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ABSTRACT

Background: Yield gaps — the difference between attainable and actual farm yields — represent the single largest
unexploited source of food production growth in developing countries. While agronomic research has progressively
characterised the magnitude and composition of yield gaps, the economic mechanisms by which agricultural extension
services bridge those gaps remain insufficiently synthesised. Understanding these mechanisms is critical for designing
efficient and equitable investment strategies in knowledge provision for smallholder farming systems.This paper reviews
the literature on the economics of technology adoption as mediated by agricultural extension services, with specific
focus on the pathways, magnitudes, and cost-effectiveness of extension's contribution to yield gap closure. We examine
technology adoption theory, empirical evidence on adoption dynamics, delivery model efficiency in gap closure, and the
economic framework governing farmer adoption decisions under information and market constraints.Systematic review
of 124 peer-reviewed studies, meta-analyses, crop simulation analyses, and programme evaluations published between
1988 and 2024. Studies were identified through searches of Web of Science, Scopus, Google Scholar, CGIAR publication
repositories, and FAO/World Bank databases. Included studies provide quantitative evidence on yield gaps, technology
adoption, extension contact, or farm income effects in developing country contexts.Yield gaps average 45-65% of
attainable yields across major staple crops and developing regions, with a conservatively estimated 38-52% of the
exploitable gap attributable to information and knowledge constraints addressable by extension. Across delivery models,
extension programmes close between 22% and 55% of the exploitable yield gap depending on delivery intensity and
commodity system. ICT-based extension achieves the highest cost-efficiency at USD 2.10-4.80 per 1% of yield gap closed;
individual advisory achieves the largest absolute gap closure (48-55%) but at USD 68 per 1%. Technology adoption
curves are significantly accelerated by extension contact, reducing time to 50% adoption by 3-7 seasons relative to
autonomous diffusion. Adoption heterogeneity by farm size, gender, and wealth quintile is substantially reduced by
targeted extension programmes. Agricultural extension is a necessary but not sufficient condition for yield gap closure.
Extension's effectiveness is systematically conditioned by input market depth, financial access, and road connectivity.
Pluralistic delivery architectures combining ICT reach with in-person depth achieve superior cost-efficiency frontiers.
Closing remaining yield gaps under climate change requires next-generation extension that integrates weather-adaptive
recommendations, precision agriculture tools, and gender-transformative outreach.

Keywords: yield gap; technology adoption; agricultural extension; smallholder farmers; diffusion of innovation; economics of
information; input efficiency; ICT advisory; food security; Sub-Saharan Africa; South Asia

INTRODUCTION subtropical farming systems, the primary pathway to

The global food security challenge over the coming three feeding 10 billion people by 2050 without catastrophic

decades is, at its core, a productivity challenge. With arable environmental costs is the closure of yield gaps — the

land expansion increasingly limited by ecological difference between the yields farmers currently achieve

constraints, water scarcity intensifying, and climate change and those attainable under existing best-practice

progressively eroding yield ceilings in many tropical and technology and management (van Ittersum et al., 2013;
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DOI: 10.1016/j.fcr.2012.09.009). Fischer et al. (2014)
estimate that achieving 80% of attainable yield potential on
current agricultural land globally would be sufficient to
meet projected 2050 food demand, a goal that requires no
new land conversion but demands a fundamental
transformation in knowledge provision and input access
for smallholder farmers.

Agricultural extension services occupy a central position in
this yield gap closure agenda. The knowledge gap —
farmers' lack of information about optimal variety
selection, input application rates, agronomic management
timing, and integrated pest management — is consistently
identified as a primary driver of the yield gap, explaining
38-52% of the distance between actual and attainable
yields across major crop systems in Sub-Saharan Africa and
South Asia (Tittonell & Giller, 2013; DOI:
10.1016/j.fcr.2013.01.016). Extension services, by
transmitting actionable agronomic knowledge and
facilitating technology adoption, are in principle the most
direct institutional instrument for addressing this
knowledge constraint.

The economics of this process are, however, considerably
more complex than the simple information transmission
model implies. Technology adoption by smallholder
farmers is a dynamic economic decision made under
conditions of income risk, incomplete credit markets,
labour constraints, and social network effects. The
information provided by extension services is only one
input into this decision, and its marginal value depends
critically on the availability of complementary inputs, the
profitability of recommended technologies at prevailing
prices, and the farmer's capacity to bear the risk of
experimentation with unfamiliar practices (Suri, 2011;
DOI: 10.3982/ECTA9168). Understanding the economics of
extension's role in technology adoption — and thus in yield
gap closure — requires integrating agronomic yield gap
analysis with the economics of information, adoption
decision theory, and programme evaluation methodology.

This review provides that integration. We synthesise the
yield gap literature with the technology adoption
economics and extension evaluation literatures, mapping
the quantitative evidence on extension’s contribution to
gap closure across crops, regions, and delivery models, and
identifying the economic mechanisms and institutional
conditions that determine whether extension investment
translates into farm-level yield improvement. The paper is
organised as follows: Section 2 reviews yield gap concepts
and magnitudes. Section 3 develops the economic theory of
technology adoption. Section 4 examines extension's role in
the adoption decision. Section 5 synthesises evidence on
yield gap closure by delivery model. Section 6 analyses the
economics of adoption under market constraints. Section 7
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examines heterogeneity in adoption economics. Section 8
explores next-generation extension and digital technology.
Section 9 considers climate change dimensions. Section 10
presents policy implications, and Section 11 concludes.

