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1 Introduction

Food security in developing countries is threatened by climate change, population growth, resource
scarcity, soil fertility decline, and stagnant yields (Giller, 2020; Mbow et al., 2022; van Ittersum et al.,
2016). Ecological intensification—e.g., increasing crop diversity across space and time and
strengthening natural pest and weed control—can sustainably reduce yield gaps by integrating
biodiversity-based ecosystem services into production (Bommarco et al., 2013; Kleijn et al., 2019;
Tamburini et al., 2020). Realizing this potential requires policies that enable transformative change
away from high external-input dependence that locks systems into low-performance, low-
sustainability conventional intensification traps (Giller et al., 2021; Tittonell and Giller, 2013). These
lock-ins arise from complex, cross-scale interactions within social-ecological subsystems (Burian et al.,
2024; Tittonell, 2014). To support the integrated understanding needed for transformative policy
design (Duru et al., 2015a; Fischer et al., 2017), the Food and Agriculture Organization of the United
Nations (FAO) promotes the “10 Elements of Agroecology,” which can be used in visual narratives to
guide transitions (Barrios et al., 2020). Nevertheless, complex challenges, such as upscaling
agroecology in developing countries, are best addressed through combined qualitative and
guantitative approaches (Mingers, 2010).

Models offer quantitative tools for stakeholder co-learning about social-ecological complexity (Fulton
et al., 2015b) and can support agroecological transition policies (Duru et al., 2015b) by identifying
leverage points and anticipating unintended effects or policy resistance (Sterman, 2010). Yet modeling
social-ecological systems is difficult due to weak integration of qualitative and quantitative data and
methods, challenges in representing structural change and cross-scale dynamics, and limited policy
linkage (Elsawah et al., 2020)—problems especially acute in developing countries (Tittonell, 2014).
Smallholder agroecosystems display complex dynamics (e.g., thresholds and hysteresis in yield
responses to external inputs) shaped by farmer decisions that are mostly informed by qualitative
knowledge (Tittonell, 2014). Diverse outcomes may result from shifts between alternative stable
states (such as profitable levels of conventional intensification) or from fundamentally different
system structures (conventional vs. ecological intensification) (Tittonell, 2014). Farmer decisions are
both constrained by and responsible for outcomes across scales: national extension programs can
determine plot-level yields, which then influence community-level market and social participation.
Therefore, transformative agricultural policy must address cross-scale dependencies through both
bottom-up measures (e.g., fostering farmer participation in community processes) and top-down
measures (e.g., ensuring equitable access to extension services) (Tittonell, 2014).

We applied participatory modeling in Ethiopia, Kenya, Rwanda, Tanzania, and Uganda, to analyze
social-ecological feedbacks that trap smallholder systems in conventional intensification or create
unintended effects in agroecological approaches, such as push-pull. This East African polycropping
system improves yields through pest and weed suppression, soil fertility enhancement, livestock
fodder provision, and social empowerment (Alexandridis et al., 2023; Khan et al., 2008; Midega et al.,
2018; Murage et al., 2015a; Pickett et al., 2014), yet shows inconsistent farmer uptake (Adesina et al.,
2023; Murage et al., 2015b; Sileshi et al., 2025), making it a useful case for studying agroecological
upscaling. Ten workshops with over 100 stakeholders informed a novel cross-scale modeling
framework combining structural analysis for strategic planning (Godet, 2004) with qualitative
mathematical models (Jeffrey M. Dambacher et al., 2003) and causal loop diagrams (Sterman, 2010)
linking agronomic, economic, and social subsystems (Figure 1). This integration enabled analysis of
equilibrium and transient dynamics (Alexandridis et al., 2022), revealing policy resistance and leverage
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points for transformative change. Findings were synthesized using the “10 Elements of Agroecology”

(FAO, 2018) to identify policy pathways for realizing the potential of push-pull and related

agroecological practices to improve farming performance and sustainability.
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Figure 1. Workflow for analysis of social-ecological
systems around push-pull in East Africa. We began with
stakeholder knowledge elicitation in participatory
modeling workshops, followed by structural analysis of
influence and dependence to identify key system
variables. These variables were connected using
stakeholder knowledge within qualitative mathematical
models of agronomic, economic, and social subsystems at
farm and landscape scales. Model outputs determined
interaction signs used to construct regional-scale causal
loop diagrams, where balancing and reinforcing
feedbacks reveal policy resistance, intensification traps,
and leverage points for transformative change. These
insights were integrated with visual narratives based on
the “10 Elements of Agroecology” to generate policy
recommendations targeting the relevant subsystems at
appropriate scales in each study country.
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2 Results

Structural analysis identified 28 dominant agronomic, economic, and social variables shaping the
push-pull social-ecological system (Table 1). Stakeholders defined positive and negative interactions
among these variables across sub-systems and spatial scales (see Appendix 3), and qualitative
mathematical predictions from farm and landscape sub-system models determined interaction signs
and feedback loops in a regional-scale model (Figure 2)—the scale relevant for policies promoting
system upscaling and long-term dynamics. Two balancing feedback loops were found (Figure 2, red
and blue arrows): greater farmer participation in community processes improves access to external
inputs and technical knowledge through inclusive extension services, which promotes conventional
intensification; this intensification then reduces farmers’ engagement in community activities and
organizations. Consequently, extension policies that initially expand integrated advisory packages may
successfully stimulate intensification, but as more farmers rely on demand-driven services, weakened
community knowledge exchange can shift extension demand toward more specialized, less inclusive
services focused on farmers already engaged in high-input agriculture.

Because regional extension programs are constrained by limited financial and human resources, they
must balance reaching many farmers (extension inclusivity) against delivering holistic support via
integrated advisory packages (integration of specialized advisory services). Inclusivity and integration
therefore interact with agricultural intensification and community involvement in a positive
(reinforcing) feedback loop (Figure 2, bold arrows) that tends to lock the system into one of two self-
reinforcing states: (1) high conventional intensification with integrated services delivered to relatively
few farmers and low community involvement, or (2) strong farmer community involvement with low
conventional intensification, supported by inclusive but fragmented extension services. These
reinforcing dynamics create path dependencies, meaning past development trajectories restrict
future system options (Arthur, 1989; Scheffer et al., 2001).

