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Abstract: Autonomous machinery including self-driving field robots, harvesting arms, and sensor-guided input-

application systems is moving from research prototypes toward commercial deployment across global agriculture, 

including labour-intensive tree-crop plantations such as oil palm. This conceptual paper integrates engineering, 

technology-adoption, and strategic-management research to examine autonomous agriculture as an organisational 

and competitive transformation rather than merely a technical substitution for labour. Drawing on the dynamic 

capabilities framework and the Technology–Organisation–Environment (TOE) perspective, it develops a four-

dimensional model encompassing operational and cost restructuring, workforce and labour-market repositioning, 

competitive and value-chain differentiation, and governance and risk exposure. The review indicates that value 

creation depends not only on technical maturity but also on sequencing, organisational reconfiguration, workforce 

trust, and complementary governance capabilities. Four testable propositions and a mixed-methods research design 

are advanced for future empirical investigation in Southeast Asian plantation firms, with particular reference to the 

Malaysian and Indonesian oil palm sector. 
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1.   INTRODUCTION 

Background 

Plantation agriculture has historically depended on large, seasonally flexible manual workforces to perform harvesting, 

pruning, loose-fruit collection, spraying, and related tasks that resist straightforward mechanisation because of biological 

variability, uneven terrain, and the delicacy required when handling living material. This dependence is particularly visible 

in the Malaysian and Indonesian oil palm sector, where harvesting and evacuation of fresh fruit bunches (FFB) account for 

a substantial share of field labour and production cost (Teoh & Lai, 2024). Persistent labour shortages, rising wage costs, 

and the physical difficulty of harvesting work in ageing plantations have combined to make labour availability one of the 

most binding operational constraints facing the sector. 

In response, plantation groups and public research bodies have accelerated investment in autonomous and semi-autonomous 

field technologies, including self-driving fertiliser and evacuation vehicles, drone-based crop monitoring, and prototype 

robotic harvesters incorporating ripeness detection and cutting systems (Teoh & Lai, 2024). Nevertheless, fully autonomous 

plantation operations remain distant, because navigation on uneven terrain, robust ripeness detection, manipulation of 

delicate fruit bunches, and deployment cost remain significant technical and economic barriers (South China Morning Post, 

2024). The gap between what has been demonstrated in prototype form and what can be reliably deployed at commercial 

scale is, at present, considerable — and it is this gap, and the strategic decisions firms must make while it persists, that 

motivates the present paper. 

Purpose of the Study 

These developments raise strategic questions that extend well beyond engineering feasibility. How does a shift from human 

to autonomous field operations alter a plantation firm's cost structure and competitive position? How does it reshape 

workforce composition and skill requirements, in a sector where the workforce itself is often a source of local social and 
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economic stability? What new operational, social, data, and reputational risks emerge as machinery takes on tasks previously 

performed by people? Existing research addresses technical feasibility, economics, and technology adoption individually, 

but an integrated strategic-management account that connects these threads remains comparatively underdeveloped. 

Research Objectives 

This paper therefore has three objectives: (1) to synthesise technical, economic, and adoption research relevant to 

autonomous plantation agriculture; (2) to develop a multidimensional conceptual model of its strategic implications for 

plantation firms; and (3) to derive testable propositions and a research design for future empirical work, with particular 

reference to Southeast Asian oil palm. 

Significance 

The significance of this study lies in treating autonomous agriculture as a strategic transformation problem rather than a 

straightforward equipment-procurement decision. Because oil palm harvesting sits at the intersection of severe labour 

constraint, high economic value, and unusually difficult automation, it offers a demanding but realistic test case for 

understanding how plantation firms should sequence, govern, and organise around autonomous technology as it matures. 

The findings are relevant to plantation executives making capital-allocation decisions, to technology developers designing 

for adoption rather than laboratory performance alone, and to policymakers concerned with the labour-market and rural-

development consequences of automation in a sector that remains a major regional employer. 

