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ABSTRACT. Agroecosystem strategies to enhance agrobiodiversity can curb many of the negative impacts associated with current
food production systems. With rising interest in agrobiodiversity and agroforestry as farming interventions that confer ecological and
socioeconomic benefits, understanding the intended pathways of interventions is important for successful agroecological
transformations. Yet, the patterns of agrobiodiversity introduction and adoption remain elusive. Drawing upon social network research
from the regions of Ghana where cocoa (Theobroma cacao) is grown, we synthesize the relationships between agroforestry interventions,
information networks, and the adoption of diversified agroecosystems. We illustrate middle-level patterns from independent studies in
three regions of Ghana and nearly 500 farmer interviews. Strong structural indicators at the network level are linked to agrobiodiversity;
farmers in larger, less dense information networks with ties to external organizations tend to have higher reported and measured
agrobiodiversity. Remarkably, these trends were found in environmentally and socio-culturally different contexts in Ghana. However,
these trends do not, in all cases, scale to the community level. For example, we did not observe any clear relationship between the density
of community networks and the measures of agrobiodiversity at the community scale. This may be on account of the type of
agrobiodiversity measure applied (above-ground biomass) to assess community-level outcomes. Selection of environmental attributes
with meaningful spillover effects, such as pest management, would more likely uncover nontrivial network effects at the collective level.
Our findings support that both innovation and cooperation are indispensable for successful agrobiodiversity interventions, and that
networks can operate to overcome negative outcomes of agrobiodiversity. Based on these studies, we conclude that agrobiodiversity
adoption via interventions and established farmer-to-farmer networks may trigger the formation of other, observation-based networks
that draw in socially distant actors. Our research strategy of ex-post qualitative comparisons allowed for in-depth insight into the
complexities of information networks and agrobiodiversity adoption but also generated new hypotheses on the role of social networks
in diversified farming systems.
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INTRODUCTION
In agricultural landscapes, implementing agroecological
practices, such as enhancing associated and targeted biodiversity,
can expand livelihood strategies, and reduce environmental and
economic vulnerability (Abson et al. 2013, Bezner Kerr et al. 2019,
Kozicka et al. 2020, Tamburini et al. 2020). With the rising interest
in agrobiodiversity and agroforestry as farming interventions that
confer ecological and socioeconomic benefits, understanding the
intended pathway of interventions is important for successful
agroecological transformations. Yet, the patterns of adoption and
persistence of enhancing agrobiodiversity remain elusive. We
know that the adoption of agrobiodiversity is often uneven within
an agricultural landscape, and importantly, is shaped by
influential macro- and micro-forces linked to institutions, the
state, agricultural cooperatives, markets, and farmer-to-farmer
knowledge sharing (Bacon et al. 2012, Isakson 2014, Labeyrie et
al. 2021).
At the farm scale, motivation and resources to enhance on-farm
agrobiodiversity can be drawn from formal sources, including
extension services and NGOs, or informal sources, including
neighbors and on-farm experimentation, or some combination
thereof (Ali and Sharif 2012, Norton and Alwang 2020). Often,
farmers are offered interventions from formal sources, such as
public and private organizations or government agencies, that
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lead to higher agrobiodiversity, such as agroforestry practices,
intercropping practices, or riparian or boundary buffers. These
interventions are disseminated via various training frameworks,
such as farmer field schools, or via resources such as the
provisioning of seedlings (Tittonell et al. 2012, Cadger et al. 2016,
Nyantakyi-Frimpong et al. 2019). Importantly, the adoption of
new practices or techniques does not occur simultaneously within
a community: those who participate in initial interventions
represent a first wave or early adopters (sensu Rogers 2003),
whereas others may strategically wait until their neighbors adopt
first, for instance with new seeds (Krishnan and Patnam 2012) or
with soil nutrient conservation practices (Gedikoglu et al. 2019).
The social transactions between actors involved in the agricultural
landscape can influence the advancement or weakening of these
sustainable agricultural practices (Isaac et al. 2007, Matouš et al.
2013, Levy and Lubell 2018) and therefore, such interactions are
a central attribute to successful innovation systems (Klerkx et al.
2010, Wigboldus et al. 2016). Broadly, the agricultural extension
literature points to the essential role of social networks in the
transmission of new information from formal sources via
diffusion and social learning (Genius et al. 2014, Wang et al. 2020).
These social networks include bridging ties (with institutions) and
bonding ties (generational, kinship, friendship, peer to peer; see
Bodin and Crona 2009, Barnes et al. 2017). Bridging ties between
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Fig. 1. Networks are often used in the adoption of agrobiodiversity. Bridging ties between institutions and
farmers introduce an intervention, which flows via bonding ties within established networks via farmer to
farmer learning. Solid lines indicate cooperative farmer to farmer ties and dashed lines indicate innovative
farmer to institutions ties. Filled circles are individual farmers and the empty circle represents an external
actor.

