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Abstract

Agriculture remains the foundation of India's socioeconomic fabric, engaging approximately 54.6
per cent of the total workforce and contributing 18.4 per cent to Gross Value Added. The rapid
proliferation of digital technologies encompassing the Internet of Things (IoT), artificial
intelligence (Al), remote sensing, precision agriculture platforms, and digital public infrastructure
has inaugurated a transformative moment for Indian agriculture. Simultaneously, the Himalayan
Agro-Ecological zone, spanning Jammu & Kashmir, Himachal Pradesh, Uttarakhand, and the
North-Eastern hill states, presents both a compelling frontier for digital intervention and a deeply
challenging terrain for adoption. This chapter undertakes a systematic, research-augmented inquiry
into the opportunities, structural challenges, and forward-looking pathways of digital agriculture
in India, with particularised focus on the Himalayan region. Drawing upon a comprehensive
review of peer-reviewed literature, policy documents, empirical studies, and field-level evidence,
the analysis reveals that while digital agriculture holds unprecedented potential to enhance
productivity, climate resilience, and market access, its diffusion across Himalayan smallholders is
critically constrained by infrastructural deficits, digital illiteracy, terrain-driven inaccessibility, and
the feminisation of mountain agriculture consequent upon sustained male out-migration. The
chapter argues for a differentiated, context-sensitive approach to digital agriculture policy that
prioritises mountain-specific solutions, inclusive governance frameworks, and capacity-building
as necessary preconditions for technological uptake. The study concludes with actionable policy
insights and a research agenda for the next phase of digital agricultural transformation in India.

Keywords: Digital agriculture, precision farming, Himalayan agriculture, [oT, remote sensing.
1. Introduction

The twenty-first century has ushered in an era often characterised as Agriculture 4.0, a paradigm
that integrates digital technologies, data-driven intelligence, and network-based farm supervision
into the core of agricultural production systems (Parra-Lopez et al., 2024). Defined as the
consistent application of precision agriculture methods, internal and external networking of the
farm, and the use of web-based data platforms together with big data analyses, digital agriculture
is reshaping how food is grown, managed, and distributed (Balkrishna er al., 2023). The
technologies central to this transformation, including the Internet of Things (IoT), artificial
intelligence (AI), remote sensing, geographic information systems (GIS), unmanned aerial
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vehicles (UAVs or drones), cloud computing, and blockchain have moved from the realm of
experimental research to practical on-farm deployment across several regions of the world.

India occupies a particularly consequential position in this global agricultural transition. With over
93 million agricultural households and a food production record of 357.73 million tonnes of
foodgrains and 369.05 million tonnes of horticulture produce in 2024-25, India's agricultural
sector is at a scale where even marginal improvements in efficiency, resource use, and market
access can yield transformational national outcomes (Agricultural Statistics, 2024-25; Kumar et
al., 2025). Yet, the structural composition of Indian agriculture, characterised by 89.4 per cent of
agricultural households owning less than two hectares of land, seasonal rainfall dependency,
persistent soil health degradation, and fragmented market linkages demands solutions that are not
merely technologically sophisticated but contextually appropriate, affordable, and scalable
(Agricultural Statistics, 2024-25; Kumar et al., 2025).

Within this national tableau, the Himalayan agricultural zone constitutes an especially critical sub-
field of inquiry. The Indian Himalayan Region (IHR) encompassing the states of Jammu and
Kashmir, Ladakh, Himachal Pradesh, Uttarakhand, Sikkim, and the hill districts of the North-
Eastern states supports millions of smallholder farming households practising largely subsistence
and rain-fed agriculture across diverse agro-climatic zones ranging from tropical foothills to cold
alpine pastures. Agriculture here is not merely an economic activity; it is embedded in centuries
of indigenous ecological knowledge, cultural identity, and community food systems. However,
Himalayan agriculture is under compounding stress. Climate change has manifested as rising mean
annual temperatures, erratic precipitation patterns, glacial retreat, and increased frequency of
extreme weather events, all of which are degrading the agro-ecological foundations of mountain
farming (Sati & Kumar, 2023). Simultaneously, chronic out-migration of educated rural youth,
driven by constrained economic opportunities, harsh terrain, and limited agricultural returns, has
led to sustained depopulation of mountain villages, feminisation of agricultural labour, and the
abandonment of terraced farmland (Upadhyay, 2024; Naudiyal et al., 2019). The outmigration is
contributing to the abandonment of villages & habitats. Moreover, due to climate change and
declining cultivation crop races or cultivars are disappearing (Sati & Kumar, 2023). These
converging crises, ecological, demographic, and economic, render Himalayan agriculture a zone
of urgent policy and research attention.

Despite a growing body of scholarship on digital agriculture in India, the academic literature
overwhelmingly addresses the agrarian plains i.e. Punjab, Maharashtra, Andhra Pradesh, and
similar high-productivity zones where infrastructure is relatively developed and land holdings are
more amenable to technological intervention (Kumar et al., 2025; Balkrishna et al., 2023). The
Himalayan region, by contrast, has received disproportionately limited attention in digital
agriculture discourse, even as it faces the most acute convergence of challenges that digital
solutions are designed to address, climate variability, market isolation, labour scarcity, and
knowledge deficits. Also, there is a near-absence of synthesis literature that maps the specific
technological opportunities available for mountain smallholders within India's digital agriculture
policy architecture. Moreover, the barriers to digital technology adoption in high-altitude, terrain-
fragmented, and connectivity-deficient environments remain under-theorised. Besides, the
intersection between Himalayan out-migration, feminisation of agriculture, and digital literacy
constraints has not been adequately examined in the context of technology uptake.