2.   LITERATURE REVIEW 

2.1 Technical Progress and Its Limits 

Agricultural robotics has progressed from laboratory prototypes toward field-deployable systems capable of navigation, 

perception, and manipulation under highly variable conditions (Vougioukas, 2019). Gackstetter et al. (2023) argue that 

autonomous field management can support productivity and sustainability through more precise, resource-efficient 

operations, although robotics, artificial intelligence, and big-data systems remain insufficiently integrated in many current 

deployments — a point that echoes the sequencing logic developed later in this paper. Component technologies frequently 

outpace integrated systems: a firm may have access to a capable ripeness-detection algorithm, a capable cutting mechanism, 

and a capable navigation system without yet having a single machine that combines all three reliably in the field. 

2.2 Economic Value Beyond Labour Substitution 

Economic analysis suggests that the value of autonomy cannot be reduced to simple labour substitution. Lowenberg-DeBoer 

et al. (2021) show, in the context of arable farming, that autonomous equipment may create value through longer operating 

periods (machines that do not require rest breaks or shift changes), improved asset utilisation, and the use of lighter, more 

numerous machines rather than fewer large ones. For plantation strategy, the investment case should therefore evaluate 

operational flexibility, utilisation, reliability, and system redesign alongside direct labour-cost savings. A narrow labour-

substitution calculation — comparing the cost of a machine to the wages it displaces — is likely to understate both the 

potential upside of autonomy (through extended operating hours and more consistent execution) and its hidden costs 

(through the retraining, maintenance, and reorganisation it requires). 

2.3 Adoption Is Not Guaranteed by Technical or Economic Viability 

Technical and economic viability do not guarantee adoption. Rübcke von Veltheim et al. (2021) found, using a PLS-based 

analysis of German farmers, that expected performance, social influence, and trust positively influenced intention to use 

autonomous field robots, whereas effort expectancy and anxiety acted as barriers. Devitt (2021) similarly highlights 

cognitive challenges associated with autonomous agriculture, including trust in opaque decision systems and the possible 

erosion of tacit farming knowledge as decisions are increasingly delegated to algorithms. Workforce trust, retraining, 

interface design, and change management should therefore be treated as strategic complements to the technology itself, not 

as secondary implementation details to be resolved after the purchasing decision has been made. 

2.4 The Oil Palm Case: Pressure Toward Automation Meets Technical Difficulty 

The oil palm sector illustrates both the intensity of the pressure toward automation and the scale of its technical difficulty. 

Teoh and Lai (2024) identify ripeness detection, cutting, climbing, trajectory planning, localisation, navigation, and obstacle 

avoidance as central requirements for robotic harvesting — a considerably longer and more demanding list of sub-problems 

than is typically required for automating row-crop operations such as planting or spraying. Autonomous or semi-
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autonomous machinery is, as a result, more readily deployed in lower-complexity activities such as fertiliser application 

and fruit evacuation, whereas harvesting itself remains substantially harder to automate. This creates a strategic sequencing 

problem: firms must balance technical readiness against the potential value of addressing their most labour-constrained 

operations, knowing that the highest-value automation target (harvesting) is also the technically hardest to achieve. 

2.5 Theoretical Lenses: Dynamic Capabilities and TOE 

The dynamic capabilities framework (Teece et al., 1997) suggests that advantage will accrue not simply to firms that 

purchase autonomous equipment, but to those that redesign field operations, workforce roles, data routines, maintenance 

systems, and managerial processes around it — the capability to sense opportunities, seize them through investment, and 

reconfigure the organisation accordingly. The Technology–Organisation–Environment (TOE) framework (Tornatzky & 

Fleischer, 1990) complements this perspective by showing how technological maturity, organisational resources, 

managerial support, labour scarcity, regulation, and competitive pressure interact to shape both the decision to adopt a 

technology and the success of its subsequent implementation. Together, these two lenses motivate a model in which 

technology, organisation, and environment are treated as jointly determining strategic outcomes, rather than treating 

technology adoption as a discrete event that occurs once favourable conditions align. 

3.   A MULTIDIMENSIONAL MODEL OF AUTONOMOUS AGRICULTURE 

Synthesising the literature reviewed above, this paper proposes four interlocking dimensions through which autonomous 

agriculture affects plantation strategy. These dimensions are mutually reinforcing rather than independent: a change in one 

typically requires, or produces, a corresponding adjustment in the others. 