YIELD GAP CONCEPTS, MEASUREMENT, AND
MAGNITUDE

The Yield Gap Framework

The yield gap framework, formalised by van Ittersum and
Rabbinge (1997) and extended by van Ittersum et al.
(2013), decomposes the distance between current farm
yields and the biological maximum into conceptually
distinct components that require different interventions to
close (DOI: 10.1016/j.fcr.2012.09.009). The potential yield
(Yp) — the yield achievable by an adapted variety under
optimal management in a given climate with no biotic or
abiotic stress — represents the theoretical ceiling set by
radiation, temperature, and CO,. The water-limited yield
(Yw) applies when irrigation is unavailable, reducing Yp by
water stress. The attainable yield (Ya) is the yield
achievable by the best-practice management at the farm
level, applying available varieties, inputs, and management
practices without resource constraints — typically
estimated at 70-85% of Yw in practice. The actual yield
(Yact) is what farmers achieve. The exploitable yield gap
(Yg) = Ya — Yact represents the production growth
achievable without new technology development, only
through improved management and adoption of existing
best practices.

This framework is critical for extension policy because it
defines the economic opportunity available to knowledge
interventions. Extension cannot raise yields above Ya
without new technology development; it can only close Yg
by reducing management, information, and adoption
constraints. The economic value of fully closing the
exploitable yield gap is thus an upper bound on the
economic value of extension investment in knowledge and
adoption facilitation, providing a conceptual anchor for
benefit-cost analysis.

Magnitude of Global and Regional Yield Gaps

Figure 1 presents yield gap decomposition data for eight
major crop-region combinations, illustrating the
composition of the total gap and the estimated contribution
of knowledge/information constraints (addressable by
extension) within it. The figure reveals substantial
variation across systems: actual yields range from 15% to
60% of attainable, and the extension-addressable share of
the exploitable gap ranges from 12% (rice in SE Asia, where
management is already intensive) to 35% (cassava in
Africa, where agronomic knowledge deficits are severe).
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Figure 1. Yield Gap Decomposition by Crop and Region:
Extension's Contribution to Closing the Attainable Yield Gap
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Figure 1. . Yield Gap Decomposition by Major Crop and Region.
Bars show composition of 100% attainable yield: actual yield
(dark blue), gap closed by technology adoption without extension
(medium blue), additional gap closed by extension services
(green), remaining gap from resource/biophysical constraints
(orange), and remaining social/market constraints (gold). Source:
van Ittersum et al. (2013); Lobell et al. (2009); Fischer et al.
(2014); Tittonell & Giller (2013). Extension contribution estimates
from meta-analysis of reviewed evaluations.

Table 1 provides a systematic synthesis of yield gap
magnitude estimates across major crops and regions,
drawing on crop simulation modelling studies and farm
survey-based comparisons. The aggregate picture is stark:
actual yields in Sub-Saharan Africa average only 20-36% of
attainable for major cereals, implying exploitable yield gaps
of 64-80% — by far the largest globally and suggesting the
greatest potential return to knowledge interventions. South
Asia shows intermediate gaps (30-50% exploitable), while
East and Southeast Asia — where the Green Revolution
achieved widespread technology adoption — shows
smaller exploitable gaps (15-30%) reflecting decades of
accumulated extension and input market investment.

Table 1. Yield Gap Estimates for Major Crops and
Regions: Magnitude and Knowledge-Addressable Share

s . Ext.
Actual Attainable Yield Knowledge- Contribution

Crop Region Yield Yield Gap Addressable to Closure Ref.
(t/ha) (t/ha) (%) (%) (%)

Sub-Saharan Africa
Maize E. Africa 1.8 5.9 69 42 22-35 [1]
Maize W. Africa 1.5 5.4 72 45 20-32 [2]
Rice W. Africa 1.2 3.8 68 38 18-28 [1]
(upland)
Cassava  S.S. Africa 9.2 26.5 65 48 25-38 [3]
Cotton E./W.Africa 0.8 2.4 67 52 28-45 [4]
South and East Asia
Rice S. Asia 4.2 7.8 46 32 18-28 [5]
(IR.)
Wheat S. Asia 3.5 6.2 44 28 16-25 [5]
Rice SE Asia 4.8 7.9 39 22 12-20 [6]
Cotton S. Asia 1.9 4.2 55 38 22-35 [7]
Maize E. Asia 6.1 9.4 35 20 14-22 [6]
Latin America and Other
Maize C./S. Amer. 3.2 7.5 57 35 18-28 [2]
Soybean  Brazil/Arg. 3.1 4.9 37 18 10-18 [8]
Wheat L. America 2.8 5.1 45 25 14-22 [2]

References: [1] van Ittersum et al. (2013); [2] Fischer et al.
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(2014); [3] Tittonell & Giller (2013); [4] Lobell et al. (2009);
[5] Pathak et al. (2003); [6] Neumann et al. (2010); [7] Cole
& Fernando (2021); [8] Grassini et al. (2013). Knowledge-
addressable share = estimated % of yield gap attributable to
information, skill, and management knowledge deficits.
Extension contribution estimates from meta-analysis of
programme evaluations.

Decomposing the Knowledge Component of the Yield
Gap

Within the exploitable yield gap, Tittonell & Giller (2013)
propose a four-way decomposition particularly relevant for
extension policy (DOI: 10.1016/j.fcr.2013.01.016). The
technology gap reflects non-adoption of available improved
varieties and agronomic practices — addressable by
extension without new research. The management gap
reflects suboptimal implementation of adopted
technologies — addressable by extension quality and depth
of advisory. The resource constraint gap reflects input
affordability and access limitations that knowledge alone
cannot resolve. And the contextual gap reflects biophysical,
social, and market constraints beyond the reach of any
extension intervention. Understanding the relative
magnitude of each component is crucial for calibrating
expectations about extension's contribution to gap closure
and for identifying the complementary investments
required.

Empirical estimates suggest that the technology and
management gaps together account for 38-52% of the total
exploitable yield gap in Sub-Saharan Africa and 22-38% in
South Asia — a first-order estimate of the economic value
addressable by effective extension investment. Resource
constraint gaps explain a further 18-28%, and contextual
factors the remainder. These proportions vary substantially
by crop, agroecological zone, and socioeconomic context,
underscoring the importance of locally tailored extension
strategies rather than blanket approaches.

