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Introduction  

itchi (Litchi chinensis Sonn.) is one of the most important subtropical fruit crops cultivated in eastern India. 

India is the world's second-largest producer of litchi after China, contributing nearly one-fourth of global 

production. Bihar accounts for about 40-45% of the country's production, while Jharkhand has emerged as a 

promising litchi-growing state, particularly in Ranchi, East Singhbhum, West Singhbhum, Saraikela-Kharsawan, 

Gumla, Khunti, Hazaribagh, Deoghar and adjoining districts. The favourable subtropical climate, fertile soils and 

expanding commercial orchards have enhanced the scope of litchi cultivation in the state. Despite its enormous 

economic potential, litchi production in Jharkhand is increasingly threatened by insect pests, among which the 

litchi stink bug (Tessaratoma papillosa Drury) is considered one of the most destructive. During recent years, 

erratic climatic conditions, increasing temperatures and prolonged dry spells have favoured the multiplication and 

spread of this pest, leading to considerable losses in flowering, fruit set and fruit quality. In severe infestations, 

yield losses may exceed 30-40%, particularly in unmanaged orchards. Therefore, adopting an integrated pest 

management (IPM) strategy based on the recommendations of ICARïNational Research Centre on Litchi 

(NRCL), Muzaffarpur, is essential for sustainable litchi production. 

Status of Litchi Stink Bug in Jharkhand 

The litchi stink bug belongs to the family Tessaratomidae under the order Hemiptera and is widely distributed in 

India, Bangladesh, Nepal, China, Thailand and Vietnam. In India, it is predominantly reported from Bihar, 

Jharkhand, West Bengal, Assam, Tripura and other northeastern states. In Jharkhand, the pest has become 

increasingly important due to the expansion of commercial orchards and changing climatic conditions. he 

widespread occurrence of kusum (Schleichera oleosa L.; Sapindaceae), an alternate host taxonomically related to 

litchi, plays a significant role in the ecology of the litchi stink bug in Jharkhand. The abundance of this host plant 

in Ranchi and adjoining districts facilitates year-round survival of the pest, thereby increasing its infestation 

pressure on commercial litchi plantations. Adult bugs survive during the off-season on alternate hosts and 

sheltered places before becoming active during February and March with the initiation of new vegetative flushes 

and panicle emergence. Peak populations are generally observed from March to May, coinciding with flowering, 

fruit development and harvesting. Both nymphs and adults feed by inserting their piercing-sucking mouthparts 

into tender shoots, leaves, flower panicles and developing fruits. The pest injects toxic saliva into plant tissues, 

causing localized necrosis, drying and premature fruit drop. Severe infestations result in reduced fruit size, poor 

fruit quality and significant economic losses. 

Identification and Biology 

Adult litchi stink bugs are large, shield-shaped insects measuring approximately 25ï35 mm in length. They are 

reddish-brown to dark brown with a characteristic expanded abdomen and emit a strong foul-smelling secretion 

when disturbed, which serves as a defensive mechanism. Females lay clusters of 10-20 barrel-shaped eggs on the 

underside of leaves or tender shoots. Eggs hatch within 7-10 days, depending on temperature. The insect passes 

through five nymphal instars before reaching adulthood, and the complete life cycle generally requires 45-60 

days. Nymphs are brightly coloured during the early stages and gradually develop into brownish adults. One to 

three overlapping generations may occur annually under eastern Indian conditions. 

L 

Litchi Stink Bug ( Tessaratoma papillosa) in Jharkhand: Current 

Status, Emerging Threats and Integrated Pest Management 

 
Arkendu Ghosh1*, Koyel Dey2, Suman Kisku3, Manas Mandal4, Arun Kumar Singh 5 

 
1Assistant Professor Cum Junior Scientist, Department of Fruit Science, 2Assistant Professor Cum 

Junior Scientist, Department of Post Harvest Technology, 3UG Student, 4Assistant Professor Cum 

Junior Scientist, Department of Floriculture and Landscape Architecture, 5Associate Dean, 

Horticulture College, Birsa Agricultural University, West Singhbhum, Jharkhand, India 

*Corresponding Author: Arkendu Ghosh 
 



 

Page | 2  

 

 

 

 
Volume-02, Issue-10 AUGUST 2026 

 

 

Nature of Damage 

Both adults and nymphs are highly destructive. 

The toxic saliva injected during feeding destroys 

plant cells, interferes with nutrient translocation 

and predisposes injured tissues to secondary 

fungal infections. Major symptoms include: 

¶ Drying of tender shoots and young 

flushes.  

¶ Browning and wilting of flower 

panicles.  

¶ Reduced pollination and fruit set.  

¶ Premature dropping of flowers and immature fruits.  

¶ Shrivelling and discoloration of developing fruits.  

¶ Reduced fruit size and inferior market quality.  

¶ Overall decline in tree vigour under severe infestation.  

Threats to Litchi Cultivation in Jharkhand  

Climate variability has altered pest phenology, resulting in earlier emergence and prolonged activity. Several 

factors contribute to the increasing incidence of litchi stink bug in the state: 

¶ Expansion of monoculture orchards.  

¶ Rising temperatures and prolonged dry weather.  

¶ Neglected and abandoned orchards serving as pest reservoirs.  

¶ Dense canopies providing suitable shelter.  

¶ Lack of regular orchard monitoring.  

¶ Indiscriminate pesticide use leading to destruction of natural enemies.  

¶ Poor orchard sanitation.  

¶ Limited awareness regarding integrated pest management.  

Integrated Management Strategy 

The most effective approach involves integrating cultural, mechanical, biological and need-based chemical 

measures. 

1. Orchard Sanitation 

Regular pruning should be carried out immediately after harvesting to remove overcrowded branches and improve 

air circulation. Dead twigs, infested shoots and alternate host plants should be removed and destroyed. Fallen 

leaves and plant debris should not be allowed to accumulate within the orchard. 

2. Regular Monitoring 

Beginning in February, orchards should be inspected weekly for egg masses, nymphs and adult bugs. Early 

detection enables timely intervention before populations reach damaging levels. 

3. Mechanical Control 

According to NRCL recommendations: 

¶ Egg masses should be collected manually and destroyed.  

¶ Early-stage nymphs should be hand-picked during morning hours.  

¶ Adults can be shaken from branches onto collection sheets and destroyed.  

¶ Community-based collection programmes significantly reduce pest populations.  

This method is highly effective in small and medium-sized orchards. 

4. Conservation of Natural Enemies 

Several natural enemies help suppress stink bug populations. But broad-spectrum insecticides should be avoided 

during periods of natural enemy activity. Important biological control agents include: 

¶ Egg parasitoids (Anastatus spp.)  

¶ Predatory spiders  

Infestation of String Bug at Litchi Plant 
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¶ Green lacewings (Chrysoperla spp.)  

¶ Predatory ants  

¶ Birds feeding on nymphs  

5. Botanical Insecticides 

Neem-based formulations provide effective suppression of young nymphs. Applications should begin 

immediately after egg hatching for maximum effectiveness. 

Recommended application: 

¶ Azadirachtin (10,000 ppm): 1 ml per litre of water, or  

¶ Neem oil (2ï3%) with a suitable emulsifier.  

6. Management of Litchi Stink Bug through Plastic Trunk Banding 

As recommended by the ICARïNational 

Research Centre (NRC) on Litchi, 

Muzaffarpur, trunk banding with a plastic 

sheet is an effective, eco-friendly, and non-

chemical method for managing the litchi stink 

bug (Tessaratoma papillosa). During the post-

harvest period, particularly from June to July, 

mature bugs migrate from alternate host plants 

to litchi trees by crawling up the trunk. 

