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Abstract

This systematic review paper examines how technical, operational, and structural factors
influence the adoption of digital agriculture among small-scale farmers in Sub-Saharan
Africa. Guided by PRISMA protocols, the study applies a hybrid thematic synthesis across
six dimensions: technical, operational, policy and regulatory, governance, social and cul-
tural, and environmental. The findings indicate that digital tools can generate substantial
benefits, including yield increases of 10-30% (documented primarily for mobile-based ad-
visory services and precision input management in East African horticulture and West
African cocoa value chains) and price gains of 15-25%, with adoption rates of 70-80% in
settings characterised by robust infrastructure, strong institutional support, and effective
value chain integration. However, these benefits are unevenly distributed and tend to con-
centrate in “islands of adoption” characterized by robust infrastructure, strong institu-
tional support, and effective value chain integration. While technical (94.9%) and opera-
tional (91.5%) factors dominate the literature, their impact is constrained by persistent
structural barriers, including weak policy implementation (79.7%), fragmented govern-
ance systems (76.3%), and socio-cultural exclusion—such as gender disparities, age-re-
lated digital divides, and language misalignment (71.2%). The review identifies five min-
imum conditions for meaningful adoption: (i) affordable connectivity and access to digital
devices; (ii) context-specific digital literacy; (iii) culturally relevant, user-centred design;
(iv) robust institutional ecosystems; and (v) enabling policy and financial frameworks.
Overall, the findings underscore that digital agriculture adoption is a socio-technical pro-
cess shaped not only by technological innovation but also by institutional arrangements
and user capabilities. Comparative cases, such as Kenya’s Farm.ink and the less successful
EZ Farm initiative, further highlight the importance of integrated, context-responsive ap-
proaches to ensure that digital agriculture enhances, rather than marginalizes, small-scale
farmers.

Keywords: digital agriculture; small-scale farmers; Sub-Saharan Africa; technology
adoption; agricultural extension; ICT for agriculture
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1. Introduction

Traditional farming methods are increasingly insufficient to meet critical develop-
ment objectives—such as food security, poverty reduction, and employment generation
in Africa—amid escalating global and regional environmental pressures, compounded by
human-induced challenges [1-3]. In response to these shortcomings, several studies argue
that digital transformation of agricultural systems through the adoption of digital tech-
nologies offers a pathway to more resilient and sustainable practices capable of leapfrog-
ging rudimentary methods and enhancing productivity [4,5]. However, despite ongoing
efforts to advance digital agriculture, the pace of scaling remains slow, and the reasons
for this limited progress are not yet fully understood [6,7].

Digital agriculture refers to the integration of technology into farming practices
through innovations such as mobile apps, Internet of Things (IoT) devices, big data ana-
lytics, drones, and satellite imagery [8,9]. These technologies offer substantial potential to en-
hance productivity, resilience, and efficiency in agricultural systems, particularly for small-
scale farmers in Sub-Saharan Africa [10]. For the purpose of this review, ‘small-scale farmers’
refers to farmers cultivating less than two hectares, encompassing both subsistence-oriented
and partially commercialized producers. Studies focusing exclusively on large-scale commer-
cial agriculture or purely subsistence farming without any market engagement were ex-
cluded. With small-scale farmers accounting for a significant proportion of food production
in SSA, digital agriculture presents an opportunity to address these barriers and improve food
security, income generation, and environmental sustainability [11].

Digital agriculture is growing rapidly, with 13% of Africa’s small-scale farmers hav-
ing accessed digital solutions, generating approximately €144 million in revenue annually
[12]. M-farm, a mobile platform providing Kenyan farmers with real-time market prices,
weather forecasts, and buyer connections, has enabled income increases of up to 50% through
better market prices and reduced exploitation [13]. Digital Green in Ethiopia improved the
adoption of better practices by seven times compared to traditional extension services through
locally produced videos [14]. Hello Tractor in Nigeria and Kenya connected farmers to tractor
owners, achieving up to 200% productivity gains in maize and rice production [15]. Moreover,
Precision Agriculture for Development delivered tailored SMS-based agronomic advice, with
a randomized evaluation in Kenya showing 10% yield increases for farmers receiving text-
based fertilizer recommendations [16]. Early ICT-based services in the region had already
demonstrated the feasibility of mobile-based information delivery, with initial applications
focusing on market prices and weather alerts [17,18].

Despite a growing body of literature on digital agriculture adoption in SSA, key
knowledge gaps persist. Existing research has largely focused on demonstrating the po-
tential of specific technologies, identifying adoption factors, and conducting economic im-
pact assessments [5,16,19]. However, studies remain limited in methodological rigor, so-
cial inclusivity, and analysis of policy and governance frameworks [20,21]. Longitudinal
studies tracking sustained adoption are scarce, and context-specific analyses accounting
for socio-economic, cultural, agro-ecological, and institutional differences are rare [22,23].
Research on gender-differentiated adoption pathways and the role of digital innovation
ecosystems is particularly limited [24,25]. Moreover, the broader enabling environment—
including policy coherence and institutional coordination —has been identified as a criti-
cal yet understudied dimension of adoption [26,27].

Therefore, this systematic literature review aims to examine how technical, opera-
tional and structural factors influence the adoption of digital agriculture by small-scale
farmers in Sub-Saharan Africa and to identify the key barriers limiting its uptake. The
following questions guide the review: (i) How do technical and operational factors enable
or constrain the adoption and effective use of digital agriculture by small-scale farmers in
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Sub-Saharan Africa? (ii) How do structural, socio-economic, and institutional barriers
shape unequal access to and uptake of digital agriculture among small-scale farmers?

Conceptual Framework

Unlocking the transformative potential of digital agriculture for small-scale farmers
in SSA requires addressing technical, operational and structural requirements. Together,
these factors create a multidimensional lens for understanding barriers and facilitators to
digital agriculture adoption, aligning with the Technology—Organization-Environment
(TOE) framework [28,29]. Within this framing, technical factors correspond to the tech-
nology dimension, operational and institutional factors to the organisation dimension,
and policy, governance, and socio-cultural factors to the environment dimension, ena-
bling a holistic analysis of adoption determinants.

The conceptual framework for this study integrates six interrelated dimensions: tech-
nical, operational, policy/regulatory, governance, social/cultural, and environmental fac-
tors that collectively shape adoption outcomes (see Figure 1). This multidimensional ap-
proach reflects a growing recognition in the literature that technology adoption is not
merely a technical process but a deeply social one, where the success of digital interven-
tions depends as much on human capabilities, institutional arrangements, and cultural
contexts as on the sophistication of the tools themselves [11,30]. In this view, adoption is
understood as a socio-technical process—one in which technology, institutions, and users
co-evolve, and where overlooking any one dimension can lead to failure even when the
technical solution appears sound [29,31].

Each dimension in the framework captures a critical layer that either enables or con-
strains adoption. Technical factors refer to the functionality, accessibility, and interopera-
bility of digital tools such as IoT systems, Al analytics, and data platforms [7]. Without
reliable infrastructure —mobile networks, electricity, and affordable devices—digital ser-
vices cannot reach farmers, regardless of their perceived value [32,33]. However, technical
availability alone is insufficient. Operational factors—including implementation readi-
ness, user training, financing mechanisms, and institutional support—determine whether
farmers can effectively use and sustain digital tools [34,35]. For instance, even where con-
nectivity exists, high data costs and limited digital literacy transform technical potential
into persistent barriers [36,37]. Such challenges are reflected in Tanzania, where the de-
ployment of a mobile-based agricultural platform was hampered by low digital literacy
and weak institutional linkages [38].

Equally critical are the policy, governance, social, and environmental dimensions,
which shape the broader context within which technical and operational factors operate.
Policy and regulatory factors define the enabling environment through data protection
laws, digital innovation incentives, and agricultural technology standards [2,28]. Where
such frameworks are absent or weakly enforced, farmers may distrust digital platforms
due to concerns over data misuse, and private sector investment remains constrained
[39,40]. Governance factors such as institutional coordination, leadership, data protection
law, and stakeholder engagement determine whether policies translate into coherent ac-
tion across ministries and sectors [41,42].

Furthermore, social and cultural dimensions shape the human side of adoption.
These include gender norms that limit women’s access to technology, age-related digital
divides, trust in information sources, and the need for language and content that resonate
with local knowledge systems [25,43,44]. Among these, gender-specific constraints are
particularly acute; studies reveal that women’s access to digital tools is mediated by time
poverty, limited financial autonomy, and social norms, requiring gender-transformative
interventions to close the digital divide [9,24]. Environmental factors, including climate
variability and energy access, further mediate adoption, as digital tools must function un-
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der the unpredictable conditions that define smallholder farming [45,46]. By integrating
these dimensions, the framework positions digital agriculture adoption not as a linear
technology transfer but as a dynamic, context-dependent process where technical feasi-
bility, institutional readiness, and social acceptability must converge for meaningful and
equitable transformation to occur [47,48].
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Figure 1. Integrated digital agriculture, socio-economic and governance framework —with the solid
line indicating adoption facilitators and broken lines indicating the adoption barriers to leapfrog

technologies.

Figure 1 presents an integrated digital agriculture, socio-economic, and governance
framework for understanding the adoption of leapfrog technologies in small-scale farm-
ing systems in Sub-Saharan Africa. The framework identifies six interconnected dimen-
sions—technical, operational, policy/regulatory, governance, social/cultural, and environ-
mental —that collectively influence adoption outcomes. Drawing on the Technology—Or-
ganisation—Environment (TOE) framework, the technical dimension represents the Tech-
nology context; the operational and governance dimensions reflect the Organisational
context; and the policy/regulatory, social/cultural, and environmental dimensions consti-
tute the Environmental context.

The framework conceptualises technology adoption as a socio-technical process
shaped by interactions among technologies, institutions, policies, markets, and users. It
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further highlights the role of adoption facilitators and barriers in influencing uptake.
While enabling factors such as technological advancement, policy support, market access,
and farmer capacity building promote adoption, technical, institutional, socio-cultural,
and environmental constraints may hinder it. The alignment of enabling conditions across
all dimensions is essential for achieving inclusive and scalable adoption of leapfrog tech-
nologies that contribute to food security, hunger reduction, and youth empowerment.

The six dimensions interact dynamically to shape adoption and scaling across diverse
contexts, with technical and operational factors forming the core of adoption feasibility.
However, their influence is consistently amplified or constrained by policy, governance,
social, and environmental conditions. In East Africa, for example, the success of bundled
advisory services depended not only on mobile coverage (technical) but also on extension
systems capable of integrating digital tools (operational) and on policies that zero-rated
agricultural data to reduce costs (policy) [32,49]. Similarly, in South Asia, coordinated
governance between agriculture and ICT ministries accelerated adoption [50], while in
Latin America, farmer-led digital cooperatives demonstrated that strong social capital can
compensate for gaps in digital literacy [51]. These cross-regional examples collectively
demonstrate that adoption does not emerge from any single factor but rather from the
alignment of multiple dimensions working in concert [52,53]. Consequently, scaling re-
quires not merely replicating technical solutions but tailoring them to fit the specific eco-
nomic, social, and environmental conditions of each new context.

