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Summary

LEGUMINOSE (Legume-cereal intercropping for sustainable agriculture across Europe) is a
research and innovation project funded by the European Commission (EC) under the Horizon
Europe research program with the aim to identify the obstacles to intercropping and enhance

farmers6 acceptance by providing knowl edge

environmental, and social benefits of legume-cereal intercropping. The project is based on the
premise that intercropping has the potential to reduce pesticides and improve plant-microbe
mediated element cycling, soil health, and crop quality and health.

Summary of Deliverable

The purpose of this report (D2.4) is to provide a synthesis of transition pathway dynamics and
socio-technical lock-ins in arable farming through the development of a structural equation
model representing 7 European countries (Czech Republic, Denmark, Germany, Italy, Poland,
Spain, and the United Kingdom) as well as Egypt and Pakistan.

The current report (D2.4) is part of a series of reports under LEGUMINOSE WP2. Other
deliverables of the WP include Establishment of Dynamic Partnership Map (D2.1), Report on
barriers and opportunities towards intercropping (2.2), Report on opportunities for
intercropping species mixtures (D2.3).

Disclaimer

This publication reflects only the author's view. The Agency and the European Commission
are not responsible for any use that may be made of the information it contains.
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1 Introduction

The purpose of this report is to identify the dynamics of transition pathways and socio-technical
lock-ins in arable farming related to intercrop adoption. The report is part of a series of reports
of WP2 of the LEGUMINOSE project that assess the foundations for intercropping in farming
systems across Europe and beyond. These reports include the D2.1 Map of Establishment of
Dynamic Innovation Partnership (DIP), that establishes the foundations for selection of
participants in a stakeholder forum. Further the D2.2 Report on barriers and opportunities
towards intercropping, which provided an analysis of survey data to identify farmer
characteristics as well as a wide range of decision-making factors. Finally, the D2.3 Report on
opportunities for Intercropping species mixtures, which assesses the opportunities, strategies
and enabling conditions for legume-cereal intercropping. Although each with a different focus,
these reports are all based on feedback from stakeholders in various forms. The primary focus
is to gather and improve the understanding of the enabling conditions for upscaling the
adoption of intercropping.

Previous work with focus groups across partner countries in LEGUMINOSE WP2 established
that, although legume-cereal intercropping is a promising cropping system for improving soil
health and cropping system resilience a series of barriers hinders adoption. 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) (Stone et al. 2023 [forthcoming]). Better
community networks, training and communication across the supply chain could also support
young people to become intercropping farmers, a current weakness highlighted across some
countries. Further, outreach and engagement with farmers through living labs (LL) are a
promising platform to deliver some of the knowledge and technology required to increase
adoption of intercropping in Europe and other countries where monocropping remains the
dominant cropping system. However, farmers individual decision-making regarding
intercropping is nested within wider food system dynamics, which also conditions individual
agency. At the food system level, developing supply chains and supportive policies are key
factors that will enable the expansion of intercropping (Stone et al. 2023).

1.1 Purpose

The purpose of the WP2 of LEGUMINOSE is to identify the knowledge gap between research
and on-farm intercropping practices, to support subsequent research, experimental activities,
and work dissemination.

The purpose of this report is to develop a stocktakeofp ot ent i al barri ers
of intercropping and to understand how they link to the characteristics of farming systems. A
gualitative inquiry among farmers at each location was initially carried out to identify needs and
attitudes towards intercropping. These insights support implementation of quantitative analysis
to better understand farmer's behaviour towards the adoption of agronomic innovation.

Barriers to adoption of innovation are studied by means of Structural Equation Models and
Latent Class Regression in this report. This framework provides useful information for the
implementation of policies in support of innovation uptake. Furthermore, it will offer insights for
enhancing communication, dissemination strategies and stakeholder engagement that can be
used to develop local awareness campaigns and design policy instruments to support the
uptake of intercropping among farmers.

