


Digital Agriculture and Food Security: The Transformative Role of Information Technology in Global Food Production

Abstract
Digital technologies are reshaping how food is produced, traded, and governed, and are increasingly framed as key to meeting the global food security challenge under climate and resource constraints. This review synthesizes recent evidence on how information technology–enabled “digital agriculture” influences the four classical dimensions of food security—availability, access, utilization, and stability—across diverse farming systems. We examine core technological building blocks, including Internet of Things (IoT) sensing, remote sensing, artificial intelligence (AI), big data analytics, digital advisory services, and platform-based value chains, and map the main pathways through which they affect productivity, risk management, environmental outcomes, and inclusion. Empirical and review studies from both high-income and low- and middle-income countries suggest that digital agriculture can increase yields, improve input-use efficiency, reduce production risk, and enhance information flows along value chains, with positive implications for food availability and economic access. However, benefits are unevenly distributed and shaped by digital literacy, infrastructure, institutional support, and data governance regimes. Digital agriculture also carries systemic risks, including deepening power asymmetries over data, reinforcing industrial models of production, and excluding smallholders and marginalized groups. We propose an integrated framework that positions digital agriculture as an enabling layer within broader transitions toward sustainable and equitable food systems, rather than a technological “fix” in isolation. The review concludes with research and policy priorities focused on closing evidence gaps, governing data and platforms in the public interest, and designing inclusive, climate-resilient digital ecosystems that support global food security.	Comment by HP: s	Comment by HP: Re-write as ‘core technological building blocks were examined, including ………’	Comment by HP: Re-write the sentence like this, ‘An integrated framework was proposed, that positions digital agriculture ………..’
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1. Introduction
Rapid digitalization is reshaping how food is produced, traded and consumed at exactly the moment when climate change, resource degradation, geopolitical instability and demographic growth are intensifying pressure on global food systems. Over the past decade, digital technologies – including remote sensing, the Internet of Things, artificial intelligence, mobile platforms and distributed ledgers – have migrated from experimental pilots to mainstream components of farm and agri-food value-chain management in many regions (Wolfert et al., 2017; Xu et al., 2024). Recent empirical work shows that such technologies can raise agricultural productivity, enable greener resource use and support more diversified rural livelihoods, thereby contributing indirectly and directly to food security objectives (Liu & Liu, 2023; Shamshiri et al., 2024).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
At the same time, food insecurity remains stubbornly high in many parts of the world, and recent shocks – from the COVID-19 pandemic to extreme weather and conflicts – have underscored the vulnerability of global supply chains. This has prompted renewed interest in the potential of “digital agriculture” to enhance all four widely recognised dimensions of food security: availability of sufficient food; access to food; utilization of safe and nutritious diets; and stability of these conditions over time. Evidence from multi-country panels indicates that broader digitalization can improve food supply and reduce food insecurity in developing economies by easing information frictions and strengthening market integration (Subramaniam et al., 2025). However, the extent to which agriculture-specific digital innovations translate into robust, equitable and sustainable food security outcomes is still contested.	Comment by HP: Itelize
The term “digital agriculture” itself covers a heterogeneous assemblage of technologies, practices and institutional arrangements. Early work on “smart farming” emphasised the integration of sensors, decision-support algorithms and automated machinery to optimise input use and yields at field scale (Wolfert et al., 2017; Shamshiri et al., 2024). Subsequent social-science scholarship has broadened this perspective, framing digital agriculture and “Agriculture 4.0” as socio-technical transitions that reconfigure power relations, data ownership, labour and knowledge flows across agri-food systems (Klerkx et al., 2019; Rose & Chilvers, 2018). These analyses highlight that digitalization is not a neutral technical fix; rather, it embodies particular visions of efficiency, sustainability and control that may or may not align with the priorities of smallholders, workers and consumers.	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Iterlize
From a food-security perspective, several complementary strands of literature have emerged. Technology-focused reviews document the rapid proliferation of use cases for digital tools in crop and livestock monitoring, input management, early warning and climate-risk management, often with promising yield or resource-use benefits (Shamshiri et al., 2024; Xu et al., 2024). Impact-oriented empirical studies and macro-level econometric analyses explore how digital technology adoption affects sustainable agriculture, poverty alleviation and food security at regional or national scales, finding generally positive but heterogeneous effects (Liu & Liu, 2023; Subramaniam et al., 2025). A growing body of work also examines digital agriculture services and platforms in low- and middle-income countries, stressing the importance of business models, gender dynamics and institutional environments for inclusive impact (Porciello et al., 2022; Manzoor et al., 2025). Finally, critical and anticipatory analyses interrogate high-level policy narratives and imaginaries around digital agriculture, questioning whose food-system futures are being promoted and whose risks are being ignored (Lajoie-O’Malley et al., 2020; Rose & Chilvers, 2018). 	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Despite this rapidly expanding literature, there is still a need for integrative syntheses that explicitly organise digital agriculture’s diverse mechanisms and outcomes around the multidimensional concept of food security, and that bridge technical, socio-economic and governance perspectives. Existing reviews frequently focus on specific technologies, single countries or narrow sustainability metrics, leaving fragmented insights on how digitalization reshapes global food production and provisioning. This review responds to that gap by offering a structured, food-security-centred assessment of the transformative role of information technology in agriculture and agri-food systems across different regions and scales.
1.1. Scope and objectives of the review
The overarching purpose of this article is to critically examine how digital agriculture is shaping contemporary and future trajectories of global food security. Building on prior reviews of smart farming and digital agriculture transitions (Klerkx et al., 2019; Shamshiri et al., 2024; Xu et al., 2024), we pursue three specific objectives. First, we synthesise evidence on the technical and agronomic pathways through which digital technologies influence food availability and stability, including productivity gains, input-use efficiency, risk management and climate resilience. Second, we analyse how digital platforms, services and data infrastructures affect economic and social dimensions of food security, notably access, affordability and equity for different categories of producers and consumers in both the Global North and South. Third, we interrogate the institutional, ethical and political conditions under which digital agriculture can contribute to just and sustainable food systems, engaging with debates on data governance, algorithmic bias, labour transformations and environmental externalities (Lajoie-O’Malley et al., 2020; Rose & Chilvers, 2018). 	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: On a general note, stop using the word ‘We’, instead, you write that, ‘Evidence were synthesized on the technical……..’	Comment by HP: Itelize
By situating digital agriculture within broader food-system transitions, the review aims to provide a conceptual map and evidence base that can inform policy, investment and research agendas. In particular, we focus on the conditions under which digitalization amplifies or narrows existing inequalities, strengthens or undermines environmental sustainability, and builds or erodes resilience in the face of shocks.	Comment by HP: The word ‘We’ should be replaced with an appropriate one
1.2. Methods for literature selection
This article adopts a structured narrative-review approach with elements of scoping review methodology. We searched major bibliographic databases – Web of Science Core Collection, Scopus, and Publisher platforms like ScienceDirect and Frontiers journal platforms, etc – complemented by targeted searches in Google Scholar to capture very recent publications. The primary search strings combined generic terms for digitalization with agriculture and food-system concepts, including “digital agriculture,” “smart farming,” “precision agriculture,” “Agriculture 4.0,” “digital technology” AND “food security,” “agri-food systems,” “sustainable agriculture,” and “global food production.” Searches were restricted to peer-reviewed journal articles in English published between January 2015 and October 2025, a period that coincides with the mainstreaming of digital agriculture discourse and large-scale deployments (Wolfert et al., 2017; Klerkx et al., 2019; Shamshiri et al., 2024; Xu et al., 2024). 	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Titles and abstracts were screened to retain studies that explicitly addressed digital or smart agriculture, broadly defined, and that reported outcomes or substantive discussion related to at least one dimension of food security, sustainable agricultural production, or resilience in agri-food systems. We included empirical quantitative and qualitative studies, modelling analyses, systematic or scoping reviews, and conceptual papers. Conference proceedings, theses, book chapters, policy reports and other grey literature were excluded to ensure a consistent level of peer-review quality. Reference lists of key articles and recent reviews were manually scanned (“snowballing”) to identify additional relevant studies, particularly on digital services and adoption determinants in low- and middle-income countries (Porciello et al., 2022; Liu & Liu, 2023; Manzoor et al., 2025; Subramaniam et al., 2025). Articles were then coded according to technology type, geographic focus, methodological approach and primary food-security outcomes, providing the basis for the thematic synthesis in subsequent sections.	Comment by HP: Replace with an appropriate word	Comment by HP: Itelize were necessary
