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ABSTRACT: Precision agriculture has increasingly been promoted as a pathway for improving productivity, input efficiency, 

environmental performance, and data-driven decision-making in perennial crop systems. In oil palm plantations, technologies such 

as remote sensing, unmanned aerial vehicles, machine learning, variable-rate fertilisation, digital farm records, and decision-support 

systems offer significant opportunities for yield improvement and sustainable intensification. However, the implementation of 

precision agriculture in smallholder-owned oil palm plantations remains constrained by multidimensional barriers. This article 

presents a qualitative literature review of recent scholarly works published mainly from 2020 onward to synthesise the technological, 

economic, institutional, infrastructural, agronomic, social, and policy-related challenges that shape smallholder adoption. The 

review argues that precision agriculture should not be understood merely as a technological package but as a socio-technical 

transformation requiring complementary assets, collective organization, trusted data governance, accessible finance, digital literacy, 

and supportive public policy. The findings indicate that individual smallholders often face high entry costs, limited plot-level data, 

fragmented landholdings, weak bargaining power, poor digital connectivity, and insufficient advisory services. Therefore, inclusive 

implementation requires phased adoption, cooperative-based service models, public–private–community partnerships, and 

integration with certification, traceability, and sustainable palm oil policy frameworks. The article concludes that smallholder 

precision agriculture can contribute to productivity, sustainability, and rural welfare only when technological innovation is 

embedded within institutional and policy ecosystems that reduce exclusion and distribute benefits fairly. 

KEYWORDS: Precision Agriculture; Oil Palm; Smallholders; Digital Agriculture; Remote Sensing; Variable-Rate Fertilization; 

Technology Adoption; Sustainability Certification; Agricultural Policy; Inclusive Innovation. 

 

1. INTRODUCTION 

Oil palm is one of the most economically important perennial 

crops in the humid tropics. It contributes substantially to rural 

income, export earnings, food processing, oleochemical 

industries, and bioenergy supply in major producing 

countries such as Indonesia and Malaysia. Yet the sector is 

also associated with persistent sustainability debates, 

including land-use change, biodiversity loss, greenhouse gas 

emissions, peatland conversion, labour concerns, and uneven 

distribution of benefits across value-chain actors. Within this 

complex landscape, smallholder oil palm farmers occupy a 

strategic but vulnerable position. They contribute 

significantly to planted area and fresh fruit bunch supply, but 

their productivity, market access, technical capacity, and 

compliance readiness often lag behind those of large-scale 

estates and better-organised scheme farmers  [1], [2], [3]. 

The productivity challenge is particularly important. Many 

smallholder plantations experience yield gaps caused by 

poor-quality seedlings, suboptimal fertilisation, limited soil 

and leaf analysis, inadequate harvesting intervals, ageing  

 

 

palms, weak drainage, lack of farm records, and insufficient 

access to agronomic advice. These limitations reduce  

household income and can indirectly increase pressure for 

land expansion. Sustainable intensification has therefore 

become a central policy and research concern: how can 

smallholder oil palm farmers increase productivity and 

profitability without expanding cultivation into forests, 

peatlands, or other ecologically sensitive areas? Precision 

agriculture offers one possible answer because it aims to 

improve farm management by applying the right input, at the 

right place, at the right time, and in the right amount  [4], [5]. 

Precision agriculture refers to a set of data-driven 

management approaches that use spatial, temporal, and 

sensor-based information to support decision-making. Its 

technologies include remote sensing, drones, geographic 

information systems, soil sensors, weather stations, machine 

learning models, mobile applications, farm management 

information systems, and variable-rate input application. In 

oil palm, precision agriculture can support tree counting, plot 

mapping, yield prediction, nutrient management, pest and 
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disease detection, replanting decisions, logistics planning, 

and sustainability monitoring  [6], [7], [8], [9]. 

However, the promise of precision agriculture should not 

obscure its uneven accessibility. Much of the technology is 

designed for commercial farms that have larger areas, 

stronger capital, skilled staff, reliable data infrastructure, and 

established management systems. Smallholder farmers, by 

contrast, often cultivate small and fragmented plots, operate 

under tight cash-flow constraints, have limited access to 

credit, and rely on informal knowledge networks. They may 

not own smartphones with sufficient functionality, may live 

in areas with weak connectivity, and may have limited ability 

to interpret digital recommendations. Consequently, the 

adoption of precision agriculture among smallholders is not 

simply a matter of technological diffusion; it is a question of 

social inclusion, institutional design, affordability, trust, and 

policy support [10], [11], [12]. 

This article provides a qualitative literature review on the 

barriers and challenges of implementing precision agriculture 

in smallholder-owned oil palm plantations. Unlike a 

systematic literature review, this article does not seek to apply 

an exhaustive PRISMA-based screening protocol. Instead, it 

uses interpretive and thematic synthesis to bring together 

recent literature on precision agriculture, digital agriculture, 

smallholder technology adoption, oil palm sustainability, 

remote sensing, nutrient management, and policy 

intervention. The guiding assumption is that smallholder 

precision agriculture must be understood as a socio-technical 

system. Technologies alone cannot transform smallholder oil 

palm production unless they are connected to farmer 

organisations, financing mechanisms, extension systems, 

data governance, market incentives, and sustainability policy 

[13]. 

The article addresses five questions. First, what are the 

conceptual and technological foundations of precision 

agriculture relevant to oil palm plantations? Second, what 

benefits can precision agriculture provide for oil palm 

management? Third, what prerequisites are required for 

effective implementation? Fourth, what barriers are faced by 

smallholder oil palm farmers? Fifth, what strategies and 

policy interventions can enable smallholders to benefit from 

precision agriculture? By answering these questions, the 

article aims to contribute to academic and policy debates on 

inclusive digital transformation in tropical commodity 

systems. 

 

2. LITERATURE REVIEW 

2.1 Conceptual Foundations of Precision Agriculture 

Precision agriculture emerged from the recognition that 

agricultural fields are not homogeneous. Soil fertility, slope, 

moisture, pest pressure, nutrient status, canopy condition, and 

yield potential vary across space and time. Conventional farm 

management often treats fields uniformly, applying the same 

fertiliser dosage, herbicide, or management schedule across 

large areas. Precision agriculture challenges this approach by 

using spatial data and analytical tools to identify variability 

and guide more targeted interventions  [4], [14], [15]. 

In conceptual terms, precision agriculture overlaps with 

digital agriculture, smart farming, and Agriculture 4.0. 

Digital agriculture emphasises the use of digital tools across 

the agricultural value chain. Smart farming highlights 

automation, sensors, artificial intelligence, and real-time 

decision systems. Agriculture 4.0 refers to the broader 

integration of cyber-physical systems, big data, robotics, and 

platform technologies into farming. Precision agriculture is 

more specifically concerned with site-specific management 

and input optimisation. Yet in practice, these concepts 

increasingly intersect because precision farming depends on 

digital data, connectivity, and computational analytics [11], 

[16], [17], [18], [19], [20]. 

A key conceptual point is that precision agriculture is not 

merely a collection of tools. It is a management logic. A drone 

image, for example, becomes meaningful only when it is 

translated into an actionable decision: which palms require 

nutrient correction, which drainage blocks need repair, which 

areas show disease symptoms, or which parts of a plantation 

should be prioritised for replanting. Similarly, a digital farm 

map becomes valuable only when farmers, cooperatives, 

extension agents, or mills use it to improve planning, 

traceability, or service delivery. Therefore, precision 

agriculture should be interpreted as an integrated decision-

support system rather than a stand-alone technology  [21], 

[22]. 

 
 

Figure 1 illustrates that precision agriculture in smallholder 

oil palm plantations should be understood as a socio-technical 

system rather than a narrow technological package. Data 

collected from farms, drones, satellites, soil tests, and digital 

records only become useful when they are converted into 

practical decisions on fertilisation, harvesting, drainage, 

replanting, pest control, and certification compliance. The 

figure also emphasises that smallholders rarely adopt 

precision agriculture alone. Their capacity to benefit from 

digital tools depends on the surrounding ecosystem, including 

cooperatives, extension agents, mills, technology providers, 

financial institutions, and public agencies. Therefore, the 

success of precision agriculture in smallholder oil palm 
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depends not only on technological accuracy but also on 

institutional coordination, farmer trust, affordability, and 

policy support [23], [24], [25]. 

2.2 Precision Agriculture Technologies Relevant to Oil 

Palm 

Several technological domains are relevant to oil palm. First, 

remote sensing provides spatial information on plantation 

conditions. Satellite imagery can be used to map oil palm 

distribution, monitor canopy cover, classify industrial and 

smallholder plantations, and detect land-use change. High-

resolution satellite products and machine learning 

classification have improved the ability to distinguish closed-

canopy oil palm plantations from other land covers [1]. This 

is important for sustainability monitoring, smallholder 

mapping, and certification [26], [27], [28]. 

Second, unmanned aerial vehicles or drones offer higher-

resolution imagery than many satellite products. Drones can 

support palm counting, stand inventory, canopy analysis, 

drainage assessment, and localised stress detection. In 

plantations with irregular planting patterns, missing palms, or 

mixed-age stands, drone imagery can help managers and 

farmer groups understand plot-level conditions more 

accurately. Deep learning approaches have demonstrated 

strong potential for large-scale oil palm tree detection from 

high-resolution imagery  [6]. 

Third, machine learning can support yield prediction and crop 

monitoring. Oil palm yield is influenced by rainfall, 

temperature, soil moisture, solar radiation, palm age, 

fertilisation, management practices, and harvesting 

efficiency. Machine learning models can identify nonlinear 

relationships between environmental variables and fresh fruit 

bunch yield. Recent studies show that supervised learning and 

remote sensing-based models can improve yield estimation 

and support more timely plantation decisions  [9], [29]. 

Fourth, precision nutrient management is particularly 

relevant because fertiliser is one of the largest cost 

components in oil palm production. Nutrient deficiencies 

reduce yield, but excessive or poorly timed fertilisation 

increases costs and can contribute to nutrient losses. Remote 

sensing, leaf nutrient analysis, soil testing, and variable-rate 

application can support more efficient fertiliser management. 

Research on variable-rate liquid fertiliser applicators for 

mature oil palm trees shows the technical feasibility of more 

targeted nutrient application, although the equipment and 

management capacity required may exceed what individual 

smallholders can afford [7]. 

 
 

Figure 2 summarises the main technological components of 

precision agriculture that are relevant to oil palm plantation 

management. The figure shows that each technology has a 

different function and level of complexity. Some tools, such 

as digital farm records, GPS-based plot mapping, and mobile 

advisory platforms, may be introduced at an early stage 

because they require relatively modest investment. Other 

technologies, such as UAV-based canopy analysis, machine 

learning prediction, and variable-rate fertiliser application, 

require stronger technical capacity and are more suitable for 

cooperative-based or service-provider models. This 

distinction is important because smallholder precision 

agriculture should be introduced progressively, beginning 

with low-cost and high-practicality tools before moving 

toward more advanced digital analytics and automation [24], 

[30], [31]. 

Fifth, digital platforms can support farm records, advisory 

services, certification documentation, traceability, and 

financial inclusion. Smallholders often lack accurate records 

on planting year, fertiliser use, yield, harvesting intervals, and 

farm boundaries. Digital record systems can improve farm 

planning and provide data required by certification schemes, 

mills, government agencies, or financial institutions. 

However, such systems must be designed to match 

smallholder realities, including language, usability, trust, 

connectivity, and data ownership concerns [10], [12]. 

2.3 Benefits of Precision Agriculture in Oil Palm 

The first potential benefit is productivity improvement. 

Precision agriculture can help identify underperforming areas 

within smallholder plots. Some palms may suffer from 

nutrient deficiency, poor drainage, disease, pest attack, or 

ageing. Without spatial monitoring, these problems may 

remain hidden until yield losses become severe. Through plot 

mapping, canopy monitoring, and targeted advisory, farmers 

can allocate attention and inputs more effectively  [6], [8]. 

