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Organic food systems are recognised as an important component in meeting United Nations’ (UN)
Sustainable Development Goals. A leverage points perspective can help to identify approacheswhich
have the potential to facilitate transformative systemic change towards organic and sustainable
farming. Using fuzzy cognitive maps developed from expert stakeholder opinions, we modelled a
system of drivers of organic food production and consumption in the United Kingdom, according to
the UN Sustainability Assessment of Food and Agriculture systems framework. The most influential
concepts in the uptake of organic systems were related to system norms and values and social
structures, such as short-term economic thinking, landowner engagement, and relationships with
certification bodies. However, in a scenario analysis, organic stakeholders identified relatively
shallower leverage points as more likely to change under a sustainable future, resulting in limited
systemic change. This demonstrates the need for policies targeting system norms, values and social
structures relating to food systems to facilitate the transition to organic and sustainable farming.

Transformation towards sustainable food production systems is urgently
needed for agriculture tooperatewithinplanetaryboundaries, defined as the
environmental limits within which humanity can safely continue to thrive,
and make progress on Sustainable Development Goals (SDGs)1,2. Organic
agricultural systems have long been recognised for their potential con-
tribution towards this transition because of their emphasis on sustainable
principles such as reduction of synthetic inputs, crop and livestock diver-
sification, soil health improvement, and natural methods for pest and dis-
ease control3,4. Given their inherent productivity limitations5,6, organic
systems are unlikely to be the sole answer to address the challenges of global
food sustainability. However, they can play an important role in a sus-
tainable future for food production and consumption by offering nature-
based solutions tominimise adverse environmental impacts of production7.

Organic systems also provide inspiration for a broader food system
transformation3,4. The influence of organic systems extends beyond their
immediate practices, contributing to the transition towards a globally sus-
tainable food system. For example, organic systems can inspire the devel-
opment, uptake, and regulation of other innovative sustainable agricultural

systems such as agroforestry and conservation agriculture3,4. Organic sys-
tems can also contribute to a sustainable food systemwhen accompanied by
other measures, such as dietary changes and reductions in food waste, to
overcome theproductivity limitationsof organic farming8. Furthermore, the
adaptability of organic practices to local contexts highlights their relevance
in addressing specific local environmental challenges, such as nutrient
leaching7,9.

The contribution of organic agriculture to sustainable food production
is broadly recognised by both the scientific community10 and European
Union (EU) policies, for example, the Farm To Fork Strategy, which
includes a target of at least 25% of agricultural land under organic farming
by 203011. In the United Kingdom (UK), although no such target has been
set post-Brexit, conversion payments under the Countryside Stewardship
scheme doubled for some organic systems in 202212. The organic market in
Europe more than doubled in size between 2011 and 2020, with the UK
contributing to this, including a 12.6% increase in 2020 alone13. Despite this,
the organic land share in the UK has decreased by approximately 25% over
the past 10 years14, representing one of the highest decreases amongst
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European countries15. Nevertheless, there is an interest in the UK and
beyond in moving towards approaches that couple productivity with sus-
tainable practices, such as crop diversification and reduced reliance on
synthetic fertiliser inputs16–18. Suchsystemsareoften inspiredby andbuilt on
organic approaches4,19, but in order to be scaled up, require policymakers
and other actors to create an enabling environment for innovation3.

Enabling such a transformation requires a transdisciplinary under-
standing of the approaches that can enact change at a systemic level20,21.
Sustainability science, which aims to find solutions to complex transdisci-
plinary problems22, has been criticised for focusing on measures which are
easy to implement but only have limited effects on the system and therefore
have minor potential for transformational change20,23. The concept of
‘leverage points’ seeks to address this shortcoming by recognising the realms
of a complex system which have the greatest potential to enable transfor-
mative change21,23. Abson et al.20 propose that effective ‘deep’ leverage points
lie in the intent and design of the system, rather than more tangible para-
meters and their feedbacks. This builds onMeadows’23 theory that paradigm
shifts, mindsets, and the goals of the system have the greatest potential in
enacting transformational change. A recent systematic review of sustain-
ability interventions in food and energy systems demonstrates the need for
such a perspective, finding that most studies focus onmore tangible system
parameters which act as weak leverage points rather than deep leverage
points related to system rules, values and paradigms24. In this study, we
apply a leverage points framework adapted for sustainable food production
and consumption systems, as illustrated in Fig. 1, and tested its applicability
to organic food systems.