Funded by UK Research 6
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1.2 Structure
Chapter 1 provides an introduction to the report.

Chapter 2 provides brief review of literature about transition pathways in arable farming and
the main points from previous deliverables of the WP.

Chapter 3 presents the methodology applied in the compilation of results for this report.

Chapter 4 presents a synthesis of results from a structural equation model built from data
collected in a survey of farmers which collected perspectives on barriers and opportunities to
integrating intercropping on their farming systems. The chapter is organised in three sections
each representing different considerations for intercropping across the national partners.

Chapter 5 summarises the main conclusions.

2 Transition pathways in arable farming

Despite the environmental and economic benefits of intercropping supported by studies in the
European context, legume-cereal intercropping has not been widely adopted in Europe,
particularly in large-scale industrialized cropping systems (Bybee-Finley & Ryan, 2018).
Legumes have low fertilizer requirements, a relatively high protein content and could potentially
increase protein self-sufficiency and environmental impact reductions in support of the
European Unionds AGr een De adndng legaraerproductionan thet
European Union (EU) has become a political
(CAP) regulations currently include legume as part of the greening restriction, for the provision
of Ecological Focus Areas (EFA), to encourage adaptation by farmers (Bonke et al. 2021). Yet
legumes are grown on just two percent of arable land in the EU (Ditzler et al., 2021). To
increase the adoption of legume-cereal intercropping, it is important to understand the complex
social, technical, and political barriers across Europe and beyond (Mamine & Fares, 2020).
Identifying 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 considerations and perceptions of supply
chain stakeholders from farm to fork to uncover barriers and trade-offs, enabling the design of
mutually beneficial strategies across scales (Haysom et al., 2019).

Many theories and models describing agricultural technology adoption have been used to
support understanding and pathways toward adoption, which can be useful in the context of
adopting new practices to support green transitions. Dissanayake et al. (2022) conducted a
literature review on technology adoption in agriculture using a collective approach model of the
adoption of technology with the theory of planned behavior to identify four critical factors: (1)
the adopters' (e.g. farmer or food system stakeholders) perceptions of usefulness, ease of use,
compatibility; (2) the technology itself (e.g. intercropping, other transition toward a sustainable
food system); (3) institutional 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 legume-
cereal intercropping, our study highlighted that many characteristics influencing the intention
to adopt for stakeholders were uncertain. 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 the
perception of risk for adopters. A useful framework to understand intercropping pathways is
the innovation adoption curve. Currently, intercropping is an example of an innovative
production system in the innovator phase (Dissanayake et al., 2022) i 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, governance, and networking in tandem. Similarly, it
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could be useful to organize pathways for green transitions using the community capitals
framework to identify place-based SWOT and strategies (Flora et al., 2012; Flora et al., 2016).

Agri-food system transitions require stakeholder alignment in terms of challenges and
solutions. One study analysing visions for the Dutch agri-food system found that environmental
and social challenges were usually well-aligned, but the transition or solution required was
often misaligned, especially for economic issues where grow oriented paradigms conflict with
more holistic paradigms such as agroecology and hinder effective change (Woijtynia 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 security),
incentive misalignment (gain-oriented goals unsupported), and disregarding 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 consider
farm, food, advice, governance, and networking systems could help to overcome barriers,
supporting green transitions in Europe and beyond. Incorporating these comprehensive
strategies could facilitate green transitions in European food systems and beyond, building
intercropping communication and knowledge exchange networks between European and non-
European countries, supporting enabling environments for green food system transitions
globally.

3 Methodology

The D2.4 Report on dynamics of transition pathways and socio-technical lock-ins in arable

farming is a thorough assessment of the survey data presented in D2.2 using Structural

Equation Modelling (SEM). Building on the D2.2, additional data treatment enabled the survey

data to be utilized as input forthe SEM. Thr ee separate SEM&s were cCr ec¢
data: (1) a global SEM was developed to model average responses across all datasets; (2) a

regional model, grouping European countries into North (DK, DE, UK), Central (CZ, PL) and

South (ES, IT) to uncover regional differences; (3) a model for countries outside of Europe

(PK, EG) was developed.

