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1. Introduction

A growing body of literature supports the environmental and agronomic
benefits of grain legume-cereal intercropping as a promising practice for
sustainable production (Brooker et al. 2015).

Studies and reviews have consistently found overall yield per area
increases, fertilizer and pesticide input reductions, and a diverse range
of soil health benefits by implementing this agroecological practice
(Brooker et al. 2015; Curtright and Tiemann 2021; Glaze-Corcoran et al.
20205 Jensen et al. 2020; Ksigzak, Staniak, and Stalenga 2023). Legume-
cereal intercropping also increases resilience to biotic and abiotic stres-
sors, increasing yield stability, which is critical to farm and food system
sustainability under ongoing climate change conditions (Jensen et al.
2020). Legume-cereal intercropping studies have noted economic, envir-
onmental, and social benefits across diverse geographical contexts globally
(Kwabiah 2005; Mthembu, Everson, and Everson 2018). Some of the
additional positive impacts include increased biological productivity and
nutrient use efficiency (Brahimi et al. 2022; Ghosh et al. 2007), as well as
pest and weed suppression (Flores-Sanchez et al. 2013; Helenius 1991;
Mthembu, Everson, and Everson 2018). Intercropping also supports the
provision of ecosystem services by harnessing diversification of cropping
systems with legumes to sequester carbon and reduce agrochemical and
fossil fuel usage (Bedoussac et al. 2015; Ditzler et al. 2021; Justes et al.
2021). Studies in Europe found that intercropping can improve economic
performance at the farm system scale while reducing environmental
impacts (Bedoussac et al. 2015; Pelzer et al. 2012). However, the lack of
markets for grain legumes remains a critical barrier in Europe (Ditzler
et al. 2021). Barriers to intercropping for grain production can also
include operational barriers on the farm (e.g., sorting grains) and often
more importantly, supply chain barriers (e.g., lack of processing facilities,
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food safety requirements) that can further limit potential economic
advantages (Aare, Lund, and Hauggaard-Nielsen 2021; Himanen et al.
2016).

Intercropping is a practice that can be implemented in a variety of ways and
these differences in implementation have important implications for crop
management on-farm and across the supply chain. Legume-cereal companion
species can be seeded by casual spread of seeds, alternating furrow and
alternating strips. They can also be grown together from sowing to harvest
or with partially mismatched growing cycle, for example, legume species can
be killed before cereal shoot elongation to transfer nitrogen to the cereal,
which is the species sold to market (Guiducci et al. 2018). Intercropping can
also support a range of purposes, for feed, green manure, or food. The main
limitations to adoption of intercrops occur when crops are sown together and
grains of the two species are harvested at once. However, in the context of the
green transition, increasing the production of plant-based protein through the
practice of legume-cereal intercropping could enable the production of ben-
efits from a holistic food system perspective.

Despite the potential for environmental and economic benefits of inter-
cropping supported by studies in the European context, grain legume-cereal
intercropping has not been widely adopted in Europe, particularly in large-
scale industrialized cropping systems (Bybee-Finley and Ryan 2018). Legumes
have low fertilizer requirements, a relatively high protein content and could
potentially increase protein self-sufficiency and environmental impact reduc-
tions in support of the European Union’s “Green Deal” (Ferreira, Pinto, and
Vasconcelos 2021). Enhancing grain legume production in the European
Union (EU) has become a political objective both in rotated monocultures
and through legume-cereal intercropping (Ferreira, Pinto, and Vasconcelos
2021). The EU’s Common Agricultural Policy (CAP) regulations currently
include legumes as part of the greening restriction, for the provision of
Ecological Focus Areas (EFA), to encourage adaptation by farmers (Bonke,
Michels, and Musshoff 2021). Yet even as monocrops legumes are not widely
adopted, they are grown on an estimated two percent of arable land in the EU
(Ditzler et al. 2021). The registration of legume-cereal intercrops is not avail-
able in some EU countries which makes it difficult to estimate the current
production area. To increase the adoption of grain legume-cereal intercrop-
ping, it is important to understand the complex social, technical, and political
barriers to adoption in Europe (Mamine and Fares 2020). Identifying the
strategies for increased adoption are also important to support enabling
environments for intercropping and could provide a framework to enable
other green transitions. It is particularly important to understand the con-
siderations and perceptions of supply chain stakeholders from field to fork to
uncover barriers and tradeoffs, enabling the design of mutually beneficial
strategies across scales (Haysom et al. 2019).
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Figure 1. Workshops to conduct focus groups which often included field visits were conducted in
nine countries. The ten focus groups used a shared template to provide a synthesis of barriers and
opportunities, defining strategies for grain cereal-lequme intercropping. Photographs taken by
Dr. Agata Gryta and Prof. Magdalena Frac, used with permission.

This study uses focus groups and a food systems perspective to address the
following objectives:

1) identify barriers, enabling factors, and strategies related to the adoption
of grain legume-cereal intercropping for food production in Europe, high-
lighting regional differences and similarities across focus groups, and 2)
determine strategies and possible pathways toward sustainable food system
transitions in Europe (Figure 1).