Wrapping the main trunk with a 20-30 cm wide smooth polythene or plastic band at a height of approximately 

1.0-1.5 m above the ground, with the upper edge folded outward and securely fastened, creates a physical barrier 

that prevents adult bugs from climbing into the tree canopy. Regular inspection and destruction of insects trapped 

below the barrier further enhances its effectiveness. When integrated with orchard sanitation, removal of alternate 

host plants in the vicinity, and timely monitoring, plastic trunk banding significantly reduces pest infestation and 

minimizes dependence on chemical insecticides, making it an important component of integrated pest 

management (IPM) in litchi orchards. 

7. Need-Based Chemical Management (NRCL Recommendation) 

When economic threshold levels are exceeded and severe infestations occur, NRCL recommends the judicious 

use of selective insecticides. Suitable insecticides include: 

¶ Thiamethoxam 25 WG @ 0.25 g/L  

¶ Imidacloprid 17.8 SL @ 0.3 ml/L  

¶ Lambda-cyhalothrin 5 EC @ 0.5 ml/L  

Sprays should be directed toward tender shoots, flower panicles and fruit clusters during early nymphal stages. 

Avoid spraying during peak bee activity to protect pollinators. Observe the recommended pre-harvest interval 

and rotate insecticides with different modes of action to delay resistance development. 

8. Nutrient and Water Management 

Balanced fertilization and proper irrigation enhance tree vigour and improve tolerance against pest attack. 

Excessive nitrogen fertilization should be avoided because lush vegetative growth favours pest multiplication. 

9. Farmer Awareness and Community Action 

Area-wide management is more effective than isolated interventions. Simultaneous monitoring, sanitation and 

coordinated spraying across neighbouring orchards significantly reduce reinfestation. Capacity-building 

programmes, farmer field schools and digital advisory services can improve pest identification and timely 

adoption of control measures. 

Future Perspectives 

Future management should emphasize climate-smart pest surveillance, GIS-based forecasting, pheromone- and 

semiochemical-based monitoring, drone-assisted orchard surveillance, biological control augmentation and 

artificial intelligence-based decision support systems. Development of eco-friendly biopesticides and 

conservation of indigenous natural enemies will further strengthen sustainable pest management while reducing 

pesticide dependence. 

Trunk banding restricts the bug movement 
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Conclusion 

The litchi stink bug has emerged as a major constraint to profitable litchi cultivation in Jharkhand owing to its 

destructive feeding habit and increasing prevalence under changing climatic conditions. Sustainable management 

requires an integrated approach combining orchard sanitation, regular monitoring, mechanical destruction of egg 

masses and nymphs, conservation of natural enemies, neem-based botanicals and need-based application of 

recommended insecticides. Adoption of the IPM strategies advocated by ICARïNational Research Centre on 

Litchi (NRCL), Muzaffarpur, together with improved orchard management and farmer awareness, can 

substantially reduce pest incidence, safeguard pollinators, minimize pesticide residues and enhance fruit yield and 

quality. Strengthening research, extension services and community-based pest management will be essential for 

ensuring sustainable litchi production, improving farmers' income and supporting the long-term growth of the 

litchi industry in Jharkhand. 
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Abstract 

Soil degradation is a critical global challenge, directly threatening food security, ecosystem stability, and climate 

resilience. Driven by excessive tillage, chemical inputs, erosion, and declining organic matter, this degradation 

necessitates a fundamental shift from conventional management practices. Regenerative Soil Science (RSS) 

emerges as an interdisciplinary framework designed to reverse this trend by applying ecological principles to 

restore soil vitality and function. This review synthesizes the scientific foundations, mechanisms, and practices 

of RSS, positioning it as a cornerstone for climate-smart and sustainable agriculture. We detail how core strategies 

including conservation tillage, cover cropping, organic amendments, agroforestry, and managed grazing work 

synergistically to rebuild soil organic matter, enhance biological activity, improve nutrient and water cycling, and 

sequester atmospheric carbon. Furthermore, the review examines the resultant socio-economic and environmental 

co-benefits, such as increased biodiversity, improved farm resilience, and climate change mitigation. Despite its 

promise, scaling RSS faces challenges related to knowledge transfer, economic incentives, and standardized 

assessment. We conclude by identifying critical research gaps and future directions, emphasizing the need for 

interdisciplinary collaboration, supportive policy frameworks, and the development of robust metrics for soil 

health. Ultimately, Regenerative Soil Science provides a transformative pathway to convert degraded lands into 

productive, resilient systems capable of sustaining both ecosystems and future generations. 

Keywords: Regenerative agriculture, soil health, carbon sequestration, agroecology, sustainable agriculture, soil 

organic matter, biodiversity, nutrient cycling, soil microbiome, conservation tillage, soil restoration. 

1. INTRODUCTION  

he basic building block of terrestrial ecosystems, soils support biogeochemical nutrient cycling, water 

purification and regulation, global food security, and climate modulation. But on a worldwide level, this 

essential resource is seeing unheard-of destruction. A crisis in soil health has been brought on by unsustainable 

land-use practices such as monocropping, heavy tillage, excessive reliance on synthetic agrochemicals, 

deforestation, and compounded climate-induced pressures. According to estimates from the Food and Agriculture 

Organization (FAO), over one-third of the world's soils are currently degraded, with the most serious and 

pervasive risks being erosion and the catastrophic loss of soil organic matter (SOM). 

 Historically, conventional agricultural paradigms have placed a strong priority on maximizing short-term 

yields, which is frequently accomplished by using a lot of external inputs. Although initially fruitful, these 

methods have had detrimental long-term effects, such as the physical structure of the soil deteriorating, microbial 

diversity and biological activity declining, nutrient imbalances, and greater susceptibility to flooding and drought. 

The basic resource basis that agriculture relies on has been weakened as a result of this negative feedback cycle. 

Regenerative Soil Science (RSS) has become a transformational, multidisciplinary paradigm in response to this 

challenge. RSS uses ecological principles to actively restore and improve soil function, going beyond simple soil 

protection. It rethinks soil as a complex, living ecosystem rather than an inert growing substrate. Rebuilding soil 

health, including its physical, chemical, and biological characteristics, is the main goal of RSS. This will restore 

the soil's natural ability to maintain long-term agricultural productivity, improve ecosystem resilience, and 

provide vital regulating services, most notably carbon sequestration. 

 The present scientific understanding of regenerative soil science is summarized in this review. We describe 

its fundamental ideas, clarify the biological and ecological processes that propel soil regeneration, and critically 

assess its key management techniques and technology advancements. We also evaluate the combined socio-

T 
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environmental benefits and talk about the obstacles and future paths required to scale its adoption. In order to turn 

degraded lands into productive, resilient, and sustainable agroecosystems, the goal is to create a thorough 

foundation for expanding research, policy, and practical application. 

2. PRINCIPLES OF REGENERATIVE SOIL SCIENCE  

Regenerative Soil Science (RSS) is not defined by a prescriptive set of practices, but rather by a foundational set 

of ecological principles designed to restore and enhance the self-regulating capacity of the soil ecosystem. These 

principles work synergistically to shift agricultural systems from a degenerative, input-intensive model to a 

regenerative, functionally resilient one. Five core, interdependent principles form the conceptual bedrock of RSS. 

2.1. Minimize Mechanical and Chemical Disturbance 

Conventional tillage and excessive chemical inputs are primary drivers of soil degradation. Tillage disrupts soil 

aggregates, accelerates the mineralization and loss of soil organic matter (SOM), destroys fungal hyphal networks, 

and increases erosion susceptibility. RSS prioritizes the drastic reduction or elimination of tillage (e.g., no-till, 

strip-till) to preserve soil structure, protect microbial habitats, and reduce oxidative carbon losses. Concurrently, 

it advocates for minimizing the use of broad-spectrum biocides and soluble synthetic fertilizers that can disrupt 

soil microbial community balance and function, instead relying on biological nutrient cycling. 