individuals and institutions and/or other external sources provide
innovation in the form of novel interventions to enhance
agrobiodiversity (Franzel and Scherr 2002), whereas bonding ties
between farmers shape the adoption of agrobiodiversity via
interaction and cooperation (Fig. 1). Essentially, these boundaryspanning individuals (see Matous and Wang 2019) act as
information “kernels” in the community. The balance between
the use of bridging ties to introduce new information and bonding
ties to transfer key information, although recently explored
(Wang et al. 2020), remains relatively unknown in the context of
agrobiodiversity interventions.
The actual diffusion and durability of agrobiodiversity practices
may be impacted by social network configurations, with various
pathways of information transmission. The nodes (farmers) and
links (information flow) form structural patterns (Bodin and
Crona 2009). These patterns can be analyzed at the individual
farmer “social neighborhood” scale, e.g., the immediate number
of other nodes a farmer is directly connected to, or at the farming
community scale, encompassing more distal network density or
centrality measures. Each topology of a network may
differentially relate to the overall adoption of agrobiodiversity.
These networks may also interface with endogenous on-farm
experimentation and observation with other, unintentional
consequences for networks.
In this paper, we leverage the relatively rare opportunity to
integrate a larger number of different studies of the same
agrobiodiversity adoption—the transformation of monocultures
to agroforestry systems—with a consistent definition of network
nodes and links. Most empirical research on social-ecological
networks has been engaged in disconnected case studies, making
it problematic to derive broader conclusions and recommendations
that could reach beyond the specifics of each context (Bodin et

al. 2019). Although there is a long history of longitudinal work
in anthropology (e.g., Whitehead 2002, Li 2014), development
studies (e.g., Turner 2012), and human-environment geography
(Tiffen et al. 1994, Mortimore and Tiffen 2004), it is rare to find
longitudinal analysis in social networks and agrobiodiversity,
although it is clearly important for policy. Here, we use a research
strategy of multiple cases studies (sensu Rihoux 2006) in order to
collect in-depth insight and capture complexities but also produce
generalizations and generate new hypotheses.
Drawing upon social network research from the cocoa-growing
regions of Ghana, we illustrate the relationship between network
topologies and the presence of shade trees and crop diversity in
agroforestry systems. Drawing on six independent studies in three
regions of Ghana (Fig. 2) and nearly 500 farmer interviews over
10 years, we describe the structure of information networks on
agrobiodiversity interventions and the consequences of networks
on the diversification of agroecosystems. These case studies use
both standard techniques and advanced modeling approaches to
illustrate if and when networks matter for agrobiodiversity. We
present middle-level patterns among studies from ecologically,
historically, socially, and culturally different regions, and draw
upon farmer descriptions of information acquisition and transfer.
We then discuss network outcomes at the individual and collective
levels, we describe the balance between innovation and
cooperation for successful agrobiodiversity interventions, and we
explore whether these information networks result in other social
phenomena. In doing so, these findings provide insight into the
structural characteristics and environment outcomes of
interventions for the transformation pathway to agroecosystem
diversification.
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Table 1. Overview of field studies on agroforestry interventions from 2006 to 2016 in the cocoa-growing region of Ghana.*
Year(s) of
data
collection

Sample size Geographical
information

Agrobiodiversity
intervention
(initial year)