The second benefit is input efficiency. Fertiliser is expensive, 

and smallholders often apply it based on generalised 

recommendations or available cash rather than actual nutrient 

needs. Precision nutrient management can help reduce under-

application in deficient zones and over-application in areas 

where nutrients are sufficient. This improves both 
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profitability and environmental performance. In large-scale 

plantations, evidence suggests that weed control and nutrient 

management practices can affect nutrient leaching and 

environmental outcomes, indicating the importance of better 

input targeting  [32]. 

The third benefit is sustainability compliance. Certification 

schemes increasingly require documentation of farm 

boundaries, legality, good agricultural practices, 

environmental protection, and traceability. Digital mapping 

and farm records can help smallholders meet these 

requirements. Precision agriculture may therefore serve not 

only as a productivity tool but also as a compliance and 

market-access tool. This is important because independent 

smallholders often face greater difficulty than scheme 

smallholders in meeting certification standards [33], [34]. 

The fourth benefit is improved decision-making for 

replanting. Many smallholder plantations contain ageing 

palms, but replanting is costly because it temporarily reduces 

income. Precision data can help identify which blocks should 

be replanted first, estimate productivity decline, and support 

loan applications or government replanting programs. A more 

accurate farm inventory can reduce uncertainty and improve 

coordination between farmers, cooperatives, banks, and 

public agencies  [3]. 

The fifth benefit is value-chain transparency. Palm oil supply 

chains face pressure from buyers, regulators, and civil society 

to demonstrate that production is legal, traceable, and 

deforestation-free. Digital mapping and traceability systems 

can help integrate smallholders into sustainable supply 

chains. However, this benefit will materialise only if 

smallholders are rewarded through better market access, 

technical services, or price incentives. Otherwise, digital 

traceability may become an additional compliance burden 

rather than a development opportunity  [35], [36], [37]. 

2.4 Prerequisites for Effective Implementation 

Several prerequisites are required for precision agriculture to 

work in smallholder oil palm contexts. The first is reliable 

plot-level data. Farmers need accurate information on land 

boundaries, palm age, planting density, yield history, soil 

condition, fertiliser application, and management practices. 

Without baseline data, precision agriculture 

recommendations may be inaccurate or too generic [26], [38], 

[39]. 

The second prerequisite is affordability. Smallholders are 

unlikely to purchase drones, sensors, advanced software, or 

variable-rate applicators individually. Therefore, access 

models matter. Cooperative-based services, pay-per-use 

drone mapping, shared soil testing, public extension 

platforms, and mill-supported advisory services may be more 

realistic than individual ownership [40], [41], [42]. 

The third prerequisite is human capacity. Digital tools require 

interpretation. A farmer may receive a nutrient map, but still 

needs practical advice on fertiliser type, dosage, timing, and 

application method. Precision agriculture must therefore be 

linked to extension services, farmer field schools, and local 

technicians. Capacity building should include both digital 

literacy and agronomic reasoning [11], [12]. 

The fourth prerequisite is rural infrastructure. Digital 

agriculture depends on electricity, mobile networks, internet 

connectivity, cloud systems, and device availability. In 

remote plantation areas, weak connectivity can limit real-time 

data transfer and platform use. Low-cost, offline-capable 

tools may be necessary for smallholders in such environments 

[43], [44], [45]. 

The fifth prerequisite is institutional trust. Farmers may worry 

that farm data will be used by companies, banks, government 

agencies, or buyers in ways that disadvantage them. Data 

collection can create fear of land control, exclusion from 

supply chains, taxation, or sanctions. Farmer-centric data 

governance is therefore essential. Farmers should know what 

data are collected, who controls them, how they are used, and 

what benefits they receive (Wiseman et al. 2021; Bronson 

2022). 

 

3. METHOD 

This article uses a qualitative literature review design. A 

qualitative literature review is appropriate when the objective 

is to interpret, synthesise, and organise existing knowledge 

into meaningful themes rather than to measure effect sizes or 

exhaustively screen all available studies. It differs from a 

systematic literature review in several ways. A systematic 

review usually follows a predefined search protocol, 

inclusion and exclusion criteria, database strategy, screening 

procedure, and reporting framework such as PRISMA. A 

qualitative literature review is more flexible, interpretive, and 

conceptually oriented. It allows the researcher to combine 

theoretical, empirical, technical, and policy literature to 

develop a narrative synthesis [46], [47]. 

The literature reviewed for this article includes peer-reviewed 

journal articles, review papers, empirical studies, and 

technology-focused studies published mainly from 2020 

onward. Older studies are used selectively where they provide 

foundational concepts or a widely cited background. The 

search focused on several themes: precision agriculture, 

digital agriculture, smart farming, Agriculture 4.0, 

smallholder technology adoption, oil palm remote sensing, oil 

palm yield prediction, nutrient management, sustainability 

certification, traceability, and agricultural policy. 

The review followed an interpretive thematic process. First, 

literature on the conceptual foundations and technologies of 

precision agriculture was examined. Second, oil palm-

specific studies were reviewed to identify relevant 

applications such as tree counting, nutrient classification, 

yield prediction, and plantation mapping. Third, smallholder 

digital agriculture and technology adoption studies were 

analysed to identify barriers and enabling conditions. Fourth, 

palm oil sustainability and certification literature were used 

to interpret the policy relevance of precision agriculture for 

smallholders. The evidence was then grouped into seven 

major themes: technological, economic, human-capital, 
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infrastructural, agronomic, institutional, and market-related 

barriers [46]. 

This approach has limitations. Because it is not a systematic 

review, it does not claim exhaustive coverage. The selection 

of literature is interpretive and oriented toward conceptual 

synthesis. In addition, oil palm-specific research on precision 

agriculture for smallholders remains limited. Many technical 

studies focus on large plantations or experimental settings, 

while many smallholder studies focus on adoption barriers 

without directly examining precision agriculture. Therefore, 

the article synthesises both oil palm-specific and broader 

smallholder digital agriculture literature. This is justified 

because many adoption barriers are shared across smallholder 

contexts, even though oil palm has unique agronomic and 

value-chain characteristics. 

 

4. RESULTS: THEMATIC FINDINGS 

The thematic synthesis indicates that the barriers to precision 

agriculture adoption among smallholder oil palm farmers are 

not isolated or purely technical. Rather, they form an 

interconnected set of constraints involving technology 

design, investment capacity, digital and agronomic literacy, 

rural infrastructure, farm structure, institutional support, data 

governance, and value-chain incentives. As illustrated in 

Figure 3, these barriers interact around the central issue of 

smallholder precision agriculture adoption: expensive and 

complex technologies are difficult to use without adequate 

training; limited digital literacy reduces the usefulness of 

remote sensing and advisory platforms; poor connectivity 

constrains digital data flows; fragmented plots reduce 

economies of scale; weak cooperatives limit collective access 

to services; and insufficient market incentives reduce 

farmers’ motivation to invest in new practices. This section, 

therefore, presents the findings thematically, beginning with 

technological barriers and then moving to economic, human-

capital, infrastructural, agronomic, institutional, social, and 

market-related constraints that shape the feasibility of 

precision agriculture in smallholder-owned oil palm 

plantations [25], [48], [49], [50], [51]. 

 

 

Figure 3 presents the thematic structure of the barriers 

identified in the literature. The figure highlights that the 

constraints faced by smallholder oil palm farmers are 

multidimensional and mutually reinforcing. High technology 

costs are closely linked to weak access to finance; limited 

digital literacy reduces the usefulness of advisory platforms; 

poor rural connectivity restricts data transmission; 

fragmented plots reduce economies of scale; and weak farmer 

organisations limit collective access to services. This means 

that precision agriculture adoption should not be analysed as 

a single technical decision. Instead, it should be examined as 

an outcome shaped by the interaction of technology, finance, 

knowledge, infrastructure, institutions, farm structure, and 

market incentives [23], [24], [52], [53], [54]. 

4.1 Technological Barriers 

The first major barrier is technological mismatch. Precision 

agriculture tools are often designed for large farms or 

commercial estates where economies of scale justify 

investment in drones, sensors, software subscriptions, and 

specialised staff. Smallholder oil palm farmers generally 

manage smaller plots, often below the scale at which 

advanced technologies become individually profitable. Even 

when technologies are technically feasible, their design may 

not fit the operational realities of smallholder farms  [4], [5], 

[25], [55]. 

A second technological barrier is complexity. Remote 

sensing maps, vegetation indices, machine learning outputs, 

and nutrient classifications are not automatically useful to 

farmers. They must be translated into simple, actionable 

recommendations. For example, a map indicating low canopy 

vigour is useful only if the farmer receives guidance on 

whether the problem is nutrient deficiency, water stress, 

disease, poor drainage, or ageing palms. Without 

interpretation, precision data can overwhelm rather than 

empower farmers [19], [56], [57]. 

A third barrier is a lack of interoperability. Smallholders may 

interact with multiple actors: cooperatives, mills, extension 

agents, banks, certification bodies, and government agencies. 

Each may use different data formats, platforms, or reporting 

requirements. Fragmented digital systems increase 

transaction costs and discourage adoption. Interoperability is 

particularly important if precision agriculture is expected to 

support traceability and certification [52], [58], [59], [60], 

[61]. 

A fourth technological barrier is insufficient localisation. 

Smallholder oil palm plantations vary in soil, slope, palm age, 

drainage, management history, and access to roads. Tools 

calibrated for large estates may not perform well in 

fragmented smallholder landscapes. Algorithms trained on 

commercial plantation imagery may misclassify smallholder 

plots with mixed vegetation, irregular planting patterns, or 

intercropping. Local validation is therefore necessary before 

digital recommendations can be trusted[62], [63], [64], [65]. 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10721                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

4.2 Economic and Financial Barriers 

Cost is one of the most frequently cited barriers to precision 

agriculture adoption. Drones, sensors, satellite analytics, 

software, soil testing, and advisory services require 

investment. Smallholders often operate with limited cash 

flow and may prioritise immediate household needs over 

uncertain technology investments. Even relatively low-cost 

digital tools may be unaffordable when farmers lack stable 

income or face volatile fresh fruit bunch prices  [4], [15], [66]. 

Return on investment is also uncertain. Precision agriculture 

generates benefits over time, but smallholders may not clearly 

see how digital mapping or nutrient analysis will translate 

into higher income. If fertiliser prices are high, farmers may 

reduce application regardless of technical recommendations. 

If market prices are low, they may delay investment in 

technology. Adoption, therefore, depends not only on 

potential benefits but also on perceived risk and short-term 

liquidity [25], [67], [68], [69]. 

Access to finance is another challenge. Formal lenders may 

require land certificates, credit history, cooperative 

membership, or stable income records. Independent 

smallholders may lack such documentation. Ironically, 

precision agriculture could help produce farm records that 

improve creditworthiness, but farmers may need financing 

before they can adopt the tools that generate those records. 

This creates a circular constraint [70], [71], [72], [73]. 

Collective financing may reduce the burden. Cooperatives 

could purchase drone mapping services, organise soil testing, 

or employ digital extension workers on behalf of members. 

Mills or buyers could co-finance digital traceability if they 

benefit from more reliable supply-chain data. Government 

programs could subsidise early-stage adoption. Without such 

arrangements, precision agriculture may remain concentrated 

among larger and wealthier farmers [74], [75], [76]. 

4.3 Human Capital and Digital Literacy Barriers 

Precision agriculture requires knowledge. Farmers need to 

understand why spatial variability matters, how data are 

collected, and how recommendations should be applied. 

Digital literacy is therefore central. Smallholders with limited 

education or limited smartphone experience may find digital 

applications difficult to use. Older farmers may rely more 

heavily on traditional experience, while younger household 

members may be more comfortable with mobile technologies 

[12], [49], [77]. 

However, digital literacy alone is insufficient. Agronomic 

literacy is also required. A farmer may know how to use a 

mobile application but still lack understanding of soil fertility, 

nutrient deficiency symptoms, fertiliser timing, palm 

physiology, or pest management. Precision agriculture, 

therefore, requires hybrid knowledge: digital skills combined 

with practical agronomy [78], [79], [80]. 