2. Conceptualizing Digital Agriculture and Food Security
Digital agriculture is increasingly framed as a central pathway for achieving sustainable food systems, yet the concepts of “digital agriculture” and “food security” are often used loosely or in isolation. A clear conceptualization is needed to avoid technological determinism and to make explicit how digital tools are expected to affect the diverse dimensions of food security. Digitalization is transforming agriculture through sensors, satellite and UAV imagery, Internet of Things (IoT) devices, data platforms and artificial intelligence, creating data-intensive, cyber-physical production systems that extend across value chains from input supply to consumption (Wolfert et al., 2017; Xu et al., 2024). At the same time, scholars have argued that food security should be understood as a multidimensional construct that goes beyond aggregate production to encompass access, utilization, stability, agency and sustainability (Clapp et al., 2022; Pérez-Escamilla, 2024). Bringing these literatures together allows digital agriculture to be conceptualized not merely as a set of technologies, but as a socio-technical configuration whose impacts on global food production and food security are contingent on governance, power relations and context (Klerkx et al., 2019; Finger, 2023; Balasundram et al., 2023).	Comment by HP: Write in full first	Comment by HP: Itelize as expected	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
2.1 Digital agriculture as a socio-technical system	Comment by HP: Why not in sentence case?
Early work on “smart farming” and precision agriculture emphasized on-farm sensing, GPS-guided machinery and variable-rate application as ways to optimize input use and raise yields at fine spatial resolution (Wolfert et al., 2017). With the emergence of Agriculture 4.0, digital agriculture is now understood as a broader socio-technical system that integrates cyber-physical infrastructures, cloud computing, machine learning, robotics and platform-mediated services across the agri-food chain (Abbasi et al., 2022; Shamshiri et al., 2024). Smart irrigation, robotic weeding, digital climate-smart greenhouses, automated phenotyping and AI-enabled decision support systems exemplify how data, algorithms and connected devices co-produce new forms of agronomic control and risk management (Shamshiri et al., 2024; Xu et al., 2024).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
However, digital agriculture is not only a technical architecture. Social science perspectives emphasize that digital transformation reconfigures knowledge networks, advisory services, business models and regulatory arrangements, with implications for inclusion, competition and data governance (Klerkx et al., 2019; Lajoie-O’Malley et al., 2020). Platformization of input supply, output marketing and financial services is reshaping relationships between farmers, agribusinesses and states, potentially concentrating power in a small number of data-rich firms while also creating new forms of intermediation and collaboration (Finger, 2023; Porciello et al., 2022). In low- and middle-income countries (LMICs), digital agriculture often takes the form of mobile-phone based advisory, digital credit, insurance and market platforms that are layered onto smallholder systems characterized by resource constraints, weak infrastructure and gendered access gaps (Porciello et al., 2022; Manzoor et al., 2025).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Scoping and systematic reviews show that, in practice, digital agriculture is highly heterogeneous and context-specific. In Sub-Saharan Africa, for example, smallholder farmers most commonly engage with digital technologies through mobile advisory, digital input and output markets and low-cost sensor packages, rather than fully autonomous machinery (Choruma Itelize., 2024). These configurations are shaped by national policy, telecom expansion, donor programmes and local innovation ecosystems, underscoring that digital agriculture should be conceptualized as a socio-technical assemblage co-produced by technology developers, users, regulators and intermediaries rather than a neutral toolkit (Klerkx et al., 2019; Lajoie-O’Malley et al., 2020).	Comment by HP: Itelize	Comment by HP: Itelize
2.2 Evolving food security frameworks for a digital era
Food security has traditionally been framed around four pillars: availability, access, utilization and stability. Recent scholarship argues that this framework is too narrow to capture the political–ecological dynamics of contemporary food systems and the transformative ambitions of global agendas such as the Sustainable Development Goals (Guiné et al., 2021; Clapp et al., 2022). A six-dimensional framework adds “agency” (people’s ability to shape food systems and their own food environments) and “sustainability” (the long-term ecological and socio-economic viability of food system activities) to the four classical pillars, highlighting that food security is simultaneously nutritional, environmental and political (Clapp et al., 2022; Pérez-Escamilla, 2024).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
This expanded framing has important implications for how digital agriculture is conceptualized. Technologies that raise yields but erode agency—for example, by locking farmers into proprietary data ecosystems—or that increase short-term output while depleting soils or water may improve availability but undermine sustainability and equity. Conversely, digital tools that support agro-ecological management, improve transparency in supply chains, or strengthen marginalized groups’ voice in decision-making may advance several dimensions of food security simultaneously (Guiné et al., 2021; Finger, 2023). Conceptually, therefore, digital agriculture should be assessed against all six dimensions of food security, rather than equated with production growth or efficiency alone (Clapp et al., 2022; Pandey & Mishra, 2024).	Comment by HP: Itelize	Comment by HP: Itelize
2.3 Linking digital agriculture to multidimensional food security
Within this multidimensional lens, digital agriculture can be understood as influencing food security through several interrelated mechanisms. First, digital technologies can affect availability by improving agronomic decision-making, reducing input waste and enabling site-specific management that raises or stabilizes yields under climate stress (Balasundram et al., 2023; Shamshiri et al., 2024). Applications include variable-rate fertilization and irrigation, early warning systems for pests and diseases based on remote sensing and AI, and decision support tools that help farmers select more climate-resilient varieties (Shamshiri et al., 2024; Xu et al., 2024).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Second, digital agriculture shapes economic and physical access to food. Mobile-based extension, price information services and e-commerce platforms can reduce information asymmetries, transaction costs and market volatility, potentially increasing producers’ incomes and consumers’ access to diverse foods (Porciello et al., 2022; Manzoor et al., 2025). Digital financial services and alternative credit-scoring models relying on farm and mobile data can expand smallholders’ access to credit and insurance, thereby enabling investment in productivity-enhancing technologies and smoothing consumption during shocks (Manzoor et al., 2025; Choruma et al., 2024).	Comment by HP: Why the bold?	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Third, digital tools can influence utilization and nutrition by improving food safety, quality and dietary behaviours. Blockchain-based traceability, sensor-based cold-chain monitoring and AI-enabled contamination detection can reduce food loss and improve safety along supply chains (Abbasi et al., 2022; Pandey & Mishra, 2024). At the consumer end, digital platforms can disseminate nutrition information and personalized dietary guidance, though evidence on their long-term effects on nutritional status remains limited (Pérez-Escamilla, 2024).	Comment by HP: Itelize
Fourth, digital agriculture interacts with stability by helping actors anticipate and respond to climatic, market and political shocks. Climate-informed advisory, seasonal forecasts, and real-time monitoring of crop conditions can support adaptive management, while integrated data infrastructures can enhance early warning systems and policy responses (Balasundram et al., 2023; Finger, 2023). Yet these stability gains depend on robust connectivity, data governance and institutional capacity; otherwise, digital dependence may introduce new systemic vulnerabilities, for example through cyber-risks or over-reliance on proprietary platforms (Finger, 2023; Shamshiri et al., 2024).	Comment by HP: Itelize	Comment by HP: Itelize
Finally, digital agriculture affects agency and sustainability. It can amplify farmers’ voice by providing access to information, collective platforms and advocacy networks, but may also entrench existing inequalities if marginalized groups have limited connectivity, digital skills or bargaining power over data (Klerkx et al., 2019; Choruma et al., 2024). From a sustainability perspective, digital technologies can reduce input-related emissions and pollution, support more precise land and water management, and enable monitoring of ecosystem services (Balasundram et al., 2023; Xu et al., 2024). At the same time, the material and energy footprint of digital infrastructures, and potential rebound effects from intensification, must be considered when assessing net environmental outcomes (Finger, 2023; Pandey & Mishra, 2024).	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Taken together, these mechanisms suggest that the relationship between digital agriculture and food security is neither automatic nor uniformly positive. A robust conceptualization requires situating digital technologies within food-system transformations, attending to who controls data and value, how benefits and risks are distributed, and whether digitalization strengthens or undermines the six dimensions of food security across diverse socio-ecological contexts (Clapp et al., 2022; Lajoie-O’Malley et al., 2020; Manzoor et al., 2025).	Comment by HP: Itelize all