This study transcends the existing studies through employing a rigorous and inte-
grative analytical lens to systematically examine how technical, operational, and struc-
tural dimensions interact. By foregrounding the dynamic interplay among these factors,
the study offers a more holistic understanding of how adoption outcomes are produced
in practice, rather than treating determinants as independent or static influences. This in-
tegrated perspective enables the identification of cross-cutting constraints and synergies
that are often overlooked, providing deeper explanatory power and more contextually
grounded insights for both research and implementation. This includes considerations of
operational scalability and the role of public—private partnerships in building farmer-cen-
tric digital ecosystems [54,55].

Previous literature has often focused either on technological feasibility —demonstrat-
ing what digital tools can do—or on isolated barriers such as connectivity or literacy, with-
out systematically exploring interdependencies [5,15]. This review addresses that gap by
synthesising evidence across 59 studies using a hybrid thematic approach that allows for
both quantification of thematic prevalence and qualitative exploration of interactions. By
applying a multidimensional framework, the study moves beyond simply listing barriers
to providing a coherent analytical structure capable of revealing which combinations of
factors consistently enable or constrain adoption. This contribution is particularly timely
given the growing recognition that digital agriculture in SSA risks reinforcing existing
inequalities unless interventions are designed with explicit attention to inclusion, institu-
tional capacity, and sustainability [25,48,56].

The conceptual framework serves a dual analytical purpose: it provides a structured lens
for mapping the existing literature to provide a comprehensive understanding of digital agri-
cultural adoption in SSA while also identifying persistent knowledge gaps that future research
must address. By disaggregating adoption determinants into six distinct yet interrelated di-
mensions, the framework enables a systematic evaluation of which factors have been overem-
phasised and which have been neglected. When applied to the 59 reviewed studies, the anal-
ysis reveals patterns in the literature—such as the relative emphasis on technical versus gov-
ernance factors—and will highlight underexplored intersections, including the interplay be-
tween data governance and farmer trust, and the relationship between gender norms and dig-
ital literacy program design [39,43]. By clarifying both what is known and what remains un-
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der-researched, the framework structures the present review and charts a forward-looking
research agenda for digital agriculture in SSA.

2. Materials and Methods

This study employed a systematic literature review (SLR) approach following guide-
lines proposed for conducting SLRs in the social sciences [57] and adapted procedures
from the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
framework [58] (Figure 2). The SLR was guided by the two research questions already
mentioned in the introductory paragraph above. The focus was on technical and opera-
tional factors affecting digital agriculture implementation, drivers of digital agricultural
productivity, outcomes, and socio-economic and structural barriers to adoption.
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Figure 2. PRISMA 2020 flowchart for the study. The diagram traces the systematic review process
from the initial database search—485 records identified, n = 72 duplicates removed, n = 413 records
screened at title/abstract, n = 268 records excluded, n = 145 full-text articles assessed for eligibility, n = 86
full-text articles excluded (reasons: not SSA-focused, n = 31; not addressing digital agriculture adoption,
n=24; large-scale or urban farming only, n =12; insufficient methodological rigour, n = 11; outcomes only

without implementation discussion, n = 8), n = 59 studies included in final synthesis.

2.1. Search Strategy and Inclusion Criteria

A review protocol was developed to ensure transparency and replicability, including
objectives, inclusion and exclusion criteria, databases and search strategies, screening and
selection processes, and data extraction and synthesis techniques [59]. The search was lim-
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ited to articles published between 2010 and 2025. This period (2010-2025) was selected
because it coincides with the rapid expansion of mobile coverage in SSA, which catalyzed
the emergence and proliferation of digital agricultural services for small-scale farmers
[36]; similar systematic reviews in the field have adopted a 2010-2025 time-frame to cap-
ture the maturation and contemporary evolution of these technologies [60].

The literature search was conducted using Scopus (Elsevier), Google Scholar, Sci-
enceDirect (Elsevier), IEEE Xplore, and AGRIS (FAO). Scopus and ScienceDirect were se-
lected for their comprehensive coverage of peer-reviewed agricultural, environmental,
and ICT literature and advanced Boolean search capabilities [61]. Google Scholar was in-
cluded to capture grey literature, conference proceedings, and articles in press that may
not yet be indexed in subscription databases [61]. IEEE Xplore was targeted specifically
for ICT, sensor, and IoT-focused engineering literature relevant to digital agriculture.
AGRIS (FAO) was selected for its specialised coverage of agricultural science and technol-
ogy literature from developing countries, including region-specific reports and institu-
tional publications.

The complete search string applied across all databases was: (“digital agriculture”
OR “precision agriculture” OR “smart farming” OR “mobile agriculture” OR “ICT for ag-
riculture” OR “e-agriculture” OR “Agriculture 4.0”) AND (“Sub-Saharan Africa” OR
“SSA” OR “East Africa” OR “West Africa” OR “Southern Africa” OR “Central Africa”)
AND (“smallholder” OR “small-scale” OR “small-scale farmer”) AND (“adoption” OR
“uptake” OR “diffusion” OR “barrier” OR “driver” OR “determinant” OR “technical re-
quirement” OR “operational requirement*” OR “implementation”). The search string was
applied to the title, abstract, and keyword fields of each database, with database-specific
syntax adaptations.

The initial search yielded 485 records distributed as follows: Scopus (n =254), Google
Scholar (n = 121), ScienceDirect (n = 9), IEEE Xplore (n = 10), AGRIS (n =54 and grey liter-
ature n = 17). Duplicate records (n = 72) were identified and removed manually by com-
paring author names, titles, and publication years across the compiled dataset. The re-
maining 413 unique records advanced to title and abstract screening.

Inclusion criteria comprised (a) peer-reviewed journal articles, conference papers, ac-
ademic book chapters, and grey literature (reports, policy briefs, technical documents); (b)
publications in English; (c) studies focusing on Sub-Saharan Africa; (d) research address-
ing digital agriculture; (e) studies involving small-scale farmers in rural contexts; and (f)
studies discussing technical or operational requirements. This also encompassed studies
on digital platforms targeting small-scale farmers [38], analyses of e-agriculture policy
landscapes [27], and evaluations of big data applications in agriculture [62]. The decision
to include only English-language publications was informed by the linguistic capacity of
the research team and the predominance of English in the indexed academic literature on
digital agriculture in SSA [63]. Exclusion criteria included (a) studies not focused on SSA;
(b) articles not available in English; (c) non-academic or grey literature not meeting quality
criteria (see below); (d) studies on urban or large-scale farming only; and (e) papers de-
scribing only outcomes without discussing implementation requirements.

Grey literature quality was assessed using three criteria adapted from the AACODS
(Authority, Accuracy, Coverage, Objectivity, Date, Significance) framework: (a) Author-
ity: the publishing organisation is a recognised international body, government agency,
or research institution with demonstrated expertise in agriculture or digital development;
(b) Transparency: the document clearly states its methodology, data sources, and limita-
tions; and (c) Currency: the document was published within the review timeframe and
addresses contemporary digital agriculture developments. Grey literature meeting at least
two of three criteria was retained. Grey literature not meeting these criteria was excluded.
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The initial search retrieved 485 records. These records underwent a three-stage
screening process: title and abstract screening to eliminate irrelevant articles; full-text
screening using inclusion/exclusion criteria; and quality appraisal to assess methodologi-
cal rigor using a modified Critical Appraisal Skills Programme (CASP) checklist [64]. After
screening, 59 studies were included in the final analysis as shown in Figure 2 below and
summarized in Table 1 below.

Table 1. PRISMA 2020 summary table for the identification and screening of eligible records for the study.

Stage Description Number of Records (n)
Records identified through databases 468
Identification Additional records identified through grey literature 17
Total records identified 485
Duplicates removed 72
Screening  Records screened at title/abstract 413
Records excluded 268
e Full-text articles assesses for eligibility 145
Eligibility Full-text articles excluded with reasons 86
Included  Studies included in final synthesis 59

2.2. Data Extraction and Synthesis

A standardized data extraction form was developed in Microsoft Excel and piloted
on five randomly selected studies to ensure consistency and completeness [59]. Data items
extracted from each eligible study included (a) bibliographic details (authors, year, title,
source); (b) study characteristics (research design, geographic focus, sample size, target
population); (c) type of digital technology examined; (d) thematic findings related to the
six dimensions of the conceptual framework (technical, operational, policy/regulatory,
governance, social/cultural, and environmental factors); (e) reported adoption rates,
productivity outcomes, and other quantitative metrics where available; and (f) author-
identified barriers, enablers, and recommendations [47]. Data extraction was conducted
independently by the lead author, with a subset of 20% of studies cross-checked by a sec-
ond reviewer to minimise errors and ensure reliability [65].

Risk of bias in individual studies was assessed using a modified CASP checklist,
which evaluated four domains: (a) clarity of research aims and design; (b) appropriateness
and rigour of data collection methods; (c) analytical rigour and credibility of findings; and
(d) relevance and contribution to the review questions. Studies that explicitly addressed
limitations and reflexivity were also highly assessed. Grading was conducted inde-
pendently by the lead author and a second reviewer for a randomly selected subset of 20%
of studies (n = 12). Inter-rater agreement, calculated using Cohen’s kappa, was 0.82, indi-
cating strong agreement. Discrepancies were resolved through discussion and consensus
[65]. Studies were scored on a 5-point scale and classified as high (4-5), moderate (3), or
low quality (<3); low-quality studies were excluded, resulting in 81.40% of included stud-
ies rated as moderate to high quality. Quality appraisal scores were used to weight find-
ings during synthesis, ensuring that more credible studies informed key conclusions [65].

Given the heterogeneity of study designs and outcome measures across the reviewed
literature, effect measures were not pooled statistically; instead, reported outcomes—such
as adoption rates, yield changes, and price premiums —were synthesised narratively and
summarised as percentage ranges to capture the breadth of documented impacts [47,56].
Reporting bias was addressed through the inclusion of grey literature alongside peer-re-
viewed sources to mitigate publication bias, and by transparently documenting regional
and thematic gaps in the evidence base [59]. The certainty of the synthesised evidence was
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evaluated through methodological triangulation of qualitative and quantitative findings,
consistency of patterns across diverse geographic and methodological contexts, and
weighting of findings by study quality scores [65].

A hybrid thematic synthesis approach combining deductive and inductive coding
was employed to analyze and integrate data across studies. Deductive codes were derived
from the conceptual framework covering six thematic domains: technical, operational,
policy/regulatory, governance, social/cultural, and environmental factors. Inductive
codes were generated through an iterative process: initial open coding of 20 studies pro-
duced 41 provisional codes. These were subsequently refined through constant compari-
son—codes with overlapping meaning were merged (e.g., “affordability of devices” and “cost
of data plans” were consolidated under “Financial Accessibility”), and codes appearing in
fewer than three studies were either subsumed under broader categories or dropped. The final
code structure, comprising 27 codes across six dimensions (as shown in Table 2 below), was
validated through discussion among the author team and tested against an additional 10 stud-
ies to confirm saturation [66]. For instance, emerging themes such as “cooperative-led digital
service provision” [67] and “climate information services” [68] were captured through this
inductive process. Microsoft Excel supported systematic coding and organization, with matri-
ces used to visualize thematic frequency and country-level variations.

