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In brief

Consolidation of power contributes to
undesirable lock-ins in global food
systems. Efforts to transition to more
sustainable alternatives should therefore
consider how power is distributed
between, and exercised by, food-system
actors. We develop and apply a model of
power dynamics in agri-food systems,
focusing on interactions between
farmers, consumers, markets, and the
state. The results emphasize the need to
regulate power concentration and reform
the values underpinning the system to
enable food systems that nourish people
and nature.
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SCIENCE FOR SOCIETY Global food systems are dominated by industrial agriculture and concentrated sup-
ply chains. These systems are degrading human and environmental health, driving interest in transitions to
more sustainable alternatives. Efforts to build sustainability typically target individual behavior (e.g., with
subsidies and regulations), often proving ineffective or even sparking farmer protests. A more systemic
approach is clearly needed; one that addresses the underlying power relations and values driving the system.
However, studying “deep” interventions is hindered by difficulties in modeling these dynamics.

This study develops an approach for modeling power dynamics in agri-food systems and shows how this en-
ables an exploration of deeper transformations. For sustainability advocates, the results stress the need to
understand the values that underpin farmer and consumer decisions, as well as to support policies that “level
the playing field” by limiting capital-rich actors’ outsized influence.

SUMMARY

Transitions toward sustainable food systems are urgently needed to support planetary health. While farmer
and consumer behavior are key drivers of sustainability, both are constrained by entrenched power struc-
tures that currently reinforce industrialized agriculture and supply chains. These structures are rarely repre-
sented in models of agri-food systems, limiting assessments of “deep” leverage points for transformation.
Here, we utilize two variables—capital and values—to develop a stylized agent-based model of power
dynamics between farmers, consumers, markets, and the state. Simulations show that a widespread shift to-
ward sustainability-aligned values among both farmers and consumers is necessary for a system-wide tran-
sition. Moreover, interventions to limit power concentration can enable tipping points, with transitions occur-
ring when only 20% of farmers’ and consumers’ values shift. Our model advances understanding of how
power structures interact with individuals’ behavior to produce lock-ins as well as how mobilizing sustainabil-
ity-aligned values could enable more desirable futures.

INTRODUCTION commodity,” intensify agriculture at the expense of the environ-

ment,>® and concentrate power within a limited number of
Achieving sustainable agri-food systems will require more than  intermediaries between farmers and consumers.” In response,
incremental change.1‘3 Global development continues to follow  scientists, policymakers, and civil society organizations are
industrial paradigms, which tend to value food primarily as a increasingly advocating for transformative change toward
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more sustainable practices and a fairer distribution of power be-
tween food-system actors.®® While there are many different vi-
sions of sustainable food systems,'? it is clear that transitioning
toward sustainability requires contending with the processes
that currently reinforce industrial paradigms.’’'* Identifying
key social and political interactions in which to intervene is a
necessary step toward breaking these lock-ins and catalyzing
sustainability transitions in agri-food systems.

One central concern in sustainability transitions is how power
is distributed and exercised. Power is unquestionably a central
driver of both lock-ins and transitions, as actors exercise power
to both reinforce the status quo and innovate with alternative
practices and values.'>'® Redistributing power from incumbent
actors to (initially) niche actors is thus inherent in processes of
sustainability transitions.'”'® While there are many debates on
how to best conceptualize power,'® notions of power are
increasingly present in narratives surrounding agri-food transi-
tions.?®?! Prominent examples include corporate concentration
and political economy as key inhibitors of change,'**"'? inequal-
ities in food access as a driver of food insecurity,”” and grass-
roots organization of producers and citizens as a pathway to-
ward sustainability.”®

Process-based simulation models can contribute to under-
standing the dynamics of sustainability transitions.* Modeling
can complement empirical knowledge by advancing under-
standing of interdependent mechanisms and assessing inter-
ventions that are difficult or costly to test in reality. Computa-
tional models have been widely used to explore future visions,
scenarios, and interventions in agri-food systems,”*® as well
as to build understanding of transition dynamics®®*° and facili-
tate discussions among stakeholders.®' Models can thus play
many different roles in the policy cycle®” and could complement
the primarily qualitative analyses of power in transitions by as-
sessing complex socio-political interactions under various as-
sumptions and policy scenarios.

However, models rarely consider power dynamics between
different kinds of actors. Most modeling studies instead focus
on interventions that affect individual actors’ values or goals as
well as individual responses to policy incentives, such as sub-
sidies for farmers.?®?”*3 Some work is beginning to explore
more fundamental changes to system paradigms such as de-
growth scenarios,® circularity,*® and dynamic governance con-
ditions.***” Yet there remains a lack of formalization of the po-
wer relations between the actors in agri-food systems, such as
farmers and value chains, which shape individuals’ decisions
and thereby the collective potential for systems change.*®

By ignoring issues of power, model-based analyses have
limited ability to simulate many dynamics that are central to nar-
ratives of agri-food transitions.””"'"*° This risks ignoring the
strong lock-ins caused by political economy factors,’'? such
as well-capitalized and connected interest groups that actively
shape (inter)national policy agendas to inhibit or redirect
change.” Ignoring power also risks overlooking opportunities
for catalyzing transitions, such as by fostering cooperation
among actors to develop shared visions that can influence local
policies.®® Further, when based solely on historical data and
dominant economic theories, models are constrained to repro-
duce previous patterns and worldviews,*>*" which are often
based on neoliberal principles such as economic growth or clos-
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ing yield gaps.*? These paradigms constrain the scope of solu-
tions that can be modeled,? potentially creating a “meta” lock-
in to current development trajectories. Modeling power relations
is thus necessary to adequately assess systemic barriers and
transition pathways.

Here, we aim to advance the representation of power dy-
namics in quantitative transition assessments in agri-food sys-
tems. We develop a stylized agent-based model of power
dynamics between key agri-food actors and run experiments
in the model to simulate lock-ins and sustainability transitions.
We find that population-wide shifts toward sustainability-aligned
values are a necessary condition for transitions to occur, and that
regulating the ability for actors to consolidate power can lower
the barriers to these transitions. Our results demonstrate the
need for policies and interventions to target deep leverage points
to foster food-system sustainability. By closing the gap between
narratives of transitions and their representation in process-
based simulation models, this study enables examination of
these important but understudied leverage points for catalyzing
agri-food transitions.

RESULTS

Methods summary and model description
This study uses two interdependent variables—capital and
values—to model power dynamics in agri-food transitions. For
this purpose, agri-food systems are defined as the web of actors
and interactions involved in food production, distribution, con-
sumption, and governance.*® Capital describes the bundles of
material and non-material resources that actors draw from in
their social practices and interactions.***° Values describe the
relative importance that actors attach to different functions of
agri-food systems and are modeled along a continuous spec-
trum ranging from “conventional” (v = 0) to “alternative”
(v = 1). Conventional values correspond with the incumbent in-
dustrial paradigm that considers food primarily as a commodity
and seeks to maximize productivity and/or efficiency through
specialization and competitive markets. Alternative values, in
contrast, represent the many narratives that recognize the social,
ecological, and cultural qualities embedded in food and seek to
promote agricultural diversity, ecological nutrient management,
food sovereignty, and equity across supply chains.'”?%8

Within the frame of these variables, actors exercise power in
order to build their capital and spread their values among other
actors, ultimately impacting production and consumption prac-
tices in the wider system. Power may thus be exercised to either
promote stability or change,'® depending on the interests of the
actors who exercise it. We conceptualize power as operating
through three distinct forms of influence (Figure 1), whereby an
actor can use their capital to directly influence another actor’s
behavior (instrumental power), affect another actor’s values
(discursive power), or modify the option space within which
others act (structural power).*®

The agent-based model formalizes the key interactions be-
tween different actors’ capital and values in a stylized agri-
food system. The purpose of the model and analysis is to inves-
tigate how interdependent power dynamics could enable or
prevent the emergence of transitions. By focusing on these
structural contexts, this study aims to go beyond many existing
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Form of power @

Instrumental Discursive Structural
Interpretation Actors use their capital to Actors use their capital to Actors use their capital to
in this study directly influence others’ influence others’ values influence the option space of
practices other actors ®
Feedback Actor 1 Actor 1 Actor 1
diagram ¢
Rl
i .
[ capital ]{ values J—P{pracﬁces} |
Actor 2
Actor 2 practices
Actor 2
Related Commercial actors provide Norms within farming Corporate actors exercise
empirical farmers with information and communities around what economic buying power5'-55:56
interaction advice to inform their constitutes a “good farmer™47:51 -
. a7 Governmental subsidies
dynamics management practices

Retail sector develops private
quality standards that prescribe
specific farming or marketing
practices*®

Development of infrastructure
creates increasing returns to
adoption across the value
chain,*® through factors such
as convenience® and

Corporate actors engage in
lobbying to impact the values
embedded in government
policy”52

Retailers impact public
perception of food products®?