Extension services play a critical role, but many rural 

extension systems are under-resourced. One extension 

worker may be responsible for many villages or farmer 

groups. Extension agents may themselves lack training in 

remote sensing, digital records, or precision nutrient 

management. This creates a capacity gap between 

technological innovation and field-level implementation[81], 

[82], [83]. 

Peer learning can partially address this gap. Farmers are more 

likely to trust technologies when they see benefits 

demonstrated by neighbours or cooperative leaders. 

Demonstration plots, farmer field schools, and participatory 

mapping can make precision agriculture more tangible. 

Adoption should therefore be treated as a social learning 

process rather than a one-way technology transfer [84], [85], 

[86]. 

4.4 Infrastructure Barriers 

Digital agriculture depends on infrastructure. Weak internet 

connectivity limits the use of cloud-based platforms, real-

time advisory services, and digital traceability systems. Many 

smallholder oil palm areas are located in rural or frontier 

regions where mobile coverage is unstable. Even when 

coverage exists, data costs may discourage frequent use [87], 

[88], [89]. 

Electricity access also matters. Farmers need to charge 

smartphones, GPS devices, or tablets. Service providers need 

reliable power for data processing, drone batteries, and local 

offices. Poor roads can increase the cost of field visits, soil 

sampling, drone operations, and extension services. 

Infrastructure gaps, therefore, raise the transaction costs of 

precision agriculture[44], [90], [91]. 

Data infrastructure is equally important. Many smallholder 

plots are not formally mapped. Land boundaries may be 

unclear, overlapping, or informally recognised. Without 

reliable geospatial data, digital systems may reproduce or 

intensify land-tenure disputes. Mapping programs must 

therefore be linked to participatory validation and legal 

safeguards [92], [93], [94]. 

4.5 Agronomic and Farm-Structure Barriers 

Smallholder oil palm plantations often have fragmented and 

heterogeneous structures. A household may own several 

small plots in different locations. Palms may have different 

ages because planting occurred gradually or because some 

palms were replaced after disease or mortality. Soil fertility 

may vary across short distances. Drainage may be uneven. 

These conditions increase the need for precision management 

but also make implementation more difficult [39], [95], [96]. 

Variable-rate technologies are easier to justify in large 

contiguous fields. In smallholder plots, the cost of collecting 

and analysing data may exceed the immediate economic 

benefit unless services are aggregated. For example, drone 

mapping becomes more affordable when conducted for an 

entire cooperative area rather than for one farmer’s plot [97], 

[98], [99]. 

Farm records are often weak. Many smallholders do not 

systematically record fertiliser application, labour use, 

harvesting dates, or yield per plot. Without records, it is 

difficult to build predictive models or evaluate whether 
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precision recommendations improve outcomes. Establishing 

basic digital farm records may therefore be the first stage of 

precision agriculture [4], [100], [101]. 

Ageing palms create another challenge. Precision agriculture 

can identify underperforming areas, but if the main cause is 

old palm age, the solution may be replanting rather than 

fertiliser adjustment. Replanting requires capital and 

temporary income support. Thus, precision data must be 

connected to broader farm investment planning [102], [103], 

[104]. 

4.6 Institutional and Governance Barriers 

Institutional capacity strongly shapes adoption. Smallholders 

who belong to active cooperatives or farmer groups have 

better opportunities to access training, credit, certification, 

and collective services. Independent smallholders without 

strong organisations face greater difficulty. Precision 

agriculture is likely to be more feasible when delivered 

through collective institutions [105], [106]. 

Cooperatives can aggregate demand, reduce service costs, 

manage shared equipment, coordinate soil testing, maintain 

digital records, and negotiate with mills or technology 

providers. However, not all cooperatives are equally capable. 

Some lack managerial capacity, transparency, financial 

discipline, or member trust. Strengthening farmer 

organisations is therefore a prerequisite for inclusive 

precision agriculture [107], [108], [109]. 

Data governance is another institutional concern. Precision 

agriculture produces data about farm location, productivity, 

management practices, input use, and compliance status. 

These data can benefit farmers, but they can also shift power 

toward platforms, buyers, or state agencies. Farmers may be 

disadvantaged if they provide data without receiving services, 

price incentives, or control over how data are used. Farmer-

centric data governance should include consent, 

transparency, benefit sharing, and grievance mechanisms  

[110], [111] . 

Public policy coordination is also needed. Precision 

agriculture intersects with agriculture, digital infrastructure, 

land administration, rural finance, environmental regulation, 

and trade. Fragmented policy may produce overlapping 

platforms, inconsistent standards, and inefficient subsidies. 

Government should act as an ecosystem orchestrator rather 

than merely a technology promoter[68], [112], [113]. 

4.7 Social and Cultural Barriers 

Trust is essential. Farmers may not adopt digital 

recommendations if they do not trust the source. They may 

question whether technology providers understand local 

conditions. They may suspect that mapping is intended to 

control land, impose sanctions, or exclude them from supply 

chains. This concern is especially relevant in palm oil because 

sustainability monitoring is closely linked to deforestation, 

legality, and certification [114], [115], [116], [117]. 

Traditional knowledge also matters. Smallholders often rely 

on experience, observation, and advice from neighbours or 

input sellers. Precision agriculture should not dismiss this 

knowledge. Instead, digital tools should complement the 

farmer experience. Participatory approaches can improve 

trust by allowing farmers to compare digital outputs with their 

own observations [117], [118], [119]. 

Social inequality may shape adoption. Better-off farmers, 

younger farmers, men, and cooperative members may adopt 

earlier, while poorer, older, female, or independent farmers 

may be excluded. Digital agriculture can therefore widen 

inequality if it is introduced without inclusive design. Policy 

must pay attention not only to average adoption rates but also 

to who benefits and who is left behind [120], [121], [122]. 

4.8 Market and Value-Chain Barriers 

Precision agriculture adoption depends on incentives. If 

farmers do not receive higher prices, lower costs, better 

services, or improved market access, they may see little 

reason to adopt. Certification and traceability can create 

incentives, but smallholders often struggle to capture price 

premiums. Compliance requirements may increase 

paperwork and costs without guaranteeing better income 

[68], [123], [124]. 

Mills and buyers have an important role. They benefit from 

stable supply, quality improvement, traceability, and 

sustainability compliance. Therefore, they can support 

smallholder precision agriculture through advisory services, 

digital weighing systems, input credit, mapping, and 

cooperative partnerships. However, power asymmetry must 

be managed. Smallholders should not become data suppliers 

without fair benefits [125], [126], [127], [128]. 

Market integration is especially challenging for independent 

smallholders who sell through intermediaries. These farmers 

may not have direct relationships with mills, making it 

difficult to link farm-level data to market incentives. 

Strengthening smallholder–mill relationships is therefore 

important for precision agriculture implementation [129], 

[130], [131]. 

 

5. DISCUSSION AND ANALYSIS 

5.1 Precision Agriculture as a Socio-Technical 

Transformation 

The findings suggest that precision agriculture in smallholder 

oil palm plantations cannot be reduced to drones, sensors, or 

software. It is a socio-technical transformation that requires 

alignment between technology, institutions, finance, 

knowledge, infrastructure, and markets. A technically 

advanced tool can fail if farmers cannot afford it, do not 

understand it, distrust it, or cannot act on its 

recommendations. Conversely, even simple tools such as 

digital farm maps, mobile records, and soil testing can 

produce meaningful benefits when embedded in strong 

advisory and cooperative systems [23], [25], [89]. 

This perspective challenges technology-centric narratives. 

Many precision agriculture studies emphasise accuracy, 

algorithm performance, or technical feasibility. These 

contributions are important, but they do not automatically 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10723                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

answer adoption questions. A deep learning model may detect 

oil palm trees accurately, but smallholders need to know how 

the output improves income, reduces cost, or helps them 

comply with certification. A nutrient map may classify 

deficiency, but farmers need affordable fertiliser, application 

guidance, and confidence that the recommendation is correct. 

Therefore, the social life of precision agriculture matters as 

much as the technology itself [25], [89], [132]. 

5.2 The Smallholder Adoption Paradox 

The review identifies a smallholder adoption paradox. 

Smallholders may benefit greatly from precision agriculture 

because they often experience low productivity, inefficient 

input use, weak records, and limited market access. Yet they 

are also the least able to adopt precision agriculture 

individually because they lack capital, scale, data, skills, and 

institutional support. This paradox explains why market-led 

diffusion may be insufficient. If adoption depends only on 

individual purchasing power, precision agriculture will likely 

benefit larger farms first and widen the productivity gap 

[124], [133], [134]. 

 

 
Figure 4 explains the central paradox of precision agriculture 

in smallholder oil palm systems. Smallholders are among the 

actors who may benefit most from better data, targeted input 

use, farm mapping, and digital advisory services because 

many of them face persistent yield gaps and weak access to 

technical services. At the same time, they are also among the 

least prepared to adopt precision agriculture individually 

because they often lack capital, scale, digital skills, 

infrastructure, and institutional support. The figure, therefore, 

reinforces the argument that smallholder precision agriculture 

should not be promoted primarily through individual 

technology ownership. Instead, it should be enabled through 

collective service delivery, cooperative-based platforms, 

public subsidies, inclusive finance, and partnerships with 

mills, technology providers, and extension agencies [117], 

[135], [136]. 

The solution is not to abandon precision agriculture for 

smallholders, but to redesign its delivery model. Smallholders 

do not necessarily need to own every technology. They need 

access to useful information and services. A cooperative may 

contract drone mapping. A local extension center may 

provide soil testing and nutrient recommendations. A mill 

may support digital traceability. A public agency may 

subsidize farm mapping. A university may train local 

technicians. Such distributed service models can make 

precision agriculture accessible without requiring each 

farmer to become a technology owner. [25], [44], [137] 

5.3 From High-Tech Adoption to Phased Adoption 

For smallholder oil palm farmers, phased adoption is more 

realistic than full-scale precision agriculture. The first phase 

should focus on basic farm identity: plot mapping, farmer 

registration, palm age records, and yield recording. This 

creates the data foundation. The second phase can introduce 

soil and leaf testing, simple nutrient recommendations, and 

digital record keeping. The third phase can use remote 

sensing or drone imagery for canopy monitoring and stand 

inventory at a cooperative scale. The fourth phase can 

connect digital records to certification, traceability, credit, 

and market incentives [138], [139], [140]. 

This staged approach reduces risk. Farmers can see benefits 

gradually and build confidence. It also allows extension 

agents and cooperatives to develop capacity before managing 

more complex tools. A low-cost starting point is essential. 

Precision agriculture for smallholders should begin not with 

expensive equipment but with better information, better 

records, and better advisory services. 

 

 
Figure 5 proposes a phased roadmap for implementing 

precision agriculture in smallholder oil palm plantations. The 

roadmap begins with basic and foundational activities, such 

as plot mapping and farm record creation, because these steps 

generate the minimum data infrastructure required for more 

advanced precision services. Once basic records are 

available, farmers and cooperatives can gradually introduce 

soil testing, leaf analysis, targeted fertiliser 

recommendations, and digital advisory. More advanced tools, 

including drone mapping and remote sensing analytics, are 

best introduced at the cooperative or service-provider level to 

reduce costs and increase economies of scale. The final stage 

connects precision agriculture with finance, certification, and 

traceability, ensuring that digital transformation produces 

economic and institutional benefits for smallholders [136], 

[141], [142] . 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10724                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

5.4 Policy Pathways for Inclusive Implementation 

Public policy has a central role in preventing digital 

exclusion. First, governments should support rural digital 

infrastructure. Connectivity is a public good that benefits 

agriculture, education, health, and rural enterprise. Without 

connectivity, digital agriculture will remain limited [143], 

[144], [145].  

Second, governments should subsidise foundational precision 

services such as plot mapping, soil testing, farmer training, 

and digital farm records. These services produce public 

benefits by supporting sustainability, traceability, and land-

use planning. Subsidies should be targeted toward 

smallholders, especially independent farmers and poorer 

households [25], [146], [147], [148]. 

Third, extension systems must be upgraded. Extension agents 

need training in digital tools, remote sensing interpretation, 

nutrient management, and data-driven advisory. Digital 

extension should not replace human extension. Instead, 

digital tools should strengthen extension agents by giving 

them better data and enabling more targeted advice [66], 

[149], [150]. 