Focus groups are a preferred method for enabling a more rich understand-
ing of complex socio-ecological issues in a variety of food system contexts.
Himanen et al. (2016) engaged Finnish farmers in workshops to identify how
opportunities and challenges impact the wider adoption of intercropping as
a climate change adaptation. Dorneich et al. (2023) used focus groups to
understand farmer and consumer perspectives on diversifying local food
systems in the Midwest United States. Sonnino, Tegoni, and De Cunto
(2019) used focus groups to identify challenges to food system change from
a global perspective at the city scale; this focus group data was later triangu-
lated with data from a semi-structured questionnaire. Grinberga-Zalite and
Zvirbule (2022) also used a mixed method approach combining discourse
analysis, case studies, and focus groups to understand challenges to waste
minimization challenges in EU food production enterprises. Strengths, weak-
nesses, opportunities, and threats (SWOT) analyses have also been combined
with focus groups to develop a deeper understanding of barriers and effective
strategies for future research and policy development from a food system
perspective (Blanco-Gutiérrez, Varela-Ortega, and Manners 2020; Dergan
et al. 2022).
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2. Methods

This study reports on findings from a collection of focus groups conducted
in the framework of the LEGUMINOSE (Legume-cereal intercropping for
sustainable agriculture across Europe) project. In this study, we used a food
system perspective, an interdisciplinary approach aimed at understanding
socio-economic and biophysical drivers while acknowledging the systemic
nature of sustainability. The food system perspective is a useful framework
for understanding interactions across complex human-nature systems to
inform research and policy (Allen and Prosperi 2016). This framework also
supports the integration of diverse perspectives and flexible pathways
toward sustainable solutions (Haysom et al. 2019). We place particular
emphasis in this paper on the barriers and strategies related to legume-
cereal intercropping for dual grain production within the food system in
Europe.

2.1 Focus group design

Focus groups were conducted to identify opportunities, enabling conditions
and strategies for legume-cereal intercropping. Focus groups collect qualita-
tive data useful in applied research to describe complex socio-environmental
dynamics across contexts (Dorneich et al. 2023; Holzer, Carmon, and
Orenstein 2018; Sonnino, Tegoni, and De Cunto 2019). SWOT analyses
were conducted with participants in the focus groups to provide a useful
structure for stakeholder discussions in this study. SWOT analyses have
been applied in other studies to uncover new insights into complex food
system dynamics and transition pathways (Dergan et al. 2022). Strengths
and weaknesses are defined as internal factors that are influenced by farmers
and value chain actors (e.g., level of collaboration, farming skills, and acces-
sible technology). Opportunities and threats are defined as external and
structural factors that cannot be influenced by focus group actors (e.g., soil
type, climate, market trends, legislation). After SWOT were identified by
participants for grain legume-cereal intercropping in the context of food
system integration within each focus group, they were prioritized to support
effective analysis and strategy development by the group. The focus group
participants then identified strategies by combining key strengths with max-
imized opportunities and minimized threats. The same technique was used to
identify risk mitigation strategies by combining a key weakness with an
opportunity and threat. This exercise led to a set of enabling conditions and
strategies developed by each focus group to support increased adoption of
grain legume-cereal intercropping. The focus groups were summarized by
researchers who facilitated the focus groups in each country. These summaries
were collected for further qualitative analysis and coding by T.F.S and M.H.T.
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2.2 Focus group implementation

Focus groups were conducted in seven European countries, the Czech
Republic, Denmark, Germany, Italy, Poland, Spain, and the United
Kingdom (Figure 2). This wide range of different climatic and cropping
conditions provides a useful overview of opportunities, barriers, and strategies
to support grain legume-cereal intercropping across the food system in the
European context. Based on the study objectives, several target groups were
relevant to be included. The first were groups of farmers, particularly those
interested in or experienced in intercropping. Groups of researchers, policy-
makers, and participants across the supply chain were also included to
strengthen the food system perspective. Partners were also encouraged to
ensure the participation of crop advisors and seed producers who have more
detailed knowledge of relevant species for grain legume-cereal intercropping
and how they may grow in combination.

Focus groups were part of workshops (e.g., a farmer field day) organized by
partners in the summer or early autumn of 2023. Guidelines and a focus group
agenda were developed and distributed to all partners to enable comparison
while supporting adjustments based on local conditions and opportunities
(Supplementary Material). The workshop length varied from 2 to 7 hours; the
common agenda included introducing the research project, field activities, and

N
0 500 1.000 2.000 Kilometers A

Mixed intercrop
field pea and
spring barley

Mixed row intercrop
white lupin and
winter wheat

Mixed intercrop
alfalfa and barley

Figure 2. Map of participant countries highlighted in orange with legume-cereal intercrop
examples from long-term research trials on the right for three countries (Denmark, Germany,
Spain).
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presentations from several important stakeholders (e.g., farmers with inter-
cropping experience, seed producers, advisors) followed by a focus group
discussion. The focus group sessions were designed to take approximately 45
minutes, and discussions were conducted in small groups with a targeted size
of six to eight participants. Workshop participants were split into several
groups if there were more than ten participants to improve participation and
the richness of the qualitative data collected. Facilitators aimed to create
homogenous groups to support open conversation, often grouping based on
occupation (farmer, researcher, supply chain representative) and farmer type
(conventional, organic) (Krueger & Casey, 2015).

2.3 Focus group analysis

Focus groups were conducted in seven countries and summarized in seven
reports using a common template to support analysis across groups
(Supplementary Material). As understanding intercropping from a food sys-
tem perspective is a critical aim of this study, it was essential to involve a broad
range of stakeholders from across the value chain. Two hundred twenty
participants representing different perspectives on grain legume-cereal inter-
cropping were included to enable a more comprehensive list of food system
strategies useful for applied research and policy development (Table 1).
Although the number of responses by country ranged from 18 (Denmark) to
48 (United Kingdom), this quantitative variation in participant number did
not impact the number of codes or the relative weight of that country’s
qualitative responses reported in this study.