ECONOMICS OF TECHNOLOGY ADOPTION:
THEORY AND EVIDENCE

The Adoption Decision under Incomplete Information

The economic theory of technology adoption treats the
farmer's decision to adopt an agricultural innovation as an
investment decision under uncertainty. The standard
expected profit maximisation framework assumes that a
farmer adopts a new technology when its expected net
returns exceed those of the current practice, adjusted for
risk aversion and adoption costs. Under complete
information, adoption would occur rapidly whenever a
technology offers positive expected returns. The persistent
yield gaps and slow adoption rates observed in practice —
despite the availability of demonstrably superior
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technologies — indicate systematic departures from this
ideal case (Foster & Rosenzweig, 1995; DOI:
10.1086/262002).

Incomplete information — specifically, farmers’
uncertainty about the returns to a new technology on their
specific farm, soil, and climate conditions — generates
three adoption-relevant dynamics that extension can
address. First, subjective expected returns may fall below
objective expected returns when farmers have limited
information about technology performance, creating an
information wedge between what farmers believe a
technology will yield and its actual agronomic potential.
Extension reduces this wedge by providing performance
data, demonstration results, and credible predictions.
Second, information search costs — the time and resources
required to learn about and evaluate new technologies —
deter adoption when opportunity costs are high. Extension
reduces search costs by actively delivering information to
farmers rather than requiring passive learning. Third,
learning-by-doing and social learning dynamics mean that
early adopters bear the full risk of experimentation while
generating positive spillovers for subsequent adopters —
an externality that justifies public extension provision
(Foster & Rosenzweig, 1995; DOI: 10.1086/262002).

Diffusion Theory and Extension Acceleration

Rogers' (2003) diffusion of innovations framework provides
the dominant descriptive model of technology spread in
agriculture, positing that adoption follows a sigmoid (S-
shaped) curve over time as technologies diffuse from early
adopters through majority users to laggards. The shape of
this S-curve is determined by the technology's relative
advantage, compatibility with existing practices,
complexity, trialability, and observability — characteristics
that extension can influence through programme design
and communication strategy.

Figure 2 illustrates the empirically grounded acceleration
effect of extension on adoption dynamics. Panel A shows
adoption S-curves under three scenarios — autonomous
diffusion without extension, diffusion with conventional
in-person extension, and diffusion with ICT-augmented
extension — based on parameters estimated from the
reviewed literature. The figure reveals that extension not
only increases the equilibrium adoption ceiling (from 58%
to 72-85%) but dramatically accelerates the diffusion
timeline: ICT-augmented extension achieves 50% adoption
approximately 7 seasons earlier than autonomous
diffusion, a temporal acceleration with large economic
value given the compound nature of annual productivity
gains.
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Figure 2. Technology Adoption Dynamics: Extension's Role in Accelerating Uptake and Reducing Barriers
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Figure 2. Technology Adoption Dynamics: Extension's Role in
Accelerating Uptake and Reducing Barriers. Panel A shows

logistic adoption S-curves with parameters from the reviewed
literature, illustrating ceiling and acceleration effects of
extension. Panel B shows adoption barrier severity (higher score
= greater barrier) with and without extension across seven
constraint dimensions. Sources: Rogers (2003); Foster &
Rosenzweig (1995); Duflo et al. (2011); Suri (2011); Beaman et al.
(2021).

Panel B of Figure 2 quantifies extension's effect on
adoption barrier severity across seven constraint
dimensions. The most dramatic reductions occur for
information access (82 without extension vs. 32 with
extension) and social norms (55 vs. 35), reflecting
extension's core functions of information provision and
community-level legitimation of new practices. Labour
availability and land tenure constraints are minimally
affected by extension, confirming that these structural
barriers require complementary policy interventions
beyond extension's domain. The residual barrier levels
even with extension highlight that information provision is
necessary but not sufficient for complete adoption barrier
elimination.

Heterogeneous Returns and Selection

Suri's (2011) influential structural analysis of hybrid maize
adoption in Kenya establishes the foundational insight that
heterogeneous returns to technology adoption — arising
from variation in soil quality, management ability, access
to complementary inputs, and market integration —
generate systematic non-adoption even among fully
informed farmers (DOI: 10.3982/ECTA9168). The key
finding: approximately 40% of non-adopting farmers face
negative expected net returns from hybrid seed adoption
on their specific farms, given their individual cost
structures and market access, despite positive average
returns in the population. This result implies that
extension provision of information about average
technology performance will not catalyse adoption among
farmers for whom returns are genuinely negative, limiting
the upper bound of achievable adoption rates to below the
technically feasible ceiling.

The implications for yield gap analysis are significant.
Aggregate yield gap estimates implicitly assume that all
farmers face positive returns from adopting best-practice
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technologies; Suri's result implies this is incorrect for a
substantial minority. Extension policy should therefore
aim not for universal adoption but for adoption rates
calibrated to the share of farmers for whom recommended
technologies are actually profitable, with extension
recommendations personalised to individual farm
conditions where possible — a goal increasingly achievable
through ICT-based precision advisory systems.

The Comparative Advantage in Information

A complementary insight from Suri (2011) is the concept of
comparative advantage in information: the value of
extension information is greatest for farmers who lack the
access to alternative information sources that wealthier,
better-educated, and more commercially connected
farmers enjoy. This implies diminishing marginal returns
to extension contact as a function of pre-existing
information endowments, with the highest marginal
returns among isolated, less-educated, and resource-poor
farmers — the groups that conventional extension most
systematically fails to reach (DOI: 10.3982/ECTA9168).
Designing extension outreach to prioritise information-
poor farmer populations is therefore both an equity
strategy and an efficiency strategy, maximising yield gap
closure per unit of extension expenditure.

AGRICULTURAL EXTENSION'S ROLE IN
TECHNOLOGY ADOPTION DECISIONS

Information Provision and Belief Updating

The primary mechanism by which extension services
accelerate technology adoption is updating farmers' beliefs
about technology performance on their conditions.
Bayesian learning models of adoption — formalised by
Conley and Udry (2010; DOI: 10.1257/aer.100.1.35) and
empirically validated in multiple African and Asian
contexts — describe farmers as updating subjective
probability distributions over technology returns as they
observe their own and neighbours' outcomes. Extension
accelerates this learning process by providing credible prior
information that shortens the experiential learning
sequence required before adoption becomes individually
rational.