We aim to identify deep leverage points for the development of organic
and sustainable farming systems through the following broad research
questions; (1) what are the main factors that could affect the uptake of
organic food production and consumption in the UK by 2050, and (2) how
might these factors change under different future sustainability scenarios.
Our methodological approach was based on fuzzy cognitive maps (FCM),
which provide insight into how the components of a given system interact
and influence each other, thus identifying the components that have the
greatest influence, or leverage, on the system25. FCMs are of increasing
interest in applied agricultural research26–28. Based on the results of a
workshopattendedby18 expert stakeholders inorganic agriculture,weused
FCMs to conceptualise a model of organic food production and con-
sumption in the UK, showing that factors relating to systems norms and
values, and social structures, have the greatest influence on the system. We
then test how themodel would change under two contrasting sustainability
scenarios. These comprised a highly sustainable versus a fossil fuel and high
technology-driven future, based on the shared socioeconomic pathways
(SSPs) for European agriculture and food systems29. We explored whether

changes under these scenarios can be explained in terms of sustainability
dimensions and leverage categories, and which scenario would lead to the
greatest change to the baseline system. Stakeholders identified relatively
shallow leverage points as most likely to change under a sustainable future,
resulting in limited systemic change with implications for promoting the
uptake of organic and sustainable farming systems.

Results
Fuzzy cognitive map structure (baseline scenario)
A total of 55 concepts that could affect the uptake of organic food
production and consumption by 2050 within the UK were identified
in a workshop attended by 18 expert stakeholders in organic agri-
culture and subsequently modelled in the FCM. A simplified struc-
ture of the FCM is presented in Fig. 2, while the ‘top 30’ concepts are
ordered by centrality in Table 1. The concepts with the highest
centrality, representing the sum of the extent to which they affect and
are affected by other concepts, were ‘short-term thinking in eco-
nomics’ and ‘landowner engagement with organic farming’. These
concepts had stronger effects on the system relative to being affected
by other concepts (high ‘outdegree’). ‘Farmer-certification body
relationships’ also had a high outdegree, strongly affecting other
concepts in the system. Other high-centrality concepts were ‘con-
sumer willingness to pay for organic’ and ‘food scares’, which
influenced the system to a similar degree as they were influenced by
it. ‘Greenhouse gas emissions’ had the highest indegree, being most
strongly affected by other concepts in the system, followed by ‘con-
sumer willingness to pay for organic’ and ‘soil health’.

All of the concepts influenced and were influenced by the system to
someextent,with the exceptionof ‘improvedmental health’, whichwas only
affected by the system (receiver concept). Two other concepts had minimal
influence on the system, namely, ‘cultural value of food and farming
methods’ and ‘community engagement with food production’.

Each of the concepts was categorised according to four dimensions of
sustainability: governance, environmental, economic, and social30, in addi-
tion to ‘other’ (see Table 1). Concepts associated with the ‘other’ dimension
had the highest average centrality (Fig. 3a), whichwas driven by ‘short-term
economic thinking’. This was considered to be a broader concept than
purely economics by the stakeholders, relating to holistic mindsets and
planning, and was therefore placed into the ‘Other’ category rather than
‘Economic’. These ‘other’ concepts had a much stronger influence on the
system relative to being influenced by the system (outdegree vs indegree).
Social concepts showeda similar pattern. Economic concepts had the lowest
average centrality andweremore influenced by the system than influencing
the system (indegree relative tooutdegree), aswere environmental concepts.

Fig. 1 | Adapted leverage points concept for sus-
tainable food systems. The top nested categories
represent realms of leverage (adapted from Abson
et al.20 and Davelaar54), where ‘system norms &
values’ have the greatest potential for deep trans-
formative change and constrain the interventions
possible at shallower leverage realms (i.e.,
parameters).
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In terms of leverage categories (see Fig. 1), concepts relating to system
norms and values had the highest mean centrality, followed by social
structures, with parameters having the lowest centrality (Fig. 3b). A subtle
shift in the indegree vs outdegree was also apparent, with concepts relating
to norms and values having a slightly higher outdegree relative to indegree,
indicating they influence the system more than being influenced by it.