Using SEM to analyse farmerséopportunities and barriers for adopting intercropping across
Europe and beyond supports the examination of complex relationships among variables
(Schumacker and Lomax, 2010). By incorporating both observed and latent variables, we can
gain a more holistic understanding of the factors influencing farmersé decisions to adopt
intercropping. Further, SEM enables us to model the interdependencies and causal pathways,
providing insights into how different variables are interconnected. This is valuable in
understanding the strength and direction of the associations between various factors affecting
intercropping adoption.

3.1 Survey development and dissemination

Before the survey was administered, AU requested that consortium partners identify existing
studies, which together with the initial review of existing projects and research by AU partners
provided a basis for the survey design (initiated as part of T2.4). A joint meeting of all partners
was conducted to present the survey draft and receive and integrate input and suggestions. A
survey template for this concise survey (~10-15 min) was provided to each partner country and
was administered on a country basis (Table 1). The survey included five sections: (1)
background information; (2) crop choice; (3) crop management; (4) intercropping; (5) general
feedback. The survey contained qualitative as well as quantitative elements, thus providing
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different types of complementary information, offering a rich picture on farmers perspectives
of a transition to intercropping (Creswell, 2014).

Table 1 - The participating countries with partners who conducted the surveys in each country identified.

Czech Republic | APR

Denmark AU

Germany LUH & DSV

Italy UNIFI & CIA

Poland IAPAS

Spain UPA & CSIC

United Kingdom = SA & UREAD

Egypt UNIFI & ECOLOGICA (subcontractor)
Pakistan GCUF

The survey template was made available in English and was completed by participants in
English or using a translated version with the same questions and categories, the full survey
template is available in Appendix A. The survey included a combination of open questions
(with optional written input) and closed questions (with multiple choice options). The template
also included a GDPR statement and an informed consent form.

3.2 Data collection

Identifying a useful sample of farmers was central to accomplishing our study aims. Given the
diversity of farms and opportunities for accessing farms, partners were able to decide the best
approach to reach farmers in their country, either online, by phone or face to face. Each partner
country identified a sampling frame appropriately sized to reach at least 200 respondents. As
response rates for e-mail surveys are typically low, more participants needed to be identified
in this approach. Best practices for establishing points of contact and sending reminders were
also considered. The respondents surveyed did not need to be intercropping at present but
were selected to represent the prevailing production systems across the surveyed countries.
Since some partner countries cover a large geographical area, farming practices would be
incoherent, so particular regions within these countries were selected to participate in this
survey.

Farmer surveys were conducted in each of the nine countries with total participation of 2051
with an average of 228 respondents per country (median 180). The number of respondents by
country ranged from 818 in Denmark to 44 in the United Kingdom (Figure 1). The sampling
frame was established on a country basis. Given the variation of farming systems across the
surveyed countries, partners employed various approaches to gather data. For the most part,
the survey was administered as an email survey, either through a direct contact or as a pop-
up survey on a homepage or in a newsletter. The web-based format naturally gives preference
to farmers that are younger, and less resource constrained, hence it may be more likely that
the farmers responding are more open to engaging with academic research than average
farmers and more open to adopting innovation, although this participation bias is difficult to
account for. This variation in the number of informants and their related stakeholder categories
is a minor shortcoming reflecting that the perspective and methods of stakeholder consultation
varied slightly across countries. In Spain and the United Kingdom, farmers mentioned on
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several occasions that the survey was too long, and this could have affected obtaining more
responses.
500

500

400

MNumber of respondents

200

228
160
EG ES IT

Countries

DE

CZ DK PK PL UK

Figure 1 - The total survey participation by country with number of responses for each national survey listed in
white.