This qualitative analysis was conducted using an inductive coding
method. All individual focus group text summaries were examined line by
line, splitting an individual concept or perception into a single code (Corbin
1998; Silverman 2011). Each code was added to a spreadsheet and used to
code the remaining text summaries; new codes were simultaneously identi-
fied when a new concept was uncovered. After coding all the focus group text
summaries, codes were grouped based on specific themes. Themes were

Table 1. The categories and number of focus group participants within each participating country.

Researchers/ Non-governmental Supply industry
Country Farmers Scientists Policymakers organizations stakeholders Other Total
Czech 9 7 2 2 8 1 29
Republic
Denmark 3 7 3 2 3 0 18
Germany 34 3 0 0 2 2 41
Italy 10 4 2 1 0 " 28
Poland 13 9 0 0 1 5 28
Spain 7 8 1 0 5 7 28
United 29 6 0 3 3 7 48
Kingdom

Total 105 44 8 8 22 33 220
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developed to organize strengths (n = 12), weaknesses (n = 18), opportunities
(n=16), threats (n=17), intercropping species selection (n =12), and stra-
tegies (n =17). The themes, once established, were placed into larger cate-
gories to enable more in-depth analysis and visualization based on
conceptual groupings. Five categories were included in SWOT analyses:
Knowledge and Technology, Environment, Political, Social, and Economic.
These categories were further synthesized for explanation by ecological,
farm, and food systems. The strategies were similarly synthesized into five
themes by system type: farm system, food system, advice system, governance
system, and networking across systems, as described in section 3.3.

3. Results

Overall, many countries shared similar ideas about the strengths, weaknesses,
opportunities, and threats of intercropping in current production and supply
chain contexts (Table 2). SWOT analyses also highlighted that many strengths
and opportunities of intercropping were primarily environmental, while
weaknesses and threats were primarily knowledge and technology-related,
although the lack of markets and additional costs and complications were
also widely noted.

3.1. Strengths, weaknesses, opportunities, and threats of grain legume-cereal
intercrop adoption

3.1.1. Strengths

The most important strength of intercropping critical in all ten focus groups
was reduced fertilizer and pesticide (herbicide, insecticide) inputs and reduced
need for alternative weed and pest controls for organic producers. Reducing
these inputs is important for farmers due to high costs, regulations restricting
their use, and sometimes both. Intercropping was seen as a win-win to sustain
yields while reducing inputs. Soil health was another central strength discussed
in nine of ten focus groups. As land stewards, farmers were concerned about
reducing erosion and improving their soil’s physical properties and micro-
biome to sustain production on their fields into the future. Other aspects of
environmental health highlighted by most focus groups included improve-
ments in biological nitrogen fixation, biodiversity, plant health, and soil
carbon storage. Yield stability and adaptability of intercropping across crop-
ping system types and production scales were notable strengths highlighted in
eight out of ten focus groups. Increased yield stability was considered
a particularly valuable strength for farmers due to climate change, which
impacts water availability and increases the yield variability experienced by
some farmers.
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Table 2. SWOT analyses of grain legume-cereal intercropping across the food system
organized with themes listed based on their category and the number of countries
listed in parentheses (n=).

Strengths Weaknesses | Opportunities Threats
New weed, disease, virus & pest control
Crop management challenges (n=5) issues (n=4)
Inadequate and costly Unavailability of suitable seedstock (n=3)
Knowledge equipment/technology (n=4) Lack of appropriate
Supportive technologies (n=2) Unknown timing of seeding and tex mathiacy i (n=3)
& Technology synchronizing harvest (n=3) (n=2) New gaps in management knowledge
et Fer et ooy (n=2)
e e ) Lack of research for management in
specific local conditions (n=2)
Reduce fertilizers, pesticides & Reduce fertilizer use (n=5)
alternative controls (n=7) Increase plant protein (n=4)
Soil health (n=7) Regenerative agriculture &
Biodiversity (n=6) gion-specific crop iodiversity (n=3) Limited water availability to support
Resilience, yield stability ith potential for Soil health & fertility (n=2) 2+ crops (n=2)
(n=6) interspecies competition (n=2) OM & C sequestration (n=3)
Nitrogen fixation & carbon storage (n=4) Climate-resilient agriculture (n=2)
Erosion prevention (n=3) Reduce plant diseases, pesticide
(n=2) resistant pests & plants (n=2)
. d policies
Political intercropping (n=5) (n=4)
Farmers risk perception & lack of
Social management experience (n=4) (] low adoption (n=3)
Additional time and on (n=2)
K fitability and i i
e i Inability to sell profitably (n=6) ”“';"‘""ﬁ‘:“"““""" local Lack of markets & prices (n=5)
Economic i Additional costs for seed separation, | Product (n=4) New costs & complication (n=3)
Increased yields (n=4) e Quality livestock feeds (n=3) o i o
e L labor and cultivation (n= Ser e g mmercializing new crop markets (n=

From an economic perspective, seven of the ten focus groups discussed
increased farm profitability (e.g., increased land equivalents ratios, reduced
input costs) and the potential for income diversification (e.g., cereal as nurse
crop for new niche legume crop) as an important strength of intercropping for
dual grain production. In addition to reducing input costs, some focus groups
expressed that increased yields were also a strength of intercropping (n = 4).
Notably, only two countries discussed technology-related strengths, listing
GPS and digital farm management technologies as conducive to supporting
the integration of intercropping onto farm systems in Europe.

