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Abstract
This study examines the role of Agricultural Technology (AgriTech) in driving rural transformation and
evaluates the extent to which technological innovation can achieve a balance between efficiency and equity
within smallholder farming systems. Employing a qualitative approach with a descriptive-exploratory
design, data were collected through in-depth interviews, field observations, and document analysis
involving 25 purposively selected respondents, comprising smallholder farmers, agricultural extension
workers, AgriTech practitioners, and local government representatives. The findings reveal that AgriTech
adoption significantly enhances productivity, optimizes resource utilization, and expands market access for
smallholder farmers. Nevertheless, the overall adoption rate remains low due to structural constraints,
including limited digital literacy, inadequate rural infrastructure, and prohibitive technology costs.
Furthermore, the study identifies an emerging disparity in the distribution of technological benefits,
indicating that without deliberate inclusive strategies, digital transformation may exacerbate existing
socioeconomic inequalities in the agricultural sector. These findings underscore that sustainable agricultural
transformation requires not only technological innovation, but also equitable access, enhanced human
resource capacity, and evidence-based policy frameworks. This study contributes to the growing literature
on AgriTech by integrating the dual dimensions of innovation efficiency and social equity, offering both

theoretical enrichment and practical policy implications for inclusive agricultural development.
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Introduction

The global agricultural sector is undergoing unprecedented transformation driven
by the rapid advancement of digital technologies (Dayioglu & Tiirker, 2021; Hrustek,
2020; Yadav et al., 2023). Innovations within the domain of Agricultural Technology
(AgriTech) encompassing the Internet of Things (IoT), Artificial Intelligence (Al), big
data analytics, and digital agricultural platforms have fundamentally altered the
modalities of food production, distribution, and consumption (Syafi’l et al., 2023). These
developments unfold against a backdrop of increasing global food demand, accelerating
climate change, and finite natural resources. The Food and Agriculture Organization
(FAO) projects that global food demand will rise by approximately 50% by 2050,
rendering agricultural efficiency not merely desirable but imperative (Latham, 2021). In
this context, AgriTech emerges as a strategic solution capable of enhancing productivity,
optimizing input efficiency, and strengthening food system resilience (Pramesti, 2025)

Despite this considerable potential, the diffusion of AgriTech remains deeply
uneven, particularly among smallholder farmers who constitute the backbone of
agricultural systems in developing economies. Smallholder farmers account for the
majority of food production in the Global South, yet they represent the most vulnerable
segment to technological disruption. Structural barriers including insufficient access to
capital, low levels of digital literacy, and underdeveloped rural infrastructure significantly
impede the adoption of modern agricultural technologies. Consequently, innovations
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intended to enhance efficiency risk deepening pre-existing economic and social
disparities within the agricultural sector.

Indonesia presents a particularly instructive case of this dilemma. As one of the
largest agricultural economies in Southeast Asia, Indonesia faces the complex challenge
of simultaneously advancing agricultural modernization while ensuring its inclusivity for
smallholder farmers (Ronzhin et al., 2025; Spanaki et al., 2022). Digital transformation
in Indonesian agriculture exhibits considerable disparity between urban and rural contexts
(Fitriani et al., 2025; Ikbal et al., 2025a, 2025b). While some farmers have begun
leveraging digital applications for marketing, price information access, and precision
agriculture, a significant proportion continue to rely on conventional, labor-intensive
methods. This "digital divide" not only constrains productivity but also threatens the
overall welfare of rural communities (Chavula et al., 2024). Absent deliberate and
targeted interventions, technological disruption carries the risk of intensifying social
exclusion in rural areas.

Prior scholarship has explored the relationship between AgriTech and agricultural
productivity. Syafi’i et al. (2023) demonstrated that digital innovation can enhance
production efficiency and facilitate data-driven decision-making. Lowenberg-DeBoer
and Erickson (2019) emphasized the capacity of precision agricultural technologies to
simultaneously increase yields and reduce operational costs. Revealed that mobile
technology adoption in agriculture can substantially improve smallholder access to
market information (Mapiye et al., 2023; Nyagango et al., 2023; Wyche & Steinfield,
2016). However, the preponderance of existing studies concentrates narrowly on
efficiency and productivity outcomes, with insufficient attention to the dimensions of
equity and social inclusion. This gap constitutes the primary motivation for the present
study.