2.2. Maximize Soil Armor and Continuous Cover 

A bare soil is a vulnerable soil. This principle emphasizes protecting the soil surface at all times using living 

plants, plant residues, or mulches. Continuous cover buffers soil temperature extremes, dramatically reduces 

water and wind erosion, conserves soil moisture by limiting evaporation, suppresses weeds, and provides a 

constant carbon source for surface-dwelling decomposers. Strategies include the use of cover crops, cash crop 

residue retention, and the application of organic mulches. 
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2.3. Maximize Biodiversity in Time and Space 

Ecological resilience is rooted in diversity. RSS seeks to diversify the agricultural landscape both above and 

below ground. This involves integrating a variety of plant species through complex crop rotations, polycultures, 

intercropping, and agroforestry. Increased plant diversity drives the diversification of the rhizosphere 

microbiome, supports a wider range of soil fauna, enhances nutrient cycling efficiency through complementary 

root exudates, and breaks pest and disease cycles. It builds a more complex and robust soil food web. 

2.4. Maintain a Continuous Living Root 

Soils are most biologically active in the rhizosphere. Maintaining living roots in the soil for as much of the year 

as possible is a critical engine for regeneration. Roots exude photosynthetically derived carbon (root exudates) 

that actively feed and stimulate symbiotic mycorrhizal fungi and beneficial bacteria. This continuous carbon 

subsidy fuels microbial processes that build stable SOM, improve soil aggregation, and enhance nutrient cycling. 

Perennial systems, cover crops, and carefully managed pastures are key to fulfilling this principle. 

2.5. Integrate Context-Specific Animal and Human Management 

Regenerative systems view livestock not as separate entities but as potential accelerators of ecological processes 

when properly managed. Well-planned rotational grazing, where animals are moved at high density for short 

durations with long recovery periods, mimics the impact of historical herbivore herds. This stimulates vigorous 

plant growth, nutrient recycling via manure and urine, soil aeration, and seed incorporation. Crucially, this 

principle also acknowledges that effective regeneration is not purely biophysical; it must be adapted to local 

environmental conditions, cultural contexts, and socio-economic realities through co-developed knowledge and 

flexible management frameworks. 

3. COMPONENTS AND BENEFITS OF REGENERATIVE SOIL SYSTEMS 

Regenerative Soil Science (RSS) aims to holistically improve soil health, which is an emergent property of the 

dynamic interplay between its physical, chemical, and biological components. This section delineates the key 

components targeted for enhancement and synthesizes the resulting, interconnected socio-ecological benefits. 
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3.1 Foundational Components of Soil Health in Regenerative Systems 

3.1.1 Soil Organic Matter (SOM): The Keystone Component 

SOM is the central currency of soil health, influencing nearly all critical functions. Beyond its role as a nutrient 

reservoir, it is essential for cation exchange capacity (CEC), water retention, and the formation and stabilization 

of soil aggregates. RSS prioritizes practices that increase both the quantity and quality of SOM by maximizing 

carbon inputs and minimizing oxidative losses. Key strategies include: 

¶ Continuous Organic Inputs: Application of compost, manure, and other organic amendments. 

¶ Living Carbon Pathways: The use of multi-species cover crops and maintenance of perennial roots to 

provide a steady flux of root exudates and biomass. 

¶ Disturbance Reduction: Adoption of no-till or reduced-till to slow the mineralization of existing SOM. 

¶ Stabilized Carbon: Strategic incorporation of biochar to create a persistent, recalcitrant carbon pool. 

3.1.2 Soil Biological Communities: The Living Engine 

A diverse and active soil biome is the driver of nutrient cycling, disease suppression, and soil structure formation. 

RSS fosters biological health by creating favorable habitats and reducing stressors: 

¶ Habitat Provision:  Maintaining soil cover and living roots provides a continuous food source (exudates) 

and habitat for microorganisms and macrofauna (e.g., earthworms). 

¶ Inoculation and Promotion: Utilizing microbial inoculants, compost teas, and management practices 

that specifically promote beneficial fungi, such as arbuscular mycorrhizae, which extend the root system 

and enhance nutrient and water uptake. 

¶ Toxicant Reduction: Minimizing the use of broad-spectrum pesticides and soluble fertilizers that can 

harm non-target soil organisms and disrupt microbial community balance. 

3.1.3 Soil Physical Structure: The Architectural Framework 

Healthy soil architecture, characterized by stable aggregates and continuous pore networks, is a primary outcome 

of effective biological activity and SOM accumulation. Regenerative management directly improves physical 

properties by: 

¶ Enhancing Aggregation: Biological glues (e.g., glomalin from mycorrhizae) and fungal hyphae bind 

particles into water-stable aggregates. 

¶ Alleviating Compaction: Root penetration, particularly from deep-rooted cover crops, and the activity 

of earthworms create biopores, reducing bulk density. 

¶ Improving Hydraulic Function:  This enhanced porosity increases infiltration rates, reduces surface 

runoff and erosion, and improves the soilôs water-holding capacity. 

3.1.4 Nutrient Dynamics: Closing the Cycle 

RSS shifts the paradigm from linear nutrient addition to the management of complex, biologically-mediated 

nutrient cycles. This involves: 

¶ Biological Nitrogen Fixation: Leveraging leguminous cover crops and intercrops. 

¶ Phosphorus Solubilization: Harnessing microbial and root exudate activity to access mineral-bound 

phosphorus. 

¶ Efficient Mineralization:  Optimizing the timing of nutrient release from SOM to match plant demand. 

¶ Nutrient R etrieval: Utilizing deep-rooted plants to capture leached nutrients from subsoil and recycle 

them to the surface. 

3.2 Integrated Socio-Ecological Benefits 

The regeneration of these core soil components yields a powerful suite of co-benefits that extend from the farm 

field to the global atmosphere. 

3.2.1 Enhanced Agroecosystem Productivity and Resilience 

Improved SOM, nutrient cycling, and water relations translate directly to more stable and productive farming 

systems. Crops exhibit greater tolerance to abiotic stresses, leading to yield stability and reduced input 

dependency. Over a 3-5 year transition, net profitability often increases due to lower costs for fuel, fertilizer, and 

pesticides. 
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3.2.2 Climate Change Mitigation through Carbon Sequestration 

Regenerative soils function as significant carbon sinks. Through humification  and the formation of mineral-

associated organic matter, atmospheric CO  is transferred into stable soil carbon pools. While rates are context-

dependent, conservative global estimates suggest agricultural soils could sequester 0.5 to 3.0 tons of CO-

equivalent per hectare annually, representing a critical natural climate solution. 

3.2.3 Improved Water Security and Hydrological Regulation 

The enhancement of soil physical structure directly improves the water cycle. Increased infiltration reduces 

flooding and recharge groundwater, while greater water-holding capacity extends green water availability 

for plants, enhancing drought resilience. Simultaneously, reduced erosion and runoff protect downstream 

water quality  by minimizing sediment and nutrient pollution. 

3.2.4 Biodiversity Conservation and Ecosystem Restoration 

By reducing chemical pressures and creating heterogeneous habitats (e.g., via cover crops, hedgerows, and in-

field diversity), regenerative systems support a resurgence of soil microbial diversity, pollinators, beneficial 

insects, and birds. This above-belowground biodiversity is fundamental to ecosystem stability and function. 

