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Abstract

Smart farming technologies are often presented as innovations whose adoption depends mainly on technical
availability, economic advantage, or farmer willingness. Such interpretations do not adequately explain why similar
technologies are adopted and sustained in some settings but resisted, selectively used, discontinued, or abandoned in
others. This realist review develops an explanatory synthesis of smart farming adoption through context—-mechanism—
outcome reasoning. It examines how farm structure, farmer capability, financial resources, infrastructure, connectivity,
advisory support, institutional conditions, social legitimacy, platform relations, and data governance influence farmers’
interpretations of technological opportunities and risks. Adoption is distinguished from technology acceptance, partial
adoption, sustained use, discontinuance, abandonment, and implementation failure. Enabling mechanisms include
perceived usefulness, compatibility, trust, decision confidence, credible value, and experiential learning. Constraining
mechanisms include affordability concern, return uncertainty, complexity, privacy concern, autonomy concern, platform
dependency, and maintenance burden. The synthesis indicates that no contextual factor or mechanism independently
guarantees adoption or implementation success. Similar technologies may generate different outcomes because
farmers encounter different resources, constraints, relationships, and implementation experiences. The review
proposes a recursive programme theory in which appraisal, trial, implementation experience, feedback, and changing
farm conditions continually reshape perceived value, trust, capability, and willingness to continue. Responsible
implementation therefore requires context-sensitive evaluation, farmer-centered usability assessment, reliable
infrastructure, credible advisory and technical support, interoperability, transparent data governance, and attention to
exclusion. The proposed configurations support explanatory synthesis and empirical testing rather than universal
prediction or implementation prescription.
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Introduction

Digital technologies are changing agricultural monitoring, machinery management, information exchange, decision
support, and advisory systems. However, agricultural digitalisation cannot be understood solely as the diffusion of
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technically superior tools. It is a socio-technical process involving heterogeneous farms, users, institutions,
infrastructures, commercial actors, knowledge systems, and power relations [1]. A technology may therefore function
technically while remaining financially inaccessible, operationally incompatible, institutionally unsupported, or difficult to
incorporate into routine farm decisions.

Responsible-innovation scholarship has argued that Agriculture 4.0 should be assessed through inclusion, anticipation,
reflection, and responsiveness rather than productivity expectations alone [2]. Farmers encounter technologies through
specific devices, platforms, contracts, data requirements, service arrangements, and claims about future value. Their
willingness to adopt may depend on whether these arrangements appear legitimate, understandable, reversible,
governable, and compatible with farming responsibilities.

Digital farming can also redistribute control over data, labour, knowledge, and markets [3]. Adoption may coexist with
dependency, intensified monitoring, restricted decision autonomy, or greater reliance on proprietary systems. Conversely,
non-adoption may reflect a reasoned response to uncertainty, unsuitable design, unclear data rights, weak support, or
insufficient value. Treating farmer resistance as a deficit can conceal the conditions that make caution rational.

Agriculture 4.0 includes diverse technologies and transition pathways rather than a single modernization process [4].
Remote sensing, sensors, robotics, variable-rate equipment, mobile applications, digital advisory systems, artificial
intelligence, and data platforms impose different financial, technical, and organisational requirements. Adoption must
therefore be differentiated by technology, farm type, implementation stage, function, and duration of use.

Many studies identify factors associated with adoption, such as farm size, education, perceived usefulness, cost, or
access to advice. These associations remain valuable, but they often do not explain how particular circumstances alter
farmers’ reasoning. A realist review addresses this explanatory problem by examining how contexts activate mechanisms
that contribute to adoption, non-adoption, partial adoption, sustained use, discontinuance, abandonment, or
implementation failure.

This review asks six questions:

1. What contexts shape differentiated smart farming outcomes?

2. What mechanisms appear to explain adoption, resistance, discontinuance, or failure?
3. What outcomes are reported across the literature?

4. Which context-mechanism—outcome configurations explain variation?

5. What implementation conditions appear necessary for responsible and sustained use?

6. What research agenda follows from the evidence gaps?

The review does not calculate a pooled adoption rate or present a universal barrier checklist. Its contribution is an
explanatory programme theory that separates initial acceptance from acquisition, implementation, routine use, and
sustained value. The configurations developed here may support empirical testing, but they do not prove universal
causality or predict individual farmer behavior.