Within this contextual background, the current study is motivated by the conviction that a generic,
undifferentiated approach to digital agriculture will systematically exclude mountain farmers, the
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very population most in need of transformative intervention. Furthermore, India's Digital
Agriculture Mission, launched in September 2024 with a financial outlay of Rs. 2,817 crore and a
mandate to create digital public infrastructure for agriculture, represents a historic policy window
that, if not purposively designed for mountain contexts, risks deepening agrarian inequities
between the plains and the mountains (Government of India, 2024). Therefore, the study examines
the landscape of digital agriculture and national policy architecture for digital agriculture in India.
Also, it focuses on specific opportunities that digital agriculture presents for Himalayan farming
systems along with the systematic identification of the structural, infrastructural, socio-cultural,
and institutional challenges that impede digital agriculture adoption in mountain regions.

2. Conceptualising Digital Agriculture

Digital agriculture, often used interchangeably with precision agriculture, smart farming, and
Agriculture 4.0, refers to the application of modern information and communication technologies
(ICTs) to improve farm management decision-making, enhance resource use efficiency, and
strengthen the sustainability of agricultural systems (Parra-Lopez et al., 2024; Balkrishna et al.,
2023). The conceptual underpinning of digital agriculture draws from multiple intellectual
traditions. From the field of development economics, it resonates with Amartya Sen's Capability
Approach, which positions technology as an enabler of human freedoms and agricultural choice
(Frediani, 2010; Lambe et al., 2022). From agronomy and systems ecology, it reflects the precision
farming paradigm, originally developed in the 1990s, which sought to replace uniform input
application across fields with site-specific, variability-responsive management (Lanucara et al.,
2024; Khan & Munawar, 2023). From the sociology of technology, it engages with questions of
technology adoption, diffusion, and digital divide, particularly the Rural-Urban Tele-density gap,
currently Urban: 133.72% vs. Rural: 59.19% as of March 2024, that structures unequal access to
digital tools (Telecom Regulatory Authority of India, 2023-24).

Balasundram et al. (2023) and Parra-Lopez et al. (2024) distinguish four interconnected
dimensions of digital agriculture: (a) digital production technologies (IoT sensors, UAVs, GPS-
guided machinery); (b) digital decision support systems (Al-based crop models, weather
analytics); (c) digital market and financial access platforms (eNAM, AgriStack, mobile payment
systems); and (d) digital governance infrastructure (digital farmer registries, remote crop surveys,
satellite-based insurance systems). These dimensions are complementary but not uniformly
deployable across all agricultural environments, a distinction that is especially salient for the
Himalayan context. The integration of IoT and Al in agriculture has resulted in a dramatic increase
in research, reflecting intensified academic and industrial interest in smart farming solutions
globally (Miller et al., 2025). From a geographical perspective, India, China, and Saudi Arabia
have emerged as the top contributors to research output in this domain, driven by large-scale
government investments and national digital agriculture strategies (Miller ef al., 2025). IoT-based
sensor networks form the technological backbone of precision agriculture. Soil moisture sensors
connected via low-power wide-area networks (LPWAN) provide real-time insights into root zone
hydration, while temperature and humidity sensors enable automated greenhouse management and
climate-responsive cultivation decisions (Bwambale et al., 2022; Abioye et al., 2022; Sui, 2017;
Kanimozhi & Vadivel, 2024).

Unmanned aerial vehicles (UAVs) equipped with multispectral cameras and sensors have enabled
high-resolution field surveillance, early pest and disease detection, and precision application of
agrochemicals (Lanucara et al, 2024; Khan & Munawar, 2023; Miller et al., 2025). The
integration of machine learning algorithms, particularly Support Vector Machines (SVMs),
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Convolutional Neural Networks (CNNs), and random forests, with sensor data has created
predictive capabilities for crop yield estimation, disease outbreak forecasting, and irrigation
scheduling (Miller et al., 2025; Mansoor et al., 2025). Cloud computing platforms enable the
aggregation and analysis of heterogeneous agricultural data at scale, while edge computing reduces
latency for real-time decision support at the farm level (Narwane et al., 2022; Nemenyi et al.,
2003). Remote sensing using satellite imagery has progressed significantly with the availability of
Sentinel-2 and Landsat datasets, enabling soil moisture mapping, crop health monitoring, yield
forecasting, and agricultural drought assessment at regional and national scales (Jedrejek &
Pudetko, 2023; Segarra et al., 2020). In India, the Krishi Decision Support System (Krishi DSS),
launched in August 2024, represents a landmark attempt to integrate remote sensing data on crops,
soil, weather, and water resources into a comprehensive geospatial decision platform (Government
of India, 2024).

India's digital agriculture ecosystem has evolved along three broad phases. The first phase (2000—
2015) was characterised by ICT-for-information initiatives like Kisan Call Centres, the National
e-Governance Plan in Agriculture (NeGP-A), and state-level agricultural portals, that aimed
primarily at improving information access for farmers (Balkrishna et al., 2023). The second phase
(2015-2022), coinciding with Digital India, saw the emergence of mobile-based agricultural
advisory platforms, e-NAM for market linkages, PM-KISAN for digital direct benefit transfers,
and early precision agriculture pilot projects (Balkrishna et al., 2023; Kumar ef al., 2025). The
third and current phase (2022—present) is defined by the ambition of Digital Public Infrastructure
(DPI) for agriculture, a comprehensive, interoperable, and farmer-centric data architecture that
integrates farmer registries (AgriStack), crop sown registries, soil profile maps, and satellite-based
crop estimation systems (Government of India, 2024).

DPI for agriculture, and its operationalisation accelerated through the Digital Agriculture Mission,
with a central government share of Rs. 1,940 crore within a total outlay of Rs. 2,817 crore (PIB,
2024). This Mission aims to create digital farmer IDs for 11 crore farmers over three years, conduct
a nationwide Digital Crop Survey, and develop soil profile maps at a 1:10,000 scale for 142 million
hectares of agricultural land, of which 29 million hectares are already mapped (PIB, 2024). The
Krishi DSS will be the analytical backbone of this infrastructure, providing geospatial integration
of crop, soil, weather, and water resource data. Research evidence confirms that India's precision
agriculture market, estimated at approximately USD 102 million in 2023, is projected to grow at a
compound annual growth rate (CAGR) exceeding 10 per cent, potentially reaching USD 220
million by 2031 (BioBiz, 2024). Indian agri-tech startups such as Fasal (IoT-based precision
irrigation), TartanSense (Al-powered weed detection robots), and Farmonaut (satellite-based farm
monitoring) represent a vibrant private sector ecosystem that is complementing public investments
in digital agriculture infrastructure.