Fourth, cooperative-based service units should be promoted. 

These units could provide drone mapping, soil sampling, 

digital record management, group training, and certification 

support. They could operate as local precision agriculture 

service hubs. Policy support may include grants, concessional 

loans, equipment-sharing programs, and technical 

partnerships with universities or start-ups [151], [152], [153]. 

Fifth, agricultural finance should be linked to precision 

agriculture. Banks and public finance institutions can use 

digital farm records to assess creditworthiness, while loans 

can support fertiliser, replanting, or technology services. 

Credit guarantees may reduce lender risk. However, data use 

must be fair and transparent [126], [154], [155]. 

Sixth, precision agriculture should be integrated with 

sustainability certification and traceability. Certification 

schemes such as ISPO, MSPO, and RSPO require data. 

Digital tools can reduce documentation burdens, but farmers 

should receive tangible benefits. Policy should encourage 

buyers and mills to reward verified sustainable production 

through market access, services, or premiums [36], [52], 

[156]. 

Seventh, farmers' data rights should be protected. Policies 

should clarify ownership, access, consent, data sharing, and 

benefit distribution. Smallholders must not be reduced to 

passive data providers. Data governance should empower 

farmers and strengthen their bargaining position[157], [158], 

[159] . 

 

 
Figure 6 presents the institutional ecosystem required to 

support inclusive precision agriculture adoption among 

smallholder oil palm farmers. The figure shows that 

smallholders and cooperatives should be positioned at the 

centre of the ecosystem, while other actors provide 

complementary resources. Government agencies can create 

enabling policies, infrastructure, and targeted subsidies. 

Extension agencies can translate digital information into 

practical agronomic advice. Technology providers can offer 

affordable and locally adapted tools. Mills and buyers can 

create market incentives by linking digital traceability with 

preferential sourcing or sustainability rewards. Financial 

institutions can reduce adoption barriers through credit and 

guarantees, while universities, certification bodies, and 

development partners can support validation, training, and 

institutional trust. The figure reinforces the argument that 

precision agriculture becomes inclusive only when 

innovation is supported by coordinated policy and 

institutional arrangements [13], [160], [161], [162], [163], 

[164], [165]. 

5.5 Toward a Holistic Implementation Model 

A holistic implementation model for smallholder oil palm 

precision agriculture should include six components. The first 

is farmer-centred design. Tools must be simple, local-

language, offline-capable, and aligned with everyday farming 

decisions. The second is collective delivery. Cooperatives, 

farmer groups, and village institutions should aggregate 

demand and reduce service costs. The third is integrated 

advisory. Digital outputs must be translated into agronomic 

recommendations. The fourth is financial inclusion. 

Smallholders need credit, subsidies, insurance, or pay-per-

use models. The fifth is market linkage. Precision agriculture 

should improve access to mills, certification, and traceable 

supply chains. The sixth is data justice. Farmers should 

control and benefit from their data [80], [142], [166], [167], 

[168]. 

This model shifts the focus from adoption as an individual 

decision to adoption as an ecosystem outcome. Farmers adopt 

when the surrounding ecosystem makes adoption useful, 

affordable, trustworthy, and rewarding. Therefore, inclusive 

precision agriculture requires coordination among 
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government, cooperatives, mills, technology providers, 

banks, universities, NGOs, and certification bodies. 

 

6. CONCLUSION 

Precision agriculture offers substantial potential for 

improving productivity, input efficiency, environmental 

performance, and sustainability compliance in oil palm 

plantations. Technologies such as remote sensing, drones, 

machine learning, digital farm records, nutrient mapping, and 

variable-rate fertilisation can support better decisions at plot, 

cooperative, and supply-chain levels. For smallholder oil 

palm farmers, these tools may help close yield gaps, reduce 

input waste, improve replanting decisions, strengthen 

traceability, and support certification readiness. 

However, implementation in smallholder-owned plantations 

faces multidimensional barriers. These include high 

technology costs, uncertain returns, limited access to finance, 

weak digital literacy, poor connectivity, fragmented 

landholdings, inadequate farm records, limited extension 

capacity, weak cooperatives, unclear data governance, and 

insufficient market incentives. These barriers show that 

precision agriculture is not merely a technical challenge. It is 

a socio-technical and institutional challenge. 

The main conclusion is that smallholder precision agriculture 

must be designed as an inclusive ecosystem. Individual 

ownership of advanced technologies is not the most realistic 

pathway. Instead, smallholders require access to shared 

services, cooperative-based platforms, public extension 

support, affordable finance, trusted data systems, and market 

rewards. Phased adoption is essential: start with plot mapping 

and farm records, then introduce soil and leaf testing, targeted 

fertilisation, drone or satellite monitoring, and finally 

integration with certification, traceability, and finance. 

Policy recommendations include developing national and 

regional smallholder precision agriculture roadmaps, 

establishing cooperative-based service units, subsidising 

foundational digital and agronomic services, upgrading 

extension capacity, improving rural connectivity, creating 

blended finance mechanisms, integrating precision 

agriculture with sustainability certification, and protecting 

farmer data rights. With these interventions, precision 

agriculture can become more than a tool for plantation 

modernisation. It can become a pathway for inclusive rural 

transformation, sustainable intensification, and fairer 

participation of smallholder farmers in the palm oil economy. 

 

REFERENCES 

1. A. Descals, S. Wich, E. Meijaard, D. L. A. Gaveau, 

S. Peedell, and Z. Szantoi, “High-resolution global 

map of smallholder and industrial closed-canopy oil 

palm plantations,” Earth Syst. Sci. Data, vol. 13, no. 

3, pp. 1211–1231, 2021, doi: 10.5194/essd-13-1211-

2021. 

2. H. Purnomo et al., “Reconciling oil palm economic 

development and environmental conservation in 

Indonesia: A value chain dynamic approach,” For. 

Policy Econ., vol. 111, p. 102089, 2020, doi: 

10.1016/j.forpol.2020.102089. 

3. L. S. Woittiez, M. T. van Wijk, M. Slingerland, M. 

van Noordwijk, and K. E. Giller, “Yield gaps in oil 

palm: A quantitative review of contributing factors,” 

Eur. J. Agron., vol. 83, pp. 57–77, 2017, doi: 

10.1016/j.eja.2016.11.002. 

4. T. Mizik, “How can precision farming work on a 

small scale? A systematic literature review,” Precis. 

Agric., vol. 24, no. 1, pp. 384–406, Feb. 2023, doi: 

10.1007/s11119-022-09934-y. 

5. M. Paustian and L. Theuvsen, “Adoption of 

precision agriculture technologies by German crop 

farmers,” Precis. Agric., vol. 18, no. 5, pp. 701–716, 

Oct. 2017, doi: 10.1007/s11119-016-9482-5. 

6. H. Wibowo, I. S. Sitanggang, M. Mushthofa, and H. 

A. Adrianto, “Large-Scale Oil Palm Trees Detection 

from High-Resolution Remote Sensing Images 

Using Deep Learning,” Big Data Cogn. Comput., 

vol. 6, no. 3, p. 89, Aug. 2022, doi: 

10.3390/bdcc6030089. 

7. M. Yamin, W. I. bin Wan Ismail, S. Abd Aziz, M. 

S. bin Mohd Kassim, F. N. Akbar, and M. Ibrahim, 

“Design considerations of variable rate liquid 

fertilizer applicator for mature oil palm trees,” 

Precis. Agric., vol. 23, no. 4, pp. 1413–1448, Aug. 

2022, doi: 10.1007/s11119-022-09892-5. 

8. Z. H. Kok et al., “Plot-Based Classification of 

Macronutrient Levels in Oil Palm Trees with 

Landsat-8 Images and Machine Learning,” Remote 

Sens., vol. 13, no. 11, p. 2029, May 2021, doi: 

10.3390/rs13112029. 

9. Y. Ang et al., “Oil palm yield prediction across 

blocks from multi-source data using machine 

learning and deep learning,” Earth Sci. Informatics, 

vol. 15, no. 4, pp. 2349–2367, 2022, doi: 

10.1007/s12145-022-00882-9. 

10. R. Birner, T. Daum, and C. Pray, “Who drives the 

digital revolution in agriculture? A review of 

supply‐side trends, players and challenges,” Appl. 

Econ. Perspect. Policy, vol. 43, no. 4, pp. 1260–

1285, Dec. 2021, doi: 10.1002/aepp.13145. 

11. S. Fielke, B. Taylor, and E. Jakku, “Digitalisation of 

agricultural knowledge and advice networks: A 

state-of-the-art review,” Agric. Syst., vol. 180, p. 

102763, Apr. 2020, doi: 

10.1016/j.agsy.2019.102763. 

12. F. Manzoor, L. Wei, M. Siraj, X. Lu, and G. Qiyang, 

“Digital agriculture technology adoption in low and 

middle-income countries—a review of 

contemporary literature,” Front. Sustain. Food Syst., 

vol. 9, Sep. 2025, doi: 10.3389/fsufs.2025.1621851. 

13. M. Carmela Annosi, F. Brunetta, F. Capo, and L. 

Heideveld, “Digitalization in the agri-food industry: 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10726                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

the relationship between technology and sustainable 

development,” Manag. Decis., vol. 58, no. 8, pp. 

1737–1757, Dec. 2020, doi: 10.1108/MD-09-2019-

1328. 

14. L. Klerkx, E. Jakku, and P. Labarthe, “A review of 

social science on digital agriculture, smart farming 

and agriculture 4.0: New contributions and a future 

research agenda,” NJAS - Wageningen J. Life Sci., 

vol. 90–91, 2019, doi: 10.1016/j.njas.2019.100315. 

15. Z. Ž. Kroupová et al., “Drivers and barriers to 

precision agriculture technology and digitalisation 

adoption: Meta-analysis of decision choice models,” 

Precis. Agric., vol. 26, no. 1, p. 17, Feb. 2025, doi: 

10.1007/s11119-024-10213-1. 

16. L. Klerkx, E. Jakku, and P. Labarthe, “A review of 

social science on digital agriculture, smart farming 

and agriculture 4.0: New contributions and a future 

research agenda,” NJAS Wageningen J. Life Sci., 

vol. 90–91, 100, 2020. 

17. D. C. Rose and J. Chilvers, “Agriculture 4.0: 

Broadening Responsible Innovation in an Era of 

Smart Farming,” Front. Sustain. Food Syst., vol. 2, 

Dec. 2018, doi: 10.3389/fsufs.2018.00087. 

18. D. C. Rose, R. Wheeler, M. Winter, M. Lobley, and 

C.-A. Chivers, “Agriculture 4.0: Making it work for 

people, production, and the planet,” Land use policy, 

vol. 100, p. 104933, Jan. 2021, doi: 

10.1016/j.landusepol.2020.104933. 

19. B. Garske, A. Bau, and F. Ekardt, “Digitalization 

and AI in European Agriculture: A Strategy for 

Achieving Climate and Biodiversity Targets?,” 

Sustainability, vol. 13, no. 9, p. 4652, Apr. 2021, 

doi: 10.3390/su13094652. 

20. M. Bacco, P. Barsocchi, E. Ferro, A. Gotta, and M. 

Ruggeri, “The Digitisation of Agriculture: a Survey 

of Research Activities on Smart Farming,” Array, 

vol. 3–4, p. 100009, Sep. 2019, doi: 

10.1016/j.array.2019.100009. 

21. C. Eastwood, L. Klerkx, and R. Nettle, “Dynamics 

and distribution of public and private research,” J. 

Rural Stud., vol. 82, pp. 68–79, 2021. 

22. J. Ingram and D. Maye, “What Are the Implications 

of Digitalisation for Agricultural Knowledge?,” 

Front. Sustain. Food Syst., vol. 4, May 2020, doi: 

10.3389/fsufs.2020.00066. 

23. B. Demirel and G. A. K. Gürdil, “Smart Agriculture 

Solutions to Optimize Oil Palm Farming,” Erciyes 

Tarım ve Hayvan Bilim. Derg., vol. 8, no. 1, pp. 