Smart Farming Adoption as a Context-Dependent Process

Cross-regional evidence shows that precision agriculture adoption varies with regional conditions, farm structure,
technology characteristics, and institutional environments [5]. A system that appears financially credible on one farm may
appear disproportionately risky on another. Farms differ in production intensity, capital availability, labour organisation,
equipment age, connectivity, technical support, and succession expectations.
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Adoption is also technology specific. German crop-farming evidence indicates that farmers may adopt some precision
technologies while rejecting or postponing others [6]. A farmer may use nhavigation systems but avoid variable-rate
applications, adopt digital recordkeeping without integrating sensors, or use smartphone services without investing in
automated machinery. Adoption is therefore frequently selective, sequential, or modular.

Farmers’ evaluations may change after direct experience. Comparisons between expectations and practical experience
show that usefulness, complexity, compatibility, and support requirements may be reassessed after technologies enter
real production environments [7]. A tool that appears attractive during demonstration may become burdensome when
calibration, data entry, connectivity, maintenance, or interpretation requirements become visible.

Evidence from a European small-scale farming region similarly shows that access to digital tools does not result in
uniform or integrated use [8]. Farmers may employ only selected functions because of limited interoperability, uncertain
returns, inadequate support, or deliberate prioritisation. Partial use may represent rational adaptation rather than
incomplete acceptance.

Adoption should therefore be treated as a process involving awareness, appraisal, intention, trial, acquisition, initial
implementation, workflow integration, adaptation, continued use, and possible exit. Movement through these stages is not
necessarily linear. Farmers may return to earlier stages when costs change, support deteriorates, new evidence emerges,
or farm circumstances shift.

Technology readiness must also be distinguished from implementation readiness. Technology readiness concerns
whether a system performs its intended technical functions. Implementation readiness concerns whether users, farms,
providers, infrastructures, advisory organisations, and governance arrangements can incorporate the technology safely
and usefully. A technically mature tool may fail when connectivity is unreliable, outputs do not fit decisions, maintenance is
excessive, or responsibilities are unclear.

Adoption is not inherently beneficial. A technology may increase workload, create dependency, produce unreliable
outputs, or transfer disproportionate value to platform operators. Non-adoption or discontinuance may prevent unsuitable
costs or risks. The relevant question is therefore not whether adoption should always occur, but how particular
configurations produce different outcomes.

Realist Review Scope and Analytical Logic

Realist synthesis explains outcomes by examining how contextual conditions interact with mechanisms. A context—
mechanism—outcome configuration should specify how resources, opportunities, constraints, or relationships influence
actors’ reasoning and responses [9]. Technologies, subsidies, advisory services, contracts, infrastructure, demonstrations,
and information are treated as resources or constraints. Mechanisms include perceived usefulness, value, trust, risk,
compatibility, feasibility, autonomy, and burden.

Context is relational and dynamic rather than a static list of demographic variables [10]. Farm size may matter because it
alters the capacity to spread fixed costs, employ specialists, conduct trials, or absorb failed investments. Connectivity
may matter because it shapes reliability and the practical credibility of cloud services. Farmer age may interact with
experience, succession, investment horizons, and support rather than operating as an independent cause.

The analytical question is therefore what works, for whom, under which circumstances, and through which mechanisms
[11]. The same condition may activate different responses. A subsidy may reduce financial exposure for one farmer,
appear administratively inaccessible to another, or encourage acquisition without sustained use for a third. Similarly, non-
adoption can arise from affordability concern, weak usefulness, distrust, poor connectivity, limited skills, or autonomy
protection.
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The review focused on peer-reviewed journal literature concerning smart farming, precision agriculture, digital agriculture,
farmer adoption, implementation barriers, advisory systems, technology acceptance, trust, data governance, platform
relations, and responsible innovation. Eligible articles had to contain sufficient contextual, mechanistic, outcome, or
implementation evidence to support realist interpretation. Studies reporting only adoption percentages or purely technical
performance were excluded from programme-theory development.

Evidence appraisal emphasized relevance and rigor for the inference being made. Quantitative associations were treated
as possible contextual signals rather than automatic causal explanations. Qualitative studies were used to examine
reasoning, experience, trust, compatibility, identity, and practical integration. Reviews and conceptual studies supported
broader programme-theory construction.

Table 1. Operational distinctions and analytical boundaries for examining smart farming adoption and failure

Concept Operational meaning Main analytical boundary
Technology Favorable attitude or willingness to consider use Does not establish acquisition or
acceptance implementation

Adoption Acquisition, access, activation, or initial use Does not equal successful

Non-adoption
Partial adoption
Sustained use
Discontinuance
Abandonment

Implementation
failure

Context

Mechanism

Outcome

CMO configuration

Voluntary or constrained absence of uptake
Selective use of functions, fields, or periods
Meaningful continued use over time
Cessation of a previously used system
Exit after an implementation becomes unworkable