3. Himalayan Agriculture: Historical Trajectory & Contemporary Challenges

Himalayan agriculture is structurally distinct from the plains in several critical dimensions. The
Indian Himalayan Region is characterised by diverse agro-climatic zones, from tropical foothills
(<500m) to sub-tropical (500—1000m), temperate (1000—2000m), and alpine zones (>2000m) each
with unique crop systems, water regimes, and ecological constraints (Sati & Kumar, 2023).
Historically, terraced agriculture supported high agro biodiversity, with complex systems of crop
rotation, mixed farming, and indigenous water harvesting that sustained mountain communities
over centuries. The temperate zone alone hosts principal crops including paddy, wheat, barley, five
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races of millets, four races of oilseeds, twelve races of pulses, citrus fruits, apples, pears, peaches,
plums, apricots, and walnuts (Sati & Kumar, 2023).

The contemporary crisis of Himalayan agriculture is multi-causal and mutually reinforcing.
Climate change has caused measurable disruption in rising mean annual temperatures, reduction
in rainfall & number of rainy days, increased frequency of flash floods, landslides, and cloud
bursts, and glacial retreat that threatens irrigation water availability (Tiwari & Joshi, 2015;
Upadhyay, 2024). Climate change projections suggest that approximately 50 per cent of the
Himalayan population is at risk of malnutrition and food insecurity (Rasul et al., 2019, cited in
Sati & Kumar, 2023). Moreover, research also confirms that South Asian Mountain regions face
disproportionate risks from climate change, including cascading impacts on water security,
agricultural productivity, and livelihoods (IPCC's Sixth Assessment Report (2022).

Out-migration constitutes the second major structural driver of agricultural decline in the
Himalayas. Sustained outmigration has led to farm exit and abandonment of land in the Indian
Himalayan Region (Upadhyay, 2024; Naudiyal et al., 2019). Continued outmigration has led to
the abandonment of villages and steadily declining of agricultural sector (Tiwari & Joshi, 2015).
Moreover, the increasing trend of outmigration among male youth has caused a significant
feminisation of mountain agriculture, increased women's workload while reducing household
labour availability for intensive farming operations. Remittances from migration, while providing
short-term household income, are primarily used for meeting everyday consumption needs and are
not systematically reinvested in climate change adaptation or agricultural infrastructure
(Upadhyay, 2024). Also, the conversion of agricultural land into horticulture in Himalayan states
reveals another dimension i.e. the rapid commercialisation of agriculture, driven by export-
oriented monoculture crop such as apple, has brought transformative but mixed consequences. Yet
this commercialisation, while increasing farm revenues in aggregate, has also produced agrarian
extractivism, increased input dependency, decrease in rice cultivation and erosion of crop diversity
among smallholders (Mushtaq & Goswami, 2024).

The global literature on digital agriculture for smallholder farmers reveals a consistent pattern of
promise tempered by structural barriers. Systematic reviews by Gumbi et al. (2023) and Choruma
et al. (2024) identify digital infrastructure deficits, affordability constraints, low digital literacy,
and gender disparities as the primary obstacles to digital agriculture adoption among smallholders
in the Global South. Cui & Wang (2023) and Hoang & Tran (2023) document that the decision to
adopt digital agricultural technologies is significantly shaped by farmers' education levels, age,
farm size, distance to markets, and access to extension services. Particularly relevant for the
Himalayan context is the finding by Gumbi et al. (2023) that most challenges in digital agriculture
adoption concern digital infrastructure, affordability, and digital literacy or skills. These authors
note that digital agriculture is still a nascent concept to smallholder farmers, with a lack of
understanding of its value being a fundamental adoption barrier. The systematic review by Yuan
& Sun (2024), analysing the digital transformation of smallholder agriculture through a
government-technology—smallholder analytical framework, identifies inadequate digital
agriculture policies, limited availability of contextually appropriate digital applications,
insufficient resources among smallholder farmers, and constraints imposed by social and cultural
factors as key challenges requiring integrated multi-stakeholder responses.

Evidence from the Himalayan sub-region is emerging but remains thin. Research on digital
ecosystem potential documents that technology adoption differs significantly between large and
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small farmers, with the latter facing constraints around market information, post-harvest
management, and value chain integration (Sharma et al., 2024).

4 Methodological Approach and Philosophical Stance

This chapter adopts an interpretive, systematic review methodology augmented by secondary data
analysis. The study does not generate primary empirical data; rather, it undertakes a rigorous
synthesis of existing peer-reviewed research, official policy documents, government statistical
publications, and credible institutional reports to construct a theoretically grounded, empirically
substantiated analysis of digital agriculture in India with special reference to the Himalayan region.
The philosophical underpinning is pragmatist, treating knowledge as contextually situated and
methodology as instrumentally chosen to address the research problem. This stance is appropriate
for a chapter that seeks to span multiple scales (national and regional), multiple disciplinary
traditions (agronomy, development economics, geography, computer science, and rural
sociology), and multiple types of evidence (quantitative statistics, qualitative case narratives,
policy analysis, and technology assessment). The literature search was conducted across multiple
academic databases including Web of Science, Scopus, ScienceDirect, PubMed/PMC, Google
Scholar, and MDPI open-access journals. Search keywords were selected to capture the breadth of
the topic: (i) 'digital agriculture India', "precision agriculture India', 'smart farming India'; (ii) 'IoT
agriculture', 'remote sensing agriculture', 'Al farming India'; (iii) 'Himalayan agriculture',
'mountain farming India', 'Uttarakhand agriculture', 'Jammu Kashmir agriculture', 'Himachal
Pradesh agriculture'; (iv) 'smallholder digital agriculture', 'technology adoption smallholder India’;
(v) 'out-migration Himalaya', 'climate change Himalayan agriculture', 'land abandonment
Uttarakhand'. Boolean operators (AND, OR) were systematically applied to generate targeted
search strings.