3. Key Digital Technologies Across the Agri-Food System
Digital agriculture is not a single technology but an evolving constellation of hardware, software and data infrastructures that interact across the full agri-food system—from input supply and farm management to logistics, processing, retail and consumption. Recent reviews highlight three cross-cutting characteristics: pervasive sensing, connectivity and automation at field and facility level; large-scale data aggregation and analytics in the cloud; and platform-mediated coordination of value-chain transactions (Misra et al., 2020; Shamshiri et al., 2024; Wolfert et al., 2017). Together, these technologies underpin new modes of decision-making and control that can potentially enhance food security by improving productivity, reducing losses, stabilizing supply and broadening market access, while also introducing new risks around exclusion, dependency and data governance.	Comment by HP: Itelize all where necessary
3.1. Sensing, Internet of Things and edge devices
The foundational layer of digital agriculture consists of in-situ sensing and networked devices that generate high-frequency data on soils, crops, animals and microclimates. Smart sensors embedded in soil probes, plant-based sensors, weather stations, collars and tags for livestock, and machine-mounted packages measure variables such as moisture, nutrient status, canopy temperature, animal activity and fuel use (Mansoor et al., 2025; Sojnóczki et al., 2025). These sensors are increasingly integrated via farm-scale Internet of Things (IoT) architectures that connect to gateways, edge-computing units on tractors or irrigation controllers, and cloud platforms over cellular, LoRaWAN or satellite links (Misra et al., 2020; Fuentes-Peñailillo et al., 2024). 	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
In cropping systems, sensor networks enable automated irrigation scheduling, fertigation, and climate control in greenhouses or vertical farms, often combined with actuators for pumps and valves (Shamshiri et al., 2024). In livestock systems, wearable sensors and machine-vision systems support early detection of disease, estrus and welfare problems, reducing mortality and productivity losses (Monteiro et al., 2021). From a food-security standpoint, this sensing–IoT layer contributes primarily to availability and stability by allowing more precise, real-time management of limiting factors such as water, nutrients and health, while also generating rich datasets for later analytics.	Comment by HP: Itelize	Comment by HP: Itelize
3.2. Remote sensing, UAVs and geospatial intelligence
Overlying in-field sensing is a geospatial layer of satellite, crewed aircraft and unmanned aerial vehicles (UAVs) that provides synoptic information on land use, crop development and biophysical conditions. Advances in spatial, temporal and spectral resolution, coupled with open data policies for systems such as Sentinel and Landsat, have enabled near-real-time crop monitoring, drought and flood detection, and yield forecasting at multiple scales (Shamshiri et al., 2024; Xu et al., 2024). UAVs complement satellites by providing high-resolution imagery and thermal data over smaller areas, particularly valuable for specialty crops, orchards and heterogeneous smallholder landscapes.	Comment by HP: Itelize all as expected
These remote sensing streams feed into decision-support tools for variable-rate input application, spatial risk zoning, and early warning of pests, diseases and weather-related shocks (Fuentes-Peñailillo et al., 2024; Pandey & Mishra, 2024). At regional and national levels, geospatial analytics are increasingly used by governments and humanitarian agencies to estimate crop conditions and anticipate food shortages, thereby supporting proactive safety-net responses and international grain market management. The same capabilities can, however, reinforce power asymmetries if data access is restricted to large agribusiness or state actors, underscoring the importance of open-data and inclusive governance arrangements.	Comment by HP: Itelize
3.3. Data platforms, big data analytics and AI-driven decision support
The large volumes of data generated by sensors, machines, satellites, genomic tools and administrative systems are aggregated in cloud-based data platforms operated by equipment firms, input suppliers, start-ups or public agencies. These platforms host farm management information systems (FMIS), data lakes and application programming interfaces (APIs) that enable cross-scale integration and reuse of data for diverse purposes (Wolfert et al., 2017). Big data frameworks support processes ranging from basic descriptive dashboards to predictive and prescriptive analytics, often relying on machine learning, deep learning and optimization algorithms.	Comment by HP: Itelize
Systematic reviews show that machine learning is now widely applied in precision agriculture for yield prediction, disease and weed detection, soil-property estimation and resource-optimization tasks, frequently outperforming traditional statistical approaches when adequate training data are available (Sharma et al., 2021; Benos et al., 2021). More recent work emphasizes AI’s potential to support climate-smart adaptation and global food security through improved forecasting, stress detection and scenario analysis, while also highlighting issues of bias, transparency and energy use (Pandey & Mishra, 2024; Xu et al., 2024). At farm level, decision-support systems translate these analytics into recommendations on planting, irrigation, fertilization, pest management, harvest timing and marketing; their effectiveness for food security depends on usability, trust, localization and integration with advisory ecosystems.	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
3.4. Digital advisory, extension and information services
A distinct class of digital technologies consists of mobile and web-based advisory, information and learning services that connect farmers, extension agents and other actors. Systematic scoping evidence from low- and middle-income countries shows that the majority of documented digital agriculture services deliver agronomic advice, weather information, price signals or input recommendations via SMS, interactive voice response (IVR), smartphone applications, social media or blended “phygital” models (Porciello et al., 2022; Choruma et al., 2024; Manzoor et al., 2025). 	Comment by HP: Itelize all
These services can reduce information asymmetries, improve the timeliness of agronomic decisions, and support practice change that raises yields, reduces losses or diversifies production—mechanisms that strengthen both availability and economic access to food. In some cases, services also integrate nutrition messaging, gender-responsive content and participatory feedback channels, which can broaden their contribution to utilization and agency. However, scoping reviews caution that rigorous evidence on long-term impacts and environmental outcomes remains limited, and that gender, literacy and connectivity gaps can exacerbate digital divides if not proactively addressed (Porciello et al., 2022; Choruma et al., 2024). 	Comment by HP: Itelize all
3.5. Digital value chains, e-commerce and fintech
Beyond primary production, digital technologies are reshaping how food moves, is financed and is traded. Platform-based marketplaces and e-commerce systems connect farmers directly with wholesalers, retailers, institutional buyers or consumers, often bundling logistics, quality grading and payment services. Recent analyses of “agricultural circulation” in China, for example, show that digital platforms, intelligent logistics and data-driven coordination of transport can reduce transaction costs, expand market reach and support rural modernization and green innovation (Lei et al., 2023; Zhang et al., 2025). 	Comment by HP: delete	Comment by HP: delete	Comment by HP: showed	Comment by HP: Itelize all
Digital financial technologies—including mobile money, digital credit, input loans, warehouse-receipt systems and index-based insurance—are increasingly integrated into these platforms, using farm, transaction and remote-sensing data for credit scoring and risk modelling (Manzoor et al., 2025). When well-governed, such tools can smooth consumption, enable investment and enhance resilience for smallholders and microenterprises, thus improving economic access and stability. At the same time, they raise concerns about over-indebtedness, opaque algorithms and dependency on private intermediaries, reinforcing the need for consumer protection and inclusive regulatory frameworks.	Comment by HP: Itelize all
3.6. Traceability, food quality and safety monitoring
A further cluster of digital technologies spans post-harvest handling, processing, storage and retail, focusing on traceability, quality assurance and food safety. IoT sensor networks and spectroscopic devices monitor temperature, humidity, vibration, spoilage indicators and contaminants along cold chains and warehouses, helping to reduce losses and maintain quality (Misra et al., 2020; Xu et al., 2024). Blockchain-based systems and distributed ledgers are being piloted to create tamper-evident records of product origin, handling and certification, often combined with QR codes or RFID tags for consumer-facing transparency (Misra et al., 2020; Lei et al., 2023). 	Comment by HP: Itelize all	Comment by HP: Itelize all
These technologies can strengthen utilization and stability dimensions of food security by lowering the incidence of food-borne disease, enabling targeted recalls and improving trust in domestic and international supply chains (Monteiro et al., 2021; Xu et al., 2024). Yet they also introduce new forms of exclusion where compliance requires costly infrastructure or digital skills that small-scale actors struggle to access. Overall, the portfolio of digital technologies across the agri-food system offers significant potential to support global food security, but its realized impact depends critically on how these tools are configured, governed and combined in specific contexts.	Comment by HP: Itelize all