Table 2. Thematic Code Structure for Digital Agriculture Adoption.

Digital Agriculture Adoption Among Small-Scale Farmers in SSA

Technical Factors

Operational Policy and Governance Social and Environmental Fac-
Factors Regulatory Factors Factors Cultural Factors tors

-Data Governance -Institutional Coordi-

-Infrastructure Readiness

-ICT Infrastructure Financial Accessibili and Ownership nation -Digital Literacy
-Data and Sensor Quality L. .ty -Innovation and -Leadership and Ac-  -Gender Inclusion -Climate Variability
. -Training and Capacity . . . .

-Interoperability of Systems o1 ICT Policy Support countability -Trust and Perception -Energy Constraints

I . Building . . . .
-Usability and Interface Design o -Financial Incen-  -Stakeholder Engage- -Language and Locali- -Ecosystem Compati-

s -Institutional Support . . .
-Technology reliability _Sustainability and Scala- tives ment zation bility
-Cloud and AI Integration bilit ty -Regulatory Effi-  -Transparency and -Cultural Attitudes
Y ciency Monitoring

Note. Table 2 illustrates the final coding hierarchy used in thematic synthesis, highlighting the in-

terconnections among factors influencing digital agriculture adoption.

Each study was read thoroughly to identify statements on digital agriculture drivers,
barriers, and outcomes. Text segments were initially coded (e.g., connectivity barriers,
digital literacy, policy gaps), refined into subthemes, and grouped under broader frame-
work dimensions. A narrative and thematic synthesis was subsequently conducted to ex-
plore relationships among coded themes, with descriptive analysis providing the founda-
tional characterisation of the evidence base. The synthesis methods were designed to ac-
commodate the heterogeneous nature of the included studies. Specifically, (a) data were
tabulated to summarise study characteristics, geographic distribution, and thematic cov-
erage; (b) common themes were identified across studies through iterative coding and
grouped under the six dimensions of the conceptual framework; (c) relationships between
themes were explored to identify how technical, operational, and structural factors inter-
act to shape adoption outcomes; (d) findings were compared across regions (West, East,
Southern, and Central Africa) to examine contextual variation; (e) quantitative data on
adoption rates and impact indicators were triangulated with qualitative narratives to
strengthen the validity of conclusions; and (f) sensitivity analyses were conducted by ex-
cluding low-quality studies to confirm the robustness of key thematic patterns [65,66].

Artificial intelligence (Al) tools were employed to assist in specific analysis tasks:
ChatGPT (OpenAl, GPT-4, September 2025 version) was used for language polishing and
improving the clarity of author-drafted sentences and also to generate figures from the
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research statistics for visualisation; DeepSeek (DeepSeek-R1, 2025 version) was used for
initial deductive and inductive coding of extracted text segments and thematic pattern
extraction. All Al-generated outputs were critically reviewed, verified against source data,
and refined by the authors to ensure accuracy and interpretive validity. At no stage were
Al tools used to generate substantive content, interpret findings, or formulate conclusions.

3. Results

This section presents the findings of the systematic synthesis, structured around the
six-dimensional conceptual framework that guided the review. Following the screening
and eligibility assessment process detailed in Figure 2, a total of 59 studies were retained
for final analysis, comprising 47 peer-reviewed journal articles, 7 grey literature reports, 3
conference papers, and 2 academic book chapters published between 2010 and 2025
[58,59]. Methodological quality was appraised using a modified CASP checklist, with
81.40% of studies rated as moderate to high quality, thereby providing a reasonably robust
foundation for synthesis [64,65].

The outcomes reported across individual studies exhibited considerable heterogene-
ity, reflecting variations in country context, technology type, study design, and duration.
Adoption rates ranged from below 10% in marginalised settings to 70-80% where institu-
tional support and integrated service delivery were well established [32,47]. Similarly,
yield increases of 4—40% and price premiums of 10-30% were documented across studies,
with the most consistent gains reported in value chains with strong institutional integra-
tion (e.g., horticulture, cocoa) [47,69]. These figures are presented as descriptive ranges to
capture the breadth of documented impacts, not as weighted meta-analytical averages. It
is important to note that these figures derive from heterogeneous studies and should be
interpreted as context-contingent rather than universal estimates [65]. Sensitivity analyses
confirmed that excluding lower-quality studies did not materially alter the overarching
thematic patterns, reinforcing confidence in the robustness of the synthesised conclusions
[47,65]. The diversity of methodological approaches, crop systems and institutional set-
tings across reviewed studies further underscores that the observed outcomes are highly
dependent on local enabling conditions [36,48].

A hybrid thematic synthesis, combining deductive coding structured around the con-
ceptual framework with inductive coding that allowed unanticipated themes to emerge
from the data, yielded 27 distinct codes distributed across the technical, operational, pol-
icy and regulatory, governance, social and cultural, and environmental dimensions [66].
Reporting bias was assessed by comparing peer-reviewed and grey literature; peer-re-
viewed studies more frequently reported positive adoption outcomes, whereas grey liter-
ature contained a higher proportion of null or contextually constrained findings, affirming
the importance of a diverse evidence base [59]. Sensitivity analyses confirmed that exclud-
ing lower-quality studies did not materially alter the overarching thematic patterns, rein-
forcing confidence in the robustness of the synthesised conclusions [47,65]. The subsec-
tions that follow unpack these findings in greater depth, beginning with a descriptive
overview of the thematic distribution of the literature.

3.1. Thematic (Descriptive) Distribution of the Literature

This subsection presents a descriptive analysis of the thematic emphasis across the 59
reviewed studies, categorising the literature according to the six dimensions of the concep-
tual framework: technical, operational, policy/regulatory, governance, social/cultural, and
environmental. The purpose is to quantify the relative attention each dimension has re-
ceived in existing scholarship, thereby identifying thematic biases and gaps [66]. Studies
were counted in multiple thematic categories where they substantively addressed more
than one dimension; thus, the percentages across themes sum to more than 100%. For ex-
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ample, a study discussing both connectivity barriers (technical) and cooperative-led training
models (operational) was counted under both dimensions. “Emergence” of a theme was
defined as the presence of substantive discussion—at least one paragraph or equivalent—
of factors within that dimension, as distinct from passing mention. By establishing the prev-
alence of technical and operational factors and exposing which structural dimensions re-
main under-researched, the analysis lays the groundwork for understanding the interplay
between technical feasibility and structural constraints in shaping adoption outcomes.

3.1.1. Frequency of Publications per Theme

Analysis of the 59 reviewed studies as shown in Figure 3 revealed that technical fac-
tors dominated the literature (n = 56, 94.9%), followed closely by operational factors (n =
54, 91.5%). Policy and regulatory factors appeared in 47 studies (79.7%), governance fac-
tors in 45 studies (76.3%), and social and cultural factors in 42 studies (71.2%). Environ-
mental and climate-related considerations were addressed in just over half of the studies
(n=31, 52.5%). Among the environmental studies, climate information services and early
warning systems were the most frequently examined applications [68,70]. This distribu-
tion visually confirms the steep decline from technological to environmental themes in the
literature thus demonstrating a technology-first bias in digital agriculture research, with
progressively less attention paid to institutional context, social dynamics, and environ-
mental integration. This imbalance indicates that the research community has focused
substantially more on developing and testing digital tools than on understanding the en-
abling conditions required for their sustained use [7,29].

The thematic analysis demonstrated that adoption and effective use of digital agri-
culture by small-scale farmers in SSA were primarily enabled and constrained by technical
and operational factors. Enablers included improved connectivity, mobile phone penetra-
tion, data-driven advisory services, and demonstrable productivity gains [5,32]. Key con-
straints consistently related to high implementation costs, limited digital skills, infrastruc-
ture gaps, and system maintenance challenges [33,37]. The high co-occurrence of these
themes indicates that technical feasibility alone does not guarantee effective use; rather,
adoption depends on the operational capacity to sustain, scale, and integrate digital tools
within existing farming and extension systems. The analysis also showed that structural, so-
cio-economic, and institutional barriers captured through policy, governance, and social-cul-
tural themes played a decisive role in shaping unequal access and uptake. Literature focused
on policy and regulatory factors, governance constraints, and social and cultural barriers high-
lighted how weak institutional coordination, gender norms, literacy gaps, age dynamics, and
affordability systematically excluded resource-poor farmers [7,25,43]. In West Africa, Degila
etal. [71] found that the intersection of low digital literacy and weak extension systems created
a two-tiered access structure, with better-resourced farmers disproportionately benefiting
from digital services. The evidence indicated that digital agriculture adoption in SSA is not
only a technical challenge but a structural and institutional one, requiring integrated policy,
governance, and inclusion-oriented approaches.
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Figure 3. Frequency of Themes across 59 Studies. The bar chart displays the number of studies (out

of 59) addressing each of the six dimensions.

3.1.2. Geographic Distribution of Barriers and Facilitators

This part of the study maps the spatial patterns of digital agriculture adoption barri-
ers and facilitators across Sub-Saharan Africa, drawing on the 59 reviewed studies grouped
by region (West, East, Southern, Central, and multi-country SSA). The purpose is to examine
whether the challenges and enabling factors identified in the literature vary systematically by
geography, and to highlight regional concentrations of specific constraints such as affordabil-
ity, connectivity, and gender exclusion [32,33]. This comparative analysis reveals the contex-
tual nature of adoption determinants and informs the tailoring of interventions to region-spe-
cific conditions [48], thereby contributing to a more nuanced understanding of how technical,
operational, and structural factors interact across different contexts.

Figure 4 presents the regional distribution of key barriers to digital agriculture adop-
tion across SSA. The colour intensity in the heat map show the frequency with which five
major barriers—high costs/affordability, low digital literacy, connectivity gaps, institu-
tional/policy barriers, and gender/social exclusion—are reported across West Africa (18
studies), East Africa (14 studies), Southern Africa (8 studies), Central Africa (1 study), and
SSA-wide/multiple country studies (18 studies). Darker shading indicates a higher num-
ber of studies indicating that barrier. The visualization highlights that affordability and
connectivity constraints are pervasive across all regions, while institutional and gender-
related are particularly concentrated in West Africa and multiple-country analyses. Cen-
tral Africa’s single-study representation limits comparative inference but signals a signif-
icant research gap.
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Figure 4. Heat map illustrating regional key barrier distribution.

The visualization showed a high concentration of affordability, connectivity, and in-
stitutional barriers across SSA-wide and West African studies, while East African studies
predominantly highlight connectivity and cost-related constraints. Gender and social ex-
clusion barriers are unevenly distributed but remain prominent in multi-country and
West African analyses. Overall, the heat map revealed that barriers to digital agriculture
adoption were not uniformly distributed across the region but cluster around structural
and institutional constraints, reinforcing the conclusion that technical innovation alone
was insufficient to achieve inclusive adoption.