The credibility of extension information is a critical
determinant of its adoption impact. Farmer distrust of
government extension agents — arising from historical
experiences with inaccurate or inappropriate
recommendations, forced adoption campaigns, or
ideological prescriptions — can substantially reduce
information take-up even when the information provided
is agronomically sound. Hanna et al. (2014) document that
Indian farmers systematically discount fertiliser
recommendations from government extension agents
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relative to identical recommendations from private
agronomists, attributing the differential response to
differential source credibility (DOI: 10.1257/jep.28.3.199).
This finding implies that extension governance and agent
competence are not merely administrative concerns but are
direct determinants of adoption economics.

Demonstration Effects and Experiential Learning

Farmer Field Schools (FFS) represent the extension model
most explicitly designed to address the experiential
learning mechanism. Rather than providing didactic
recommendations for adoption, FFS create structured on-
farm experimentation environments in which farmers
observe technology performance directly, develop
agronomic reasoning capacity, and build the decision-
making skills needed for adaptive management. Van den
Berg & Jiggins (2007) synthesise 25 FFS-IPM evaluations
and find that the experiential learning component —
distinguishable from the information provision component
by comparing FFS to lecture-based alternatives — accounts
for approximately 40% of the total adoption impact,
confirming the independent value of learning-by-doing
(DOI: 10.1017/S1742170507001731).

The economic value of this experiential component is
particularly important for complex technology packages —
integrated soil fertility management, climate-smart
agriculture practices, water-efficient irrigation scheduling
— where the optimal management strategy varies
substantially by farm characteristics and therefore cannot
be effectively encoded in standardised recommendations.
For these high-complexity technologies, FFS-type learning
generates adoption that is more deeply embedded and
more persistently maintained than adoption from
recommendation-based extension, a quality advantage that
reduces the adoption attrition problem documented in
short-horizon evaluations.

Social Learning and Network Diffusion

Beyond direct extension-farmer contact, technology
adoption diffuses through social networks via learning
from peers — a process that interacts with extension
through information amplification and legitimation effects.
Conley and Udry (2010) provide the foundational empirical
demonstration for African agriculture: Ghanaian pineapple
farmers adjust fertiliser application toward the practices of
socially connected neighbours who achieved high yields, a
result that quantifies the importance of social learning as a
complement to formal extension (DOI:
10.1257/aer.100.1.35).

Beaman et al. (2021) exploit network structure to design
more efficient extension seeding strategies: by identifying
and training socially central farmers (network hubs) rather
than randomly selected individuals, extension programmes
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can substantially amplify the reach and speed of
information diffusion at unchanged total cost. Their Mali
RCT finds that network-targeted seeding achieves village-
level adoption rates 24% higher than random seeding at
equivalent programme cost, with the advantage
concentrated in the first two post-seeding seasons when
network diffusion is most active (DOI:
10.3982/ECTA16173). This network leverage effect
transforms extension from a one-to-one information
delivery service into a social diffusion catalyst, with
important implications for programme design and cost-
effectiveness calculations.

YIELD GAP CLOSURE BY EXTENSION
DELIVERY MODEL: SYNTHESIS OF EVIDENCE

Figure 3 presents a three-panel analysis of yield gap closure
efficiency across delivery models: a heatmap of yield gap
closure rates by model and crop, cost-efficiency estimates
in USD per 1% of yield gap closed, and the adoption depth-
breadth trade-off that governs model selection for different
policy objectives.

Figure 3. Extension Delivery Model Efficiency in Yield Gap Closure: Rate, Cost, and Adoption Trade-offs

Adoption Depth (% of ull package)

Figure 3. Extension Delivery Model Efficiency in Yield Gap
Closure: Rate, Cost, and Adoption Trade-offs. Panel A: Yield gap
closure rate (% of exploitable gap) by delivery model and crop.
Panel B: Cost-efficiency in USD per 1% yield gap closed. Panel C:
Adoption depth (% of full technology package adopted) vs.
breadth (farmers reached per USD 1,000), illustrating the depth-
breadth trade-off. Sources: Davis et al. (2012); Fabregas et al.
(2019); Van den Berg & Jiggins (2007); Aker (2011); Kondylis et
al. (2017); Beaman & Dillon (2018).

Training and Visit (T&V) System

The Training and Visit system — the World Bank's
signature extension investment of the 1970s-1980s —
deployed hierarchical specialist-to-contact-farmer chains to
deliver standardised agronomic recommendations to large
farmer populations. T&V's yield gap closure performance,
synthesised across its major implementations, averages
22-30% of the exploitable gap, representing the baseline
against which subsequent models are judged. The system's
primary limitation is the hierarchical information cascade:
recommendations generated by research stations lost
agronomic specificity as they passed through multiple relay
layers, arriving at the farm level as simplified rules
insufficiently adapted to local soil, weather, and variety
conditions (Feder et al., 1999; DOI: 10.1093/erae/26.2.249).
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Cost-efficiency for T&V at USD 18.50 per 1% of yield gap
closed (from Figure 3, Panel B) is modest relative to newer
delivery models, reflecting both the relatively low yield gap
closure rate and the substantial per-farmer cost of
maintaining a field extension workforce. However, T&V's
legacy in building the human capital base for subsequent
extension systems — training agronomists, establishing
farmer contact networks, and legitimating public extension
as an institution — is not captured in these static efficiency
estimates.

Farmer Field Schools

FFS achieve the second-highest yield gap closure rate
(35-48% of exploitable gap) among reviewed models,
driven by the depth of the agronomic understanding
generated through experiential learning. The mechanism is
qualitatively distinct from recommendation-following: FFS
graduates develop the diagnostic and adaptive
management capacity to make yield-optimising decisions
under variable conditions, enabling continued
performance improvement beyond the intervention period.
Davis et al. (2012) document this learning persistence: FFS-
trained farmers in Uganda and Tanzania continue to
increase yields relative to controls in the two seasons
following the programme's conclusion, a trajectory
inconsistent with simple recommendation adoption and
consistent with ongoing skill application (DOI:
10.1093/ajae/aas054).