In an era of technological disruption, it is imperative to ensure that innovation
does not exclusively benefit privileged groups but is accessible equitably to all
agricultural stakeholders, particularly smallholder farmers (Pandey, 2025). An
exclusively efficiency-oriented approach risks overlooking critical social dimensions,
potentially generating new forms of inequality (Syafi’i et al., 2025). Accordingly, this
study calls for a comprehensive investigation that evaluates not only the productive
impacts of AgriTech, but also its implications for social inclusivity and rural
transformation.

The present study offers theoretical and empirical novelty by integrating two
perspectives that are frequently treated in isolation: innovation efficiency and social
equity. Unlike prior studies that tend to foreground one dimension, this research
systematically analyzes how both dimensions can be balanced within the context of
smallholder farming systems. Furthermore, this study examines the moderating role of
contextual factors including technology access, human resource capacity, and policy
support in determining the degree of inclusivity achieved through agricultural digital
transformation.
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The primary objective of this study is to analyze the role of AgriTech in fostering
rural transformation and to evaluate the extent to which technological innovation can
generate a balance between efficiency and equity for smallholder farmers. Specifically,
this research aims to assess the level of AgriTech adoption among smallholder farmers,
analyze the impact of AgriTech on farm productivity and business efficiency, evaluate
the factors influencing equitable access to agricultural technology and formulate
evidence-based policy strategies capable of supporting a more inclusive and sustainable
agricultural transformation.

This study is expected to make meaningful contributions both theoretically and
practically. Theoretically, it enriches the literature on digital transformation in agriculture
by incorporating social equity as a central analytical variable. Practically, the findings
provide actionable guidance for policymakers, industry actors, and non-governmental
organizations in designing more inclusive programs and policies. The study also offers
strategic insights for AgriTech entrepreneurs to develop innovations that prioritize social
impact alongside commercial viability.

The research implications extend to the necessity of a holistic approach to
AgriTech development, wherein technological dimensions must be integrated with public
policy, education, and community empowerment. Government actors bear a strategic
responsibility in providing digital infrastructure, advancing technological literacy, and
establishing enabling regulatory frameworks that support inclusion (Syafi et al., 2023).
Concurrently, the private sector bears a complementary obligation to ensure that the
innovations it develops are accessible to diverse societal groups, including smallholder
farmers. Through such collaborative efforts, agricultural transformation can transcend
productivity enhancement to realize a food system that is fair, inclusive, and sustainable.

Method
Research Design

This study employs a qualitative research approach with a descriptive-exploratory
design (Creswell & Creswell, 2023). This methodological choice is grounded in the
study's aim to develop a deep and contextually sensitive understanding of the
phenomenon of AgriTech-driven rural transformation and the dynamics by which the
balance between innovation efficiency and social equity is constituted within smallholder
farming systems. A descriptive-exploratory design is particularly well-suited to this
purpose, as it enables the investigation of social realities, subjective perceptions, and lived
experiences of smallholder farmers in adopting modern agricultural technologies, within
their natural contextual settings.

The qualitative approach affords analytical flexibility in capturing the complex
social, economic, and technological dynamics that emerge at the local level, thereby
facilitating a more holistic understanding than quantitative methods, which are typically
oriented toward variable measurement. Data analysis was conducted inductively,
whereby empirical field findings were employed to construct interpretive frameworks for
the phenomena under investigation. To enhance the credibility and validity of findings,
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methodological triangulation was applied, incorporating data from in-depth interviews,
structured questionnaires, and direct field observations.