Inclusion criteria required that studies: (a) be published in peer-reviewed journals, edited academic
volumes, or authoritative institutional reports; (b) be published between 2015 and 2025 to ensure
contemporary relevance, with exceptions made for seminal foundational works; (c) be directly
relevant to digital agriculture technologies, smallholder adoption dynamics, or
Himalayan/mountain agricultural systems; and (d) provide empirical evidence, systematic review
findings, or rigorous policy analysis. Grey literature from the Government of India (Ministry of
Agriculture and Farmers Welfare, Press Information Bureau, Directorate of Economics and
Statistics), [CAR, ICIMOD, FAO, and the World Bank was included given the policy focus of the
chapter. After applying exclusion criteria (non-peer-reviewed opinion pieces, anecdotal reports,
geographically irrelevant studies), the final review corpus comprised over 60 academic sources
and 15 official policy documents. The chapter deploys a three-layer analytical framework: (i) a
technology assessment layer that maps the landscape of digital agricultural technologies and their
demonstrated applications; (i1) an adoption and diffusion layer drawing on the Technology
Acceptance Model (TAM), the Diffusion of Innovations theory (Rogers, 2003), and the
government—technology—smallholder framework of Yaun & Sun (2024); and (iii) a contextual
vulnerability layer that analyses the structural conditions, climate exposure, migration dynamics,
infrastructure deficits, gender relations, that modulate technology uptake in Himalayan settings.

Findings from the national-level analysis are systematically disaggregated to the Himalayan sub-
regional level through purposive mapping of Himalayan-specific evidence. Where direct
Himalayan evidence is absent or limited, inferential analysis from comparable mountain and
smallholder contexts, has been used with appropriate caveats. The chapter also employs a
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comparative analysis of the plains and mountains to illuminate differential digital agriculture
opportunities and barriers.

5. Results and Discussion
5.1. Digital Agriculture Opportunities in India: A National Scan
5.1.1. Precision Agriculture and loT Applications

India's precision agriculture market, while nascent, is demonstrating compelling growth
trajectories and demonstrated farm-level benefits. The market is currently estimated at
approximately USD 102 million (2023) and is projected to grow at a CAGR exceeding 10 per cent,
potentially reaching USD 220 million by 2031 (BioBiz, 2024). Key states leading in adoption
include Punjab, Maharashtra, and Andhra Pradesh, which possess relatively more developed
digital infrastructure, larger average farm sizes, and established agri-tech ecosystems (BioBiz,
2024). The benefits documented in the literature are substantial, precision irrigation driven by IoT
sensors has enabled water use reductions, while site-specific nutrient management has reduced
fertiliser overuse and its associated costs (Kumar et al., 2025; Shahab et al, 2025).

The full technology stack of digital agriculture includes GPS and GIS-based field mapping for
management zone delineation; soil sensors monitoring moisture, pH, temperature, and nutrient
content; UAVs for crop health surveillance and precision agrochemical application; crop growth
simulation models (e.g., DSSAT-CSM) for yield forecasting; machine learning platforms for pest
and disease identification; and digital advisory services for crop, weather, and market information
(Balkrishna et al., 2023; Miller et al., 2025). Each of these technologies addresses a specific
constraint in India's agricultural system, from water scarcity and soil degradation to pest
management and market information asymmetry.

5.1.2. The Digital Agriculture Mission: Policy Opportunity

The Digital Agriculture Mission, launched in September 2024 with a financial outlay of Rs. 2,817
crore (including Rs. 1,940 crore from the central government), represents the most comprehensive
and architecturally integrated attempt to build a national digital agriculture ecosystem (PIB, 2024).
The mission represents a significant policy initiative aimed at transforming India’s agricultural
sector through the development of digital public infrastructure, data-driven governance, and
technology-enabled farm management systems. By integrating emerging technologies such as
artificial intelligence, geospatial analytics, remote sensing, and digital platforms, the mission seeks
to enhance productivity, improve decision-making, and strengthen the delivery of agricultural
services to farmers (Table 1). The main components of the mission are (a) AgriStack (Kisan ki
Pehchaan), a farmer-centric digital public infrastructure that issues unique Farmer IDs linked to
land records, demographic data, and crop sown registries, targeting digital identities for 11 crore
farmers (b) the Digital Crop Survey (c) the Krishi Decision Support System (DSS), integrating
remote sensing data on crops, soil, weather, and water resources into a comprehensive geospatial
platform; (d) the Digital General Crop Estimation Survey (DGCES) for precise yield estimates;
(e) Soil Profile Mapping at a 1:10,000 scale for 142 million hectares; and (f) enabling Krishi Sakhis
as trained para-extension workers, with 2,50,000 positions envisaged (PIB, 2024).

The Saagu Baagu programme in Telangana, scaled by the state government in October 2023 to
cover 500,000 farmers across five crops and ten districts after successful Al-piloting, exemplifies
the transformative potential of digital advisory services for smallholder income augmentation
(World Economic Forum, 2024). This initiative demonstrates that Al-based bot advisors and
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digital marketplaces can meaningfully support smallholding farmers when co-designed with
farming communities and embedded in appropriate institutional frameworks.

