S. processing plant, and a cold storage facility before it finally arrived on
store shelves (Yiannas, 2018). Blockchain can also be used with other techniques, like DNA
analysis, to achieve traceability; DNA information from an animal is uploaded to the blockchain
platform at the start of the supply chain, so product recipients (e.g., importers, retailers) can test
the meat to confirm it matches what they ordered (Jagadeesan et al., 2018).
Some of the potentially transformative applications of blockchain in agriculture include
creating digital ledgers of land registries for rural farmers with informal land ownership and
transaction records. Such a ledger with immutable and tamper-free records would not only save
the farmers from land-grabs and illegal or fraudulent transactions, but it would also provide them
with transparency, asset liquidity, and fast validation in order to acquire micro-loans to secure
their production (Banupriya and Arunkumar, 2020). Two other notable applications of
blockchain in agriculture are its ability to enable traceable, cash-based assistance to farmers
without the need for intermediaries, which would allow farmers to have direct buying power to
purchase seed or equipment, and its ability to provide a means to purchase agricultural insurance
and green bonds to secure farmers’ livelihoods during extreme weather conditions (FAO, 2019a).
The primary application of blockchain for ensuring access to food and food security, however,
would be in securing the agricultural supply-chain – from ensuring identification-based tracking
of products and smart contracts-based governance models to market pricing and payments to
enable small farmers to benefit from increased share of the profits (Musharraf, 2020). The use of
blockchain also makes incentivizing growers possible by rewarding farmers for quality
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compliance and converting agricultural waste into clean energy, which can then be traded with
buyers in real-time (Zhang, 2019).
Blockchain implementation in agriculture does come with its challenges. First,
blockchain not only disrupts traditional processes and institutions, it also brings with it
regulatory, governance, and legal challenges. Blockchain does not sit neatly into any current
legal framework, particularly because of its decentralized architecture with its nodes potentially
spanning the globe. In addition, legal implications of smart contracts, ownership of a blockchain,
and identity management require different perspectives and government foresight (UNOPS,
2018). Second, the “digital divide” between the developed and developing world (Mormina,
2019) poses challenges to widespread implementation. To achieve scale, rethinking incentives
for technology adoption is key (Bora and Prabhala, 2020). Third, food supply systems tend to be
decentralized and involve multiple stakeholders (e.g., distributors, buyers, wholesalers) across
different steps in the food supply chain. The lack of a common nomenclature and data-handling
methods among these actors adds another layer of complexity to implementation. Since existing
data recording processes may vary widely between actors involved in the food supply chain,
large-scale implementation of blockchain also necessitates streamlining data collection and
sharing practices (Ku, 2021). Despite these challenges, blockchain provides promising
applications, particularly for food traceability, information transparency, and recall efficiency.
For India and Pakistan, where high agricultural production, food surpluses, and “net food
exporter” statuses do not necessarily translate into food security and nutrition for large sections
of their populations (United Nations in India, 2020; Sleet, 2019), blockchain could provide a
secure supply chain and payment system, using cashless incentives for all players in the supply
chain (TE-FOOD, 2020). It could also ensure higher returns to small farmers by cutting out the
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middleman (Sinclair, 2020). The farming sectors in the two countries employ some of the largest
workforces in the world, and supporting small farmers with farm to fork incentives has been
shown to be “at least twice as effective in reducing poverty as growth in other sectors” (USAID,
2020). To that end, proof-of-concept applications in registering and authenticating cashless
transactions, as demonstrated in the 2017 World Food Program pilot in Sind, Pakistan, seem
promising (Sylvester, 2019). The Sindh Agricultural Growth Project for Pakistan, a collaboration
between the Pakistan Sindh Government, the World Bank, UAE-based Avanza Innovations, and
Microsoft “to improve the productivity and market access of small and medium producers in
important commodity value chains” (World Bank, 2016) , is another example of viable
blockchain solutions in Pakistan (UNLOCK, 2020).
Despite a slew of programs and initiatives by the Indian government in recent years to
support farmers and enhance their income, tenant farming and fluctuations in income due to
climatic events like floods and drought have increased “the average debt of a farming household
fivefold in a decade” (Boettiger and Sanghvi, 2019). Nevertheless, direct access to global
markets can alleviate that debt and allow for profits at competitive prices. A partnership between
Agtech (a blockchain startup) and the Indian government to provide small, remote farms access
to global markets to increase their incomes, Agri10x, can be considered as another step toward a
farm-to-fork initiative to stabilize the farming community of India (Sinclair, 2020).
There are caveats, however, to the implementation of policies supporting direct access of
global markets to farmers in countries with large agricultural sectors; one of which is playing
out in India today. As of March 2021, three laws passed by the Indian government have sparked
months-long protests by farmers’ groups across the country. These laws redefine the established
systems for the pricing and selling of grain by farmers and remove restrictions on stockpiling by
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private buyers, in addition to other institutional and regulatory changes (Basu, 2021). The newly
configured access to global markets and buyers, particularly for big corporations through the
elimination of the longstanding regulated and “trusted” system for pricing and subsidies has
motivated the protesters (Basu, 2021). While the new laws claim to work in favor of the farmers
by attempting to increase their income, many farmers and economists fear that big corporations
will eventually control agriculture and markets (“Farm laws,” 2020). In the face of these
concerns, technology may prove helpful by increasing transparency, trust, and automation of
transactions. The Government of India could thus provide regulatory support by monitoring
prices and the fairness of transactions, as well by implementing failover options, agricultural
insurance, and antitrust laws (Basu, 2021), to alleviate some of farmers’ concerns. Technologies
such as blockchain and smart contracts, for example, could be leveraged to ensure that farmers
and their long-standing institutional trust are protected (Xiong et al., 2020).
Internet of Things
Although there is not a singular definition, IoT can be described as a “an open and
comprehensive network of intelligent objects that have the capacity to auto-organize, share
information, data and resources, reacting and acting in face of situations and changes in the
environment” (Madakam et al., 2015). More simply, IoT devices have been described as ‘the
connection of a network of “things” to or through the internet without direct human
intervention.’ (Villa-Henrisken et al., 2019). As IoT has evolved and matured, it has been slowly
making headway in the food system. With applications for food safety, traceability, production
efficiency, and optimized distribution (Shacklett, 2018) and often used in conjunction with
radiofrequency identification (RFID) transmitters (Shacklett, 2018), global positioning system
(GPS) receivers (Wendt, 2020), and technologies like blockchain, suppliers and distributors can
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employ IoT devices (e.g., sensors, microcontrollers) to effectively track products from farms to
distribution points, theoretically enabling oversight of the entire food manufacturing process. As
an example, location-based information from smart devices merged with customer behavior data
online allows real-time, contextual information for retailers on present and forecasted customer
needs. These new capabilities allow companies to be better acquainted with customer
preferences, reply promptly to market requirements, reduce surplus inventory, and thereby
achieve gains in operational efficiency. Similarly, “intelligent” storage and transportation
containers help maintain the consistency of product quality by monitoring and controlling
temperature, humidity, and other variables remotely (Jedermann et al., 2014). IoT devices help
ensure accountability and reduce the risks of foodborne illnesses by making the food supply
chain more transparent through enhanced data collection and automated reporting (Cece, 2019).
Despite the steep learning curve and high upfront costs of IoT solutions, the benefits are
nudging farmers to adopt solutions that use various sensors in conjunction with management
strategies to optimize yield while minimizing waste. IoT devices help to improve crop yields by
testing the soil health, moisture content, and contours, among other data, and using software built
into equipment to spread customized fertilizer mix based on “grid soil sampling”, which is also
known as precision agriculture or precision farming (Shacklett, 2018). This form of “smart
agriculture” is expected to grow to about USD 23 billion by 2022 (Statista, 2017). Another study
predicts a proliferation of sensors in farming worldwide by 2023 producing potentially thousands
of data elements that could be processed to monitor farms and increase production (Meola,
2020).
Like blockchain, there are challenges to widespread implementation of IoT devices.
Government regulation often takes some time to catch up to the current state of technology,
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which is true for IoT as well. With IoT-based devices, technology has always been in the lead,
necessitating stringent quality control, privacy, and interoperability standards. Cybercriminals,
for example, do not have to physically handle an IoT device to access sensitive materials;
instead, security vulnerabilities (such as software backdoors and commonly used passwords) can
be easily exploited remotely (Began, 2020). As a consequence, the gamut of internet-connected
devices and the complexity of accountability issues render current liability and privacy laws
inadequate for IoT-related privacy and rights issues. Without adequate privacy safeguards, the
possibility of surveillance and tracking of people by governments and private agencies is another
significant concern. The security threat from privacy and data sharing modalities is of particular
concern in developing countries. Given the inter-connected nature of the cyber world and
significantly low cyber-readiness capacities of less developed countries compared to more
developed countries, investments in science and technology knowledge-building are needed as
part of “cyber-diplomacy” (Calderaro, 2019). However, despite these security and liability
concerns, IoT devices are already in use within agricultural production.
Smart agriculture could produce significant benefits for small farmers in India (Vermani,
2019). Extreme water shortages, drought, floods, and stressed soil and land resources put the
nearly 50 percent of India’s population who are dependent on agriculture at risk of loss of
income, poverty, and malnutrition yearly. Rainfall is the single most important resource for many
small farmers in India. Smart agriculture technologies that allow for soil and crop monitoring,
remote irrigation, weather monitoring and forecasting, and data analysis and future prediction
using IoT would enable small farmers to continue to implement their traditional polyculture crop
rotation for enriching the agroecology of their farms and the health and nutrition of their farming
communities (Bisht, Rana, and Ahlawat, 2020). Moreover, in conjunction with classification
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techniques using machine learning, IoT-based devices that use sensor data as input could be
employed to determine crop insurance payouts as demonstrated in a pilot project in five
agricultural regions in Tamil Nadu, India (Mangani et al, 2019). IoT could further help small
farmers in India to increase their crop yield and their farm-to-fork income by allowing better
management while reducing manpower requirements (Vermani, 2019).
Pakistan also faces challenges in agriculture similar to those in India. Lack of modern
production practices, crop diseases, water table issues, and water logging and salinity plague
Pakistan’s large rural and agricultural population (Anwar et al., 2020). IoT devices in
conjunction with other emerging technologies, like cloud computing, could provide ways to
modernize agricultural production in Pakistan, as well as increase the yield by allowing weather
monitoring and water management and by monitoring the health of crops and livestock (Nawaz,
et al., 2020). These interventions would not only increase crop yield, but they could also increase
the availability of nutritious food for the farming communities (Anwar et al., 2020).
Artificial Intelligence with Machine Learning
Machine learning is the use of computer algorithms that improve automatically through
experience and allow the implementation of the broader field of artificial intelligence. Data in a