3.1.2. Weaknesses

The most important weaknesses for intercropping noted by the largest number
of countries related to selling products profitably (n=6) and crop manage-
ment challenges (n =5), followed by the perception of risk by farmers due to
the lack of knowledge and experience with managing intercropping on their
farms (n = 4) and inadequate equipment (1 = 4). Many economic concerns are
related to the lack of tested markets and pricing structures for mixed legume-
cereal grains or for separating the grains for sale within food grade and feed
grade markets. Focus groups expressed the need to test economic viability
before scaling up production via intercropping. The management challenges
were threefold: Place-based (e.g., areas with low organic matter and water
availability may require different intercrops and practices); Farm manage-
ment-based (e.g., seeding timing, synchronizing harvest, appropriate equip-
ment); and Market-based (e.g., consistent products to enable
commercialization, lack of legumes in crop rotation due to low demand and
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prices). Each of these three management challenges requires different strate-
gies to overcome (section 3.3). Of critical importance was the issue of not
having region-specific approved crop varieties. Without these tested place-
based seed combinations, several focus groups (n =2) expressed concern for
weakness due to competition between species for water, light, and nutrients.
Focus groups in four countries listed the lack of suitable seedstock as a key
threat. Once specific seed combinations are optimized, concerns regarding
management and marketing can be addressed strategically.

3.1.3. Opportunities

The most important opportunities for intercropping cereals with grain
legumes were to reduce fertilizer use (n=5) and governmental and policy
support to increase intercropping adoption (n=5). Reducing farm system
inputs was listed by focus groups in all countries as a strength and was also
the most widely proposed opportunity. Reducing fertilizer use can reduce the
environmental impact of crop production by decreasing carbon emissions
(e.g., mineral fertilizer synthesis & application) and reducing runoff into
water bodies. Reducing inputs was also seen as an important way to reduce
costs within farm systems. Many focus groups in Europe reported that
although some governmental support is becoming available in the UK and
through EU CAP funds as a condition for SAPS in 2024, it is still important to
expand and improve environmental schemes through policy support and
subsidies to increase adoption and mitigate the risks for farmers.

From a food system perspective, opportunities to increase plant protein by
incorporating more grain legume while reducing production inputs and other
environmental impacts were highlighted. Building on opportunities for live-
stock feed and to develop value chains for human consumption of plant-based
proteins was discussed in four focus groups. These economic opportunities
were reported together with more socially oriented opportunities, such as
improving stakeholder interactions and training for farmers (n = 2).

3.1.4. Threats

The most important threats were related to the lack of knowledge and tech-
nology (Table 2). To mitigate threats to adopting grain legume-cereal inter-
cropping, lack of markets and prices (n = 5), the risk of new weed, disease, and
pest control issues (n =4) must be addressed. Farmers’ low adoption (n = 3)
and general risk perceptions were also considered a threat due to the lack of
experience and advice about re-introducing this type of cropping system. For
example, in the UK, facilitators observed that conventional farmer focus group
comments were based around a monoculture mind-set and the difficulty of
changing that contrasted with the organic farmer focus group. In Spain,
resistance to change was thought to stem from farmers’ widespread focus on
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a short-term vision that favors monoculture to mitigate low cereal grain
productivity.

3.1.5. Crosscutting considerations

Community and farmer perceptions of intercropping are also important - as
both an opportunity and a threat (Table 2). The focus group in Denmark
reported that an opportunity for intercropping is the transition to more
climate-resilient agriculture. In Poland and the Czech Republic, this was
framed as a shift to regenerative agriculture, while the focus group in Spain
identified the opportunity to commit to a more sustainable and diversified
agriculture. All countries also reported resilience and adaptability as strengths
of intercropping. Yet, the Czech Republic focus group reported that the risks
associated with climate change were an important threat to intercropping. The
mixed perception of intercropping as a climate change mitigation strategy and
a threat enhancing the risks of climate change is an important example of the
uncertainty and lack of consensus among key stakeholders. Providing evi-
dence and consistent messaging is key to enabling public and policy support
for intercropping. Shifting public perception in favor of intercropping was
seen as an opportunity in Spain’s focus groups and as a strength in Germany’s
focus groups. Connecting producers with the benefits of environmentally
friendly management practices like intercropping could, together with policy
support, be an opportunity to foster appreciation for farmers and agriculture
by society at large.

3.2. Barrier and factors enabling grain legume-cereal intercropping

From an environmental or ecological perspective, grain legume-cereal inter-
cropping was considered beneficial across all participating countries.
Intercropping supports three key environmental factors: enhancing soil
health, increasing resilience, and reducing inputs of nitrogen and pesticides.
Reducing environmental impacts across farm and food system scales makes
grain legume-cereal intercropping attractive for policymakers, researchers,
and farmers alike. The wide-ranging environmental benefits provide the
basis for why expanding grain legume-cereal intercropping is desirable
(Figure 3). However, to reach this desired state, it is critical to understand
the barriers and factors enabling intercropping to identify strategies that
effectively support this transition. This section first explores barriers, regional
differences, and uncertainties; second, identifies enabling factors; and third,
explains five key strategies that could be used to increase grain legume-cereal
intercropping.

Although environmental impacts are reduced, important barriers make it
challenging to increase adoption of grain legume-cereal intercropping.
Some of the most important barriers are place-based differences, such as
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regional water availability (ES), climate change risks (CZ), and deficits in
organic material (PL). Management-based barriers are also region-specific
and create differentiated barriers depending on the current scale of produc-
tion, equipment utilized and cultural norms. For example, in the United
Kingdom, conventional farmers with well-developed advice systems found
it more difficult to adapt to new cropping systems compared to organic
farmers who are more accustomed to flexible and experimental approaches.
Several focus groups noted the potential pairing of intercropping and
organic production, although several others expressed the importance of
emphasizing adaptability to increase adoption of intercropping practices on
a broader range of different farming systems. This highlights the impor-
tance of considering regional and cultural factors when introducing inter-
cropping strategies.

