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ABSTRACT
Two distinct extension traditions have shaped how vegetable farmers gain agro-

nomic knowledge: participatory approaches that treat farmers as co-designers of in-
novation, and digital approaches that use mobile phones, apps, and increasingly ar-
tificial intelligence to deliver advice at scale. This review examines both traditions
and the growing literature on where they intersect. Evidence from the World Veg-
etable Center and related participatory-design frameworks shows that the appropri-
ate level of farmer participation depends on how ready an innovation is for local use.
Evidence from digital extension programmes shows real reach and adoption gains,
but also a risk that farmer-centred design intentions erode as digital platforms scale.
Machine-learning tools for vegetable pest and disease diagnosis show high technical
accuracy in controlled studies, but limited evidence yet on real-world farmer uptake.
Digital Farmer Field Schools, which combine both traditions directly, show some of
the strongest documented knowledge gains of any approach reviewed here, though
evidence on their cost-effectiveness and durability over time remains thin. The review
argues that combining participatory design with digital delivery, rather than treating
them as substitutes, offers the most promising path for reaching vegetable farmers at
both scale and relevance.

INTRODUCTION

Extension research has traditionally treated “participa-
tory” and “digital” approaches as separate literatures:
one rooted in rural sociology and farmer empower-
ment, the other in information technology and scale
economics. Vegetable farming sits at an interesting in-
tersection of both. Vegetable production is judgment-
intensive — diagnosing pest pressure, timing pesticide
withdrawal, and adapting practices to fast-changing lo-
cal conditions — which has traditionally favoured par-
ticipatory, hands-on extension methods such as Farmer
Field Schools [10]. At the same time, vegetable farmers
are increasingly reachable through mobile phones and
smartphone apps, and machine-learning tools capable
of diagnosing plant disease from a photograph are now
technically mature enough for field deployment [8].

This review examines four connected strands of ev-
idence: (1) participatory extension principles and how
they have been adapted specifically for vegetable in-
novation; (2) digital extension approaches reaching
vegetable and other smallholder farmers; (3) machine-
learning and image-recognition tools for vegetable pest
and disease diagnosis; and (4) the emerging, more crit-
ical literature on what happens when digital and par-
ticipatory approaches are combined — and where that
combination succeeds or breaks down.

A fifth strand, addressed later in the review, is practi-
cal rather than conceptual: evenwhere an extension ap-
proach demonstrably improves farmer knowledge, its
viability depends on what it costs to deliver relative to
the number of farmers reached. This cost dimension is
often absent from studies that report only knowledge
or adoption outcomes, yet it strongly shapes which
approaches national extension systems and NGOs can
realistically sustain at scale, and it recurs as a theme

DOI: https://doi.org/10.48165/asl.2026.2.01.03 12



Yadav Agro-Science Letters Vol.2(1) (2026)

throughout the sections that follow.

PARTICIPATORY EXTENSION: PRINCIPLES AND
METHODS

Participatory extension approaches position farmers
as active co-creators of agricultural knowledge rather
than passive recipients of expert advice [4]. The most
widely used methods include Farmer Field Schools
(season-long, hands-on group learning), Participatory
Rural Appraisal (structured community diagnosis of
needs and constraints), and Participatory Technology
Development, in which farmers and researchers jointly
test and adapt candidate innovations under local con-
ditions [4]. A recent review found that participatory
extension reliably increases farmer engagement and
technology uptake, but also identified persistent insti-
tutional, financial, and socio-cultural barriers that limit
how far thesemethods scale without sustained external
support [4].

Co-design — a more intensive form of participation
in which extension professionals and farmers jointly
construct the research or intervention plan from the
outset — has been formalized as a distinct step in Partic-
ipatory Action Research for agriculture. Guidance on
co-design emphasizes that the process must go beyond
simple consultation: it needs to center local knowledge,
negotiate shared goals explicitly, and remain flexible as
understanding of the problem evolves [5].

These methods differ mainly in how much decision-
making authority farmers hold at each stage of the in-
novation process. Participatory Rural Appraisal typ-
ically positions farmers as the primary source of di-
agnostic information — mapping local constraints, re-
sources, and priorities — while researchers retain re-
sponsibility for designing the technical response. Par-
ticipatory Technology Development shifts more au-
thority to farmers by having them directly test and
modify candidate technologies on their own fields un-
der their ownmanagement conditions, generating feed-
back that reshapes the technology itself rather than just
its delivery. Farmer Field Schools occupy a distinct po-
sition again: authority is shared within a structured,
facilitator-guided curriculum, so farmers exercise judg-
ment and experimentation within a bounded pedagog-
ical framework rather than open-ended co-design. Un-
derstanding these gradations matters for vegetable ex-
tension specifically, because the reviewed evidence
suggests that the appropriate gradation depends on
how mature and locally validated a given practice or
variety already is [1].