3.2.5 Socio-Economic Vitality and Food System Sustainability 

The benefits converge to strengthen rural communities. Improved farm profitability and reduced financial 

risk  enhance livelihood security. The production of nutrient-dense food from healthy soils contributes 

to improved human health. Furthermore, by decoupling productivity from finite inputs and enhancing 

ecosystem services, RSS provides a foundational model for long-term food system sustainability and equity. 

4. CORE REGENERATIVE PRACTICES: MECHANISMS AND INTEGRATED IMPLEMENTATION  

Regenerative Soil Science (RSS) translates its foundational ecological principles into a cohesive set of actionable 

management practices designed for synergistic integration. Rather than functioning as discrete techniques, these 

practices are interdependent components of a holistic system. Each reinforces the others, establishing positive 

feedback loops that collectively build soil health and enhance agroecosystem resilience. This section details the 

primary regenerative practices, their specific biophysical mechanisms, and their integrated contributions to 

restoring and enhancing soil function  

4.1 Conservation Tillage: Minimizing Structural and Biological Disruption 

Conservation tillage, encompassing no-till, strip-till, and other reduced-disturbance approaches, fundamentally 

alters the relationship between farming equipment and the soil ecosystem. 

¶ Mechanisms: By eliminating the inversion and pulverization of soil, these practices preserve critical 

soil architecture. They maintain macroporosity created by roots and soil fauna, protect the intricate 

networks of mycorrhizal fungi, and drastically reduce the oxidative loss of soil organic matter (SOM) 

by limiting aeration. Concurrently, the retention of surface residue acts as a physical barrier against 

erosive forces from wind and water. 

¶ Contributions to Soil Health: The primary outcomes are significantly enhanced aggregate stability and 

water infiltration, a marked reduction in erosion, and the accumulation of carbon in surface horizons. It 
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establishes a stable physical habitat that supports diverse biological communities and serves as the 

foundational practice upon which many other regenerative strategies depend. 

4.2 Cover Cropping and Continuous Living Roots 

The strategic use of non-harvested crops during seasonal fallow periods is a direct application of the principles of 

continuous soil cover and maintaining living roots. 

¶ Mechanisms: Cover crops (e.g., legumes like clover, grasses like cereal rye, brassicas like radish) 

perform multiple, simultaneous ecological services. Their root exudates provide a constant flux of labile 

carbon, fueling rhizosphere microbiology. Canopies buffer soil temperature and moisture while 

suppressing weeds through competition and allelopathy. Legumes fix atmospheric nitrogen 

symbiotically, while deep-tapping species biologically alleviate compaction and retrieve leached 

nutrients from the subsoil. 

¶ Contributions to Soil Health: This practice prevents erosion, suppresses weeds, increases active and 

passive organic matter inputs, enhances microbial diversity and functional capacity, contributes 

biologically fixed nitrogen, and improves subsoil structure and nutrient cycling efficiency. 

4.3 Organic Amendments and Biological Fertility Building 

The application of processed organic materials supplements in-situ biomass production to rapidly boost soil 

biological activity and fortify organic carbon pools. 

¶ Mechanisms: Amendments such as compost, vermicompost, and properly aged manure introduce 

stabilized humic compounds, diverse nutrients, and a broad consortium of microorganisms. Biochar, a 

pyrolyzed carbon material, adds a highly porous, chemically stable structure that increases cation 

exchange capacity (CEC), improves water retention, and provides a protected, long-term habitat for 

microbial colonization. 

¶ Contributions to Soil Health: These inputs directly elevate SOM levels, enhance nutrient retention and 

buffering capacity against pH fluctuations, provide a slow-release nutrient supply, inoculate soils with 

beneficial microbes, and, in the case of biochar, offer a pathway for long-term (centennial-scale) carbon 

sequestration. 

4.4 Crop Diversification in Time and Space 

Diversification through complex rotations, intercropping, and polycultures introduces functional heterogeneity 

that strengthens ecosystem resilience. 

¶ Mechanisms: Temporal and spatial plant diversity disrupts monocultural conditions favorable to 

specialized pathogens, pests, and weeds. Different root architectures explore varied soil volumes and 

exude distinct biochemical compounds, supporting a wider array of microbial taxa and functions. The 

strategic inclusion of legumes provides a critical nitrogen subsidy, reducing external fertilizer 

dependency. 

¶ Contributions to Soil Health: Diversification breaks pest and disease cycles, reduces weed pressure 

via niche competition, promotes a more complex and functionally resilient soil microbiome, improves 

soil structural heterogeneity through varied root systems, and enhances overall nutrient-use efficiency. 

4.5 Agroforestry and Perennial System Integration 

The intentional incorporation of woody perennials (trees, shrubs) into agricultural landscapes adds vertical 

stratification and temporal permanence. 

¶ Mechanisms: Trees create multi-layered root systems that capture nutrients and water from deep soil 

profiles, recycling them to the surface via leaf litter. The canopy modifies the microclimate by 

attenuating wind speed, moderating temperature extremes, and elevating humidity. This integrated 

system provides continuous, high-quality organic inputs and creates structurally diverse habitats. 

¶ Contributions to Soil Health: Agroforestry dramatically increases system-level biodiversity and 

carbon storage, reduces wind and water erosion, enhances nutrient cycling efficiency through hydraulic 

lift and deep capture, and creates a buffered, resilient microclimate for understory crops or livestock. 
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4.6 Managed Grazing and Livestock Integration 

When thoughtfully managed, livestock become a powerful tool for ecological regeneration, mimicking the 

adaptive grazing patterns of historical herbivore herds. 

¶ Mechanisms: Adaptive multi-paddock grazing, characterized by high stock density, short duration, and 

long recovery periods, stimulates vigorous plant regrowth and increases root turnover a significant 

carbon input. It ensures even distribution of nutrient-rich manure and urine, while strategic hoof action 

incorporates litter, improves seed-soil contact, and creates mild surface disturbance that enhances 

infiltration. 

¶ Contributions to Soil Health: This practice efficiently recycles nutrients across the landscape, 

enhances photosynthetic efficiency and belowground carbon allocation, improves soil surface aeration 

and hydraulic function, increases pasture botanical diversity, and transforms livestock from passive 

consumers into active drivers of grassland ecosystem health. 

4.7 Microbial Inoculants and Biostimulants 

The targeted application of beneficial microorganisms or compounds can accelerate the restoration of degraded 

soils or enhance the function of established systems. 

¶ Mechanisms: Inoculants containing mycorrhizal fungi, nitrogen-fixing bacteria 

(e.g., Rhizobia, Azospirillum), phosphorus-solubilizing microbes, or fungal-dominated compost extracts 

are introduced to bolster specific soil functions. They can enhance plant symbioses, improve nutrient 

acquisition, and stimulate systemic plant resistance pathways. 

¶ Contributions to Soil Health: These products can accelerate the establishment of beneficial microbial 

networks, improve plant nutrient and water uptake efficiency, aid in the suppression of soil-borne 

pathogens, and potentially jump-start ecological processes in severely depleted soils. Their efficacy and 

persistence are highest when integrated with the habitat-supporting practices above (e.g., reduced tillage, 

organic amendments). 

4.8 Integrated Practice Synergy 

The true regenerative potential is unlocked not by maximizing any single practice, but through their context-

specific integration. For instance, conservation tillage provides a stable habitat that amplifies the benefits of cover 

crop root exudates; these exudates, in turn, support the microbial communities introduced via organic 

amendments. Managed grazing can be harmonized with cover cropping and agroforestry (silvopasture) to create 

multifunctional landscapes. This integrated approach creates agricultural ecosystems that are inherently more 

productive, resilient, and sustainable, moving beyond input substitution towards the redesign of agroecological 

function. 