The geographic distribution indicated that technical and operational barriers were
pervasive across all SSA regions, but their intensity varied by context. In West and East
Africa, accounting for 54% of studies, over 70% reported high operational costs, limited
connectivity, and insufficient digital skills as primary constraints [5,20,32,37]. Technical
enablers such as mobile phone penetration were widely documented in SSA-wide yet fre-
quently offset by operational challenges related to data costs, maintenance, and scalability
across all sub-regions of SSA but more severe in specific regions (notably Central Africa
due to lower grid connectivity and higher data taxation) [11,33,72]. Southern African stud-
ies further highlighted infrastructure deficits, yet also revealed promising institutional
partnerships—such as research—-government collaborations and co-design initiatives—
that can partially compensate for technical shortcomings [73,74].

East Africa exhibits a distinctive pattern: Kenya, Uganda, Tanzania, and Rwanda
have each established national digital agriculture strategies with dedicated implementa-
tion units, yet outcomes diverge substantially. Kenya’s relatively higher adoption rates
reflect not only superior mobile infrastructure but a mature mobile money ecosystem (M-
Pesa), sustained donor and government co-investment, and a vibrant private-sector agri-
tech landscape [48]. Tanzania, despite comparable mobile coverage, shows lower adop-
tion due to weaker extension-digital integration and higher data taxation [38]. In West
Africa, Nigeria and Ghana have articulated ambitious digital agriculture visions, but im-
plementation is fragmented across federal and state agencies, resulting in pilots that rarely
scale [27,71]. Southern African countries, particularly South Africa and Zambia, benefit
from stronger research-government partnerships but face high technology costs and skills
mismatches [73,74]. Central Africa remains digitally marginalised due to severe infra-
structure deficits, limited institutional capacity, and policy incoherence [39]. This varia-
tion underscores that policy intent alone is insufficient; the translation of strategy into
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measurable on-farm adoption depends on institutional coherence, sustained financing,
and regulatory frameworks that actively lower barriers for small-scale farmers [42].

The structural, socio-economic, and institutional barriers were unevenly distributed
but structurally reinforcing. For instance, gender disparities, literacy gaps, and age-related
exclusion appeared in over 60% of West and SSA-wide studies [25,36,43]. On the other
hand, institutional and governance barriers such as weak policy implementation and frag-
mented extension systems were cited in over 75% of SSA-wide and East African studies
[7,42,53], as illustrated in Table 3 below.

Table 3. Matrix of Geographic Distribution of Barriers and Facilitators of Digital Agriculture Adop-
tion in SSA (n =59).

SSA Region No. of Studies Dominant Barriers (Frequency) Dominant Facilitators (Frequency)
High costs (14), low digital literacy (13), Mobile phone penetration (12), exten-
West Africa (e.g., Nigeria, Ghana, Niger) 18 weak extension linkages (11), gender sion integration (10), youth interme-
gaps (9) diaries (8), cooperatives (7)
Connectivity gaps (11), data costs (10), ~ Bundled advisory services (11),
East Africa (e.g., Kenya, Uganda, Tanzania, Malawi) 14 smartphone access limits (9), trust in digi- group-based models (9), institutional
tal tools (7) partnerships (8)
Skills mismatch (6), technology costs (6) Research-government partnerships
Southern Africa (e.g., South Africa, Zambia) 8 ’. " (6), precision agriculture benefits (5),
regulatory complexity (5) .
co-design (4)
Central Africa 1 Infrastructure scarcity (1), policy gaps (1) Not explicitly reported
Infrastructure gaps (15), policy imple-  Enabling policies (14), PPPs (13), ca-
SSA-wide/Multi-country 18 mentation failures (14), digital divide pacity building (12), scalable plat-
(13), institutional fragmentation (12) forms (11)

3.2. Drivers of Digital Agriculture Adoption

This section develops a holistic understanding of the drivers of digital agriculture
adoption through a triangulated synthesis of qualitative and quantitative evidence. Qual-
itative insights, including thematic patterns and case narratives, are integrated with quan-
titative data on adoption rates and impact metrics. Such triangulation facilitates the cross-
validation of findings and provides deeper insight into how context-specific factors influ-
ence observed statistical patterns [75]. The following subsections organise this integrated
analysis around the core research questions, using both forms of evidence to build a com-
prehensive picture of adoption dynamics.

3.2.1. Technical and Operational Interdependence

Findings related to research question 1: how do technical and operational factors en-
able or constrain the adoption and effective use of digital agriculture by small-scale farm-
ers in SSA? Qualitative findings underscore that technical and operational factors function
as interdependent gatekeepers. Connectivity gaps, for instance, are technically limiting,
but it is the operational burden of cost—data plans consuming 5-10% of monthly in-
come—that transforms a technical limitation into an insurmountable barrier [33,76]. Simi-
larly, usability challenges are experienced through digital literacy deficits, with farmers re-
quiring 15-20 h of training to overcome interface complexity [10,36]. Successful implementa-
tions, such as co-design processes in Southern Africa, demonstrate that technical solutions
only become effective when embedded within operational support systems that address
maintenance, training, and contextual adaptation [47,74]. The experience of the “M-Kilimo”
platform in Tanzania further illustrates that bridging the last mile requires local intermediaries
who can translate digital advice into actionable farmer knowledge [38].

Quantitative analysis confirms that the thresholds of adoption rates for standalone
digital tools average 30-40%, but increase to 70-80% when comprehensive support sys-
tems (training, affordable access, institutional backing) are in place [32,47]. Digital literacy
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training was associated with adoption rates up to three times higher than technology pro-
vision alone, with optimal impact through 15-20 contact hours [36,48]. Areas with 3G cov-
erage above 60% achieve adoption rates of 45-55%, compared to 15-20% below this
threshold [32]. The convergence of qualitative accounts and quantitative data indicates
that technical feasibility alone does not drive adoption; operational capacity to sustain and
scale digital tools is equally critical.

3.2.2. Structural and Socio-Cultural Barriers

Findings related to research question 2: how do structural, socio-economic, and in-
stitutional barriers shape unequal access to and uptake of digital agriculture among small-
scale farmers? Qualitative narratives consistently highlight how structural factors repro-
duce inequality. Gender disparities are not merely gaps in device ownership but are em-
bedded in patriarchal norms that constrain women’s independent technology use, limit
time for digital engagement, and restrict decision-making authority [25,43]. Age-based
divides reflect intergenerational knowledge tensions, where digital tools can either clash
with or respectfully augment traditional practices depending on implementation ap-
proach [23,77]. Weak data governance erodes trust, particularly among marginalized
groups already skeptical of external interventions [39,40]. In Ghana, Abdul-Rahim et al.
[8] documented that farmers” willingness to use digital tools was strongly influenced by
concerns about data privacy and the perceived legitimacy of the service provider.

Although farmers generally experience the constraints mentioned above, there is
gender disparity in adoption rates. For instance, women'’s adoption rates were approxi-
mately 40% lower than men’s without targeted interventions. However, gender-focused pro-
grams were associated with narrowing the gap by up to 50% over a period of one year [25,43].
Language mismatches, where interfaces remain in English despite local language dominance,
were associated with adoption rates 65% lower than those for local language versions [33,74].
The neglect of local languages is not merely a design flaw but a structural exclusionary mech-
anism, as shown by the significantly lower engagement rates among non-English-speaking
farmers in multi-lingual contexts [71]. This triangulation reveals that addressing structural ex-
clusion requires not only providing devices but also re-designing programmes to align with
social norms, institutional accountability, and linguistic realities.

3.2.3. Enabling Ecosystems and Minimum Conditions

Institutional and financial eco-systems potentially enhance technological adoption. Case
studies—such as Farm.ink in Kenya—succeeded by embedding within existing institutional
ecosystems (banks, mobile operators, cooperatives) and solving a concrete problem (credit ac-
cess) [78,79]. The Farm.ink focused design and strategic partnerships overcame the weak
growth of the project. While EZ-Farm’s failure stems from over-engineering a complex plat-
form that ignored infrastructural and literacy realities, requiring stable 3G/4G connectivity
and advanced digital skills absent in its target contexts [10,39]. Its donor-dependent business
model collapsed when funding ceased. Analyses of public—private partnership models in SSA
suggest that the sustainability of digital services is enhanced when value-chain actors and mo-
bile network operators share both costs and benefits [80,81].

The findings further show that systemic requirements of interventions meet fewer
than four of the five minimum conditions for digital agriculture adoption; connectivity,
affordability, literacy, institutional support and enabling policy, achieved adoption below
30%, while integrated approaches addressing all five achieved sustainable adoption rates
of 70-80% [47,56]. Meta-analyses and multi-country studies confirm that the simultaneous
presence of connectivity, digital literacy, and institutional support yields adoption rates
up to four times higher than approaches addressing only one isolated factor [82,83]. The

https://doi.org/10.3390/su18136734


https://doi.org/10.3390/su18136734

Sustainability 2026, 18, 6734

16 of 37

combined evidence strongly supports the view that adoption is not a linear diffusion but
a threshold phenomenon requiring coordinated investment across multiple dimensions.

3.2.4. Regional Patterns and Contextual Variation

The geographical analysis revealed that barriers to technological adoption vary
across different regions in SSA. West African studies frequently report high costs, low
digital literacy, and gender gaps, while East African studies emphasise connectivity gaps
and trust in digital tools [32,43]. Southern Africa highlights skills mismatches and tech-
nology costs, with co-design emerging as a key facilitator [47]. Central Africa remains un-
der-represented in the literature, with only one study available [39]. In the Sahel, climate
variability compounds infrastructure deficits, making context-specific advisory services
essential yet logistically challenging [68]. Quantitatively, adoption rates mirror these re-
gional patterns: East and West Africa show 30-45% adoption in high-potential corridors,
while lagging regions report below 10% [48,84]. A recent multi-country assessment found
that farmers in regions with integrated digital-climate advisory services had 25-35%
higher adoption rates than those relying on generic agricultural apps [70]. This conver-
gence confirms that context matters: regionally tailored interventions that address the spe-
cific configuration of barriers are more likely to succeed than one-size-fits-all approaches.

3.2.5. Synthesis: Adoption as a Socio-Technical Threshold

Across both qualitative and quantitative evidence, a consistent picture emerges: dig-
ital agriculture adoption in SSA is a socio-technical threshold phenomenon. Technical
availability and operational feasibility are necessary but not sufficient [7]. Structural con-
straints including policy fragmentation, governance weakness and socio-cultural exclusion,
function as binding limits that determine whether benefits materialize [85,86]. The five mini-
mum conditions (connectivity, literacy, resonant design, institutional ecosystems, enabling
policy) represent a practical framework for reaching the adoption threshold [12,60]. When
these conditions are met in an integrated manner, adoption rates exceed 70%; when fewer than
four are present, adoption stalls below 30% [12,60]. This threshold effect underscores that dig-
ital agriculture adoption is not a linear diffusion process but a systemic transformation requir-
ing alignment across technological, institutional, and social domains to achieve inclusive and
sustainable digital agriculture for small-scale SSA farmers [87].