VEGETABLE-SPECIFIC PARTICIPATORY DE-
SIGN: EVIDENCE FROM THE WORLD VEG-
ETABLE CENTER

The most directly relevant framework for vegetable
extension comes from the World Vegetable Center
(WorldVeg), which reviewed participatory design liter-
ature alongside its own vegetable innovation projects
across Asia and Africa. The resulting guidance ar-
gues that the right level of farmer participation is
not fixed — it should depend on how technically
ready an innovation is for local use. Early-stage, less-
proven innovations warrant deeper participatory de-
sign and co-experimentation with farmers, whereas
mature, well-validated technologies can be introduced
through lighter-touch demonstration and dissemina-
tion approaches, since the priority at that stage shifts
to scaling rather than adapting the design itself [1].

This readiness-based framework is a useful correc-
tive to extension programmes that apply the same par-
ticipation model regardless of how proven a technol-
ogy already is — over-consulting farmers on mature
technologies wastes their time, while under-consulting
them on unproven ones produces innovations that do
not fit local conditions [1].

DIGITAL EXTENSION APPROACHES FOR VEG-
ETABLE FARMERS

Digital extension has expanded rapidly on the promise
of reaching farmore farmers per extensionworker than
field-based methods allow. A scoping review of ICT
applications in agricultural extension found that dig-
ital tools are now used across the full extension cy-
cle — needs diagnosis, advice delivery, and feedback
collection — with the clearest benefits for straightfor-
ward, timing-sensitive agronomic messages such as
pest alerts and fertilizer application windows, which
are highly relevant to vegetable production [6].

TheDirect2Farm programme in India illustrates both
the reach and the limits of mobile-based advisory ser-
vices: at least 40% of 400,000 registered farmers became
active users, and the service significantly influenced up-
take of new practices, but smallholders, women, and el-
derly farmers — often the same groups vegetable exten-
sion most needs to reach — used the service less than
better-resourced farmers [7]. A separate user-centred
design study of a digital advisory service in Tanzania
found that involving farmers directly in the design of
message content and delivery format improved the per-
ceived relevance and usability of the service compared
to top-down message design [3].
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Table 1: Participatory Approaches by Innovation Readiness (adapted from Pawera et al., 2024)

Innovation readiness Recommended
participation level

Example methods

Early-stage / unproven in-
novation

High — farmers as co-
designers

Participatory Technology Development, on-farm co-
experimentation, iterative prototyping with farmer feed-
back

Partially validated innova-
tion

Moderate — farmers as ac-
tive testers

Farmer-managed trials, comparative demonstration
plots, structured feedback loops

Mature / well-validated
innovation

Lower — farmers as adopters Method demonstrations, field days, farmer-to-farmer
dissemination, mass media

Source: Pawera et al. (2024), Agricultural Systems [1].

Table 2: Examples of Machine-Learning Performance in Vegetable Disease Detection

Crop / disease Method Reported accuracy
Radish — Fusarium wilt (UAV im-
agery)

Deep convolutional neural net-
work (CNN)

93.3%, outperforming a standard random-
forest baseline at 82.9% [9]

Radish — Fusarium wilt (RGB +
near-infrared UAV imagery)

Customized deep-learning identi-
fication framework

Up to 96%, with NIR imagery outperforming
RGB-only detection

Cauliflower — multi-disease classifi-
cation

Random forest baseline 81.68%

Cauliflower — multi-disease classifi-
cation

CNN transfer learning (Incep-
tionV3)

90.08%, the best-performing single model
among several CNN architectures tested

Cauliflower — multi-disease classifi-
cation

Deep ensemble (CNN + CNN-
SVM + DNN)

Up to 99.98% in controlled testing [10]

Sources: [8], [9], [10].

MACHINE-LEARNING TOOLS FOR VEGETABLE
PEST AND DISEASE DIAGNOSIS

A newer and fast-growing strand of digital extension
uses image recognition and machine learning to let
farmers diagnose pests and diseases directly from a
smartphone photograph. Reviews of this literature re-
port that convolutional neural networks (CNNs) and
related deep-learning architectures can classify veg-
etable disease symptoms with accuracy often exceed-
ing 90% under research conditions, although perfor-
mance varies substantially by crop, disease, and image-
collection method [8].