Table 1: Key digital technology domains, applications and food-security contributions.
	Digital technology domain
	Typical tools and applications
	Main contributions to food-security dimensions
	Representative references

	Sensing, IoT and edge devices
	Soil, plant and animal sensors; on-farm weather stations; connected irrigation and feeding systems; edge-computing units on machinery and controllers
	Improves availability and stability through fine-grained monitoring of water, nutrients, health and microclimate; enables timely interventions that reduce yield losses and resource waste
	Mansoor et al. (2025); Misra et al. (2020); Monteiro et al. (2021)

	Remote sensing and UAVs
	Satellite imagery (multispectral, radar); UAV-based imaging and thermal sensing; geospatial crop and land-use maps
	Supports availability and stability by informing variable-rate management, yield forecasting and early warning for droughts, floods and pest outbreaks at field to national scales
	Shamshiri et al. (2024); Xu et al. (2024); Fuentes-Peñailillo et al. (2024)

	Data platforms, big data and AI/ML decision support
	Cloud-based FMIS; data lakes; predictive models for yield, disease and stress; prescriptive optimization tools
	Enhances availability, stability and sustainability through improved prediction, scenario analysis and optimization of resource use and risk management; raises new issues around bias and transparency
	Wolfert et al. (2017); Sharma et al. (2021); Pandey and Mishra (2024)

	Digital advisory, extension and information services
	SMS and IVR hotlines; smartphone apps; social-media channels; blended digital–in-person extension models
	Strengthens availability, access and agency by reducing information asymmetries, supporting practice change, and enabling more inclusive participation in knowledge networks
	Porciello et al. (2022); Choruma et al. (2024); Manzoor et al. (2025)

	Digital value chains, e-commerce and fintech
	Online marketplaces; logistics and routing platforms; mobile money; digital credit and insurance; warehouse-receipt and contract platforms
	Improves economic access and stability by expanding market reach, lowering transaction costs and enabling investment and risk-transfer; may also influence sustainability via improved logistics
	Lei et al., (2023); Manzoor et al. (2025)

	Traceability, quality and food-safety systems
	IoT-based cold-chain monitoring; spectroscopy and biosensors; blockchain and distributed ledgers; QR/RFID-based tracking
	Supports utilization and stability by reducing food losses, improving safety and enabling rapid recall; can enhance consumer trust but may exclude small actors lacking digital capacity
	Misra et al. (2020); Monteiro et al. (2021); Xu et al. (2024)