supervised machine learning process consist of a set of labeled variables (Liakos et al., 2018).
Typically, machine learning methodologies involve a task, such as predicting an outcome
variable (e.g., inches of rain in a particular area) based on a function that includes one or more
independent variables as predictors (e.g., cloud cover, precipitation, temperature etc.). Generally
speaking, more input data results in the algorithm “learning” its predictive function with better
accuracy (Liakos et al., 2018). Using the experience obtained during the training process, “the
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trained model can be used to classify, predict, or cluster new examples” (e.g., inches of rain in a
different area) (Liakos et al., 2018).
Some of the most salient uses for AI in agriculture include crop management through
applications for yield prediction, disease detection, weed detection (Archive of European
Integration, 2019) and crop quality, as well as for water, energy, and soil management (Benos et
al., 2021). For example, a predictive model using artificial neural networks has been used to
predict paddy rice production and energy consumption in the Guilan province of Iran with
remarkable accuracy (Ashkan et al., 2018). Advances in computer vision combined with AI
algorithms have also been used to predict crop yields and detect crop diseases before they
become severe (Kakani et al., 2020). The successful implementation of computer vision in
precision agriculture has provided crop yield predictions for wheat, rice, maize, barley, and
soybean based on a variety of input and environmental factors (Diego Inácio Patrício et al.,
2018). AI in food manufacturing could also help make price and inventory forecasts, and track
goods from cultivation to consumption, ensuring transparency and minimizing loss; for example,
“Symphony Retail AI enables businesses to estimate the demand for transportation, pricing, and
inventory to avoid getting an abundance of goods that end up wasted” (Kovalenko and Chuprina,
2020).
Although practical applications of machine learning tools exist, the algorithms tend to be
very context-specific and, consequently, are not easy to generalize and scale (Quinn et al., 2014).
Each AI application requires the selection of adequate algorithms from a candidate list of few
options due to the individual characteristics of a problem, data availability, and input data
validity. The context-specific variables and inherent complexity of food systems prevent a
default workflow that could be applied in other settings. Yet with more input data and
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streamlined data reporting and recording practices, the predictive accuracy of these algorithms
could be further improved and implemented at scale.
The large-scale implementation of AI applications in precision agriculture could optimize
energy and water use and significantly reduce food waste by matching supply with consumer
demand. However, as with blockchain applications, implementation may contribute to power
differentials. “Big data” applications, when implemented while keeping equity as a guiding
principle, are “expected to cause major shifts in roles and power relations among traditional and
non-traditional stakeholders” (Wolfert et al., 2017). Data governance and sharing mechanisms,
including ownership, privacy, and security, are key challenges, but distributed ledger
technologies like blockchain might help alleviate some of these issues. . Given the right
assumptions and mechanisms for collaboration among the various stakeholders involved,
computational solutions can be brought to bear on a case-by-case basis, and several successful
examples of such frameworks are evidenced in case studies from Africa, Latin America, and
India (Quinn et al., 2014).
One of the primary requirements of an AI-based solution is consistent, accurate, and
diverse data. In India, much of the data is proprietary to the offices and institutions involved in
data collection, thus making acquiring, classifying, and tagging data for any AI application
impractical. Moreover, the variation in data collection standards and procedures across national,
state, and local governments creates issues with the quality and interoperability of the data. In
addition, data protection laws, including the Personal Data Protection bill of 2019, make it
almost impossible to acquire and meaningfully use any data, regardless of the type of data (e.g.,
non-personal) sought. Private sector and technology startups in India do collect data from the
field, however it is mostly used for their profit. Hence, there would need to be an extraordinary
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amount of government coordination and support for AI applications to have a meaningful
difference in the production, security, and access of food and agricultural products. As a result,
the regulatory framework for AI in India is almost non-existent, similar to the cases of
blockchain and of IoT.
Despite these challenges, there are avenues for using AI. Using small datasets and edge
computing machine learning technologies – where data storage is closer to the farm operations –
could help to reduce water consumption; Microsoft’s FarmBeats program in India is an example
of this approach (Delgado, 2019). Furthermore, the increasing use of IoT devices and the
resulting expansion of data collection capability may lead to effective AI applications in the
Indian agricultural context. These applications could help improve crop distribution, crop
rotation, water management, and weather monitoring to increase production of nutritious food
for farming and other rural communities. Similar to India, the public sector in Pakistan has been
slow to embrace widespread use of AI applications beyond simple classification and
identification tasks such as those undertaken by the National Database and Registration
Authority, NADRA (Khan, 2019). The private sector, however, has been quick to realize the
potential for AI, with e-commerce startups like Daraz (recently acquired by China-based Ali
Baba group) and customer service applications being leading adopters (Mohan et al., 2019).
Like in India, near-term opportunities to incorporate AI-based farming practices are
unlikely in Pakistan, though an attempt by Aqua Agro, a Pakistani startup, may be a first step.
Aqua Agro used edge data collection with the help of “natively developed solar-powered IoT
enabled devices” to collect data “sent to an AI based cloud platform that makes the decision for
the farmers on whether the crop needs irrigation or not” (Shahzad, 2019). Despite this initial
effort, “what matters in AI implementation is speed, execution, product quality, data, and
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government support” (Lee, 2018), which are not readily available in Pakistan. In Asia, China has
the advantage to be a leader in AI, due to its market size and the enormous amount of data it
generates, which can be leveraged for building and improving AI capabilities (Lee, 2018). China
also has centralized government policies, which facilitate the development and early adoption of
emerging technologies such as AI (Lee, 2018). In comparison, India and Pakistan also produce
extraordinary amounts of diverse data due to population size, and they have the technological
capabilities to develop and implement smart agrotechnology. To achieve more robust results
from AI in agriculture, however, policies and procedures to streamline data collection across
institutions and levels of government would be needed, and would require an unlikely overhaul
of the systems in place. Consequently, despite the promise of these applications, institutional
inertia may be the biggest barrier to AI/ML adoption in both India and Pakistan.
Satellite Imaging
Open source satellite data, such as natural color and thermal imagery provided by the
U.S. Geological Survey, has numerous applications in agriculture – ranging from crop yield
estimation to disease monitoring and precision farming. Combined with meteorological data,
crop models, and other auxiliary inputs, remote sensing information from satellites is currently
being used to forecast crop conditions by the European Commission (Anomaly Hotspots of
Agricultural Production – ASAP), the World Food Programme (Seasonal Monitor), the Institute
of Remote Sensing at the Chinese Academy of Sciences (CropWatch) and the USDA (Crop
Explorer) (Fritz et al., 2019)Satellites are also used as a management tool in precision
agriculture, defined as a “kind of agriculture that increases the number of (correct) decisions per
unit area of land per unit time with associated net benefits”, which could include but are not
limited to environmental benefits (McBratney et al., 2005). Although precision agriculture
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practices are common in the developed world, one of the main hurdles in large-scale adoption of
precision agriculture techniques in India has been defined as “land fragmentation”, or the
cultivation of land by pockets of subsistence farming families with little to no access to
mechanization technologies (Mondal et al., 2011).
The use of satellite imaging in agriculture is more advanced compared to blockchain,
IoT, and/or AI and machine learning, and it continues to be applied in new ways around the
globe. An initiative from the Food and Agriculture Organization (FAO, 2019b) employs an
evidence-based, country-led approach using advanced geo-spatial modeling and analytics to
identify the biggest opportunities to boost agricultural outputs, while minimizing input costs like
energy and water per unit of agricultural produce. Measuring and monitoring consumptive water
use is another important component of global agricultural monitoring (USGS, n.d.) and highquality, multi-spectral imagery provides fast and accurate accounting for subsurface water
reservoirs (Wang and Yang, 2019). In the United States, where “agriculture accounts for 80-90
percent of consumptive water” (USDA ERS, 2019), data from the NASA Landsat allows
efficient water allocations at the field level. And in Australia, land-use mapping using Landsat
imagery has been used to extract information relating to specific crops and to successfully
estimate seasonal consumptive use of water across the Murray-Darling Basin (Connell and
Grafton, 2011).
The introduction of drones into agricultural practices has enabled even more granular
imagery, orders of magnitude greater than open source satellite data. Researchers in Tonga, for
example, have demonstrated how the merger of drone-based images and advanced machine
learning algorithms using artificial neural networks has high predictive accuracy for classifying
certain type of fruit trees and optimizing local food supply distribution networks (Saldana Ochoa
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and Guo, 2019). Similar machine learning techniques have been shown to accurately predict land
cover classification on the DeepSat dataset used on open-source satellite data with 87 percent
accuracy, which is on par with much more expensive, state-of-the-art results from other methods
(Ganguli et al., 2019). Combining satellite imaging with remote sensing (using satellite data) and
ground sensing (using drones) and applying machine learning to integrate these data streams
promises to provide a granular forecast by crop type of yield, disease propensity, growth rate,
and other variables (Yun et al., 2014).
India has a robust set of indigenous programs using data collected by the satellites and
payloads deployed by the Indian Space Research Organisation (ISRO). Much of ISRO’s
satellite-as-a-service (SAAS) data, however, is contained within the government and consumed
by government authorities. One such consumer is the Ministry of Agriculture and Farmer’s
Welfare, which has several programs using this data for forecasting weather, crop management,
and crop insurance (Giri, 2020). NASA’s Provision of Advisory for Necessary Irrigation (PANI)
system is another example of using precipitation data from the satellite to help farmers in India
make decisions on water usage (NASA, 2020). For farmers, however, the value of satellite
imaging comes from private SAAS companies, which are prolific due to the sharp decrease in
size and cost of satellites over the past decade. Private SAAS companies (such as the Argentinian
startup Satellogic) are helping India’s agritech sector, potentially facilitating India’s move from
state-owned programs to programs with farmers as the primary stakeholders. Such a shift could
enable farmers to increase their productivity and crop diversity and improve nutrition in rural
communities. However, for small-holder farmers in India who own less than two hectares of
farmland, the lack of scale of services offered by private SAAS companies can be a major
impediment in achieving desired gains in this particular context.
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NASA has a program for Pakistan similar to the PANI system in India, in order to
develop an “operational irrigation advisory system” that provides updates on weather and
irrigation advice to over 100,000 farmers (NASA, 2020). NASA’s Food Security and Agriculture
Program, Harvest, is also using imagery from satellites to assess farming maps for the Punjab
region of Pakistan. This effort maps the areas where winter wheat should be grown, and to what
extent. Recent maps produced from images have been 95 percent accurate, thus helping smallscale farmers, and increasing food security (Cassidy, 2020). Satellite imaging is not only more
advanced among the four technologies discussed, but also, because of the nature of the
technology, is bringing together collaborative efforts from across the world to alleviate food
shortages.