Scenario analysis
Two scenarios were tested to explore how the FCM system could respond to
contrasting future sustainability pathways, namely SSP1 ‘agriculture on
sustainable paths’ and SSP5 ‘agriculture on high-tech paths’29. One concept
from each of the four Sustainability Assessment of Food and Agriculture
systems (SAFA)30 dimensions plus afifth ‘other’dimensionwas clamped at a
high or a low value based on stakeholder votes, while a sensitivity analysis
was undertaken to test the second-highest voted concept in each of the five
dimensions. Under the SSP1 sustainable scenario, according to our FCM,
strong decreases were observed for ‘short-term thinking in economics’,
‘extent and effectiveness of green washing’, and ‘resistance from vested
interests’, whichwas supported by the sensitivity analysis (Fig. 4a). The effect
on ‘reliance on imported feed’ was less clear, with the sensitivity analysis
finding an opposite trend to the main analysis. Other changes were a
decrease in food waste and losses, an increase in fossil fuel prices, and higher
subsidies/payments under agri-environment schemes.

Modelled changes were less clear under the SSP5 fossil fuel,
technology-driven scenario, where the sensitivity analysis was less suppor-
tive of themain analysis (Fig. 4b). The strongest changewas for a decrease in
fossil fuel price. However, in the sensitivity analysis, this was clamped at a
high level in accordance with stakeholder responses. Furthermore, under
the main analysis, ‘land availability for food production’ and ‘cost of living’
both decreased, with increased ‘processing capacity’, but the sensitivity
analysis found the opposite effect. A consensus was however found for
increases in ‘reliance on imported feed’, ‘food waste and losses’, ‘availability
of labour’, and ‘carbon and biodiversity taxes’, while ‘extent and effective-
ness of green washing’ increased and was clamped at a high level in the
sensitivity analysis. As illustrated by the x-axis scale in Fig. 4a versus Fig. 4b,
changes to unclamped concepts were significantly higher under SSP5 than

SSP1 (t =−3.267, df = 49, p-value = 0.002; mean absolute change in equi-
librium values = 0.0180 in SSP5 vs 0.000753 in SSP1).

Discussion
In this study, we use fuzzy cognitive maps (FCM) to construct a model,
based on expert stakeholder opinions, of the factors that could influence the
uptakeof organic foodproductionandconsumptionby2050within theUK.
We then explore the impacts of future scenarios under contrasting sus-
tainability pathways (SSP1 and SSP5). The resulting modelled system was
complex, with 55 distinct concepts and 720 interactions identified. Our
results reveal the importance of more qualitative and behavioural aspects,
such as short- vs long-term economic thinking, landowner engagement
with organic farming, and farmer-certification body relationships, in
influencing the uptake of organic food production and consumption
(concepts with high outdegrees and centrality). By contrast, more quanti-
tative environmental and economic aspects tended to have less influence on
the system (lower outdegree), instead being more influenced by the system
(higher indegree).

Under future sustainability scenarios, a relatively strong consensuswas
reached as to how the system would change under the most sustainable
scenario (SSP1), including strong decreases in short-term economic
thinking, green washing, and resistance from vested interests. However,
modelled changes under the fossil-fuelled, technology-driven scenario
(SSP5) were very uncertain, perhaps reflecting the experience and knowl-
edge gaps of the participants, with model outputs conflicting with stake-
holder opinions and a sensitivity analysis.