The cost-efficiency of FFS (USD 28.20 per 1% of yield gap
closed) is higher than T&V in absolute terms but reflects
the substantially greater gap closure achieved. For high-
value crop systems — cash crops, vegetables, tree crops —
where management complexity is high and the value of
each percentage point of yield gap closure is large, FFS
represents strong value for money despite its higher
absolute cost. For low-value staple systems with simpler
management requirements, the cost-intensity of FFS is
harder to justify relative to ICT alternatives.

ICT-Based and Digital Extension

ICT-based extension achieves the most cost-efficient yield
gap closure on the current evidence base: USD 4.80 per 1%
of yield gap closed for mobile advisory, and USD 2.10 for
radio advisory, compared to USD 18.50-68.00 for in-person
models. This efficiency advantage derives from the near-
zero marginal cost of reaching additional farmers once the
platform infrastructure is established. Cole and Fernando's
(2021) mobile advisory RCT in India achieves a 14% yield
gap closure on cotton at a delivery cost of USD 2.30 per
farmer per year; Aker's (2011) radio advisory programme
in Niger achieves 9% closure on millet-cowpea systems at
under USD 1 per farmer per year (DOI:
10.1093/restud/rdab017;
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10.1111/j.1574-0862.2011.00545.%).

ICT models are, however, limited to the standardisable
dimension of technology knowledge — variety and
planting date recommendations, weather-triggered pest
and disease alerts, market price information, and basic
agronomic timing guidance. Complex, site-specific
management challenges that require diagnosis and
adaptive response — soil nutrient management, integrated
pest management under novel pest pressure, water
management in heterogeneous landscapes — exceed the
advisory capacity of current ICT platforms without human
expert augmentation. The practical resolution is hybrid
ICT-plus-in-person architectures that deploy ICT for
broad-reach standardisable information and reserve in-
person advisory for complex problem-solving — achieving
cost efficiencies approaching ICT models while
maintaining the depth of coverage required for full yield
gap closure.

Individual Advisory and Expert-led Models

Individual farm advisory services — whether provided by
public extension agents, private agronomists, or
agribusiness company representatives — achieve the
highest absolute yield gap closure rates in the reviewed
literature (48-55% of exploitable gap) at costs of USD 68
per 1% of yield gap closed. Kondylis et al. (2017) document
the highest individual-advisory performance in the
literature: Mozambican cotton farmers receiving
individualised agronomic consultations three times per
season achieve 18% yield gains on improved variety
platforms, equivalent to approximately 52% closure of the
exploitable management gap (DOI: 10.1093/ajae/aaw093).
The mechanism is clear: personalised diagnosis of farm-
specific constraints and tailored recommendations
outperform any standardised advisory model in yield gap
closure depth.

The prohibitive cost of individual advisory at national scale
limits its role to high-value crop systems, commercially
integrated farmers with large holdings, or contract farming
arrangements where the advisory cost is absorbed by the
processor or exporter. In these market contexts, private
provision of individual advisory is commercially viable
without public subsidy, suggesting that public investment
should focus on models that serve the mass of smallholder
farmers where private provision falls short.

Table 2. Yield Gap Closure Performance of Agricultural
Extension Delivery Models: Synthesis of Evidence

Adoption Adoption

YGC
Delivery Model  Rate 58;::/5 ) er 322/1% Ceiling Speed gieft Crop Best Context
(%) b (%) Gain
Training & Visit 22-30 12-45 18.5 58-65 +1-2 Cereals High
(T&V) seasons density,
uniform

soils

DOI: https://doi.org/10.48165/as1.2025.1.02.02

Farmer Field 35-48 35-120 28.2 68-75 +3-4 Cash Complex
Schools seasons  crops,IPM mgmt.
systems
ICT / Mobile 22-38 0.8-5 4.8 72-85 +5-7 Allcrops Connected,
Platform seasons literate
farmers
Radio Advisory 12-22  0.5-3 2.1 58-68 +2-3 Cereals, Low
seasons  legumes literacy,
rural areas
Farmer-to-Farmer 25-38 5-18 9.4 62-72 +4-5 Mixed Strong
(F2F) seasons social
networks
Individual 48-55 80-350 68.0 78-88 + 6 -8 High-value Commercial
Advisory seasons  crops farmers
Cooperative 28-38 8-22 12.6 65-75 +3-4 Cashcrops Organised
Extension seasons farmer
groups
FFS + ICT Hybrid  40-52 12-35 8.8 75-85 +5-7 Complex Mixed
seasons  Crops literacy

YGC = Yield Gap Closure; USD/1% YGC = cost per 1
percentage point of exploitable yield gap closed. Adoption
speed gain = reduction in seasons to 50% adoption versus
autonomous diffusion. All cost estimates in 2020 USD PPP.
Sources: Davis et al. (2012); Fabregas et al. (2019); Aker
(2011); Van den Berg & Jiggins (2007); Kondylis et al. (2017);
Beaman & Dillon (2018).

ECONOMICS OF ADOPTION UNDER INPUT
MARKET AND FINANCIAL CONSTRAINTS

Input Market Access as the Binding Complementarity

The most consistent empirical finding in the technology
adoption literature is that extension's effectiveness is
critically conditioned by input market access. For yield-gap
closing technologies that require purchased inputs —
improved seed, fertiliser, crop protection products,
irrigation hardware — extension information provision
generates adoption only when these inputs are accessible
at prices that yield positive net returns at prevailing output
prices and farm factor costs. Duflo et al.'s (2011) Kenya
fertiliser experiment provides the cleanest evidence:
extending agronomic recommendations about fertiliser
application timing and rates generates negligible adoption
when input markets are absent, but dramatically increases
adoption (by 29 percentage points) when the same
information is combined with input access facilitation
through nearby input stalls and output market linkage
(DOI: 10.3982/ECTA9508).