These figures are encouraging but should be read
cautiously: most of the underlying studies are con-
ducted on curated image datasets under controlled
conditions, and reviews of the broader plant-disease-
detection literature note that accuracy achieved in
research settings does not automatically transfer
to messy, low-quality farmer-submitted photographs
taken in variable lighting and field conditions [8]. Very
little published evidence yet tracks whether farmers
who receive an AI-generated diagnosis actually change
their pest management practice as a result, which is the
same knowledge-to-practice gap seen throughout the
wider extension literature.

WHERE DIGITAL MEETS PARTICIPATORY:
PROMISE AND TENSION

A growing critical literature examines what happens
when digital extension platforms are explicitly de-
signed to be farmer-centric. A 2026 study analysing
two digital extension platforms built between 2014 and
2024 — one in the Global North, one in the Global South
— found that in early development phases, digital exten-
sion was genuinely framed around supporting farmer
sovereignty and decentralised, pluralistic design input.
Over time, however, as the platforms scaled, farmer-
centricity was increasingly instrumentalised: farmer
participation became amechanism for generating train-
ing data and driving peer-to-peer diffusion of the plat-
form itself, rather than an end in its own right [2].

This finding matters directly for vegetable extension,
where digital pest-diagnosis tools and advisory apps de-
pend on farmer-submitted images and usage data to
improve their underlying models. The Tanzania case
study offers a more optimistic counter-example: by in-
volving farmers directly in designing message content
and delivery format from the start, the resulting digital
advisory service was reported as more usable and rel-
evant than services designed without that input, sug-
gesting the erosion of farmer-centricity documented
elsewhere is not inevitable but depends on how partic-
ipation is structured into the platform’s design process
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from the outset [3].

Taken together, the Tanzania and platform-
evolution studies point to a practical design principle
rather than a simple verdict for or against digital
extension: farmer-centricity appears to survive scaling
best when participation is embedded structurally
in how a platform’s content and governance evolve
over time, not merely present as a one-time design
consultation before launch. Extension programmes
that treat participatory input as a continuous feedback
loop — revisited as the platform grows and its user
base diversifies — are, on the evidence reviewed here,
better positioned to avoid the instrumentalization
pattern documented in the broader platform-evolution
literature [2], [3].

COMBINING DIGITAL AND PARTICIPATORY
APPROACHES: A MARKET-LINKED EXAMPLE

Market-aggregation extension models offer a prac-
tical illustration of combining digital delivery with
participatory, incentive-aligned design. In Jashore,
Bangladesh, the “LOOP” aggregation scheme run by
Digital Green combined structured market linkage
with associated extension contact for vegetable farmers.
Farmers participating in the scheme scored substan-
tially higher on pesticide-safety knowledge and prac-
tice than non-participating farmers (knowledge: 67.8%
vs. 55.0%; practice: 65.6% vs. 43.1%), although attitude
scores remained low in both groups (17.4% vs. 4.2%), in-
dicating that market-linked digital extension improved
what farmers knew and did more than what they be-
lieved about pesticide safety [11].

Similarly, Farmer Field School evaluations for veg-
etable IPM in Benin found that group-based, hands-on
training increased farmers’ IPM knowledge and par-
tially changed practice, even though the underlying
pesticide-use behaviour did not fully shift— reinforcing
that neither participatory nor digital approaches alone
reliably close the knowledge-to-practice gap, and that
the combination of the two, reinforced by market or
institutional incentives, appears more promising than
either in isolation [10].

DIGITAL FARMER FIELD SCHOOLS: COMBIN-
ING BOTH TRADITIONS DIRECTLY

Rather than treating participatory and digital exten-
sion as separate design choices, a small but growing
set of programmes has combined them directly into a
single delivery model: the Digital Farmer Field School

(DFFS). A DFFS retains the core FFS principle of struc-
tured, expert-facilitated group learning but delivers it
through video, tablets, or livestreamed sessions rather
than requiring farmers and facilitators to be physically
co-located in a demonstration plot.