Method of network data
collection

Network scale

Type (and method) of
agrobiodiversity data

2006

89 farmers

4 communities in 1
region

In-depth interviews

Community
networks

None

2006 & 2008

25 farmers

2 communities in 2
regions

Semi-structured interviews

Ego networks

Shade tree diversity (reported as
species richness per farm)

2011

44 farmers

3 communities in 1
region

In-depth interviews

Community and
ego networks

Agroforestry practices (reported
as type and number of
agroforestry and farm practices)

2013

131 farmers 6 communities in 2
regions

Questionnaire

Ego networks

Crop diversification (reported as
crop richness per farm)

2013 & 2014

116 farmers 3 communities in 1
region

Questionnaire

Ego networks

2016

104 farmers 5 communities in 1
region

NGO
agroforestry
program (1999)
NGO and
government
agroforestry
program (1999)
NGO and
university
agroforestry
program (2006)
NGO, university,
and government
agroforestry
program (2006)
NGO
agroforestry
program (2006)
Private and
cooperative
agroforestry
program (2011)

Questionnaire and semistructured interviews

Community and
ego networks

Land use type and size
(measured in-field as land use
type and size in ha)
Above-ground biomass
(measured in field with
allometric equations based on
shade tree height and diameter)

*Sources are Isaac et al. 2007, Isaac 2012, Isaac et al. 2014, Cadger et al. 2016, Isaac and Matous 2017, Nyantakyi-Frimpong et al. 2019.

Fig. 2. Map of Ghana highlighting the study districts and
regions. Our synthesis draws on farmer experiences from
different parts of the country, spanning five districts in three
regions (Western Region, Brong-Ahafo Region, and Ashanti
Region). Note: as of October 2020, Ghana’s regional
demarcations have changed; figure depicts regional
demarcations at the time of fieldwork from 2006 to 2016.

The case study: cocoa agroforestry interventions in Ghana
Cocoa (Theobroma cacao L.) is a perennial crop cultivated in the
forest ecological zones of West Africa and other parts of the
world. We focus on cocoa agroecosystem management in Ghana,
West Africa. Ghana is the second highest cocoa-producing
country in the world, after Côte d’Ivoire (Ameyaw et al. 2018).
Cocoa is the country’s second largest foreign exchange earner and
represents about 21.5% of gross domestic product (GDP; Ghana
Cocoa Board 2020). More than 800,000 farming households in
Ghana depend on cocoa for their livelihoods (Ghana Cocoa
Board 2020). The most productive cocoa-growing regions in the
country are Ashanti, Brong-Ahafo, Central, Eastern, Western,
and Volta regions.
Agroecosystem management is extremely important for the longterm sustainability of Ghana’s cocoa production. Uncertain
climatic conditions, including precipitation and temperature
variability, make cocoa cultivation in Ghana very risky (Bunn et
al. 2019, Afriyie-Kraftet al. 2020). Cocoa generally requires
temperatures ranging between 21 °C and 23 °C, and annual
rainfall between 1000 and 2500 mm to achieve optimum yields
(Ameyaw et al. 2018). Thus, research continues to show that the
adverse impacts of climate change would have negative
consequences for cocoa production in the country (Bunn et al.
2019, Amfo and Ali 2020). Cocoa cultivation is also a major driver
of deforestation and forest degradation across the country’s high
forest zone (Asare 2019, Tropenbos International Ghana 2019).
In most of Ghana’s cocoa-growing regions, the conversion of
intact forest for cocoa cultivation has increased from 2.8% per
year from 1986 to 2000, to 6.1% from 2000 to 2011 (Kroeger et
al. 2017). Intensified cocoa production has led to reduced forest
cover, biodiversity loss, and increased carbon emissions, but also
soil degradation and contamination from pesticides at the farm
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Table 2. Summary of findings including agrobiodiversity practice after an intervention, data scope, network scale, and network signature
that supports agrobiodiversity.
Agrobiodiversity metric
(after interventions)

Data scope

Network scale

Shade tree diversity

25 farmers in 2
communities

Ego network

Agroforestry practices

44 farmers in 3
communities
131 farmers in 6
communities

Shade tree and crop diversity

Land use diversity including agroforestry
Shade tree abundance and biomass
accumulation

