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Abstract (English)  

The increasing convergence of artificial intelligence (AI), precision agriculture, Internet of Things 

(IoT) technologies, and sustainability science is transforming global agricultural systems. 

Simultaneously, climate change, population growth, land degradation, and resource scarcity 

continue to threaten food security and agricultural productivity worldwide. These developments 

have intensified interest in smart agricultural innovation systems capable of enhancing 

productivity while promoting environmental sustainability and socio-economic resilience. This 

study investigates how scientific capacity, digital innovation, and governance structures influence 

sustainable agricultural transformation through a comparative analysis of the Netherlands and 

Japan. Both countries possess advanced technological infrastructures and globally recognized 

agricultural innovation ecosystems but differ substantially in land use patterns, demographic 

conditions, governance approaches, and technological deployment strategies. Drawing upon 

innovation systems theory, sustainability transition frameworks, and socio-technical governance 

perspectives, this study synthesizes evidence from FAO, OECD, World Bank, UNESCO, and 

peer-reviewed scientific literature. The findings demonstrate that successful smart agriculture 

transitions depend on the interaction among scientific research, digital infrastructure, 

institutional coordination, farmer engagement, and sustainability-oriented governance. The 

Netherlands emphasizes large-scale technological integration and export-oriented productivity, 

while Japan focuses on automation, labor substitution, and rural resilience. The study proposes a 

conceptual model linking scientific capacity, digital agricultural innovation, operational 
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efficiency, food system resilience, and sustainable development. The findings contribute to 

interdisciplinary scholarship on digital agriculture, sustainability science, and innovation 

governance while providing policy insights for countries seeking to strengthen food security 

through technology-driven agricultural transformation. 

 

Keywords: Artificial Intelligence, Precision Agriculture, Food Security, Smart Farming, 

Sustainability Science, Innovation Systems, Digital Agriculture, Agricultural Governance 

 

Abstrak (Indonesia) 

Konvergensi kecerdasan buatan (AI), pertanian presisi, teknologi Internet of Things 

(IoT), dan ilmu keberlanjutan yang semakin meningkat sedang mentransformasi sistem 

pertanian global. Bersamaan dengan itu, perubahan iklim, pertumbuhan penduduk, 

degradasi lahan, dan kelangkaan sumber daya terus mengancam ketahanan pangan dan 

produktivitas pertanian di seluruh dunia. Perkembangan ini telah meningkatkan minat 

pada sistem inovasi pertanian cerdas yang mampu meningkatkan produktivitas 

sekaligus mendorong keberlanjutan lingkungan dan ketahanan sosial-ekonomi. Studi ini 

meneliti bagaimana kapasitas ilmiah, inovasi digital, dan struktur tata kelola 

memengaruhi transformasi pertanian berkelanjutan melalui analisis komparatif Belanda 

dan Jepang. Kedua negara memiliki infrastruktur teknologi canggih dan ekosistem 

inovasi pertanian yang diakui secara global, tetapi berbeda secara substansial dalam pola 

penggunaan lahan, kondisi demografis, pendekatan tata kelola, dan strategi penerapan 

teknologi. Dengan mengacu pada teori sistem inovasi, kerangka kerja transisi 

keberlanjutan, dan perspektif tata kelola sosio-teknis, studi ini mensintesis bukti dari 

FAO, OECD, Bank Dunia, UNESCO, dan literatur ilmiah yang ditinjau oleh rekan 

sejawat. Temuan menunjukkan bahwa transisi pertanian cerdas yang sukses bergantung 

pada interaksi antara penelitian ilmiah, infrastruktur digital, koordinasi kelembagaan, 

keterlibatan petani, dan tata kelola yang berorientasi pada keberlanjutan. Belanda 

menekankan integrasi teknologi skala besar dan produktivitas berorientasi ekspor, 

sementara Jepang berfokus pada otomatisasi, substitusi tenaga kerja, dan ketahanan 

pedesaan. Studi ini mengusulkan model konseptual yang menghubungkan kapasitas 

ilmiah, inovasi pertanian digital, efisiensi operasional, ketahanan sistem pangan, dan 
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pembangunan berkelanjutan. Temuan ini berkontribusi pada kajian interdisipliner 

tentang pertanian digital, ilmu keberlanjutan, dan tata kelola inovasi, sekaligus 

memberikan wawasan kebijakan bagi negara-negara yang berupaya memperkuat 

ketahanan pangan melalui transformasi pertanian berbasis teknologi. 