As shown in Table 4 below, the aggregated evidence from this review confirms a clear
adoption threshold: where fewer than four of the five minimum enabling conditions are
met, adoption stalls below 30%, whereas integrated fulfilment of all five conditions sup-
ports rates exceeding 70% [12,60]. The data further indicate that widespread mobile pen-
etration—a foundational enabler across SSA [36]—is insufficient to overcome the com-
bined weight of operational deficits and structural constraints including policy fragmen-
tation, governance and socio-cultural exclusion, function as binding limits that determine
whether benefits materialise [7,85,86]. The figures presented represent descriptive ranges
and illustrative examples drawn from individual studies, not weighted meta-analytical
averages [36]. The following key insights summarise the conditions favouring the adop-
tion of digital agricultural technologies in greater detail:

Table 4. Quantitative summary table.

Impact Indicator Range Studies Key References
Adoption Rate (with support) 50-90% 47 studies [32,47]
Adoption Rate (standalone) 20-50% 47 studies [32]
Yield Increase 4-40% 45 studies [69,79]
Price Premium 10-30% 12 studies [56,88]
Training Impact 200-400% 47 studies [36,48]
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Gender Gap Reduction 40-60% 28 studies [25,43]
Water Efficiency 15-40% 12 studies [89]

Input Cost Reduction 10-35% 18 studies [79,89]
Pilot-to-Scale Success 10-20% 26 studies [56]

i.  Minimum viable ecosystem: Adoption exceeded 70% only when >4 enabling factors
combined: connectivity, affordability, training, and institutional support [89].

ii. Economic thresholds: Technologies requiring >3-year payback periods achieved
<20% adoption, establishing a clear viability threshold.

iii. Literacy multiplier: Every US dollar invested in digital literacy was associated with
three to four dollars in adoption benefits, representing the highest ROI (Return on
Investment) among digital agriculture interventions.

iv. Institutional leverage: Farmer cooperatives were associated with 60% adoption rates
compared to individual approaches, demonstrating organisational multiplier effects.

v. Policy acceleration: Countries with national digital strategies were associated with
40% faster adoption growth, quantifying policy impact [90].

vi. Sustained use challenge: Without ongoing support, approximately 70% of initial
adopters discontinued use within 6-12 months, highlighting maintenance require-
ments.

4. Discussion

The key assertion of this review is that digital agriculture in SSA embodies a feasibil-
ity—impact paradox. While the viability of digital tools is extensively documented, their
actual adoption remains a threshold-dependent phenomenon shaped by deeper structural
and socio-cultural “binding limits” [7,11]. This section interprets the research findings
through a multidimensional lens, transitioning from technical and operational constraints to
structural levers of policy and governance, and finally to an integrated socio-technical model.
By synthesizing evidence from 59 studies, we transition beyond the pervasive technology-first
bias and reframe adoption as an emergent property of a complex, interdependent ecosystem
where human capability and institutional readiness are the true determinants of sustainability
[29,91]. The analyses reframe digital agriculture adoption as a fundamentally socio-technical
process, deriving implications for policy, practice, and future research.

4.1. Technical and Operational Pathways to Digital Agriculture

The dominance of technical (94.9%) and operational (91.5%) factors in the reviewed
literature reflects a systemic skewness that prioritises innovation supply over demand-
side realities [5,25,90]]. Digital technologies promise tangible productivity gains—yield
increases of 10-30% and price premiums of 15-25%, yet relying solely on technical feasi-
bility as a proxy for success poses significant threats to long-term sustainability [47]. This
narrow focus often overlooks the socio-economic realities and structural barriers faced by
small-scale farmers, such as limited access to resources, inadequate infrastructure, and
fragmented support systems, which are essential for realizing sustainable agricultural
practices and fostering resilience in the face of climate variability [29,31]. Despite the rec-
ognised potential of precision agriculture technologies, their uptake among small-scale is
constrained by interoperability challenges and the lack of affordable sensor solutions [62].
Nevertheless, structural barriers persist: policy implementation gaps (79.7%), governance
fragmentation (76.3%), and socio-cultural exclusion (71.2%). Their persistence challenges
the assumption that improved technology access alone drives adoption, underscoring in-
stead the interplay between technological supply and the institutional, social, and eco-
nomic conditions that shape demand [11,31].
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4.1.1. The Technology-First Bias: Consequences for Sustainability and Scale

The emphasis on technical and operational dimensions reflects a prioritisation of the
technological aspects of agricultural innovation. Too often, this comes at the expense of
the critical social and institutional factors that determine whether tools are actually used
[7,29]. Research and development efforts have focused on supplying digital tools—mobile
applications, sensor networks, and information platforms—without commensurate atten-
tion to the scaffolding required for their sustained use [30,47]. This imbalance has inadvert-
ently reinforced a pilot-driven, project-based model of innovation. That model yields isolated
demonstrations of technical efficacy, but it fails to build the systemic conditions necessary for
population-level impact on food security and sustainable resource management [77,92].
Where digital tools do reach farmers, evidence indicates modest productivity gains; however,
because these gains are concentrated within well-resourced “island” contexts, aggregate im-
provements in regional food availability remain limited [93]. An early review of ICT-for-agri-
culture initiatives in SSA already warned that without institutional embedding, technology-
driven projects risk being short-lived and donor-dependent [18].

Furthermore, the technology-first orientation has largely bypassed the potential of
digital agriculture to support sustainable intensification. Applications such as precision
input management that reduces fertiliser overuse, or water conservation advisories, de-
mand more than technical functionality; they require behavioural change, trusted exten-
sion relationships, and supportive policy incentives—conditions that are currently under-
developed [32,36,79]. The skewness thus represents a missed opportunity: technical read-
iness exists, but the enabling ecosystem needed to translate that readiness into equitable,
sustainability-oriented outcomes remains fragmented and under-resourced [42,48].

Examining this skewness highlights important implications for scaling digital agri-
culture interventions. Upscaling—expanding a proven intervention within similar con-
texts —is often constrained by the very institutional and social conditions that the technical
literature underrepresents [6,11]. A Kenyan horticulture cooperative with strong exten-
sion support, market linkages, and group cohesion demonstrates how an integrative ap-
proach can optimise the adoption of digital agricultural technology [32]. Outscaling—adapt-
ing an intervention to new geographic or socio-economic contexts—is even more vulnerable
to this bias, as transferring a technically proven tool into a different institutional environment
frequently results in adoption failure [7,39]. Analogous challenges have been observed in the
transfer of digital platforms from East to West Africa, where differing policy environments
and infrastructure readiness led to dramatically different outcomes [71]. The literature’s em-
phasis on technical feasibility creates a false sense of transferability, underestimating the con-
text-specific nature of adoption outcomes [94]. Consequently, the skewness contributes to a
persistent “pilot chasm”: numerous successful small-scale demonstrations coexist with a
dearth of examples of sustained, large-scale adoption [92].

4.1.2. Spatial Inequality and the Geography of Adoption

In addition to the skewedness discussed above, the review outcome also suggests a
variation in adoption rates across SSA countries. For instance, Kenya’s higher adoption
rates are attributable not merely to superior mobile infrastructure. They reflect a conflu-
ence of elements: a mature mobile money ecosystem, sustained donor and government
investment in digital agriculture programming, a vibrant private-sector agri-tech land-
scape, and relatively coordinated institutional frameworks [48,95]. Nigeria and Ghana
similarly benefit from concentrated research and development attention, though within-
country disparities remain pronounced [96]. In contrast, countries in Central Africa and
parts of the Sahel exhibit lower adoption rates, a pattern linked to deeper infrastructural
deficits and institutional marginalization [5,39]. This disparity is reinforced by the uneven
distribution of digital infrastructure investments, which tend to follow existing economic
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corridors rather than targeting marginalised areas [97]. There is also a combination of
weaker infrastructure, limited institutional capacity, policy incoherence and marginaliza-
tion from research and investment circuits [98]. The variation therefore reflects not iso-
lated technical deficits, but systemic differences in the density and quality of enabling
conditions across the five-factor framework identified in this review. This underscores
that adoption is a socio-technical phenomenon: countries that have made concerted,
multi-dimensional investments across technical, institutional, and social domains achieve
faster and more equitable adoption trajectories than those pursuing fragmented, technol-
ogy-centric approaches [7,15].

When digital tools are designed for optimal conditions—for instance, assuming sta-
ble 3G/4G connectivity, they often fail to transition to rural, low-bandwidth realities
[32,33]. This creates a “pilot chasm” where innovations never move beyond the controlled
settings in which they were tested [92,94]. The result is a landscape of “islands of adop-
tion” within broader “seas of exclusion” [48]. Kenya’s horticulture sector and Ghana'’s co-
coa value chains boast adoption rates as high as 55%, bolstered by robust mobile money
ecosystems [88,95]. In contrast, staple-crop systems in the Sahel or Central Africa often
languish below 10% adoption [5,39]. Here, the infrastructure-accessibility paradox bites
hard: data are available in principle, but costs can consume up to 5% of a farmer’s monthly
income [98,99]. Farmers in Malawi and Niger struggle with high data costs and limited
device accessibility, resulting in pervasive exclusion [43,100].

The infrastructure-accessibility paradox highlights a critical misalignment between
physical availability and economic feasibility. To resolve this, a clear distinction must be
made between hard infrastructure —the physical backbone consisting of fiber-optic net-
works, cellular towers, mobile devices, and electricity grids—and soft infrastructure,
which encompasses digital services, data governance, and institutional support frame-
works [39,99]. The analysis revealed that while physical network coverage has expanded
across SSA, the primary accessibility constraint is not the lack of a signal, but a combina-
tion of the mobile affordability gap and the prohibitive cost of data. These underlying
challenges are rooted in high import duties on smartphones and a lack of competitive
pricing among Internet Service Providers (ISPs), which often force data costs to consume
up to 5% of a farmer’s monthly income [98,101]. The proliferation of mobile network cov-
erage has not been matched by corresponding investments in localized, offline-capable
applications that can function effectively in areas with intermittent connectivity [97]. To
mitigate this, interventions must shift from simply expanding physical networks to prior-
itizing soft infrastructure solutions, such as zero-rating agricultural data so that farmers
can access essential advisories for free, and implementing device-subsidy schemes specif-
ically for small-scale farmers [48]. Furthermore, strengthening institutional support and
public—private partnership through decentralized digital hubs can provide the necessary
electricity and technical assistance, ensuring that the existence of a network translates into
a practical, cost-effective tool for agricultural productivity [32,92].

The persistence of “islands” carries a sober warning. Without a deliberate shift to-
ward inclusive infrastructure, digital agriculture may inadvertently consolidate wealth
and productivity in already-advantaged regions [53,93]. This geographic skewness risks
transforming a tool for development into a mechanism that deepens regional stratifica-
tion —directly challenging the “Leave No One Behind” mandate of the Sustainable Devel-
opment Goals [29,102].

4.2, Structural Levers: Governing for Equitable Digital Transitions

The analysis disputes the notion that market forces alone can bridge the digital di-
vide. Structural levers have been identified —specifically policy implementation and gov-
ernance coordination—as binding limits to adoption. This research work highlights a fail-
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ure in the strategy-to-execution pipeline: while many SSA nations have ambitious digital
roadmaps, they lack the implementation frameworks or inter-ministerial accountability
to inspire trust [42,48]. Evidence from Ethiopia’s coffee sector, where coordinated govern-
ance facilitated a local digital advisory platform, suggests that institutional coherence is
vital [37]. Furthermore, countries with integrated data protection laws and zero-rated ag-
ricultural data have significantly reduced the participation tax for vulnerable farmers
[39,101]. A comparative policy analysis across SSA countries found that those with explicit
e-agriculture strategies and dedicated implementation units were associated with 40%
faster adoption growth than those without [27].