4. Impacts on Productivity, Resilience, and Sustainability
Digital agriculture is widely promoted as a pathway to achieve the “triple win” of higher productivity, greater resilience and lower environmental footprints, thereby enhancing food security. However, the empirical record shows that outcomes are highly context-specific and depend on complementary investments in infrastructure, governance and human capacity. This section synthesizes recent evidence on how digitalization is reshaping agricultural performance, climate-risk management and environmental sustainability, while also highlighting emerging trade-offs and distributional concerns (Balasundram et al., 2023; Finger, 2023; MacPherson et al., 2022). 	Comment by HP: Itelize	Comment by HP: Itelize
4.1 Productivity and input-use efficiency
A central justification for digital agriculture is its potential to raise yields and farm incomes while improving the efficiency of input use. Meta-analytic evidence indicates that digitally delivered information services can indeed generate modest but robust productivity gains. Synthesizing 20 experimental and quasi-experimental studies from Africa and Asia, Beach et al. (2025) estimate that digital information interventions increase fertilizer adoption by around one-quarter, crop yields by about 6%, and farm income by roughly 6% on average, although effect sizes vary widely across interventions and contexts. These results confirm that better-timed and more site-specific agronomic advice, enabled by mobile phones, interactive voice response, and app-based advisory systems, can relax information constraints that have historically depressed smallholder productivity.	Comment by HP: Itelize
Micro-level evidence from personalized advisory platforms reinforces this pattern. In India, Rajkhowa and Qaim (2021) show that adoption of a digital extension service providing tailored crop and input recommendations is associated with higher input intensity, greater crop diversity, roughly 18% higher crop productivity, and 18–29% higher crop income among smallholder vegetable farmers, after accounting for selection bias (Rajkhowa & Qaim, 2021). These findings suggest that when digital tools go beyond generic messages and exploit farm-specific data on soils, weather and markets, they can accelerate the diffusion of improved varieties, fertilizers and agronomic practices.	Comment by HP: showed	Comment by HP: delete
At broader scales, digitalization of the rural economy appears to support food availability. Using panel data from 42 developing countries, Subramaniam et al. (2025) find that higher levels of digitalization—measured through composite indicators of ICT penetration—are positively associated with national food supply and negatively associated with food insecurity indicators, even after instrumenting for endogeneity (Subramaniam et al., 2025). While this study does not isolate agricultural technologies per se, it underscores that digital infrastructure is now integral to food system performance, influencing logistics, price discovery and risk management in addition to on-farm production.	Comment by HP: Itelize	Comment by HP: found	Comment by HP: Itelize
Nevertheless, productivity impacts are not automatic. Beach et al. (2025) emphasize that the distribution of effect sizes is skewed: many interventions yield small or statistically insignificant gains, and evidence remains heavily concentrated in a few countries and crops. MacPherson et al. (2022) similarly argue that digital tools deliver productivity gains mainly when embedded in broader innovation systems that provide high-quality advisory content, input and output market linkages, and institutional support for experimentation and learning. Without such enabling conditions, digitalization risks reinforcing existing inequalities in access to information and markets rather than closing productivity gaps.	Comment by HP: emphasized	Comment by HP: yielded
4.2 Climate resilience and risk management
Digital technologies are also reshaping how farmers anticipate, absorb and recover from climatic and market shocks. Climate-informed advisory services that integrate seasonal forecasts, real-time weather data and crop-specific recommendations can help farmers adjust sowing dates, variety choice and input strategies in ways that reduce yield variability. Reviews of digital agriculture case studies highlight how remote sensing, sensor networks, and decision-support tools enable more precise irrigation scheduling, early detection of crop stress, and rapid response to pest and disease outbreaks (Shamshiri et al., 2024). 	Comment by HP: Itelize
Balasundram et al. (2023) synthesize evidence on the role of digital agriculture in climate mitigation and adaptation, concluding that technologies such as variable-rate input application, automated greenhouse systems and sensor-guided irrigation can reduce exposure to climate risks while maintaining or increasing yields. They note, however, that most empirical studies remain plot- or farm-scale and rarely track outcomes over full climate cycles, making it difficult to quantify long-term resilience benefits (Balasundram et al., 2023). Finger (2023) further argues that digital innovations can strengthen resilience not only by buffering yield shocks but also by enabling more flexible decision-making and diversification strategies, for example through improved access to real-time market information and risk-management tools such as index insurance. 	Comment by HP: noted	Comment by HP: Itelize	Comment by HP: argued
At macro level, the positive association between digitalization and food security identified by Subramaniam et al. (2025) suggests that improved information flows and connectivity may also stabilize food supplies and reduce the prevalence of undernourishment during periods of stress, especially when digital technologies support both producers and downstream supply-chain actors. Yet resilience gains are not evenly distributed. MacPherson et al. (2022) caution that digital agriculture can expose farmers to new vulnerabilities—including cyber-risks, dependence on proprietary platforms, and the possibility that algorithmic recommendations optimized for short-term yields may exacerbate long-term climate risks if not properly governed. These concerns underline the importance of integrating digital tools into broader climate-risk governance frameworks rather than treating them as purely technical fixes.	Comment by HP: Itelize	Comment by HP: delete	Comment by HP: Itelize
4.3 Environmental sustainability and socio-economic trade-offs
Evidence is rapidly accumulating that digitalization can improve the environmental performance of agriculture, often measured via “green total factor productivity” (GTFP), which weights outputs and inputs while penalizing pollution. Using China’s “Broadband China” initiative as a quasi-natural experiment, Cai and Wang (2025) find that expansion of the rural digital economy significantly increases agricultural GTFP, mainly through improved resource-use efficiency and technological progress. Complementary work by Gong and Tang (2025) shows that digital technology innovation raises agricultural green productivity through three channels: optimizing input structures, promoting cleaner production technologies, and enhancing environmental regulation enforcement (for example via more transparent pollution monitoring). 	Comment by HP: ed
At farm level, Liu and Liu (2023) report that Chinese farms with greater access to digital technologies adopt more environmentally friendly practices—such as soil testing and formula fertilization, integrated pest management and precision irrigation—and achieve higher productivity with lower chemical input intensity. Their findings suggest that digitalization can facilitate a shift towards “sustainable intensification”, where output per unit of land and water increases even as environmental pressures per unit of output decline. These dynamics are echoed in the global review by MacPherson et al. (2022), which concludes that digital tools can theoretically support multiple Sustainable Development Goals by reducing input waste, enabling more accurate environmental monitoring and supporting diversified, climate-smart production systems—provided that they are embedded in appropriate incentive structures and governance arrangements. 	Comment by HP: ted	Comment by HP: Itelize	Comment by HP: delete
At the same time, emerging scholarship cautions that digital agriculture is not inherently sustainable. Analysing high-level policy narratives from the World Bank, FAO and OECD, Lajoie-O’Malley et al. (2020) show that digitalization is often framed within a “maximum output” paradigm that assumes higher production will automatically translate into improved food security and sustainability. Such framings risk sidelining concerns about ecosystem services, biodiversity, labour conditions and power asymmetries in data governance. Finger (2023) and MacPherson et al. (2022) similarly highlight potential rebound effects (for example, intensified input use in digitally optimized systems), accelerated land consolidation, and the concentration of informational and market power in a small number of agritech firms. 	Comment by HP: Itelize	Comment by HP: ed	Comment by HP: Itelize	Comment by HP: ed
Taken together, current evidence indicates that digital agriculture can materially improve productivity, resilience and environmental performance, but only under enabling institutional, infrastructural and governance conditions. Productivity gains are typically positive but modest, resilience benefits are promising yet under-measured, and environmental outcomes depend strongly on how technologies are configured, who controls data and value chains, and which visions of “sustainable food systems” guide their deployment (Lajoie-O’Malley et al., 2020; MacPherson et al., 2022). 	Comment by HP: ed	Comment by HP: Itelize all
Table 2. Impacts of digital agriculture on productivity, resilience and sustainability.
	Impact domain
	Dominant digital pathways described
	Main outcomes reported
	Representative evidence