Failure to embed a technology sustainably in
routine practice

Conditions that shape mechanism activation

Reasoning or response activated by resources or
constraints

Intended or unintended result

Context-sensitive explanatory proposition

implementation
May represent a rational decision
May be adaptive rather than deficient
Persistence does not prove benefit
Is not always implementation failure
Requires post-adoption evidence

May arise across the socio-technical
system

Is relational and dynamic

A barrier itself is not always a mechanism

Includes resistance, dependency, and
exclusion

Is not a universal causal law

Programme theory  Integrated explanation linking several configurations Does not predict individual behavior

Programme theory was developed iteratively. Initial propositions were constructed from recurring relationships among
contexts, reasoning, and outcomes. These propositions were compared across technologies, farm types, institutional
settings, and governance arrangements. Contradictory findings were used to refine contextual conditions rather than

force uniform conclusions.

Contexts Shaping Technology Adoption

Precision agriculture adoption cannot be interpreted without specifying the technology, function, farm segment, and stage
of use [12]. Aggregate adoption categories may combine guidance systems, sensors, digital maps, decision-support
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applications, and data platforms despite major differences in cost, skills, connectivity, and expected value.

Farm size is frequently associated with adoption, but it should be interpreted through underlying resources. Larger
operations may spread fixed costs, employ technical staff, conduct limited trials, and negotiate service arrangements.
Smaller farms may face higher proportional costs, although low-cost, modular, cooperative, or mobile technologies may
remain relevant. Farm size is therefore not an independent cause.

Farmer characteristics may also shape digital use. Evidence on agricultural smartphone adoption indicates that age,
education, farm scale, experience, attitudes, and existing digital practices interact with use [13]. These characteristics
should not be converted into fixed adopter profiles. An older farmer with extensive digital experience and reliable
assistance may have stronger implementation capacity than a younger farmer facing poor connectivity or inadequate
capital.

Digital skills matter when they support interpretation, configuration, troubleshooting, and control. However, skills cannot
compensate for an unreliable or irrelevant technology. Highly capable farmers may reject systems that are unaffordable,
incompatible, opaque, or burdensome.

Qualitative research with small commercial family farms shows that adoption reasoning combines cost, knowledge,
perceived usefulness, risk, local relevance, and institutional support [14]. Resource constraints increase the
consequences of failed investment, but affordability is only one part of the decision. Farmers may question whether a tool
was designed for their production scale, whether local agronomic conditions are represented, or whether repair services
are available.

Brazilian evidence connects digital participation with connectivity, training, technical assistance, and farm conditions [15].
Connectivity influences whether data synchronize, updates are installed, remote support is available, and
recommendations arrive at useful times. Nominal network coverage does not necessarily represent operational readiness
when connections are unstable or expensive.

Training interacts with infrastructure and usability. Practical, repeated, and locally relevant training may increase
confidence. One-time demonstrations are unlikely to address problems that emerge later during calibration, seasonal
configuration, software updates, or data transfer.

Farmers also experience digital transformation through different trajectories [16]. Some gradually integrate technologies
as confidence and value become visible. Others use systems selectively, delegate digital tasks, combine digital and
conventional practices, or withdraw after burdens emerge. These pathways change as production systems, labour,
markets, provider relationships, and family circumstances evolve.

Six contextual layers shape adoption:

1. Farm and production context.

2. Farmer capability and experience.

3. Technology complexity, reliability, and compatibility.
4. Infrastructure and connectivity.

5. Advisory, institutional, and social conditions.

6. Data governance, platform structure, and market power.

These contexts interact. Affordable technology may remain unusable without connectivity. Strong skills may not overcome
poor local relevance. Trusted advice may encourage trial but cannot guarantee economic value. Context matters because
it changes how farmers interpret technological resources and risks.
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Mechanisms of Success and Failure
Perceived usefulness, ease of use, and value

Research on Italian farmers indicates that information sources can influence adoption intention through perceived
usefulness and perceived ease of use [17]. Usefulness is not an inherent property perceived equally by all users. It
reflects whether a technology addresses a credible farm problem. Ease of use includes cognitive demand, data
preparation, workflow disruption, and confidence, not only interface simplicity.

Perceived value extends beyond purchase price. Farmers may consider subscriptions, training, downtime, data
management, maintenance, switching costs, and uncertainty about future benefits. A technology may be useful but still
appear insufficiently valuable relative to its full burden.

Trust, transparency, and benefit sharing

Trust becomes important when farmers share data, rely on automated recommendations, or depend on continuing
provider support. Smart-farming research shows that transparency and credible benefit sharing influence trust in data
relationships [18]. Farmers may ask what data are collected, who accesses them, whether they are commercialized, and
whether data can be retrieved or deleted.