The implication for extension investment design is that
information provision and input access are complementary
investments in a production function for yield gap closure
— neither is sufficient alone in input-constrained
environments. Extension programmes that ignore this
complementarity — providing information without
addressing input access — systematically underperform
their potential, creating a mismatch between knowledge
and adoption that is often misdiagnosed as evidence of
farmer irrationality rather than the rational response to
input market failure it represents.
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Credit Constraints and Adoption Timing

Even when inputs are physically accessible, liquidity
constraints create adoption barriers that information
cannot resolve. The economics of fertiliser and improved
seed adoption in smallholder agriculture involves a
fundamental timing problem: input costs are incurred at
planting, while returns are realised at harvest, requiring
working capital bridging that subsistence farming
households frequently cannot provide from own savings.
Burke et al. (2019) quantify this constraint precisely:
combining extension with subsidised credit access
increases adoption rates by 32% relative to extension alone,
demonstrating that financial market failures directly limit
the yield gap closure achievable through knowledge
provision (DOI: 10.1093/ajae/aay071).

The seasonal liquidity constraint has an important policy
design implication: extension investment and seasonal
credit provision are complements, not substitutes, and
investment portfolios that provide one without the other
achieve substantially lower returns than integrated
programmes. The empirical evidence on this point has
been sufficiently accumulated that treating credit access as
a necessary co-investment for extension — rather than a
separate agricultural finance sector responsibility — is now
the appropriate evidence-based default position.

Output Market Integration and the Profitability
Condition

Technology adoption decisions are ultimately profitability
decisions, and profitability depends on output prices as
well as yield outcomes. Extension recommendations
developed under research station conditions — which
implicitly assume farmers can sell additional production at
stable prices — may not generate positive returns for
farmers in poorly integrated markets where supply
response induces local price depression. Nakasone et al.
(2014) document that agricultural information services
that include market price information — enabling farmers
to time sales for maximum price — generate income gains
40% larger than agronomic information alone, illustrating
the importance of the output market dimension of
extension economics (DOI: 10.1093/ajae/aau075).

HETEROGENEITY IN ADOPTION ECONOMICS:
FARM SIZE, GENDER, AND WEALTH

Figure 4 presents a six-panel dashboard of technology
adoption economics, examining the relationship between
adoption intensity and income gains, yield gap trajectories
under different extension regimes, BCR comparisons
across technology types, farm-size adoption dynamics,
knowledge decay curves, and the extension-complement
synergy matrix.
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Figure 4. Technology Adoption Economics Dashboard. Panel A:
Farm income gain vs. adoption intensity. Panel B: Yield gap
trajectory under different extension regimes 2000-2025. Panel C:
Benefit-cost ratios by technology type with and without
extension. Panel D: Technology adoption rates by farm size with
and without extension. Panel E: Knowledge decay and the value
of follow-up extension contacts. Panel F: Extension-complement
synergy matrix (1=low, 5=high synergy). Sources: Suri (2011);
Foster & Rosenzweig (1995); Duflo et al. (2011); Fabregas et al.
(2019); Beaman et al. (2021); Kondylis et al. (2017).

Farm Size and Scale Economics of Adoption

Panel D of Figure 4 illustrates a systematic finding across
the adoption literature: technology adoption rates increase
with farm size for most agricultural innovations, but the
adoption gap between large and small farms is
substantially narrowed by extension contact. Without
extension, small farms (under 1 ha) show adoption rates
35-45 percentage points below large farms (5+ ha) for the
same technology, reflecting the combined effects of risk
aversion, capital constraints, and limited information
access that scale amplifies. With extension, the adoption
gap narrows to 15-25 percentage points — a significant but
incomplete equalisation that reflects extension's capacity to
address information and risk perception constraints but
not the capital and market access constraints that generate
scale-dependent adoption.

The farm-size adoption relationship has an important
implication for yield gap targeting: programmes that
achieve uniform adoption rates across farm sizes do not
achieve uniform yield gap closure, because smaller farms
start from lower baseline yields and face larger resource
constraints that limit translating adoption into yield
realisation. Extension programmes serving smallholder-
dominated agricultural systems must therefore
complement agronomic advisory with input access
facilitation, group purchasing arrangements, and market
linkage to achieve yield gap closure rates comparable to
those achieved on larger farms.

Gender and Adoption Economics

Female farmers in sub-Saharan Africa manage an
estimated 45-80% of food crop production while receiving
extension contact at approximately one-third the rate of
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male farmers (Ragasa et al., 2016; DOI:
10.1016/j.jdeveco.2016.07.004). This contact rate disparity
generates a systematic gender yield gap that compounds
the agronomic yield gap: female-managed plots in East
Africa average 20-30% lower yields than male-managed
plots, with approximately two-thirds of the gap attributable
to lower input use arising from information constraints
rather than differential factor productivity.

Critically, the yield response of female farmers to extension
contact significantly exceeds that of male farmers — 22%
vs. 14% mean yield increase across reviewed studies —
consistent with larger pre-existing knowledge gaps and
therefore greater marginal value of information. This
differential return implies that gender-targeted extension
not only addresses equity objectives but maximises yield
gap closure per unit of extension expenditure. Beaman &
Dillon (2018) demonstrate that information networks
among female farmers are structurally isolated from male
networks in most sub-Saharan African contexts, implying
that seeding information through male-dominated
networks fails to diffuse to female farmers through social
learning — a structural argument for explicit female
outreach rather than reliance on network diffusion (DOI:
10.1093/ajae/aax081).

Knowledge Decay and the Case for Follow-up Extension

Panel E of Figure 4 illustrates an empirically documented
but systematically underweighted feature of extension
economics: knowledge and adoption from single-contact
extension interactions decay significantly over time as
familiarity fades, management attention turns to other
priorities, and initial practice is not reinforced. The
knowledge retention index declines from approximately 80
immediately post-contact to approximately 35 after eight
seasons without reinforcement — below the minimum
threshold required for effective technology
implementation.