Research Location and Participants

This study was conducted in rural areas characterized by active smallholder
agricultural practices and initial exposure to AgriTech solutionsincluding digital
agricultural applications, modern irrigation systems, and online marketing platforms for
agricultural produce. Research sites were selected through purposive sampling, with
deliberate consideration of regional representativeness in order to capture meaningful
variation in the level of technology adoption among smallholder farmers across different
agro-ecological and socioeconomic contexts.

A total of 25 respondents participated in this study, representing four key
stakeholder groups within the rural AgriTech ecosystem: smallholder farmers (n = 15;
60%), agricultural extension workers (n = 4; 16%), AgriTech startup practitioners (n = 3;
12%), and local government representatives (n = 3; 12%). Participation criteria were
established to ensure diversity in terms of educational background, years of farming
experience, and prior exposure to digital technology. Approximately 70% of the farmer
respondents reported more than ten years of farming experience, while only 40% had
prior experience with digital technology in their agricultural activities.

Data Collection Instruments

Data were collected through three primary instruments. In-depth semi-structured
interviews were conducted with all respondent groups to elicit nuanced perspectives on
AgriTech adoption, perceived benefits, and experienced barriers. A structured
questionnaire comprising Likert-scale items was administered to 19 respondents (farmers
and extension workers) to quantify perceptions of AgriTech utility and accessibility. Field
observations were conducted at multiple agricultural sites to directly document
technology adoption practices and social dynamics among farming communities.

Data Analysis

Qualitative data from interviews and observations were analyzed using thematic
analysis, involving iterative phases of data familiarization, code generation, theme
identification, and interpretive synthesis. Quantitative data from the questionnaire were
analyzed using descriptive statistics, including frequency distributions and percentage
calculations. Findings from all three data sources were integrated through triangulation
to produce a comprehensive and internally consistent account of the research phenomena.

Results and Discussion
Respondent Profile

The study involved 25 respondents purposively selected to represent the key
stakeholder groups within the rural AgriTech ecosystem, as detailed in Table 1.
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Table 1. Respondent Characteristics

Respondent Category n Percentage (%)
Smallholder Farmers 15 60

Agricultural Extension Workers 4 16

AgriTech Practitioners 3 12

Local Government Representatives 3 12

Total 25 100

Source: Primary data, processed by the authors

In terms of educational background, the majority of farmer respondents had attained
secondary education, whereas non-farmer stakeholders generally possessed tertiary
qualifications. Regarding agricultural experience, approximately 70% of farmer
respondents had been engaged in farming activities for more than ten years; however,
only 40% reported prior use of digital technology in their agricultural operations. This
profile indicates a predominantly experienced yet digitally underserved farming
population, which carries significant implications for technology adoption strategies.

Stakeholder Perspectives on AgriTech: Interview Findings

Interviews with stakeholder management groupsspecifically local government
representatives and AgriTech practitionersconsistently positioned AgriTech as a strategic
instrument for enhancing production efficiency. Nevertheless, respondents across all
groups acknowledged that its large-scale implementation continues to face substantial
structural obstacles. Key findings from the interviews are organized thematically as
follows:

Productivity and efficiency gains: Stakeholders affirmed that crop monitoring
technologies and digital marketing applications have produced measurable improvements
in farm productivity and market access. AgriTech practitioners cited evidence of reduced
post-harvest losses and enhanced supply chain coordination among adopting farmers
(Kaur & Watson, 2024).

Technology access gaps: A persistent digital divide was identified, particularly in
rural areas with limited internet connectivity and inadequate telecommunications
infrastructure. Respondents noted that even where technology solutions exist, their
geographic reach is confined to better-connected localities.

Digital literacy deficits: Low levels of digital literacy among smallholder farmers
were consistently cited as the primary barrier to technology adoption. Extension workers
emphasized that technology uptake is significantly contingent upon adequate training and
sustained mentoring support.

Policy implementation gaps: While government respondents acknowledged
existing policy commitments to agricultural digitalization, they also recognized
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discrepancies between policy intent and field-level implementation, attributing these gaps
to coordination challenges and resource constraints.