Trust is not a substitute for governance. It is more likely to develop where providers act competently, fairly, transparently,
and predictably. It can decline after unclear data use, contract changes, unreliable service, or unfulfilled promises.

Risk and innovation uncertainty

Risk perceptions surrounding smart farming include technical, economic, social, and regulatory concerns [19]. Farmers
may consider equipment failure, inaccurate recommendations, cyber incidents, subscription changes, data misuse, or
dependence on providers. The significance of these risks depends on production context. Failure during a low-stakes trial
differs from failure during irrigation, harvesting, or livestock monitoring.

Data ownership, privacy, and autonomy

Farmers’ reluctance to share data can reflect unclear rights, contractual asymmetry, and limited practical control [20]. A
contract may state that farmers own their data while granting providers broad rights to analyse or commercialize them.
Practical autonomy depends on whether farmers can understand terms, restrict secondary use, correct errors, export
data, and leave a service without disproportionate loss.

Autonomy concerns also apply to algorithmic recommendations. Farmers may welcome decision support while resisting
opaque systems that narrow professional judgment or make automated actions difficult to override.

Compatibility and material integration

Adoption is produced through alignment among technologies, equipment, farm routines, knowledge, and relationships
[21]. Incompatible systems can require duplicate data entry, parallel records, repeated workarounds, or reliance on
outside specialists. Such conditions may lead to partial adoption rather than complete rejection.

Reliability and maintenance are also important. Recurrent calibration, software faults, connectivity problems, or repair
delays can generate frustration and reduce perceived value. Acquisition is therefore not equivalent to implementation.

Advisory support and learning

Advisers may translate technical information, connect tools with local decisions, facilitate trials, and support interpretation
[22]. These functions can activate learning, trust, and decision confidence. However, support depends on adviser
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competence, accessibility, independence, workload, and institutional resources.

Advisers may themselves lack access to platform data or sufficient training. Support available only at the point of
purchase may encourage acquisition without sustaining use.

The principal enabling mechanisms are perceived usefulness, credible value, compatibility, trust, decision confidence,
learning, observability, social legitimacy, and perceived control. Constraining mechanisms include affordability concern,
uncertainty, complexity, frustration, privacy concern, autonomy concern, platform dependency, and maintenance burden.

The principal pathways connecting these contexts, mechanisms, and outcomes are shown in Figure 1.

Recursive Realist Programme Theory for Smart Farming Implementation
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Figure 1. Context-conditioned mechanisms leading to smart farming adoption and failure

Alt-text. A three-part diagram showing contexts on the left, enabling and constraining mechanisms in the centre, and
differentiated outcomes on the right. Feedback arrows connect outcomes with later farmer assessments.

Outcomes and Implementation Conditions

Innovation uncertainty can delay, constrain, or redirect adoption [23]. Uncertainty may concern technical performance,
integration costs, provider stability, compatibility, and benefit timing. Farmers may recognize potential usefulness while
postponing investment until evidence improves.

Adoption refers to initial access or use. Partial adoption refers to selected functions or limited areas. Sustained use
requires continuing value, acceptable workload, reliability, and support. Discontinuance refers to cessation after prior use,
while abandonment refers to exit after implementation becomes unworkable. Implementation failure occurs when a
technology does not become meaningfully embedded in routine practice.
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Digitalisation is also reorganizing agricultural knowledge and advice networks [24]. These networks influence which
technologies become visible, how claims are interpreted, and who supports troubleshooting. Strong networks can provide
translation and validation. Fragmented systems may leave farmers dependent on vendors or informal assistance.

Digital extension requires user-centered design, institutional integration, local relevance, and attention to exclusion [25].
Device access alone does not establish meaningful participation. Farmers also require the ability to interpret information,
guestion recommendations, obtain support, protect data, and influence system design.

Agricultural digital transformation can be understood as a socio-cyber-physical process linking people, institutions, digital
infrastructures, data, equipment, and biological production systems [26]. Failure can arise when any of these elements is
poorly aligned. A technically accurate model may have little value if required data are unavailable. Reliable sensors may
be underused when outputs do not fit decisions.

Agriculture 4.0 should therefore be assessed in relation to people, production, and environmental consequences [27].
Adoption alone does not demonstrate agronomic, economic, social, or environmental benefit. Evaluation should examine
reliability, workload, usability, autonomy, data rights, distribution of benefits, and capacity to exit.

Implementation capacity is distributed among farmers, advisers, providers, machinery dealers, telecommunications
companies, public institutions, researchers, and platform operators. Failure should not automatically be attributed to
farmers.