Our findings are consistent with the theory that characteristics asso-
ciated with system norms and values and social structures have the greatest
potential to enact change across the system, i.e., deep leverage points20,23. For
example, the three concepts with the highest centrality were all categorised
under ‘system norms and values’ (short-term thinking in economics,
landowner engagement with organic, and consumer willingness to pay for
organic). Furthermore, concepts associated with system norms and values
tended to have relatively higher outdegree vs indegree, i.e., they influenced
the system to a greater extent than being influenced by it (Fig. 3b). This
implies that concepts associated with systemnorms and values are themain

Fig. 2 | Simplified fuzzy cognitive map network
showing the main factors that could influence the
uptake of organic food production and con-
sumption by 2050. This network shows the top 11
concepts with the highest centrality. Concepts are
coloured according to their dimension under the
Sustainability Assessment of Food and Agriculture
systems (dark green = ‘social’, light green = ‘envir-
onmental’, magenta = ‘economic’, yellow = ‘gov-
ernance’, grey = ‘other’) (see Table 1). Light blue
arrows represent positive interactions, whereby one
concept increases another concept in the direction of
the arrow, while orange arrows represent negative
interactions. Line width represents the strength of
the relationship. Concept names are abbreviated, see
Table 1 for full names. BD biodiversity, C carbon,
GHG greenhouse gas, GM genetically modified,
WTP willingness to pay.
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factors identified by the workshop participants that influence the uptake of
organic foodproduction and consumption, albeit it is important to note that
the role of parameters in influencing the system was nevertheless
substantial.

When an agreed target and knowledge of the system begin to be
understood, the final stage in transformation is to bring about change. This
concept is often termed ‘transformative knowledge’31–33, which includes
policy interventions, education and communication, participatory pro-
cesses, anda reconsiderationof values and assumptions31,32. To explore ideas
for transformative knowledge, thefindings of this studywere presentedback
to the same stakeholder group in November 2023. Feedback included fur-
ther clarification on the meaning of short-term economic thinking,
including looking after short-term financial profit, particularly in terms of
purchasing, rather than long-term sustainable thinking. For example, one
participant stated, “with a short-term economic profit-driven scenario, we
are robbing the future”. To address this, long-term economic policies
towards the food system were suggested, including building public goods
into agricultural payment schemes. Adjustment of market systems was also
suggested so that food prices represent the true cost of production.

Transformative knowledge requires a combination of promoting leverage
points around ‘uptake’ or ‘scaling-up’, along with overcoming barriers
associated with non-adoption. Although our research question focussed on
the former, the stakeholder group did interpret this question to include
barriers, as reflected in the high importance of non-adoption factors such as
short-term thinking in economics.

Our scenario analysis provided further insight into transformative
knowledge and supported the contention that leverage points associated
with system norms and values are important in the transition to a sus-
tainable future for food production (SSP1 scenario). There was a reasonably
strong consensus on themodelledchanges under a sustainable future,which
were also intuitive and broadly in line with the SSP1 scenario for European
agriculture29. Specifically, short-term thinking, green washing, and vested
interests all strongly decreased in this sustainable scenario, highlighting the
importance of institutional structure20. This could include building long-
term public goods into economic systems and policies10,34,35, and regulating
against green washing and vested interests4. Food waste also strongly
decreased under a sustainable future, whichwould be required tomeet food
demands if agriculture shifted towards more sustainable but less intensive

Table 1 | List of concepts according to their dimension under the Sustainability Assessment of Food and Agriculture systems
(SAFA)30 and leverage category (see Fig. 1), ordered by measure of centrality in the FCM model

Concept SAFA dimension Leverage category Centrality Indegree Outdegree

Short-term thinking in economics Other System norms & values 18.6 6.7 11.9

Landowner engagement with organic farming Social System norms & values 17.5 4.4 13.1

Consumer willingness to pay for organic Economic System norms & values 16.3 8.2 8.1

Food scares Social Parameter 16.1 7.1 9.0

Soil health Environmental Parameter 15.6 7.8 7.8

Farmer-certification body relationships Social Social structures 15.4 2.6 12.8

Greenhouse gas emissions Environmental Parameter 14.5 9.2 5.3

Transparency: consumer awareness of labels and organic
standards

Social Social structures 14.3 3.7 10.6

Concerns with genetically modified crops Social System norms & values 14.0 3.5 10.5