Societal pressure impacts the
attention government gives to
different issues (e.g., animal

provide incentives for particular
types of agricultural practices®”

Pooling capital (e.g., through
cooperatives) increases
bargaining power®®

established logistics

welfare54)

a These descriptions and the related empirical examples are pragmatically defined for the purpose of this study and
could be categorised in many valid ways. For example, lobbying is often considered a form of instrumental influence,
but in this study we consider lobbying to operate through the state’s values, so it aligns most closely with discursive
influence. Relatedly, the boundary between structural and instrumental power is ambiguous, as instrumental power
typically acts through a secondary mechanism (e.g., price, information, regulations), so besides situations of extreme

coercion it is rare for influence to be fully ‘direct’.

b This is a restricted interpretation, as structural power relates more generally to an actor’s capacity to impact the
range of choices available to others.*® We here use prices as an example of a key factor external to actors’ decision-
making processes that impacts their option space (i.e., impacting the payoffs of different practices).

¢ R = reinforcing feedback; B = balancing feedback; dashed lines indicate negative relationships; thick green arrows
indicate power influences (i.e., using capital to influence another variable).

Figure 1. Representing different mechanisms of power through interactions between actors’ capital, values, and practices
The feedback diagrams outline how the three forms of influence, depicted with bold arrows, can each conceptually instigate reinforcing feedbacks whereby
power begets more power. These forms of influence are each codified in the agent-based model.*’~>®

simulation models that focus on system changes purely through
individual behavior of a single actor group (e.g., farmers). The
model is neither spatially explicit nor calibrated to represent a
specific empirical context, but the modeled actors and pro-
cesses reflect the prevailing power dynamics in European agri-
food systems.*® The model focuses on the relations between
actors and to retain simplicity does not represent different com-
modities, agricultural yields, environmental processes and out-
comes, or technology. As modelers, our framing presumes a
normative directionality in which there is a need to transition
food systems from the currently dominant “conventional” para-
digm toward an “alternative” that we assume could better sup-
port sustainability and equity.

Four main types of actors are modeled: farmers, consumers,
the state, and markets (Figure 2). The modeled agents are het-
erogeneous and adaptive; agents are each characterized by dy-

namic levels of capital and values, and they exercise power in or-
der to advance their capital and values within the system. The
market agents are aggregate representations of the supply
chains between farmers and consumers, thus each representing
a collection of agri-businesses and retailers. In accordance with
the one-dimensional values representation, we model two
distinct market agents with fixed values: a conventional market
(conv-Mkt, with v = 0) and an alternative market (alt-Mkt, with
v =1). The model includes populations of heterogeneous farmers
and consumers, who exchange capital respectively by selling to
and buying from the market agents. The farm-gate and retail pri-
ces in each market are updated at each time step, assuming that
the alt-Mkt price is strictly higher than the conv-Mkt price and
that agents use their capital to influence prices in their favor
(i.e., structural power; see experimental procedures). There is a
single state agent, which has dynamically evolving values and
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Figure 2. Overview of the actors, interac-
tions, and processes in the agent-based
model

Each farmer and consumer decides whether to
trade in the conventional or alternative market, with
a “transition” defined as a systemic shift in which
the alternative market gains dominance. (A) shows
the aggregate forms of interaction between actor
types for visual clarity, but interactions occur in the
model between individual agents within each actor
type. Beyond the depicted values-based in-
teractions (annotated blue lines), the model also
represents opinion dynamics within static social
networks in the farmer and consumer populations
(see Figure S8). In (B), the bullet points describe key
assumptions within each model component. The
model processes are described in more detail in
experimental procedures.

+Assign heterogeneous values to farmers and consumers
+Set all other initial conditions with actor-specific parameters

have community structures (i.e., clusters
of more densely connected individuals),
and the model is initialized with each

provides capital to farmers through subsidies, with higher sub-
sidies given to farmers whose practices align with its values.

The core emergent outcome is the alternative market share,
i.e., the fraction of trade flowing through the alt-Mkt agent.
This arises through the distributed decisions of the farmers
and consumers, who at each time step choose to trade in either
the conventional or alternative market. Their decisions are
modeled with multiobjective utility functions driven by: (1) value
alignment—farmers and consumers prefer to trade in the mar-
ket that aligns with their values; (2) capital returns—farmers
seek to maximize income and consumers seek to minimize
costs; (3) previous behavior—farmers and consumers exhibit
aresistance to change; and (4) relative conventional/alternative
market capital—the market agents can directly influence
farmer and consumer decisions through mechanisms other
than values and capital returns (instrumental power, e.g., repre-
senting coercion as well as convenience, knowledge, and ac-
cess). However, it is possible that an agent’s actual behavior
may deviate from their utility-maximizing decision, as we as-
sume that the alternative market is regional in scope and thus
requires both willing farmers and consumers to function. This
can create out-of-equilibrium market dynamics in which resid-
ual supply or demand for the alternative market impacts prices
and, thereby, future decisions.

Agents’ capital and values are updated at each time step.
Agents first gain and/or lose capital through trade, then incur ex-
penses that increase with their capital but exhibit economies of
scale. Any remaining capital is divided between building their
own capacity (i.e., saving) and spreading their values by lobbying
or influencing other actors in their networks (i.e., spending). For
simplicity, consumer and state capital are held constant
throughout each simulation.

Agents’ values are updated based on the social interactions
depicted in Figure 1A as well as diffuse societal narratives. The
social networks within the farmer and consumer populations

4 One Earth 8, 101158, January 17, 2025

community having similar values among
its members (see Figure S8). At each
time step, each agent interacts with all others in its network
as well as with the diffuse societal narrative (e.g., representing
mass media, with a values orientation given by the mean of all
farmer and consumer values, weighted by their capital). The
magnitude and direction of influence resulting from a modeled
social interaction depends on: (1) the degree of value alignment
between the two agents (homophily), i.e., individuals tend to
more strongly connect with others who have similar values;
and (2) the relative capitals of the two agents, such that high-
capital agents both have more influence and are themselves
less easily influenced (discursive power; see experimental
procedures).

Although the complexity introduced by the interactions makes
it difficult to anticipate the system’s behavior, the binary distinc-
tion between the conventional and alternative markets implies
that the model may converge to at least two distinct states.
These configurations will each exhibit a degree of resilience,
due to the self-reinforcing nature of the power feedbacks. Yet
the model may also describe transitions between power config-
urations, as external drivers (e.g., shifting consumer values) may
activate internal feedbacks that shift agents’ practices and the
system-wide balance of capital.

Simulation experiments

We begin by illustrating the model dynamics under two repre-
sentative simulation runs. The first depicts the “baseline” initial-
ization that indicatively reflects the current state of many global
agri-food systems, i.e., conventional-leaning values and weak
alternative markets. The second simulation generates a transi-
tion by including an external discursive influence that pushes a
subset of farmers’ and consumers’ values toward the alternative
paradigm. This external influence represents the impacts of
trends outside the modeled agri-food system, such as the
increasing salience of crises that give rise to pro-environmental
attitudes.
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We then experiment with the model to examine how different
kinds of interventions may generate transitions. We design four
interventions—increase capital, decrease path dependencies,
regulate power concentration, and change values—that involve
adjusting model parameters relating to progressively deeper
leverage points (Table 1). We examine the impacts of the inter-
ventions relative to the baseline scenario, first in isolation and
then bundled together.

Multiple simulations are run for each experimental condition
to account for both the effects of stochasticity (e.g., randomness
in the social network generation) and uncertainty in the
model parameterization. Specifically, we used pattern-oriented
modeling to identify multiple plausible parameterizations, each
of which generates model outputs that match a set of stylized
macro patterns (see supplemental information). The results
describe the distribution of model behavior across the entire
set of plausible parameterizations, thereby incorporating the im-
pacts of parameter uncertainty and mitigating risks of equifinality
in the model parameterization.®®

Modeling a lock-in and a transition

Under the baseline initial conditions, the conv-Mkt has the most
capital of any agent (Figure 3A) and uses its capital to influence
others’ values, increase its profit margins, and directly impact
farmer and consumer decisions. Due to the state’s conventional
values (Figure 3C), farmers trading in the conventional market
receive more subsidies and so have higher capital (Figure 3A).
By the end of the simulation, most actors have conventionally
leaning values (Figure 3C) and almost all trade flows through
the conventional market (Figure 3E). Additional experimentation
with the initial conditions (Figure S11) demonstrates the strong
lock-in associated with this model setup, as agents’ capital
and values must change substantially to disrupt the conv-
Mkt’s dominance. Yet a small minority of farmers and consumers
continue to trade in the alternative market (Figure 3E). These
agents’ values differ strongly enough from the conventional
paradigm that they are insulated from its discursive influence,
due both to the homophily condition and the community struc-
ture within the agent populations (i.e., these agents may exist
within distinct communities).

With an external discursive influence pushing 50% of farmer
and consumer values toward the alternative paradigm (the
“change values” intervention in Table 1), the system progres-
sively transitions toward a dominant alternative market (Fig-
ure 3B). By the end of the simulation, farmers producing for the
alternative market have higher capital (Figure 3B), due both to
supportive state subsidies and the higher price offered by the
alternative market (Figure S3). However, the conv-Mkt is never
eroded completely, as some agents remain unaffected by the
external influence and internal opinion dynamics.