Regional market-based differences also created regionally distinct inter-
cropping market strategies. The cost of separating mixed cereal-legume grains
is high and availability is limited, especially to produce food-grade single grain
products. Thus, alternatives like selling mixed grains for food and feed or
tinding lower cost alternatives for separating grains were important. In Spain,
these barriers led to legume-cereal intercropping being adopted for forage
production. Intercrop forage markets are already operational, while expanding
to food markets brings new uncertainties and challenges (e.g., marketable
species and varieties, phytosanitary treatments, fertilizer types, additional
harvest, and post-harvest work). Conversely, differentiated food and feed
markets were of great interest in Poland, where innovative functional food
products (for people and animals) with higher protein levels were considered
an important strategy, despite barriers. Understanding barriers to

(" Supply Chain Policy A
Adapting to existing infrastructure Supportive policies:
A Human consumption markets: <+ Farming support scheme in UK
% | Food % Increase demand for legumes «% EU Common Agricultural Policy (CAP)
7 System < Establish requirements for quality and <+ Condition requirement for Single Area Payment
"é testing (phytosanitary & allergens) Scheme (SAPS) starting 2024
(] <+ Develop new legume & grain products Possible new EU eco-schemes & Good agricultural
1] Market for livestock feed is more and environmental conditions (GAEC) standards

\ established
- Knowledge

— Quality seed mixes: _
M} %

Technology )
CQmmunify Appropriate equipment:

*+ Region-specific <« Sowing at variable depths

- < <+ Consultancy services
i Good compatibility In'com.e . 2 A % Producing clean seeds —
- '—\ e diversification <+ Farmer groups N e N
Similar harvest dates with minimal residue
% Low sensitivity to % Farm profitability # Outreach, workshops <+ Seed sorting
3 o 3
pest & weeds <+ Commercialization of & training
k < Efficient water use high-quality products )
e 3
7] E;eqlagieal < Increasing organic matter <+ Yield stability and adaptability <+ Nitrogen fertilizers
g‘_ S,ystje;m <+ Preventing erosion <+ Enhancing biodiversity +* Herbicides
7] < Reducing plant diseases and pesticide %+ Increasing plant protein * Insecticides
ﬁ g resistant plants and insects ¢ Reducing carbon emissions < Alternative weed/pest controls

Figure 3. Enabling factors and benefits of grain lequme-cereal intercropping.
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intercropping in a specific regional context is important to enable the broader
adoption of intercropping in Europe.

The interaction between intercropping and climate change risk is an impor-
tant unknown for focus group participants. Intercropping was at once con-
sidered an opportunity to enhance climate-resilient agriculture (CZ, DK) and
a threat by enhancing climate change risks (CZ). Yield uncertainties were
common; focus groups in five countries listed yield increase as a strength (DE,
DK, PL, UK), while Poland underlined annual yield variability based on
weather conditions (e.g., meteorology) as a weakness. Denmark also listed
potential future yield reduction as a threat. These different perceptions in our
focus groups related to climate change risk and yields highlight uncertainties
and underscore the need for accessible, evidence-based information to guide
farmers and stakeholders to understand the impacts and risks of intercropping
systems.

At the farm system level, key enabling factors for intercropping were
identified as knowledge of best management practices (e.g., quality seed
mixes), economic profitability, community-based advisory systems, and
appropriate technology (e.g., farm equipment). Better community networks,
training and communication across the supply chain could also support young
people to become intercropping farmers, a current weakness highlighted by
the focus group in Spain. At the food system level, developing supply chains
and supportive policies are key factors enabling intercropping to expand
(Figure 3).

3.3. Strategies for grain legume-cereal intercropping

Five critical systems were identified where strategic initiatives and innovations
are necessary within the farm system, food system, advice system, governance
system and a fifth networking system that fosters communication across the
other four systems (Figure 4).

At the farm system scale, developing and testing regional seed combinations
were emphasized by the focus groups in Europe (Figure 4). In some cases,
developing high-quality seed mixes may involve plant breeding to enhance
positive intercropping characteristics. However, given the lack of tested regio-
nal intercrop seed mixes, testing current varieties utilized by farmers could
provide positive results sufficient for increasing adoption of intercropping.
Focus group participants also identified four additional considerations for
seed selection at the farm scale related to new farm technology and manage-
ment procedures, regional consultants to provide advice, supply chain devel-
opment and new intercropped products for food and feed (Figure 4).

Focus groups emphasized that the lack of supply chain infrastructure at
the food system scale is combined with management uncertainties, lack of
appropriate equipment and labor challenges at the farm system scale.
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These interconnected challenges are compounded by the perceived
increase in risk and complication and altogether make it difficult to
adopt intercropping practices at the farm scale. Critical food system
strategies include commercializing supply chains and increasing demand
for intercropped grains by developing high-protein products as both food
and feed. The focus groups in our study all agreed that intercrop feed
markets are more established. Perceptions differed about the importance
of developing intercrop markets for human consumption. For example, in
Poland, focus groups discussed the development of a wide range of
human food products and market streams, whereas in Spain, the focus
groups emphasized further development of current intercropping systems
primarily for livestock feed.