Carbon sequestration Environmental Parameter 13.6 7.5 6.1

Carbon and biodiversity credits Governance Parameter 13.6 5.6 8.0

Consensus on sustainability metrics Other Social structures 13.2 3.2 10

Water quality Environmental Parameter 13.0 7.1 5.9

Dietary shift to more seasonal, local and organic Social System norms & values 12.8 7.2 5.6

Evidence and awareness of biodiversity benefits Environmental Social structures 12.8 7.4 5.4

Environmental targets Governance Social structures 12.5 5.1 7.4

Subsidies/payments under agri-environment schemes Governance Parameter 12.0 6.8 5.2

Sudden supply chain shocks Economic Parameter 11.5 4.3 7.2

Understanding of the link between soil, plant, animal and human
health

Governance Social structures 11.5 5.2 6.3

Land availability for food production Environmental Parameter 10.9 4.0 6.9

Training and education of new farmers Social Social structures 10.7 4.0 6.7

Land use change—converting arable to grassland/woodland Environmental Parameter 9.9 5.9 4.0

Consumer awareness of the benefits of organic production
methods

Social Social structures 9.8 7.6 2.2

Media messaging Social Social structures 9.5 4.2 5.3

Price of organic food Economic Parameter 9.3 6.6 2.7

Pasture condition Environmental Parameter 9.2 7.3 1.9

Pests and diseases Environmental Parameter 8.9 3.5 5.4

Animal welfare Environmental Other 8.7 6.9 1.8

Media support and coverage Social Social structures 8.7 6.6 2.1

Innovation opportunities Governance Social structures 8.6 5.8 2.8

Indegree and outdegree represent, respectively, the extent to which the concept is affected by and affects other concepts in the FCM. Only the top 30 concepts are shown (according to centrality); see
Supplementary Table 1 for the list of all 55 concepts.
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methods8. Increases in fossil fuel prices and subsidies/payments under agri-
environmental schemes were also indicated by the model under a sustain-
able future, suggesting a role of institutions to design systems to incentivise
sustainable farming practices and disincentive fossil fuel consumption10.
This was accompanied by decreases in the conversion of grassland and
woodland to arable uses, and in animal antibiotic use, consistent with a
lessened focus on agricultural intensification. Access to green spaces
increased under this scenario, indicating a role of connectedness to nature,
which is associated with environmentally sustainable consumption and
food choices36,37. The change in reliance on imported feed was the only
inconsistent effect in the top-ten concepts (sensitivity analysis conflicted
with the main analysis). In this case, dietary shifts to more seasonal, local,
and organicwere clamped in themain analysis, whichmight reduce reliance
on imports, whereas in the sensitivity analysis, the price of organic food was
clamped at a low level, increasing the reliance on imports given the reduced
productivity of organic systems5.

Model predictions under the fossil-fuelled, high technology-driven
scenario (SSP5)were less clear, although therewas consensusonan increased
reliance on imported feed, food waste, labour availability, taxes for carbon
and biodiversity, and green washing. These changes are consistent with a
food system geared towards maximising the efficiency of production in a
global context, resulting in reliance on imports and limited action to address
foodwaste or greenwashing29. However, the effects on fossil fuel prices, land
availability for food production, cost of living, processing capacity, and
conversionof grasslandandwoodland to arablewere inconsistent, indicating
the uncertainty of the system under a scenario where sustainability is not
prioritised, at least according to our stakeholder perceptions.

Perhaps surprisingly, overall modelled change under the fossil fuel
driven scenario (SSP5) was significantly higher than the sustainable scenario
(SSP1), indicated by the significantly higher absolute change in equilibrium
values of unclamped concepts. This is because concepts identified by the
stakeholders as more likely to change under SSP5 influenced the system to a
greater degree than the concepts identified under SSP1 (mean outdegree in
SSP1 6.02 vs 7.48 under SSP5,main analyses). In otherwords, the factors that
stakeholders identified would change the most under the SSP1 sustainable
scenario would have relatively limited leverage potential, according to the
model. This implies that inorder to achieve systemic transformative change, a
shift in focus is required to address deeper leverage points such as short-term

economic thinking, landowner engagement with organic and sustainable
farming systems, and relationships with certification bodies.