Value change is a necessary condition for transitions

When the interventions are each separately modeled, transitions
occur only under the “change values” intervention (Figure 4).
This is the deepest leverage point and was examined in Figure 3.
The other interventions counterproductively cause a decline in
the alternative market share. With the “increase capital” inter-
vention, the additional subsidies cause farmer income to rise
(Figure S5) but, since the state aligns with the conv-Mkt, its sub-

¢ CellP’ress

sidies provide incentives for conventional farming and thereby
increase the conv-Mkt’'s dominance. Reducing path depen-
dencies has very minor impacts, demonstrating that these
processes (economies of scale, resistance to change, and ca-
pacity-building rate) are weak relative to the other modeled feed-
backs. Regulating power concentration leads to some expected
impacts, including lower profit margins and capital for the
conv-Mkt and consequently higher farmer capital (Figure S5).
However, under this intervention the discursive influence of
low-capital actors is heightened (i.e., high-capital actors have
relatively less ability to affect discourse), amplifying the effect
of each social interaction and thereby causing agents’ values
to coalesce toward a single value (Figure S5). Due to the initial
conditions (median farmer and consumer values of 0.3
[Table S1)), all agents’ values converge toward the conventional
paradigm, and thus the alternative market share reduces.

When different actors are targeted in the “change values”
intervention, it becomes evident that changing values among
both farmers and consumers is important to initiate transitions,
although consumer values have greater leverage (Figure 5).
The higher leverage of consumer values is related to the assump-
tion that the alt-Mkt price is strictly higher than the conv-Mkt
price; consumers are opposed to the alt-Mkt’s premium and
thus require relatively strong alternative values to change their
behavior. Farmers, in contrast, benefit from the higher price in
the alt-Mkt, so externally driven changes in farmers’ values alone
do not substantially affect the alternative market share.

Bundling interventions lowers barriers to transitions

It may be difficult in reality to rapidly achieve the value shifts that
were tested above (i.e., involving 50% of all farmers and con-
sumers), and it is more plausible that transitions will be driven
by multiple interventions that involve both shallow and deep
leverage points.®*%° By engaging with different leverage points,
interventions may even mutually support each other to achieve a
degree of complementarity.®® Here we assess how the “shal-
lower” interventions may reduce the level of value change that
is necessary to achieve a dominant alternative market, i.e.,
reduce the level of lock-in.

The most impactful modeled intervention in combination with
value changes is to regulate power concentration (Figure 6), i.e.,
to reduce actors’ ability to use their capital to influence values,
prices, and decisions. Under this condition, only around 20%
of agents’ values must change to achieve a dominant alternative
market (Figure 6B). Here, we observe a tipping point whereby the
alternative market share increases rapidly once the number of
affected agents passes a critical threshold (Figure 6A). This is
because regulating power concentration enables low-capital
agents to more easily affect each other’s values, thereby
increasing the propagation of discursive influence through the
farmer and consumer populations. This demonstrates that the
discursive influence of high-capital actors can be a strong inhib-
itor of system change.

Other combinations of interventions also prove effective in
reducing the required value change for a transition, although
some degree of value change is always necessary (Figure 6).
Increasing capital is the next most impactful intervention, typi-
cally reducing the required value change to 25%-35% (Fig-
ure 6B). Bundling multiple interventions typically reduces the
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Table 1. Modeled interventions that proxy interventions at different leverage points

Intervention Model implementation

System characteristic
and leverage point depth®

Examples of real-world
actions and interventions

Increase capital increase the following

parameters by 50%:

(1) state budget
(Cstate) —the capital the
state agent spends each
time step on farmer subsidies
(2) consumer income
(ccons)—the capital available
to consumers each time step
Decrease
path dependencies

decrease the following
parameters by 50%:

(1) resistance to change
(ws)—the utility derived from
continuing previous behavior

(2) economies of scale
(rscale-econ)_the degree to
which an agent’s capital
reduces their variable
expenses

(8) capacity-building rate
(Feap-buid) —the rate at which
capital grows between
simulation steps

Regulate
power concentration

decrease the following
parameters by 50%:

(1) structural influence
(Bcap-price)_the degree to
which agents can use their
capital to impact prices

(2) discursive influence
(cgisc)—the degree to which
agents can use their capital
to influence others’ values

() instrumental influence
(w4)—the degree to which
agents’ capital affects
others’ decisions

Change values add a strong external discursive
influence (strength: c= 4) with
an alternative values orientation
(v = 1) that affects 50% of the
farmers and consumers each
time step. The affected agents
are randomly selected at the
beginning of the simulation.
The regular discursive
interactions between

agents continue

parameters (shallow)

feedbacks (shallow)

design (deep)

intent (deep)

increase of state budget
allocation to agri-food systems

government-assisted programs that
build non-economic capital (e.g., rural
development schemes, farmer networks)*®
redistributive social policies that improve
wages and provide social protection
mechanisms®’

facilitate land access for young farmers
(e.g., farm generational renewal),’’

who tend to be more open to change

programs that support smaller farms
and firms (e.g., grants, low-interest loans,
technical assistance, cooperative models)

training and extension services that foster
access to information, collaboration and
peer learning, and investment

competition (anti-trust) laws that discourage
anticompetitive practices such as mergers
and acquisitions or corporate abuses of
dominant position®

government regulation of firms’ public
relations and lobbying activities”

collaborative decision-making processes
(e.g., roundtables or participatory guarantee
systems)® to distribute decision-making
authority

voting against and protesting
harmful practices

education and awareness campaigns

(from government, media, influencers, or NGOs)
that promote sustainable agri-food systems

(e.g., exposé documentaries)®*

societal crises that expose the negative aspects

of conventional food systems (e.g., climate change,
drought intolerance, health impacts of pesticides)
attitudinal spillovers from other issues (e.g., energy,
conservation) that increase general attitudes
toward sustainability®®

The parameters modified for each intervention relate to policy-relevant changes but do not directly represent specific (non)governmental programs or
policies. For each modeled intervention, the appropriate parameters are perturbed from their baseline values, which are shown in Table S1.

aIn reference to the leverage points for intervention discussed in Abson et al.®® and Meadows.®” Shallow leverage points are interventions that are
relatively easy to implement but offer limited potential for transformative change, whereas deep leverage points are more challenging to enact but

hold greater potential for driving transformative change.®®
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Figure 3. Exemplary model trajectories un-
der baseline conditions and with a transition
The baseline simulation (left-hand plots) represents
the initial condition used in subsequent experi-
ments, with median farmer and consumer values of
0.3 and a capital-rich conv-Mkt. The transition
simulation (right-hand plots) includes an external
discursive influence that pushes the values of 50%

alt-Mkt
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alternative paradigm (the “change values” inter-
vention in Table 1). In (A) and (B), blue lines repre-
sent total capital summed over the farmers that
produce for the conventional (solid) and alternative
- (dashed) markets. In (C) and (D), the thin lines
S — represent individual farmers (blue) and consumers
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that flows through the alt-Mkt agent, which is the
modeled indicator of a transition. Figures S1-S4
examine additional modeled variables throughout
these simulations, including the flows of values and
capital, market prices, and farmer and consumer
utility calculations.
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lock-in below the level with either intervention in isolation (Fig-
ure 6C) but rarely creates synergies (i.e., effects that are greater
than the sum of their parts; Figure S7). These results demon-
strate that the interventions can interact in ways that cause
trade-offs in their impacts. This is due to the two-way nature of
many modeled feedbacks; for instance, the power mechanisms
can reinforce both the conventional and alternative paradigms.
Weakening a feedback can thus both help and hinder transitions
depending on the state of the system.

DISCUSSION

Aligning capital and values for agri-food transitions

This work emphasizes the intersections of capital and values as
mechanisms of power, and thus as key entry points for transfor-
mation in agri-food systems. We found that changing actors’
values was a necessary condition for transitions to occur (Fig-
ure 4), but that bundling additional interventions that regulate po-
wer concentration and provide supportive capital can reduce the
level of value change required (Figure 6). Although the modeled
interventions do not directly represent specific governance in-
struments, they relate to a range of real-world actions available
to different actors (see examples in Table 1).