116 farmers in 3
communities
104 farmers in 5
communities

Network signature supporting agrobiodiversity

Higher network efficiency was significantly
correlated with higher reported shade tree
diversity.
Community network and ego Farmers in brokerage positions in the network
networks
were more likely to adopt diversified practices.
Ego network
Farmers with larger network size and number of
ties to organizations were more likely to report
higher shade tree and crop diversity.
Ego network
Farmers with higher number of ties to
organizations had greater land use diversity.
Community and ego networks Farmers with higher network indegree at the ego
scale and higher 2-star parameter at the
community scale had higher biomass
accumulation from adoption of shade trees.

scale (Takyi et al. 2019, Tropenbos International Ghana 2019).
Reduced forest extents are suggested to have dire implications for
biodiversity and regional climate patterns, thus affecting climate
suitability for cocoa cultivation and the livelihoods of cocoa
smallholders (Amfo and Ali 2020). Several factors account for
relatively low yields, including low soil fertility, poor shade
management, increased pest and disease pressure, lack of quality
planting material, aging farms, and inadequate agriculture
extension service delivery (Abdulai et al. 2020, Leitão 2020).

(Mangifera indica L.) may be planted for shade, food, and other
purposes (Sauvadet et al. 2020). In addition, in younger farms,
food crops such as cocoyam or plantain/bananas are included for
temporal shade in the early phase of plantation establishment.
Evidence supports a suite of ecosystem functions derived in these
agroforestry systems, including yield stability, climate regulation,
disease mitigation, localized soil fertility, and the production of
food (Asare et al. 2014, Abdulai et al. 2018, Isaac and Borden
2019, Borden et al. 2020).

Given these challenges, local and international NGOs,
universities, the government of Ghana, and multinational
agribusiness organizations have introduced several agricultural
innovations geared toward boosting productivity and minimizing
the environmental footprint of cocoa production (see Table 1).
These initiatives focus on enhancing rural livelihoods and
environmental protection through the implementation of
agroforestry practices via the provisioning of seedlings and
knowledge. These not-for-profit and public sector programs are
paired with national programs such as Ghana Cocoa Forest
REDD+ Program (GCFRP); the National Climate-Smart
Agriculture and Food Security Action Plan; the Ghana Cocoa
and Forest Initiative National Implementation Plan; the Ghana
Forest Investment Program (GFIP); and the National Cocoa
Rehabilitation Programme (see for example Kroeger et al. 2017,
Ameyaw et al. 2018, Ghana Cocoa Board 2020). Major cocoabuying companies, such as ECOM, Kuapa, Mondelēz, and
Touton, also have their own sustainability interventions, some
labeled as climate-smart cocoa projects, to enhance biodiversity
and land use diversification (Nyantakyi-Frimpong et al. 2019,
Nasser et al. 2020).

METHODS
In this paper, we synthesize over 10 years of research examining
how farmer social networks shape the adoption and diffusion of
agroforestry practices after interventions in cocoa systems in
Ghana (Table 1). Between 2006 and 2016, we conducted fieldwork
in three regions of Ghana (Fig. 2) that are among the highest
cocoa production sites in the country. These regions also have
distinct ecological contexts, as well as social and cultural dynamics
that are important for farmer knowledge exchanges and
agrobiodiversity. The three regions are the following: (1) the
Ashanti Region, a moist semi-deciduous forest ecological zone
with a major and minor rainy season; (2) the Brong-Ahafo Region,
a moist semi-deciduous forest, transitional and Guinea Savanna
woodland zone, also with two rainy seasons; and (3) the Western
Region, which is located in the high forest zone and wettest part
of Ghana, with two rainy seasons, abundant vegetation and tree
cover relative to other regions. Each region has distinct major
ethnic groups with social norms that shape farming resource
access and control, including land tenure (Kasanga and Kortey
2001). The Brong-Ahafo Region also has a relatively higher
number of internal migrant farmers engaged in cocoa production
compared to the other two study regions. Moreover, the history
of cocoa cultivation is different among the three regions. The
Ashanti Region opened as a cocoa frontier in the 1910s, the BrongAhafo Region in the 1940s, and the Western Region in the 1960s
(Benneh 1988, Knudsen and Agergaard 2015).