5. SOCIO-ECOLOGICAL BENEFITS OF REGENERATIVE SOIL MANAGEMENT  

The adoption of regenerative practices generates a cascade of interconnected benefits that extend from the soil 

pore to the global climate, and from the farm ledger to rural community vitality. These benefits are not isolated 

outcomes but emergent properties of restored soil function, creating positive feedback loops that enhance overall 

system resilience and sustainability  

5.1 Enhanced Agroecosystem Productivity and Resource-Use Efficiency 

Regenerative management fundamentally rebuilds the biological and physical foundation for plant growth, 

translating into more stable and efficient production systems. 

¶ Mechanisms & Outcomes: Increased soil organic matter (SOM) enhances cation exchange capacity 

(CEC) and water-holding capacity, while robust microbial communities improve nutrient mineralization 

and supply. This leads to improved crop yields and yield stability, particularly under climatic stress. 

Enhanced biological nitrogen fixation and phosphorus solubilization reduce dependency on synthetic 

fertilizers , lowering input costs. Improved soil structure and water infiltration enhance drought 

tolerance, reducing irrigation demand and yield volatility during dry periods. 

¶ Evidence: Meta-analyses indicate that well-managed regenerative systems can maintain comparable or 

greater yields with 30-50% lower synthetic input costs over a 3-5 year transition, while 
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demonstrating up to 70% lower yield variability  during drought years compared to conventional 

systems. 

5.2 Climate Change Mitigation Through Carbon Sequestration and Emission Reduction 

Healthy soils function as dynamic carbon sinks, offering a scalable natural climate solution. 

¶ Mechanisms & Outcomes: Practices that increase net primary production (e.g., cover cropping) and 

reduce SOM oxidation (e.g., no-till) shift the carbon balance, transferring atmospheric CO  into stable 

soil carbon pools through humification and mineral association. Simultaneously, reduced fertilizer use 

and soil disturbance lower direct nitrous oxide (N O) and CO  emissions. 

¶ Evidence: While rates are context-dependent, a conservative global technical potential for regenerative 

cropland and grassland management is estimated at 2ï5 gigatons of CO-equivalent sequestered 

annually. At the field scale, sequestration rates typically range from 0.5 to 3.0 tons of CO-equivalent 

per hectare per year, with perennial systems and integrated agroforestry at the higher end of this 

spectrum. 

5.3 Hydrological Regulation and Enhanced Water Security 

The improvement of soil physical properties profoundly alters the watershed-scale water cycle, buffering against 

hydrological extremes. 

¶ Mechanisms & Outcomes: Enhanced aggregation and porosity increase infiltration rates, reducing 

surface runoff and erosion by up to 90%. Greater SOM content increases plant-available water 

storage; each 1% increase in SOM can hold an additional ~60,000ï150,000 liters of water per 

hectare in the root zone. This results in improved groundwater recharge, diminished flood risk, and 

extended drought resilience for crops. 

¶ Evidence: Studies show regenerative systems can increase water infiltration by 50ï150% and reduce 

irrigation needs by 10ï30% in water-limited environments, while dramatically cutting sediment and 

nutrient loading in waterways. 

5.4 Biodiversity Conservation and Ecosystem Restoration 

Regenerative systems recreate heterogeneous habitats and reduce anthropogenic pressures, fostering a resurgence 

of biological diversity at multiple trophic levels. 

¶ Mechanisms & Outcomes: Diverse plantings (cover crops, polycultures, agroforestry) provide varied 

food and habitat resources. The reduction or elimination of broad-spectrum pesticides and synthetic 

fertilizers removes key stressors on non-target organisms. This supports increased abundance and 

diversity of soil microbiota, arthropods, pollinators, birds, and other wildlife. 

¶ Evidence: Research documents 30ï50% higher pollinator abundance, 2ï5 times greater earthworm 

density, and significantly enriched soil microbial biomass and functional diversity in regenerative 

systems compared to conventional monocultures. 

5.5 Socio-Economic Resilience and Rural Vitality 

The aggregate effect of these biophysical benefits is improved economic viability and social stability for farming 

communities. 

¶ Mechanisms & Outcomes: Lower input costs and premium market opportunities (e.g., for 

regeneratively certified products) increase net farm profitability and reduce financial risk. Enhanced 

ecosystem services (clean water, climate stability) benefit public health and reduce communal 

infrastructure costs. The knowledge-intensive nature of these systems can revitalize rural economies 

and strengthen community networks through peer-to-peer learning and new value chains. 

¶ Evidence: Economic analyses show that after the initial transition, regenerative systems often 

achieve higher and more stable net profits due to lower variable costs. Furthermore, they contribute 

to improved farmer quality of life  through reduced exposure to chemicals and greater autonomy over 

management decisions. 

6. EMERGING INNOVATIONS AND FRONTIERS IN REGENERATIVE SOIL SCIENCE  

The scientific and technological landscape supporting Regenerative Soil Science (RSS) is rapidly evolving. While 

foundational practices provide the operational framework, emerging innovations offer powerful tools to enhance 
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their precision, scalability, and impact. These advancements are critical for addressing persistent barriers to 

adoption and for quantifying outcomes in robust, verifiable ways. 

6.1 Advanced Microbial Biostimulants and Synthetic Microbial Consortia 

Moving beyond traditional inoculants, next-generation biostimulants leverage advances in microbial ecology and 

synthetic biology to engineer more effective plantïsoil interactions. 

¶ Innovation:  This includes tailored microbial consortia designed for specific functions (e.g., drought 

resilience, phosphorus solubilization, pathogen suppression) and microbe-derived biostimulants such 

as seaweed extracts, humic substances, and protein hydrolysates that prime plant defense and metabolic 

pathways. 

¶ Mechanism & Potential: These products work by enhancing nutrient-use efficiency, inducing 

systemic resistance, and improving tolerance to abiotic stress. The frontier lies in developing site-

specific formulations based on soil microbiome diagnostics, moving from a one-size-fits-all approach 

to precision ecology. 

¶ Research Frontier: Key challenges include ensuring microbial survival and functionality in diverse 

field conditions and understanding long-term impacts on native soil microbial networks. 

6.2 Precision Soil Health Diagnostics and Digital Monitoring 

The advent of advanced sensors, remote sensing, and artificial intelligence (AI) is revolutionizing the ability to 

measure and manage soil health dynamically and at scale. 

¶ Innovation:  Technologies include portable spectral sensors and in-situ electrochemical probes for 

real-time analysis of soil organic carbon, nitrogen, and moisture. Hyperspectral and multispectral 

satellite/UAV imagery can map soil properties and vegetative health indicators (NDVI, chlorophyll 

content) across landscapes. AI and machine learning algorithms integrate this data to predict soil 

function, identify degradation hotspots, and recommend management interventions. 

¶ Mechanism & Potential: These tools enable high-resolution, temporal soil health baselining and 

monitoring , replacing costly and slow laboratory analyses. They facilitate precision application of 

inputs and provide verifiable data for ecosystem service markets. 

¶ Research Frontier: Standardizing sensor data against traditional assays, improving algorithms for 

diverse agroecosystems, and ensuring data accessibility for farmers are active areas of development. 

6.3 Ecosystem Service Markets and Innovative Finance 

Formalizing the economic value of ecosystem services generated by regenerative management is a critical 

innovation for incentivizing adoption. 

¶ Innovation:  Soil carbon credit markets are the most prominent, where farmers are paid for verified 

carbon sequestration. Emerging markets also target water quality trading (nutrient 

reduction) and biodiversity credits. Financial instruments like green bonds, sustainability-linked 

loans, and parametric insurance are being structured to de-risk the transition to regenerative practices. 
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¶ Mechanism & Potential: These mechanisms monetize the positive externalities of regenerative 

farming, improving its economic viability. They align private capital with public environmental goals, 

potentially unlocking large-scale investment in agricultural sustainability. 