119–126, Jun. 2025, doi: 10.55257/ethabd.1703723. 

24. E. Rustiadi et al., “Developing a precision spatial 

information system of smallholder oil palm 

plantations for sustainable rural development,” in 

IOP Conference Series: Earth and Environmental 

Science, 2023. doi: 10.1088/1755-

1315/1133/1/012072. 

25. D. Dukat, I. Wahyuni, and W. Prihtiyantoro, “The 

Role of Precision Agriculture Technologies in 

Enhancing Sustainable Farming Practices Among 

Smallholder Farmers,” J. Acad. Sci., vol. 2, no. 6, 

pp. 1666–1677, Jun. 2025, doi: 10.59613/vvqhr032. 

26. D. O. Pribadi et al., “Mapping smallholder 

plantation as a key to sustainable oil palm: A deep 

learning approach to high-resolution satellite 

imagery,” Appl. Geogr., vol. 153, p. 102921, Apr. 

2023, doi: 10.1016/j.apgeog.2023.102921. 

27. S. Liao, J. Tian, L. Zhang, Y. Cao, Y. Wang, and B. 

Yu, “A novel approach for precise oil palm mapping 

in Southeast Asia by integrating Sentinel-1/2 time-

series data,” Ind. Crops Prod., vol. 247, p. 123512, 

Jun. 2026, doi: 10.1016/j.indcrop.2026.123512. 

28. M. A. A. Asming, A. M. Ibrahim, and I. M. Abir, 

“Processing and classification of landsat and 

sentinel images for oil palm plantation detection,” 

Remote Sens. Appl. Soc. Environ., vol. 26, p. 

100747, Apr. 2022, doi: 

10.1016/j.rsase.2022.100747. 

29. N. Khan et al., “Prediction of Oil Palm Yield Using 

Machine Learning in the Perspective of Fluctuating 

Weather and Soil Moisture Conditions: Evaluation 

of a Generic Workflow,” Plants, vol. 11, no. 13, p. 

1697, Jun. 2022, doi: 10.3390/plants11131697. 

30. H. Rani, P. Kakkar, and D. P. Singh, 

“Advancements in Precision Agriculture for 

Maximizing Crop Yield and Minimizing Waste via 

Innovative Technological Solutions,” Int. J. Res. 

Rev. Appl. Sci. Humanit. Technol., pp. 1–8, Jan. 

2025, doi: 10.71143/7fhb8x91. 

31. X. J. Tan, W. L. Cheor, K. S. Yeo, and W. Z. Leow, 

“Expert systems in oil palm precision agriculture: A 

decade systematic review,” J. King Saud Univ. - 

Comput. Inf. Sci., vol. 34, no. 4, pp. 1569–1594, 

Apr. 2022, doi: 10.1016/j.jksuci.2022.02.006. 

32. G. Formaglio, E. Veldkamp, X. Duan, A. Tjoa, and 

M. D. Corre, “Herbicide weed control increases 

nutrient leaching compared to mechanical weeding 

in a large-scale oil palm plantation,” 

Biogeosciences, vol. 17, no. 21, pp. 5243–5262, 

2020, doi: 10.5194/bg-17-5243-2020. 

33. N. K. Hidayat, A. Offermans, and P. Glasbergen, 

“Sustainable palm oil as a public responsibility? On 

the governance capacity of Indonesian Standard for 

Sustainable Palm Oil (ISPO),” Agric. Human 

Values, vol. 35, no. 1, pp. 223–242, Mar. 2018, doi: 

10.1007/s10460-017-9816-6. 

34. S. Hutabarat, M. Slingerland, and L. Dries, 

“Explaining the ‘Certification Gap’ for Different 

Types of Oil Palm Smallholders in Riau Province, 

Indonesia,” J. Environ. Dev., vol. 28, no. 3, pp. 253–

281, Sep. 2019, doi: 10.1177/1070496519854505. 

35. P. Dauvergne, “The Global Politics of the Business 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10727                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

of ‘Sustainable’ Palm Oil,” Glob. Environ. Polit., 

vol. 18, no. 2, pp. 34–52, May 2018, doi: 

10.1162/glep_a_00455. 

36. A. P. Pasaribu, “Strengthening Indonesia’s 

sustainable palm oil policy: Addressing climate 

change and enhancing global market integration,” 

JSSEW J. Sustain. Soc. Eco-Welfare, vol. 3, no. 1, 

pp. 54–84, 2025, doi: 

https://doi.org/10.61511/jssew.v3i1.2025.2278. 

37. Solidaridad, “The EU Deforestation Regulation: 

The Challenge and Importance of Inclusive 

Implementation in Palm Oil,” Solidaridad Article. 

38. J. Supriatna, D. Djumarno, A. B. Saluy, and D. 

Kurniawan, “Sustainability Analysis of Smallholder 

Oil Palm Plantations in Several Provinces in 

Indonesia,” Sustainability, vol. 16, no. 11, p. 4383, 

May 2024, doi: 10.3390/su16114383. 

39. Y. B. Wong et al., “Smallholder oil palm plantation 

sustainability assessment using multi-criteria 

analysis and unmanned aerial vehicles,” Environ. 

Monit. Assess., vol. 195, no. 5, p. 577, 2023, doi: 

10.1007/s10661-023-11113-z. 

40. S. P. Singh, A. Sharma, and A. Adhikari, 

“Investigating the barriers to drone implementation 

in sustainable agriculture: A hybrid fuzzy-

DEMATEL-MMDE-ISM-based approach,” J. 

Environ. Manage., vol. 371, p. 123299, Dec. 2024, 

doi: 10.1016/j.jenvman.2024.123299. 

41. S. Madhusree and J. Selvakumar, “Drones and 

UAVS in Agricultural Applications,” in Smart 

Farming and Agronomy: Science, Systems and 

Sustainability, 1st ed., A. Jangre, P. Nandini, M. 

Guggilla, M. Kabilan, and V. Vasumathi, Eds., 

Stella International Publication, 2025, pp. 1–391. 

[Online]. Available:  

https://www.researchgate.net/publication/39743222

5_Drones_and_UAVS_in_Agricultural_Applicatio

ns 

42. K. Pakeerathan, “Smart Agriculture: Special 

Challenges and Strategies for Island States,” in 

Smart Agriculture for Developing Nations: Status, 

Perspectives and Challenges, 1st ed., K. 

Pakeerathan, Ed., Singapore: Springer, 2023, pp. 1–

264. doi: https://doi.org/10.1007/978-981-19-8738-

0. 

43. B. O. Manono, B. Mwami, S. Mutavi, and F. Nzilu, 

“Precision Farming with Smart Sensors: Current 

State, Challenges and Future Outlook,” Sensors, vol. 

26, no. 3, p. 882, Jan. 2026, doi: 

10.3390/s26030882. 

44. B. O. Manono, “Smart Farming for Small Farms: 

Technologies, Challenges, and Opportunities for 

Small-Scale Producers,” Green, vol. 1, no. 1, p. 3, 

May 2026, doi: 10.3390/green1010003. 

45. O. Debauche, S. Mahmoudi, P. Manneback, and F. 

Lebeau, “Cloud and distributed architectures for 

data management in agriculture 4.0 : Review and 

future trends,” J. King Saud Univ. - Comput. Inf. 

Sci., vol. 34, no. 9, pp. 7494–7514, Oct. 2022, doi: 

10.1016/j.jksuci.2021.09.015. 

46. H. Snyder, “Literature review as a research 

methodology: An overview and guidelines,” J. Bus. 

Res., vol. 104, pp. 333–339, Nov. 2019, doi: 

10.1016/j.jbusres.2019.07.039. 

47. M. J. Grant and A. Booth, “A typology of reviews: 

an analysis of 14 review types and associated 

methodologies,” Heal. Inf. Libr. J., vol. 26, no. 2, 

pp. 91–108, Jun. 2009, doi: 10.1111/j.1471-

1842.2009.00848.x. 

48. B. Barman, R. Singh, R. N. Padaria, M. S. Nain, S. 

W. Quader, and K. V. Praveen, “A qualitative 

synthesis of barriers to agriculture 4.0 adoption: 

evidence from a systematic literature review,” 

Discov. Agric., vol. 4, no. 1, p. 34, Jan. 2026, doi: 

10.1007/s44279-026-00505-7. 

49. Z. binti Omar et al., “Exploring the Challenges of 

Adopting Smart Farming in The Agriculture Sector 

Among Smallholders in Malaysia,” Int. J. Acad. 

Res. Bus. Soc. Sci., vol. 14, no. 6, Jun. 2024, doi: 

10.6007/IJARBSS/v14-i6/21810. 

50. T. Araya, T. E. Ochsner, P. N. S. Mnkeni, K. O. L. 

Hounkpatin, and W. Amelung, “Challenges and 

constraints of conservation agriculture adoption in 

smallholder farms in sub-Saharan Africa: A 

review,” Int. Soil Water Conserv. Res., vol. 12, no. 

4, pp. 828–843, Dec. 2024, doi: 

10.1016/j.iswcr.2024.03.001. 

51. F. Yasmeen, S. Hussain, M. Iqbal, M. Ehsan, and N. 

I. Raja, “Addressing Global Challenges and 

Overcoming Barriers to the Widespread Adoption of 

Precision Agriculture Technologies,” 2026, pp. 

359–390. doi: 10.4018/979-8-3373-7257-0.ch013. 

52. J. D. Watts et al., “Challenges faced by smallholders 

in achieving sustainable palm oil certification in 

Indonesia,” World Dev., vol. 146, p. 105565, Oct. 

2021, doi: 10.1016/j.worlddev.2021.105565. 

53. M. Z. Sithole, L. Q. Ngomane, N. P. Zitha, T. H. 

Makhubu, R. H. Khwidzhili, and A. I. Agholor, 

“Leveraging digital tools for climate-smart farming 

to enhance sustainable food production systems,” 

Front. Sustain. Food Syst., vol. 10, Mar. 2026, doi: 

10.3389/fsufs.2026.1771937. 

54. A. Hassoun et al., “Digital transformation in the 

agri-food industry: recent applications and the role 

of the COVID-19 pandemic,” Front. Sustain. Food 

Syst., vol. 7, Jul. 2023, doi: 

10.3389/fsufs.2023.1217813. 

55. M. A. M. Zaki et al., “Impact of industry 4.0 

technologies on the oil palm industry: A literature 

review,” Smart Agric. Technol., vol. 10, p. 100685, 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10728                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

Mar. 2025, doi: 10.1016/j.atech.2024.100685. 

56. W. A. Demissie, L. Sebastiani, and R. Rossetto, 

“Integration of artificial intelligence and remote 

sensing for crop yield prediction and crop growth 

parameter estimation in Mediterranean 

agroecosystems: Methodologies, emerging 

technologies, research gaps, and future directions,” 

Eur. J. Agron., vol. 173, p. 127894, Feb. 2026, doi: 

10.1016/j.eja.2025.127894. 

57. M. Bhanusree, C. Santhoshini, P. V Mahatale, A. 

Sharma, and H. Kokate, “Remote sensing and ai-

driven innovations in contemporary agriculture and 

horticulture: A review for crop improvement,” Int. 

J. Res. Agron., vol. 9, no. 5S, pp. 65–74, May 2026, 

doi: 10.33545/2618060X.2026.v9.i5Sa.5495. 

58. G. Farina et al., “Interoperable Traceability in 

Agrifood Supply Chains: Enhancing Transport 

Systems Through IoT Sensor Data, Blockchain, and 

DataSpace,” Sensors, vol. 25, no. 11, p. 3419, May 

2025, doi: 10.3390/s25113419. 

59. IPES Food, “The Cloud: Challenging the false 

promise of digital agriculture and cultivating 

innovation from the ground up,” 2026. [Online]. 

Available: https://ipes-food.org/wp-

content/uploads/2026/02/HeadInTheCloud.pdf 

60. S. Pan, D. Trentesaux, D. McFarlane, B. Montreuil, 

E. Ballot, and G. Q. Huang, “Digital interoperability 

in logistics and supply chain management: state-of-

the-art and research avenues towards Physical 

Internet,” Comput. Ind., vol. 128, p. 103435, Jun. 