Cumulatively, these schemes and extension activities support the
conversion of cocoa grown in monocultures to cocoa grown under
diverse shade conditions in agroforestry systems. Generally, cocoa
agroforestry systems in the studied regions are mostly mixed
stands of cocoa with variable proportions of naturally generated
or planted shade trees such as Terminalia superba Engl. & Diels,
Triplochiton scleroxylon K. Schum., Alstonia boonei de Wild, and
Ceiba pentandra (L.) Gaertn. Fruit trees such as orange (Citrus
sinensis (L.) Osbeck), Avocado (Persea americana), and mango

Across all studies, we gathered network data with name-generator
and snowball techniques through semi-structured interviews at
minimum five years after an agroforestry intervention (see Table
1). All smallholder and family farms contained cocoa production,
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varied in their degree of adoption of shade trees and subsistence
crops, and range in size from 2 to 5 ha in most studies up to
approximately 12 ha in one study. The primary network question
posed to obtain this list of individuals or organizations (NGOs,
local institutions, universities, government agencies, private
sector) was, “Whom do you contact to get information on the
introduction and management of agrobiodiversity on your cocoa
farm?” In all studies, this observed network data was coded as
binary variables, i.e., the presence or absence of a unidirectional
tie, and entered into a name-based adjacency matrix. Depending
on the study and the extent of the network data, matrices were
analyzed at either the ego level, that is, the personal network
composed of the individual farmer and their contacts, or the
whole community level, composed of all identified actors until
no new actors are mentioned. In all studies, we used this observed
network data with two different statistical approaches: standard
network analysis and exponential random graph models
(ERGM). Types and methods of environmental data collection
varied between studies, ranging from measured field
agrobiodiversity, land use diversification, and carbon storage to
reported agrobiodiversity. All studies included here received
approval from the University of Toronto Research Ethics Board.
RESULTS AND DISCUSSION
Agrobiodiversity interventions and the structure of informationsharing networks
The multi-community approach consistently showed a high
density of information ties among a small group of farmers,
indicating a core–periphery structure in sharing agroforestry
practices (Isaac et al. 2007). This core–periphery structure was
significant in all four communities in this study. This type of
centralized network structure was supported by findings in five
communities a decade later; Nyantakyi-Frimpong et al. (2019)
showed positive and significant estimates of the 2-star parameter
using ERGMs within the community networks, which suggests a
centering of information ties on the most popular advisers. This
is not uncommon as other work has shown that rural development
programs and interventions may result in unequally distributed
responsibilities and benefits, which could increase the centrality
of involved individuals and potentially elevate core community
members (Heß et al. 2021).
Community and ego network structures and the extent of
agrobiodiversity practices are summarized across five studies
(Table 2). Ego network indegree, or the number of ties, was
positively correlated with biomass accumulation from the
adoption of agroforestry practices (Nyantakyi-Frimpong et al.
2019). In support of this finding, farmers embedded in larger
networks, with direct ties to organizations, reported higher levels
of agrobiodiversity and adoption of agroecological practice
(Cadger et al. 2016). Furthermore, farmers in boundary-spanning
or brokerage roles who connected socially and geographically
distant farmers tended to adopt agroforestry practices (Isaac et
al. 2014). Farmers in more efficient information networks, created
by replacing farmer ties with ties to organizations, reported higher
on-farm agrobiodiversity (Isaac 2012). Scaling out from field to
farm, the number of farmer ties to organizations was also
positively correlated to the diversity of land use types, including
agroforestry, fallow systems, and plantations (Isaac and Matous
2017). The role of ties to organizations is similarly important in