 

Kata kunci :  Kecerdasan Buatan, Pertanian Presisi, Ketahanan Pangan, Pertanian Cerdas, 

Ilmu Keberlanjutan, Sistem Inovasi, Pertanian Digital, Tata Kelola Pertanian 

Kirim masukan 

  

Introduction 

Agriculture remains one of the most strategically important sectors for global 

sustainability, economic development, and human well-being. According to the Food 

and Agriculture Organization (FAO, 2024), global food demand is expected to increase 

significantly by 2050 due to population growth, urbanization, and rising living standards. 

At the same time, agricultural systems face mounting pressures from climate change, 

biodiversity loss, water scarcity, soil degradation, and labor shortages. These challenges 

require innovative approaches capable of increasing productivity while maintaining 

environmental sustainability and social resilience. 

Recent advances in artificial intelligence, machine learning, remote sensing, 

robotics, unmanned aerial vehicles, and Internet of Things (IoT) technologies have 

created new opportunities for transforming agricultural production systems. Collectively 

described as precision agriculture or smart farming, these technologies enable farmers to 

optimize resource utilization, improve crop yields, reduce environmental impacts, and 

enhance decision-making processes through data-driven management strategies 

(Wolfert et al., 2021). 

The emergence of digital agriculture reflects broader transformations associated 

with the Fourth Industrial Revolution and sustainability-oriented technological 

innovation. AI-based systems can analyze environmental conditions, predict crop 

diseases, optimize irrigation schedules, automate harvesting processes, and support 

climate adaptation strategies. Furthermore, digital technologies facilitate greater 
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transparency across agricultural value chains and strengthen food system resilience 

through predictive analytics and real-time monitoring (OECD, 2023). 

Despite these opportunities, significant variation exists in the adoption and 

effectiveness of smart agriculture technologies. Previous studies emphasize technological 

innovation as a key driver of agricultural productivity (Rose & Chilvers, 2020). Other 

scholars highlight the importance of governance systems, institutional support, farmer 

capabilities, and innovation ecosystems in shaping implementation outcomes (Klerkx & 

Rose, 2020). Consequently, technological capability alone cannot explain differences in 

agricultural transformation trajectories. 

The literature on digital agriculture has expanded substantially over the past 

decade. Research has examined the role of AI in crop management, climate adaptation, 

and agricultural efficiency. Sustainability scholars have explored interactions among 

technology, environmental stewardship, and rural development. Innovation systems 

researchers have similarly emphasized the role of knowledge networks and institutional 

coordination in fostering technological adoption. However, existing scholarship remains 

fragmented across disciplinary boundaries. 

Several research gaps remain. First, many studies focus on technical performance 

rather than socio-technical systems dynamics. Second, comparative analyses examining 

how governance structures influence smart agriculture implementation remain limited. 

Third, insufficient attention has been given to the relationship between digital 

agricultural innovation and broader sustainability outcomes. 

The Netherlands and Japan provide a compelling comparative context. Both 

countries possess advanced scientific infrastructures, highly developed agricultural 

sectors, and strong innovation capabilities. However, they differ significantly in 

geographic conditions, demographic structures, agricultural practices, and policy 

priorities. The Netherlands is internationally recognized for high-productivity 

agriculture and agricultural exports despite limited land resources. Japan faces 

demographic aging, rural depopulation, and labor shortages that have accelerated 

agricultural automation and robotics adoption. 

These differences create opportunities to investigate how distinct scientific and 

governance systems shape agricultural innovation outcomes. This article therefore 
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develops an analytical framework linking scientific capacity, digital agricultural 

innovation, operational efficiency, food system resilience, and sustainable development. 

The objective of this study is to examine how innovation governance influences 

AI-enabled agricultural transformation and food system resilience in the Netherlands 

and Japan. 