2021, doi: 10.1016/j.compind.2021.103435. 

61. M. T. Morepje, M. Z. Sithole, N. S. Msweli, and A. 

I. Agholor, “The Influence of E-Commerce 

Platforms on Sustainable Agriculture Practices 

among Smallholder Farmers in Sub-Saharan 

Africa,” Sustainability, vol. 16, no. 15, p. 6496, Jul. 

2024, doi: 10.3390/su16156496. 

62. K. Sukiyono et al., “The Contribution of Oil Palm 

Smallholders Farms to the Implementation of the 

Sustainable Development Goals-Measurement 

Attempt,” Sustainability, vol. 14, no. 11, p. 6843, 

Jun. 2022, doi: 10.3390/su14116843. 

63. A. M. Gómez, A. Parra, T. M. Pavelsky, E. Wise, J. 

C. Villegas, and A. Meijide, “Ecohydrological 

impacts of oil palm expansion: a systematic review,” 

Environ. Res. Lett., vol. 18, no. 3, p. 033005, Mar. 

2023, doi: 10.1088/1748-9326/acbc38. 

64. J. Zhao, A. J. Elmore, J. S. H. Lee, I. Numata, X. 

Zhang, and M. A. Cochrane, “Replanting and yield 

increase strategies for alleviating the potential 

decline in palm oil production in Indonesia,” Agric. 

Syst., vol. 210, p. 103714, Aug. 2023, doi: 

10.1016/j.agsy.2023.103714. 

65. N. A. A. Jaz, S. F. A. Sidique, and M. M. Ismail, 

“Bridging the Technological Divide in Malaysia’s 

Palm Oil Sector: Enhancing Smallholder Access to 

Plantation-Scale Innovation,” IJEP Int. J. Econ. 

Perspect., vol. 20, no. 6, pp. 556–579, 2026, 

[Online]. Available: 

https://ijeponline.org/index.php/journal/article/view

/1311 

66. R. Abiri, N. Rizan, S. K. Balasundram, A. B. 

Shahbazi, and H. Abdul-Hamid, “Application of 

digital technologies for ensuring agricultural 

productivity,” Heliyon, vol. 9, no. 12, p. e22601, 

Dec. 2023, doi: 10.1016/j.heliyon.2023.e22601. 

67. J. D. Owusu, “Impacts of Precision Farming 

Technologies on Crop Yield Optimization in US 

Agriculture,” EPRA Int. J. Agric. Rural Econ. Res., 

p. 24, Feb. 2026, doi: 10.36713/epra26106. 

68. J. Lan and Q. Ban, “The Farm-Level Economic and 

Environmental Benefits of Precision Agriculture 

Technology Adoption: A Meta-Analysis of Global 

Evidence,” Sustainability, vol. 17, no. 24, p. 11223, 

Dec. 2025, doi: 10.3390/su172411223. 

69. M. Sanyaolu and A. Sadowski, “The Role of 

Precision Agriculture Technologies in Enhancing 

Sustainable Agriculture,” Sustainability, vol. 16, no. 

15, p. 6668, Aug. 2024, doi: 10.3390/su16156668. 

70. R. H. Widi, A. Suprapto, and Ellyta, “Innovative 

Agricultural Financing Models to Enhance Farmers’ 

Access to Sustainable Credit and Investment,” J. 

Ilm. Manaj. Kesatuan, vol. 13, no. 5, pp. 3791–3802, 

Aug. 2025, doi: 10.37641/jimkes.v13i5.3387. 

71. E. Wulandari, M. P. M. Meuwissen, M. H. Karmana, 

and A. G. J. M. Oude Lansink, “Access to finance 

from different finance provider types: Farmer 

knowledge of the requirements,” PLoS One, vol. 12, 

no. 9, p. e0179285, Sep. 2017, doi: 

10.1371/journal.pone.0179285. 

72. C. M. Khan and S. G. Kim, “Evaluating the Impact 

of Agricultural Credit Access on Smallholder Maize 

Farmers’ Productivity in the Northwest Region of 

Cameroon,” Sustainability, vol. 17, no. 17, p. 7574, 

Aug. 2025, doi: 10.3390/su17177574. 

73. B. B. Balana, D. Mekonnen, B. Haile, F. Hagos, S. 

Yimam, and C. Ringler, “Demand and supply 

constraints of credit in smallholder farming: 

Evidence from Ethiopia and Tanzania,” World Dev., 

vol. 159, p. 106033, Nov. 2022, doi: 

10.1016/j.worlddev.2022.106033. 

74. G. Zeng, H. Yingyu, and Z. Shemei, “The impact of 

drone service purchase behavior on green 

production among grain farmers,” Front. Sustain. 

Food Syst., vol. 10, Apr. 2026, doi: 

10.3389/fsufs.2026.1707996. 

75. X. Zhu and G. Wang, “Impact of Agricultural 

Cooperatives on Farmers’ Collective Action: A 

Study Based on the Socio-Ecological System 

Framework,” Agriculture, vol. 14, no. 1, p. 96, Jan. 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10729                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

2024, doi: 10.3390/agriculture14010096. 

76. H. Ishaque, J. Huda, and G. Lhermie, “Beyond cost-

benefit: Governance, trust, and support in the 

adoption of digital agriculture technologies in 

Alberta, Canada,” J. Rural Stud., vol. 122, p. 

103996, Feb. 2026, doi: 

10.1016/j.jrurstud.2025.103996. 

77. S. P. Thar, T. Ramilan, R. J. Farquharson, A. Pang, 

and D. Chen, “An empirical analysis of the use of 

agricultural mobile applications among smallholder 

farmers in Myanmar,” Electron. J. Inf. Syst. Dev. 

Ctries., vol. 87, no. 2, Mar. 2021, doi: 

10.1002/isd2.12159. 

78. P. Ashoka et al., “Efficient Detection of Soil 

Nutrient Deficiencies through Intelligent 

Approaches,” BIONATURE, pp. 6–15, Oct. 2023, 

doi: 10.56557/bn/2023/v43i21877. 

79. M. Arangurí, J. Bravo-Jaico, H. Mera, W. 

Noblecilla, and C. Lucini, “Impact of digital literacy 

on the adoption of precision agriculture and its effect 

on the sustainability of rice cultivation in 

Lambayeque,” Front. Sustain. Food Syst., vol. 10, 

Feb. 2026, doi: 10.3389/fsufs.2026.1694293. 

80. S. Yu, X. Li, S. Zhao, and Q. Liu, “Agricultural 

Intelligence: A Technical Review Within the 

Perception–Decision–Execution Framework,” Appl. 

Syst. Innov., vol. 9, no. 5, p. 95, Apr. 2026, doi: 

10.3390/asi9050095. 

81. C. S. Prajapati et al., “The Role of Participatory 

Approaches in Modern Agricultural Extension: 

Bridging Knowledge Gaps for Sustainable Farming 

Practices,” J. Exp. Agric. Int., vol. 47, no. 2, pp. 

204–222, Feb. 2025, doi: 

10.9734/jeai/2025/v47i23281. 

82. A. Gupta, R. K. Gupta, and P. Jaiswal, “The Role of 

Agricultural Extension in Promoting Data-Driven 

Farming Decisions,” AgriGate - An Int. Multidiscip. 

e-Magazine, vol. 4, no. 11, pp. 535–541, 2024, 

[Online]. Available: 

https://www.researchgate.net/publication/39346088

7_THE_ROLE_OF_AGRICULTURAL_EXTENS

ION_IN_PROMOTING_DATA-

DRIVEN_FARMING_DECISIONS 

83. G. Pallavi, N. Shashidhara, and N. Ashoka, 

“Empowering Agriculture through digital 

Agricultural Extension Services: Opportunities and 

Challenges,” in Farming for the Future: Smart 

Agricultural Innovations, 1st ed., New Delhi: Renu 

Publishers, 2023. doi: 

https://doi.org/10.30954/NDP-farming.2023.7. 

84. T. Begho, K. Glenk, A. R. Anik, and V. Eory, “A 

systematic review of factors that influence farmers’ 

adoption of sustainable crop farming practices: 

Lessons for sustainable nitrogen management in 

South Asia,” J. Sustain. Agric. Environ., vol. 1, no. 

2, pp. 149–160, 2022, [Online]. Available: 

https://onlinelibrary.wiley.com/doi/full/10.1002/sae

2.12016 

85. L. S. Tambipessy, “The Role of Agricultural 

Extensioners in Empowering Farmers (Case study 

of pad rice farmers in Waitoso Village),” IJEBIR Int. 

J. Econ. Bus. Innov. Res., vol. 02, no. 04, pp. 200–

212, 2023, [Online]. Available: https://e-

journal.citakonsultindo.or.id/index.php/IJEBIR/arti

cle/download/209/287 

86. M. Schultze, S. Kankam, S. Sanfo, and C. Fürst, 

“Improving the Provisioning of Agricultural 

Extension Services in West Africa to Strengthen 

Land Management Practices: Case Studies of 

Burkina Faso and Ghana,” Land, vol. 15, no. 2, p. 

277, Feb. 2026, doi: 10.3390/land15020277. 

87. D. Satria, W. Maghraby, and A. M. Setyanti, 

“Digital Agricultural Technology for Smallholder 

Farmers: Barriers and Opportunities in Indonesia,” 

SOCA J. Sos. Ekon. Pertan., vol. 18, no. 3, p. 267, 

May 2025, doi: 10.24843/SOCA.2024.v18.i03.p01. 

88. N. Paget et al., “Achieving inclusive digital 

development: A frugal strategy based on lessons 

from three West African smallholder agriculture 

value chains,” Technol. Forecast. Soc. Change, vol. 

220, p. 124287, Nov. 2025, doi: 

10.1016/j.techfore.2025.124287. 

89. A. Umami et al., “Application of expert system for 

oil palm smallholder-owned plantations,” 2023, p. 

030012. doi: 10.1063/5.0109193. 

90. R. Narzari, B. U. Choudhury, G. Singhal, and K. K. 

Choudhary, “A critical review of how UAVs can 

transform precision agriculture in the realm of 

Agroecology,” Discov. Soil, vol. 2, no. 1, p. 28, Apr. 

2025, doi: 10.1007/s44378-025-00055-2. 

91. K. Kelm, S. Antos, and R. McLaren, “Applying the 

FFP Approach to Wider Land Management 

Functions,” Land, vol. 10, no. 7, p. 723, Jul. 2021, 

doi: 10.3390/land10070723. 

92. M. Mesgar and D. Ramirez-Lovering, “Informal 

Land Rights and Infrastructure Retrofit: A Typology 

of Land Rights in Informal Settlements,” Land, vol. 

10, no. 3, p. 273, Mar. 2021, doi: 

10.3390/land10030273. 

93. B. Fetai, J. Tekavec, M. K. Fras, and A. Lisec, 

“Inconsistencies in Cadastral Boundary Data—

Digitisation and Maintenance,” Land, vol. 11, no. 

12, p. 2318, Dec. 2022, doi: 10.3390/land11122318. 

94. G. C. Schoneveld et al., “Certification, good 

agricultural practice and smallholder heterogeneity: 

Differentiated pathways for resolving compliance 

gaps in the Indonesian oil palm sector,” Glob. 

Environ. Chang., vol. 57, p. 101933, 2019, doi: 

10.1016/j.gloenvcha.2019.101933. 

95. H. Petri et al., “Replanting challenges among 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10730                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

Indonesian oil palm smallholders: a narrative 

review,” 2023. doi: 10.1007/s10668-023-03527-z. 

96. B. Weerakitikul, W. Koedsin, R. J. Ritchie, E. 

Kokkaew, and J. C.-W. Chan, “Multi-sensor remote 

sensing approach for oil palm mapping and stand 

age detection using 38-year landsat and sentinel time 

series data in the google earth engine,” Geomatica, 

vol. 77, no. 2, p. 100070, Dec. 2025, doi: 

10.1016/j.geomat.2025.100070. 

97. L. He, “Variable Rate Technologies for Precision 

Agriculture,” in Encyclopedia of Smart Agriculture 

Technologies, Cham: Springer International 

Publishing, 2023, pp. 1–9. doi: 10.1007/978-3-030-

89123-7_34-3. 