3.3 Survey demographics

The most common age groups for respondents surveyed were the two oldest 41-60 years old
(n=981), followed by greater than 60 years old (n= 575). The smallest was the less than 25
age group (n= 80) and 26-40 years old was the second smallest (n= 383). The gender most
producers identified with was as a man at 90.1% (n=1848), followed by as a woman at 9.0%
(n=184), only twelve respondents identified as another option or chose not to disclose. The
majority of respondents (62.6%, n= 1284) worked full time on the farm, 33% worked part time
on the farm, and 3.3% selected other or chose not to disclose their occupational status.

3.4 Survey data treatment

The survey used as input for SEM development included 28 questions. The questions
represented five constructs related to intercropping farms and strategies: (1) farm
characteristics; (2) crop choice; (3) crop management; (4) opportunities; (5) barriers (Appendix
A). Data collected in the survey was designed to provide an input to the SEM. Aside from the
farm characteristics (1), each model construct (2-5) was addressed by a specific question
asked on a Likert scale from 1 to 5. This numerical survey data that including the Likert scale
guestions were input into the SEM model without additional processing.

A more complex set of questions, variables and data types were included to represent the
Farm construct. These inputs included characteristics about the farmer (e.g. age group), the
farm in general (e.g. soil type), farm practices (e.g. conservation agriculture) and the food
system context (e.g. market type). Questions to build the Farm construct were selected based
on their measurability, use in other farm assessments, and their potential relevance to
intercropping. The survey data that were non-numeric were processed in different ways for
different data types (Table 2). When there were only two categories, binaries (0-1) were
created. Binaries were also created when additional categories in the combined (all nine
country) dataset were less than n= 100 (< 4.9%). For ranked categories, the low end of each
category was used to create a scale. For example, for the total arable land 0 was used to
represent the farms that were less than 50 ha, and 50 was used to represent the size category
from 50-100. For unranked categories such as resource access one category was set to zero
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(e.g. no access) while the additional categories were added on a scale (external partner: 1, on

farm access: 2). Only the farm construct contained categorical variables, the rest of the
constructs contained only numerical, primarily Likert scale variables. Variables consisting of

multiple choices (e.g. livestock) were turned into a series of binary variables. To account for

the compositional nature of these answegfnothe
l i vest ocko) was omitted from the analysi s, as
combination of the other answers (e.g. if cattle & dairy, pigs, poultry, and other livestock all

had a value of 0).

Table 2 i’ A list of categorical survey data in the Farm construct.

Gender

Fulltime

Farm practices (no-till, conservation agriculture, integrated pest
management, mechanical weed control)

Farm type (conventional, organic)

Livestock (cattle & dairy, pigs, poultry, other livestock)

Market type (sold or used on-farm)

Age i 4 levels

Arable land area i 5 levels
Advance planning i 4 levels
Intercrop experience 1 5 levels
Intercrop likelihood i 5 levels

Soil type 1 Sandy soil =0, 5 levels

Fertilizer type i Mineral fertilizer only = 0, 4 levels
Irrigation T No, not relevant in my region = 0, 3 levels
Resource access i No =0, 2 levels

Categorical

Two grouped (regional) models were developed based on their geographic locations (Table
3). The Regional Europe SEM includes North Europe, Central Europe and South Europe. The
Outside Europe model included the two non-European countries in the partnership. The
regional grouped varied in size from 259 to 924 survey responses.

Table 3 i Groups within the regional structural equation models.

Region Country Number of
responses
Denmark

Germany 924
United Kingdom

Czech Republic
Central Europe [ty 480

North Europe

Italy
. 388
South Europe Spain
Outside Egypt
. 259
Europe Pakistan
Funded by UK Research 11
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3.5 Structural equation model development

SEM models were generated usingt h Bvad@nd p a c(keesigre0.6.16, Rosseel 2012) in R.
The model is a latent variable model, it measures covariance and error around individual inputs
of each construct and builds pathway from exogenous variables (crop choice, crop
management, farm characteristics) to endogenous variables (barriers and opportunities). The
model consists of two components: the measurement model and the structural model. The
measurement model contains the description of latent constructs, detailing which measured
variables inform each construct. The structural model was developed to test how three aspects
of intercropping strategy (crop choice, crop management, farm characteristics), influence the
farmers perception of intercropping barriers and opportunities. The structural pathways thus
lead from each of the three latent constructs (farm characteristics, crop choice, crop
management) to both opportunities and barriers. Strength and magnitude of the estimated
pathways can reveal which of these components has most influence on the perception of
intercropping. The loadings of measured variables to constructs, as well as the paths of the
structural model are available in Appendices BT D.