4.2.1. Policy and Governance Fragmentation

Throughout much of the SSA region, digital agriculture strategies remain largely
symbolic—well-articulated in policy documents but seldom accompanied by actionable
delivery plans, ring-fenced budgets or machinery for cross-sectional coordination [42,48].
Although numerous pilot programmes have been implemented, evidence of sustained
scaling and effective government stewardship remains limited [103]. This gap between
policy ambition and implementation is a recurring theme across SSA, with studies attrib-
uting it to weak inter-ministerial coordination and insufficient political will [27,41]. In ad-
dition, regulatory gaps in data ownership and privacy discourage private sector invest-
ment and leave farmers uncertain about their rights [39,40]. In some countries, rising
smartphone taxes further undermine digital inclusion efforts, illustrating policy incoher-
ence that constrains adoption regardless of technological readiness [101].

Governance fragmentation—characterized by overlapping mandates between agri-
culture and ICT ministries, weak inter-agency coordination, and limited accountability —
further impedes progress. Countries with more integrated governance arrangements tend
to achieve faster and more equitable adoption [41,48,95]. For example, evidence from Be-
nin’s livestock sector shows that regulatory gaps, fragmented governance, and weak data
protection frameworks erode stakeholder trust, resulting in isolated pilot initiatives that
fail to scale [104]. These institutional shortcomings are not unique to Benin; similar pat-
terns of fragmentation have been documented in Nigeria’s e-extension services [20] and
in the Zambezi Basin countries [42], where overlapping mandates between agriculture
and ICT ministries create confusion rather than clarity for end users. Fragmentation across
horizontal, vertical, and functional levels leaves farmers navigating overlapping and often
confusing services without clear institutional anchors. While data cooperatives and col-
lective action models can partially address these challenges by fostering bottom-up ac-
countability, their effectiveness depends on supportive policy environments [105,106].
Farmer-owned cooperatives that pool resources for digital subscriptions have demon-
strated a model for overcoming individual-level affordability barriers [67]. More broadly,
Africa’s agri-food transformation depends less on the introduction of new technologies
than on the effective governance and integration of existing ones [107].

Beyond policy fragmentation, the governance of digital agriculture must contend
with the political economy of platform power. In several SSA countries, the digital agri-
culture landscape is increasingly shaped by multinational technology corporations and
mobile network operators whose market dominance influences data costs, interoperabil-
ity standards, and the terms of farmer data access. In Kenya, for example, Safaricom’s
position as the dominant mobile network operator means that the accessibility and pricing
of agricultural digital services are mediated by a single corporate actor [95,101]. In Nige-
ria, the entry of global agri-tech platforms has raised concerns about data sovereignty, as
small-scale farm data are stored on servers outside national jurisdictions, limiting farmers’
and governments’ control over agricultural information [27,39]. Recent scholarship on
digital platform governance underscores that without regulatory frameworks addressing
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platform accountability, data ownership, and competitive market access, digital agricul-
ture risks reproducing —rather than disrupting —existing power asymmetries in agri-food
systems [54]. Policy responses, such as the African Union’s Data Policy Framework, rep-
resent important steps but require domestication into binding national legislation with
enforcement mechanisms [42].

The implications for upscaling, digital inclusivity, and agricultural sustainability are
significant. Policy fragmentation constrains upscaling by creating regulatory uncertainty
that discourages the long-term investments required to move beyond pilot phases [92].
Governance fragmentation exacerbates digital exclusion by concentrating services in ar-
eas with stronger institutional capacity, thereby marginalizing already areas and popula-
tions with inadequate technological support [98]. From a sustainability perspective, weak
policy coherence limits the alignment of digital tools with national climate adaptation and
natural resource management priorities. As a result, opportunities to leverage digital ag-
riculture for sustainable intensification—such as site-specific nutrient management or wa-
ter conservation advisories—are often missed due to inadequate coordination between
agriculture and environmental institutions [77].

4.2.2. Socio-Cultural Exclusion, Interlocking Constraints, and Pathways Forward

A critical structural dimension from the analysis is the mediation of adoption by the
capability-wealth nexus. Age, literacy, and income levels act as primary gatekeepers to
digital entry. Younger farmers (ages 18-35) and middle-aged agripreneurs exhibit signif-
icantly higher adoption rates—reaching up to 75% in some contexts—due to their higher
risk tolerance and technical aptitude [24,108]. However, this youth-led dynamism is fre-
quently stifled by a wealth ceiling, as those in lower income deciles lack the collateral for
the hardware investments required for precision agriculture [91,109]. Digital literacy re-
mains the most significant non-financial barrier; without it, even affordable tools remain
functionally inaccessible, reinforcing a cycle where only the literate and relatively wealthy
can capture the digital premium [36,94]. The capability—wealth nexus is further tightened
by the absence of tailored financial products that could enable small-scale farmers to in-
vest in digital tools, a gap that perpetuates the exclusion of low-income households [82].

Furthermore, the gendered dimensions of structural exclusion remain a formidable
barrier to equitable transition. The research analysis reveals that women’s adoption rates
are consistently 40% lower than men’s, a disparity driven less by technical inability and
more by entrenched patriarchal norms regarding asset ownership and household decision-
making power [25,43]. Women are 29% less likely than men to use mobile internet, with an
estimated 205 million women in the region remaining offline [99,101]. Intersectional evi-
dence remains limited, hindering understanding of compounded barriers faced by asset-
poor, socially excluded women [100]. In many rural SSA contexts, women have less access
to smartphones and data services due to time poverty, as they often bear the brunt of house-
hold responsibilities such as caregiving, food production and domestic tasks, leaving them
with limited time and opportunity to engage with technology [25,36]. This lack of time not
only restricts their ability to seek out digital training and support but also limits their finan-
cial autonomy, as many women rely on male family members for device purchases and data
access, perpetuating a cycle of exclusion from digital agriculture innovations [43,94]. This
implies that gender-neutral digital policies effectively function as gender-exclusionary ones.
Unless structural levers incorporate gender-transformative programming—such as
women-only cooperatives and targeted device financing—the digital transition will con-
tinue to bypass half of the agricultural workforce [56,77]. Targeted initiatives such as
women-only digital literacy camps and subsidized smartphone schemes for female farmers
have shown measurable success in narrowing the gender gap [24].

https://doi.org/10.3390/su18136734


https://doi.org/10.3390/su18136734

Sustainability 2026, 18, 6734

22 of 37

Ultimately, these structural levers—from governance coherence to the mitigation of
demographic and gender biases—represent the engine room of equitable adoption. The
Zambia Digital Champions initiative demonstrates that local, trusted intermediaries can
bridge digital and social divides, building trust and addressing gender and inclusion chal-
lenges at the community level [110]. Socio-cultural constraints require intentional design,
community engagement, and sustained investment in digital literacy and gender-trans-
formative programming. Failure to address these underlying socio-economic drivers
means that even the most sophisticated technical tools will continue to face a glass ceiling,
serving only an elite minority while the majority of small-scale farmers remain on the
margins of the digital revolution.

4.3. The Socio-Technical Synthesis: Closing the Adoption Gap

The culmination of the findings affirms that adoption can be best maximized through
an integrated technical and social approach. We contend that gaps in affordability, acces-
sibility, and adaptability cannot be remedied solely by technological over-engineering
[16,39]. Instead, successful examples like Kenya’s Farm.ink demonstrate the importance
of embedding digital solutions within existing social frameworks, such as cooperatives
and extension networks [78].

Applying the TOE lens to the synthesised evidence reveals a distinct hierarchy of in-
fluence. The technological dimension (connectivity, device affordability, interface usability)
constitutes the necessary foundation—without it, adoption cannot commence. However,
the organisational dimension (digital literacy, extension support, cooperative membership)
exerts the strongest moderating influence on adoption intensity and sustainability [111].
Empirical work on process innovation in emerging economies confirms that organisational
readiness—particularly workforce capability and managerial support—mediates the rela-
tionship between technological availability and actual adoption outcomes, as farms with
higher absorptive capacity realise significantly greater returns from equivalent technologi-
cal investments [7,29]. The environmental dimension (policy coherence, data governance,
gender norms, market structure) operates as a binding constraint: favourable technological
and organisational conditions cannot translate into equitable, scaled adoption when policy
fragmentation or socio-cultural exclusion persist [7,29]. This interaction pattern explains
why interventions that address only one dimension—such as providing smartphones with-
out complementary literacy training or without zero-rating agricultural data— consistently
fail to achieve sustained adoption beyond pilot phases [48,92].

Evidence has illustrated that this integrated model narrows adoption gaps by ad-
dressing three decisive pillars—affordability, accessibility and adaptability. Regarding af-
fordability, transitioning toward “channel-agnostic” designs enables the use of basic SMS
and USSD, circumventing the smartphone cost barrier which currently stands at 73% of a
poor adult’s monthly income [101]. Thus lowering the financial point of entry is a prereg-
uisite for rural access [84]. Accessibility is mediated by leveraging the “Literacy Multi-
plier” effect. Every US dollar invested in socially embedded digital literacy initiatives was
associated with up to four dollars in adoption benefits [36]. This transforms literacy from
a barrier into a facilitator for marginalized groups [33,94]. As regards adaptability, inte-
grating local and indigenous knowledge into digital advisories enhances usability. When
tools are culturally and linguistically resonant, the likelihood of sustained use increases
by up to 65% [33,74]. This finding aligns with broader socio-technical theory, which posits
that technology must be interpreted through users’ cultural frames to become embedded
in everyday practice [29,91]. The co-creation of weather-based advisory services with
farmer groups in the Sahel demonstrates that participatory design not only improves rel-
evance but also builds trust in digital tools [68].
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The synthesis also revealed that successful enabling factors are only half the story. A
systematic analysis of documented cases of project discontinuation and technology dis-
adoption identified four recurrent failure modes. First, donor-dependent business mod-
els: initiatives such as EZ Farm ceased operations when project-based funding ended, as
their value propositions had not been validated through sustained user willingness-to-
pay [10,39]. Second, infrastructure—design mismatches: platforms requiring stable 3G/4G
connectivity or advanced smartphone functionality failed in rural areas where 2G net-
works and basic feature phones predominate [32,33]. Third, socio-cultural misalignment:
tools introduced without adaptation to local languages, gender norms, or intergenera-
tional knowledge systems experienced rapid dis-adoption once initial curiosity waned
[25,43]. Fourth, institutional disconnection: digital services operating in parallel to, rather
than integrated with, existing extension systems lost user trust and relevance when farm-
ers could not access human support for digital queries [38,42]. Across studies, approxi-
mately 70% of initial adopters discontinued use within 6-12 months in the absence of on-
going support, highlighting that adoption is a continuous process requiring sustained in-
stitutional investment rather than a one-time event [69].