Interviews with Subject Matter Experts
Though we specifically sought SMEs’ professional insights on technological solutions to
address food insecurity for our conceptualization of the various interdependencies in the food
supply system, we found that they also provided context to our findings from the literature
review. Overall, our interviewees were optimistic about the use of technologies like blockchain,
smart sensors, and robotics being of direct benefit to smallholder farmers. However, they
maintained that big data applications – like remote sensing, machine learning, and satellite
imaging – would require a more concerted approach to bring traditional and non-traditional
stakeholders together for effective implementation.4 Big data applications also face significant
regulatory challenges, especially in the context of India and Pakistan.

4

As an example, one interviewee emphasized the need to include stakeholders who have not traditionally been
included in technology adoption and implementation, such as subsistence farmers who do not own the farmland they
work. Non-traditional stakeholders could contribute important insights to policy discussions with traditional
stakeholders, such as regulators, provincial authorities, federal ministries, and private corporations involved in food
packaging, distribution, and sale.
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Over the course of the interviews, participants mentioned several areas that warrant
additional consideration in relation to these technologies. One expert, who leads a major
nonprofit advocating for farmer unions’ interests in India, highlighted governance issues
(including for data ownership, privacy, and security) and the involvement of private players in
scaling technologies as key areas for future research. Another expert noted the importance of
focusing on farmers’ nutritional self-reliance as opposed to stopgap measures like one-time cash
transfers as observed during the COVID-19 pandemic in India. In terms of adoption of key
technologies in the developing world, the biggest impediments seem to revolve around quality of
collected data, interoperability of datasets, lack of transparency and lack of a longer-term vision
to scale technologies like satellite imaging and machine learning applications. One expert stated
that the misplaced emphasis on developing “solutions” rather than “processes” leads to
challenges as well, as those solutions may not fit into existing systems. Moreover, in the context
of both India and Pakistan, there is a need to meaningfully engage all relevant stakeholders in
decisionmaking processes, including subsistence farmers, tenant farmers, and landowners. In
another discussion, an interviewee emphasized the importance of “indirect” benefits of scaling
technologies like blockchain on a macro scale, for smallholder farmers who lack formal means
of identification for programs like cash-based transfers. Similarly, application of machinelearning in technologies like satellite imaging were deemed particularly useful in potential
climate-induced disasters where tracking populations and resources and land-mapping for
vulnerability assessments are critical.