All models were fitted with diagonal weighted least squares (DWLS) estimator, which allows a
better estimation of categorical variables, and all covariances between latent constructs were
fixed to 0. The initial model was assessed for goodness of fit. To improve the fit, we assessed
the multicollinearity and redundancy of each measured variable within its construct, and within
the entire model, respectively. To this end, we calculated variance inflation factors (VIF) for
variables within constructs and removed the variables with a VIF score >3. Variables with too
little variation were discarded to avoid redundancy. We then assessed the misfit between
correlations estimated by the model and observed correlations, and if problems were detected,
we reassessed the structural model by inspecting the modification indices for the model.
Through this process, two structural pathways, predicted to strongly improve the model, were
added: One for crop management predicting crop choice, and another one for predicting the
perception of barriers via perception of opportunities.

The global SEM model was constructed using all 2051 observations. The model fit was
assessed with multiple indices; the Comparative Fit Index (CFl) was 0.971, the Tucker-Lewis
index (TLI) was 0.969, Root Mean Square Error of Approximation (RMSEA) was 0.44. All these
indices indicated a good fit. The model had 586 degrees of freedom.

A grouped model based on regions within Europe was also a good fit, with a CFI of 0.968, TLI
of 0.966, and RMSEA of 0.045. This model had 1758 degrees of freedom. The SEM model for
countries outside of Europe had the smallest sample size, but the fit of the model was still
acceptable with a CFI of 0.941, TLI of 0.937, and RMSEA of 0.076. This model had 519
degrees of freedom. The regional groupings were created to achieve the statistical power
necessary to create a reliable model. Thus, the countries with larger numbers of responses
(e.g. Denmark) have greater effect on the regional models.

4 Results

Three structural equation models were developed to represent all data collected (Global
model), as well as two grouped models one representing Europe regionally and another one
for the two countries outside of Europe (Table 4). The global model has a strong positive
association between Farm and Opportunities, and an insignificant association between Farm
and Barriers. The Regional Europe model included negative associations in the Central and
North. This indicates that not including some livestock types, not using conservation practices
(no-till, conservation agriculture, integrated pest management, mechanical weeding) and not
having clay soils all increased perceptions of Barriers and Opportunities in these regions. Farm
had a positive association with Barriers and Opportunities in the South. This indicates that
having livestock, conservation practices and sandy soil increased perceptions of barriers and
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opportunities. In the Outside Europe model Barriers were negatively associated with Farm
while Opportunities were positively associated, this indicates that Farm variables have different
relationships with Barriers as compared to Opportunities in these countries (Egypt, Pakistan).

In the global model, Crop choice had an insignificant influence on Barriers as Crop
management was the best predictor of barrier perceptions. Crop choice had a larger impact
on Opportunities in the global model while crop management was only slightly associated. In
the regional models all European regions and the Outside Europe model had negative
associations between Crop choice and Barriers. Aside from South Europe all regional models
had positive associations between Crop choice and Opportunities. Crop management and
Barriers also had positive associations in the regional models aside from South Europe. Crop
management and Opportunities were positive across all regions in the Europe model but were
negative in the Outside Europe model.

Table 4 I Comparisons of latent classes across the three SEM developed: Global, Regional Europe and Outside
Europe. The Europe, regional model includes the same countries with the Southern region containing Spain, ltaly,
Central containing Czech Republic ad Poland and North containing Denmark, Germany and United Kingdom. The
Outside Europe model we have grouped Egypt and Pakistan.