            

Method 

This study adopts a comparative socio-technical systems approach integrating 

innovation systems theory, sustainability transition scholarship, digital agriculture 

research, and agricultural governance frameworks. The Netherlands and Japan were 

selected because both represent globally recognized leaders in agricultural innovation 

while exhibiting substantial variation in demographic conditions, land-use structures, 

governance arrangements, and technological implementation pathways. The analytical 

framework investigates interactions among scientific capacity, digital technology 

adoption, institutional coordination, agricultural productivity, environmental 

sustainability, and food system resilience. Evidence was synthesized from FAO 

databases, OECD agricultural indicators, World Bank development reports, UNESCO 

science statistics, national agricultural strategies, and peer-reviewed literature indexed in 

Scopus and Web of Science. 

The analytical process combines comparative institutional analysis, 

interdisciplinary evidence synthesis, and qualitative interpretation of socio-technical 

dynamics. Key variables include agricultural research investments, AI adoption rates, 

precision farming deployment, governance structures, farmer participation mechanisms, 

sustainability performance indicators, and food security outcomes. Reliability was 

strengthened through triangulation across international datasets and scholarly evidence. 

Ethical considerations emphasize transparency, scientific rigor, and responsible 

interpretation of secondary data. Limitations include reliance on existing datasets and 

the rapidly evolving nature of digital agricultural technologies. 

 

 

Findings and Discussion 
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1. Scientific Capacity and Agricultural Innovation Ecosystems 

The findings indicate that both the Netherlands and Japan possess strong scientific 

foundations supporting agricultural innovation. The Netherlands benefits from highly 

integrated agricultural research institutions, advanced agritech industries, and strong 

university-industry collaboration networks. Wageningen University & Research has 

become a globally influential center for agricultural innovation and sustainability science. 

Japan similarly demonstrates substantial scientific capabilities, particularly in 

robotics, automation, sensor technologies, and AI-driven systems. Government 

programs have actively promoted smart agriculture initiatives to address labor shortages 

and improve productivity in aging rural communities. 

The comparison demonstrates that scientific capacity functions as a foundational 

driver of agricultural innovation. However, the effectiveness of innovation systems 

depends on institutional mechanisms facilitating knowledge transfer, technology 

adoption, and stakeholder engagement. 

 

2. Artificial Intelligence and Precision Agriculture Implementation 

Both countries have integrated AI technologies into agricultural production 

systems, although their implementation priorities differ significantly. The Netherlands 

emphasizes optimization of production efficiency, greenhouse management, precision 

irrigation, and supply chain integration. Data-driven farming systems enable high 

productivity despite limited agricultural land availability. 

Japan focuses more heavily on automation technologies including autonomous 

tractors, robotic harvesting systems, drone-assisted monitoring, and AI-supported crop 

management. These technologies address structural challenges associated with labor 

shortages and demographic aging. 

The findings suggest that technological implementation reflects broader socio-

economic and institutional contexts. AI systems are not adopted in isolation but emerge 

through interactions among policy priorities, economic conditions, and agricultural 

structures. 

 

Table 1. Analytical Matrix of Comparative Scientific and Innovation Systems 



  Volume 1, Issue 1, Mei 2026 
  E-ISSN 
   

  

52 

Variable Netherl
ands 

Japan Empiric
al Evidence 

Analytic
al 
Interpretation 

Innovati
on Focus 

Producti
vity 
optimization 

Labor 
substitution 
and 
automation 

National 
agricultural 
strategies 

Different 
structural 
challenges 
shape 
innovation 
priorities 

Scientifi
c Capacity 

Strong 
agritech 
research 
ecosystem 

Advan
ced robotics 
and AI 
expertise 

OECD 
and UNESCO 
indicators 

Distinct 
scientific 
strengths 
influence 
technology 
pathways 

AI 
Deployment 

Precisio
n farming and 
analytics 

Roboti
cs and 
autonomous 
systems 

Smart 
agriculture 
programs 

Technol
ogical choices 
reflect 
institutional 
needs 

Governa
nce Structure 

Collabor
ative 
innovation 
networks 

State-
supported 
modernizatio
n programs 

Agricult
ural policy 
reports 

Governa
nce affects 
adoption 
mechanisms 

Sustaina
bility 
Integration 

Resourc
e efficiency and 
environmental 
management 

Rural 
resilience and 
food security 

Sustaina
bility 
assessments 

Different 
sustainability 
priorities 
emerge 

Food 
System 
Outcomes 

Export 
competitivenes
s and 
productivity 

Operat
ional 
resilience and 
continuity 

Agricult
ural 
performance 
indicators 

Multiple 
pathways to 
agricultural 
transformation 

The matrix illustrates that agricultural innovation pathways are shaped by 

interactions among scientific capacity, governance structures, and socio-economic 