all studies yet the role of overall network size is less consistent.
This may be attributed to the environmental measures in each
study. For instance, Isaac (2012) measured reported shade tree
diversity exclusively, whereas Cadger et al. (2016) determined
information networks for both shade trees and food crops, the
latter of which may have influenced the significant role of network
size given that food crop networks tended to be larger (Cadger et
al. 2016).
Broadly, networks tend to form around people who have been
supported by local organizations and have adopted agroforestry,
probably as a result of such support. Moreover, the adoption of
agroforestry practices also tended to be related to other proenvironmental practices; as one farmer stated, “I learned the
importance of trees for shade from my parents and from the NGO,
but through my own experience I became aware that some other
crops do better under shade” (2014). Interestingly, despite the
distinctiveness in the ecological, historical, social, and cultural
characteristics of the study regions, we show these consistent
results based on different studies.
Scaling to the community level and the role of environmental
spillovers
Drawing a link between networks and agrobiodiversity outcomes
was possible only at the ego network level within our studies and
it is important to emphasize that network mechanisms for
community-level outcomes may be quite different. Indeed,
Nyantakyi-Frimpong et al. (2019) did not find any relationship
between community-level outcomes and collective network
structure that would parallel those at the individual level. Using
ERGMs among five whole networks, there was no indication that
larger, denser, or more clustered communities would have different
levels of biomass from the adoption of agroforestry than
communities that were smaller or sparser, or networks that have
more evenly distributed relationships among the farmers.
Nevertheless, although we did not find any signature of scalability
of our results from individual to collective, farmers mentioned
several positive community effects related to adopting
agroforestry, including increased collaboration and resource
sharing among farmers (Table 3). For example, in explaining the
community-level social outcomes of agroforestry, one participant
mentioned that “I can say that the project has brought unity
among the participating farmers, which is helpful if you want to
exchange information and other resources” (2016). Another
farmer shared an experience by saying “at the community level,
it has led to increased collaboration among farmers” (2016).
It is important to note that collective measures of agrobiodiversity
applied in these studies were aggregates of individual-level
measures, yet conceptually and ecologically, the agrobiodiversity
metric may have different relevance at the individual and collective
levels. Individual-level benefits from adopting agroforestry, such
as diversified crop portfolios or microclimate regulation, are
conferred at the farm scale. However, many benefits from
agrobiodiversity effects on, say, integrated pest management
occur via environmental spillovers. In this scenario,
environmental nodes become ecologically connected and thus
create dependencies between farms, for example via pest
regulation. It is the collective landscape that benefits from
agrobiodiversity effects such as overall decreased pest levels in the
local area that may be missed by research focused on individual
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farm units. From individual qualitative accounts available to us,
it appears that the opportunity for community-level coordination
to leverage such collective-level benefits was not really utilized in
the studied locations, and in fact farmers tended to complain
about increases rather than decreases of pest levels on their own
plot. What we failed to gather data on is how agroforestry
adoption by other farmers affects pest perceptions of the focal
farmer or overall pest levels in the area. Furthermore, diversity
itself can, of course, be assessed at different scales, and
agrobiodiversity within a community can be increased not only
by increasing species diversity within each farmer’s plot, but also
by cultivating different plants on plots of neighboring smallholder
and family farms.
Table 3. Farmer-identified positive and negative outcomes of
agrobiodiversity interventions. Presented are the top outcomes
from the introduction of agroforestry practices into cocoa
systems.
Themes

Frequency of codes, in descending order (n = 104 farmers)

Positive 1. More shade for cocoa trees (n = 90)
Outcomes 2. Increased cocoa yield (n = 63)
3. Improved soil health (n = 59)
4. Increased farm income (n = 33)
5. Suppressed weed growth and pest infestation (n = 17)
6. Increased community awareness about climate change (n =
17)
7. Improved farmer collaboration, knowledge exchanges (n =
15)
8. Improved subsistence crop production (e.g., maize and yam)
(n = 9)
9. Rainfall has now become more frequent (n = 1)
Negative 1. Labor-intensive in terms of weeding and pruning (n = 47)
Outcomes 2. The emergence of new crop pests (n = 24)
Data source: Fieldwork in 2016.