Table 1: Key Components of India's Digital Agriculture Mission

Mission Description / Functional Scope Key Targets Current Performance / Status
Component
Creation of a unified digital database . Over 7+ crore Farmer IDs
. . . Generation of
AgriStack of farmers integrating land records, generated across several states;
- . . . ~11 crore . . .
(Farmer Digital demographic data, crop information, gradual integration with
) Farmer IDs by .
Infrastructure) and scheme benefits through a unique agricultural schemes and
2026-27. .
Farmer ID. services.
Digital registry linking farmers with . .
& EIStY & Nationwide

Farmer Registry
& Crop Sown
Registry

Geo-Referenced
Village and Farm
Mapping

Krishi Decision
Support System
(KDSS)

Digital Crop
Survey (Plot-
Level Data
Collection)

Soil Profile and
Digital Soil
Mapping

Digital General
Crop Estimation
Survey (DGCES)

Digital
Agriculture
Ecosystem (Al
IoT, Blockchain)

Krishi Sakhis
(Digital
Community
Resource
Persons)

land parcels and crop details,
enabling targeted subsidies, crop
insurance, and digital advisory
services.

Development of geo-referenced maps
linking village boundaries, farmland
parcels, and cropping patterns to
support spatial planning and
agricultural monitoring.

Geospatial analytics platform
integrating satellite data, weather
information, soil data, and crop
intelligence for real-time advisories
and planning.

Mobile-based field surveys capturing
real-time crop data and acreage at
plot level using geo-tagging and
remote sensing integration.

Creation of detailed digital soil health
and nutrient maps to enable precision
nutrient management and sustainable
soil practices.

Technology-enabled crop production
estimation using remote sensing,
digital surveys, and crop-cutting
experiments.

Integration of emerging technologies
such as artificial intelligence, [oT
sensors, drones, and blockchain to
enhance farm productivity,
traceability, and supply chains.

Women community extension
workers trained to provide farm
advisory, promote digital agriculture
tools, assist with data collection, and
facilitate adoption of sustainable
practices.

digitization of
farmer and crop
records.

Digitization of
village land
maps and
geospatial farm
databases across
India.
Development of
a national
geospatial
agricultural
intelligence
platform.

Coverage of all
agricultural
districts

Soil profiling of
~142 million
hectares of
agricultural
land.

Improve
accuracy and
timeliness of
national crop
production
estimates.
Development of
a Digital Public
Infrastructure
(DPI) for
agriculture.
Training of
Krishi Sakhis
nationwide to
strengthen
grassroots
agricultural
extension.

Operational in many states with
ongoing data integration
through digital crop surveys.

Mapping and geospatial
integration underway under
AgriStack and state land record
systems.

Pilot systems generating crop
monitoring dashboards, yield
forecasts, and climate
advisories.

Implemented in hundreds of
districts, covering crores of
farm plots during seasonal
surveys.

Soil health datasets being
integrated with digital advisory
platforms.

Pilots underway to integrate
satellite imagery with
traditional crop estimation
methods.

Mission supported with
%2,800+ crore investment for
digital infrastructure
development.

Krishi Sakhis are being trained
actively to foster farmers
extension services

Source: Authors' synthesis from literature review & reports
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5.2 Opportunities for Himalayan Agriculture Through Digital Interventions
5.2.1. Climate Resilience and Early Warning Systems

For Himalayan farming communities confronting intensifying climate variability, digital
technologies offer the most direct pathway to enhanced adaptive capacity. Remote sensing
platforms can provide real-time monitoring of glacial retreat, snowpack depth, and soil moisture
levels across terrain inaccessible to field-based monitoring, information critical for irrigation
planning, crop scheduling, and disaster preparedness (Parra-Lopez et al., 2024). Satellite-based
weather forecasting, integrated with Al analytics and disseminated via mobile applications, can
provide hyper-local weather prediction that helps mountain farmers navigate the growing
unpredictability of monsoon onset, distribution, and duration. The Climate Corp model, which
utilises localised weather data to predict crop yields on historical dataset (Parra-Lopez et al., 2024),
provides a template for developing mountain-specific climate intelligence services in India.

Early warning systems for landslides, flash floods, and cloud bursts, all increasingly frequent in
the Himalayan region, represent another high-value application of digital technologies for
mountain agriculture. When integrated with agricultural advisory systems, such warnings can help
farmers take timely protective measures for standing crops and livestock, reducing the
considerable economic losses that extreme events impose on Himalayan smallholders. The
Himalayan ecosystem services literature confirms that farmers in the Hindu-Kush Himalayan
region have already begun adapting through water conservation methods, changing sowing times,
and diversifying into perennial crops that are more resilient to water stress (KC et al., 2022).

5.2.2. Market Access and Value Chain Integration

Perhaps the most transformative opportunity for Himalayan agriculture lies in digital market
integration. The geographic isolation of mountain farming communities has historically produced
severe market information asymmetry, with intermediaries capturing disproportionate margins
across apple, vegetable, spice, and handicraft value chains. Digital platforms connecting farmers
directly to consumers on the model of eNAM for grains or HFN Agritech's cooperative model in
Himachal Pradesh, which links Farmer Producer Organisations (FPOs) to branded retail and e-
commerce channels (Jamwal, 2026), can substantially improve price realisation for mountain
produce.

The rapid expansion of high-density apple plantations in the Himalayan regions, especially in
Jammu and Kashmir & Himachal Pradesh, demonstrates that when appropriate institutional
support and market access are available, Himalayan farmers can have transition rapidly from
subsistence to commercial agriculture (Mushtaq & Goswami, 2024).). Digital platforms for quality
grading, cold chain monitoring (IoT-based temperature sensors), blockchain-enabled traceability
for premium GI-tagged products (Kashmiri saffron, Himachali apples, Uttarakhand organic
grains), and mobile payment systems for direct farmer payments represent a suite of interconnected
market-digital solutions with significant potential for Himalayan value chain upgrading.