The crucial role of values in facilitating transitions closely
aligns with results of other empirical and modeling studies.”®"?
This result underscores the need to reorient values within hetero-
geneous populations of actors as well as to coordinate changes
throughout the wider agri-food system,’”"”® including both agri-
cultural production and food consumption.”* Without such coor-
dination, individual-level alternative values can be systemically
constrained in their impacts (i.e., attitude-behavior gaps exist),
due to factors such as missing markets or agricultural policies
that favor conventional paradigms.”®’® Interventions that aim
to shift values should avoid directly imposing values on
individuals and instead focus on exposing and promoting food

60 80 100

time step

environments that encourage autonomous uptake of sustainabil-
ity-aligned values’>’”"® while concurrently reducing harmful
influences of incumbent corporate actors.”®

When values change across a broad enough transect of soci-
ety, social tipping points can be crossed that catalyze transi-
tions.®® Our results show that regulating power concentration
is the most effective strategy for facilitating these tipping points;
in scenarios with stronger power regulation, only 20% of actors’
values needed to change to create a dominant alternative market
(Figure 6). Without this regulation, roughly double the level of
value change was required. This highlights the importance of
developing mechanisms to structurally reduce the outsized influ-
ence of high-capital actors, in combination with grassroots ef-
forts to change values.”*®" The figure of 20% aligns with a recent
review of social norm diffusion.®> However, unlike in many other
threshold models,®® the system rarely transitioned to 100% alter-
native, due to the interactions between interdependent mecha-
nisms, the homophily condition, and heterogeneity in the initial-
ization of the social networks. The tendency to not reach 100%
alternative also aligns with empirical evidence that agri-food
transitions are likely to involve the coexistence of multiple kinds
of practices®*®* rather than an unequivocal uprooting of conven-
tional paradigms. Social networks are also undeniably a key fac-
tor impacting actors’ values and transition dynamics; our anal-
ysis utilized a static network structure and did not explore the
impact of different community configurations. In reality, social
networks change over time and may need to fundamentally re-
configure to enable a transition.®®

The model results suggest that combining interventions that
target distinct system components could help to accelerate tran-
sitions. This supports other calls for bundling innovations that
affect different actors and food-system elements.’"*% Qur
study is novel in that it quantitatively formalizes the dynamic
impacts of interventions at different leverage points, thus helping
to integrate technocratic and socio-political perspectives on
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Figure 4. Impacts of individual interventions
on the alternative market share

An increased alternative market share (i.e., more
farmers and consumers trading with the alt-Mkt
agent) is the modeled indicator of a sustainability
transition. Interventions are described in Table 1.
Outcomes are plotted relative to the baseline
scenario, and boxplots show the variability in out-
comes across different model parameterizations

-25 0 25

alt. market share (%)
relative to baseline

transitions.” The model results also reveal two important consid-
erations when designing coupled interventions. First, there could
be risks to operating through shallow leverage points only; the
model results (Figure 4) showed that interventions can backfire
(i.e., increase the conventional market’s dominance) when not
paired with changes in actors’ values. Reconfiguring power rela-
tions is thus not only a problem of corporate power or a lack of
sufficient capital but also relies on aligning the beliefs and values
of different actors.’"”? Second, interventions can have complex
interactions that lead to either synergies or trade-offs in their
combined impacts.?*#° We found limited evidence of comple-
mentarity when implementing multiple interventions, because
many feedbacks can benefit both conventional and alternative
actors depending on the state of the system. In reality, innovation
bundles must be tailored to specific contexts®’; computational
models will thus be useful for exploring how feedbacks may
either amplify or undermine the direct impacts of interventions
in different contexts.

The advantages of modeling power in transitions
Modeling of agri-food systems and analysis of power dynamics
are disconnected research domains; models rarely focus on po-
wer dynamics between different kinds of food-system actors,
while socio-historical analyses rarely utilize the formalism and
experimentation possible through modeling. The distinct fo-
cuses of these scientific approaches constrains the ability to
examine how interventions interact across leverage points.” By
quantitatively formalizing power dynamics between food-sys-
tem actors, our study bridges these research fields and offers
important benefits for both.

While many conceptualizations of power dynamics are
needed,'® quantitative formalizations like ours could help to
extend research on power dynamics in at least two important di-
rections. First, it has been noted that there is a lack of integration
of local case study evidence in agri-food transition scholarship.®°
This study used a form of “middle range modeling”®" to design a
model using archetypical patterns from a synthesis of European
empirical research.*® This required abstracting contextual de-
tails that qualitative research readily captures but allowed our
model to connect empirical observations to broader, recurrent
processes relevant for building theory and informing policy.”'*
Second, discussions around power dynamics typically focus on
historical examples of power concentration and/or redistribu-
tion."”*® Modeling allows for ex ante testing of experimental in-
terventions in ways that are not possible through ex-post-histor-
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(see supplemental information). The boxes repre-
sent the median and quartiles (25th and 75th per-
centiles), and the whiskers represent the minimum
and maximum values. Figure S5 presents exem-
plary model trajectories under each intervention.

50 75

ical analysis but are necessary for future agri-food policy
reform.*" In particular, this process-based formalization of agri-
food systems provides mechanistic explanations for emergent,
system-level outcomes (e.g., sustainability transitions) that are
otherwise difficult to study empirically, and thus provides valu-
able guidance for thinking relationally about and targeting future
empirical research on agri-food transitions.

This study also offers opportunities for expanding the range of
actors and leverage points considered in simulation models.
Many modeling studies have examined how social dynamics
can promote and impede technology adoption/diffusion and
agri-food transitions’ 9> but typically focus on farmer or con-
sumer decisions only. Considering power prompts questions
about cross-scale and multiple-actor dynamics. We modeled
feedbacks between individual decisions, regional markets, and
state subsidies; future studies could build on this to examine
pathways for upscaling grassroots innovations that involve
actors at different organizational levels.”® Agroecology, for
instance, offers a transformative vision for food-system change
in which power and agency play central roles.?® Yet agroecolog-
ical transitions have not been comprehensively studied through
computational frameworks (but see Ong and Liao®®). By formal-
izing knowledge from early exemplars of disruptive solutions
such as agroecology, models can be applied to “learn from the
future”*' to examine more transformative scenarios and path-
ways. Modeling the dynamic institutional contexts that surround
individual behavior allows simulation of structural leverage
points,®” thereby mitigating risks of incrementalism in model-
based scenario analysis.*"'%° Challenges inevitably exist in rep-
resenting system states that cannot be hypothesized a priori, so
it may be impossible to truly model “transformation,” but future
work could explore more profound system transitions through
endogenous changes in model rules, interactions, and gover-
nance modes.®¢10"-108

Some considerations are likely to be particularly relevant when
modeling power. Many modeling frameworks already represent
“capital” in various forms,'%*~'°® so adopting a power lens may
simply require being explicit about (1) the ways in which actors
mobilize their capital to advance their aims (i.e., how actors ex-
ercise power) and (2) the directionality toward which capital
acts (i.e., the values component). Yet power is inherently intan-
gible and multifaceted?; different actors may perceive or expe-
rience power differently, and power can draw from many sources
and be exercised in different ways.'®” Unlike tangible resources
such as water or land, power is often considered to manifest only
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Figure 5. Which actors’ values must change
to initiate a transition?

This experiment simulates variations of the
“change values” intervention that affects
(A) farmer values only, (B) consumer values only,
and (C) both farmer and consumer values. Lines
show the mean outcomes across all model pa-
rameterizations, and shading shows the 10th and
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in relationships,'°® i.e., it cannot be “held,” and it may not follow
conservation laws that would allow mass or flow balance calcu-
lations. Modeling power thus demands clear, context-specific
definitions as well as creative measurement approaches. Inter-
ventions that disrupt the current balance of power will create
winners and losers and, thus, political opposition, while inten-
tionally affecting actors’ values may raise ethical concerns.
These ambiguities and ethical risks motivate a well-considered
normative stance on the distribution of power, as well as reflex-
ivity to examine how researchers’ positionality affects the repre-
sentation and interpretation of power dynamics.'%>""* In this
study, we defined a desirable transition as a shift in capital and
values toward the alternative paradigm, which we assume offers
greater potential for fostering sustainability and equity across
supply chains. Yet we do not explicitly model sustainability or eq-
uity indicators, nor do we consider the origins of the modeled
shifts in actors’ values.

Model limitations and future extensions

This paper is a first step toward modeling power in transitions,
and there are many opportunities to refine and expand the model
scope. Concentration of power within agricultural value chains is
a major global concern,?® and a more detailed representation of
the economic network of intermediary firms (e.g., aggregators,
wholesalers, retailers) would be necessary to test policies for
weakening corporate control. Further, while the dichotomy be-
tween the “conventional” and “alternative” is common in dis-
cussions of agri-food transitions,"'" many narratives about (un)
sustainability exist,’'>""® and hybrid actors and networks often
combine different sets of social and ecological values.*®8% "
Multiple niche innovations may thus simultaneously exis
including community-based food systems that operate outside
of formal markets.''® Further, a well-recognized pathway in-
volves regime actors modifying their practices to adjust to land-
scape pressures.’ '’ This has been observed empirically through
the conventionalization of organic agriculture,”'® which many
argue has limited deeper transitions.''®'?? Better representing
these types of pathways would require extending the model to
allow multiple niche innovations and dynamic values for market
actors. '’

Given the critical role of values in shaping transition dynamics,
effort is needed to elicit stakeholders’ values,”® to understand
the impacts of campaigns and interventions,”® and to construct
empirically relevant opinion dynamics models.®>'? As data on
social influence are scarce,'?® empirical calibration would likely
require dedicated data collection (e.g., surveys or interviews)
to understand the drivers and mechanisms of social influence

115
t,

% agents with changing values

90th percentiles across model parameterizations.
The star at x = 50 in (C) represents the condition
modeled in the “change values” experiment in
Figure 4.