Leverage points are parts of a system where several feedback loops intersect, so interventions there
can disproportionately influence overall dynamics by modifying multiple loops at once (Meadows,
2015). The negative effect of agricultural intensification on farmer community involvement—present
in every identified feedback loop—is one such leverage point that could prevent system lock-in. Acting
on it requires altering the farm-scale social processes that determine this relationship (Figure 3) so
that intensification’s effect on community involvement becomes neutral or positive. The specific
adjustments differ by country: in Ethiopia, Kenya, and Rwanda this involves weakening
intensification’s negative impacts on community involvement, social capital, food-source diversity,
and poverty; in Tanzania it involves weakening its negative effects on social capital and food-source
diversity while also reducing the positive and negative effects of extension access on social capital and
poverty, respectively; in Uganda it requires only reducing the negative effect of intensification on
social capital.

To translate model findings into policy guidance, the analysis draws on the framework of Barrios et al.
(2020), which applies FAO’s “10 Elements of Agroecology” to identify policy nexuses—areas where
interventions can generate environmental, social, and economic synergies. Such multi-dimensional
policies can catalyze transformative transitions (Liu et al., 2018) like those envisioned with the push-
pull system and other agroecological approaches. Of the three nexuses proposed by Barrios et al.
(2020) (biodiversity—nutrition—climate change; consumers—markets—health; and education—
governance-youth employment), the education—governance—youth employment nexus aligns best
with the model results because it emphasizes strengthening local social systems by increasing farmer
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involvement and social capital without directly confronting potentially resistant extension structures
(Isgren et al., 2023). For implementation in East Africa, policies built on this nexus should be evaluated
by monitoring farmer community involvement, social capital, and food-source diversity, since model
analysis shows that local interventions must counteract agricultural intensification’s negative effects

on these variables.
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Figure 2. Causal loop diagram of the regional-scale model.

Pointed and circular arrows indicate positive and negative
direct effects, respectively, among system variables. Red
and blue arrows form balancing feedback loops, while thick
arrows form a reinforcing feedback loop. Variable

definitions are given in Table 2.

Figure 3. Qualitative mathematical models of the farm-

scale social sub-system in each country, including changes
(dotted lines) aimed at turning positive or zero the predicted
negative effect of agricultural intensification on farmer
community involvement. This is the minimum number of
changes and considered as the most likely to be
implemented based on the principle of parsimony, with the
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goal of breaking the feedback loops of the regional-scale
model (Figure 2). Pointed and circular arrows indicate

positive and negative direct effects, respectively. Nodes
represent system variables. Agin: Degree of external input

use in farming; FaTe: Degree of involvement of farmer
teachers, volunteer trainers, community leaders; SoCa:
Networks of relationships among people who live and work
in a society, enabling the society to function effectively;
AcES: Degree of access to extension services; PoSt: Distance
from socially acceptable standards of living; FoSe: Proximity

to food access required for a productive and healthy life;

FISS: Extent of alternative sources of subsistence.
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Table 1. List of key system variables (and abbreviations) separated based on their association with agronomic, economic, or social system processes, and operation at
one or more of farm, landscape, and regional scales. Variable definitions are given in Table 2.

Farm

Agronomic

Agricultural intensification (Agin)
Crop yield gap (CrYG)

Soil erosion (SoEr)

Land for cereals (LaCe)

Land for fodder crops (LaFC)
Land under agroforestry (LaAg)
Land under push-pull (LPPT)

Integration of specialized extension services (INSE)

Economic

Crop production (CrPr)

Total labour force (ToLF)

Fodder production (FoPr)

Off-farm income (OfFI)

Land holding size (LaHS)

Livestock production (LiPr)

Integration of specialized extension services (INSE)

Farmer teachers/volunteer trainers/community leaders (FaTe)

Social

Access to extension services (ACES)
Agricultural intensification (Agln)

Social capital/networking (SoCa)
Flexibility for subsistence sources (FISS)
Food security (FoSe)

Poverty status (PoSt)

Farmer teachers/volunteer trainers/community leaders (FaTe)

Landscape

Agronomic

Agricultural intensification (Agin)
Extension inclusivity (ExIn)
Irrigation (Irri)

Land for cereals (LaCe)

Land for fodder crops (LaFC)
Land under agroforestry (LaAg)
Land under push-pull (LPPT)

Soil erosion (SoEr)

Economic

Crop production (CrPr)

Extension inclusivity (ExIn)

Fodder production (FoPr)

Integration of specialized extension services (INSE)
Land holding size (LaHS)

Livestock production (LiPr)

Seed/seedling price (SePr)

Value chain integration/development (VacCl)

Social

Extension inclusivity (ExIn)

Trust in extension services (TrES)
Input market access (InMA)
Output market access (OuMA)
Social capital/networking (SoCa)
Total labour force (ToLF)

Farmer teachers/volunteer trainers/community leaders (FaTe)
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Regional

Agricultural intensification (Agin)

Extension inclusivity (ExIn)

Farmer teachers/volunteer trainers/community leaders (FaTe)
Integration of specialized extension services (INSE)

Push-pull diversification (PPTD)

Trust in extension services (TrES)

Value chain integration/development (VacCl)

10
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Table 2. Short list of variables (with abbreviations and definitions) included in the matrix of direct
system interactions and categorised into farming, household, governance, and external variables. Red
font indicates key system variables.

Farming variables

Abbreviations

Definitions

Land under push-pull

LPPT

Amount of land on which push-pull is practiced

Land under agroforestry LaAg Amount of land on which agroforestry is practiced
Land for cereals LaCe Amount of land on which cereals are grown

Land for fodder crops LaFC Amount of land on which fodder crops are grown
Field size FiSi Average size of farmed fields

Field proximity to push-pull FPPT Average proximity of farmed fields to practiced push-pull
Size and proximity of SiPC Amo.un.t of land used as communal pastureland and
communal pastureland proximity to stable

Soil fertility SoFe Aggregate fertility of average farmed field

Soil management practices SoMP Degree of application of fertility improving practices
,r\(/lezir:juur:/% ?miggfitéﬁmp MaCC Degree of non-chemical soil fertilization

Crop rotation CrRo Degree of crop rotation in farmed fields

Irrigation Irri Degree of irrigation in farmed fields

Pesticide application PeAp Degree of application of pesticides in farmed fields
Crop production CrPr Total amount of crop produced