Realist Synthesis

Uneven resources, infrastructure, and representation can produce unequal engagement with digital farming [28]. Farms
with stronger capital and support may capture early benefits, while less-resourced farms face higher proportional costs or
technologies poorly adapted to their needs.

Ethical questions involving privacy, accountability, fairness, and autonomy are integral to implementation [29].
Transparent and credible governance may strengthen trust and perceived control. Opaque arrangements may produce
restricted data sharing, conditional adoption, or resistance.

Digital farming platforms can create path dependency by structuring data flows, services, and future choices [30].
Integrated platforms may offer convenience while increasing switching costs or dependence on proprietary formats.
Farmers may therefore balance usefulness against possible loss of control.

Supply-side structures also shape implementation. Providers, machinery companies, telecommunications firms, public
institutions, and data businesses influence which technologies are developed, priced, supported, and maintained [31].
Farmer-level training cannot solve provider instability, absent broadband, weak interoperability, or concentrated platform
power.

The main configurations are summarized in Table 2.

Table 2. Context-mechanism—outcome configurations explaining differentiated smart farming outcomes

Configuration Context Mechanism Possible outcome Boundary
Resource-enabled Suitable resources, Usefulness and Adoption or sustained Resources do not
implementation infrastructure, support, implementation use guarantee benefit

and workflow fit confidence
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Financial
vulnerability

Limited capital and
uncertain returns

Credible and accessible
support

Advisory mediation

Weak technical Unresolved faults and

support repair delays
Connectivity Unstable or expensive
constraint connectivity

Opaque data
governance

Unclear rights or
secondary data uses

Interoperable Compatible equipment,

workflow data, and routines
Platform Proprietary systems and
dependency high switching costs

Peer-visible benefit Credible experience
among comparable

farmers

Recursive feedback Real-world use reveals
value, burden, or risk

Affordability concern
and loss avoidance

Trust, learning, and
decision confidence

Frustration and
maintenance burden

Low usability
confidence

Privacy and
autonomy concern

Lower integration
burden

Loss-of-control
concern

Social learning and
legitimacy

Updated trust and
perceived value
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Non-adoption may be
rational

Delay, non-adoption,
or restricted trial

Advice cannot correct
unsuitable technology

Trial, adaptation, or
continued use

Underuse, Support presence does
abandonment, or not prove quality
failure

Partial use or
discontinuance

Connectivity alone
does not ensure
adoption

Resistance or
conditional adoption

Formal consent may
not provide meaningful
control

Easier or broader use  Interoperability is not

sufficient alone

Conditional use,
resistance, or trust
erosion

Dependency varies by
setting

Peer evidence may
also discourage
adoption

Trial or adoption
interest

Continued use,
adaptation, or exit

Mechanisms change
over time

The programme theory generated by the review is recursive rather than linear. Farmers initially appraise technologies
through existing resources, expectations, information, risks, and relationships. Trial and implementation then generate
new evidence. Farmers learn whether technologies work under actual connectivity, labour, weather, equipment, and time
constraints.

Experience updates perceived usefulness, trust, capability, compatibility, and risk. Positive experience may reinforce
continued use. Recurrent problems may produce partial use, discontinuance, or abandonment. Outcomes also change
the surrounding context because advisers gain experience, providers modify services, and institutions revise support
arrangements.
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Context-Conditioned Mechanisms Leading to Smart Farming Adoption and Failure
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Figure 2. Recursive realist programme theory for smart farming implementation

Alt-text. A circular model showing contextual appraisal, trial, implementation, experience, mechanism updating, and
continuation or exit. Feedback loops connect outcomes with later implementation cycles.

Future Research and Implementation Agenda

Future research should move beyond cross-sectional adoption intentions and examine how mechanisms change during
implementation. Prospective realist evaluation could test whether particular resources activate the expected reasoning in
contrasting contexts.

Longitudinal studies are needed because initial enthusiasm may decline when maintenance becomes visible, while
skepticism may decrease after reliable performance. Usage data should be combined with interviews, observations,
support records, and cost evidence because login frequency does not establish meaningful use or benefit.

Failure and abandonment require direct study. Research should document faults, workarounds, unmet expectations,
support breakdowns, data problems, and exit decisions. Partial adoption should also be examined at the function level
rather than treated as incomplete uptake.

Usability studies should occur under actual farm conditions, including weather, dust, gloves, time pressure, intermittent
connectivity, and seasonal workload. Farmer participation should influence problem definition, not only interface testing.

Data-governance research should examine what happens when farmers attempt to retrieve, correct, transfer, restrict, or
delete data. Interoperability should be tested through practical switching and data-migration exercises rather than vendor
claims.
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Equity monitoring should identify who participates, who benefits, who bears implementation costs, and who remains
absent from design and evaluation.