Systemic Risks and Effects
As reviewed above, threats to food security, especially for the world’s most vulnerable,
can have complex origins with several factors influencing their development and impact.
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Complexity theory and systemic risk thus offer useful ways to frame food security from a
holistic perspective and to anticipate the kinds of threats and mitigation strategies that might
emerge in response to threats and risk. These perspectives are also useful for understanding the
social, technological, environmental, economic, and political contexts into which the selected
technologies discussed in this paper may be adopted and to deliberate about possible leverage
points and their effects.
In using complexity theory to understand the global food supply chain as a complex
adaptive system (CAS), we establish the global food system as composed of a large number of
interdependent components and feedback loops that span multiple domains and scales.
Importantly, the global food system is both an open and driven system in that it exchanges
energy and flows with (and can be disturbed by) the surrounding environment. For example,
agriculture affects climate through carbon sequestration and forest management, but it can also
be driven by exogenous change in global temperature or availability of sunlight. The food system
is also not fixed in that internal elements making up the whole continuously evolve, such as
available technologies, plant and animal species, rules and regulations, and cultural norms. These
changing elements further complicate three important traits present in many CAS: (a) path
dependence, (b) multi-stability, and (c) hysteresis. Path dependence means that the choices and
events that happen early on in the development of a system or institution determine what options
are available in the future or the probability of subsequent events occurring.
For instance, implementing specific standards in communications infrastructure might
affect the inter-operability of IoT devices and whether they are adopted by farmers. Multistability indicates that a system has many possible equilibrium states. In the context of
agricultural development, multi-stability suggests that if conditions change sufficiently,
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relatively persistent patterns around how food is grown and distributed might reconfigure into
qualitatively different arrangements, such as a shift in where most of the world’s food is
produced or in the power relations between actors. As with other CAS traits, multi-stability
appears at micro-scales as well as at macro-scale. Changes in local growing conditions,
international demand, and updated trade policies might nudge a farming region into a different
state of equilibrium that favors a crop mix tuned for export over domestic consumption.
Hysteresis—when a system cannot revert to prior state by reversing an incremental change—can
occur when “nudges” in one direction cannot be directly undone. Soil degradation, for example,
can be reversed to a point; however, once desertification occurs, much more time and effort is
required to rehabilitate the soil than it took to cause the desertification.
A challenge of addressing a complex adaptive system is how to identify the sources and
consequences of crossing critical thresholds in order to avoid adverse futures or to pursue
beneficial transitions. One way to frame this problem is in terms of systemic risk, which can be
used to describe the threat of several kinds of system failures. Systemic risk originated in the
analysis of financial markets. Early formulations of the concept applied to financial institutions,
where the financial system was likened to a load-bearing fiber bundle, such as a cable made of
woven fibers; in this analogy, a single broken strand places increasing load on remaining fibers,
potentially causing a self-reinforcing cascade of failures. The concept has also been adopted in
other fields, including critical infrastructure management, cybersecurity, and ecology, to describe
functional vulnerabilities related to the structure of a system, though no consensus definition of
systematic risk exists.
Measures and definitions of this kind of systemic risk focus on the potential and
proportion of failure among a collection of similar and connected elements. Other views of
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systemic risk consider complex structures made of up diverse elements (or microfunctions)
where feedback and dependencies can amplify small disturbances and affect other elements to
cause unintended change or breakdown in function at larger scales (or macrofunctions). Yet a
system does not necessarily need to be complex to reflect certain forms of systemic risk, and not
all complex systems exhibit systemic risk. Systemic risk can also involve the propagation of
effects between systems like a cascading failure, such as when a natural disaster disrupts
telecommunications networks, which in turn might destabilize dependent economic activity in a
community (Kadri et al., 2014).
In the food system, we can describe systemic risk as a structurally inherent vulnerability
to the loss of macrofunction(s) critical to the availability, accessibility, and affordability of food,
due to changes in one or more microfunctions. This acts as a superset of the three forms of
systemic risk described above. Soil degradation, for example, can cause a cascading failure if
farmers must work decreasingly productive land and then compensate by using more intense
treatment strategies that accelerate new degradation, threatening crop availability. Violent
conflict and financial crises, like the 2007-2008 global food crisis, exemplify cases where effects
can propagate from other systems to disrupt availability, accessibility, and affordability of food.
Importantly, these effects are not necessarily absorbed by any one system element.
“Disjunctions” can force other elements of a system to reconfigure or adjust to take on new
functions. For example, if soil degradation reaches a critical point where transaction costs eclipse
remaining productivity, global production schedules and prices will be impacted; food will be
imported at the expense of other economic activities, which and could interrupt the accumulation
of agricultural knowledge and investment in the affected region.

Agent-Based Models and Serious Games
35

A key feature of the food system when envisioned as a CAS, as well as its potential for
systemic risk, is the need for strategic decisionmaking by stakeholders who are often in direct or
indirect competition with each other and who face deep uncertainty about the future of the
system. Even if the elements of the system were fixed, the number of possible states of the food
system is impractical to fully enumerate, making optimization and formal game theoretic
analysis (or even assignment of probabilities to specific outcomes) next to impossible.
Furthermore, since the system elements available in the future (i.e. specific technologies,
governance rules, and beliefs) are not known ahead of time, the possibility space is inherently
“unprestatable”, meaning that the set of possible states cannot be determined in advance for
effective analysis (Longo, Maël, & Kauffman, 2012). However, while as with many real-world
systems it is not feasible to fully map the state space of the food system, a number of foresight
and simulation techniques can be used to generate partial sets of “possible futures.” By reflecting
on these scenarios and revising our model of the generating process, we can build knowledge
about system behavior and inform decisions in the immediate horizon.
Exploratory modeling techniques, like Agent-Based Models (ABM), are an increasingly
popular tool for studying the behavior of complex systems, and they could be valuable for
modeling decisionmaking in global, regional, and local food systems. However, a limitation of
this approach is that strong assumptions must be made about how human actors represented in
the model behave and make decisions. In an alternative approach, in-person “role-playing” and
scenario planning have been employed in deliberative policy analysis to qualitatively explore
ambiguous and uncertain decision spaces involving multiple stakeholder objectives.5 For
instance, “tabletop” games directly incorporate cognitive behaviors and constraints of
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For example, interactive gaming and scenario planning have been used to examine disaster response,
environmental policy, wargaming, climate change, geopolitical analysis, and organization management.
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participants, but typically must employ greatly simplified models of the problem being addressed
and impose high coordination costs for interactive sessions.
Digital gaming offers a complementary mode of exploring systemic risk in complex
adaptive systems, effectively incorporating elements of ABMs, tabletop gaming, and formal
game theory in the design of game rules and behavior of computer players. The resulting
“serious games” have become an established genre within commercial gaming in the public and
private sectors (Abt, 1970; Iuppa and Borst, 2007). Computer games, such as SimCity, have been
employed as serious teaching aids to young student audiences for urban geography and systems
thinking (Adams, 1998), prompting the rise of a genre of “sandbox” building and strategy games
that blend entertainment, education, and serious simulation. Several digital gaming efforts related
to the food system have been produced or are in development, primarily with the aim of
educating the public and professional farmers in scientific knowledge and beneficial farming
practices. SeGAE is a collaboration between several universities in Europe under the Erasmus+
program to develop an e-learning tool in which users manage a simulated farm (Godinot, 2018).
The Maladaptation Game for Nordic Agriculture gives players virtual “cards” that present
climate change related challenges for which they must select adaptation measures (Asplund,
Neset, Käyhkö, Wiréhn, & Juhola, 2019). GATES is a farming simulation tool aimed at
educating farmers in more environmental and economically sound practices (GATES Smart
Farming Simulation Platform, 2020). While policy specific serious games in the food sector are
less common, the think tank Climate Interactive has created one offering. Their game, Agritopia,
is an agricultural policy simulation that couples in-person role playing with a System Dynamics
(SD) based computer model. Participants deliberate as leaders of a fictional country to select a
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portfolio of economic and agricultural policies, where results are determined by the SD model
(Interactive, 2020).
Our review suggests that existing examples of serious games in the issue area of food are
either aimed at single users with the aim of personal education or training, or they rely on inperson sessions with other participants. Although digital games involving multiple players are
commonplace, this format has not been heavily explored as an environment for deliberation and
experimentation in policy contexts. As a consequence, we sought to consider the development of
a serious game that explores decisionmaking with the food system.
Building on findings from our review methodology, one serious game concept for
development is a multiplayer digital game in which one or more human participants and
computer-controlled players can take on one of several roles, including producers, processors,
distributors, international traders, government policy makers, and financiers. Each role oversees
an aspect of the food system within a specific geography, which could encompass a global or
regional scope. The player(s) must then manage operational decisions – such as investing in
technology adoption, introducing, or responding to policies and buying and selling – within the
constraints of other player actions and global conditions. Each game play could be configured
with different assumptions about the progression of climate change, consumer trends, efficacy of
different practices and technologies, and frequency of random events that disrupt various aspects
of the system. Players would share both an overall goal to reach a sustainable and resilient state,
as well as individual goals and loss conditions, representing the complex multi-objective nature
of the food system. Additional details related to the game’s development, framework, rules, and
scenarios are explored in separate documents.6
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Documentation related to “Agronomos”, a paper prototype of a food system game, is included in the Appendix.
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Conclusion
The sharp increase in global food insecurity due to the COVID-19 pandemic may
accelerate interest in adopting technological solutions to strengthen the food supply chain. As
policymakers and practitioners assess these technologies, they should adopt a long-term and
forward-looking approach to ensure a more resilient food system. This review presents the food
system applications of potential technological solutions (blockchain, IoT, AI with machine
learning, and satellite imaging) and the barriers to their adoption. As a consequence of the
complexity of the food system, a one-size-fits-all framework for evaluation and implementation
is highly unlikely for any of these technologies. While examples of successful implementation of
these technologies do exist, a context-specific, complex systems approach incorporating the
various factors unique to an agricultural region is strongly recommended. Due to the diverse
nature of the stakeholders involved, successful implementation of any sustainable technological
solution should ensure that a need fulfilled for one actor (e.g. data sharing portal for
governments) does not result in unintended consequences for any of the other actors involved
(e.g. privacy infringement for public), so that long-term security, stability, and resilience of the
food system can be assured.
This review also provides a template for how policymakers, practitioners, and other
stakeholders can approach examining regional food systems and contextualizing them within the
global food system. For the cases of India and Pakistan, we identified the stakeholders relevant
for the adoption and implementation of emerging technologies in agriculture and food production
and mapped their relationships. We also considered the impact of factors such as political
stability and climate change. The interactions among the stakeholders and system elements that
we have identified for India and Pakistan may provide important points to be explored in other
cases, particularly for developing states. Attention to the complex social, technological,
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environmental, economic, and political contexts in which a food system is embedded is thus
critical for evaluating food system problems and assessing whether technological solutions offer
effective mitigation and resiliency strategies.
In addition to providing the above conclusions, and given the diverse stakeholders
involved, this review serves as a foundation for the development of a high-level game
framework, its core rules, and scenarios. This type of game will allow participants to investigate
the decisionmaking process for technology adoption in food systems in a way that engages with
complexity and interdependencies. By using a policy specific serious game to explore the
strategic decisionmaking that occurs, we are able to offer a method for weighing a technology’s
potential within the food system through a process and not solely as an offered outcome. If used
by stakeholders, such a game could assist in understanding the costs, benefits, interdependencies,
and socio-economic and political concerns associated with technology adoption from a holistic
perspective.
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Appendix