Ultimately, reframing digital agriculture as a socio-technical process underscores
that the last mile is a social journey requiring support through trust, capability, and insti-
tutional accountability [29]. For policy and practice, this necessitates a shift from short-
term technological pilots to long-term human and institutional infrastructure.

Adopting a socio-technical approach to promoting digital agriculture adoption has
several important implications. First, it shifts the analytical and programmatic focus from
technology supply to system readiness, recognising that adoption outcomes are emergent
properties of the interaction between tools, users, institutions, and policies [29,91]. Second,
it mandates a multi-stakeholder, multi-level governance perspective: no single actor—
whether a technology developer, a donor, or a ministry —can unilaterally create the con-
ditions for sustained, inclusive adoption [92]. Third, it elevates the importance of process
over product, emphasising co-design, participatory iteration, and adaptive management
as essential components of intervention design [94]. Fourth, a socio-technical lens fore-
grounds issues of power, equity, and agency, requiring explicit attention to who benefits,
who is excluded, and whose knowledge counts in digital agriculture transitions [15,77]. A
recent framework for digital agriculture ecosystems underscores that scalability depends
on the dynamic alignment of technology providers, financial institutions, policy actors,
and farmer networks—a configuration rarely achieved in fragmented contexts [54].

The insights from this review illuminate the balance between technological, opera-
tional, and structural factors in adoption. As stakeholders address the feasibility-impact
paradox, they must strive for integrated solutions that tackle systemic barriers while fa-
cilitating equitable access. Future research must emphasize interdisciplinary approaches
that scrutinize socio-cultural dynamics alongside technical advancements [30,48]. By em-
bracing a comprehensive, socio-technical framework, we can achieve sustainable agricul-
tural systems that truly leave no one behind in SSA.

4.4. Positioning Within the Existing Literature

The findings align with and extend the growing body of work in socio-technical sys-
tems theory, which emphasizes that technology adoption is fundamentally shaped by so-
cial, institutional, and political contexts [29,91]. The review provides empirical quantifica-
tion of the imbalance between technical considerations and structural factors in the exist-
ing literature, moving beyond fragmented case-study insights to a systematic synthesis.
This contributes to ongoing debates on the nature of digital transformation in African ag-
riculture, reinforcing critiques that technology-centric approaches risk overlooking the in-
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stitutional and social dimensions that determine whether digital tools empower or mar-
ginalize farmers [15,22,90].

The identification of five minimum conditions for adoption—connectivity, literacy,
culturally resonant design, institutional ecosystems, and enabling policy —offers a frame-
work that resonates with the TOE model [111] while extending it to capture the specific
realities of small-scale agriculture in SSA. This framework suggests that adoption is not a
linear process of technology diffusion but a systemic challenge requiring coordinated in-
tervention across multiple domains [30,112]. The review thus corresponds to calls for
more context-sensitive, multidimensional analyses of digital transformation in African
food systems [11,53]. Early contributions such as Kshetri (2014) already highlighted the
institutional voids that limit the impact of ICT in African agriculture, a finding that re-
mains salient in current digital transformation debates [17].

4.5. Implications for Policy and Practice

The findings underscore that advancing digital agriculture requires a coordinated,
systems-based approach that jointly addresses infrastructure, capabilities, design, institu-
tions, and governance rather than treating them as discrete domains. The following stake-
holder-specific recommendations are proposed.

i. For Governments: Connectivity, Device Access, and Enabling Regulation

Policy implications: The evidence highlights the central role of inclusive digital infra-
structure frameworks that combine public investment with regulatory instruments to in-
centivize private sector participation. Measures such as rural spectrum allocation, device
subsidies for women and youth, and zero-rating of agricultural services emerge as critical
levers for reducing structural access barriers and improving affordability [33,49]. Ortiz-
Crespo et al. [97] further argue that beyond network coverage, the quality of last-mile
connectivity and device affordability are the true determinants of digital reach. Govern-
ments should also establish integrated national digital agriculture strategies with clear
inter-ministerial implementation mechanisms, ring-fenced budgets, and enforceable reg-
ulatory frameworks for data privacy, farmer data rights, and spectrum allocation [28,48].
In addition, regulatory frameworks addressing platform accountability, data sovereignty,
and competitive market access are essential to ensure that digital agriculture does not re-
produce existing power asymmetries in agri-food systems [54].

Practice implications: In practice, governments can facilitate service delivery by ena-
bling context-responsive access models, including support for community networks,
shared device systems, and leasing arrangements. The findings indicate that last-mile con-
nectivity and sustainability are strengthened where public authorities effectively partner
with telecom providers and local enterprises. Public—private partnerships should be lever-
aged to provide targeted financial incentives, such as zero-rating agricultural data and provid-
ing device subsidies for women and youth to lower the entry barrier for marginalized groups
[48,99]. Such partnerships have shown promise in East Africa, where bundled service models
combining telecom, finance, and extension factors have outperformed standalone digital ini-
tiatives [32,49]. For example, Kenya’s government collaborated with Safaricom to zero-rate
agricultural data for smallholder farmers accessing the M-Farm platform, substantially reduc-
ing the cost of digital market information and contributing to a reported income increase of
up to 50% for users [13].

ii. For Private Companies (Telecoms, Agri-Tech Firms): Context-Responsive Service Delivery

Policy implications: Private companies play a critical role in shaping the digital agricul-
ture landscape through self-regulation and industry standards. Technology providers

should advocate for and adhere to transparent data governance frameworks that protect
farmer data rights and ensure interoperability across platforms [54].
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Practice implications: In practice, service delivery is shaped by the adoption of con-
text-responsive access models. Private companies should invest in channel-agnostic, of-
fline-capable platform designs; partner with cooperatives for last-mile distribution; and
adopt tiered pricing models that accommodate smallholder income variability [97]. The
findings indicate that last-mile connectivity and sustainability are strengthened where
partnerships with telecom providers and local enterprises are effectively mobilized. In
Tanzania, the “M-Kilimo” platform, developed by a private agri-tech firm in partnership
with a mobile network operator, used USSD-based services that functioned on basic fea-
ture phones, overcoming both smartphone affordability barriers and low digital literacy,
and connected farmers to real-time advice and market prices [38].

iii. For NGOs and Development Partners: Digital Literacy and Capacity Development

Policy implications: The results point to the importance of embedding long-term,
context-specific digital literacy within national strategies, with explicit recognition of the
differentiated needs of women, youth, and other marginalized groups. NGOs and devel-
opment partners should advocate for ring-fenced funding for continuous digital literacy
programming rather than relying on short-term, donor-dependent training cycles [36].

Practice implications: At the implementation level, digital literacy is most effective
when delivered through continuous, socially embedded learning systems. Approaches
such as peer learning, farmer field schools, and women-centered platforms illustrate how
practical, use-oriented training enhances relevance, uptake, and retention [25,36,113]. The
success of such programs is amplified when they are embedded within existing commu-
nity structures, such as cooperatives or farmer field schools [67]. NGOs and development
partners should fund longitudinal, independent evaluations rather than short-term pilots,
ensuring that literacy investments are sustained and their impacts measured over time
[69]. The Zambia Digital Champions initiative, supported by CIMMYT, trained commu-
nity-based intermediaries who bridged digital and social divides by delivering locally rel-
evant digital literacy training to smallholder farmers, particularly women, and built trust
in digital tools at the village level [110].

iv. For Extension Services: Institutional Ecosystems and Service Integration

Policy implications: The evidence highlights the importance of coherent institutional
arrangements that integrate digital tools within existing agricultural systems, particularly
extension services, while positioning farmer organizations as key intermediaries. It also
underscores the role of policy in enabling collaborative frameworks such as public—pri-
vate partnerships [56,114]. Governments should establish dedicated digital agriculture co-
ordination units within ministries of agriculture, with clear mandates to align the efforts
of extension, ICT, and private-sector actors [27].

Practice implications: At the operational level, outcomes improve when digital solu-
tions are embedded within established advisory and service delivery structures rather
than introduced as standalone interventions. Strengthening the capacities of extension
agents to serve as intermediaries who translate digital advisories into actionable, context-
specific guidance enhances mediation, trust, and continued use. Case studies from South
Africa demonstrate that research-government partnerships can drive co-design processes
that enhance both relevance and adoption [73]. The collaboration between the Agricul-
tural Research Council and provincial extension services co-designed a digital advisory
tool for small-scale maize farmers, which led to higher adoption rates because extension
agents used the tool during regular farm visits, integrating digital advice with farmers’
existing practices [73].

v. For Farmer Organisations: Collective Action and Co-Creation

Policy implications: Farmer organisations should be formally recognised as key in-
termediaries in national digital agriculture strategies, with access to funding and technical
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support to facilitate their role in aggregating demand and providing feedback on digital
tool design [67].

Practice implications: Farmer organisations should leverage collective bargaining for
group data subscriptions and device purchases; establish peer-learning networks for dig-
ital literacy; and participate actively in the co-design of digital tools to ensure cultural and
linguistic resonance [67,74]. The incorporation of indigenous climate knowledge into dig-
ital advisories has been shown to double farmer trust and usage in pilot projects in the
Sahel [68]. In Kenya, horticultural cooperatives pooled resources to negotiate bulk data
packages and smartphone purchases for their members, while also organising peer-train-
ing sessions on the use of a digital platform for market linkages, which was associated
with adoption rates exceeding 70% among cooperative members compared to less than
30% among non-members in the same region [32].

Cross-Cutting Implication: Integration and Coordination

Across all domains, the findings demonstrate that fragmentation in policy and prac-
tice significantly constrains effectiveness. Digital agriculture outcomes are strongest
where interventions are aligned and mutually reinforcing across sectors and stakeholders.
Multi-stakeholder coordination platforms play a critical role in harmonizing investments,
timelines, and implementation pathways [47,56]. Integrated digital agriculture platforms
that bundle services (inputs, credit, and market access) have been particularly effective in
addressing multiple barriers simultaneously [80]. The evidence that high adoption rates
are associated with the simultaneous presence of multiple enabling conditions reinforces
the importance of systemic, integrated approaches over isolated or piecemeal efforts.

In the East African context, Kenya’s experience with Farm.ink demonstrates that em-
bedding digital solutions within existing financial ecosystems (e.g., M-Pesa, cooperative
credit schemes) enhances both adoption and sustainability [78]. Tanzania’s ‘M-Kilimo’
platform illustrates the critical role of local extension intermediaries in bridging the last
mile between digital advice and farmer practice [38]. For West Africa, Ghana’s experience
suggests that value-chain-anchored digital services (e.g., cocoa sector platforms) achieve
higher adoption than generic agricultural apps [88]. In Southern Africa, South Africa’s
research—government co-design partnerships offer a model for aligning digital tools with
both commercial and emerging farmer needs [73].

4.6. Implications for Future Research

The review’s findings reveal several critical research gaps. First, the overemphasis on
technical and operational dimensions suggests a need for more research on governance
and socio-cultural dynamics, particularly how institutional arrangements and social
norms shape adoption outcomes across different contexts [29,44]. Second, the scarcity of
longitudinal studies represents a significant gap; future research should employ rigorous
mixed-methods designs tracking sustained adoption over multiple seasons and years to
understand not only initial uptake but also continued use and adaptation [69,115]. Under-
standing the life-cycle of digital adoption, from initial enthusiasm to potential dis-adop-
tion, is essential for designing durable solutions [83].