	Farm-level productivity and input-use efficiency
	Mobile-based and app-based advisory services; personalized digital extension; ICT-enabled precision input management
	Increased adoption of fertilizer and other modern inputs; average yield and income gains of around 6%; higher input intensity and crop income among adopters; improved crop diversification and commercialization
	Beach et al. (2025); Rajkhowa & Qaim (2021)

	System-level food security
	Economy-wide digitalization indicators (ICT penetration, broadband rollout); integration of digital services in food systems
	Higher national food supply and reduced food insecurity in more digitalized developing countries; digital infrastructure associated with improved food availability
	Subramaniam et al. (2025)

	Climate resilience and risk management
	Digital climate services, sensor networks, remote sensing, automation and decision-support tools
	Better timing of agronomic operations; improved drought and heat management; enhanced monitoring of pests and diseases; potential stabilization of yields under climate stress
	Balasundram et al. (2023); Shamshiri et al. (2024); Finger (2023)

	Environmental sustainability and green productivity
	Digital economy expansion; innovation in agri-digital technologies; precision input management and environmental monitoring
	Increases in agricultural green total factor productivity; more efficient use of fertilizers, pesticides and water; greater adoption of environmentally friendly practices; potential reductions in pollution intensity
	Cai & Wang (2025); Gong & Tang (2025); Liu & Liu (2023); MacPherson et al. (2022)

	Equity and broader trade-offs
	Platformization of value chains; data-intensive farm management systems; concentration of digital infrastructure
	Potential consolidation of land and market power; new data governance and privacy risks; narratives that prioritize output maximization over ecosystem services; risk that benefits accrue disproportionately to better-resourced actors
	Lajoie-O’Malley et al. (2020); MacPherson et al. (2022); Finger (2023)



5. Inclusion, Governance, and Ethical Considerations
The expansion of digital agriculture is not only a technical transition but also a re-ordering of power, knowledge, and value within agri-food systems. Social science work shows that issues of ownership, control, and distribution of benefits are as consequential as agronomic performance or input efficiency (Klerkx et al., 2019). Governance debates increasingly focus on who designs and owns digital infrastructures, whose priorities are encoded into algorithms, and how risks and rewards are distributed along value chains (Bronson & Knezevic, 2016; Klerkx & Rose, 2020). At the same time, ethicists warn that digitalization can either strengthen or erode social justice, depending on how questions of equity, accountability, and participation are addressed from the outset (Rose & Chilvers, 2018; van der Burg et al., 2019). This section examines three interlinked dimensions—digital inclusion, data governance and sovereignty, and responsible innovation—to outline a governance agenda that supports food security while safeguarding rights and agency.	Comment by HP: ed	Comment by HP: Itelize	Comment by HP: Itelize
5.1 Digital inclusion and equity in access and capabilities
Digital agriculture is frequently promoted as a pathway to “leave no one behind,” yet empirical evidence demonstrates deep and persistent divides in access, skills, and effective use. A systematic review of digital services in low- and middle-income countries (LMICs) finds that many tools are still concentrated in relatively better-off regions and value chains, with smallholders, women, and marginalized communities often excluded from advanced services such as bundled advisory, credit scoring, and insurance (Porciello et al., 2022). A scoping review of digitalisation in agriculture in sub-Saharan Africa similarly documents that while mobile-based tools for extension and marketing have proliferated, their uptake is constrained by weak connectivity, low digital literacy, affordability barriers, and gendered constraints on phone ownership and control of digital assets (Choruma et al., 2024). Recent work on LMICs more broadly shows that adoption is strongly shaped by intersecting socio-economic, agro-ecological, institutional, and behavioural factors, so that the promised productivity and resilience gains are least accessible to farmers with limited capital, education, and organizational support (Manzoor et al., 2025). 	Comment by HP: Better use ‘revealed’	Comment by HP: Itelize	Comment by HP: ed	Comment by HP: Itelize	Comment by HP: ed	Comment by HP: Itelize
The equity challenge is not only about physical access to devices and networks, but also about “capabilities to benefit” from digitalization. Studies on small-scale farmers and agri-food value chains emphasize that skills gaps, information asymmetries, and limited bargaining power can lock producers into subordinate positions in digitally mediated markets, even when they technically use digital tools (Smidt & Jokonya, 2022). Analyses of digitalisation and skills argue that agricultural workers and advisors require new competencies in data interpretation, systems thinking, and critical engagement with algorithmic recommendations if they are to retain autonomy rather than simply becoming end-users of opaque platforms (Daum, 2025; Finger et al., 2023). This implies that inclusive digital agriculture must be governed as a socio-technical capability project: public policy should invest in rural connectivity as a basic infrastructure; support digital literacy, especially for women, youth, and minority groups; and strengthen intermediary organizations—such as producer cooperatives and advisory services—that can translate digital tools into context-appropriate practices and bargaining power. Without such measures, digital agriculture risks reproducing and amplifying existing inequalities rather than closing them.	Comment by HP: d	Comment by HP: Itelize
5.2 Data governance, sovereignty, and platform power
Data has become a central strategic resource in digital agriculture, raising questions about ownership, control, and benefit-sharing. Early critical analyses warned that “big data in food and agriculture” can shift power towards large technology firms, input suppliers, and data intermediaries, as they aggregate granular farm-level information and monetize insights that may not be transparently shared with farmers (Bronson & Knezevic, 2016; Carbonell, 2016). Platform-based business models can create lock-ins through proprietary formats, bundled services, and complex terms of use, making it difficult for farmers to switch providers or to understand how their data is combined with other sources and re-used downstream (Carolan, 2022). Social-science reviews of digital agriculture underline that questions of privacy, value capture, and algorithmic transparency are now central themes in debates about the ethics and political economy of smart farming (Klerkx et al., 2019; Klerkx & Rose, 2020). 	Comment by HP: Itelize
One response to these concerns is the emergence of data-sovereignty frameworks that seek to rebalance rights and responsibilities. Empirical work on Swiss digital farming initiatives shows that farmers value clear rules on who can access which categories of data, for what purposes, and under what conditions data can be shared or reused, but that existing arrangements often remain opaque or tilted towards institutional and corporate stakeholders (Reissig et al., 2024). Analyses of voluntary ag-data codes of practice similarly highlight gaps between high-level principles and enforceable rights, noting that many codes rely on self-regulation and provide limited recourse for farmers in cases of misuse or disputes (Sanderson et al., 2018). From a governance perspective, this suggests the need for stronger regulatory baselines on data protection, portability, and interoperability—including privacy-by-design and fairness-by-design obligations—combined with collective mechanisms such as farmer data cooperatives, public or community cloud infrastructures, and negotiated sectoral agreements. These arrangements can help ensure that farm data contributes to public goods such as climate-risk modelling and food-system monitoring while safeguarding individual and collective rights.	Comment by HP: ed	Comment by HP: Itelize	Comment by HP: Itelize
5.3 Responsible innovation, public oversight, and ethical design
Governance debates increasingly converge on the concept of responsible research and innovation (RRI) as a framework for guiding digital agriculture in ethically robust and socially responsive ways. Responsible innovation scholarship emphasizes four interrelated dimensions—anticipation, inclusion, reflexivity, and responsiveness—that should shape how new technologies are designed and governed (Rose & Chilvers, 2018). Ethical reviews of smart farming highlight persistent tensions around data ownership and access, distribution of power, and broader societal impacts, arguing that responsible innovation requires explicit deliberation over competing visions of the “digital farm of the future” and the societal goals it should serve (van der Burg et al., 2019). These analyses make clear that food-system digitalization is not value-neutral: choices about what problems are prioritized, which indicators are optimized, and whose knowledge counts are inherently normative, with implications for labour relations, animal welfare, environmental stewardship, and rural community life.	Comment by HP: Itelize
Empirical studies of RRI practice in digital agriculture research suggest both opportunities and gaps. Interviews with publicly funded researchers in Europe indicate a generally positive orientation towards engaging with ethical and social questions, but also reveal institutional constraints, limited incentives, and uncertainty about how to operationalize RRI beyond project-level communication activities (Regan, 2021). At the same time, calls to expand the role of social sciences in digital agriculture stress that robust governance must be grounded in participatory processes that bring farmers, workers, consumers, and civil-society organizations into agenda-setting, design, and evaluation, rather than consulting them only at the end of innovation pipelines (Finger et al., 2023; Klerkx et al., 2019). Multi-level policy frameworks should therefore link national digital strategies, agricultural and food policies, and data-protection regimes with sector-specific guidelines and local experimentation in living labs and innovation platforms. If designed and resourced appropriately, such architectures can help ensure that digital agriculture contributes to food security, climate resilience, and sustainability while respecting human rights, fostering agency, and preventing new forms of dependency or exclusion.	Comment by HP: Itelize all