Agronomos
Concept for a Global Food Security Digital Strategy Game
Agro- (combining form): of or belonging to fields or soil: agricultural.
nomos (Greek): law governing human behavior.
(Sociology): habit or custom of social and political behavior.
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Grand Concept
Agronomos is an asymmetric global strategy game of “coopetition” in which human and
computer-controlled players oversee different parts of the food supply chain and attempt to meet
individual objectives while avoiding systemic failures and threats to the world’s most vulnerable
populations. The game unfolds over a period of 75 years starting in 2025, during which players
experience various challenges due to climate change, increasing population and migration,
economic growth, technological innovation, consumer trends, ecological threats, and
sociopolitical developments. The basic shared goal is to survive to the end of the game.
Play unfolds in a sequence of simultaneous turns, where each turn covers one season of
the year. The decisions made by each player create opportunities, challenges, and incentives for
the other players, and they must be made with incomplete information about the state of the
world and about each other. This play structure puts some players in competition over resources
and markets, but collectively players must cooperate to avoid failure.
Players fail when they do not meet their private objectives (e.g., economic insolvency for
distributors or excessive food deficits for policymakers), or when certain global conditions are
not met (e.g., food shortages in too many regions). Play can continue if individual players are
knocked out mid-game, but a player’s individual failure moves all players closer to a shared loss.
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Figure 1: Illustrative concept of the game from a producer player’s perspective. Each element
in the image is described in more detail in the later section “Sample

Interface

Concept.”
Game Elements Overview
Each game of Agronomos7 starts by defining a scenario either global in scope or with a
focus on a specific geographic region. Players adopt one of several roles (see Figure 2) which
determine the production and movement of goods, adoption of technologies, allocation of
finance, and management of public policies. The scenario also defines initial conditions and
assumptions about the world, including the type and frequency of random events.

7

Agronomos is derived from agriculture and nomos which is ancient Greek for a body law governing human
behavior, or alternatively from sociology “a habit or custom of social and political behavior.”
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Figure 2: Overview of Player Roles

Geography
The game is organized by countries included in the scenario. Every turn, each country has
a demand for a set of finished agricultural goods based on domestic population and consumer
preferences, which evolve over time. Additionally, each country has a strategic reserve of
stockpiled goods that are managed by government players and can be distributed to households
in emergencies.
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Countries are partitioned into one or more growing regions that have unique physical
attributes based on regional climate and soil. Smaller countries might constitute a single growing
region, while larger countries are made up of multiple distinct regions.
Additionally, a network of links between countries forms trade channels along which
agricultural products can move via distributor players. Basic goods, for example, may need to be
moved between countries, processed, and moved again to a point of final consumption. Trade
channels are subject to government policies (such as tariffs or closures) and can be affected by
random events (for example, disruption from severe weather events).
Technical Design Requirement
Spatial units should be flexible and granular enough for a game session to take
place on either a global stage or with a regional focus, as well as “just enough”
detail for realistic trade-off decisions within countries while avoiding an
unmanageable number of human or computer players.

For producers, growing regions are further broken into tracts that represent large clusters
of farm operations. The separation into tracts accounts for the gradual diffusion of technology
and policy change within growing regions, as well as more detailed simulation of physical
changes such as soil erosion and the effects of climate change (see ‘Nature’ in Non-Player
Roles).

Time
Each turn represents a calendar quarter, comprising a total of up to 300 turns.

Player Roles Overview
Agronomos divides play across several roles, each of whom represent different
motivations, perspectives, and type of influence on the food system, but must reach a common
goal of maintaining food security through the end of the game.
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Technical Design Requirement
In order to create a framework that can be configured around different kinds of
scenarios, the game system should give designers flexibility in defining
victory/loss conditions, including combinations of conditions that can be tuned
through iterative play.

Roles can be fulfilled by either human or computer-simulated players. There will
typically be many instances of each role in a given game, such as multiple farmers who control
production in different growing regions of a country, so a game will typically consist of a mix of
human and computer-controlled players. Large scenarios might include dozens or hundreds of
independent agents, while small scenarios within a particular region could consist of ten or fewer
players.
If multiple human players are participating, each player will join a session from a
separate, dedicated computer. All clients should have the ability to save and re-open an inprogress game, which could take multiple hours to complete.
Next is a general vision of each of the roles, their key decisions, and typical kinds of interactions
with other roles. NOTE: Descriptions do not include exhaustive detail of all rules, which need
comprehensive treatment and iteration as part of full development.
As a Producer, you oversee the farming operations for one growing region. Your growing
region is made up of tracts which that represent dozens or hundreds of individual farming
operations. For each tract, you will need to monitor the climate and soil conditions and decide
what to grow and how to grow it. Managing a tract involves selecting the technologies to use for
your cropping system, for tilling and residue handling, irrigation, and to maintain soil nutrients.
Available technologies change over time, and each approach requires different mixes of inputs
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like fuel and labor. Technologies can also affect the health and productivity of soil over time,
requiring a careful balance of short- and long-term planning.