3.1 Operational and Cost Restructuring 

Autonomous machinery changes the shape of a plantation's cost base — shifting expenditure from variable labour costs 

toward capital expenditure, maintenance contracts, and data-infrastructure costs — and can extend effective operating hours 

beyond the limits of a human shift pattern. Realising this value requires operational redesign: field logistics, maintenance 

scheduling, and supervisory roles must be reorganised around machine capabilities rather than simply inserted into existing 

human-centred workflows. 

3.2 Workforce and Labour-Market Repositioning 

Automation reshapes the composition and skill requirements of the plantation workforce, typically reducing demand for 

physically arduous manual roles while increasing demand for machine operation, maintenance, and data-interpretation 

skills. This repositioning has social as well as economic dimensions, particularly in regions where plantation employment 

is a significant source of local livelihoods, and where workforce trust in new technology is itself a determinant of how 

effectively that technology is used. 

3.3 Competitive and Value-Chain Differentiation 

Where automation improves consistency of execution, extends operating windows, or enables more precise input 

application, it can differentiate a firm's cost position, yield consistency, or sustainability credentials relative to competitors 

— and, over time, reshape relationships with input suppliers, equipment vendors, and downstream buyers who increasingly 

value traceability and consistency in supply. 

3.4 Governance and Risk Exposure 

Autonomous systems introduce new categories of risk — equipment safety incidents, data security and integrity failures, 

algorithmic errors in ripeness or navigation decisions, and reputational exposure if automation is perceived as displacing 

workers without adequate transition support. Firms that treat these risks as governance questions to be managed proactively, 

rather than as residual technical issues, are better placed to sustain the social licence needed for continued automation 

investment. 

3.5 Propositions 

P1. Plantation firms that prioritise automation of field operations with the greatest combined labour constraint and economic 

value will realise larger competitive performance gains than firms that prioritise lower-value operations solely because they 

are technically easier to automate. 
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P2. Workforce trust and perceived job security will positively moderate the relationship between the availability of 

autonomous technology and its effective field utilisation; proactive retraining and redeployment programmes will therefore 

be associated with faster and more sustained utilisation of newly deployed equipment. 

P3. Firms that treat autonomous agriculture as an organisational reconfiguration — involving new roles, data-management 

routines, maintenance capabilities, and field-supervision processes — will realise greater productivity gains than firms that 

treat autonomy as a like-for-like substitute for manual labour within an otherwise unchanged operating model. 

P4. In labour-constrained plantation contexts, environmental pressures such as labour scarcity and competitive 

benchmarking will exert a stronger influence on adoption intensity than organisational scale or capital availability alone, 

implying that mid-sized firms facing acute labour shortages may adopt autonomous technology as quickly as larger, better-

capitalised competitors. 

4.   PROPOSED RESEARCH DESIGN 

The empirical design proposed here is prospective: no primary data were collected for the present conceptual paper. A 

mixed-methods, multiple-case-study design is proposed, using a purposive sample of plantation groups at different stages 

of automation maturity — from firms still relying entirely on manual field operations, through those piloting autonomous 

evacuation or spraying, to the small number of firms trialling prototype robotic harvesters. Semi-structured interviews with 

plantation managers, field supervisors, machine operators, and technical personnel should be triangulated with operational 

records such as cost per hectare, labour headcount by role, equipment downtime and utilisation, and, where feasible, direct 

field observation of automated and manual operations side by side. 

Given the small number of plantation groups likely to be at advanced automation stages at any given time, cross-case 

comparative analysis is the appropriate method for the case-study component of the design. Where a larger sample of 

managers or estate-level units can be reached — for instance, across multiple estates within the same corporate group, or 

across an industry association's membership — workforce-related constructs may additionally be examined quantitatively 

using an extended Unified Theory of Acceptance and Use of Technology (UTAUT) instrument and structural equation 

modelling, following the approach of Rübcke von Veltheim et al. (2021). Combining the case-study and survey components 

in this way allows the research design to capture both the depth of organisational reconfiguration at the firm level and the 

breadth of workforce attitudes across a wider population of field staff. 