Fodder production FoPr Total amount of fodder produced

Livestock production LiPr Total amount of production from livestock

Grazing pressure GrPr Crop losses caused by grazing

Weed (striga) pressure WeSP Crop losses caused by weeds (striga)

Pest abundance PeAb Average abundance of crop pests in farmed fields
Natural enemies abundance  NaEA g\:t::geﬁ:lzt;ndance of crop pests' natural enemies in
Soil erosion SoEr Degree of soil erosion in average farmed field

Crop failure risk CrFR Risk of close to total loss of grown crops

Crop yield gap CrYG Average gap to crop yield under optimal agronomic

management

Household variables

Abbreviations

Definitions

Land holding size LaHS Total amount of farmed land
Land ownership/tenure LaOT Average degree of ownership of farmed land
Proximity to field PrFi Average homestead proximity to farmed fields
Input market access INMA Degree of access to markets for agricultural inputs
Output market access OuMA Degree of access to markets for agricultural outputs
Access to extension services AcES Degree of access to extension services
Networks of relationships among people who live and work
Social capital/networking SoCa in a particular society, enabling that society to function
effectively
Push-pull adoption within Degree of push-pull adoption among members of
. PPTA
social network household network
Subsidies for push-pull SPPT Amount of subsidies promoting push-pull application

11
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Average degree of availability of push-pull companion plant

Push-pull seed availability PPTS seeds

Seed/seedling price SePr Average price of farmed crop seeds/seedlings

Labour cost LaCo Total cost of hired labour

Total labour force ToLF Total number of farm labourers

Livestock income Liln Total income from livestock products

Off-farm income OfFI Toal income from off-farm activities

Poverty status PoSt Distance from socially acceptable standards of living
Food security FoSe Eg;ﬁr?;l% éo food access required for a productive and
Eéi);?élgy for subsistence FISS Extent of alternative sources of subsistence

Female decision making FeDM Degree of female participation in decision making

Governance variables

Abbreviations

Definitions

Push-pull diversification PPTD Extent of alternative push-pull main crops

Agricultural intensification Agin Degree of external input use in farming

Value chain Extent and integration of value chain for agricultural

: . VacCl

integration/development products

Farmer teachers/volunteer FaTe Degree of involvement of farmer teachers/volunteer
trainers/community leaders trainers/community leaders

Extension inclusivity ExIn Degree of farmer inclusivity of extension services
Integration of specialized INSE Degree of integration of specialized extension services into
extension services a single package

Trust in extension services TrES Average degree of farmers' trust in extension services

External variables

Abbreviations

Definitions

Soil type SoTy Geological type of farm soil, linked to potential soil fertility

Land slope LaslI Average slope of farm land

Temperature during the wet TeWsS Average temperature during the wet season(s)

season(s)

Rainfall during the wet Raws Average rainfall during the wet season(s)

season(s)

Rainfall seasonal variability RasSVv Interannual variability of seasonal amount of rainfall

Drought risk DrRi Chances of drought causing close to total loss of grown

crops

Flood risk FIRI Chances of flood causing close to total loss of grown crops

12




3 Discussion

Model analysis revealed feedback loops that may lock smallholder farming in East Africa into states
characterised by their level of dependence on external inputs, achieving neither optimal productivity
nor sustainability (Tittonell and Giller, 2013). If these loops function as predicted, the resulting
alternative states—low versus high conventional intensification—are difficult to escape (Burian et al.,
2024). Each poses risks: low intensification may not meet the needs of growing populations (Tal, 2018),
while high intensification may degrade nature’s contributions to human well-being (Vanbergen et al.,
2020). Counterintuitively, top-down interventions that target individual system components can
reinforce either state through a landscape-scale reinforcing loop linking intensification, farmer
involvement, and extension characteristics. If balancing loops dominate instead, imposed changes are
dampened and the system reverts to its original state. Moving beyond these two states, as sought by
push-pull and other agroecological approaches to ecological intensification (Bommarco et al., 2013;
Garibaldi et al., 2017) therefore requires structural change that breaks the underlying feedback loops.

The negative impact of agricultural intensification on farmers’ community involvement is a key
leverage point for promoting more sustainable agriculture in East Africa because it features in all three
feedback loops that could lock the system into a conventional intensification trap. Weakening or
reversing this relationship could both reduce policy resistance arising from balancing feedbacks and
alter the reinforcing feedback that generates alternative stable states. Yet targeting this leverage point
is not simple or cost-free: the link likely reflects real trade-offs in how farmers divide limited time and
attention between managing intensive production and engaging in community activities (Reardon et
al., 2007a). Effective intervention therefore requires understanding the mechanisms shaping this
relationship in different contexts and tailoring responses accordingly. Because these dynamics arise
from social processes at the farm level, meaningful change will likely depend on local, community-
based interventions that address how intensification influences participation, reciprocity, and
collective action.

Rather than aiming for agricultural intensification with no social downsides—an unrealistic
expectation given inherent trade-offs—the objective should be approaches that yield net positive
outcomes by reducing harms or compensating for them (Tittonell, 2014). Model results indicate that
sustainable intensification should avoid direct or extension-mediated negative impacts on community
involvement, social capital, food-source diversity, and poverty, wherever these effects still occur. This
could be achieved through practices that preserve reciprocal labor networks and traditional
knowledge exchange, while maintaining or improving dietary diversity through diversified production
or income-enabled food access. Although global experience suggests non-farm employment and
rural-urban migration eventually replace agriculture’s role in poverty alleviation, productivity must
first reach adequate levels (Fan and Cho, 2021); in the East Africa contexts studied—where
productivity is still low and informal urban sectors are large—assuming poverty reduction will mainly
come from non-farm sources risks leaving rural populations without viable livelihoods. Thus,
intensification strategies, whether conventional or ecological, must demonstrably improve farmer
welfare rather than merely increase production or networking, with niche markets for sustainably
produced goods offering a possible transitional pathway (Olagunju et al., 2025). Finally, the identified
feedback structures and leverage points operate within broader conditions shaped by conflict,
political instability, and disease, meaning that addressing these systemic challenges remains a
prerequisite for sustainable agriculture across Africa (Adenle et al., 2018).