Figure 3: Producer Role Interactions

Technological adoption and evolution are also costly and take time, so you will need to
decide if and when to make changes based on how well it appears to work for others and on your
financial situation. You may need to take loans from financiers to cover operating and
investment costs in the hope that future revenue from selling harvests through distributors will
cover the interest. Futures allow you to lock in prices in advance for materials used in production
and for raw goods you sell, and even “bet” on other goods, but as with all decisions these carry
risks.
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You can also play as a Distributor to oversee the logistics and trade sector for a whole
country. In the distributor role, you buy raw goods from producers, move them between regions,
and sell them to processors for refinement or export them along trade channels to distributors in
other countries. You also need to supply households with final goods from either domestic
processors or imported from foreign distributors. Since you probably want to maximize profits,
you will want to closely monitor bids from buyers and sellers, as well as events that affect global
prices like tariffs or disruptions to trade and production. Futures can be a valuable tool to reduce
uncertainty (but remember that they cut both ways).

Figure 4: Distributor Role Interactions
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Since it takes time to move commodities and they will deteriorate over time, allocate
goods between regions carefully to minimize travel and spoilage. Insurance can be purchased to
protect against losses. You can also invest in technologies to improve capacity and efficiency
and avoid damages from natural or human-made disasters, although it takes capital to do so.
As a Processor you decide how a country makes use of agricultural products to make
refined food products and commodities for consumption. Buy unfinished goods from your
country’s distributor and invest in processing lines that transform goods and resources into new,
more valuable goods. As you grow, expand operations by adding new processing lines or
transitioning old ones to more profitable products. You can also improve operations with
technological advancements to increase efficiency and reduce waste, such as IoT networks to
monitor and optimize production.

59

Figure 5: Processor Role Interactions

Pay close attention to where markets are headed, to your proximity to input goods, and to
trade policies around the world. Establishing or modifying each of your processing lines requires
significant costs and years to become fully productive.
Government players are one of the most directly influential roles, representing both
national and local jurisdictions within each country. Governments are primarily responsible for
ensuring that their people maintain adequate nutrition, but they must also work to maintain the
position of the country in the global economy and balance food security against other economic
and political needs. Working within a set budget, governments collect taxes from players and
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shape the domestic food sector through technology subsidies, tariffs, price supports, and
transfers.

Figure 6: Government Role Interactions

You might pass restrictions on land use to force certain practices or on trade to alter the
global competitive landscape. Invest in infrastructure projects to upgrade transportation and
communication and reduce transaction costs for roles within your country. You may also attempt
to influence consumer habits through domestic policies to improve security on the demand side.
All of these actions cost funds. Funding can be covered by your budget or come from
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international loans. Governments may also run a deficit, although that raises the possibility of
producing adverse social and political events.
In a Financier role, you have a smaller number of decisions to make, though they are
arguably some of the most difficult and influential. You begin play with an initial endowment of
cash and a portfolio comprised of “other” alternative investments that earns a return each season
based on the game scenario. Other players come to you or other financiers for loans to fund
regular operating activities or expenditures on technological improvements. Each of these comes
with uncertain results, so you must determine an acceptable interest rate for these loans alongside
your regular portfolio and consideration of any competing financiers.

Figure 7: Financier Role Interactions
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Some players’ roles can purchase insurance against losses or revenue shortfalls, for which you
similarly set a premium. You also act as a broker for futures contracts and collect a fee on these
transitions. Beware that you have no safety net: if you cannot make good on a payout or fail to
make new loans, you represent a collapse in the financial sector. Possible Rule: Financiers can
borrow from each other to cover liquidity constraints.

Non-Player Roles
There are several entities that perform important functions in the game but are not
directly playable. Instead, these non-player roles represent demands, constraints, and impacts of
the world outside the food system.
Technical Design Requirement
Player roles are included that are necessary for intended types of dynamics, and
whose decisions are primarily strategically dependent on other players.
Households are excluded as a distinct player for example, since consumption is
highly idiosyncratic and dependent on many factors outside the scope of the
game. Instead, trends in consumer demand, labor supply, interest rates, and
other factors are treated as part of the scenario parameters to illustrate the
relative ease or difficulty in supply chain response.

Figure 8: Non Player Role Descriptions

Households determine demand for finished agricultural goods including home, retail, and
commercial and industrial uses. Consumer preferences vary by country and over time, as defined
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in the game scenario. In addition to demand for goods, households also supply labor for each
country. The player’s labor costs are tied to a reservation wage in each growing region—the
income workers could earn doing something other than agriculture and which players must
compete against. If demands are not met, the country will advance to a state of malnutrition and
eventually starvation.
Nature stands in for processes and developments, both human and environmental, that
players have no direct control over. This includes the progression of climate change,
environmental responses to production techniques, and geopolitical events such as violent
conflict, trade wars, natural disasters, pandemics, etc. The climate updates globally each period
based on the game scenario, resulting in continuous adjustment across all growing regions.
Additionally, there is a chance of random events occurring each turn, which can have local or
global effects.
NGOs act as a kind of safety valve for local crises. Each turn, government players can
contribute units of final goods to a common reserve stockpile. If any country faces a food
shortage in a turn, they can request relief from NGOs, which is granted based on order and
severity. However, if the global stockpile is exhausted no relief is provided and the country may
enter a state of malnutrition.
Research & Development (R&D) represents global progress in terms of what
technologies are available for adoption by various players. Technologies applicable to all player
roles (see Gameplay Components) are organized into a tree (to be determined) with several main
branches such as communications, materials, techniques, analytics, and automation. Each player
can place a vote on what branch to prioritize. Every turn, there is some probability of a new
technology becoming available within one of the branches based on the combined priorities.
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Specific technologies can have prerequisites and can only be unlocked once the predecessor has
been researched. Possible Rule: An alternative concept is that technologies are researched at a
country-level and can be transferred to other countries.
Possible Addition: Farmer Unions represent independent, non-partisan producer
organizations that directly impact labor supply, production of raw goods and rates of technology
adoption and indirectly influence NGOs and governments by restricting labor supply. Farmer
Unions exert varying levels of influence by country and growing region. While the Unions
ensure that Household nutrition in their local area of influence is adequate, their actions may
disrupt the food supply chain across countries / regional tracts.

Gameplay Components
Gameplay in Agronomos revolves around four broad concepts: inputs, goods, contracts,
and finance. There are several components that make up each of these concepts, summarized in
Figure 9 and described in more detail below.
Inputs are materials and energy used in the harvesting, processing, and movement of
goods. Labor is used by Producers to raise and collect crops or livestock, which comes from the
farm owners or is hired from regional households as necessary. Resources include electricity,
fuel, water, and treatments such as fertilizers or pesticides, which must be purchased on the
global market. The amount of labor and resources required depends on the technologies (see next
paragraph) employed by the Producer, while costs are determined by the quantity of each input
currently in use, scenario settings, and random events.
Technologies are a special kind of input used in all aspects of the food supply chain.
Unlike labor and resources, technologies are not expended with use. Instead, these are one-time
investments that improve efficiency including tools, techniques, and structures. Each role has
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access to different types of technologies. Producers select technologies involved in farm
management such as planting and irrigation methods, soil maintenance, and automation. The
Distributor can invest in transportation and storage technologies. Governments can invest in
infrastructure to reduce the time and cost of trade or make information more available.
Technologies must be unlocked through R&D (see Non-Player Roles) before individual players
can spend money to adopt them.