T T T T
25 50 75 100

and behavior change, including their heterogeneity throughout
populations and the speed at which they can change. Our model
was particularly sensitive to the parameter controlling the discur-
sive influence (i.e., the degree to which capital can be used to
impact others’ values; Figure S9), underscoring the importance
of empirically grounding the opinion dynamics model. Other
model parameters have limited influence on the outcomes (Fig-
ure S9), so future work could potentially simplify the model struc-
ture to represent the most influential processes only. Neverthe-
less, some potentially influential discursive processes are
excluded, such as social norms (i.e., a desire to conform to group
behavior), which may further restrict transitions and strengthen
tipping points.'**

Finally, some of the model assumptions and simplifications
may not perfectly translate to real-world transition contexts.
We assumed that the alt-Mkt price is always higher than the
conv-Mkt price, which inhibits behavior change for consumers
and may not hold if mechanisms such as “true pricing” are
enacted.”’ This assumption also led to a tendency for prices
in both markets to increase throughout the simulated transi-
tions (Figure S3), which may not happen in reality and could
be refined through more sophisticated economic formulations.
For simplicity, the capital of consumers and the state agent
were held fixed throughout the simulations, but political and
economic fluctuations can strongly affect the capital available
for food consumption and food-system interventions. For
example, inflation in 2023 caused organic sales in France to
reduce by 13%."'%*

Conclusion

Modeling can play a meaningful role in testing transformative so-
lutions to agri-food sustainability challenges provided that mod-
elers pay attention to the ways in which power can both enable
and constrain change. This paper proposes an approach for
modeling power and demonstrates how transitions may emerge
from interactions between capital and values in a simple model
of agri-food systems. The results reveal the importance of
changing actors’ values across the entire food system to cata-
lyze transitions, implying that policy and research may achieve
most meaningful change by engaging multiple kinds of actors
together, such as farmers, consumers, and value-chain organi-
zations. The results also demonstrate how power can be a dou-
ble-edged sword; depending on the values of actors in the agri-
food system, interventions to reduce power concentration can
either facilitate or impede transitions. System change may thus
be best achieved by bundling policies and interventions that
target incumbent structures and the values that underlie them.
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EXPERIMENTAL PROCEDURES

Formalizing power dynamics through capital and values
This study applies an agency-based interpretation of power wherein power
draws from resources and manifests in social relations.>*> We use two key
variables to operationalize this conception: capital and values.

Capital describes the bundles of material and non-material resources that
actors draw from in their social practices and interactions.***° Agri-food sys-
tems relate to multiple forms of capital,'>® including economic, natural, human,
infrastructural, and social capital. These types of capital are also intertwined '2°
as, for instance, actors can leverage their social capital to build economic cap-
ital and vice versa. As capital can be accumulated by actors, it reinforces itself
and its (re)distribution throughout society provides a useful lens for describing
(changing) social structures'®'?” such as systemic lock-ins and transitions.
The model presented here does not differentiate between different types of
capital, and thus “capital” represents an aggregate proxy for these bundles
of resources.

Values, as applied in this paper, describe the relative importance that actors
attach to different functions of agri-food systems, such as producing food,
supporting biodiversity, or enhancing socio-economic well-being. Actors’
values toward these goals influence their social practices'? (e.g., soil man-
agement or consumption decisions) and thus collectively shape the direction
toward which the system is oriented.®® Values can therefore be key leverage
points for transformation.'?® For simplicity, we conceptualize values as varying
along a single, continuous spectrum that ranges from “conventional” (v = 0) to
“alternative” (v = 1). This spectrum is explained in the main body of the article.
Some nuance is of course lost with this one-dimensional simplification, as we
cannot explore relationships between different forms of alternative agri-food
networks,'*"*? but this approach provides a grounding from which additional
dimensions could be included in further work.

Within this conceptual model, a transition is described by a systemic shift in
actors’ production and consumption practices toward those that embody the
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alternative paradigm, thereby changing the dominant supply chains that link
producers and consumers. An actor’s practices emerge from the interactions
between their own and others’ capital and values. Both dimensions, and their
distribution throughout the system, are therefore necessary entry points for un-
derstanding transitions.

Overview of the agent-based model

The following model description aligns with the ODD (overview, design con-
cepts, details) protocol,’®'™'*® which is a standardized approach for
describing agent-based models.

Purpose and patterns

The purpose of the model and analysis is to explore sets of interacting pro-
cesses that may generate transitions to alternative agri-food systems. The
design of the model was informed by a recent meta-study that characterized
the actors and power-laden interactions that reoccur across diverse agri-
food systems in Europe.®® We used the outcomes of this meta-study in two
principal ways: (1) to inform the model structure, i.e., which actors are
modeled, their roles, and how they interact; and (2) to inform the scenario
design and hypothesized dynamics, such that the model experiments have
the capacity to represent the diversity of network configurations found empir-
ically. Although the model is not calibrated to represent a particular context, it
thus most closely describes European agri-food systems. Specifically, the
model was parameterized to generate a degree of lock-in to conventional mar-
kets under baseline conditions and to allow a potential for transition when ac-
tors’ values change toward the alternative paradigm. Further details on the
parameterization approach and quantification of these patterns are provided
in the supplemental information.

Entities, state variables, and scales

As the goal is to examine social interactions between agri-food actors, several
types of agents are modeled: farmers, consumers, market actors, and the
state. The model represents populations of heterogeneous farmer and
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consumer agents, two distinct kinds of market agent (alt-Mkt and conv-Mkt),
and a single state agent.

The agents are characterized by two primary state variables: capital and
values. Capital (c) is a non-negative, continuous variable representing the
(non)material resources that actors draw from in their social practices and in-
teractions (e.g., money, information, social connections, prestige). Values (v) is
a continuous variable representing the relative importance that agents attach
to different functions of agri-food systems, and ranges from “conventional”
(v = 0) to “alternative” (v = 1). Conventional values represent valuing food pri-
marily as a commodity, whereas alternative values represent the social,
ecological, and cultural qualities embedded in food. Capital and values are dy-
namic throughout the simulation, with several exceptions: the conv-Mkt agent
has fixed v = 0, the alt-Mkt has fixed v = 1, and the state agent and consumer
agents have fixed capital defined by external parameters (see Table S1).

Each simulated time step conceptually represents one year, and the model
is run for 100 discrete time steps. For simplicity, all model processes operate at
the same temporal resolution, though it is noted that these processes operate
at different frequencies in reality (e.g., consumers make more frequent pur-
chasing decisions than farmers’ production decisions). The model is therefore
not used to make inferences regarding the speed of change. There is no spatial
representation in the model.

Process overview and scheduling
After initialization (see “initialization and social network generation”), five main
processes sequentially operate each time step:

(1) Calculation of prices

(2) Farmer and consumer decision-making
(3) Resolving the market

(4) Updating agents’ capital

(5) Updating agents’ values

The following section describes the concepts underlying the model as a
whole. The subsequent sections outline the key assumptions in the design
and implementation of each process, as well as their theoretical and empirical
bases.

Design concepts

Basic principles

The model addresses the question of how to transition to a more sustainable
agri-food system through the lenses of resilience and sustainability transitions.
At the system level, the model is based on the premise that mutually reinforcing
social feedbacks can both impede change (i.e., promote “lock-ins” or undesir-
able resilience)''? and drive change (e.g., through social tipping points in
which a minority of actors can affect system-wide patterns).®’ At the level of
agent interactions, these feedbacks are encoded using the concepts of
“types” or “facets” of power,*® namely instrumental influence, structural influ-
ence, and discursive influence (see Figure 1). The model is particularly novel in
that it quantitatively represents these types of power, which are typically dis-
cussed qualitatively.

Emergence

The primary emergent outcome is the fraction of trade flowing through the alt-
Mkt, which is interpreted as an indicator of the degree of transition toward sus-
tainability. This outcome emerges from the distributed decisions of the farmer
and consumer agents. These agents’ decisions are driven by several dynamic
factors (capital returns, value alignment, previous behavior, and market
agents’ capital), so many modeled mechanisms collectively contribute to the
emergent outcome.

Adaptation

Each time step, each farmer and consumer agent chooses to trade with either
the conventional or alternative market (process 2). These decisions are a form
of direct objective seeking and are driven by internal decision models that
represent the agents’ utility gains from several factors. Each agent chooses
the option with the highest utility value (see “objectives” below). The state
agent has one adaptive behavior: the balance of subsidies provided to farmers
trading with the conventional and alternative markets. This is also a form of
direct objective seeking, where the state’s objective is to subsidize agriculture
that aligns with its values. Market agents use their capital to influence prices in
their favor but do not explicitly make their own decisions.