To further advance empirical study of relationships between
networks and their environmental outcomes and to be able to
provide policy recommendations that are beneficial at the
landscape level, attention to truly collective-level agrobiodiversity
measures, not just aggregates from individual level, and their
system-level outcomes (that will, importantly, include
environmental spillovers) is required. A better understanding of
such collective-level issues should be high on the research agenda,
especially for network scholars interested in social-ecological
systems. So far much of the empirical socio-environmental
network research, including that of the studies this paper is based
on, has been focused on nodes and their aggregate measures rather
than truly system-level (i.e., network-level) socio-environmental
network drivers and consequences.
Generating new hypotheses: using existing networks to address
negative outcomes of agrobiodiversity interventions
Although farmers observed many positive individual outcomes
of adopting agrobiodiversity across most of the studies, in the
multi-community agroforestry intervention studies (Isaac and
Matous 2017, Nyantakyi-Frimpong et al. 2019), farmers also
highlighted recurring negative individual outcomes, including
those related to increased labor, pests, and disease (Table 3).
Among these concerns, the most noteworthy was new pest

infestations, as well as increased labor needs for weeding and
pruning. As one farmer mentioned, “the agroforestry project has
also affected me negatively. I now have to pay for the higher cost
of labor to weed and prune the trees so that they don’t overshadow
my cocoa crops. That is an added cost. I have also seen more crop
pest since the addition of the new trees” (2016). Another farmer
echoed a similar sentiment, with a concern that “for the negative
aspects, I can mention two experiences. First, because of the trees,
there is increased cost of labor for weeding and pruning. That is
an added cost I have to pay, which was not the case previously.
Second, I have seen higher crop pest infestation and I think that
is because of the new trees” (2016). Existing studies on
agroforestry provide mixed evidence on labor intensity. Some
studies have found agroforestry to be labor intensive (Franzel et
al. 2001, Vanlauwe and Giller 2006), but others do not, suggesting
that a weaker linkage between agroforestry and labor needs is
attributed to field size (Ajayi et al. 2009). In one of the Ghanaian
studies being reported here, the average field size was 12 ha
(though somewhat skewed in certain regions by larger land
owners; Nyantakyi-Frimpong et al. 2019), which could partly
explain farmer concerns about labor intensity for weeding and
pruning shade trees.
There are several ways in which network collaboration within
existing social networks could be harnessed to address issues of
increased labor demands and pest infestations. For example,
existing networks could be used to enhance reciprocal labor
exchanges for weeding and pruning. There is already a long
history of the existence of such reciprocal labor exchange groups
in Ghana’s cocoa-growing regions (Porter and Lyon 2006).
Farmers participating in these exchange groups, locally called
nnoboa, arrange to provide labor in turn in each other’s farms
(Boon and Anuga 2019). Similarly, existing farmer social
networks, collaborative groups, and rural cooperatives could also
be harnessed to foster information sharing on integrated pest
management (Borkhani et al. 2013, Lescourret et al. 2015). This
approach has been successfully used in many African farming
settings, including in Mali (Stemerding et al. 2002), Malawi
(Nyantakyi-Frimpong et al. 2017, Kpienbaareh et al. 2020), and
Uganda (Bonabana-Wabbi 2002).
Generating new hypotheses: unintended effects of
agrobiodiversity interventions on network patterns
Although our qualitative comparative analysis among case
studies was developed ex post, it did allow for some formalization
of social features but also exposed previously undetected
phenomena. Among all the case studies, farmer network size,
density, and composition were distinct for farmers who were
associated with NGO programs, farmer cooperatives, and/or
other non-structured groups for extension services. For instance,
development project–affiliated farmers were embedded in larger
networks and had non-affiliated farmers within their networks;
these NGO-affiliated farmers, with access to different
information sources, also tended to report adopting
agroecological practices more frequently than those not affiliated
with an NGO (Cadger et al. 2016). Similarly, producers in
“efficient networks” (sensu Burt 2007) with ties to organizations
were likely to be positively correlated to higher reported on-farm
agrobiodiversity (Isaac 2012). Farmers who were not highly
sought for information on agrobiodiversity practices also tended
not to seek information from institutions or other formal sources
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Fig. 3. Two network types are functioning in agrobiodiversity adoption: established networks linked to
institutions and emergent networks formed by observation and advice seeking. Agrobiodiversity
interventions, such as the transformation of cocoa monocultures to cocoa agroforestry systems with the
inclusion of shade trees, can be introduced via boundary-spanning farmers and disseminated to the larger
community via established networks, and farmer-to-farmer learning. New information networks can also
emerge from agrobiodiversity interventions via observation of successful farming practices thus including
socially distant farmers.