Figure 9: Definitions of core gameplay concepts

Adopting technologies takes both time and money: when a producer changes the
cropping system for example, in addition to the cost of acquiring necessary capital equipment or
making physical changes in the field, production will not initially be fully efficient, but can take
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multiple seasons or even years to reach full productivity. Similarly, many infrastructure projects
can take years to complete and may actually disrupt efficiency in the short term. Players must
consider the switching costs and loss of productivity when making technological choices.
Goods are the outputs created by different roles that are eventually turned into products
for households (and industry). Raw goods are the direct yield of producers like grain or
sugarcane that are not yet suitable for use. One or more raw goods, along with resources, are
transformed by processers into Intermediate goods, like sugar, flour, and oils. Intermediate
goods are in turn traded and transformed into Final goods for consumption, which include human
food products, biofuels, and other industrial products. Waste is also generated at each step, and it
reduces useful output and imposes additional costs and/or environmental consequences. The
separation of goods into several phases allows for regional specialization and trade.
Technical Design Requirement
The breadth and detail of types of goods to include is to be determined, so logic
for the conversion of goods should be defined by a database of “recipes” that
can be easily modified and extended. This could also be visualized as a network
in the player interface, and to calibrate initial costs and prices.

Players’ decisions are shaped by several types of Contracts. Policies are managed by
government players to restrict or incentivize player behaviors within countries. Examples of
policies include technological subsidies, price supports, and restrictions on imports or exports.
Loans from financiers provide temporary cash to other players to cover short term costs and
investments, but loans must be repaid with interest. Insurance can also be sold to certain players
by financiers to cover crop and material losses as well as revenue protection, in exchange for a
premium set by the financier. Futures are optional agreements between players to buy or sell
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resources and goods at a specified price at a future point in time, brokered by the financier.
Players do not necessarily need to actually hold goods involved in a futures contract.

Events
Technical Design Requirement
As with goods, technologies, and policies, the game system should allow for
flexible creation and modification of possible events, including parameters for
how likely they are (or whether they appear at all) and requisite conditions.

Events are random developments that impact the food system but are outside the direct
control of any player, although players can influence the likelihood of some events. Each turn,
there is a probability of one or more events occurring. Events can be global and affect many
players or be local to a single player. Severe weather events for example might affect harvest
yields in one tract or disrupt transportation for a distributor. Civil unrest could increase the cost
of labor across an entire country. Trade wars might affect the availability and price of inputs for
all players.
Some events are instantaneous (such as a storm), while others have a duration of defined
or random length (such as pandemics or infestations). A small number of events are permanent
(for example, an unexpected change in rate of climate change). Most events can occur multiple
times within a game. During a game, players can monitor through the interface what events are
possible in a given game and the probabilities of each event occurring.
The probability of a given event occurring on a turn is based on time since it last occurred
as well as the current state (and, possibly, history) of the world. Some decisions and policies can
affect the probability of specific events occurring or their effects. Producers and governments for
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example might adopt protections against the likelihood or severity of weather events and
accidents. The baseline probability of events for a given game are also influenced by Scenarios.

Scenarios
Each game begins by configuring a Scenario, which defines different rules about the
game world and how it responds to play. Scenarios allow the player(s) to explore how well
alternative strategies work under different conditions. Most scenario settings relate to non-player
roles and technologies.
For example, players can adjust how quickly households in each country expand
population, how their diets change over time, and how much labor costs in the future based on
economic growth in other occupations. Nature can be adjusted in terms of how quickly climate
change occurs, the severity and frequency of natural disasters, or the likelihood of social and
political crises. Technologies can be configured to have different levels of effectiveness or
likelihood of discovery. For most settings, a scenario assigns a range of possibilities and actual
values are randomly determined during play, so that players will not know at the start of the
game how volatile or benign the future will be. As in the real world, players can only make
assumptions and must assume some risk and take precautions in decision making.
Scenarios can be saved and shared to encourage exploration of particularly challenging
worlds or to demonstrate settings that make certain strategies more or less plausible.
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Sample Interface Concept

Figure 10: The Producer Perspective

Figure 10 is a notional mock-up of what the interface might look like from the producer
perspective. The background in gray is a visual map of the world, which the user can freely pan
and zoom. The black outline designates the growing region that this producer controls, which is
subdivided into roughly twenty tracts. The map can be configured with one of several types of
visualization, controlled via a dropdown menu in the bottom right corner. In this mockup,
“production type” is selected, which shows an icon on each tract for a type of raw good being
produced. Other visualization layers might include heat maps of soil health, expected yield,
profitability, or diffusion of alternative technologies and techniques.
In the mock-up, the player has selected a tract highlighted in white. A popup window
summarizes information and controls for the selected tract. This popup is organized into three
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sections. First, a snapshot is provided of “physical characteristics” including the land area and
population (i.e., the number of farm operations), climate conditions, and status of soil health. The
“management” section contains controls for technologies and techniques employed for cropping,
residue management, irrigation, and nutrient management in this tract, along with a compact
interface for adjusting crop and nutrient levels. The bottom section provides an overview of
productivity and financial performance of the tract. Here the player can review the impact of the
physical conditions and management decisions on yields, costs, and expected revenue, as well as
stockpiles from past harvests.
Starting in the upper right corner and moving clockwise through other interface elements:
a turn indicator and time stamp show how far along the game is, and a button is displayed to
indicate that the player has finished their turn. Once all players have indicated that their turn is
complete, time advances to the next season. In the bottom right, a menu allows the player to
change the visualization mode for the world map. Along the bottom of the screen is a row of
icons showing total stockpiles of all raw goods in the player’s growing region. From here the
player can click on an icon to put up a sell bid price and quantity. In the bottom left, events
notifications can be reviewed in a scrollable log in chronological order. Along the left edge,
compact displays summarize market price histories for player-selected goods, as well as
outstanding loans and futures contracts.
The row of buttons at the top of the screen open detailed interfaces shared by all players
(not shown). “Objectives” displays the status of all individual and global victory conditions and
alerts of any players who have failed or are close to failure. “My Financials” opens a complete
review of current and historical financials for the given player, in the case of the producer an
aggregate of business statistics across all tracts. “My Technology” aggregates technology
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configurations for all tracts as well as any region-wide technologies adopted by the player. The
final two buttons with blue labels are special interfaces for interacting with the broader game
world. “Research Agenda” opens an interface for voting on which area of technology to
prioritize for unlocking (see R&D in Non-Player Roles). “Global Statistics” provides information
available to the player about economic, technological, demographic, and environmental data in
other parts of the world. While certain country-level data is shared by all players, individual
player data at the growing region and tract level may only become available once certain
technologies or policies are adopted.

Emergent Challenges
The roles and decisions involved in Agronomos are intended to allow for a rich range of
complex dynamics to emerge, not all of which are anticipated by design. This section describes
some real-world examples of food system risks with historical precedents that the game
mechanics should be capable of producing depending on the scenario, player decisions, and
pattern of random events. Many of the patterns are in turn interconnected, creating indirect
pathways to potential systemic pitfalls.