Soybean DFFS in Maharashtra, India

The most directly measured example comes from
the PAANI Foundation’s “Digital Sheti Shaala” (Digi-
tal Farming School) initiative in Maharashtra, which
runs weekly livestreamed sessions connecting soy-
bean farmers with agricultural university experts at no
cost to participants. A 2026 study surveyed 150 soy-
bean growers (75 participants and 75 non-participants)
across fifteen villages in Ahilyanagar district and as-
sessed their knowledge of Standard Operating Proce-
dures for soybean cultivation. The gap in outcomes
was stark: 76% of DFFS participants demonstrated high
knowledge of soybean SOPs, compared to just 6.67%
of non-participants, with statistically significant differ-
ences confirmed across nine separate cultivation as-
pects [12].

The study’s regression analysis found that education,
scientific orientation, and “techno-savviness” were the
strongest predictors of knowledge gain among partic-
ipants, while traditional socio-economic factors such
as landholding size and farming experience mattered
comparatively little — suggesting that digital delivery
reshapes who benefits most from extension contact,
favouring farmers already comfortable with technol-
ogy and formal learning over those whose advantage
in conventional extension came from experience or so-
cial standing [12].

Cocoa DFFS Design Lessons from Sierra Leone

An earlier and more design-focused DFFS example
comes from Sierra Leone, where a tablet-based digital
learning environment was developed and tested as a
substitute for face-to-face certification training in co-
coa production. The prototype deliberately applied FFS
pedagogical principles — collective learning, practical
orientation, farmer-facilitator interaction — within a
user-experience design process intended to keep the
platform genuinely responsive to farmer needs rather
than simply digitizing a training manual. Field testing
found the offline, periodically-updated tablet platform
to be both socio-culturally and technologically appro-
priate for cocoa farmers and value-chain stakeholders
in the study area [13].

Later assessments of similar DFFS deployments
have also surfaced practical friction points that pure
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Table 3: Approximate Cost and Reach Trade-offs Across Extension Approaches

Approach Approximate cost profile Reach characteristics
Classical in-person
FFS

~US$47.60–US$62 per farmer trained
(Philippines/Indonesia estimates) [14]

Deep, hands-on learning; limited geographic reach
per facilitator; weak informal diffusion to non-
participants [14]

Digital Farmer Field
School (DFFS)

High fixed cost to design and pilot the
platform; lower marginal cost per addi-
tional participant once built [12], [13]

Can extend FFS-style structured learning across a
wider area than in-person sessions allow, but still
requires connectivity and device access

Mobile/SMS advisory
(e.g., Direct2Farm)

Low marginal cost per farmer reached at
scale

Very large potential reach (hundreds of thou-
sands of registered users), but lower depth of en-
gagement and lower uptake among smallholder,
women, and elderly farmers [7]

Market-linked digital
extension (e.g., LOOP)

Cost partly offset by market/aggregation
business model rather than pure exten-
sion budget

Reach limited to farmers within the aggregation
scheme’s commercial catchment, but stronger
incentive alignment for sustained practice change
[11]

Sources: [7], [11], [12], [13], [14].

knowledge-outcome studies tend tomiss: farmers cited
unsuitable session timings and inadequate practical,
hands-on orientation as barriers, and proposed flexi-
ble scheduling, more frequent in-person expert inter-
action, stronger rural digital infrastructure, and subsi-
dized devices as the improvements they most wanted
— a reminder that even a well-designed DFFS does not
fully substitute for the tacit, hands-on learning that in-
person Farmer Field Schools provide.

COST-EFFECTIVENESS CONSIDERATIONS

Knowledge and adoption outcomes are only half of
the picture facing extension planners; the other half
is what an approach costs to deliver relative to how
many farmers it reaches. This question has a long his-
tory in the Farmer Field School literature specifically,
because FFS’s intensive, season-long, small-group for-
mat is inherently expensive per farmer trained. Early
World Bank analysis of FFS programmes in the Philip-
pines and Indonesia estimated a conservative per-
farmer training cost of around US$47.60–US$62, and
concluded that the approach’s fiscal sustainability at
national scale was a genuine risk: available extension
budgets could fund only a modest number of trained
farmers under the classical FFS model, even before ac-
counting for the finding that FFS graduates rarely dif-
fused their knowledge informally to non-participant
neighbours in the volumes originally hoped for [14].