¶ Research Frontier: Critical needs include standardized, science-based measurement, reporting, 

and verification (MRV) protocols to ensure integrity and prevent greenwashing, and models for fair 

benefit sharing with land managers. 

6.4 Crop Breeding and Genomics for Regenerative Systems 

Modern plant breeding, informed by genomics and phenomics, is shifting focus from yield-maximization in high-

input systems to optimizing performance within biologically-driven, regenerative contexts. 

¶ Innovation:  Breeding objectives now target regenerative traits such as: 

o Root Architecture:  Deeper, more extensive root systems for improved water/nutrient 

scavenging and carbon deposition. 

o Enhanced Symbiosis: Genotypes that form more effective associations with mycorrhizal fungi 

and nitrogen-fixing bacteria. 

o Nutrient -Use Efficiency: Varieties that thrive with lower levels of soluble nutrients. 

o Resilience to Biotic and Abiotic Stress. 

¶ Mechanism & Potential: By selecting crops "bred for the system," breeders can amplify the benefits 

of cover cropping, no-till, and diversification, leading to more resilient and productive agroecosystems 

with minimal external inputs. 

¶ Research Frontier: Phenotyping complex root and rhizosphere traits in field conditions and 

understanding the genetic basis of plant-microbe communication are key challenges. 

6.5 Landscape-Scale Design and Restoration Ecology 

The most significant gains in soil regeneration and ecosystem service provision occur when management is 

coordinated at the watershed or landscape scale. 

¶ Innovation:  This approach integrates precision conservation planning using GIS and modeling to 

strategically place practices (e.g., riparian buffers, contour planting, wetland restoration) where they will 

maximize hydrological regulation, erosion control, and habitat connectivity. It views farms not as 

isolated units but as interconnected nodes in a larger ecological matrix. 

¶ Mechanism & Potential: Landscape-scale design optimizes the spatial arrangement of regenerative 

practices to solve collective action problems (e.g., downstream water pollution). It can restore critical 

ecological infrastructure, enhancing resilience to floods and droughts at a community level. 

¶ Research Frontier: Developing participatory models for multi-stakeholder landscape governance and 

quantifying the synergistic benefits of integrated practice placement are vital research areas. 

Together, these innovations represent a powerful toolkit for accelerating the transition to regenerative agriculture. 

They enhance the efficacy of core practices, provide new economic incentives, and enable the scaling of soil 

restoration from individual fields to entire bioregions, marking a new era of technology-enabled ecological 

stewardship. 

7. CHALLENGES, RESEARCH GAPS, AND FUTURE DIRECTIONS 

The transition to Regenerative Soil Science (RSS) presents a paradigm shift with immense potential, yet its 

widespread implementation faces significant and interconnected challenges. A primary barrier is the biophysical 

and economic hurdle of the transition period, often spanning 2ï5 years, during which soils undergo 

fundamental restructuring. This phase can be marked by short-term yield instability or declines as ecosystems 

shift from input-dependent to biology-driven function, creating acute financial risk and deterring adoption, 

particularly among farmers with limited capital or operating on short-term leases who lack incentive to invest in 

long-term soil health. Compounding this is the high context-specificity and knowledge-intensive nature of 

RSS; there are no universal prescriptions, requiring farmers to become adaptive ecosystem managers rather than 

followers of standardized inputs. This demand for sophisticated, place-based knowledge is often unmet due 

to inadequate technical assistance and underdeveloped peer support networks in many regions. Furthermore, 

prevailing socio-economic and institutional frameworks frequently misalign with regenerative goals. 
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Agricultural policies and subsidies have historically incentivized high-input monocultures, while the vital 

ecosystem services generated by healthy soils such as carbon sequestration, water purification, and biodiversity 

support remain largely uncompensated positive externalities in traditional markets. This creates a competitive 

disadvantage and fails to reward farmers for their stewardship. To address these barriers and solidify the scientific 

foundation of RSS, a robust and interdisciplinary research agenda is urgently required. A foremost priority is the 

establishment of globally coordinated, long-term field experiments to monitor the trajectories of soil health 

indicators such as soil organic matter dynamics, microbial community shifts, and hydrological function across 

diverse agro-ecological zones over decadal scales. This will help define transition dynamics and eventual system 

steady-states. Concurrently, deeper mechanistic studies are needed to elucidate the complex feedback 

loops between plants, microbes, and the soil matrix, particularly the precise pathways and rates of stable soil 

carbon formation and the functional roles of engineered versus indigenous microbiomes. To empower 

practitioners, technological innovation must deliver accessible, cost-effective tools for real-time assessment, 

including advances in field-deployable sensors, remote sensing for landscape-scale soil health mapping, and 

integrated AI-driven models that provide predictive, site-specific management support. 

 Parallel socio-economic and policy research is critical to create enabling environments for scaling. This 

involves identifying the most effective bundles of financial, technical, and social support to de-risk the farmer 

transition, and designing equitable policy instruments and verified ecosystem service markets that accurately 

value and compensate regenerative outcomes. Finally, research should explore the integration of RSS within 

the broader circular bioeconomy, examining safe and efficient pathways for recycling organic waste streams 

back into agricultural soils, and quantifying the contributions of regenerative systems to regional climate 

adaptation and resilience. Addressing this comprehensive agenda through unprecedented interdisciplinary 

collaboration is essential to mature RSS from a promising alternative into a foundational pillar of a climate-smart, 

equitable, and resilient global food system. 

8. FUTURE PROSPECTS AND A PARADIGM FOR SUSTAINABILITY  

Regenerative Soil Science (RSS) is emerging not merely as a suite of alternative practices, but as a foundational 

paradigm essential for achieving key international sustainability objectives, particularly the Sustainable 

Development Goals (SDGs) related to Zero Hunger (SDG 2), Climate Action (SDG 13), and Life on Land (SDG 

15). Its core premise rebuilding the biological integrity of agricultural soils directly addresses the interconnected 

crises of food insecurity, climate change, and biodiversity loss. The future trajectory of RSS, and its capacity to 

scale, hinges on strategic advancements in four critical domains. 

 First, the development and universal adoption of standardized, multi-dimensional soil health metrics are 

imperative. Moving beyond singular chemical indicators like NPK, future frameworks must integrate robust 

physical (aggregate stability, infiltration), biological (microbial biomass, enzyme activity), and functional (carbon 

sequestration potential, water-holding capacity) parameters. These metrics must be sensitive to management 

changes, cost-effective to measure, and globally applicable yet regionally calibrated to enable credible 

benchmarking, monitoring, and verification for both science and policy. 

 Second, long-term, systems-level field research must be prioritized and sustained. There is a pressing need 

for a globally coordinated network of long-term experiments that compare conventional and regenerative 

management systems across diverse pedo-climatic zones. These living laboratories are essential for quantifying 

the long-term trajectories of soil carbon accrual, yield resilience, and ecosystem service provisioning, and for 

empirically defining the socio-ecological thresholds and benefits of the transition period. 

 Third, the field must fully embrace the digital revolution through advances in ñdigital soil 

intelligence.ò This involves the integration of in-situ sensor networks, hyperspectral remote sensing, and machine 

learning algorithms to provide high-resolution, real-time diagnostics of soil status. Such technology can 

democratize access to soil health data, empower precision management, and create the transparent, scalable 

monitoring required for emerging ecosystem service markets and adaptive policy frameworks. 

 Finally, and crucially, future progress depends on innovative socio-economic models and supportive 

policy architectures. Research must identify the most effective bundles of financial incentives (e.g., green 

subsidies, transition payments, robust carbon credit markets), technical assistance, and peer-learning networks to 
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de-risk adoption for farmers. Policy must evolve to reward outcomes healthy soils, clean water, stable climate 

rather than subsidizing inputs, thereby aligning economic signals with ecological imperatives. 