¢ CellP’ress

Objectives

The objective measure used by farmers and consumers is encoded in a multi-
objective utility function comprising four elements: capital returns, value align-
ment, previous behavior, and market agents’ capital. The first three elements
are conceptually internal to the agents’ decision-making processes, whereas
the final element (market agents’ capital) represents external forces from mar-
ket agents that impact farmer/consumer decisions in ways beyond the other
modeled mechanisms. The state agent’s subsidy balance is not modeled us-
ing an explicit utility function, but it is assumed that the balance of subsidies is
linearly proportional to the state’s values at each time step.

Learning

Agents do not adapt their decision-making methods as a consequence of their
experience.

Prediction

The agents’ adaptive behavior is not based on any explicit or implicit
predictions.

Sensing

All agents are fully aware of their own values and capital. The farmer and con-
sumer agents are fully aware of the prices and subsidies they will receive and
pay. Within each modeled discursive interaction, agents (farmers, consumers,
and the state) observe others’ values and capital in relation to their own. There
is no uncertainty in sensing.

Interaction

The modeled interactions are summarized in Figure 2. Agents directly interact
through their discursive interactions (process 5), wherein they use their own
capital and values to influence others’ values. These interactions are bidirec-
tional (i.e., agents i and j both simultaneously influence each other) and occur
at each time step between all i-j agent pairs within the social network. Farmers
and consumers also directly interact with the market agents at each time step
through bidirectional exchanges of capital through trade (process 4). The state
also directly interacts with each farmer by providing subsidies (process 4),
which is a one-way interaction process. Mediated interaction occurs within
two different processes: (1) in the formation of market prices (process 1),
agents’ relative capital impacts the payoffs that the different agent types
receive; and (2) when resolving the market (process 3), imbalances in the num-
ber of farmers and consumers choosing the alt-Mkt result in behavioral
switches.

Stochasticity

In the initialization (see “initialization and social network generation” below),
farmer and consumer heterogeneity is created by sampling their values from
probability distributions and randomly generating social connections. This cre-
ates variability within the initial conditions when using different random seeds,
thereby representing uncertainty in these features. Within the simulation, sto-
chasticity is used in several ways. Farmer and consumer utility functions (pro-
cess 2) include a small random component that represents the effects of non-
modeled factors. When updating agents’ values (process 5), the order in which
the updating occurs is randomized so that some agents do not always execute
before others. A convergence analysis is conducted to determine the number
of simulation replications such that the results are not unduly impacted by
within-model stochasticity (see supplemental information).

Collectives

There are no explicit collective entities in the model. Upon initialization, farmers
and consumers are allocated to communities of like-minded individuals, but
these communities have no collective properties of their own. During the simu-
lation, agents are separated at each time step into those trading with conven-
tional and alternative markets, but these again do not have their own collective
properties or impact the modeled processes.

Observation

At each time step, the primary observed outcome is the fraction of trade that
flows through the alt-Mkt agent (i.e., the fraction of farmers and consumers
that trade with the alt-Mkt). To facilitate model understanding (presented in
Figures 3 and S1-S5), several additional variables are tracked at each time
step, including: each agent’s capital and values (which can be averaged sepa-
rately for those trading with each market type); the farm-gate and retail prices
within the alt-Mkt and conv-Mkt; the farmers’ and consumers’ relative utilities
for trading with each market; the total flows of capital between agent types;
and the total net discursive influence between each agent type (e.g., the
sum of all influence from the alt-Mkt to farmers).
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Initialization and social network generation
Key assumptions
o Community structure, with some links between communities
e Some individuals are more connected than others
e Actors associate more frequently with their own kind (e.g., consumers
with consumers)

Description

The model is initialized with populations of farmer and consumer agents, two
market agents, and one state actor. The numbers of farmers and consumers,
as well as the initial levels of capital and values for each actor, are set by
external parameters (Table S1). At the beginning of the simulation, all farmers
and all consumers have the same capital but heterogeneous values. We model
the heterogeneity of values using a single parameter for each agent type,
which represents the median value within the farmer or consumer population.
We uniformly sample 50% of the agents’ values both below and above the me-
dian. This thus generates a distribution of values wherein, regardless of the
median parameter, some agents’ values may be at both extremes of the
[0,1] interval. This explains why the alternative market share rarely tends to
either 0 or 1 (Figure 5).

Farmers and consumers are connected by social networks, which are con-
structed at initialization and do not evolve. The model represents direct con-
nections within the farmer and consumer populations (i.e., farmer-farmer
and consumer-consumer links) as well as connections between the two pop-
ulations (farmer-consumer links). The function of the networks throughout the
simulation is to propagate discursive influence between the agents, so a link
between two agents denotes an active social tie through which value-laden in-
formation is shared. This conceptually represents all familial, friendship, and
spatial neighborhood networks, both in-person and online; however, we do
not explicitly distinguish between different types of social ties.

To initialize the networks, we first allocate agents to a set of equal-sized
communities in each population. We then generate within-community connec-
tions using the Barabasi-Albert model, which uses a preferential attachment
algorithm to generate a scale-free network containing some well-connected
individuals.'** This approach captures the heterogeneity in individual connec-
tivity, reflecting the presence of key individuals with a high number of connec-
tions. While the Barabasi-Albert model does not inherently incorporate spatial
constraints, we introduce spatial or group-related separation by probabilisti-
cally adding connections between communities, such that individuals from
different communities are less likely to be connected than individuals in the
same community'®>'® and actors have more connections with their own
kind (i.e., farmer-consumer connections are less likely). The result is a nested
network structure with two kinds of agents and communities within each agent
population. An example is shown in Figure S8. This structure leverages the
scale-free properties within communities and incorporates spatial or social
group distinctions through controlled inter-community connections, thus
balancing the need to represent both well-connected individuals and the
spatial or social segregation observed in real-world networks.

Finally, values are assigned to the agents based on their community, such
that the communities tend to contain like-minded agents. This is accomplished
by sorting the randomly generated values and sequentially assigning them to
agents by community.

Empirical and theoretical basis

Social interactions are important for spreading values and practices and have
been extensively studied within both farmer and (food) consumer popula-
tions'®"~'%? as well as in simulation models."“° Many real-life social networks
exhibit a community structure, such that there are distinct well-connected
subgroups between which there are fewer interactions (e.g., representing vil-
lages or social groups).'*® It is also often observed that certain individuals play
outsized roles as “innovation champions”'*" and thus can be considered as
having more social ties within their community.

Process 1: Calculating prices
Key assumptions
® Agents use their capital to influence prices in their favor (structural
influence)
e The alt-Mkt prices are influenced by previous imbalances between sup-
ply and demand
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o The alt-Mkt prices are strictly higher than the conv-Mkt prices
o The alt-Mkt agent does not use its capital to influence prices in its favor

Description

To represent the flows of capital within the value chains requires assigning
quantitative values to the farmer-Mkt and Mkt-consumer interactions. In the
model, trade is a zero-sum interaction in which one actor loses a specific
amount of capital and the other gains the same amount (e.g., a consumer
buying food and a retailer’s gross income). In real-world agri-food systems,
money (economic capital) is the prevailing form of capital that defines trade re-
lations. We do not explicitly model economic variables, i.e., capital, as opera-
tionalized in the model, is a more general construct that incorporates other
relevant qualities such as information and prestige. For simplicity, we never-
theless use the word “price” to describe the quality of each trade relation.
The term “market” is also used to represent the totality of organizations and
businesses in the value chains between farmers and consumers, and we
consider the market agents to each possess a level of capital that represents
their political, economic, and organizational resources.

Four prices are successively calculated at each time step. The prices corre-
spond to the two markets (conventional and alternative) and the two stages of
the modeled value chain, farmer-Mkt (i.e., farm-gate price) and Mkt-consumer
(i-e., retail price). We assume that all agents receive the same price at each
point in time.

In the following equations, X denotes price, ¢ denotes capital, the « param-
eters represent fixed and variable markups taken by the Mkt agents, and the 8
parameters control the sensitivity of the prices to the influences of capital and
supply-demand imbalances. The alt-Mkt and conv-Mkt agents are shortened
to cMkt and aMkt, respectively.

The prices are calculated as follows. It is noted that the functional represen-
tations are highly stylistic and are designed simply to quantitatively represent
the qualitative key assumptions listed above. The specific functional forms as-
sume that prices are a linear combination of their component factors.

(1) The farm-gate price in the conventional market, Xfm,.cuvis is driven by the
capital differential between the conv-Mkt agent and the farmer agents
(the total over all farmers), such that a relatively powerful conv-Mkt
leverages its capital to drive farm-gate prices downwards. The capacity
of the conv-Mkt agent to exercise structural influence is controlled by the
Boap-price Parameter, such that as Bcap-price — 0 the price becomes unin-
fluenced by the market agent and as Bcap-price — 1 the market agent can
drive the farm-gate price to zero (when copue => Csmy)- The functional
form ensures that the price remains non-negative.