5.2.3. Precision Horticulture and Crop Health Monitoring

The Himalayan zone's comparative advantage lies in high-value temperate horticulture, apples,
pears, stone fruits, walnuts, saffron, medicinal and aromatic plants, products with premium
domestic and export market potential. Digital technologies can significantly enhance the
productivity and quality of these crops. IoT-integrated greenhouses in agriculture have
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demonstrated that sensor-based temperature monitoring and automated ventilation can prevent
heat stress in lettuce and other leafy vegetables during summer months, improving produce quality
and shelf life (Yun et al, 2026; Fanourakis et al., 2026). Drone-based multispectral imaging can
enable early detection of fire blight, brown rot, and other fungal diseases in apple orchards that,
when not detected early, can cause catastrophic crop losses. Al-powered image recognition
applications that identify pest and disease symptoms from smartphone photographs have already
been deployed in several Indian agri-tech platforms and hold considerable promise for mountain
farmers with limited access to agricultural extension officers.

5.2.4. Women, Digital Agriculture, and the Feminisation of Mountain Agriculture

The feminisation of Himalayan agriculture, a direct consequence of male out-migration, creates
both a challenge and a specific opportunity for digital agriculture interventions. Women farmers
in mountain regions are performing an increasing proportion of agricultural labour, often without
commensurate access to agricultural information, financial services, or technology. Digital
platforms designed with gender sensitivity, voice-based advisory services in local languages
(Pahari, Garhwali, Kashmiri), simplified interface design for low-literacy users, and women-led
FPOs with digital market access, have the potential to simultaneously enhance agricultural
productivity and women's economic agency.

The Krishi Sakhis initiative under the Digital Agriculture Mission, which trains women as certified
para-extension workers for financial independence represents a significant institutional
mechanism for channelling digital agriculture benefits through women (PIB, 2024). Evidence from
the Saagu Baagu programme in Telangana, where Al advisory services helped smallholding
farmers, including women double their incomes (World Economic Forum, 2024), offers a proof of
concept that is particularly relevant for mountain contexts.

5.3 Challenges to Digital Agriculture in the Himalayan Region
5.3.1. Infrastructural Deficits: Connectivity and Power

The most fundamental structural barrier to digital agriculture adoption in the Himalayan region is
the deficit in digital and physical infrastructure. As of March 2024, rural tele-density in India
stands at 59.19 per cent compared to 133.72 per cent in urban areas, a disparity that is more
pronounced in remote mountain geographies where terrain and distance impose higher
infrastructure costs (TRAI, 2023-24). Large parts of Himalayan India lack reliable broadband
connectivity, with mobile data coverage being intermittent in high-altitude villages and interior
valleys. Power availability is also irregular in many mountain communities, which complicates the
operation of IoT sensors, charging of mobile devices, and functioning of digital extension
platforms (Table 2).

BharatNet, the government's flagship rural broadband programme, has made progress in extending
optical fibre connectivity to Gram Panchayats, but the 'last-mile' connectivity problem, connecting
individual farm households at altitude, remains largely unresolved. Satellite internet technologies
(such as VSAT and LEO satellite constellations) offer technical possibilities for remote mountain
connectivity but require substantial cost reductions and localised support infrastructure before they
can serve as primary connectivity solutions for Himalayan farming communities.

5.3.2. Digital Literacy and Capacity Constraints

Digital literacy, the ability to effectively use digital tools and platforms, s a critical adoption
prerequisite that is severely limited across much of rural Himalayan India. Lack of training
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programmes hinders the adoption of even basic digital tools like soil sensors and yield monitoring
apps (Kumar et al., 2025). In mountain communities where formal education levels are higher than
many other rural regions of India, yet where adult farmers, particularly women and elderly
populations, have limited prior experience with smartphones and digital platforms, contextually
appropriate digital literacy programmes are an essential investment.

Yuan & Sun (2024) identify digital literacy constraints as among the most critical barriers in their
government—technology—smallholder framework analysis. The literature confirms that education
level and prior exposure to ICTs are among the strongest predictors of digital agriculture adoption
(Cui &Wang, 2023; Hoang & Tran, 2023). In the specific context of Himalayan out-migration,
where the educated rural youth most likely to adopt and champion digital agriculture are
disproportionately leaving their villages, communities face a paradox, the demographic most
capable of mediating technology adoption is the demographic most likely to be absent. Extension
services capable of filling this gap are themselves chronically understaffed in mountain regions.

5.3.3. Terrain, Fragmented Landholdings, and Scale Constraints

The physical geography of the Himalayan region imposes constraints on digital agriculture that
have no direct parallel in the plains. Inaccessibility, precipitous terrain, and a fragile landscape are
major drivers that hinder the application of modern innovation in the field of agriculture (Sati &
Kumar, 2023). Standard precision agriculture technologies developed for flat, large-scale plains
agriculture, GPS-guided tractors, variable rate application machinery, large-scale drone surveys,
are not readily adaptable to steeply terraced, sub-hectare mountain farms where the topography
itself constrains mechanisation (Table 2).

The high prevalence of extremely small and fragmented landholdings in India is especially acute
in Himalayan contexts where terracing has produced highly fragmented land tenure patterns across
multiple elevation bands. Scale constraints undermine the economic justification for capital-
intensive digital agriculture investments at the individual farm level. Collective like FPO-mediated
technology access, shared drone services, cooperative sensor networks, offer potential solutions
but require institutional coordination capacities that are nascent in many mountain communities.

5.3.4. Socio-Cultural Resistance and Trust Deficits

Technology adoption in rural communities is not a purely rational-economic process but is
mediated by social norms, community trust, and cultural attitudes toward innovation. Research in
Himalayan regions document that farmers in traditional mountain communities often distrust
externally introduced technologies that are not seen to respect local ecological knowledge and
existing practices (KC et al., 2022). The technology-as-external-imposition narrative creates
adoption resistance that cannot be overcome by supply-side subsidies alone. Co-design approaches
that integrate indigenous knowledge with digital tools, using Al to validate, rather than replace,
traditional crop diversity management practices, are more likely to achieve sustained adoption.