Policies based on the education—governance—-youth employment nexus (2020) appear promising
across all study countries. They could focus on younger farmers through comprehensive agroecology
13
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education (Francis et al., 2017), land-tenure arrangements for graduates (FAO, 2016), participatory
guarantee systems, locally grounded food-safety approaches, and stronger collaboration between
farmers and academia (Barrios et al., 2020). However, transformative progress toward sustainable
agriculture must navigate structural barriers and national differences: limited resources, low trust,
and customary law may impede reforms in education, certification, and land tenure, while promotion
of high-input agriculture is eroding local food traditions across Africa (Isgren, 2016; Tapsoba et al.,
2020). Country contexts vary further. Tanzania is shifting from extension services with strong social-
poverty roles toward integrated agronomic advisory provision, creating a gap in social-service delivery,
whereas Ethiopia, Kenya, and Rwanda facilitate this transition through farmer organizations or market
forces (see Appendix 2). In Uganda, the weaker negative link between intensification and community
involvement implies that fewer interventions are needed to preserve community structures, yet
strengthening social capital—especially via youth and women’s employment and land access—
remains essential (Bamwesigye et al., 2020). Uganda’s relatively low conventional intensification,
driven by limited market access, high input costs, and weaker promotion of conventional packages
(Lee, 2020), has fostered “organic by default” practices and peer-to-peer farmer support (Bendjebbar,
2018).

In the face of projected climate change-induced increases in soil erosion (Kimaro et al., 2014) and crop
yield gaps (Abera et al., 2018; Kipkulei et al., 2025; Mohammed and Misganaw, 2022), which may not
be reversible by the end of the century (Rurinda et al., 2015), a combination of measures by different
actors will be essential for sustainable agriculture. Extension services in their current state operate
within feedback loops that preserve farmers’ preference for conventional agricultural intensification,
despite its reduced potential under projected climate conditions (UPSCALE Deliverable 5.4). Reducing
elements of conventional agricultural intensification in extension, while enhancing integration of
specialized services and ecological intensification of agriculture, is a key leverage point towards
enhancing resilience to climate change. Extension with these characteristics can play a central role
within the biodiversity—nutrition—climate change and consumers—markets—health policy nexuses,
separately or in coordination with each other (Barrios et al., 2020), guiding agroecological transition
towards climate-resilient farming in East Africa.

14
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4 Material and Methods

4.1 Stakeholder knowledge elicitation

Nine agricultural researchers with diverse disciplinary backgrounds were asked to reduce an initial list
of 124 candidate variables describing maize/sorghum and push-pull social-ecological systems in East
Africa (see Appendix 1) to a core set of essential variables. Their independent input produced a
consolidated shortlist of 56 variables (Table 2). Using the KoboToolbox platform (Harvard
Humanitarian Initiative, 2022), all 3,080 possible directed pairwise relationships among these
variables were presented to stakeholders, who assessed whether effects were positive, negative,
absent, uncertain, context-dependent, or required annotation.

Workshops with about 20 stakeholders in each study country—supplemented by targeted
consultations—elicited these relationships from researchers, extension agents, traders, farmer
representatives, officials, and farmers. Participants deliberated in parallel groups to reach consensus
where possible, while majority/minority views and contextual qualifiers were recorded when
consensus failed. Interactions were also annotated with spatial scale, timing (immediate, delayed, or
cumulative), and contextual conditions. Combined workshop outputs produced a full interaction
matrix across countries. A second workshop round in each country then calibrated qualitative models
to local conditions, using graphical models to support knowledge exchange, co-learning, and
stakeholder ownership of results (Fulton et al., 2015a; Gourguet et al., 2021).

4.2 Qualitative model development

Model development followed three steps. First, structural analysis of the interaction matrix using
MICMAC-ranked variables by influence and dependence (Godet, 2004; Godet and Bourse, 2022),
identifying 28 key variables with strong systemic roles (Figure 4). Second, stakeholder knowledge and
system understanding grouped these variables into agronomic, economic, and social sub-systems
operating at farm, landscape, and regional scales (Table 1). Third, stakeholder-elicited interaction
signs linked variables within sub-systems to build qualitative models (see Appendix 3). Stability
analysis (see Appendix 4) showed farm- and landscape-scale systems were moderately to highly stable,
meaning short-term disturbances are absorbed but sustained pressures can shift equilibria; predicted
equilibrium responses at these scales determined the signs of interactions forming regional feedback
loops. Because the regional system showed low stability, its short-term dynamics were represented
with a causal loop diagram.
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Figure 4. Displacement graph of system variables along axes of influence and dependence, based on
direct (circles) and indirect (dots) interactions. The position of variables on this graph indicates their
potential role as drivers or indicators of system dynamics and allowed us to identify 28 key system
variables that exhibit high levels of (primarily) influence and dependence (in first and second quadrant,
shown in highlighted frames). Variable abbreviations and definitions are given in Table 2.

4.3 Qualitative model analysis

Subsystem stability was evaluated using qualitative mathematical model analysis (Dambacher et al.,
2002). Farm- and landscape-scale subsystems showed moderate to high stability (see Appendix 4),
meaning they tend to maintain structure after disturbances: short-term “pulse” shocks (e.g., droughts
or crop rotations) are likely absorbed, while sustained “press” changes (e.g., land-use trends or policy
shifts) can move them toward new equilibria. Predicted equilibrium responses at these scales (see
Appendix 4) determine the signs of interactions forming regional feedback loops (Figure 2).

Because the regional system has low stability, its short-term dynamics were represented with a causal
loop diagram (Sterman, 2010). Based on the principle of parsimony, the analysis identified the minimal
set of changes within the farm-scale social subsystem needed to neutralize or reverse the regional
negative effect of agricultural intensification on farmer community involvement across countries
(Figure 3). The nesting of agronomic, economic, and social subsystems across farm, landscape, and
regional scales allowed signed digraphs and causal loop diagrams to be linked across scales. Although
each method has been used separately before, their combined use here provides a stronger
understanding of both equilibrium and transient dynamics across wide spatial and temporal ranges.
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5 Conclusions

With populations in sub-Saharan Africa growing rapidly, improving agricultural productivity is urgently
needed to secure food supplies. Traditional low-input subsistence farming cannot meet increasing
demand, while conventional high-input intensification often leads to long-term environmental
degradation and reduced system resilience. Ecological intensification offers an alternative by using
biodiversity to raise yields while maintaining environmental health. When supported by appropriate
policies, it can also improve farmers’ livelihoods and stimulate local economies.