Response Predictor Europe, regional
GlobalModel {South Central North Outside Europe
Farm 1.13+0.59.  [0.24 +0.06 ** |-0.67 +0.15** |0.37+£0.05**  |1.628 +/1.697
Barriers Crop choice 0.01 +/0.08 L0.17 +0.06 *  0.12 +/0.07.  |0.06+£0.03 * L0.139 +/0.103
Crop management|0.26 +/0.07 ***  10.02 +/0.07 0.32 +/0.10 **  [0.18+£0.03**  [0.063 +/0.06
Farm 0.74 +0.18 **  0.22 +0.03 **  |0.43 +/0.06 ***  [0.22+/0.03 **  [2.316 +/0.418 **
Opportunities |~ ., choice 0.28 +/0.03 ** |0.002 +0.03  [0.03 +/0.04 0.19 +0.02 **  [0.462 +/0.852
Crop management|0.05 +/0.02*  [0.30 +/0.04 ***  [0.34 +/0.05 **  [0.06 +/0.02**  }0.275 +/0.645
Crop choice |Crop management|0.57 +0.04 ***  0.68 +/0.08 ***  [0.88 +/0.14 **  [0.29 +/0.04 **  [0.752 +/0.132 ***
Barriers Opportunities ~ [0.63 +/0.19%*  [0.81 +/0.05**  [0.63 +/0.07 ***  [1.06 +£0.03 ** 597 +/0.756 ***
Funded by UK Research 13
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4.1 Global structural equation model

In the Global SEM, survey data from all countries were included to identify potential strategies
connecting crop management, crop choice and farm characteristics to opportunities and
barriers of intercropping (Figure 2). The overall pathways showed that the Farm construct was
most strongly associated with Barriers (1.129, p= 0.054) as compared to Opportunities (0.736,
p= 0.000). The Crop management construct was also more strongly associated with Barriers
(0.260, p=0.000). Conversely, the Crop choice construct was most strongly associated with
Opportunities (0.280, p= 0.000) than Barriers (0.008, p= 0.920).

Of the seven components within the Crop management construct in the Global model, the most
critical variable informing the strength of opportunities and barriers were the continuous
monitoring of crops during the season (0.907, p= 0.000). Additional important variables were
the use of decision support tools (0.771, p= 0.000) following a fixed spraying schedule (0.759,
p= 0.000). Within the Farm construct, three characteristics were significantly informing
responses to opportunities and barriers. The first was the presence of livestock on farming
systems: poultry, other livestock, pigs. The second was the use of conservation practices i
both Integrated Pest Management and Conservation Agriculture. The third and final was the
farm soil type categorized by its texture. Within the Crop choice construct, the most significant
component was selecting crops that are disease resistant followed by crops that are
competitive against weeds and building humus. Both Crop management and Crop choice are
more strongly associated with the Opportunities. Crop management is more weakly associated
with Barriers while Crop choice was negatively associated with Barriers. This indicates that an
increase in the importance of selecting crops based on disease resistance, weed competition
and to build humus (Crop choice) reduces the importance of perceived barriers to
intercropping.

The Farm construct in the European SEM contained 9 components, the strongest variables
were soil type (-0.309, p= 0.000), followed by the practice of mechanical weeding (-0.098, p=
0.000). The Farm construct included many negative associations, this indicates that not
utilizing conservation practices, having soil types with less sand are associated with increases
in the Opportunities and Barriers perceived.