The FCM methodology provided unique insights into a complex
system, allowingus toquantify the leveragepotential of under-studied, fuzzy
concepts, such as short-term economic thinking, in the uptake of organic
and sustainable farming systems. As such, FCM was a useful method for
identifying deep leverage points in a complex, transdisciplinary system and
has potential for further applications, including leverage points perspectives
for sustainable transformation.

Our findings should be understood in the context that the FCM
methodology does not intend to model reality, but rather the partici-
pants’ perceptions and interpretations of the functioning of a complex
system at a certain time38,39. Although providing valuable insight into the
views of expert stakeholders on organic food systems, the findings and,
indeed, the phrasing of the language are a product of the stakeholder’s
perceptions. This could explain some of the uncertainty under the
SSP5 scenario, given that the stakeholder group was likely less familiar
with this pathway compared with the SSP1 scenario. A broader stake-
holder engagement, including those from conventional backgrounds,
would likely provide further insight into reasons for the non-adoption of
organic and sustainable agricultural systems. For example, more ‘con-
ventional’ stakeholders could provide additional clarity regarding some
of the broad concepts of ‘vested interests’ and ‘landowner engagement
with organic’. Additionally, conventional stakeholders would likely raise
different factors relating to non-adoption, such as impacts on pro-
ductivity and profitability, which were largely overlooked by our organic
stakeholders who had a more ecocentric mindset40,41. Such an exercise
would potentially be impactful because, thus far, the organic sector is a
somewhat niche market, especially in the UK and Europe13. Extending
this niche towards a mainstream future would require engagement by
farmers and other stakeholders from different backgrounds and with
different values and mindsets. However, such a broad exercise could be
hindered by the inherent resistance of conventional stakeholders to
engage with the focal concepts.

Although our studywas carried out in aUKcontext, global relevance is
highlightedby the potential value of embracing social-ecological complexity
in sustainability science42. Nevertheless, additional insights could be gained
by applying a similar FCM analysis to developing countries, where organic
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and sustainable food systems have distinct challenges, such as food security,
limited consumer demand for organic products, and farmer training and
support7,43.

Conclusion
Our findings are consistent with the leverage points perspective for a
transformation towards a more sustainable food system in that concepts
associated with system norms and values and social structures had the
greatest potential for systemic transformative change in the uptake of
organic and sustainable food systems in the UK. In particular, qualitative
behavioural aspects had the greatest role in influencing theuptake of organic
food production and consumption, whilstmore quantitative environmental
and economic aspects tended to be more influenced by the system. Our
scenario analysis provided a strong consensus onmodelled changes under a
sustainable future, in contrast to a fossil fuel, high technology-driven sce-
nario. However, the factors which stakeholders believed would change the
most under a sustainable scenario had limited leverage potential compared
with the fossil fuel scenario. These findings indicate a need to shift focus to

target deeper leverage points, such as long-term economic thinking, land-
owner engagement with organic and sustainable farming systems, and
relationships with certification bodies, to deliver systemic transformative
change.

Methods
Fuzzy cognitive maps (FCM)
Knowledge of a system can be broadly represented in terms of concepts,
their interdependencies and causes, all of which can be uncertain and
imprecise. FCMs were developed to visually represent causal relationships
between concepts in ‘fuzzy’ contexts, i.e., where knowledge is non-binary25.
This means FCMs are especially applicable to knowledge domains that are
not wholly quantitative, such as social and behavioural patterns.

FCMs are broadly built around two components; concepts (sometimes
referred to as nodes, vertices, components or factors), and interactions
between concepts (also known as edges, arcs or links)38. Concepts are the
features or classifications of a system and can influence each other through
positive or negative interactions of a certainweight. For example,ConceptA
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Fig. 4 |Main changes under contrasting future sustainability scenarios.Results of
the SSP1 sustainable (a) and SSP5 fossil fuel, technology-driven (b) scenariomodels,
where relative change is the difference between the SSP scenario and the baseline.
Black bars represent themain analysis where one concept with the highest consensus
in each of thefive groupswas clamped, while grey bars represent a sensitivity analysis
whereby other concepts with a high consensus were clamped (see Table 2 for