Ctrmr

— - 05 Equation 1
Cemit +Cormr > ( q )

Xfrmr—cht =05+ 5cap-price (

(2) The farm-gate price in the alternative market, Xsmr-anit, is calculated as
the sum of two components: (1) a proportional markup above the con-
ventional farm-gate price; and (2) a perturbation representing the effect
of residual supply in the previous time period, such that supply shortfalls
(i.e., excess demand) increase subsequent alt-Mkt prices, and vice
versa. The residual is defined in the section “resolving the market.” It
is assumed that the supply-demand imbalances cannot cause the alter-
native farm-gate price to drop below the conventional farm-gate price.

XfrmraMkt = max(Xfrmr—chh Qalt-markup * Xfrmr—cht - ﬁresid * It eSid{—1)
(Equation 2)

(3) The retail price in the conventional market, Xcyxt-cons, iS calculated as
the sum of two components: (1) a fixed, absolute margin above the
farm-gate price; and (2) an additional margin driven by the capital dif-
ferential between the conv-Mkt and consumers, such that a relatively
powerful conv-Mkt leverages its capital to drive retail prices upward.
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The capacity of the conv-Mkt to exercise structural influence is
controlled by the Bcap-price Parameter in a similar way to Equation 1,
such that an all-powerful market agent (Copt >> Ccons) Can increase
the retail price by 0.5 * Bcap-price-

Cemkt
Xemkt-cons = Xtrmr-chkt + Cmargin + Beap-price * Max 0, - 05
Cemkt+Ccons

(Equation 3)

(4) The retail price in the alternative market, Xaue-cons, iS calculated as a
fixed, absolute margin above the alternative farm-gate price. Similar
to the farm-gate price in the alternative market, it is assumed that the
alternative retail price cannot drop below the conventional retail price.

XaMkt-cons = max (Xcht-cons k] Xfrmr-aMkr + amargln) (Equation 4)

Empirical and theoretical basis

There are at least three mechanisms through which capital-rich corporations
are able to exercise market power.”-®® The first is by influencing commodity
prices. There is evidence of such behavior in United States dairy markets
(though it can be mitigated with collective action in cooperatives)'** and
mixed evidence in Europe.'*® The second is through bargaining power,
whereby big firms have a large leverage in negotiations and, due to poten-
tially exploitative contracts and the absence of alternatives, can create rela-
tions of dependence.’** The third is through governance, where there is ev-
idence of corporations setting rules (e.g., quality standards) for how food is
produced.*®“® All three of these mechanisms describe forms of structural
influence, i.e., actors influencing the option space of other actors. The level
of structural influence in the model is controlled by the parameter Bcap-price in
Equations 1 and 3.

The alternative market, as conceptualized in this article, is predicated on
embedding non-economic qualities into the valuation of food. Such quality at-
tributes can take many forms in reality,"*° including those based on place (e.g.,
local), ecological management (e.g., organic), or social equity (e.g., fair trade).
There is therefore inherently a higher quality of capital embedded in the alt-
Mkt, which provides some justification for the assumption that alt-Mkt prices
are strictly higher. Further, governance in alternative markets often aims for
democratic decision making across the supply chain,*® reducing the incentive
for price gouging. Nevertheless, it is reasonable to assume based on basic
economic theory that demand surpluses(/deficits) will increase(/decrease) pri-
ces in the alternative market.

Process 2: Farmer and consumer decision making
Key assumptions
o Farmer and consumer decisions are driven by value alignment, capital
returns, previous behavior, and market agents’ capital (instrumental
influence)
o Farmers and consumers have linear, multiobjective utility functions, and
they select the option that maximizes their utility

Description

Each time step, farmers and consumers decide which market they will trade
with. This is a binary decision, i.e., agent /’s decision at time t is given by D ;
€ {0, 1} where 0 and 1 represent the conv-Mkt and alt-Mkt, respectively. We
do not model direct producer-consumer trade, although this is to an extent
represented through the alternative market actor. Farmer and consumer deci-
sions are driven by four components: value alignment, capital returns, previous
behavior, and market agents’ capital. We utilize a linear, weighted, multiobjec-
tive utility function to represent these components. For agent i at time ¢, the
general form of the utility function for a particular market (xMkt) is

Mkt

(Mkt xMkt
U™ = wy xabs(vie — Vi) + w2X™ + waBj; 1 + wy + &t

t
cMkt aMkt
Cy 7 +CY

(Equation 5)
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where wy ... wy represent the weights allocated to the four components, v is
the agent’s values (0 < v < 1), X (X > 0) is the capital return (composed of
the price plus any subsidy), B is an indicator representing the agent’s previous
behavior (B € {0, 1)), c is capital, and ¢ is a small random term added to the
utility to represent uncertainty both internal and external to the decision-mak-
ing process. The weights are consistent for all farmers and consumers and do
not change over time (see Table S1). The resulting utility value is unitless, as it
represents a weighted aggregation of the benefit derived from the four compo-
nents that each have different units. Three of these components are bounded
by [0,1] and so represent a consistent scale, whereas capital returns (X) are
technically unrestricted in scale, but under the tested model settings never
exceed 1.65. The equation takes slightly different forms for farmers and con-
sumers, as farmers seek to maximize their economic returns and consumers
seek to minimize their costs. Each agent selects the option that maximizes
their utility, and it is assumed that farmers and consumers are fully aware of
the subsidies and prices they will receive/pay.

Empirical and theoretical basis

The farmers’ and consumers’ utility functions depict a form of rational decision
making (i.e., Homo economicus). This has widely acknowledged limitations'“®;
however, the function includes, in transparent ways, the key features that we
wish to represent and that are present in other behavioral theories, such as
the theory of planned behavior'*” and habitual behavior.'*®

In particular, an agent’s values represent their subjective judgment of the
relative desirability of the conv-Mkt and alt-Mkt (i.e., their attitude), which is
formed by their interactions with their peers (i.e., subjective norms). Attitudes
and norms have been shown to exert strong influences on farmer decision
making in Europe.'*® Perceived behavioral control “is influenced by the
farmer’s assessment of affordability, risks, necessary farming skills, farm
structural issues, and so forth,”®® which are encompassed in the capital return
component.

The influence of an agent’s previous behavior aligns more closely with other
theories such as habitual learning (and the consumat approach),'“® as the
implication is that values and relative capital returns need to differ above
some dissatisfaction threshold to motivate behavior change. The utility penalty
for diverging from previous behavior also conceptually incorporates the uncer-
tainties associated with changing behavior as well as the sunk costs of tech-
nology investments.'?

The fourth component proxies the ways in which a market agent’s capital
impacts decision making beyond values and prices. This component consti-
tutes the representation of instrumental influence in the model, i.e., actors us-
ing their resources to directly impact others’ practices. The level of instru-
mental influence is controlled by the parameter w,. We note that truly
“direct” influence on decisions is rare in agri-food systems, except
in situations of extreme coercion, and may in reality operate through a range
of mechanisms, for instance convenience and access®’; capital-rich retailers
have many stores with long opening hours and prominent advertising, which
together influence consumer behavior independently of product prices and so-
cio-ecological values. Similar accessibility mechanisms exist for farmers, as
capital-rich value chains have established logistics and processes that make
trade organizationally simple and therefore desirable even if it does not align
with a farmer’s values or offer favorable prices.

Process 3: Resolving the market
Key assumptions
o The alternative market share is the limiting factor of supply and demand
o Agents who wish to participate in the alt-Mkt but have no matching
buyer/seller revert to the conv-Mkt
e The most undecided agents revert to the conv-Mkt first

Description

The alt-Mkt is assumed to be regional in nature,'*° requiring both willing pro-
ducers and consumers to function. The alternative market share is therefore
dictated by the limiting factor of supply or demand. For example, if 60% of con-
sumers choose the alt-Mkt but only 20% of producers, the alt-Mkt market
share is 20%. As there is no available alt-Mkt supply for 40% of the consumers,
they must participate in the conv-Mkt. There is thus a distinction between
agents’ decisions (D; the outcome of the utility calculation) and their behavior
(B), which also requires the availability of appropriate markets. The overall
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difference between farmers’ and consumers’ decisions is directly used to
calculate the residual production, which impacts subsequent prices in the
alternative market:

Ny

1 1 &
resid, = - > WDy = alt) - N > 1 (Dey = alt)
Cc=1

ffa c

(Equation 6)

In the case of a market imbalance (i.e., resid; # 0), the following algorithm is
used to determine which agents’ behavior (B) must deviate from their deci-
sions (D): (1) sort agents based on their relative utility for the alt-Mkt (i.e.,
Utility (alt.Mkt) — Utility(conv.Mkt)); (2) sequentially select agents with the
lowest relative utility (i.e., the weakest preference for the alt-Mkt) until the mar-
ket imbalance is resolved; (3) revert the behavior of these selected agents to
trade with the conv-Mkt.