In this study, we apply a novel combination of analytical approaches to build a holistic understanding
of the ecological and socio-economic conditions that enable ecological intensification. Our cross-scale
participatory modeling identifies feedback structures that reveal social-ecological barriers and
potential lock-ins hindering agroecological transitions in East African smallholder systems, while also
highlighting strategic points for intervention. A key leverage point is the negative relationship between
agricultural intensification and farmer community involvement. Because the context varies across
countries, policy responses must be differentiated, with particular emphasis on the education—
governance—youth employment nexus in Ethiopia, Kenya, Rwanda, Tanzania, and Uganda.
Strengthening farmers’ climate-change resilience requires reducing conventional agricultural
intensification within extension services while simultaneously increasing the integration of specialized
advisory support and promoting ecological intensification.

These conclusions are model-based and require empirical validation through longitudinal panel
studies that track real-world responses to interventions. Nevertheless, the participatory modeling
framework presented here provides a replicable method for engaging stakeholders in analyzing
complex agroecological challenges and informing sustainable policy design—provided that practical
interventions are developed to operationalize the identified leverage point, drawing on lessons from
comparable systems worldwide.
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7 Appendices

Appendix 1: Long list of push-pull system variables

Table Al. Long list of variables characterising social-ecological systems associated with push-pull (PP)
and other ecological intensification (El) practices in East Africa, categorised into farming, household,

governance, and external system variables.

Farming

Household

Land under monocropping
Land under intercropping
Land under PP

Land under agroforestry
Land for cereals

Land for legumes

Land for tubers

Land for fruits

Land for vegetables

land for fodder crops

Land for cash crops

Land for cover crops

Land for fallow

Field size

Field proximity to PP

Size and proximity of communal pastureland
Size and proximity of semi-natural habitat
Soil fertility

Soil conservation practices
Manure/compost/crop residue fertilization
Synthetic fertilization

Land preparation

Crop rotation

Pesticide application
Irrigation

Production mechanization
Beekeeping

Natural enemies abundance
Grazing pressure

Disease incidence

Pest abundance

Weed (striga) pressure

Soil erosion

Crop failure risk

Crop invasiveness

PP diversification

Seed production

Crop production

Livestock production
Fodder production

Land holding size

Land ownership/tenure status
Proximity to field

Input market access

Output market access

Access to food

Access to drinkable water
Access to extension services
Access to micro-credit

Capital assets

Social capital

Sl training network participation
PP adoption within social network
PP seed availability

Subsidies for PP

Subsidies for other El practices
Subsidies for conventional farming
Land price

Crop price

Dairy price

Livestock price

Seed/seedling price

Production fraction consumed
Production fraction sold

Crop income

Livestock income

Off-farm income

Food expenditure

Cropping cost

Livestock cost

Advisory cost

Transport cost

Maintenance expenses

Labour cost

Labour force

Male labour load

Female labour load

Youth labour load

Education level

Poverty status
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Residual farm production

Food security

Crop yield gap Health

Livestock yield gap Perceived well-being
Labour shortage Adaptability
Agronomic skill shortage Transformability
Governance External

Crop insurance schemes Soil type

El conducive policies Altitude

Private/public sector investments

Value chain integration/development

Price fixing/regulation

Farmer teachers/volunteer trainers/community leaders
Information generating institutions

Information sharing networks

Exposure to radio/television/ICT-based extension
Extension inclusivity

Coordination of pluralistic extension systems
Context sensitivity of extension services
Female/youth targeting extension

Integration of specialized extension services
Knowledge shortage of extension workers
Evaluation of extension services

Trust in extension services

Mean annual temperature
Temperature seasonal variability
Mean annual rainfall
Rainfall seasonal variability
Flood risk

Drought risk

Climate change
Biodiversity loss

Biological invasion
Agricultural intensification
Land grabbing

Land abandonment
Urbanization
Emigration/immigration
Population density

23




H2020-SFS-2019-2 D5.5 Participatory assessment of sustainable intensification

Appendix 2: Stakeholder country reports

The iterative stakeholder calibration of farm- and landscape-scale models revealed important
differences in system structure among the five study countries. In Kenya, Rwanda, and Uganda,
stakeholders indicated that interest in the cultivation of diverse food crops at the farm scale is more
likely to be reduced due to off-farm income or livestock production, than in other countries. In
contrast, stakeholders in Ethiopia and Tanzania characterized agricultural decision-making as less
responsive to market signals and more influenced by government programs and centrally planned
policies operating at the landscape scale. This pattern reflects several interconnected dynamics. Off-
farm income provides cash for food purchases, reducing the necessity of subsistence production and
enabling households to specialize in fewer, more marketable crops (Barrett et al., 2001; Reardon et
al., 2007b). Livestock production competes with crop cultivation for land and labor, particularly in the
land-constrained settings of Kenya, Rwanda, and Uganda, where population density and land
fragmentation limit farm size (Tittonell et al., 2010). In Ethiopia, continued state ownership of land,
government coordination of input supply through cooperative unions, and extension systems that
work through model farmers and farmer training centers, promote specific agricultural packages.
Tanzania's system also retains significant state involvement through consolidated land-use planning,
coordinated input subsidy programs, and agricultural development corridors that shape cropping
patterns across landscapes. These governance structures create different opportunity structures for
agroecological innovations like push-pull compared to more market-driven systems. As such,
government coordination could accelerate adoption if policies favor ecological intensification, but it
may also create rigidity if state programs continue emphasizing conventional high-input approaches.

Stakeholder assessments indicated Ugandan agricultural systems as exhibiting some distinctive
characteristics. Farmers in Uganda reported stronger traditions of knowledge exchange and farmer
group-based learning, making peer-to-peer farmer support more likely to complement extension by
promoting ecological intensification practices. Stakeholders indicated that these horizontal
knowledge networks frequently share information about diversified farming practices, intercropping,
and organic soil amendments, rather than focusing exclusively on external input intensification.
Hence, the limitations of conventional intensification for farmer livelihoods are less pronounced in
Uganda than in other study countries.