of information but rather reported observations of neighboring
farmers (Isaac et al. 2007). These consistent findings on
organizational ties and agrobiodiversity interventions suggest
that these initial points of introduction of agroforestry are
functioning as intended, to promote the recommended practices
(see Fig. 1).
The established trajectory of early and late adopters in the
diffusion of innovation has recently been expanded to include
more complex social processes (see for example Klerkx et al.
2012). Those who participate in initial interventions, indeed,
represent a first wave of adopters, creating a network with
generalizable structure, centering around a core, e.g., knowledge
clustering (Joffre et al. 2019), and with ties to institutions.
Simultaneously though, findings from our case studies suggest
that while these agrobiodiversity interventions are being adopted,
new emergent networks are taking shape, based on observation
of farming practices and the seeking of advice unrelated to the
initial wave of the agrobiodiversity intervention (Fig. 3). These
emerging, second wave, networks we observed are not based on
the initial agrobiodiversity intervention, but as an unintended
consequence of the first wave of adoption of agrobiodiversity.
For instance, farmers who are not targeted by extension services
or NGOs, and perhaps do not even know about any specific
agrobiodiversity practices or programs, observe farms with these
new practices, which subsequently enables new ties. These new
advice ties may not necessarily be about the initial practice, but
rather some other important agricultural practice. For instance,
migrant farmers transferred information on how to mitigate soil
water stress in networks formed via new ties on observing

agroforestry practices (Isaac et al. 2014) and female farmers
transferred information on crop diversity in networks formed
around agroforestry practices (Cadger et al. 2016). Importantly,
we argue that these new ties in subsequent networks tend to draw
in socially and geographically distant farmers, who otherwise may
have been excluded. Our conceptualization of established and
emerging networks supports the multiplicity in information
gathering, exchange, and action (Leeuwis and Aarts 2011).
More research is needed to better understand these emergent
networks. To what degree do agrobiodiversity practices by farmers
in emergent networks differ from originally introduced
interventions? Are new innovations added to the already
successful practices observed from those who received the original
interventions? What specific types of agrobiodiversity
interventions, e.g., tree planting only, trees plus subsistence crops,
or trees and soil conservation, lead to the formation of these
emergent networks? Although these established and emergent
networks presumably overlap, it is possibly a disservice to our
understanding of successful agrobiodiversity interventions to
assume that there is a singular functioning network for the
dissemination of agrobiodiversity practices.
CONCLUSIONS
Strong structural indicators within community and ego networks
are evident, and are linked to diversification of agroecosystems.
In particular, from the approximately 500 farmers interviewed
among these case studies, farmers with larger, less dense
information networks with ties to external actors tend to have
higher reported or measured agrobiodiversity. These findings
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were remarkably consistent despite the fact that the evidence
comes from three Ghanaian regions with different environmental,
historical, social, and cultural dynamics. Furthermore, careful
selection and development of environmental metrics that include
spillovers between individual farming plots is needed to
meaningfully examine the network drivers of agrobiodiversity at
the collective level. Finally, both innovation and cooperation are
indispensable to the successful introduction and adoption of
agrobiodiversity. We provide new conceptualizations of the
dynamics of innovation and cooperation that distinguish between
established networks formed around boundary-spanning farmers
and emergent networks formed around observations of successful
practices that draw in more socially and geographically distant
farmers.
Agriculture extension delivery, especially in Africa, has been
criticized for its top-down approach and its exclusion of key
social-political factors (Cook et al. 2021). As the case studies
demonstrate here, however, networks tend to form around people
who have been supported by organizations, including NGOs and
government agencies with extension mandates. To achieve greater
equity in advisory services, the focus should be not only on farmerto-farmer knowledge sharing, but also on the formation of second
wave networks. We show here that social networks act as a strong
mechanism for farmers to enhance agrobiodiversity, beyond those
targeted for training and boundary-spanning positions.
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