Read together, these cost profiles suggest a genuine
trade-off rather than a clear winner: in-person FFS pro-
duces the deepest knowledge gains (as seen through-
out this review) but at a cost per farmer that is diffi-
cult to sustain at national scale; pure mobile advisory
reaches the most farmers most cheaply but with the

shallowest engagement and the weakest reach into ex-
actly the smallholder and women farmer populations
most in need of support; and DFFS and market-linked
models occupy a middle ground, trading some depth or
reach for a more sustainable cost structure, provided
the fixed costs of platform design and connectivity in-
frastructure can be met [7], [11], [12], [13], [14].

BARRIERS AND LIMITATIONS

● The digital divide persists inside participation:
the smallholder, women, and elderly farmers who most
need participatory design attention are also the least
likely to be active users of the digital tools meant to
reach them at scale [7].

● Participation can be tokenistic: without a
readiness-based framework or a structured co-design
process, “farmer participation” risks becoming a check-
box exercise rather than a genuine influence on design
decisions [1], [5].

● Digital platforms can drift from their found-
ing intent: farmer-centric design commitments made
early in a platform’s life are not automatically pre-
served as the platform scales and commercializes [2].

● Lab-to-field performance gaps in AI tools:
high classification accuracy in controlled studies does
not guarantee equivalent performance, or farmer be-
haviour change, when deployed with real farmer-
submitted images in the field [8].

● Cost–depth trade-offs: the extension ap-
proaches that build the deepest knowledge, in-person
FFS and DFFS, cost more per farmer than approaches
that reach the most people, such as mass mobile ad-
visory, forcing planners to choose between depth and
scale rather than achieving both at once [14].
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DISCUSSION AND RESEARCH GAPS

The evidence reviewed here suggests that participatory
and digital extension approaches are most powerful in
combination rather than in isolation, but the literature
that studies this combination directly — rather than
each tradition separately — remains thin and recent.
Several gaps stand out.

First, very few studies track whether AI-based veg-
etable disease diagnosis tools change farmer practice
in the field, as distinct from their technical classifica-
tion accuracy [8]. Second, the critical literature on dig-
ital platform evolution is based on only a small num-
ber of in-depth case studies, and more comparative
work is needed to understand which design and gov-
ernance choices help farmer-centricity survive scaling
[2]. Third, the readiness-based participation frame-
work developed for vegetable innovations has not yet
been widely tested outside the World Vegetable Cen-
ter’s own projects, leaving open how generalizable it is
to other institutional settings [1].

Fourth, the Digital Farmer Field School literature,
while promising, remains dominated by single-site,
short-term studies; theMaharashtra soybean study and
the Sierra Leone cocoa prototype are illustrative rather
than representative, and neither tracks whether knowl-
edge gains persist over multiple growing seasons or
diffuse to non-participants, which the classical FFS lit-
erature identifies as a recurring weak point [12], [13],
[14]. Fifth, cost data is reported inconsistently across
the literature — some studies report per-farmer train-
ing cost, others report only aggregate programme bud-
gets or platform development cost — making it dif-
ficult to construct a rigorous, standardized cost-per-
outcome comparison across approaches; the figures
compiled in Table 3 should therefore be read as indica-
tive order-of-magnitude comparisons rather than pre-
cise benchmarks [7], [11], [12], [13], [14]. Finally, al-
most none of the reviewed studies disaggregate out-
comes by gender in vegetable-specific contexts specif-
ically, even though the wider digital and participatory
extension literature consistently flags women farmers
as under-reached by both traditions; vegetable-specific
gender-disaggregated evidence would strengthen fu-
ture reviews considerably.

Figure 1: Reported accuracy ranges for machine-learning-
based detection of two common vegetable diseases across
multiple studies.

Figure 2: Knowledge outcomes for soybean cultivation
SOPs among Digital Farmer Field School participants versus
non-participants, Maharashtra, India [12].

CONCLUSION

Vegetable farmers sit at the meeting point of two ex-
tension traditions that are often discussed separately:
participatory approaches that build relevance and trust
through farmer co-design, and digital approaches that
offer scale and immediacy through mobile phones and
AI-based tools. Neither tradition alone reliably solves
the persistent knowledge-to-practice gap documented
throughout the vegetable extension literature. The
most promising evidence reviewed here comes from
approaches that deliberately combine the two — par-
ticipatory design embedded into digital platforms from
the outset, digital delivery reinforced by market or in-
stitutional incentives, and Digital Farmer Field Schools
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that preserve FFS pedagogy while extending its reach
— while remaining alert to the risk that farmer-centred
intentions can quietly erode as digital tools scale, and
to the hard cost-versus-depth trade-off that still shapes
what any extension system can realistically sustain.
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