Gender and generational dynamics further complicate adoption pathways. Women farmers, who
now manage a disproportionate share of mountain agriculture, often have restricted independent
access to mobile phones, financial accounts, and training opportunities due to social norms,
constraints that digital agriculture platforms must be designed to navigate rather than inadvertently
reinforce. The elderly farmers who remain in Himalayan villages, while possessing invaluable
ecological knowledge, may have limited aptitude and motivation for learning new digital skills
absent sustained support systems.
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5.3.5. Data Gaps and Context-Specificity of Digital Solutions

Standard digital agriculture algorithms and advisory systems are typically trained on data from
intensive agricultural systems in the plains. Applying such systems to Himalayan conditions, with
their distinctive soil types, elevation-dependent microclimates, indigenous crop varieties, and
terrain-mediated pest dynamics, without local calibration risks generating agronomically
inappropriate recommendations that erode farmer trust and undermine adoption (Table 2). India's
Digital Agriculture Mission, for all its ambitions, focuses its pilot implementation on plains states
(Uttar Pradesh, Gujarat, Maharashtra, Haryana, Punjab, and Tamil Nadu) (PIB, 2024), with limited
explicit attention to mountain-specific calibration requirements.

Table 2: Comparative Analysis of Digital Agriculture Opportunities and Challenges: Plains vs. Himalayan
India

Dimension Plains Agriculture Himalayan Agriculture
- . Moderate—high; improving rapidly with ~ Low—moderate; intermittent in high-
Digital ’ . ’
igital connectivity 4G/5G rollout altitude zones
o . < .
Land holding size Sma}l but less fragmented; some Very small (<1 ha) and highly
medium holdings fragmented terraces
Mechanisation potential ngh;' flat terrain amenable to standard Ver}{ limited; pr§01pltous terrain
machinery restricts mechanisation
Established agri-tech sector; multiple Nascent; few mountain-specific
Technology ecosystem . . .
startups active solutions available
Climate risk profile Droqght, heat stress, flooding (plains- Extrf:rr}e eyents, glalmal melt, erratic
specific) precipitation, landslides
o Relatively stable; mechanisation Severe shortage; feminisation due to
Labour availability . .o
substitutes male out-migration
Better road infrastructure; eNAM Poor road connectivity; high
Market access . :
accessible transportation costs
Primary opportunit Efficiency gains, input optimisation, Climate resilience, market access,
Y opp Y yield improvement high-value horticulture
Key barrier Cost of technplogy, digital literacy, Connectivity? tel"rain, out-migration,
scale constraints context-specificity

Source: Authors' synthesis from literature review
5.4. Pathways Towards Inclusive Digital Agriculture in the Himalayan Region
5.4.1. Mountain-Specific Technology Design

The foundational requirement is the development of digital agricultural technologies specifically
calibrated for mountain conditions. This includes lightweight, low-power IoT sensors that can
operate on solar power in off-grid conditions; drone systems capable of navigating high-altitude
winds and irregular terrain; offline-functional mobile applications that synchronise data when
connectivity is available; and Al algorithms trained on Himalayan crop varieties, soil types, and
microclimate datasets. The BharatNet programme needs to be complemented by satellite internet
pilots in remote Himalayan blocks, while mobile extensions of the Krishi DSS must include
mountain-specific layers for elevation, slope, aspect, and soil depth.

5.4.2. Community-Centred Adoption Models

Given the scale constraints and institutional characteristics of Himalayan farming, FPO-mediated
collective adoption represents the most viable pathway for digital agriculture uptake. FPOs can
pool resources to acquire shared precision technologies, drone services, sensor networks, mobile
advisory platforms, and redistribute their benefits across member households. The Harvesting
Farmer Network (HFN) Agritech model in Himachal Pradesh, linking FPOs to e-commerce and
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physical retail channels (Jamwal, 2026), demonstrates the potential of collective market access
when anchored by a supporting agri-tech enterprise. Digital agricultural cooperatives, where FPOs
collectively own and manage digital infrastructure, warrant specific policy support and financial
facilitation through NABARD and the Small Farmers' Agribusiness Consortium (SFAC).

5.4.3. Digital Extension and Krishi Sakhi Networks

Strengthening digital extension networks, particularly through the Krishi Sakhi programme,
represents a high-leverage intervention for Himalayan contexts. Krishi Sakhis, as locally
embedded, trained, and certified para-extension workers, can serve as trusted intermediaries
between digital agricultural platforms and mountain farming households that have limited direct
platform access due to literacy, language, and connectivity constraints. Supplementing Krishi
Sakhis with digital tools, tablet-based agricultural advisory applications, voice-based Al platforms
in regional languages, GPS-linked crop scouting applications, can significantly multiply the reach
and quality of agricultural extension in mountain geographies. Evidence from comparable para-
extension models in East Africa (Outhwaite et al., 2022) confirms that ICT-equipped community
extension agents substantially outperform traditional extension in both reach and information
quality.

5.4.4. Integration of Indigenous Knowledge with Digital Systems

A contextually appropriate digital agriculture strategy for the Himalayas must integrate, rather than
displace, indigenous ecological knowledge. Traditional mountain crop diversity, water harvesting
techniques, intercropping systems, and ecological pest management practices represent adaptive
wisdom developed over centuries that digital tools can document, validate, and scale. Al-based
knowledge management systems that record and make accessible traditional varietal knowledge,
agroforestry practices, and community water management systems can serve both as cultural
repositories and as practical resources for younger farmers and extension workers. Seed digital
registries for indigenous Himalayan crop varieties represent an urgent digital heritage intervention
with direct agricultural significance.