A new farmer-led advice system was a strategy identified by many
European countries, where farmers exchange with one another and are
consulted by other stakeholders (e.g., researchers, policy makers). This
strategy included three parts. First, connecting farmers to research and
science-based information to on-farm management best practices, region-
ally test seed combinations and machinery developments to address farmer-
identified weaknesses and threats of intercropping systems. Second, provid-
ing a platform and networking opportunities for farmers to exchange and
share advice about intercropping. This could be accomplished by involving
Rural Development Programs or associations to organize, advertise and
connect experienced farmers with new or interested farmers. Third,
increasing education and awareness across the supply chain. The education

Test regional seed mixes and

facilitate economic feasibility
Complimentary & profitable
regional seed combinations

connecting with seed suppliers, Clear pricing structure with

machinery producers & Governance premiums for main crops

contractors Systems *  Consistent method to value co-

products

On-farm value addition

Local & organic protein

Include livestock on more farms

Increase stakeholder communication

*  Policymakers connecting with
stakeholder groups & structures
Farmers and researchers

Networks connecting producers,
traders, mills and industry &
consumers

Increase access & adaptability of policies
Advocate for legislature & regulations
promoting intercropping

Utilize the current Common Advice
Agricultural Policy incentives Systems
Update Land Parcel Identification
System to include crop combinations
Create new subsidy policies

Suppomntercrop supply chain
Commercialize supply chains
Integrate mixed and separated
products

Expand quality livestock feed
formulations

New high-protein plant-based
human food and pet food products

Community advice Research advice
Farmer groups and networks

Peer-to-peer knowledge exchange platform
Crop associations by production area
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Education & training advice
Demonstrations
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+  Tutorials (short movies, podcasts or webinars)

Crop sorting

Plant density
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Selecting compatible crop combinations

Best management for pests, diseases & weeds
Develop new techniques & machinery

Figure 4. Strategies for grain legume-cereal intercropping. Image used with permission from ESCI.
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efforts should start with farmers, creating accessible short online tutorials,
demonstrations, and training opportunities.

Governance systems can provide important support for farm, food, and
advice systems through appropriate funding and incentives. Focus groups
across Europe expressed that policies providing the financial, research and
risk-sharing infrastructure during the transition to intercropping would be
crucial. Many focus groups discussed possible incentives (subsidies, eco
schemes) provided in the Common Agricultural Policy that could encou-
rage further adoption of intercropping. Some systems also need to be
adjusted to enable intercrop-friendly regulations. For example, adding
crop combinations as an option within the European Union Land Parcel
Identification System would make it possible to identify intercropped
fields.

Building networks and supporting communication channels between pol-
icymakers, government organizations, researchers, industry leaders and farm-
ers were identified as key strategies to increase adoption of intercropping. The
intercropping strategies identified were not considered additive, as the systems
have interconnected, interdependent and nested components across scales.
Instead, a well-functioning advice system, policy support and networking are
critical components of effective pathways to support sustainable transitions via
production at the farm scale and effective supply chain development at the
food system scale.

4, Discussion

The key strengths identified by our focus groups and the foundational reason
intercropping attracts sustained farmer and research interest and support
across Europe and beyond is due to the wide range of environmental benefits.
A wide range of benefits from improved biodiversity, plant health, biological
nitrogen fixation, erosion prevention, fertilizer and pesticide input reduction
and reduced need for alternative weed and pest controls are well supported in
the scientific literature (Brooker et al. 2015; Curtright and Tiemann 2021;
Glaze-Corcoran et al. 2020; Jensen et al. 2020; Ksiezak, Staniak, and Stalenga
2023). However, implementation of intercropping has not been widely
adopted, indicating that there is an opportunity for further adoption by
improving the enabling environment for farmers and value chains. The
focus group participants in this study used SWOT analyses to discuss and
shape strategies to reduce barriers and maximize opportunities for grain
legume-cereal intercropping.
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4.1. Farm system strategies

Our focus group analysis highlighted a diverse set of interconnected strengths,
weaknesses, opportunities and threats at the farm system scale. Strengths and
opportunities clustered around themes of environmental benefits initiated at
the farm scale. Identifying and testing environmentally complementary and
profitable regional seed combinations were considered an important first step
toward effectively expanding intercropping at the farm scale. In Germany,
a study found that the adoption of species mixtures was shaped primarily by
farm system factors, including perceptions of crop mixture performance,
suitability within the farm, and management, knowledge and technology due
to increased complexity (Timaeus et al. 2022). A study in Denmark found
similarly that locally adapted species mixtures for intercropping are an impor-
tant gap that would require farmers and researchers to invest time and
resources in participatory approaches to build the data and knowledge base
needed (Aare, Lund, and Hauggaard-Nielsen 2021). Although crop advisors
and seed producers were involved in focus groups, no specific seed combina-
tions were identified or compared within the national focus group summaries.
Comprehensive studies that provide a useful combination of social, technical,
environment and economic considerations based on site conditions and food
system contexts are important for selecting appropriate cultivars and represent
a gap that needs to be addressed before intercropping can be widely adopted in
Europe.

Farm scale profitability was considered both a strength and a weakness of
intercropping. Focus groups additionally identified the lack of market chan-
nels appropriate for legumes and mixed grains as a critical weakness for grain
legume-cereal intercropping. In Europe, legumes produce gross margin short-
falls of €70-100 per hectare (Zander et al. 2016). In addition, farmers consider
intercropping to be more time-consuming than monocultures due to farm
management (sowing, harvesting, storage) and potential additional processing
requirements (sorting, cleaning, drying) (Hauggaard-Nielsen et al. 2021). The
economic uncertainties associated with legumes make creating farm-scale
regional economic models for intercropping and commercialized supply
chains for new intercrop products important strategies to support adoption
across scales.