conditions. The Netherlands prioritizes efficiency and competitiveness, whereas Japan 

emphasizes resilience and labor adaptation. 

 

3. Sustainability Outcomes and Resource Efficiency 

The comparison reveals that digital agricultural technologies contribute 

significantly to sustainability objectives. Precision agriculture reduces water 

consumption, fertilizer use, pesticide application, and energy expenditure while 
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improving crop productivity. These improvements support environmental sustainability 

and resource conservation goals. 

The Netherlands demonstrates strong performance in resource efficiency and 

agricultural productivity. Japan’s smart agriculture initiatives contribute to sustaining 

food production despite demographic and labor-related constraints. Both approaches 

illustrate the capacity of digital innovation to address complex sustainability challenges. 

The findings support sustainability transition theory by demonstrating how 

technological innovation, institutional change, and governance adaptation collectively 

facilitate systemic transformation. 

 

4. Food Security, Resilience, and Future Agricultural Development 

Food security increasingly depends upon the ability of agricultural systems to 

adapt to environmental uncertainty, climate risks, and socio-economic change. AI-

enabled systems enhance resilience by improving forecasting accuracy, optimizing 

resource management, and supporting adaptive decision-making. 

The comparison indicates that long-term resilience depends on more than 

technological sophistication. Successful agricultural transformation requires farmer 

education, governance coordination, data infrastructure, and supportive policy 

frameworks. Scientific systems capable of integrating these elements are better 

positioned to achieve sustainable food security outcomes. 

These findings extend existing scholarship by highlighting governance as a 

mediating mechanism connecting scientific innovation and food system resilience. The 

evidence suggests that sustainability-oriented innovation systems provide strategic 

advantages in addressing future agricultural challenges. 

 

Conceptual Model 

Scientific Capacity → Digital Agricultural Innovation → Operational Efficiency 

→ Food System Resilience → Sustainable Food Security 

This model proposes that scientific knowledge and research capability generate 

technological innovations supporting agricultural modernization. Effective deployment 

enhances operational efficiency, strengthens resilience, and contributes to sustainable 
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food security outcomes. Governance mechanisms facilitate interactions among scientific 

systems, technological implementation, and sustainability objectives. 

  

Conlusion 

This study examined how innovation governance influences AI-enabled 

agricultural transformation and food system resilience through a comparative analysis of 

the Netherlands and Japan. The findings demonstrate that successful smart agriculture 

transitions depend not solely on technological innovation but on interactions among 

scientific capacity, governance quality, institutional coordination, and sustainability 

objectives. 

The comparison reveals distinct but complementary pathways toward 

agricultural modernization. The Netherlands emphasizes productivity optimization, 

resource efficiency, and global competitiveness. Japan focuses on automation, labor 

substitution, and rural resilience. Both approaches demonstrate the strategic value of 

integrating scientific knowledge with digital technologies and governance innovation. 

Theoretically, this article contributes to interdisciplinary scholarship by 

integrating innovation systems theory, sustainability science, digital transformation 

research, and agricultural governance studies. Empirically, it demonstrates that 

governance structures significantly influence the effectiveness of smart agriculture 

implementation and sustainability outcomes. 

For policymakers, the findings highlight the importance of investing in scientific 

research, digital infrastructure, farmer capacity-building, and collaborative governance 

systems. Sustainable agricultural transformation requires coordinated efforts across 

technological, institutional, environmental, and social dimensions. 

Future research should investigate comparative experiences in developing 

economies, assess long-term sustainability impacts of AI adoption, and explore 

interactions among climate adaptation, digital agriculture, and global food system 

resilience. 
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