Design Note
These patterns are intended as thought experiments to determine if the planned
roles, decisions, types of goods and policies, events, and other rules are able to
produce these patterns, but in a generic enough form that they serve as
“building blocks” for other kinds of systemic challenges not necessarily planned
in advance or having real-world historical precedent. That is, the mechanics
should be able to generate a range of plausible systemic failures and challenges,
which may or may not have real-world historical precedent.
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Cascading Ecological Failure
Climate change, human-accelerated land degradation, and environmental disruption
together present an increasing constraint on potential productivity of agricultural land. Climate
change is expected to shift viability for many crops northward, while the southern hemisphere
will become less viable in the face of increasing heat stress and water evaporation, with a deeply
uncertain net change in total global productivity (Gornall, 2010). Even within the United States,
some projections suggest that much of the country will become non-viable for agricultural
production (Union of Concerned Scientists, 2019). In addition to direct stressors, climate change
is expected to exacerbate losses of food availability due to the disruption of ecosystem services,
such as pollinator populations, as well as increases in pests, diseases, and salinization of coastal
soils from sea-level rise and more frequent and severe flooding events (Mbow, 2019). There is
even concern that heat stress and elevated CO2 levels may affect the nutritional value of crops
that are grown (Leisner, 2020), which would increase the total yield needed to meet the global
population’s nutritional (rather than simply caloric) needs. Against this backdrop, high intensity
agricultural practices can lead directly to degradation of soil, including tilling (Olsson, 2019),
deforestation and overgrazing (Kaiser, 2004), poor water management (Borelli, 2020), and
excessive application of artificial nutrients and protectants that can adversely affect soil
biodiversity, nutrients, water capacity, and erosion resistance.
The world’s most productive agricultural land is already in use and is being depleted
more quickly than it can be replaced. Some estimates find that arable soil is lost at a rate faster
than it is replenished by a factor of two to as high as 10 to 40 (Pimentel, 2013). High intensity
practices are motivated globally by growing demand from a larger and wealthier world
population, and locally by the desirability of exploiting cash crops. Historically, soil loss has
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been offset by productivity gains from increasing intensification. However, many staple crops
such as wheat, maize, rice, and soybeans are showing signs of stagnation or reversal in many
regions (Ray, 2012). Loss of productive capacity or even collapse in some growing regions can
be offset by surpluses and productivity gains elsewhere. However, this shifting burden
incentivizes even greater intensification in remaining fertile areas, which may lead to eventual
degradation of those soils. Importantly, it takes much longer to revive soil than to deteriorate it,
and when desertification has already occurred soil may be nearly unrecoverable. When costs of
reversal are greater than moving onto new land, there is a possibility of systemic cascade, where
increasing stress is placed on fewer tiers of surviving arable land that are in turn driven to
reduced capacity or collapse.
In Agronomos, this pattern can surface through interactions between nature, households,
distributors, and producers. Households determine the mix and level of final goods demanded.
As populations grow and dietary preferences shift with income, processors and distributors
coordinate to meet demand and in turn bid up specific goods. Producers must navigate the tradeoff between short-term profit maximization and long-term viability. Intensifying technologies
and techniques may improve yields but have uncertain effects on soil health. In some scenarios,
climate change could combine with direct degradation to make tracts non-viable, forcing
producers to re-allocate and intensify other tracts, leading to their collapse.
Primary Roles Involved: Nature, Producers, Processors, Distributors, Households
Evolving Demand & Price Bubbles
In 2007-2008, the world experienced a dramatic increase in staple food prices for rice,
wheat, and maize of 30-45% (FAO, 2011). Although the domestic effects across countries were
uneven, the price surge resulted in a severe loss of real income for many of the most vulnerable
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populations of the world (for which food makes up a substantial percentage of household
spending), high domestic price volatility, and food riots in a number of areas.
Although there is no consensus on any single cause of the 2008 food crisis, price
speculation in international markets and final demand of staple crops for biofuels are thought to
be two driving factors unique to this event. Growing participation of hedge funds and
institutional investors in food commodity futures may have created upward price pressure and
volatility for many staple crops (Mittal, 2009). These pressures along with other longer-term
contributing trends pose a risk of future price surges, including changing diets that demand more
resource intensive foods, barriers to productivity growth such as increasing input prices and
underinvestment in agriculture, and growing energy costs in both production and distribution.
Many of these factors are represented directly in Agronomos. Final demand is calculated
for each country, including consumption of food and biofuels, and evolves to represent growing
demand for animal products and other resource intensive foods. Distributors and financiers
seeking to secure their long-term position may engage in practices to bid up prices and minimize
storage costs, or adopt expensive technologies to optimize storage. Government players manage
policies that encourage or discourage agricultural output growth, or attempt to favorably shape
trade through price supports and restrictions. Futures contracts allow farmer unions, traders, and
financiers to engage in simple price speculation even for goods they do not directly possess,
standing in for a broader financial market.
Primary Roles Involved: Households, Producers, Governments, Traders, Financiers
Supply-Chain Fragility
The COVID-19 pandemic in 2020 nearly doubled the number of people potentially facing
acute hunger (Anthem, 2020), requiring proactive measures in many vulnerable regions (World
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Bank, 2021) and bringing into stark relief the sensitivity of the food supply chain to outside
shocks. Disruptions can originate on global, state, and local scales, including pandemics,
economic recession, severe weather events and natural disasters, trade wars, military conflict,
and civil unrest. These shocks can enter the food system directly at any point. Disasters such as
flooding or drought can wipe out an entire season’s crop. Conflict and domestic lockdowns
might make labor unavailable to harvest or transport food products. Global crises resulting in
trade closures or recessions can cause local surpluses and shortages of needed commodities. This
risk is amplified by a trending reduction in stocks worldwide and increasing reliance on “just-intime” inventory management (Trostle, 2008).
Specialization, switching costs, buffer stocks, and availability of substitutes are four
factors that contribute to this pattern of systemic risk. Specialization dedicates large segments of
production to one or a handful of alternatives, typically cash crops where a region has the best
comparative advantage. Switching costs refer to the time and material needed to change crop
selection or processing lines. Buffer stocks are local stores that can offset temporary shortages.
Substitutes are alternative sources for need inputs. A system that has evolved to be efficient in
these respects under ideal conditions may not be able to adapt quickly enough to failures in any
one factor. These are represented in Agronomos through crop and processor outputs, costs in
switching outputs, trader inventories and government stockpiles, and trade networks.
As an example, around 80% of seafood consumed in the U.S. is imported, while most
U.S. produced seafood is exported due to differences in taste and productivity. When the COVID
pandemic hit, many export channels were closed. As a result, the U.S. and its counterparts are
experiencing large oversupplies and price drops for domestic harvest. Because of uncertainty
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over the duration of closures and effort of repurposing, suppliers face a dilemma: should they
adjust production or close down completely?
Primary Roles Involved: Nature, Distributors, Traders, Producers, Processors, Government
Technological Lock-In
Sustainable intensification is necessary to meet future food demands in a way that is
resilient and ecologically viable, as well as economically accessible. Many practices and
technologies are already available that could increase the efficiency, resiliency, and improve the
environmental footprint of agricultural activity. Emerging advancements in biotechnology,
sensors, remote imaging, robotics, artificial intelligence, communications, and materials hold
promise for improving productivity and reducing waste in the supply chain. However, even when
superior alternatives are available and present (a net advantage to potential users), incumbent
technologies and techniques are often maintained over competing innovations, sometimes
referred to as technological lock-in (Liebowitz, 1995).
Even where knowledge of new substitutes is available, lock-in can be driven by
increasing returns of collective familiarity and expertise generated around an established
technique or technology, where adoption of an alternative requires high temporary switching
costs (Arthur, 1989) that adopters may be unable to bear. Technologies also do not exist in
isolation, but rather in interdependent “domains” of technology networks that may constrain
substitution based on mutual compatibility (Arthur, 2009). Economic activities are also
embedded in constantly evolving networks of social structures and practices, physical
environments, resource constraints, special interests, and other interconnected activities, which
impose further barriers and costs to behavior change (Schiffer, 1979). Transitioning to emerging
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inventions and innovation is rarely possible in isolation and either requires multiple
dependencies to align or cascading change across connected activities.
Agronomos captures this phenomenon by directly representing switching costs, transition
times, and performance uncertainty among producers, processers, and distributors when selecting
technologies. In many cases, loans would be necessary to reconfigure operations, which may
have excessive interest rates if the technology is seen as risky by financiers.
Primary Roles Involved: Producers, Households, Government, Research, Financiers
Perfect Storms
These patterns are not mutually exclusive, and are in many cases mutually reinforcing.
Ecological degradation may be aggravated in part by intensification to meet evolving global
demand, thus contributing significantly to price bubbles. Economic viability and technological
lock-in both disincentivize longer-term conservation practices. The effects of cascading
productivity collapse are in turn amplified by fragility in the supply chain. Price bubbles and
volatility are themselves highly dependent on buffer stocks and re-purposability of sources.
Technological lock-in and barriers to adoption are likely entrenched by actors trapped in a debt
cycle, as well pressures placed by upstream demand in a highly specialized supply chain. While
the food system could face substantial shortfalls through an extreme case of any single
phenomenon, a moderate presentation of one pattern could trigger others and create a “perfect
storm” that is even more damaging.
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