These findings are consistent with prior research by Lowenberg-DeBoer and
Erickson (2019), which demonstrated that the benefits of precision agricultural
technologies are frequently concentrated among better-resourced farmers. One extension
worker informant articulated the core challenge: "Technology is available, but not all
farmers are ready to use it. Mentoring is the key." This observation underscores the
insufficiency of technology provision alone and highlights the critical need for capacity-
building alongside technology deployment.

Farmer and Extension Worker Perceptions: Questionnaire Findings

A structured questionnaire was administered to 19 respondents (farmers and
extension workers) to systematically assess their perceptions of AgriTech utility,
usability, and distributional fairness. The results are presented in Table 2.

Table 2. Respondent Perceptions of AgriTech

Indicator Agree (n) Neutral (n) Disagree (n)
AgriTech enhances farm productivity 14 3 2
AgriTech is easy to use 8 5 6
Technology access is distributed 5 4 10
equitably
AgriTech improves farm income 12 4 3

Source: Primary data, processed by the authors

The questionnaire findings indicate that a majority of respondents recognize the
productive benefits of AgriTech, with 14 of 19 respondents agreeing that AgriTech
enhances farm productivity and 12 agreeing that it improves farm income. These findings
align with prior empirical evidence demonstrating the capacity of digital technologies to
optimize input utilization and improve harvest outcomes (Syafi’i et al., 2023). However,
perceptions of usability were more heterogeneous: only 8 of 19 respondents found
AgriTech easy to use, indicating persistent challenges in user interface design and
technology complexity relative to farmers' existing digital competencies.

Most notably, the indicator concerning equitable technology access yielded the
most negative response pattern, with 10 of 19 respondents disagreeing that access to
AgriTech is distributed equitably. This finding corroborates interview data and confirms
the existence of a significant access inequality, attributable to infrastructural deficiencies,
cost barriers, and differential levels of digital literacy. The implication is that AgriTech,
despite its demonstrated productivity benefits, has not yet achieved broad-based
inclusiona critical shortcoming for agricultural systems where the majority of producers
are smallholders.

59



Field Observation Findings

Direct field observations were conducted across multiple agricultural sites to
document AgriTech implementation practices and to observe the social dynamics of
technology adoption within farming communities. The observations revealed marked
differences between technology-adopting and non-adopting farmers, both in operational
practices and economic outcomes.

Farmers utilizing digital applications demonstrated the capacity to monitor real-
time market prices, enabling more strategic selling decisions and improved bargaining
positions with intermediaries. The adoption of modern irrigation systemsparticularly
sensor-based drip irrigationwas associated with water use efficiency improvements of
approximately 30%, constituting a substantial reduction in operational costs. In contrast,
farmers relying on conventional methods exhibited constrained market access, higher
input waste, and greater income variability due to dependence on informal price
information.

Field observations also illuminated a notable social dimension: a discernible
"technology gap" was observed between farmers who had adopted AgriTech and those
who had not, with the former increasingly occupying positions of advantage within local
agricultural trade networks (Syafi, 2023). This social stratification along technological
lines suggests that, absent targeted interventions, digital transformation may function as
a mechanism for deepening existing inequalities rather than attenuating them. These
observations are consistent with theoretical frameworks positing that technology adoption
is not socially neutral but is mediated by pre-existing socioeconomic structures (Syafi’i
et al., 2025)

Synthesis and Comparative Analysis

Integrating findings from interviews, questionnaire data, and field observations
reveals a consistent and coherent pattern: AgriTech holds significant potential to drive
agricultural productivity and rural transformation, yet its current trajectory of adoption is
partial, uneven, and insufficiently inclusive. The trade-off between efficiency and equity
emerges as the central tension requiring policy and programmatic attention.

The present findings align with and extend prior scholarship. While Syafi’i et al.
(2023) and Lowenberg-DeBoer and Erickson (2019) confirm AgriTech's efficiency
benefits, this study advances the field by demonstrating that these benefits are not
automatically distributed equitably. The critical contribution of this research lies in its
dual-dimensional analytical framework, which reveals that efficiency gains and social
equity are not inherently complementary: the former may be achieved in the short term
while the latter requires deliberate structural interventions.