 In conclusion, Regenerative Soil Science represents a fundamental paradigm shift: from a reductionist, 

extractive model of agriculture that views soil as a substrate, to a holistic, restorative model that recognizes 

soil as a living ecosystem. By recentering agriculture on the principle of enhancing biological capital, RSS offers 

a coherent pathway to transform degraded lands into productive, resilient systems. It is a vision where agriculture 

no longer operates at the expense of the environment but becomes its primary steward, capable of sustaining both 

ecosystems and future generations. Realizing this potential is not only an agronomic challenge but a collective 

societal imperative. 

9. CONCLUSION 

In the face of escalating soil degradation, climate instability, and biodiversity loss, Regenerative Soil Science 

(RSS) emerges not as a marginal alternative but as a critical, scientifically grounded paradigm for the future of 

land stewardship. This review has synthesized evidence demonstrating that RSS provides a holistic, ecologically 

informed framework for actively reversing the decline of soil health the very foundation of terrestrial life and 

food security. By moving beyond mere conservation to active restoration, RSS principles minimizing disturbance, 

maximizing soil cover and biodiversity, maintaining living roots, and integrating context-specific livestock and 

human management guide the implementation of synergistic practices. These include conservation tillage, cover 

cropping, organic amendments, agroforestry, crop diversification, and managed grazing, which collectively 

rebuild soil organic matter, enhance microbial diversity and function, improve physical structure, and close 

nutrient cycles. 

 The socio-ecological benefits of this approach are profound and multiplicative. RSS systems demonstrably 

enhance agroecosystem productivity and resource-use efficiency, mitigate climate change through significant 

carbon sequestration and reduced greenhouse gas emissions, improve water security and hydrological resilience, 

and conserve biodiversity at multiple trophic levels. These biophysical improvements translate directly into socio-

economic benefits, including increased farm profitability, reduced financial risk, and strengthened rural 

community resilience. Emerging innovations in microbial biostimulants, digital soil diagnostics, ecosystem 

service markets, and crop breeding for regenerative traits further enhance the precision, scalability, and economic 

viability of these systems. 

 However, the transition is not without significant challenges. Barriers such as the knowledge-intensive 

nature of management, high upfront costs, short-term yield risks, misaligned policy incentives, and the need for 

long-term commitment underscore that adoption is as much a socio-economic and institutional challenge as it is 

an agronomic one. Realizing the full potential of RSS therefore demands a concerted, multi-stakeholder effort. 

Future progress hinges on: (1) establishing standardized soil health metrics and long-term monitoring networks; 

(2) deepening mechanistic understanding of soil ecological processes; (3) advancing accessible digital tools for 

soil intelligence; and (4) most critically, co-designing innovative policy frameworks and financial mechanisms 

that incentivize and reward the provision of ecosystem services. 

 In conclusion, Regenerative Soil Science represents a fundamental and necessary paradigm shift from 

viewing soil as an inert input to be managed for extraction, to recognizing it as a complex living ecosystem to be 

nurtured for regeneration. It repositions agriculture from a primary driver of environmental degradation to a 

cornerstone of ecological restoration and climate mitigation. Widespread adoption, supported by interdisciplinary 

science, collaborative governance, and equitable economic models, offers a viable pathway to transform degraded 

landscapes into productive, resilient, and sustainable systems. Securing this fertile future is not merely an 

agricultural imperative but a foundational requirement for achieving global food security, climate stability, and 

intergenerational equity. 
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Imagine trying to build a skyscrapers' foundation with a plastic toy shovel, or breathing through a straw 

while running a marathon. For billions of crop roots navigating modern agricultural fields, this is not a 

metaphor, it is their daily physical reality. 

 While farmers frequently fret over fertilizer bags and weather forecasts, one of the greatest stealth 

threats to global crop yields lies in a mechanical breakdown of the soil's structure: compaction. Often 

referred to visually as a "hardpan" or "plow pan," soil compaction is the silent structural collapse of the 

spaces between soil particles. When heavy machinery rolls over wet earth, or repetitive tillage pulverizes 

the ground, the intricate architecture of the soil is crushed. What was once a thriving, porous sponge becomes 

as dense and impenetrable as concrete, creating a physical roadblock that limits how deep roots can grow, 

how much water the soil can hold, and how efficiently a farm can function. 

The Physics of a Healthy Sponge 

To understand how a field fails mechanically, one must first look at what healthy soil is supposed to be: 

mostly empty space. Ideal agricultural soil is roughly 50% solid mineral matter (sand, silt, and clay) and 

50% pore space. These pores are the lungs and circulatory system of the field, split evenly between macro-

pores (large channels that allow water to drain and roots to grow) and micro-pores (tiny pockets that hold 

onto water against the pull of gravity).se Barrier) 

 When soil aggregates the natural clumps held together by microbial glues and organic matter are 

healthy, they create a beautifully organized labyrinth. Plant roots do not actually tunnel through solid rock 

particles; they navigate the pre-existing macro-pore pathways like a driver navigating a city street grid. 

When heavy field traffic or structural degradation enters the frame, these macro-pores are the first to 

collapse. The solids are forced together, bulk density climbs drastically, and the structural streets are 

permanently closed. 

Breaking the Root Engine 

The consequences of this structural collapse hit the crop at its most vulnerable point: the root tip. As a root 

tries to push down through a compacted layer, it encounters immense mechanical resistance. Under normal 

field conditions, a root tip exerts a modest physical pressure to slide between soil grains. However, when it 

hits a hardpan layer often sitting just below the traditional plow depth (about 6 to 8 inches down) the pressure 

required to penetrate the soil jumps beyond the biological capacity of the plant cells. 

 When a root encounters this concrete-like floor, it does something desperate: it turns sideways. Unable 

to dive deep into the subsoil to access deep water reserves, the root system flattens out, growing horizontally 

along the top of the compacted layer. This creates a highly shallow, fragile root architecture known as 

"pancaking.  A crop with a pancaked root system is an agricultural disaster waiting to happen. Because it 

cannot explore the deep soil profile, the crop is entirely dependent on the top few inches of soil for its 

survival. If a dry spell hits and the topsoil dries out, the plant cannot tap into the massive deep-water 
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reservoirs below, causing it to wilt and stall long before a deep-rooted crop would even notice the lack of 

rain. 

The Suffocation Zone 

Beyond the physical barrier, compaction triggers a catastrophic shift in soil hydrology and aeration. When 

macro-pores are crushed out of existence, the soil loses its capacity to drain heavy rainfall. 

When a storm hits a compacted field, the water cannot infiltrate down through the profile. Instead, it pools 

on the surface, creating prolonged waterlogged conditions, or it runs off entirely, taking valuable topsoil and 

applied nutrients along with it. 

 For the roots trapped in a waterlogged, compacted zone, the clock begins to tick. Roots require oxygen 

(O2) to perform cellular respiration the process that generates the energy needed to actively pump nutrients 

from the soil solution into the plant. When water fills every remaining tiny micro-pore and cannot drain, the 

soil environment transitions from aerobic (oxygen-rich) to anaerobic (oxygen-depleted) within hours. 

 Left without oxygen, the root engine suffocates. Microbes that thrive in oxygen-free environments take 

over, converting healthy nitrates into nitrous oxide (N2O) gas, which escapes into the atmosphere as a potent 

greenhouse gas. The plant's ability to absorb vital nutrients like potassium and nitrogen drops to zero, 

manifesting in the field as yellowing, sickly crops that appear drowned despite being surrounded by 

unabsorbed fertilizer. 