Priority

Realist adoption
evaluation

Longitudinal use
studies

Failure
documentation

Partial-adoption
research

Farmer-centered
usability

Advisory-support
evaluation

Data governance
and trust
Platform autonomy

Interoperability

Equity monitoring

Table 3. Future research and implementation agenda

Required advance

Prospective testing of CMO
propositions

Follow technologies from trial to
exit
Study abandoned and stalled

implementations

Measure use by component and
function

Evaluate systems in real farm
conditions

Assess adviser competence and
independence

Compare contracts with actual
practice

Study switching and
dependency

Test real cross-system
integration

Disaggregate access, costs,
benefits, and control

Main evidence need

Context, reasoning, process,
and outcome evidence

Changing value, support, cost,
and reliability

Faults, burdens, workarounds,
and exit decisions

Selected, ignored, or replaced
functions

Workload, errors, accessibility,
and learning

Advice processes and farmer
decisions

Data use, portability, remedies,
and incidents

Exit costs, migration, and
override behavior

Data transfer, duplication, and
workflow burden

Distributional and participation
evidence

Boundary

Does not prove universal
causality

Continued use is not proof
of benefit

Failure remains context
specific

Partial use may be adaptive

Usability does not
guarantee value

Adviser presence is not
enough

Trust scores are insufficient

Platform use does not
prove loss of autonomy

Standards do not ensure
seamless use

Access alone is not
inclusion

Conclusion

Smart farming adoption is not determined by technology availability, farmer attitude, affordability, trust, or skills alone. It is
a context-dependent implementation process involving farms, users, technologies, infrastructures, advisers, institutions,
markets, and governance arrangements.

Adoption, partial adoption, sustained use, discontinuance, abandonment, and implementation failure are distinct
outcomes. Adoption may result from usefulness, compatibility, confidence, and support but remain superficial or
unsustainable. Non-adoption may reflect financial constraint, unsuitable design, weak infrastructure, distrust, or legitimate
autonomy concerns. Partial adoption may represent practical adaptation rather than incomplete acceptance.

Mechanisms operate through context. Trust matters when transparency and accountability make vulnerability acceptable.
Training matters when the system is relevant and learnable. Advisory support matters when advisers are capable and
independent. Affordability matters in relation to total cost, uncertainty, and financial exposure. No single mechanism
guarantees adoption or beneficial outcomes.
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The proposed programme theory treats implementation as recursive. Experience changes value judgments, trust,
capability, risk perception, and willingness to continue. Responsible implementation therefore requires reliable
infrastructure, farmer-centered design, credible support, interoperability, transparent data governance, meaningful
autonomy, and practical options for feedback and exit.

The configurations developed in this review are explanatory propositions requiring empirical testing. They do not predict
individual farmer behavior, establish universal causality, or provide a guaranteed implementation formula.

Acknowledgements

None

Conflict of interest

None

Financial support

None

Ethics statement

None

Received: 12 Sep 2025 Revised: 19 Oct 2025 Accepted: 17 Dec 2025
Published online: 25 May 2026

Rights and permissions

Open Access The author(s) retain copyright. This article is licensed under the Creative Commons Attribution-NonCommercial-ShareAlike 4.0
International License. It may be shared and adapted for non-commercial purposes with appropriate attribution, an indication of changes, and
distribution of adaptations under the same license. Third-party material may be subject to separate terms identified in its credit line. View the license
at https://creativecommons.org/licenses/by-nc-sa/4.0/.

References

Klerkx L, Jakku E, Labarthe P. A review of social science on digital agriculture, smart farming and agriculture 4.0: New contributions
and a future research agenda. NJAS Wagening J Life Sci. 2019;90-91:100315.
https://doi.org/10.1016/j.njas.2019.100315.

Rose DC, Chilvers J. Agriculture 4.0: Broadening responsible innovation in an era of smart farming. Front Sustain Food Syst.
2018;2:87.
https://doi.org/10.3389/fsufs.2018.00087.

Rotz S, Duncan E, Small M, Botschner J, Dara R, Mosby I, et al. The politics of digital agricultural technologies: A preliminary
review. Sociol Ruralis. 2019;59(2):203-29.


https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1016/j.njas.2019.100315
https://doi.org/10.3389/fsufs.2018.00087
https://doi.org/10.1111/soru.12233

Botha et al. Journal of Smart Farming, Precision Agriculture and Data Science (2026) 3:106

Page 13 of 15
https://doi.org/10.68159/y744205734 9

https://doi.org/10.1111/soru.12233.