clamped concepts). Only 10 concepts with the highest relative change under the
primary model are shown (excluding concepts clamped in the main analysis).
Clamped concepts under the sensitivity analysis are not shown (fossil fuel price and
green washing in (b)). AES agri-environment schemes. Concept names are shor-
tened, see Table 1 for full names.
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might have a weak positive influence on Concept B, which could have a
strong negative influence on Concept C, which positively influences Con-
cept A, and so on. FCMs allow the researcher to determine the significance
of each concept in terms of the extent to which they influence, and are
influenced by, other concepts in a given system. It is also possible to examine
individual interactions between any two concepts, and the impact of
changing one ormore concepts on other concepts in the system. Therefore,
FCMs are well suited to examining semi-quantitative system dynamics as
well as exploring changes to a system under future scenarios.

FCMs have been used in a wide range of research topics. Recent
applications in agricultural research include farmer perceptions of
sustainability26, public goods governance27, and constraints and opportu-
nities for sustainable intensification28. The application of FCM in this study
was broadly based on Ziv et al.38, which contains more details regarding the
mathematical model of FCM.

Stakeholder workshop
Input data for the FCMwas derived from an online workshop hosted by the
University of Reading in March 2023. A total of 38 stakeholders from 23
organisations were invited to participate in the workshop. These were
selected based on membership in professional organisations and societies
related to organic food systems, taking account of their technical knowledge,
reputation, and involvement in the organic sector in theUK, and including a
range of organisations from the private sector, government, and research44.
A total of 18 participants from 10 organisations attended the workshop,
including representatives of academic institutions (7 participants), charities
and certification bodies (6 participants), a government department (3
participants), and agricultural businesses that advocate organic food and
farming (2 participants).

Following an introduction to the project, aims of theworkshop and the
concept of FCM, the workshop was split into three main parts. In the first
part, participantswere asked to respond to the followingquestion: ‘Whatare
the main factors [‘concepts’ in FCM terminology] that could affect the
uptake of organic food production and consumption in 2050 within the UK?’
This question was set in the context of the workshop aim, which was to
‘identify the most important / influential elements for a scaling-up of organic
agriculture and food systems in theUK’. Participantswere asked to categorise
each of the factors/concepts they contributed according to four dimensions
of sustainability under the United Nations’ Sustainability Assessment of
Food and Agriculture systems (SAFA): governance, environmental, eco-
nomic, and social30, with ‘other’ also allowed. At the end of this first part, a
matrix spreadsheet was developed with all concepts represented in both
rows and columns.During the secondpart, participantswere split into three
groups to define which concepts interact and to what extent. Firstly, each
participant was asked to highlight cells in the matrix to define interactions
between concepts. Next, each group (led by a facilitator) collaboratively
agreed on the direction (positive or negative) and strength (weak, medium
or strong) of each interaction.

The thirdpart of theworkshopwas a scenario analysis.We selected two
contrasting shared socioeconomic pathways (SSPs)45,46, which have been
adapted specifically for European agriculture and food systems29. These
comprised themost sustainable scenario (SSP1) and themost fossil-fuelled,
technology-driven scenario (SSP5) (see Table 2). These opposing scenarios
were selectedwith the aimof providing clarity and contrast between the two
scenarios and the baseline 2050 scenario. Participants were briefed on the
two scenarios, including a reading of the relevant parts of the 'Eur-Agri-
SSPs' in Mitter et al.29, and then split into three groups to answer the fol-
lowing question: ‘How would the factors under each pillar of sustainability
(governance, environmental, economic, social) change under each SSP sce-
nario?’To answer this, participants were asked to vote on one concept from
each of the four sustainability pillars plus the ‘other’ group, which they
expected would changemost strongly under each SSP scenario. Each group
then decided, as a collaborative exercise, whether the voted concepts would
increase or decrease, and the strength of effect (change slightly, to a mod-
erate extent, or a lot), for each SSP scenario.