6. Research and Policy Priorities
Digital agriculture is now central to many national and international strategies for achieving food security, yet the evidence base and governance frameworks underpinning this agenda remain incomplete and uneven. Existing research and policy often privilege technological supply over social and institutional context, emphasize short-term productivity gains over long-term equity and environmental outcomes, and treat data and platform governance as largely technical issues rather than political choices (Bronson & Knezevic, 2016; Klerkx et al., 2019; Lajoie-O’Malley et al., 2020). Building on the multidimensional food security framework that adds agency and sustainability to the traditional four pillars (Clapp et al., 2022), research and policy must now focus on creating digital ecosystems that are not only efficient, but also just and resilient. 	Comment by HP: Itelize all	Comment by HP: Itelize
6.1. Deepening and broadening the evidence base
A first priority is to strengthen the empirical foundation for claims about digital agriculture’s contributions to food security. Reviews of digital agriculture services and social science on smart farming show that most studies document adoption, knowledge gains and short-term practice change, often in pilot settings, while far fewer track medium- or long-term effects on yields, incomes, nutrition, environmental quality or equity (Klerkx et al., 2019; Porciello et al., 2022). Scoping syntheses for low- and middle-income countries (LMICs) underline that environmental sustainability and climate resilience outcomes are particularly under-reported, even where technologies are explicitly promoted as “climate-smart” (Porciello et al., 2022). 	Comment by HP: al	Comment by HP: ed	Comment by HP: Itelize	Comment by HP: Itelize	Comment by HP: Itelize
Future research therefore needs to move beyond proof-of-concept evaluations toward longitudinal, mixed-methods impact assessments that connect digital interventions to multi-dimensional food security outcomes. This includes integrating agronomic indicators with household- and community-level measures of food access, diet quality and nutritional status, as well as environmental metrics such as greenhouse-gas emissions, nutrient losses and biodiversity proxies. The six-dimensional food security framework proposed by Clapp et al. (2022) offers a useful orientation for such work, encouraging researchers to examine how digital technologies affect agency and sustainability alongside availability, access, utilization and stability. 	Comment by HP: Itelize
Methodologically, there is a need for more comparative and cross-country analyses that can distinguish technology effects from broader structural changes in rural economies. Macro-level econometric studies linking digitalization indicators to food security and agricultural performance are emerging (Subramaniam et al., 2025), but these should be complemented by meso-level analyses of value chains and territories that examine how digital tools interact with market structures, land tenure regimes and public policies. Qualitative and participatory research is equally important to understand how farmers, workers and consumers experience digitalization in practice, particularly in marginalized settings that remain under-represented in the literature (Nxumalo & Chauke, 2025). 	Comment by HP: Itelize
6.2. Governing data, platforms and AI in the public interest
A second priority concerns governance of data, platforms and artificial intelligence. Big data in food and agriculture can generate powerful insights for risk management and productivity, but it also redistributes control over information and value in ways that may entrench existing inequalities if left unregulated (Bronson & Knezevic, 2016; Finger, 2023). Social-science reviews identify data ownership, privacy, algorithmic opacity and platform concentration as core themes for future research and policy, noting that farmers often lack bargaining power over data contracts and that platform providers can exert considerable influence over input choices, production practices and market access (Klerkx et al., 2019; Lajoie-O’Malley et al., 2020). 	Comment by HP: Itelize	Comment by HP: Itelize
Policy agendas should therefore prioritize farmer-centric data governance frameworks that clarify rights to access, portability and reuse of farm-generated data, encourage fair benefit-sharing, and prevent exploitative or non-consensual data extraction. Bronson and Knezevic (2016) argue that critical data studies need to engage more directly with the material consequences of big-data tools in agriculture, such as how they shape which production systems are supported and whose livelihoods are made more or less viable. This implies a research agenda that scrutinizes digital contracts, business models and regulatory gaps, and a policy agenda that combines competition policy, data protection law and sector-specific regulation to restrain excessive concentration of digital power.	Comment by HP: d
Artificial intelligence and machine-learning applications in agriculture also demand closer scrutiny. Reviews of digital innovations highlight that AI-based decision-support systems can improve prediction and optimization, but that their performance is contingent on training data that may be unrepresentative of smallholder systems, leading to biased recommendations (Finger, 2023; MacPherson et al., 2022). Research is needed on explainable and participatory AI approaches that allow farmers and advisors to interrogate and adapt algorithmic outputs. Policymakers, in turn, should consider guidelines for transparency, accountability and human oversight in agricultural AI, ensuring that automated systems augment rather than displace local knowledge and decision-making.	Comment by HP: Itelize
6.3. Building inclusive digital ecosystems and capacities
Third, research and policy must focus on inclusion and capacity within digital agriculture ecosystems. Syntheses of digital agriculture services and adoption in LMICs show that benefits tend to be captured by farmers and regions with greater assets, education and connectivity, while women, youth, poorer households and remote communities face persistent barriers (Porciello et al., 2022; Manzoor et al., 2025). Systematic reviews of adoption determinants for small-scale farmers emphasise that economic, political and social factors—including trust in institutions, local power relations and the structure of agriculture value chains—are as important as technological attributes in shaping uptake and use (Smidt & Jokonya, 2022). 	Comment by HP: Itelize all	Comment by HP: d
Policy responses therefore need to go beyond subsidizing hardware or connectivity to supporting inclusive innovation systems. This includes investing in digital skills and literacy, particularly for women and youth; strengthening public and civil-society extension services that can act as trusted intermediaries between farmers and technology providers; and enabling farmer organizations and cooperatives to participate in co-designing digital tools that respond to their priorities (Klerkx et al., 2019; Nxumalo & Chauke, 2025). Nxumalo and Chauke (2025), for example, highlight the importance of multi-stakeholder collaboration and targeted policy interventions to reduce the digital divide among South African smallholders, pointing to infrastructure deficits, affordability constraints and limited technical support as key barriers. 	Comment by HP: should	Comment by HP: Itelize
Future research should incorporate intersectional analyses that examine how gender, class, age, ethnicity and geography shape both access to digital tools and the distribution of their benefits and risks. Clapp et al.’s (2022) emphasis on agency underscores that inclusive digitalization requires not only access but also meaningful participation in shaping digital futures, including through farmer representation in standard-setting bodies, regulatory consultations and governance boards of data platforms. 	Comment by HP: Itelize	Comment by HP: delete
6.4. Aligning digitalization with wider food-system and climate transformations
Finally, digital agriculture research and policy should be explicitly embedded within broader strategies for sustainable food-system and climate transitions, rather than treated as a stand-alone technological domain. MacPherson et al. (2022) argue that digitalization can support multiple sustainability goals—from resource efficiency to biodiversity conservation—only if accompanied by coherent policies on land use, input regulation, climate mitigation and dietary change; otherwise, it risks locking in intensified, input-dependent production models. Similarly, Lajoie-O’Malley et al. (2020) show that high-level policy narratives frequently conflate digitalization with productivity growth and global market integration, paying less attention to alternative food-system visions centred on agroecology, territorial markets or food sovereignty. 	Comment by HP: d	Comment by HP: Itelize	Comment by HP: ed
Research priorities in this domain include integrated assessments that model how different digitalization pathways interact with land-use change, greenhouse-gas emissions, water use and biodiversity at regional and global scales, as well as scenario and foresight exercises that involve diverse stakeholders in debating trade-offs. Finger (2023) stresses that policy must proactively steer digital innovation towards public goals by aligning incentives, investing in open and interoperable infrastructures, and enabling experimentation with alternative business models, such as farmer-owned data cooperatives and public–commons partnerships. 
In sum, advancing digital agriculture in support of food security demands a research and policy agenda that is empirically robust, governance-aware and explicitly oriented toward equity, agency and sustainability. This requires moving from technology-centric interventions to systemic strategies that recognize digital tools as one component of wider transformations in food, land and water systems.	Comment by HP: s