Extension services organization and access patterns in Ethiopia, Kenya, and Rwanda, differ from those
in Tanzania and Uganda in ways that affect the relationship between extension inclusivity and
integration of specialized services. In the former three countries, stakeholders reported that access to
extension services is more facilitated by organized farmer groups, including cooperatives, common
interest groups, and farmer training centers, or driven by demand, at the same time as integration of
specialized extension services is less likely to compete for available resources with extension
inclusivity. These organizational structures create demand aggregation, wherein extension providers
can reach multiple farmers through group-based activities. They appear to reduce the trade-off
between extension inclusivity and integration of specialized services that characterizes individual-
focused extension approaches. However, this organizational efficiency may itself create new forms of
exclusion if group membership or financial resources become a prerequisite for accessing extension
services, potentially marginalizing socially or financially isolated farmers, women in male-dominated
groups, and ethnic or religious minorities (Fischer and Qaim, 2012).
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Appendix 3: Qualitative model description

All models refer to smallholder farmers, who are primarily targeted by push-pull. Farm-scale models
represent single-farm processes and landscape-scale models represent processes across a group of
interacting farms. Regional-scale models represent larger-scale processes (Figure 2). Variables are
linked by direct effects only and are restricted by limits to growth originating outside the respective
systems.

Farm agronomic (Figure A1)

Initial: Conventional agricultural intensification reduces crop yield gaps, encouraging the cultivation
of cereals and fodder crops and antagonising ecological intensification. Fodder crop cultivation
competes with cereal cultivation and helps reduce soil erosion. Soil erosion is also mitigated by
agroforestry and push-pull, both of which ease the transition to conventional agricultural
intensification. However, agroforestry competes with cereal cultivation, while push-pull enhances
both crop yields and fodder crop cultivation. Crop yield gaps and soil erosion both encourage the
adoption of push-pull. Additionally, soil erosion promotes agroforestry and fodder crop cultivation,
contributes to yield gaps, and undermines conventional agricultural intensification. The integration of
specialised extension services favours all agricultural practices.

Calibration changes: Ecological intensification practices are competitive to conventional agricultural
intensification, which in turn targets cereal cultivation at the expense of fodder crops, due to land
scarcity and incompatibility of practices. Still, in Tanzania and Uganda, agroforestry contributes
significantly to fodder production. Integrated extension services improve soil protection practices,
thus reducing soil erosion.

Farm economic (Figure A2)

Initial: Crop, fodder, and livestock production strengthen farmers’ involvement in their community.
Greater community involvement, in turn, promotes the integration of specialised extension services,
which subsequently boosts the production of crops, fodder, and livestock, as well as increases land
holding size. Crop production, however, decreases the integration of extension services, raises labour
demands, and competes with livestock production. Fodder production is supported by livestock
production but limits opportunities for off-farm income. Livestock production also helps reduce labour
requirements. Larger land holdings contribute to higher crop production and greater labour needs,
while at the same time reducing the potential for off-farm income. On the other hand, off-farm income
supports the production of fodder and livestock, decreases crop production, and increases labour
needs.

Calibration changes: Extension is largely demand-driven, suggesting that integration of specialized
services is driven by agricultural production rather than the opposite. Off-farm income is typically
invested in land as a savings vehicle and has limited impact on fodder production in Kenya, Rwanda,
and Uganda, on top of limited impact on crop production in Ethiopia and Tanzania. In Uganda, crop
production is antagonized by livestock production, which only reduces labour needs in Ethiopia and
Tanzania.

Farm social (Figure A3)

Initial: Farmer involvement in the community increases the potential for conventional agricultural
intensification. However, this form of intensification can, in turn, reduce both community involvement
and the diversity of food sources, even as it improves food security. Social capital and access to
extension services support conventional agricultural intensification, strengthen community
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involvement, enhance food source diversity, and improve food security. Additionally, access to
extension services builds social capital, which further helps reduce poverty. Poverty undermines
conventional agricultural intensification, weakens farmer involvement in their community, and
reduces diversity of food sources and food security. Greater food diversity contributes to higher food
security. However, as food security improves, access to extension services aimed at the food insecure
declines.

Calibration changes: Conventional agricultural intensification can reduce poverty, but it may not affect
food security due to focus on monocrops, while it may reduce social capital by severing links to the
community. Conventional intensification does not affect the diversity of food sources in Uganda, or
the potential to act as a model farmer in Tanzania and Uganda, while it enhances this potential in
Rwanda along with ecological intensification of agriculture. In Ethiopia, Kenya, and Rwanda, access to
extension services does not affect the diversity of food sources, and it is expected to be driven by
social capital and food security rather than the other way around. In Uganda, access to extension is
not associated with food security or the diversity of food sources, while in Tanzania, it is enhanced by
food security and can reduce poverty through farmer education. Peer-to-peer farmer support
operates irrespective of wealth status in Tanzania and Uganda, in the latter case primarily promoting
ecological intensification of agriculture.

Landscape agronomic (Figure A4)

Initial: Inclusive extension services promote cereal cultivation and support conventional agricultural
intensification. In turn, conventional intensification increases the cultivation of cereals and fodder
crops and raises the likelihood of irrigation use. However, it also contributes to soil erosion,
discourages ecological intensification practices and reduces the inclusivity of extension services.
Fodder crop cultivation and agroforestry both compete with cereal cultivation and help reduce soil
erosion. Additionally, agroforestry supports conventional agricultural intensification. The same is true
for push-pull, which not only reduces soil erosion but also encourages the cultivation of fodder crops.
Irrigation promotes cereal cultivation, while soil erosion stimulates the adoption of fodder crops,
agroforestry, and push-pull and negatively impacts conventional agricultural intensification.

Calibration changes: Ecological intensification of agriculture is competitive to conventional
intensification, which in turn antagonises fodder crops in Ethiopia and Uganda, due to land scarcity
and incompatibility of practices. Intensification pathway does not affect land dedicated to fodder
crops in Rwanda.