Empirical and theoretical basis

The availability of supportive markets is a well-known barrier to upscaling alter-
native value chains in Europe and elsewhere.”®'%"'° There is also emerging
evidence in places such as France that organic producers are resorting to
selling their products without organic labels as a result of decreasing con-
sumer demand due to inflation and mistrust.'**

Process 4: Updating agents’ capital
Key assumptions
e Agents allocate some fraction of their capital to lobby/influence others
e Agents have both fixed and variable costs
o Economies of scale reduce the rate of variable costs
e The state subsidizes farmers whose practices align with its values

Description
At time t, the capital of agent i is updated using the following general form:

Cits1 = (f'cap-bui/d - Ol/obby)Ci,t + IN;y — OUT;, (Equation 7)
Where reqp-puid (Feap-buila > 1) is an interest rate representing capacity-building,
obby (0 < ajoppy < 1) is the fraction of capital used for influencing other agents’
values, and IN and OUT refer respectively to the inflows and outflows of capital
from trade, expenses, and subsidies. This formulation therefore assumes that
agents divide their capital between lobbying to spread their values within their
networks (parameter «jopp,) and building their own capacity (1 — @joppy). As we
do not model heterogeneous or evolving yields or demand, the in- and out-
flows due to trade simply correspond to the calculated prices (Equations 1,
2, 3, and 4).

Agents’ expenses (E) (e.g., representing personnel costs, labor, and agricul-
tural inputs) have fixed and variable components, with the rate of variable costs
exhibiting economies of scale based on the agent’s capital (relative to the total
capital summed across all agents).

The level of subsidies (S) that a farmer receives is linearly proportional to the
alignment of their behavior (B;;, where 0 and 1, respectively, represent conven-
tional and alternative) with the state’s values. This reflects the tendency of
state policies to support some forms of agriculture more than others (e.g.,
Europe’s Common Agricultural Policy historically supported agricultural inten-
sification by providing subsidies based on production levels).'>*

The capital updating equations for each agent type are thus as follows.
Parameter values are given in Table S1.

For farmer i trading with xMkt at time t:

Citr1 = (Feapbuid — Qobby )Cit + Xiemrxmiet + Sie — Eit (Equation 8)
where
Cstate * I'subsidy .
Sij = Ni* (1 - {Vstatej - B,_fl) (Equatlon 9)
frmr

Cit
1 — Fscale-econ *
> Cat

Eit = Efmr.min +Cit * Tmr-exp * (Equation 10)

agents

For market actor xMkt (i.e., either alt-Mkt or conv-Mkt) at time t:
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Citr1 = (f cap-build — D‘Iobby)cif — Xtmramitt + Xeonsxmtt — Exiee (EQuation 11)

where

CxMkt.t

Exviktt = Emit-min + Cxmktt * Fmkt-exp * 1 — Fscate-econ * Z (Equation 12)

at
agents

For simplicity and due to the focus on the agricultural component of food
systems in this study, we treat consumer and state capital as exogenous, so
this process runs for the farmers and market actors only. Because food expen-
diture is a small component of consumers’ overall budgets in industrialized
countries, it makes less sense to endogenize consumer capital, which also
would considerably increase the complexity of the model (e.g., as consumers’
and farmers’ economic preferences are inherently opposed). We leave this and
the exploration of endogenous transitions in the influence of state actors as an
exercise for future research (e.g., see Jung and Lake'"").

Empirical and theoretical basis

Allocating income between savings and expenditure is a common microeco-
nomic construct. Studies of agri-food transitions in Europe have revealed
the ubiquity of “capital building” as a strategy employed by agri-food actors
during transitions®® as well as the importance of lobbying and protest to in-
crease the legitimacy of novel practices and influence state policies.'”"'** Cor-
porations also frequently have dedicated budgets for lobbying.

State actors play a strong role in supporting particular types of agriculture,
and there is substantial evidence in Europe that state support historically
favored agricultural intensification’”"'* but has progressively changed over
time in response to evolving societal pressures and narratives.'*® State sub-
sidies can thus be described as providing more support to activities that align
with prevailing values.

Process 5: Updating agents’ values
Key assumptions
e Values are impacted by both personal interactions and societal
narratives
o Market agents influence farmer and consumer values
e All agents influence the state’s values
e Agents are more strongly influenced by opinions close to their own (ho-
mophily)
o The magnitude of influence scales with the capital allocated to it (discur-
sive influence)
e Capital-rich agents are less sensitive to discursive influence

Description
To model the social influence between two agents, we apply a model that is
grounded by two key assumptions: (1) homophily, i.e., individuals are more
strongly influenced by others with similar opinions; and (2) capital-rich agents
have larger social influence and are themselves less sensitive to others’ influ-
ence. This model differs from the widely applied relative agreement model of
Deffuant et al.,"*® as we do not adopt a threshold maximum opinion difference
for any influence to occur but allow influence to scale inversely (quadratically)
with opinion distance so that all agents can affect each other. We also do not
model agents’ opinion certainty and instead replace this construct with capital,
such that high-capital agents have larger social influence.

Specifically, we apply the following equation to update the values of agent j
under influence from agent i

Lit

Qdisc
2 .
m) (1 = |vie = vie])*(vie — vir)  (Equation 13)

Vit = V/:'*'Hdisc(

where ugisc is @ scaling parameter controlling the overall strength of discursive
influence (i.e., the general stubbornness of beliefs'*%), L, is the lobbying effort
of agent i, and aysc (0 < agisc < 1) specifies the sensitivity of social influence to
the lobbying effort. The agysc parameter thus represents and controls the
strength of discursive influence in the model, i.e., actors’ ability to use their
capital to influence others’ values. The lobbying effort of agent i is calculated
as wjoppy * Cii/ki, Where k; is the number of agents to whom agent i is connected
(i.e., their degree in the full influence network).
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The direction of social influence in Equation 13 is determined by the final
term, v;; — v;;, while all three components together determine the magnitude
of influence. The first term, L;/(L;: + c;s), controls the effect of lobbying,
such that capital-rich actors have larger social influence (L;;), but the effect
on the receiving agent is moderated by the receiving agent’s capital (c;,).
The second and third components both depend on the agents’ value align-
ment and have opposing effects, which respectively represent homophily
(1 — |vit — vj4d) and ensure that agents with equal values do not influence
each other (i.e., if v; — v; = 0, we wish to ensure that v;;.1 = v;,). The reason
for the quadratic form in the middle term is to maintain the property that influ-
ence is stronger between closely aligned opinions (i.e., homophily), which the
third term otherwise counteracts.

To represent diffuse social norms and influence, we model a single “media”
entity whose opinion is the mean of all farmer and consumer values, weighted
by their respective capitals. The media is not an actor per se, operating outside
of the regular social networks and simultaneously impacting all agents’ values
(farmers, consumers, and the state). The strength of this influence (L;; in the
above equation) is set using an external parameter, neqia, Which defines the
total strength of media relative to word-of-mouth in each of the farmer and
consumer populations (it is 30% in the baseline parameterization). The
strength of the media’s influence on state values is equal to the sum of its ef-
fects on the farmers and consumers.

For the “change values” intervention (described in Table 1 and applied in
Figures 3, 4, 5, and 6), a percentage of farmers and/or consumers are
randomly selected at the beginning of the simulation to be affected by the
external discursive influence. This fraction is set by the El,. parameter in
Table S1. At each time step, these agents are subject to the external influence
in addition to the regular agent-agent interactions. The external influence is
modeled in the same way as agent-agent influences, with a strength of
Elstrengtn (Li¢ in Equation 13) and value orientation of 1 (v;; in Equation 13).
Empirical and theoretical basis
Opinion formation is complex and is influenced both by information pro-
vided by personal interactions and through the mass media.'” In farming
communities, diffuse narratives such as the “good farmer” are pervasive
and frequently perpetuate an ideology in which vyield is the key status
symbol.*”°"1°% Farmers also frequently learn from and follow others’
land-use practices.'*® Consumers’ consumption decisions are also heavily
driven by personal social influences (e.g., surrounding veganism and
organic consumption).'°®°° Beyond personal influence, mass media plays
a strong role in channeling public opinion around food and agriculture’® as
well as transmitting values between otherwise socially disconnected
communities.**

Individuals have a tendency to associate with like-minded people (i.e., ho-
mophily).'®° Such structures can lead to polarization of opinions.'®" Individuals
are also more strongly influenced by the opinions of well-respected others (in
our case, those with high capital), such as “important referent individuals,” '’
“championing farmers,”'*! or those with “political legitimacy.”*® This repre-
sents the notion of discursive influence described in Figure 1.

Social influence also flows from individuals and organizations to the state, as
in democratic societies the government responds to public opinion conveyed
through mechanisms such as voting, protest, and lobbying. Similarly to the
tendency for individuals to be more strongly influenced by well-respected
others, the values embodied in governmental policies are often more strongly
swayed by capital-rich actors.’”*® This is known as elite capture and is
another empirical example of discursive influence scaling with capital.
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e All original code has been deposited in the COMSES model library at
https://www.comses.net/codebases/6ac188eb-f817-4d73-85d6-
9fd051ed5a77/releases/1.0.0/.

o Any additional information required to reanalyze the data reported in this
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