Fuzzy cognitive maps analysis
The first two parts of the workshop yielded a total of 55 concepts (factors
that could affect the uptake of organic foodproduction and consumption by
2050 within the UK) and 720 interactions between the concepts. Following
theworkshop, thematrixof interacting conceptswas converted to anumeric
scale between−1 and+1, to conformwith the required input for FCM.This
conversion was based on the methods of Ziv et al.38, whereby weak rela-
tionships were scored 0.2, medium relationships 0.5, and strong relation-
ships 0.7. Positive and negative relationships were coded by corresponding
signs, e.g., a strong negative relationship was −0.7.

Consideration was given to the application of qualitative aggregation,
whereby similar or related concepts are combined, to reduce the number of
concepts38,47. However, it was considered that the concepts were sufficiently
distinct that qualitative aggregation would lead to a substantial loss of
information within the FCM. Therefore, two FCMs were built, using the
‘nochanges.scenario’ function with 25 iterations (which reached equili-
brium in both models) in the FCMapper R package48. Firstly, a full FCM
which contained all concepts and interactions. The role of each concept in
the full FCMwas calculated using three indices, namely centrality, indegree
and outdegree. The centrality of the concept represents the strength of its
weighted interactions with other concepts in the FCM and comprises the
total of the indegree andoutdegree. Indegree is the extent towhich a concept
is influenced by other concepts in the system,while outdegree represents the
influence that a concept has on other concepts.

The second FCM comprised a simplified model containing only 11
concepts with the highest centrality scores. This was built solely for visua-
lisationpurposes because the full FCMwasdifficult to interpret visually. The
top 11 conceptswere selected because the graphbecamedifficult to interpret
withmore concepts, while there was a relatively high difference between the
11th- and 12th-ranked concepts (see Table 1).

To explore whether a concept’s interaction with the system differed
according to SAFA dimensions, the mean and standard deviation of cen-
trality, indegree and outdegree were calculated for each dimension. To test
the leverage points concept (Fig. 1), each of the 55 concepts was categorised
as representing ‘systemnorms and values’, ‘social structures’, ‘parameter’, or
‘other’ (see Table 1). This categorisation was undertaken by the lead author
and presented back to the stakeholder group in November 2023. For each
leverage category, the mean and standard error of the centrality, outdegree
and indegree metrics was calculated.

Scenario analysis
Scenario analysiswas undertakenby ‘clamping’ concepts to a high (1) or low
(0) value so that the effect of their change under future scenarios on other
‘unclamped’ concepts could be evaluated by comparing their equilibrium
values against the baseline scenario38,49. To avoid overly constraining the
scenario analysis, the top-voted concept from the stakeholder workshop in
each of the five sustainability groups (governance, economic, social, envir-
onmental, other) was clamped, for each of the two scenarios (see Table 2).
The clamped value for each concept was set as ‘1’ or ‘0’, depending on
whether the stakeholders identified an increase or decrease under the sce-
nario. Each scenario was tested using the ‘changes.scenario’ function in
FCMapper, with 25 iterations which reached equilibrium values.

To examine the robustness of the scenario analysis, a sensitivity ana-
lysis was undertakenwhereby the second top-voted conceptwas clamped in
each sustainability group if it received at least three votes, instead of the top-
voted concept (see Table 2). If the second top-voted concept received less
than three votes, the top-voted concept was again clamped. Where two
concepts were tied in second place (with at least three votes), both concepts
were clamped (thus a total of six concepts were clamped in the sensitivity
analyses for both the SSP1 andSSP5 scenarios). The clampedvalueswere set
as 1 or 0, as for the main scenario analysis.

Finally, to test whether the modelled overall change in the system
differed under the SSP1 versus SSP5 scenarios, we calculated the mean
change in equilibrium values of unclamped concepts in the main analyses,
after converting all values to positive. A t-test was then run to determine
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whether therewas a significant difference between the change in unclamped
equilibrium values under SSP1 versus SSP5.

All analysis was undertaken using R version 4.3.150, using the packages
FCMapper48, and igraph and ggplot2 for visualisations51,52. The preliminary
results of the analysis were presented to the stakeholder group inNovember
2023, and the main points of feedback are included in the “Discussion”.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data collected from the first part of the workshop are openly available via
FigSharewith the identifierhttps://doi.org/10.6084/m9.figshare.2566425053.
Data from the second part of the workshop are available in Table 2 in the
main text.
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