Landscape economic (Figure A5)

Initial: Inclusive extension services can conflict with the integration of specialised extension services
due to limited resources. However, when specialised extension services are integrated, they become
more relevant to farmers, thereby increasing inclusivity. Both extension inclusivity and integration
support value chain development, as well as the production of fodder and livestock. Additionally,
extension integration promotes larger land holdings and increased crop production. Conversely, crop
production can reduce the motivation to integrate specialised extension services and competes with
livestock production. Livestock production, in turn, supports fodder production. Value chain
development reduces the inclusivity of resource-intensive extension services and leads to higher seed
prices. At the same time, it promotes increases in land holding size, crop production, and livestock
production. Larger land holdings further increase crop production and seed prices. However, rising
seed prices can negatively affect the inclusivity and integration of extension services, as well as land
holding size itself and value chain development.
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Calibration changes: Extension services primarily target crop production, while in Kenya and Rwanda
their integration does not compete for resources with the inclusivity of extension. In Ethiopia,
integration of specialised services can broaden the audience of interested farmers, thus enhancing
extension inclusivity. Centrally provided incentives for farmers are implemented through an extension
model that relies on model farmers and farmer groups, and is only minimally influenced by market
forces, minimizing interactions of seed price and value chain, and their impact on land holding size. In
Tanzania, land holding size is not controlled by market forces, such as the price of seeds, and extension
integration does not depend on crop production.

Landscape social (Figure A6)

Initial: Farmer involvement in the community strengthens extension inclusivity, builds trust in
extension services, enhances social capital and improves access to output markets. In turn, extension
inclusivity increases both trust in extension and access to input markets. Social capital further boosts
trust in extension and both factors contribute to higher labour demands. Access to input and output
markets strengthens social capital and trust in extension services. Additionally, access to output
markets improves access to input markets, which helps reduce labour needs. Finally, higher levels of
available labour force improve access to both input and output markets.

Calibration changes: Access to output markets reduces the need for labour dedicated to this task. In
Ethiopia, Tanzania, and Uganda, farmers’ involvement in the community enhances access to input
markets, mediated by organized groups of farmers.
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Ethiopia Rwanda Tanzania
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Figure Al. Country-calibrated qualitative mathematical models of the farm-scale agronomic sub-system. Nodes represent system variables. Pointed and circular arrows
indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.

Ethiopia Rwanda Tanzania

Figure A2. Country-calibrated qualitative mathematical models of the farm-scale economic sub-system. Nodes represent system variables. Pointed and circular arrows
indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.
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Tanzania

Figure A3. Country-calibrated qualitative mathematical models of the farm-scale social sub-system. Nodes represent system variables. Pointed and circular arrows
indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.

Ethiopia Rwanda Tanzania
(/ @,

Figure A4. Country-calibrated qualitative mathematical models of the landscape-scale agronomic sub-system. Nodes represent system variables. Pointed and circular
arrows indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.
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Ethiopia Rwanda Tanzania

Figure A5. Country-calibrated qualitative mathematical models of the landscape-scale economic sub-system. Nodes represent system variables. Pointed and circular
arrows indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.

Figure A6. Country-calibrated qualitative mathematical models of the landscape-scale social sub-system. Nodes represent system variables. Pointed and circular arrows
indicate positive and negative direct effects, respectively. Variable abbreviations and definitions are presented in Table 2.

30

= uPscALE



Appendix 4: Qualitative model analysis

The community matrix (A) describes a system’s internal dynamics. It consists of the partial derivatives
of each system variable’s growth rate with respect to each variable’s abundance (Novak et al., 2016).
This matrix can be specified qualitatively (A®, i.e., with entries of + 1, =1 and 0), describing only the
direction and sign of interactions among system variables. Assuming that the modelled system is
stable (i.e., attracted to a local point of equilibrium, such that system variables’ abundances remain
positive), the classical adjoint of the negative A° describes the direction of equilibrium responses of
the abundance of system variables to press perturbation that impacts the system through each of its
variables (Dambacher et al., 2002). A system’s stability is typically supported by its tendency to persist
in the face of disturbance (Puccia and Levins, 1985). The level of ambiguity in qualitative predictions
contained in the adjoint matrix can be quantified by weighing each element of the adjoint by the total
number of feedback cycles, both positive and negative, that contribute to each matrix element
(Dambacher et al., 2002). Elements of the resulting W matrix range between 0 and 1, indicating highly
indeterminate and completely reliable predictions, respectively.

Dambacher et al. (2003) distinguish between qualitative mathematical models with unambiguous
stability or instability, from conditionally stable models. They define stability criteria for the latter
category, and divide its models into two classes, with the respective metrics that quantify their
stability potential. Instability in class Il models is characterized by overcompensation and oscillations
in response to disturbance, due to feedback at higher system levels overwhelming feedback at lower
levels. This case can be assessed by measuring the relative balance of feedback at different system
levels. The stability of class | models is jeopardized by positive feedback dominating feedback at the
highest system level, leading to community change (e.g., disappearance of a community member) if
the system is disturbed. The potential for stability of class | models is determined by their weighted
feedback (wF) at the highest system level (wF,, where n is the number of variables in a system)
(Jeffrey M. Dambacher et al., 2003). wF, values that tend toward -1 indicate a high potential for the
variables of a system in equilibrium to converge toward their original levels following a pulse
perturbation. Values that tend toward 1 indicate a high potential for post-perturbation divergence
from these levels. Values near 0 show high ambiguity with respect to the system’s stability potential.
Stable systems can be further analysed to predict the sign of equilibrium responses of system variables
to sustained increase or decrease, i.e., a press perturbation, in each variable (Dambacher et al., 2002).

We drew signed digraphs (Figures A1-6), and from them derived qualitatively specified community
matrices A° for farm- and landscape-scale agronomic, economic, and social sub-systems around the
push-pull farming system in Ethiopia, Kenya, Rwanda, Tanzania, and Uganda. To this end, we used the
digraph editor software PowerPlay 2.0 (Westfahl et al., 2002). Model stability and equilibrium
responses were assessed with a program for the analysis of qualitatively specified community matrices
(https://esapubs.org/archive/ecol/E083/022/), using the technical computing software Maple 2017.3
(Maplesoft, 2017). All models are identified as class | models and have wF, values below -0.3 (Table
A2), indicating at least average stability potential for the respective systems (Jeffrey M. Dambacher et
al., 2003). This allows prediction of the sign (if any) of equilibrium responses of system variables to
sustained change in each of these systems’ variable by calculating the classical adjoint of the negative
A° matrices.