98. T. Ceccarelli et al., Leveraging automation and 

digitalization for precision agriculture: Evidence 

from the case studies. FAO, 2022. doi: 

10.4060/cc2912en. 

99. K. Späti, R. Huber, and R. Finger, “Benefits of 

Increasing Information Accuracy in Variable Rate 

Technologies,” Ecol. Econ., vol. 185, p. 107047, Jul. 

2021, doi: 10.1016/j.ecolecon.2021.107047. 

100. P. Schulz, J. Prior, L. Kahn, and G. Hinch, 

“Exploring the role of smartphone apps for livestock 

farmers: data management, extension and informed 

decision making,” J. Agric. Educ. Ext., vol. 28, no. 

1, pp. 93–114, Jan. 2022, doi: 

10.1080/1389224X.2021.1910524. 

101. D. R. Bist, P. Chapagaee, A. Kunwar, and L. Khatri, 

“The role of big data in sustainable agriculture: 

advancing environmental sustainability in precision 

farming systems,” Cogent Food Agric., vol. 12, no. 

1, Dec. 2026, doi: 

10.1080/23311932.2026.2620180. 

102. V. A. Wahyuni, Firdaus, and S. Rahmadani, 

“Economic Strategies of Palm Oil Farmers during 

the Replanting Period in Nagari Sipangkur, 

Dharmasraya Regency,” J. Apresiasi Ekon., vol. 13, 

no. 3, pp. 824–834, 2025, [Online]. Available: 

https://www.ojsapresiasiekonomi.itskhatulistiwa.ac

.id/index.php/apresiasiekonomi/article/download/9

83/694 

103. L. Judijanto, “Rejuvenating Smallholder Oil Palm 

Plantations: Challenges and Pathways To 

Sustainability,” Jambura Agribus. J., vol. 6, no. 1, 

pp. 37–50, Jul. 2024, doi: 10.37046/jaj.v6i1.31609. 

104. J. Zhao, A. J. Elmore, J. S. H. Lee, I. Numata, X. 

Zhang, and M. A. Cochrane, “Replanting and yield 

increase strategies for alleviating the potential 

decline in palm oil production in Indonesia,” Agric. 

Syst., vol. 210, 2023, doi: 

10.1016/j.agsy.2023.103714. 

105. R. B. Kale, P. A. Dangi, V. Nikam, K. Khandagale, 

S. S. Gadge, and V. Mahajan, “How are new 

collective models transforming support for 

smallholder farmers? Empirical evidence from 

thematic and sentiment content analysis,” Front. 

Sustain. Food Syst., vol. 8, Jan. 2025, doi: 

10.3389/fsufs.2024.1542676. 

106. S. Hussein Nowfal et al., “The Role of Agricultural 

Cooperatives in Enhancing Credit Access, Market 

Information, and Smart Farming Among Rural 

Farmers,” Res. World Agric. Econ., pp. 654–672, 

Mar. 2025, doi: 10.36956/rwae.v6i1.1536. 

107. P. Kartika, Rahmadanih, I. M. Fahmid, and D. 

Rukmana, “Governing Market Risk in Organic 

Agriculture: Institutional Resilience and Collective 

Action in Rural Indonesia,” Societies, vol. 16, no. 2, 

p. 75, Feb. 2026, doi: 10.3390/soc16020075. 

108. M. Fauzan, “Beyond the Village Gate: 

Commercializing Smallholder Agriculture in 

Indonesia,” RIGGS J. Artif. Intell. Digit. Bus., vol. 

3, no. 3, pp. 10–21, 2024, [Online]. Available: 

https://journal.ilmudata.co.id/index.php/RIGGS/arti

cle/download/400/155 

109. L. Zhou, Z. Wang, H. Zhang, G. Wei, and Q. Gao, 

“Digital skills and knowledge as enablers: 

understanding farmers’ adoption of agricultural 

green production technologies,” J. Innov. Knowl., 

vol. 16, p. 101074, Sep. 2026, doi: 

10.1016/j.jik.2026.101074. 

110. L. Wiseman, J. Sanderson, A. Zhang, and E. Jakku, 

“Farmers and their data: An examination of farmers’ 

reluctance to share their data through the lens of the 

laws impacting smart farming,” NJAS Wageningen 

J. Life Sci., vol. 90–91, no. 1, pp. 1–10, Dec. 2019, 

doi: 10.1016/j.njas.2019.04.007. 

111. K. Bronson, The Immaculate Conception of Data. 

Agribusiness, Activists, and Their Shared Politics of 

the Future. Montréal: McGill‐Queen’s University 

Press, 2022. [Online]. Available: 

https://www.mqup.ca/immaculate-conception-of-

data-products-9780228009730.php 

112. C. Xiong, D. Jiang, and R. Fan, “Technology 

Empowerment, Industrial Support, and Welfare 

Orientation: Coupling Coordination and Synergistic 

Evolution Mechanisms of Digital Villages, 

Agricultural Modernization, and Farmers’ Objective 

Well-Being,” Sustainability, vol. 18, no. 10, p. 4674, 

May 2026, doi: 10.3390/su18104674. 

113. G. P. Kandel, J. Poláková, P. Hamouz, A. Hruška, I. 

Varvaris, and I. Manikas, “The role of digitalisation 

in supporting farmers and strategic policies for food 

security and sustainability in Europe: A review,” 

Sustain. Futur., vol. 11, p. 101702, Jun. 2026, doi: 

10.1016/j.sftr.2026.101702. 

114. M. Cerjak, M. Medici, I. Faletar, J. V. Sundeep, and 

M. Canavari, “Adoption of mobile-based 

agricultural extension services: evidence from South 

India,” J. Rural Stud., vol. 120, p. 103851, Dec. 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10731                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

2025, doi: 10.1016/j.jrurstud.2025.103851. 

115. K. Ofosu-Ampong, W. Abera, T. Mesfin, and T. 

Abate, “Digital agro-advisory tools in the global 

south: a behavioural analysis of impacts, and future 

directions,” Discov. Agric., vol. 3, no. 1, p. 40, Mar. 

2025, doi: 10.1007/s44279-025-00190-y. 

116. P. Yáñez Serrano, L. Argüelles Ramos, and L. 

Prause, “‘Taking farmers’’ trust issues Seriously”: 

Mistrust and the digital tech revolution in water 

management,’” J. Rural Stud., vol. 123, p. 104053, 

Mar. 2026, doi: 10.1016/j.jrurstud.2026.104053. 

117. P. Hirunyatrakul, “Hybrid Intersection: Navigating 

Context and Constraint in AI for Social Good 

Among Thailand’s Smallholder Farmers,” 

Sustainability, vol. 17, no. 13, p. 5792, Jun. 2025, 

doi: 10.3390/su17135792. 

118. S. O. Olawuyi, O. J. Ijila, A. Adegbite, T. D. 

Olawuyi, and C. O. Farayola, “Smallholder 

Farmers’ Use of Indigenous Knowledge Practices in 

Agri-food Systems: Contribution of Food Security 

Attainment Drive,” Res. World Agric. Econ., vol. 5, 

no. 2, pp. 45–67, May 2024, doi: 

10.36956/rwae.v5i2.1056. 

119. Istriningsih et al., “Farmers’ knowledge and practice 

regarding good agricultural practices (GAP) on safe 

pesticide usage in Indonesia,” Heliyon, vol. 8, no. 1, 

p. e08708, Jan. 2022, doi: 

10.1016/j.heliyon.2021.e08708. 

120. L. C. Stringer et al., “Adaptation and development 

pathways for different types of farmers,” Environ. 

Sci. Policy, vol. 104, pp. 174–189, Feb. 2020, doi: 

10.1016/j.envsci.2019.10.007. 

121. D. Susandi, S. A. Andayani, R. Fitriyani, and A. Y. 

N. Fithri, “Strategies for Reducing Inequality in 

Agricultural Value Chains: A Systematic Review on 

Smallholder Participation in Developing 

Countries,” Int. J. Des. Nat. Ecodynamics, vol. 20, 

no. 5, pp. 1103–1115, May 2025, doi: 

10.18280/ijdne.200515. 

122. S. Zhang, Z. Sun, W. Ma, and V. Valentinov, “The 

effect of cooperative membership on agricultural 

technology adoption in Sichuan, China,” China 

Econ. Rev., vol. 62, p. 101334, Aug. 2020, doi: 

10.1016/j.chieco.2019.101334. 

123. X. Chen, “The role of modern agricultural 

technologies in improving agricultural productivity 

and land use efficiency,” Front. Plant Sci., vol. 16, 

Sep. 2025, doi: 10.3389/fpls.2025.1675657. 

124. H. Kendall et al., “Precision agriculture technology 

adoption: a qualitative study of small-scale 

commercial ‘family farms’ located in the North 

China Plain,” Precis. Agric., vol. 23, no. 1, pp. 319–

351, Feb. 2022, doi: 10.1007/s11119-021-09839-2. 

125. M. B. Lai, D. Vergamini, and G. Brunori, “Food 

Supply Chain: A Framework for the Governance of 

Digital Traceability,” Foods, vol. 14, no. 12, p. 

2032, Jun. 2025, doi: 10.3390/foods14122032. 

126. T. Adesiyan, “Leveraging Agricultural Credit and 

Digital Finance for Enhancing Smallholder 

Productivity and Rural Economic Growth,” Int. J. 

Res. Publ. Rev., vol. 6, no. 8, pp. 642–667, Aug. 

2025, doi: 10.55248/gengpi.6.0825.3090. 

127. M. Khan, K. Behrendt, D. Papadas, L. Arnold, and 

A. Sultana, “From Inequalities to Inclusion: 

Sustainable Development for Smallholders,” 

Sustain. Dev., vol. 33, no. S1, pp. 1520–1536, Nov. 

2025, doi: 10.1002/sd.70073. 

128. M. Khan, K. Behrendt, D. Papadas, and L. Arnold, 

“‘Strategic sustainable development: The role of 

intermediaries in managing the sustainability 

compliance of a multi‐tier crop agri‐food supply 

chain. A developing economy perspective,’” 

Sustain. Dev., vol. 33, no. 1, pp. 992–1013, Feb. 

2025, doi: 10.1002/sd.3159. 

129. J. Witjaksono et al., “Corporate farming model for 

sustainable supply chain crude palm oil of 

independent smallholder farmers,” Front. Sustain. 

Food Syst., vol. 8, Oct. 2024, doi: 

10.3389/fsufs.2024.1418732. 

130. M. Eggen et al., “Smallholder participation in zero-

deforestation supply chain initiatives in the 

Indonesian palm oil sector: Challenges, 

opportunities, and limitations,” Elem Sci Anth, vol. 

12, no. 1, May 2024, doi: 

10.1525/elementa.2023.00099. 

131. R. E. de Vos, A. Suwarno, M. Slingerland, P. J. van 

der Meer, and J. M. Lucey, “Pre-certification 

conditions of independent oil palm smallholders in 

Indonesia. Assessing prospects for RSPO 

certification,” Land use policy, vol. 130, p. 106660, 

Jul. 2023, doi: 10.1016/j.landusepol.2023.106660. 

132. P. K. Dutta, R. Singh, A. K. Haghi, and A. A. 

Hamad, Eds., Harnessing AI to Reshape the Future 

of Agriculture. Cham: Springer Nature Switzerland, 

2026. doi: 10.1007/978-3-032-12118-9. 

133. M. Hayuni, Z. M. Lukman, C. Azlini, and O. 

Norshahira, “Digitizing Agriculture and 

Empowering Farmers: A Study of Technology 

Adoption among Small Ruminant Farmers in 

Terengganu,” IJHESS Int. J. Heal. Econ. Soc. Sci., 

vol. 7, no. 4, pp. 1630–1636, 2025, doi: 

10.56338/ijhess.v7i4.7389. 

134. A. Whitbread and T. Baedeker, “Adoption of 

Precision Agriculture Technologies among 

Smallholder Farmers,” Int. J. Agric. Dev., vol. 1, no. 