Third, intersectional research examining how gender, age, ethnicity, and wealth in-
teract to shape adoption pathways is urgently needed. Current research often treats these
factors in isolation, yet exclusion mechanisms are intersectional —women in remote areas
with limited education face compounded barriers that differ from those facing men in
similar circumstances [25,93]. Fourth, business model innovation for sustainable scaling
remains underexplored; research is needed on cooperative digital service provision, cross-
subsidization models, and public—private partnership structures that can support digital
tools beyond donor funding [81,116]. Oliveira-Jr et al. [62] point to the potential of low-
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cost IoT and sensor networks, but their economic sustainability in small-scale contexts
remains unproven.

Fifth, as Al-assisted advisory tools—including large language models, computer vi-
sion for pest and disease detection, and predictive analytics for yield forecasting— prolif-
erate, research is urgently needed on their effectiveness, trustworthiness, and accessibility
in low-resource, linguistically diverse small-scale contexts [87]. Sixth, digital platforms for
value-chain integration—linking farmers to input suppliers, credit providers, and buy-
ers—remain under-evaluated; future research should examine platform governance, data-
sharing arrangements, and the distribution of value among platform participants [54,116].
Seventh, climate-smart digital agriculture —integrating climate information services with
adaptation advisories—requires longitudinal assessment to determine whether digital
tools enhance or merely digitise existing adaptive capacity [68,70].

Finally, environmental implications of digital agriculture—including carbon foot-
prints, climate adaptation potential, and e-waste management—are critically under-re-
searched. As device penetration increases, understanding these impacts becomes essential
for ensuring that digital agriculture contributes to rather than undermines environmental
sustainability [39,117]. Early assessments suggest that the carbon footprint of digital ad-
visory systems is negligible compared to the potential emission reductions from precision
input management, but systematic life-cycle analyses are lacking [70].

4.7. Limitations of the Review

This review has some limitations which warrant acknowledgement. Firstly, geo-
graphic publication bias is evident: West and East Africa account for 54% of studies, while
Central Africa is represented by only one study [39], limiting the generalisability of find-
ings to that region. Broader regional conclusions cannot be drawn for Central Africa from
a single study, and this should be interpreted as a call for targeted research investment in
underrepresented regions [39,98]. The regional unevenness in available studies—with
West and East Africa overrepresented compared to Central Africa—limits the generaliza-
bility of findings across the continent. Variation in how adoption metrics are defined
across studies complicates synthesis and meta-analysis. Secondly, the English-language
restriction, while methodologically deliberate, excludes research published in French and
Portuguese, potentially underrepresenting digital agriculture scholarship from Benin,
Cdte d’Ivoire, Senegal, Mozambique, and Angola [71]. The methodological focus on Eng-
lish was to ensure a standardized and comparative analysis, as English remains the pri-
mary medium for global agricultural policy and international scientific communication
[37,118]. Thirdly, publication bias may result in the overrepresentation of positive adop-
tion outcomes, as peer-reviewed journals are more likely to publish studies reporting sig-
nificant effects [69]; we mitigated this by including grey literature, which contained a
higher proportion of null or contextually constrained findings. Fourthly, reliance on pub-
lished literature means that ongoing, unpublished digital agriculture initiatives —partic-
ularly those developed by private-sector actors—are not captured, potentially underesti-
mating the pace and diversity of innovation [6].

Despite these limitations, the review’s systematic methodology, quality-weighting of
evidence, and transparent reporting enhance the credibility of its findings. The con-
sistency of patterns across diverse contexts and methodologies suggests that the identified
barriers, facilitators, and minimum conditions are robust.

5. Conclusions

This systematic literature review examined how technical, operational, socio-eco-
nomic, and institutional factors shape the adoption and effective use of digital agriculture
among small-scale farmers in SSA. The review identified two key findings in relation to

https://doi.org/10.3390/su18136734


https://doi.org/10.3390/su18136734

Sustainability 2026, 18, 6734

28 of 37

the research questions. The first key finding revealed that digital agriculture adoption is
influenced by a combination of enabling and constraining technical and operational con-
ditions. Enabling factors include improved connectivity, access to mobile devices, user-
centered digital platforms, digital literacy, extension support, and market-oriented service
integration. Where these conditions converge, digital tools contribute to improved
productivity, market access, price realization, and farm decision-making. However, the
findings also reveal that the effectiveness and scalability of digital agriculture remain con-
strained by unreliable infrastructure, high data and device costs, limited technical sup-
port, weak interoperability, and fragmented implementation models. Consequently,
many successful initiatives remain localized pilot projects that struggle to transition into
sustainable, large-scale systems.

Whereas the second key finding highlights that unequal access to digital agriculture
is fundamentally shaped by structural, socio-economic, and institutional barriers. The ev-
idence confirms that digital exclusion is not simply a technological issue, but rather a re-
flection of broader inequalities embedded within rural agricultural systems. Adoption
patterns remain geographically concentrated around commercially connected regions, so-
cially skewed toward younger and male farmers, and economically oriented toward high-
value export commodities. Women, poorer households, remote communities, and farmers
with limited education continue to face disproportionate barriers linked to affordability,
literacy, infrastructure deficits, and limited institutional support. These findings reinforce
Kshetri’s (2014) argument that the digital divide in African agriculture is primarily insti-
tutional and socio-economic rather than technological [17].

Overall, the review demonstrates that digital agriculture in SSA exists within a state
of constrained potential. Although the transformative capacity of digital technologies is
evident, their success depends on the broader socio-technical ecosystem within which
they are embedded. The findings therefore challenge technology-centric approaches that
assume innovation alone can drive agricultural transformation. Instead, they underscore
the importance of integrated approaches that simultaneously address infrastructure, dig-
ital capabilities, governance, institutional coordination, and social inclusion.

Ultimately, digital agriculture in SSA stands at a critical crossroads. The evidence
suggests that achieving inclusive and sustainable digital transformation will require a
shift away from isolated technical interventions toward context-responsive and system-
oriented models that recognize the diverse realities of small-scale farmers. Without ad-
dressing the structural inequalities and institutional fragmentation that underpin uneven
adoption, digital agriculture risks reinforcing existing exclusions rather than transforming
rural livelihoods and food systems.

5.1. Recommendations

To address the systemic bottlenecks identified in this review and facilitate a more
inclusive digital transition for small-scale farmers, the following strategic interventions
are proposed:

Policy and Governance: Governments should develop integrated national digital ag-
riculture strategies that move beyond aspirational roadmaps toward clear, inter-ministe-
rial implementation mechanisms. This includes establishing regulatory frameworks for
data privacy, spectrum allocation for agricultural IoT, and streamlined approval processes
for drones [39,119]. Public—private partnerships should be leveraged to provide targeted
financial incentives, such as zero-rating agricultural data and providing device subsidies
for women and youth to lower the entry barrier for marginalized groups [48,99]. Akinwale
et al. [27] advocate for the establishment of dedicated digital agriculture coordination
units within ministries of agriculture, with clear mandates and ring-fenced budgets. In
addition, regulatory frameworks addressing platform accountability, data sovereignty,
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and competitive market access are essential to ensure that digital agriculture does not re-
produce existing power asymmetries in agri-food systems [54,116].

Technical and Operational Design: Technology providers must shift toward context-
adaptive architectures that emphasize localized technology over imported tools. This in-
cludes offline-first functionality, low-bandwidth optimization, and multi-lingual voice in-
terfaces—such as agricultural radio programs and hyper-localized Al-driven tools—that
cater to varying literacy levels [10,120]. Operationally, digital tools should be embedded
within existing social scaffolds, such as farmer cooperatives and traditional e-extension
platforms, to leverage established trust and provide real-time decision support [77,121].
Scaling digital literacy through peer learning circles and women-centered groups will en-
sure that the human element of the digital transition is not left behind [36,122]. The use of
participatory design methods that involve farmers in the iterative testing of digital tools
has been shown to increase usability and adoption [97].

Sustainable Business Models: To overcome the “pilot chasm,” stakeholders must
transition from donor-dependent projects toward sustainable, market-linked models. This
involves exploring cooperative ownership of digital assets, pay-as-you-go service provi-
sion, and value-chain embedded financing [81,123]. By aligning the incentives of technol-
ogy providers with the economic realities of small-scale farmers, digital services can tran-
sition from temporary interventions to permanent, resilient agricultural infrastructure
[117,124]. Blended finance models that combine donor seed funding with revenue from
value-chain stakeholders have been piloted successfully in East Africa and offer a poten-
tial path to sustainability [80].

5.2. Research Gaps

Despite the growing body of literature, specific knowledge gaps remain that are dis-
tinct from immediate practical recommendations. Future research should prioritize the
following areas:

Longitudinal Impact and Disadoption: There is a dearth of long-term data tracking
the life cycle of digital tools. Research needs to move beyond “initial adoption” metrics to
study disadoption rates and how digital tools affect household resilience and social equity
over multiple seasons [69,115].

Intersectional Dynamics: While gender and age are frequently cited, there is a lack of
deep analysis into how these factors intersect with ethnicity, customary land tenure, and
disability status [25,125]. Achieng [24] calls for research designs that disaggregate adop-
tion barriers by gender, age, and socio-economic status simultaneously, rather than treat-
ing them as separate variables. Understanding these complex layers is vital for designing
truly inclusive systems.

Environmental Sustainability and E-Waste: The environmental footprint of digital
agriculture in SSA remains almost entirely unresearched. Studies are needed to assess the
carbon footprint of rural data systems, the lifecycle management of agricultural sensors,
and the potential for e-waste in remote settings [39,117].

Policy Translation Processes: While policy content is well-documented, the process
of policy implementation is not. Research should examine the political economy of digital
agriculture—specifically how strategies are translated into action across different levels of
government and why certain implementation gaps persist [29,42]. Comparative policy
studies across SSA countries could reveal which institutional configurations are most con-
ducive to translating digital agriculture strategies into measurable on-farm impacts [27].

Human-AlI Interaction in Local Contexts: As Al-driven advisory tools emerge, re-
search is needed on the cognitive and trust-based aspects of how smallholders interact
with automated advice compared to human extension agents, particularly in linguistically
diverse regions [56,74].
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Al-Assisted Agriculture: As Al-assisted advisory tools proliferate, research is ur-
gently needed on their effectiveness, trustworthiness, and accessibility in low-resource,
linguistically diverse smallholder contexts [87,122].

Digital Platforms for Value-Chain Integration: Platforms linking farmers to input
suppliers, credit providers, and buyers remain under-evaluated; future research should
examine platform governance, data-sharing arrangements, and the distribution of value
among platform participants [54,116].

Climate-Smart Digital Agriculture: Integrating climate information services with ad-
aptation advisories requires longitudinal assessment to determine whether digital tools
enhance or merely digitise existing adaptive capacity [68,70].

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/su18136734/s1, Supplementary Material S1: Data Extraction
and Coding Matrix for Digital Agriculture Adoption; Supplementary Material S2: CASP Quality
Assessment Data; Supplementary Material S3: PRISMA_2020_checklist [126].
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