The regional-scale model shows a low potential for stability, suggesting inability to persist in its current
form following a perturbation, so no predictions about equilibrium responses to press perturbations
were made. Instead, a causal loop diagram was used to investigate feedback loops controlling its
dynamics (Figure 2). The sign of each interaction involved in these feedback loops is dictated by

predictions of qualitative mathematical models for farm- and landscape-scale sub-systems. Weighted
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predictions of the responses of system variables to sustained change in other variables, for all variables
that form feedback loops within the regional-scale model, quantify the ambiguity of qualitative
predictions (Table A3), with values above 0.3 indicating at least average reliability (Jeffrey M.
Dambacher et al., 2003). Based on the principle of parsimony, we identified the lowest number of
changes, which are most likely to be made to the farm-scale social sub-system, to negate or reverse
the negative effect of agricultural intensification on farmer community involvement across study
countries (Figure 3). All resulting models are identified as class | models and have wF, values of -1
(Table A4), indicating absolute stability potential for the respective systems (Jeffrey M. Dambacher et
al., 2003). This allows prediction of the sign (if any) of equilibrium responses of system variables to
sustained change in each of these systems’ variable by calculating the classical adjoint of the negative
A° matrices. The resulting sign of the Agln — FaTe interaction turns from negative to 0 in all countries,
except for Rwanda, where it turns positive. The respective values of weighted predictions indicate
zero ambiguity (Table A4).

Table A2. Weighted feedback (wFn) values calculated at system levels 1 to n for the n-variable country-
calibrated models of farm- and landscape-scale agronomic, economic, and social sub-systems.

WF1 Wk WF3 WF4 WFs WFe wF7 WFs
Farm agronomic
Ethiopia -1 -0.89 -0.75 -0.65 -0.57 -0.51 -0.46 -0.43
Kenya -1 -0.89 -0.75 -0.65 -0.58 -0.52 -0.46 -0.42
Rwanda -1 -0.89 -0.75 -0.65 -0.58 -0.52 -0.46 -0.42
Tanzania -1 -0.89 -0.76 -0.66 -0.59 -0.53 -0.48 -0.43
Uganda -1 -0.89 -0.76 -0.66 -0.59 -0.53 -0.48 -0.43
Farm economic
Ethiopia -1 -1 -0.97 -0.92 -0.83 -0.71 -0.58 -0.47
Kenya -1 -1 -0.97 -0.92 -0.84 -0.73 -0.6 -0.5
Rwanda -1 -1 -0.97 -0.92 -0.84 -0.73 -0.6 -0.5
Tanzania -1 -1 -1 -1 -1 -1 -1 -1
Uganda -1 -1 -1 -0.98 -0.91 -0.8 -0.65 -0.5
Farm social
Ethiopia -1 -0.92 -0.78 -0.65 -0.56 -0.51 -0.5 -
Kenya -1 -0.92 -0.78 -0.65 -0.56 -0.51 -0.5 -
Rwanda -1 -0.91 -0.79 -0.67 -0.57 -0.51 -0.5 -
Tanzania -1 -1 -0.91 -0.67 -0.42 -0.33 -0.33 -
Uganda -1 -1 -0.95 -0.81 -0.64 -0.47 -0.33 -
Landscape agronomic
Ethiopia -1 -0.94 -0.88 -0.82 -0.78 -0.75 -0.73 -0.71
Kenya -1 -0.94 -0.86 -0.76 -0.68 -0.61 -0.56 -0.52
Rwanda -1 -0.94 -0.88 -0.82 -0.77 -0.73 -0.71 -0.68
Tanzania -1 -0.89 -0.75 -0.62 -0.51 -0.42 -0.36 -0.31
Uganda -1 -0.89 -0.77 -0.69 -0.63 -0.58 -0.55 -0.52

Landscape economic
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Ethiopia -1 -0.93 -0.83 -0.75 -0.71 -0.67 -0.58 -0.45
Kenya -1 -1 -1 -0.99 -0.94 -0.84 -0.72 -0.61
Rwanda -1 -1 -1 -0.99 -0.94 -0.84 -0.72 -0.61
Tanzania -1 -1 -0.97 -0.9 -0.81 -0.71 -0.64 -0.6
Uganda -1 -1 -0.98 -0.92 -0.82 -0.7 -0.59 -0.5
Landscape social

Ethiopia -1 -1 -0.92 -0.77 -0.64 -0.57 -0.54 -
Kenya -1 -1 -0.92 -0.77 -0.64 -0.57 -0.54 -
Rwanda -1 -1 -0.92 -0.77 -0.64 -0.57 -0.54 -
Tanzania -1 -1 -0.92 -0.77 -0.64 -0.57 -0.54 -
Uganda -1 -1 -0.92 -0.77 -0.64 -0.57 -0.54 -

Table A3. Signs of elements of the classical adjoint of the negative A° matrix for sub-systems that
dictate interactions forming feedback loops within the regional-scale model. Each value indicates the
sign of the equilibrium response of the second variable to an increase in a parameter of the growth
rate function of the first variable. W elements represent each of these absolute values weighted by the
total number of contributing feedback cycles for Ethiopia, Kenya, Rwanda, Tanzania, and Uganda
models, respectively. Variable abbreviations and definitions are given in Table 2.

Sub-system: interaction A° prediction sign W weighted predictions
Farm agronomic: INSE — Agln +1 05-046-046-05-05
Farm economic: FaTe — InNSE +1 05-06-06-05-05
Farm social: Agin — FaTe -1 05-05-0.33-056-1
Landscape agronomic: ExIn — Agin +1 1-1-1-1-1
Landscape economic: ExIn — InSE -1 0.33-0.8-0.8-1-0.86
Landscape social: FaTe — ExIn +1 0.54 -0.54-0.54-0.54-0.54

Table A4. Weighted feedback (wF) values calculated at system level 7 and signs of elements of the
classical adjoint of the negative A° matrix for the Agln — FaTe interaction in the farm-scale social sub-
system across country-calibrated models (Figure 3), following changes made to negate or reverse the
negative effect of agricultural intensification on farmer involvement (Figure 2). Each value indicates
the sign of the equilibrium response of FaTe to an increase in a parameter of the growth rate function
of Agin. W elements represent each of these absolute values weighted by the total number of
contributing feedback cycles. Variable abbreviations and definitions are given in Table 2.

Country Wk A° prediction sign W weighted prediction
Ethiopia -1 0 1
Kenya -1 0 1
Rwanda -1 1 1
Tanzania -1 0 1
Uganda -1 0 1
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