6. Policy Insights

Based on the comprehensions from the existing secondary literatre, the following evidence-based
policy insights are advanced:

a) Mountain-Inclusive Digital Agriculture: The Digital Agriculture Mission must be
explicitly extended to include pilot districts in Himalayan states (Jammu & Kashmir,
Himachal Pradesh, Uttarakhand) within the first phase of implementation. Mountain-
specific modules must be developed within the Krishi DSS for elevation-dependent climate
analysis, terrace-scale soil profiling, and high-altitude crop mapping. The exclusion of
Himalayan states from initial pilots must be urgently rectified.

b) Mountain-Specific Technology Fund: A dedicated sub-fund within the Digital
Agriculture Mission budget should be allocated for research and development of mountain-
appropriate digital agriculture technologies: low-power, off-grid IoT sensors; nano-drones
for high-altitude field monitoring; offline-functional mobile advisory applications; and Al
algorithms calibrated on Himalayan crop and climate datasets.

c) BharatNet Mountain Acceleration and Satellite Internet Pilots: Achieving last-mile
digital connectivity in Himalayan villages is a precondition for all other digital agriculture
interventions. A time-bound Mountain Connectivity Mission, combining accelerated
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BharatNet Gram Panchayat connectivity, satellite internet pilots in high-altitude blocks,
and community Wi-Fi hubs at Gram Panchayat offices, should be implemented with
dedicated funding and a monitoring framework. The Rural Tele-density gap (currently
133.72% urban vs. 59.19% rural) must be tracked and targeted specifically for mountain
sub-regions.

d) FPO-Mediated Collective Digital Agriculture: NABARD, SFAC, and state agriculture
departments should design FPO-specific digital agriculture support programmes that
enable Farmer Producer Organisations in mountain regions to collectively acquire
precision agriculture services, digital advisory subscriptions, and market-linkage
platforms. Financial incentives digital adoption grants, and interest subsidies on technology
loans for FPOs should be calibrated for mountain contexts where individual farm scale
cannot justify standalone technology investment.

e) Kirishi Sakhi Digital Empowerment Programme: The Krishi Sakhi initiative should be
scaled urgently in Himalayan states, with dedicated training modules in digital agricultural
advisory, drone-based crop monitoring, mobile-based market platforms, and basic loT
device operation. Krishi Sakhis should be equipped with tablets pre-loaded with
multilingual, offline-functional agricultural advisory applications tailored to Himalayan
crops. Given the feminisation of Himalayan agriculture, investing in Krishi Sakhis as
digitally empowered women extension agents is among the highest-return policy
investments available.

f) Indigenous Knowledge-Digital Integration Programme: ICAR and state agricultural
universities in Himalayan states should be tasked with creating digital repositories of
indigenous Himalayan crop varieties, traditional water management systems, agroforestry
practices, and community ecological knowledge. This documentation should feed into the
Krishi DSS as a locally validated decision supporter, ensuring that digital advisory services
complement rather than replace mountain ecological intelligence.

g) Gender-Sensitive Platform Design Standards: All digital agriculture platforms
supported under the Digital Agriculture Mission should be required to meet gender-
sensitive design standards: multilingual voice interfaces in regional mountain languages,
simplified visual navigation for low-literacy users, and active outreach to women farmers
and women-led SHGs. A Gender and Digital Agriculture Task Force should be constituted
under the Ministry of Agriculture and Farmers Welfare to audit existing platforms for
gender accessibility and mandate corrective design interventions.

7. Conclusion

This chapter has undertaken a systematic, research-augmented inquiry into the landscape of digital
agriculture in India, with a sustained analytical focus on the Himalayan agro-ecological zone. The
analysis generates several overarching conclusions. First, digital agriculture represents a genuine
transformative moment for Indian agriculture, backed by unprecedented policy ambition, dynamic
agri-tech private sector, and an expanding body of evidence demonstrating farm-level productivity,
resource efficiency, and income gains from precision technologies, IoT systems, Al advisory
platforms, and digital market infrastructure. India's precision agriculture market is on a strong
growth trajectory, and the Digital Agriculture Mission's DPI architecture, AgriStack, Krishi DSS,
Digital Crop Survey, Soil Profile Mapping, provides the most comprehensive national digital
agriculture infrastructure framework to date. Second, the Himalayan region presents a unique
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convergence of opportunity and challenge. The opportunity is real and multidimensional. Climate
resilience through digital early warning & remote sensing systems; market access & value chain
integration for high-value Himalayan products; precision horticulture for improved productivity
& quality; and digital empowerment of women farmers navigating a feminised, labour-scarce
agricultural environment are highly dependent on digital agriculture interventions. The challenges
are equally real and deeply structural such as inadequate digital connectivity, severely fragmented
smallholdings on precipitous terrain, pronounced out-migration of digitally capable rural youth,
context-specificity gaps in existing digital solutions, and socio-cultural barriers to adoption. Third,
the analysis reveals a systemic risk of 'digital exclusion by design', the risk that a national digital
agriculture programme designed primarily around the plain’s context will, through insufficient
attention to mountain-specific needs, inadvertently deepen the development divide between
agrarian plains and mountain communities. The pilots of the Digital Agriculture Mission are
focused on six plains states; Himalayan states are not among the initial cohort. This is a significant
omission that policy must urgently address. Fourth, the pathway to inclusive digital agriculture in
the Himalayan region requires not merely technology transfer but institutional transformation, the
development of FPO-mediated collective adoption models, mountain-specific technology design,
digitally empowered Krishi Sakhi extension networks, integration of indigenous knowledge with
digital systems, and gender-sensitive platform design. These institutional investments are
preconditions for technology impact, not afterthoughts.

The Indian Himalayan Region stands at a crossroads. Without deliberate, contextually intelligent
digital agriculture investment, it risks being left behind in India's agricultural transformation, its
farming communities further marginalised by the dual pressures of climate change and
technological exclusion. With such investment, grounded in co-design, community empowerment,
and mountain ecological intelligence, digital agriculture holds the potential to revitalise Himalayan
farming systems, retain rural populations, conserve agro-biodiversity, and build the climate
resilience that the region urgently needs.
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