7. Conclusions
1. Digital agriculture is fundamentally reshaping how food is produced, traded and governed by embedding sensing, connectivity and data analytics throughout agri-food systems. Its influence now extends well beyond individual farms to value chains, financial systems and public decision-making related to food security.
2. Evidence shows that digital tools can raise productivity and improve input-use efficiency, but average gains are modest and highly context-dependent. Productivity benefits emerge most clearly where digital services are tailored, locally relevant and embedded in broader systems of extension, input markets and infrastructure.
3. Digital technologies can strengthen resilience to climate and market shocks by improving monitoring, forecasting and risk management at both farm and system levels. However, these resilience gains remain unevenly measured and may be undermined if digital dependence introduces new vulnerabilities, such as cyber-risks or lock-in to proprietary platforms.
4. Environmental outcomes of digital agriculture are promising but not guaranteed. Precision management, better monitoring and data-driven planning can reduce emissions and pollution per unit of output, yet rebound effects, intensified input use and land consolidation can offset gains if not guided by strong environmental and land-use policies.
5. Digitalization has profound implications for equity and inclusion. Without deliberate design and policy attention, benefits tend to accrue to better-resourced farmers, firms and regions, while those facing constraints in connectivity, capital, land or literacy risk being left further behind.
6. Data and platform governance sit at the heart of digital agriculture’s transformative potential. Questions of data ownership, access, interoperability and value sharing are central to whether digitalization supports farmers’ agency and public goals, or instead concentrates informational and economic power in a small number of private actors.
7. Digital agriculture should be understood as an enabling layer within wider food-system and climate transitions, not as an isolated technological fix. Its contribution to food security depends on alignment with broader strategies on nutrition, land use, trade, labour, social protection and climate mitigation and adaptation.
8. Future progress requires a shift from technology-centric interventions toward systemic, participatory approaches that integrate robust evidence, inclusive governance and long-term sustainability goals. When steered in this way, digital agriculture can become a powerful lever for building food systems that are productive, resilient, equitable and environmentally responsible.

8. Limitations
1. This review is constrained by the rapidly evolving nature of digital agriculture. New technologies, platforms and governance initiatives are emerging continuously, so the synthesis reflects a snapshot in time rather than a fully up-to-date inventory of developments.
2. The evidence base on which the review relies is uneven across regions and production systems. Studies from high-income countries and large emerging economies are better represented than those from low-income and fragile contexts, even though the latter often face the most acute food-security challenges.	Comment by HP: d
3. Many of the available studies report short-term, project-based results. There is limited longitudinal evidence on the medium- and long-term impacts of digital agriculture on yields, incomes, nutrition, ecosystems and social relations, which constrains the ability to draw firm conclusions about durability and scalability of observed effects.
4. Impact estimates are frequently drawn from pilot projects, early adopters or relatively better-resourced farmers. This introduces selection bias and makes it difficult to generalize findings to broader populations, particularly to marginalized groups with limited access to capital, land, connectivity or education.
5. Environmental outcomes of digital agriculture are still weakly quantified. While many studies claim benefits such as reduced emissions, improved water use or lower chemical loads, only a subset provide robust measurements or system-level assessments that consider potential rebound effects and indirect impacts.
6. The review focuses primarily on peer-reviewed journal literature and excludes most grey literature, including project reports, policy documents and evaluations by development agencies or civil society. This improves consistency in quality but may omit valuable practice-based knowledge and negative experiences that are less likely to be published in academic outlets.	Comment by HP: d
7. Conceptually, the analysis is framed by dominant academic discourses in agronomy, economics and innovation studies. Alternative perspectives grounded in Indigenous knowledge, feminist political ecology or decolonial critiques are underrepresented, which may narrow the range of food-system futures and values considered.
8. Methodological diversity across studies—ranging from randomized trials and econometric analyses to qualitative case studies and expert reviews—limits direct comparability of results. Heterogeneity in definitions of “digital agriculture” and in outcome indicators adds further complexity to cross-study synthesis.
9. Finally, the review concentrates on agriculture and immediate food-system interfaces, and does not comprehensively examine interactions with broader domains such as labour markets, urbanization, health systems or global trade, even though these areas strongly influence how digitalization ultimately shapes food security.	Comment by HP: d
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