Klerkx L, Rose DC. Dealing with the game-changing technologies of Agriculture 4.0: How do we manage diversity and responsibility
in food system transition pathways? Glob Food Sec. 2020;24:100347.
https://doi.org/10.1016/j.gfs.2019.100347.

Barnes AP, Soto |, Eory V, Beck B, Balafoutis AT, Sanchez B, et al. Exploring the adoption of precision agricultural technologies: A
cross regional study of EU farmers. Land Use Policy. 2019;80:163-74.
https://doi.org/10.1016/j.landusepol.2018.10.004.

Paustian M, Theuvsen L. Adoption of precision agriculture technologies by German crop farmers. Precis Agric. 2017;18(5):701-16.
https://doi.org/10.1007/s11119-016-9482-5.

Kernecker M, Knierim A, Wurbs A, Kraus T, Borges F. Experience versus expectation: Farmers’ perceptions of smart farming
technologies for cropping systems across Europe. Precis Agric. 2020;21(1):34-50.
https://doi.org/10.1007/s11119-019-09651-z.

Gabriel A, Gandorfer M. Adoption of digital technologies in agriculture—an inventory in a European small-scale farming region.
Precis Agric. 2023;24(1):68-91.
https://doi.org/10.1007/s11119-022-09931-1.

de Weger EJ, van Vooren NJE, Wong G, Dalkin S, Marchal B, Drewes HW, et al. What's in a realist configuration? Deciding which
causal configurations to use, how, and why. Int J Qual Methods. 2020;19:1609406920938577.
https://doi.org/10.1177/1609406920938577.

Greenhalgh J, Manzano A. Understanding ‘context’ in realist evaluation and synthesis. Int J Soc Res Methodol. 2022;25(5):583-95.
https://doi.org/10.1080/13645579.2021.1918484.

Nielsen K, Miraglia M. What works for whom in which circumstances? On the need to move beyond the “what works?” question in
organizational intervention research. Hum Relat. 2017;70(1):40-62.
https://doi.org/10.1177/0018726716670226.

Lowenberg-DeBoer J, Erickson B. Setting the record straight on precision agriculture adoption. Agron J. 2019;111(4):1552-69.
https://doi.org/10.2134/agronj2018.12.0779.

Michels M, Fecke W, Feil JH, Musshoff O, Pigisch J, Krone S. Smartphone adoption and use in agriculture: Empirical evidence from
Germany. Precis Agric. 2020;21(2):403-25.
https://doi.org/10.1007/s11119-019-09675-5.

Kendall H, Clark B, Li W, Jin S, Jones GD, Chen J, et al. Precision agriculture technology adoption: A qualitative study of small-
scale commercial “family farms” located in the North China Plain. Precis Agric. 2022;23(1):319-51.
https://doi.org/10.1007/s11119-021-09839-2.

Bolfe EL, Jorge LAdC, Sanches ID, Luchiari Junior A, da Costa CC, Victoria DdC, et al. Precision and digital agriculture: Adoption of
technologies and perception of Brazilian farmers. Agriculture. 2020;10(12):653.
https://doi.org/10.3390/agriculture10120653.

Knitsch V, Daniel L, Welz J. Mapping varieties of farmers’ experience in the digital transformation: A new perspective on
transformative dynamics. Precis Agric. 2024;25(4):1958-81.
https://doi.org/10.1007/s11119-024-10148-7.

Caffaro F, Micheletti Cremasco M, Roccato M, Cavallo E. Drivers of farmers’ intention to adopt technological innovations in Italy:
The role of information sources, perceived usefulness, and perceived ease of use. J Rural Stud. 2020;76:264-71.
https://doi.org/10.1016/j.jrurstud.2020.04.028.


https://doi.org/10.1111/soru.12233
https://doi.org/10.1016/j.gfs.2019.100347
https://doi.org/10.1016/j.landusepol.2018.10.004
https://doi.org/10.1007/s11119-016-9482-5
https://doi.org/10.1007/s11119-019-09651-z
https://doi.org/10.1007/s11119-022-09931-1
https://doi.org/10.1177/1609406920938577
https://doi.org/10.1080/13645579.2021.1918484
https://doi.org/10.1177/0018726716670226
https://doi.org/10.2134/agronj2018.12.0779
https://doi.org/10.1007/s11119-019-09675-5
https://doi.org/10.1007/s11119-021-09839-2
https://doi.org/10.3390/agriculture10120653
https://doi.org/10.1007/s11119-024-10148-7
https://doi.org/10.1016/j.jrurstud.2020.04.028

Botha et al. Journal of Smart Farming, Precision Agriculture and Data Science (2026) 3:106

Page 14 of 15
https://doi.org/10.68159/y744205734 9

Jakku E, Taylor B, Fleming A, Mason C, Fielke S, Sounness C, et al. “If they don't tell us what they do with it, why would we trust
them?” Trust, transparency and benefit-sharing in smart farming. NJAS Wagening J Life Sci. 2019;90-91:100285.
https://doi.org/10.1016/j.njas.2018.11.002.