Our focus groups identified increased biodiversity and resilience as
a strength of intercropping, although the yield stability and climate change
adaptation potential associated with intercropping were unclear. In
a systematic literature review, Ditzler et al. (2021) found that European studies
on intercropping with legumes have been heavily market-based, leaving
a knowledge gap about how increasing legumes on the landscape can support
a wider range of ecosystem services. Although studies support greater climate
resilience, water use efficiency, and increased yield per land unit with
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intercropping compared to monocropping, stakeholders in our focus groups
were uncertain about its effects and this is an opportunity for better knowledge
dissemination (Glaze-Corcoran et al. 2020; Himanen et al. 2016).

A farm-scale strategy that includes developing regional seed combinations
and testing the connection between grain legume-cereal intercropping and
various ecosystem services could inform effective eco-schemes and other
governance support systems. One review found similarly that the multifaceted
and interconnected barriers to crop diversification include economic perfor-
mance and risk perceptions (Brannan et al. 2023). Participatory and transdis-
ciplinary agricultural research could provide an increased understanding of
how farmers make decisions, which is essential to increasing on-farm crop
diversification (Brannan et al. 2023).

4.2. Food system strategies

Focus groups in our study highlighted two potential strategies for increasing
intercropped products across the supply chain. The first and more established
is developing feed for livestock and pets. The second less tested and more
challenging is developing products that incorporate legumes for human con-
sumption. Other studies found similar food system scale challenges related to
intercropping supply chains. A study of Finnish farmers found that unlike
forage mixtures and green manures, selling to markets for human food was
considered more risky and difficult for cereal crop farmers to adopt intercrop-
ping (Himanen et al. 2016). A German study found that in specific, quality
standards in the food value chain were an important factor influencing the
adoption of species mixtures and the economic potential at the farm scale was
also considered highly variable based on crop value and post-harvest efforts to
attain food quality (Timaeus et al. 2022). Difficulties in cleaning and sorting
grains at the farm scale also influenced opportunities for improved and
differentiated high-protein flour from intercropped species, highlighting the
importance of research developing supply chains that complement develop-
ments at the farm scale (Hauggaard-Nielsen et al. 2021).

4.3. Advice system strategies

Weaknesses and threats identified by focus groups in this study clustered
around themes of lacking knowledge and technology (Table 2). Other studies
also found the importance of appropriate technical support, research, training,
and agricultural advisory services as critical to supporting a large-scale transi-
tion to intercropping (Hauggaard-Nielsen et al. 2021; Himanen et al. 2016;
Mamine and Fares 2020; Timaeus et al. 2022). For example, Himanen et al.
(2016) found that markets, technical/agronomic, knowledge, and political/
institutional concerns were similarly weighted by farmers as a means to
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support intercrop adoption. A new advice system must also be partnered with
public and policy awareness and funding opportunities to enhance support
across the supply chain.

4.4. Governance and network support strategies

The focus groups in this study categorized social themes as a weakness (risk,
time, complication), opportunity (stakeholder interactions, workshops, train-
ing) and threat (low farmer adoption), whereas political support was consid-
ered both an opportunity and a threat (Table 2). At the food system scale,
supply chain development and policy support were identified as enabling
factors. Other studies found that policies reducing individual farmer risk
and involving a diverse range of farmers through adaptable intercropping
schemes would be an effective strategy for increasing adoption of intercrop-
ping. For example, farmers in Finland highlighted production and knowledge
gaps within the operational environment markets and policies as critical
challenges that limit adoption of intercropping (Himanen et al. 2016).
Mamine and Fares (2020) found in a study of barriers to intercropping in
Europe that public policy obstacles, together with technical, advice and eco-
nomic uncertainties, compounded the temporal, spatial and logistical organi-
zation supporting intercrop market and product integration. Hauggaard-
Nielsen et al. (2021) suggested policies via regulation, subsidies, funding,
information/promotion, and strategies, particularly when co-produce by
diverse and action-oriented actor networks could all play a role in supporting
intercrop adoption (Leclére, Loyce, and Jeuffroy 2023). For example, these
researchers highlighted that reforms and regulatory measures in the Common
Agricultural Policy restricting fertilizer and pesticide use could support inter-
cropping and a shift toward the agroecology paradigm more broadly
(Hauggaard-Nielsen et al. 2021).

To confront the interconnected structural, agronomic, technological and
social barriers to intercropping, a Danish case study also emphasized the need
for increased collaboration, transparency and equitable partnerships across
the value chain, as farmers do not operate independently but are instead part
of a food system with power relations (e.g., large agribusinesses) that can
enable or hinder farmers’ ability to adopt intercropping in practice (Aare,
Lund, and Hauggaard-Nielsen 2021). Effective strategies for food system
transitions would require holistic planning across the supply chain from
a systems perspective (Himanen et al. 2016). Other studies have found similar
interconnections between scales. For example, Kier et al. (2022) found that
intercropping benefits are dependent on both the specific species and geno-
types combined (at the farm scale) and on the end use and market channels
available (food system scale). One promising approach to support intercrop-
ping was through the development of multi-actor experimental networks that
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have produced important innovations across transition pathways in the con-
text of intercropping design and adoption (Salembier et al. 2023). Based on our
findings, developing a multidimensional agenda for farm and supply chain
research and governance supporting an agroecological green transition could
create the enabling environment to support the adoption of legume-grain
intercropping in Europe and beyond (Aare, Lund, and Hauggaard-Nielsen
2021; Mamine and Fares 2020).