The Opportunities that were most impactful were crop diversity and climate footprint. Weed
and pest/disease control were also important opportunities of intercropping. The least impactful
components of the Opportunities were yield stability and soil structure. The most impactful
Barriers were yield uncertainty, crop advisor knowledge and the availability of time to integrate
intercropping onto farm systems. The least impactful Barriers were subsidies and markets.
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4.2 Regional European structural equation model

In the Regional Europe SEM, survey data from European countries were grouped based on
region (Table 3), to identify potential strategies connecting crop management, crop choice and
farm characteristics to opportunities and barriers of intercropping. North, Central and South
Europe had different pathways between constructs. The North and Central models had the
same positive and negative associations between constructs while the South Europe model
had more differences, with negative associations for Barriers and Crop management and
Opportunities and Crop choice which are positive in the other two regions.

In North Europe the most important barriers were yield uncertainty followed by lack of time and
then weed management (Figure 3). The most important opportunities were provision of
nutrients for crops in subsequent growing seasons followed by weed control. The most
important variable in the Farm construct was soil type. The only negative variable in the Farm
construct was the inclusion of other livestock types. The most important variable in the Crop
choice construct was selecting for disease resistance and in Crop management was clean
fields.

In South Europe the most important barriers were yield uncertainty tied with weed
management and followed by lack of time (Figure 4). The most important opportunities were
crop diversity followed by reduced tillage and provision of nutrients for crops in subsequent
growing seasons. The most important variable in the Farm construct was a negative
association with soil type. In addition to soil type, the negative variables in the Farm construct
were integrated pest management, mechanical weeding, and the inclusion of poultry and cows
(dairy/cattle) livestock types. The most important variable in the Crop choice construct was
selecting for disease resistance and in Crop management it was using decision support tools.

In Central Europe the most important barriers were yield uncertainty followed by weed
management and self-perceived skills to practice intercropping (Figure 5). The most important
opportunities were crop diversity followed by climate footprint. The most important variable in
the Farm construct was soil type. Negative Farm variables included no-till and keeping poultry
and pigs. The most important variable in the Crop choice construct was building humus and in
Crop management it was using decision support tools.
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Figure 3 i North Europe structural equation model.
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4.3 Outside E urope structural equation model

In the outside Europe SEM, survey data from the two countries located outside Europe (Egypt
and Pakistan) were included to identify potential strategies connecting crop management, crop
choice and farm characteristics to opportunities and barriers of intercropping. We excluded the
measured variables of pigs as livestock, as well as the use of no till practice, as the two
variables were never present in these countries. The overall pathways showed that the Farm
construct was most strongly associated with Opportunities (2.316, p= 0.054) as compared to
Barriers (-1.628, p= 0.000). The Farm construct was also most strongly associated with both
Opportunities (2.316, p= 0.000) and Barriers (-1.628, p= 0.338). There was an association
between Crop management and Crop choice (0.752, p= 0.000) indicating that decisions within
one construct influence the other. Similarly, Barriers were associated with Opportunities
(2.597, p= 0.001). Of the seven components within the Crop management construct, the most
critical variable informing the strength of opportunities and barriers were planning in season
(1.312, p=0.000), following a fixed spraying schedule (1.000, p=0.000), while additional
important variables were having clean fields and decision support (0.832, p=0.000). Within the
seven Farm construct, four characteristics were significantly informing responses to
opportunities and barriers. These included (1) soil type (-2.028, p=0.000); (2) mechanical
weeding (-1.475, p=0.000); and (3) conservation practices i both Integrated Pest Management
and Conservation Agriculture (1.343 and 1.000 respectively, p=0.000). Within the Crop choice
construct, by far the most significant component was selecting crops that are disease resistant.
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5 Conclusion

The structural equation models identified associations between opportunities and barriers to
legume-cereal intercropping and farm characteristics and decision-making (crop choice, crop
management). The global SEM model highlighted that across all models, opportunities inform
barriers and crop choice informs crop management decisions. These associations could be
harnessed by developing pathways toward greater intercrop adoption by addressing barriers
and opportunities in tandem.