5.   DISCUSSION AND IMPLICATIONS 

5.1 Implications for Plantation Managers 

For plantation managers, automation strategy should not be sequenced by technical readiness alone. Investment decisions 

should weigh the economic value and labour criticality of each operation against its technical maturity and implementation 

risk, rather than simply automating whichever task is easiest to automate first. Capital budgeting should incorporate 

retraining, redeployment, maintenance, data infrastructure, and change-management costs as integral components of the 

investment case, not as afterthoughts to be funded separately once the equipment has already been purchased. Firms should 

also anticipate that the operations offering the greatest potential value — such as fresh-fruit-bunch harvesting — are likely 

to remain the hardest to automate for some time, and should plan interim strategies, such as semi-autonomous assistance 

for human harvesters, rather than waiting for a fully autonomous solution to become commercially available. 

5.2 Implications for Technology Developers 

For technology developers, interface usability, operator training, system transparency, reliability, and mechanisms that 

support trust may be as consequential for commercial success as raw technical performance. A harvesting robot with 

marginally lower detection accuracy but a more intuitive interface, better field-service support, and a clearer safety record 

may achieve faster and more durable adoption than a technically superior but poorly supported alternative. Developers 

should therefore treat implementation support and workforce-facing design as core product features rather than post-sale 

services. 

5.3 Implications for Policymakers 

For policymakers, the uneven pace of automation implies that transition support should target the occupations and locations 

most exposed to near-term technological change — such as manual harvesting roles in regions with the most advanced 

automation pilots — rather than assuming uniform, sector-wide displacement on a fixed timeline. Given that harvesting 
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automation is likely to lag behind automation of lower-complexity tasks such as fertiliser application and evacuation, 

workforce-transition policy has a window of several years in which to develop retraining and redeployment pathways before 

the most labour-intensive roles face significant technological pressure. 

6.   LIMITATIONS AND FUTURE RESEARCH 

This paper is a conceptual synthesis and does not report new primary data. Its contribution is therefore theoretical integration 

rather than causal estimation, and its propositions should be read as a research agenda rather than as established empirical 

findings. The plantation evidence reviewed is concentrated in Malaysia and, to a lesser extent, Indonesia, while some of the 

adoption evidence discussed — particularly regarding farmer trust and intention to use autonomous robots — derives from 

European arable farming contexts that differ materially from Southeast Asian tree-crop plantations in terrain, crop biology, 

farm scale, and labour structure. Direct empirical testing in Southeast Asian plantation firms is consequently necessary 

before the propositions developed here can be generalised with confidence. 

Future research should test the proposed relationships within plantation firms using the mixed-methods design outlined in 

Section 4; examine whether the sequencing logic identified for oil palm extends to other labour-intensive tree crops such as 

rubber, cocoa, and coconut, each of which presents a different balance of harvesting complexity and labour constraint; and 

follow automation programmes longitudinally to determine whether the early advantages of pioneering firms persist as 

technologies mature, costs fall, and competitors catch up. Longitudinal designs would also allow researchers to test whether 

the workforce-trust effects proposed in P2 diminish over time as automation becomes normalised within a given estate or 

region. 

7.   CONCLUSION 

Autonomous agriculture is best understood as a strategic transformation with operational, workforce, competitive, and 

governance consequences, rather than as a straightforward equipment purchase to be evaluated on payback period alone. 

The Southeast Asian oil palm sector illustrates both the intensity of the pressure toward automation — driven by acute and 

persistent labour shortages — and the unevenness with which that automation is likely to arrive, given the technical 

difficulty of harvesting relative to other field operations. Firms that combine technology investment with deliberate 

organisational reconfiguration, workforce transition, and risk governance should be better positioned to convert autonomy 

into sustained operational and competitive value than firms that treat automation as a simple substitution of machines for 

people. The multidimensional model and research design developed here provide a basis for testing that proposition 

empirically, and for guiding the sequencing of investment while the technology continues to mature. 
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