4.5. Pathways toward sustainable food system transitions

Many theories and models describing agricultural technology adoption have
been used to support understanding and, ultimately, pathways toward adop-
tion, which can be useful in the context of adopting new practices to support
the green transition. Dissanayake et al. (2022) conducted a literature review on
technology adoption in agriculture using a collective approach model of
technology adoption with the theory of planned behavior to identify four
critical factors: 1) adopters’ (e.g., farmer or food system stakeholders) percep-
tions of usefulness, ease of use, compatibility; 2) the technology itself (e.g.,
intercropping, other transition toward a sustainable food system); 3) institu-
tional factors; and 4) availability of capital sources (economic factors).
Importantly, the personal attributes of adopters, as well as social factors,
influence the adoption of innovations across the food system (Dissanayake
et al. 2022). In the context of grain legume-cereal intercropping, our study
highlighted that many characteristics influencing the intention to adopt were
uncertainties for stakeholders in our study. For example, questions around
intercropping compatibility, ease of use, relative advantage, and result
demonstrability at farm and food system scales and untested economic and
institutional support networks increased perceptions of risk for all adopters.
A useful framework to understand intercropping pathways is the innovation
adoption curve. Currently, intercropping is an example of a production system
innovation in the innovator phase (Dissanayake et al. 2022) - to support
adoption of intercropping for early and late majority adopters, we argue that
it is critical to build five-point strategies to address farm, food, advice, govern-
ance, and networking in tandem. Similarly, it could be useful to organize
pathways for green transitions using the community capitals framework to
identify place-based SWOT and strategies (Flora, Bregendahl, and Renting
2012; Flora, Flora, and Gasteyer 2016).

Agri-food system transitions require stakeholder alignment regarding both
challenges and solutions. One study analyzing visions for the Dutch agri-food
system found that environmental and social challenges were usually well-
aligned, but the transition or solution required were often misaligned, espe-
cially for economic issues where growth-oriented paradigms conflict with
more holistic paradigms like agroecology and hinder effective change
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(Wojtynia et al. 2021). Weituschat et al. (2022) used crop diversification as
a case to understand how technological, economic, institutional, political,
social, and cognitive lock-ins slow transitions toward sustainability. This
study found three traps that slow sustainable transitions through historic
misalignment (normative environmental goals disconnected from food secur-
ity), incentive misalignment (gain-oriented goals unsupported), and disre-
garding discomfort (hedonic goals uncompensated). Our study found that
a key strength of intercropping is the possibility of normative environmental
gains without reducing yield on a field scale. However, lack of incentives
(increased risk) and discomfort (lacking information) are barriers that must
be addressed to enable wider adoption of intercropping. Organizing strategies
that incorporate considerations for farm, food, advice, governance, and net-
working systems could help to overcome barriers, supporting green transitions
in Europe.

5. Conclusions

Grain legume-cereal intercropping is a promising agroecological practice
supporting sustainable cropping systems by improving soil health and
cropping system resilience while reducing the input of nitrogen and
pesticides alike. In addition to the environmental benefits, intercropping
has the potential to be profitable and scalable, opening up the oppor-
tunity for more locally grown plant-based protein as both food and feed.
Despite the great potential of intercropping for dual grain production
for food-quality plant-based protein, action needs to be taken across the
food system to enable this shift in cropping systems. Focus groups from
nine countries identified strengths, weaknesses, opportunities, and
threats, as well as enabling factors and strategies for increasing grain
legume-cereal intercropping in Europe. These findings highlight the
global relevance of understanding farmer perceptions and adapting stra-
tegies accordingly. Across the food system common threads emerged for
both benefits and risks. Many strengths and opportunities related to
more resilient farming systems, while many weaknesses and threats
related to lacking knowledge or untested farm, food, and policy system
infrastructure.

We identified five strategies to support farmer adoption of grain
legume-cereal intercropping for food production: 1) regionally tested
seed ratios and farm scale economic feasibility, 2) food system supply
chains, 3) advice systems based on research, community and educa-
tion, 4) governance systems, and 5) networks connecting stakeholders.
At the farm system scale, regionally specific and optimized intercrop
seed mixture ratios were lacking. Specific combinations of varieties need
to be identified and tested on a regional basis to mitigate risk and
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support the largest range of environmental and economic benefits pos-
sible. Increasing food system scale collaboration and communication to
create innovation across the supply chain and raising public awareness
would also enable adoption of grain legume-cereal intercropping across
a wide range of different farming systems and scales. Appropriate and
user-friendly intercropping information could also bolster the food sys-
tem’s value chain and policy infrastructure. Establishing farmer-led
advice systems supported by research, community and governmental
partners is critical to the successful adoption of intercropping in
Europe. Knowledge and technical barriers regarding the seed selection
and management of intercropping at the farm scale could be overcome
through greater networking across the food system with support from
effective advice and governance systems.

Agroecosystem living labs could enable the collection and distribution of
technical information required by farmers while also developing opportunities
for innovative supply chains that support multiple objectives (environmental,
economic, social, institutional) across scales (McPhee et al. 2021). Outreach
and engagement with farmers through living labs are a promising platform to
deliver some of the knowledge and technology required to increase adoption
of intercropping in Europe and other countries. The five strategies identified
through these geographically diverse focus groups could act as a guide to
inform initiatives and future research to support intercrop adoption in areas
where monocropping remains the dominant cropping system.
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