Although the variation across Europe and beyond in terms of the predictors of barriers and
opportunities is modest (most strongly influenced by farming system characteristics). The
variation observed has implications for planning interventions to support a transition to
intercropping, the variation in SEM parameters across European regions and Pakistan and
Egypt outside Europe underscores the need for targeted, regional-specific interventions that
consider local factors, practices, and challenges. Understanding local factors influencing the
success of intercropping systems is crucial for designing targeted and context-specific
strategies and tailoring such strategies to the unique characteristics of each region will
enhance the effectiveness of efforts to support a transition to intercropping.

In the North Europe SEM, Farm was most strongly associated with both Opportunities and
Barriers. The farm characteristics that most negatively impacted Opportunities and Barriers
were integrated pest management (IPM) and soil type, indicating that the greater the
percentage of sand in soil and the more IPM is used the less the farm will be impacted by the
opportunities and barriers. In this region different types of livestock also had different
relationships to opportunities and barriers with poultry increasing the opportunities and barriers
experienced and cattle decreasing them. Based on our analysis, farmers with cattle in North
Europe could have an easier time adopting intercropping as compared to poultry producers on
average. Crop management had a stronger positive pathway to barriers and opportunities as
compared to Crop choice. Thus, in North Europe a strategy targeting and supporting crop
management decisions could be the best approach to increase opportunities if barriers were
addressed in tandem.

In the South Europe SEM, Crop choice and Crop management were both negatively
associated with Barriers, while farm characteristics were positively associated with
Opportunities. In all other models (Regional European, Global, Outside Europe) Farm was
negatively associated with barriers and opportunities, however, the strongest variable within
Farm was still soil type, the same as North Europe, and the same relationship held.
Conversely, in South Europe practicing no till, and conservation agriculture increase
opportunities and barriers experienced while not practicing mechanical weeding or using IPM
have a similar relationship, increasing the opportunities and barriers. The strongest pathways
in the South Europe model are between crop management and opportunities, followed by crop
choice and barriers. Thus, a strategy that relates crop management with opportunities and
crop choice with barriers could provide the most effective pathway toward intercrop adoption
in South Europe.

In the Central Europe SEM, many pathways were similar to those in North Europe in terms of
direction and strength. Similar to North Europe, Central Europe also had stronger positive
pathways from Crop management to Barriers and Opportunities as compared to Crop choice.
Given the similarities in the SEM between these two regions, developing similar strategies for
increasing intercrop adoption could be an effective approach.

In the Outside Europe SEM, Crop choice was positively associated with both Opportunities
and Barriers, while Crop management and Farm were negatively associated with both. In

Egypt and Pakistan, a strategy emihasizing increases in Crop choice variables would
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effectively increase Opportunities, however attention would need to be paid to ensure that
Barriers would not increase as this association is also positive. Crop management variables
were much less impactful and strongly associated with Crop choice, similar to North and
Central Europe. The negative relationship between Farm and both Opportunities and Barriers
indicates that farmers keeping poultry and practicing conservation agriculture experience fewer
barriers and opportunities to intercropping in these countries.

Combined interpretation of pathways with the loadings of construct variables could support a
complex but useful image of the connections from crop choice, crop management, farm
characteristics to barriers and opportunities for legume-cereal intercrop adoption. For example,
within crop choice supporting the development of high yielding varieties and ratios of legume
cereal mixes for intercropping and increasing weed competition of these mixes and experience
levels for farmers are all important components of crop choice that dampen how strongly
barriers are experienced at the farm scale. The global model had associations between
increases in crop management variables such as continuous monitoring and clean fields with
increased barriers experienced by farmers. Future exploration of the relationship between
intercropping barriers and opportunities with variables such as keeping livestock by type and
conservation practices could help to illuminate specific pathways to enable intercrop adoption
across Europe and beyond. Furthermore, involving local stakeholders, including farmers,
agricultural extension services, researchers, and policymakers, in the planning and
implementation of interventions could harness the findings from this SEM on a regional basis.
In the forthcoming LEGUMINOSE Living Labs that will be implemented in the coming years,
the specific local characteristics of the survey, may help to guide researchers and stakeholders
in selecting suitable interventions.
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