Regan A. ‘Smart farming’ in Ireland: A risk perception study with key governance actors. NJAS Wagening J Life Sci. 2019;90-
91:100292.
https://doi.org/10.1016/j.njas.2019.02.003.

Wiseman L, Sanderson J, Zhang A, Jakku E. Farmers and their data: An examination of farmers’ reluctance to share their data
through the lens of the laws impacting smart farming. NJAS Wagening J Life Sci. 2019;90-91:100301.
https://doi.org/10.1016/j.njas.2019.04.007.

Higgins V, Bryant M, Howell A, Battersby J. Ordering adoption: Materiality, knowledge and farmer engagement with precision
agriculture technologies. J Rural Stud. 2017;55:193-202.
https://doi.org/10.1016/j.jrurstud.2017.08.011.

Ayre M, Mc Collum V, Waters W, Samson P, Curro A, Nettle R, et al. Supporting and practising digital innovation with advisers in
smart farming. NJAS Wagening J Life Sci. 2019;90-91:100302.
https://doi.org/10.1016/j.njas.2019.05.001.

Eastwood CR, Renwick A. Innovation uncertainty impacts the adoption of smarter farming approaches. Front Sustain Food Syst.
2020;4:24.
https://doi.org/10.3389/fsufs.2020.00024.

Fielke S, Taylor B, Jakku E. Digitalisation of agricultural knowledge and advice networks: A state-of-the-art review. Agric Syst.
2020;180:102763.
https://doi.org/10.1016/j.agsy.2019.102763.

Steinke J, van Etten J, Miller A, Ortiz-Crespo B, van de Gevel J, Silvestri S, et al. Tapping the full potential of the digital revolution
for agricultural extension: An emerging innovation agenda. Int J Agric Sustain. 2021;19(5-6):549-65.
https://doi.org/10.1080/14735903.2020.1738754.

Rijswijk K, Klerkx L, Bacco M, Bartolini F, Bulten E, Debruyne L, et al. Digital transformation of agriculture and rural areas: A socio-
cyber-physical system framework to support responsibilisation. J Rural Stud. 2021;85:79-90.
https://doi.org/10.1016/j.jrurstud.2021.05.003.

Rose DC, Wheeler R, Winter M, Lobley M, Chivers CA. Agriculture 4.0: Making it work for people, production, and the planet. Land
Use Policy. 2021;100:104933.
https://doi.org/10.1016/j.landusepol.2020.104933.

Bronson K. Looking through a responsible innovation lens at uneven engagements with digital farming. NJAS Wagening J Life Sci.
2019;90-91:100294.
https://doi.org/10.1016/j.njas.2019.03.001.

van der Burg S, Bogaardt MJ, Wolfert S. Ethics of smart farming: Current questions and directions for responsible innovation
towards the future. NJAS Wagening J Life Sci. 2019;90-91:100289.
https://doi.org/10.1016/j.njas.2019.01.001.

Carolan M. Acting like an algorithm: Digital farming platforms and the trajectories they (need not) lock-in. Agric Human Values.
2020;37(4):1041-53.
https://doi.org/10.1007/s10460-020-10032-w.


https://doi.org/10.1016/j.njas.2018.11.002
https://doi.org/10.1016/j.njas.2019.02.003
https://doi.org/10.1016/j.njas.2019.04.007
https://doi.org/10.1016/j.jrurstud.2017.08.011
https://doi.org/10.1016/j.njas.2019.05.001
https://doi.org/10.3389/fsufs.2020.00024
https://doi.org/10.1016/j.agsy.2019.102763
https://doi.org/10.1080/14735903.2020.1738754
https://doi.org/10.1016/j.jrurstud.2021.05.003
https://doi.org/10.1016/j.landusepol.2020.104933
https://doi.org/10.1016/j.njas.2019.03.001
https://doi.org/10.1016/j.njas.2019.01.001
https://doi.org/10.1007/s10460-020-10032-w

Botha et al. Journal of Smart Farming, Precision Agriculture and Data Science (2026) 3:106

Page 15 of 15
https://doi.org/10.68159/y744205734 9

Birner R, Daum T, Pray C. Who drives the digital revolution in agriculture? A review of supply-side trends, players and challenges.
Appl Econ Perspect Policy. 2021;43(4):1260-85.
https://doi.org/10.1002/aepp.13145.


https://doi.org/10.1002/aepp.13145