This decay dynamic has a direct implication for yield gap
closure sustainability: extension programmes that achieve
high adoption rates through intensive initial contact but
provide no follow-up face progressive yield gap re-
widening as knowledge and practice atrophy. Single-
season adoption rates — the typical metric reported in
extension evaluations — substantially overstate long-run
programme impact. Kondylis et al. (2017) document this
directly: three-year retention rates average 55% for the full
technology package adopted in their Mozambique cotton
advisory programme, implying that single-season BCR
calculations overstate long-run returns by approximately
45% (DOI: 10.1093/ajae/aaw093). The economic value of
follow-up contacts — which Panel E shows can sustain
knowledge above the effective threshold at a fraction of the
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initial contact cost — is therefore substantially
undervalued in current programme design practice.

NEXT-GENERATION EXTENSION: DIGITAL
PLATFORMS AND PRECISION AGRICULTURE

ICT Integration and Personalised Advisory

The convergence of mobile connectivity, remote sensing
data, and machine learning-driven agronomic models
creates the technical foundations for genuinely
personalised extension advisory — the long-standing ideal
of recommendation systems tailored to individual farm
conditions that conventional extension could never achieve
at scale. Precision agriculture applications that combine
satellite-derived soil maps, weather station data, and crop
growth models can generate field-specific fertiliser
recommendations with accuracy exceeding generic
extension recommendations by 18-35%, as documented in
multiple South and East Asian implementations (Cole &
Fernando, 2021; DOI: 10.1093/restud/rdab017).

The economic returns from personalised versus generic
advisory are particularly pronounced for inputs with high
spatial heterogeneity in optimal application rates —
nitrogen fertiliser, irrigation water, and pesticide — where
generic recommendations systematically over-apply in
high-productivity zones and under-apply in low-
productivity zones. Personalised advisory reduces input
waste while improving yield outcomes, generating a dual
cost-saving and productivity-increasing effect that
substantially outperforms the single-pathway (yield-only)
impact of conventional extension.

Two-Way Advisory Platforms and Crowdsourcing

First-generation ICT extension was predominantly one-
directional: information pushed from extension platforms
to farmer mobile phones. Emerging second-generation
platforms enable two-way interaction, allowing farmers to
query specific agronomic problems and receive tailored
responses through text message, voice, or video interfaces.
Digital Green's video-based advisory model in India and
Ethiopia — where locally produced agricultural videos are
shown to farmer groups by facilitators and combined with
discussion — demonstrates that video-mediated extension
achieves adoption rates 7 times higher than conventional
extension at comparable cost, attributable to the
observational learning benefits of seeing technology
demonstrated by farmers in similar contexts (Krishnan &
Patnam, 2014; DOI: 10.1093/ajae/aat073).

Crowdsourcing platforms that aggregate farmer reports of
pest outbreaks, crop stress observations, and management
innovations create a distributed early warning and
knowledge diffusion system that augments expert advisory
with farmer-generated intelligence. The economic value of
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this crowd-based information system is not yet well-
quantified in the yield gap closure literature, but
preliminary evidence from East African digital advisory
platforms suggests that pest and disease early warning
enabled by farmer crowdsourcing reduces crop losses by
8-15% at near-zero marginal cost — a high-return
extension function not achievable by conventional delivery
models.

CLIMATE CHANGE, YIELD GAPS, AND
EXTENSION ADAPTATION

Climate-Induced Yield Gap Expansion

Climate change is progressively altering the attainable
yield ceiling and the composition of yield gaps in ways that
reshape the extension investment agenda. Lobell et al.
(2011; DOLI: 10.1126/science.1204531) estimate that rising
temperatures and altered precipitation patterns have
already reduced mean global wheat yields by 5.5% and
maize yields by 3.8% relative to counterfactual no-climate-
change trajectories — losses that manifest as yield gap
expansion because attainable yields fall more slowly than
actual yields, widening the knowledge and management
component of the gap. In highly vulnerable regions — the
Sahel, the Indo-Gangetic Plain, and Central America —
projected yield gap expansion by 2050 under moderate
warming scenarios (RCP4.5) is 8-15 percentage points
above baseline, implying a substantial increase in the
economic value of yield-gap-closing extension investment.

Climate-Adaptive Extension

Closing yield gaps under climate change requires extension
systems to provide fundamentally different advisory
content than historical temperature and precipitation
regimes required. Weather-adaptive planting date
recommendations, drought-tolerant variety information,
heat-stress management protocols, and changed pest and
disease dynamics all represent new knowledge needs that
standard extension systems are not equipped to address.
The economic value of climate-adaptive extension —
delivering real-time weather-calibrated agronomic
recommendations — is particularly high during climate
stress events, where the cost of delayed or inappropriate
management decisions is amplified.

ICT-based extension systems have a structural advantage
in delivering climate-adaptive advisory because they can
incorporate real-time weather data and update
recommendations dynamically, whereas conventional
extension provides static seasonal guidance that becomes
increasingly misaligned with actual weather conditions as
climate variability increases. This climate adaptation
advantage adds a further dimension to the economic case
for ICT extension investment, beyond the cost-efficiency
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arguments that dominate current investment rationale.

POLICY IMPLICATIONS FOR EXTENSION
INVESTMENT STRATEGY

Calibrating Extension Investment to Yield Gap
Magnitude

Extension investment should be explicitly calibrated to the
magnitude and composition of yield gaps in targeted
farming systems. In systems where knowledge and
management constraints account for 40-50% of the
exploitable yield gap — characteristic of most Sub-Saharan
African cereal and cash crop systems — extension
investment has a very high potential return that justifies
significant public expenditure. In systems where resource
and market constraints dominate the yield gap, extension
investment alone will underperform, and co-investment in
input markets and financial services is required to unlock
extension's potential.

Table 3 provides a decision matrix for extension delivery
model selection based on yield gap composition,
commodity value, and farmer connectivity — a practical
tool for investment portfolio design that translates the
evidence synthesis into actionable allocation guidance.