Furthermore, the study reveals that successful digital transformation is mediated by
at least three categories of enabling conditions: technological readiness, encompassing
infrastructure and device access; human capital, including digital literacy and operational
competence and institutional support, comprising policy frameworks, extension services,
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and public-private partnerships. The absence of any one of these conditions substantially
constrains the inclusive potential of AgriTech.

Policy Implications

Based on the integrated findings of this study, several evidence-based policy
recommendations are advanced for policymakers, development practitioners, and
AgriTech industry actors:

a. Enhancement of digital literacy among smallholder farmers through structured,
sustained, and context-adapted training programs delivered in partnership with
agricultural extension services.

b. Strengthening of agricultural extension services by increasing the number,
geographic coverage, and technological competencies of extension workers,
positioning them as effective intermediaries between innovation and adoption.

c. Development of user-centered, locally appropriate AgriTech solutions that account
for the constraints and needs of smallholder farmers in terms of cost, language,
interface design, and connectivity requirements.

d. Provision of equitable digital infrastructure in rural areas, including broadband
connectivity and affordable device access, as a prerequisite for meaningful AgriTech
adoption.

e. Multi-stakeholder collaboration among government, private sector actors, and
academic institutions to co-develop an inclusive AgriTech ecosystem oriented
toward sustainable and equitable agricultural transformation.

These recommendations underscore that the success of agricultural transformation
is not reducible to technological innovation alone; it is fundamentally contingent upon
systemic support structures that encompass multiple stakeholders and institutional
domains.

Study Limitations

Several limitations of this study warrant acknowledgment. First, the relatively small
sample size (n = 25) may restrict the generalizability of findings to broader populations
of smallholder farmers and AgriTech stakeholders. Second, the geographic scope of the
study was confined to a specific rural region, and findings may not fully represent the
diversity of agricultural conditions, infrastructure levels, and policy environments found
across Indonesia or other developing country contexts. Third, the qualitative
methodological orientation, while appropriate to the exploratory nature of the research,
introduces the potential for interpretive subjectivity. Although triangulation was
employed to mitigate this risk, researcher bias cannot be entirely eliminated. Fourth, the
study does not incorporate quantitative measurement of productivity improvements or
cost efficiency gains in numeric terms, limiting the precision of economic impact
assessments. Future research is recommended to adopt a mixed-methods design
integrating quantitative impact measurement with qualitative contextual analysis.
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Expanding the geographic scope of investigation would additionally strengthen the
external validity of findings and facilitate cross-regional comparative analysis.

Conclusion

This study concludes that AgriTech plays a strategically significant role in driving
rural transformation by enhancing farm productivity, optimizing resource efficiency, and
expanding market access for smallholder farmers. However, these benefits have not been
realized equitably across the farming population. Structural constraints including limited
digital literacy, inadequate rural infrastructure, and prohibitive technology costs continue
to restrict the inclusivity of agricultural digitalization. The findings confirm the existence
of a fundamental trade-off between innovation efficiency and social equity, wherein
technological advancement may enhance aggregate productivity while simultaneously
deepening intra-sectoral inequalities if not accompanied by deliberate inclusive strategies.
Sustainable agricultural transformation therefore demands a comprehensive and multi-
dimensional approach that integrates technological innovation with capacity-building for
farmers, active engagement of agricultural extension workers, and structured
collaboration between government and the private sector. Only through such coordinated
institutional effort can digital transformation in the agricultural sector transcend narrow
productivity imperatives to achieve a system that is fair, inclusive, empowering, and
genuinely sustainable for all agricultural stakeholders particularly smallholder farmers.
This study contributes to the AgriTech literature by foregrounding the dual imperative of
efficiency and equity as inseparable analytical dimensions. It calls for future research to
deepen this integrated perspective through longitudinal, mixed-methods, and multi-
regional investigations that can capture the dynamic and evolving nature of agricultural
digital transformation in developing country contexts.
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