3, pp. 1–5, 2025, [Online]. Available: 

https://www.allagriculturejournal.com/assets/storag

e/articles/full_article_file_adoption-of-precision-

agriculture-technologies-among-smallholder-

farmers1.pdf 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10732                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

135. T. F. Suardi, L. Sulistyowati, T. I. Noor, and I. 

Setiawan, “Analysis of the Sustainability Level of 

Smallholder Oil Palm Agribusiness in Labuhanbatu 

Regency, North Sumatra,” Agriculture, vol. 12, no. 

9, p. 1469, Sep. 2022,  

136. E. Rustiadi et al., “Developing a precision spatial 

information system of smallholder oil palm 

plantations for sustainable rural development,” IOP 

Conf. Ser. Earth Environ. Sci., vol. 1133, no. 1, p. 

012072, Jan. 2023, doi: 10.1088/1755-

1315/1133/1/012072. 

137. W. A. Ahmed, J. S. Ojerinde, S. F. Olatoyinbo, and 

F. J. Ogaleye, “UAV Technologies for Precision 

Agriculture: Capabilities, Constraints, and 

Deployment Models for Smallholder Systems in 

Sub-Saharan Africa,” Drones, vol. 10, no. 2, p. 115, 

Feb. 2026, doi: 10.3390/drones10020115. 

138. S. Pandeya, B. R. Gyawali, and S. Upadhaya, 

“Factors influencing precision agriculture 

technology adoption among small-scale farmers in 

Kentucky and their implications for policy and 

practice,” Agriculture, vol. 15, no. 2, p. 177, 2025, 

doi: 10.3390/agriculture15020177. 

139. J. Effendi et al., “Determinants of Smallholder 

Farmers to Participate in the People’s Palm Oil 

Replanting Program in Indonesia: Do Non-

Economic Factors Dominate?,” Sustainability, vol. 

18, no. 3, p. 1373, Jan. 2026, doi: 

10.3390/su18031373. 

140. C. M. Onyango, J. M. Nyaga, J. Wetterlind, M. 

Söderström, and K. Piikki, “Precision Agriculture 

for Resource Use Efficiency in Smallholder 

Farming Systems in Sub-Saharan Africa: A 

Systematic Review,” Sustainability, vol. 13, no. 3, 

p. 1158, Jan. 2021, doi: 10.3390/su13031158. 

141. K. Falgenti, Y. Arkeman, K. Syamsu, and E. 

Hambali, “Enhancing Traceability and 

Sustainability in Smallholder Oil Palm Plantations 

Through Gap Analysis and Machine Learning,” 

ASEAN J. Sci. Technol. Dev., vol. 43, no. 1, Jan. 

2025, doi: 10.61931/2224-9028.1637. 

142. N. A. Suharyanti, K. Mizuno, and L. Nurfalah, 

“Intensification model of smallholder oil palm 

plantation to achieving sustainability and prosperity, 

Riau Province, Indonesia,” IOP Conf. Ser. Earth 

Environ. Sci., vol. 1308, no. 1, p. 012031, Feb. 2024, 

doi: 10.1088/1755-1315/1308/1/012031. 

143. S. Sulfiana, “Driving Agricultural Productivity in 

Indonesia: The Impact of Digital Transformation 

and Regional Disparities,” Glob. Rev. Tour. Soc. 

Sci., vol. 1, no. 2, pp. 172–181, 2025. 

144. A. Kosasih and E. Sulaiman, “Digital transformation 

in rural settings: Unlocking opportunities for 

sustainable economic growth and community 

empowerment,” J. Sustain. Tour. Entrep., vol. 5, no. 

2, pp. 129–143, Jul. 2024, doi: 

10.35912/joste.v5i2.2278. 

145. F. Tahmasebi, “The Digital Divide: A Qualitative 

Study of Technology Access in Rural 

Communities,” AI Tech Behav. Soc. Sci., vol. 1, no. 

2, pp. 33–39, 2023, doi: 

10.61838/kman.aitech.1.2.6. 

146. K.-A. Gill, N. Teimouri, J. Bogard, and K. 

Cullerton, “What policy support do smallholders in 

high-income countries need to contribute to healthy, 

sustainable food systems? A scoping review,” Glob. 

Food Sec., vol. 44, p. 100839, Mar. 2025, doi: 

10.1016/j.gfs.2025.100839. 

147. S. S. Huda, A. Akhtar, E. Ahmed, K. M. Samiul 

Hoq, and M. N. Islam, “Artificial intelligence in 

agriculture across south Asia: Technology adoption, 

improvements, and sustainability outcomes,” 

Sustain. Futur., vol. 11, p. 101620, Jun. 2026, doi: 

10.1016/j.sftr.2025.101620. 

148. A. Alawode, A. O. Blessing, and O. T. Chiamaka, 

“Integrating IoT and AI in Sustainable Agriculture 

to Mitigate Environmental Risk and Financial 

Misuse,” Int. J. Res. Publ. Rev., vol. 6, no. 6, pp. 

2810–2828, Jun. 2025, doi: 

10.55248/gengpi.6.0625.2187. 

149. B. Neeraja, D. Suryawanshi, N. Taye, R. Kumar, S. 

Bharti, and S. Tripathi, “Artificial Intelligence in 

Agricultural Extension: Transforming Farmer 

Advisory Systems, Decision Support and 

Knowledge Delivery,” J. Exp. Agric. Int., vol. 48, 

no. 6, pp. 352–371, Jun. 2026, doi: 

10.9734/jeai/2026/v48i64288. 

150. L. T. H. Sen, L. T. H. Phuong, P. Chou, F. B. 

Dacuyan, Y. Nyberg, and J. Wetterlind, “The 

Opportunities and Barriers in Developing 

Interactive Digital Extension Services for 

Smallholder Farmers as a Pathway to Sustainable 

Agriculture: A Systematic Review,” Sustainability, 

vol. 17, no. 7, p. 3007, Mar. 2025, doi: 

10.3390/su17073007. 

151. N. Singaraju, S. Gakhar, A. Malhotra, V. Anjana, 

and N. Mittal, “Double Wins: Utilizing Digital 

Solutions in Agriculture to Attain Gender and 

Climate Goals,” in Climate Change, Food Security, 

and Land Management, 1st ed., W. Leal Filho, N. 

Matandirotya, D. Yayeh Ayal, J. M. Luetz, and B. 

Borsari, Eds., Cham: Springer Nature Switzerland, 

2025, pp. 1–19. doi: 10.1007/978-3-031-71164-

0_43-1. 

152. P. Goodrich, O. Betancourt, A. C. Arias, and T. 

Zohdi, “Placement and drone flight path mapping of 

agricultural soil sensors using machine learning,” 

Comput. Electron. Agric., vol. 205, p. 107591, Feb. 

2023, doi: 10.1016/j.compag.2022.107591. 

153. M. Raj, H. N B, S. Gupta, M. Atiquzzaman, O. 



“Precision Agriculture for Smallholder Oil Palm Plantations: Barriers, Enabling Conditions, and Policy 

Pathways for Inclusive Digital Transformation” 

10733                                                                                 Loso Judijanto, ETJ Volume 11 Issue 06 June 2026 

   

Rawlley, and L. Goel, “Leveraging precision 

agriculture techniques using UAVs and emerging 

disruptive technologies,” Energy Nexus, vol. 14, p. 

100300, 2024, doi: 

https://doi.org/10.1016/j.nexus.2024.100300. 

154. IFC, Handbook: Digital Financial Services for 

Agriculture. IFC, 2020. [Online]. Available: 

https://www.ifc.org/content/dam/ifc/doc/mgrt/digit

al-financial-services-for-agriculture-ifc-mcf-

2018.pdf 

155. L. Lundblad and A.-L. Rissanen, “Precision 

Agriculture and Access to Agri-Finance: How 

precision technology can make farmers better 

applicants,” UMEA University, 2018. [Online]. 

Available: https://www.diva-

portal.org/smash/get/diva2:1223690/FULLTEXT0

1.pdf 

156. V. Y. Ningsih, B. Setiawan, R. Asmara, and R. Dwi 

Andriani, “ISPO Certification and the Sustainable 

Development Goals: Readiness of Independent 

Smallholders in Indonesia (South Sumatra),” Trans. 

Chinese Soc. Agric. Mach., vol. 56, no. 6, pp. 37–

55, 2025, doi: 10.62321/issn.1000-1298.2025.6.4. 

157. Y. Yusriadi, A. Cahaya, and F. Hamzah, 

“Motivations and challenges in adopting food 

security strategies: Insights from rural Indonesia,” 

Soc. Sci. Humanit. Open, vol. 13, p. 102497, Jun. 

2026, doi: 10.1016/j.ssaho.2026.102497. 

158. C. Prip, “Farmers’ Rights in the Plant Treaty: 

interrelations and recent interactions with other 

international regimes and processes,” Dev. Stud. 

Res., vol. 11, no. 1, Dec. 2024, doi: 

10.1080/21665095.2024.2357095. 

159. IFAD, “Farmer-Centric Data Governance: Towards 

A New Paradigm,” 2023. [Online]. Available: 

https://www.donorplatform.org/post/publications/fa

rmer-centric-data-governance-towards-a-new-

paradigm/ 

160. D. M. Raisa et al., “Beef Self-Sufficiency and Oil 

Palm Sustainability: Developing a Cattle-Oil Palm 

Integration System in Indonesia,” Caraka Tani J. 

Sustain. Agric., vol. 41, no. 1, p. 66, Jan. 2026, doi: 

10.20961/carakatani.v41i1.100400. 

161. M. A. Shah and M. Aggarwal, “Blockchain-driven 

sustainability in agri-food supply chains: Exploring 

adoption determinants and performance outcomes,” 

Sustain. Futur., vol. 11, p. 101876, Jun. 2026, doi: 

10.1016/j.sftr.2026.101876. 

162. IPOSS, “2026 Palm Oil Outlook,” Jakarta, 2026. 

163. Z. Ogahara, K. Jespersen, I. Theilade, and M. R. 

Nielsen, “Review of smallholder palm oil 

sustainability reveals limited positive impacts and 

identifies key implementation and knowledge gaps,” 

Land use policy, vol. 120, p. 106258, Sep. 2022, doi: 

10.1016/j.landusepol.2022.106258. 

164. M. Mukhlis, N. Daniswara, A. Abdillah, and S. 

Sofiaturrohmah, “The Intersectional Lens: 

Unpacking the Socio-Ecological Impacts of Oil 

Palm Expansion in Rural Indonesia,” Sustainability, 

vol. 17, no. 23, p. 10570, Nov. 2025, doi: 

10.3390/su172310570. 

165. C. Li, R. B. Radin Firdaus, S. Wu, and C. Zhu, 

“Empowering farmers through agricultural 

cooperatives: a bibliometric analysis and systematic 

review (2010–2025),” Cogent Food Agric., vol. 12, 

no. 1, Dec. 2026, doi: 

10.1080/23311932.2026.2659961. 

166. N. I. Bahtera, Y. Yulia, and H. Herza, 

“Implementation of Good Agricultural Practices by 

Smallholder Oil Palm Farmers (Challenges and 

Determining Factors),” JIA (Jurnal Ilm. Agribisnis)  

J. Agribisnis dan Ilmu Sos. Ekon. Pertan., vol. 10, 

no. 2, pp. 103–110, Mar. 2025, doi: 

10.37149/jia.v10i2.1674. 

167. I. Jelsma, M. Slingerland, K. E. Giller, and J. 

Bijman, “Collective action in a smallholder oil palm 

production system in Indonesia: The key to 

sustainable and inclusive smallholder palm oil?,” J. 

Rural Stud., vol. 54, 2017, doi: 

10.1016/j.jrurstud.2017.06.005. 

168. L. Judijanto, “Navigating Complexities: 

Implementation Challenges of Automated Fresh 

Fruit Bunch Ripeness Detection Systems in Oil 

Palm Plantations,” Soc. Humanit. Open Access 

Journal(SHCOAJ), vol. 3, no. 1, pp. 1–9, Mar. 2026, 

doi: 10.54026/SHCOAJ/1018. 

 