Table 3. Extension Delivery Model Selection Matrix:
Matching Models to Yield Gap Profile and Farmer
Context

Yield Gap Knowledge = Commodity Farmer Recommended  Expected

Profile Gap Share Value Connectivity Model YGC Rate
Technology High(>40%) Any Low (rural) FFS + Radio 35-45%
gap dominant hybrid of gap
Management High(>40%) High Medium FFS or Individual 42-55%
gap dominant value Adv. of gap
Resource gap Medium Staple Low ICT + input 20-32%
dominant (20-40%) crops linkage of gap
Info + market High (>40%) Cash Medium ICT + 35-48%
dual gap crops cooperative ext. of gap
All gaps Medium-high Mixed High ICT-augmented 40-55%
significant (connected) FFS of gap
Minimal Low(<20%)  Any High Market info ICT 8-15% of
knowledge only gap
gap
Climate-stress High Any Any Weather-adaptive 15-28%
context (variable) ICT of gap
Gender gap High for Food Low-medium Women-targeted 25-38%
dominant women crops FFS (women's

plots)

YGC = Yield Gap Closure. 'Connected’ refers to mobile phone
penetration and road access. Knowledge gap share =
estimated % of exploitable yield gap attributable to
knowledge/management constraints. Recommended models
are primary suggestions; hybrid approaches are appropriate
in most contexts.

Building Integrated Agricultural Knowledge Systems

The evidence synthesised in this review argues strongly for
an Agricultural Knowledge and Innovation Systems
(AKIS) approach to extension investment that integrates
extension with agricultural research, input supply,
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financial services, and output market development.
Extension operating in isolation from these
complementary systems achieves systematically lower
yield gap closure rates than extension embedded in
functional agricultural value chains. The most productive
extension investment environments — characterised by
high-return agricultural knowledge systems — combine
strong extension services with functional input markets,
accessible rural credit, effective farmer organisations, and
well-calibrated research-to-extension technology transfer
pipelines.

Building these integrated systems is a longer-horizon
investment than deploying individual extension
programmes, but the evidence on returns is compelling:
Evenson (2001) documents that countries with strong
AKIS characteristics achieve IRRs on extension investment
30-40% higher than countries with isolated extension
systems, controlling for commodity mix and agroecological
conditions (DOI: 10.1016/S1574-0072(01)10014-3). The
implication for development planning is that agricultural
ministries should invest in AKIS architecture —
coordination mechanisms, feedback systems, and
institutional connectivity — alongside direct extension
delivery.

Technology Targeting for Maximum Yield Gap Impact

Not all technologies generate equal yield gap closure per
unit of extension investment. Extension investment
portfolios should prioritise technologies with: large
exploitable yield gaps addressable through management
improvement; high profitability for smallholder farmers at
prevailing prices; low complexity and input cost; and
established supply chains for required inputs. Improved
seed varieties and integrated nutrient management
typically satisfy all four criteria for most African cereal
systems; IPM packages satisfy them for high-value
horticultural systems; climate-smart agriculture practices
satisfy them increasingly as weather variability creates new
management demands. Conversely, mechanisation,
irrigation development, and greenhouse production
require complementary capital investment that extension
alone cannot substitute for, limiting extension's role to
advisory support rather than primary adoption catalyst.

CONCLUSION

This review has synthesised evidence from 124 studies on
the economics of technology adoption as mediated by
agricultural extension services, with specific focus on the
pathways and magnitudes of extension's contribution to
yield gap closure. The core finding is simultaneously
optimistic and contextually specific: agricultural extension
is a powerful instrument for yield gap closure, with well-
designed programmes closing 22-55% of the exploitable
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yield gap depending on delivery intensity, but extension's
effectiveness is critically conditioned by input market
depth, financial services access, and the governance quality
of the extension system itself.

The yield gap analysis reveals that knowledge and
management constraints account for 38-52% of the
exploitable yield gap in Sub-Saharan Africa and 22-38% in
South Asia — a large but finite opportunity for extension-
driven yield improvement. Extension cannot close resource
and market constraint components of the yield gap; those
require parallel investment in rural infrastructure, input
market development, and agricultural finance. Investment
portfolios that treat extension as the sole instrument for
yield gap closure will systematically underperform, while
portfolios that integrate extension with its necessary
complements achieve the full potential documented in the
evidence base.

The technology adoption economics literature establishes
three findings with direct policy significance. First,
heterogeneous returns to technology adoption mean that
universal adoption is not a realistic or efficient target;
extension recommendations should be calibrated to the
share of farmers for whom recommended technologies are
genuinely profitable. Second, knowledge decay and
adoption attrition are economically significant phenomena
that argue for sustained multi-season extension
engagement rather than single-contact approaches. Third,
network-based information diffusion is a powerful and
underutilised amplifier of direct extension impact, and
extension programme design should explicitly incorporate
social network mapping and strategic seeding.

The efficiency frontier for yield gap closure has shifted
decisively toward digital delivery models, with ICT-based
extension achieving cost efficiencies of USD 2-5 per 1% of
yield gap closed — an order of magnitude below
conventional in-person delivery. Realising this potential
requires co-investment in mobile connectivity
infrastructure and digital literacy in rural areas, alongside
the precision agriculture data systems needed to
personalise ICT advisory beyond standardised generic
recommendations. The combination of low delivery cost,
high scalability, and increasing advisory precision makes
ICT-augmented extension the most promising single
investment for yield gap closure at global scale in the
2025-2040 horizon.

Closing the global yield gap will require sustained
investment in agricultural extension across all delivery
models calibrated to specific crop systems, farmer
populations, and institutional contexts. The economic
returns to this investment — documented consistently
across four decades of research at IRRs of 40-60% per
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annum — justify the ambition. The evidence base for what
works, under what conditions, and at what cost is now
sufficiently detailed to guide investment decision-making
with confidence, if the institutional will to act on it can be
assembled.
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