Deep-Rooted Solutions: Biological Tillage 

For decades, the standard response to a hardpan layer was to fight mechanics with heavier mechanics. 

Farmers deployed massive tractors pulling "subsoilers" or "deep rippers" heavy steel shanks designed to 

mechanically shatter the concrete subsoil up to two feet deep. While this provides immediate relief, it is an 

expensive, fuel-intensive process that often acts as a temporary band-aid; the shattered soil easily re-

compacts even tighter during the next pass of heavy equipment. 

Today, advanced field management is shifting away from steel and turning toward biology: a strategy 

known as biological drilling or "biodrilling." Instead of using a mechanical plow, farmers are deploying 

specialized cover crops with aggressive, heavy taproots during the off-season. Plants like forage radishes 

(often called "tillage radishes"), daikon, and certain deep-rooted legumes act as biological jackhammers. 

Over several weeks of growth, these biological plows exert continuous, immense hydraulic pressure, 

drilling straight through dense hardpan layers that would stop a corn root in its tracks. When winter arrives 

and the cover crop terminates, these massive taproots decompose rapidly, leaving behind deep, open, vertical 

macro-pore channels that extend straight through the compacted zone. When the primary cash crop is planted 

the following spring, its roots simply follow these pre-drilled biological highways, effortlessly diving deep 

into the subsoil to access untapped water and locked-up nutrients. 

The Invisible Economics of Compression 

While the biological and physical effects of a hardpan layer are devastating to the plant, the economic impact 

on a farmôs bottom line is equally profound. Beyond just reduced yields, soil compaction forces a farm to 

operate at a lower mechanical and chemical efficiency. When the soil loses its porosity and becomes dense, 

the energy required to pull traditional implements through the field skyrockets.  

 Tractors working compacted land consume significantly more fuel because the steel must fight against 

the "concrete-like" resistance of the subsoil. Furthermore, the chemical efficiency of a farm is compromised; 

when roots are "pancaked" in the top few inches, they cannot reach the nutrients deeper in the soil profile. 

This often leads to a cycle of over-fertilization, where farmers apply more nitrogen and phosphorus to 

compensate for the root system's inability to explore the soil, much of which ends up running off into local 

waterways during the next storm due to poor infiltration.  

Measuring the Unseen: Indicators of a Failing Structure:  

Identifying a structural crisis before it reaches the "agricultural disaster" stage requires looking for specific field 
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indicators. Because compaction is a stealth threat, it often goes unnoticed until a weather extremity either a flood 

or a drought exposes the weakness of the crop's architecture.  

Ind icator Physical Manifestation Underlying Cause 

Surface Ponding 
Water standing in wheel tracks or low 

spots long after a rain.  

Collapse of macro-pores preventing 

vertical drainage.  

Pancaked Roots 
Roots growing horizontally at a depth 

of 6-8 inches.  

Physical resistance exceeding the 

biological capacity of root cells.  

Nutrient  Deficiency 
Yellowing leaves (chlorosis) despite 

adequate fertilizer.  

Anaerobic conditions halting the active 

pumping of nutrients.  

Bulk Density Spike 
Soil that feels "hard" or heavy and 

lacks a crumbly texture.  

Crushing of soil aggregates and loss of 

50% "empty space."  

The Path to Restoration: Beyond the Steel Shank 

The transition from mechanical shattering to biological drilling represents a shift in how we view soil 

longevity. While a "deep ripper" provides a temporary mechanical fix, it does nothing to restore the 

"microbial glues" that hold soil aggregates together.  

 To truly restore the "natural sponge," modern management focuses on three pillars of subsurface 

engineering:  

1. Controlled Traffic: Designating specific "lanes" for heavy machinery to ensure that 80-90% of the 

field never experiences the crushing weight of a tire.  

2. Continuous Living Roots: Keeping plants in the ground year-round to provide the "hydraulic 

pressure" needed to keep macro-pore highways open.  

3. Organic Matter Accumulation: Encouraging the decomposition of deep roots to leave behind 

organic carbon, which acts as a buffer against future compression.  

 By treating the soil as a biological engine rather than a static platform, agriculture can move past the 

hardpan crisis toward a future where the "soil's lungs" remain open, regardless of the weight of the 

machinery above.  

Conclusion: Engineering the Future Subsurface 

The management of a field can no longer be evaluated solely by what is visible from the tractor cab. The 

physical architecture of the subsurface is just as critical as its chemical fertility. By recognizing soil 

compaction not as a minor nuisance, but as a structural crisis that suffocates root systems and disrupts 

hydrology, modern agriculture is embracing a new era of physical soil health. Through reduced traffic lanes, 

zero-till systems, and the strategic deployment of biological plows, we can restore the natural sponge beneath 

our feet, ensuring that roots can breathe, water can flow, and fields can reach their full biological potential. 
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Introduction  

The thin layer of Earth that supports terrestrial life is fundamentally defined by its ability to breathe. 

Historically, agronomic science has treated soil predominantly as a chemical medium a reservoir of nitrogen, 

phosphorus, and potassium or as a mechanical anchor for roots. However, soil is more accurately understood 

as a massive, active respiratory organ. 

 In an uncompromised ecosystem, gas exchange is a continuous, bi-directional dance: oxygen (O2) 

moves downward from the atmosphere to satisfy the intense metabolic demands of plant roots and aerobic 

microorganisms, while carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) move upward to be 

vented away. 

 Climate change is rapidly altering this subterranean breath. As global weather systems shift, soils are 

subjected to unprecedented extremes: rapid thermal spikes, severe multi-month droughts, and intense, 

concentrated downpours that drop weeks' worth of rain in a matter of hours. These climatic shocks do not 

merely alter surface moisture; they physically and biologically restructure the subsurface environment. 

When extreme weather collides with human-driven soil degradation, the physical pathways required for gas 

diffusion collapse. The result is a quiet crisis of subsurface suffocation a phenomenon that curtails 

agricultural productivity, forces root systems into shallow architectural anomalies, and turns the Earth's 

primary terrestrial carbon sink into an active source of potent greenhouse gases. 

The Physics of Gas Diffusion and the Threat of Tortuosity 

To comprehend how climate change alters the soil atmosphere, one must analyze the physical mechanisms 

governing gas movement. Gaseous exchange in the subsurface occurs primarily through molecular diffusion, 

driven by concentration gradients between the atmosphere and the soil profile. This process is 

mathematically described by Fickôs First Law: 

J = -Ds dC/dx 

 However, climate change directly alters the diffusion coefficient by introducing two disruptive physical 

variables: extreme water saturation and increased pore tortuosity. Tortuosity refers to the actual path length 

a gas molecule must travel relative to the straight-line physical distance. When climate change manifests as 

intense, pounding rainfall, the kinetic energy of the raindrops shatters surface aggregates. As these 

aggregates disintegrate, microscopic clay and silt particles are washed downward, settling into open pore 

throats. This structural collapse creates a highly convoluted, winding network of sub-surface paths. 

 Even when the soil is not completely filled with water, a gas molecule trying to escape or enter the 

profile is forced to navigate a maze of dead ends and restricted channels. High tortuosity fundamentally 

lowers Ds. For a root tip or an aerobic microbe located twelve inches beneath the surface, high tortuosity 

acts like a physical choke point, slowing down the arrival of vital O2 and causing toxic concentrations of 

metabolic waste gases to pool in the root zone. 
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The Hydro-Lockout: Sudden Saturation and Anaerobic Shifting 

The most immediate and catastrophic failure of gas exchange occurs during climate-driven extreme 

precipitation events. When a deluge saturates a field, water acts as a physical plug, filling the macro-pores 

that normally serve as air-delivery highways. Because the diffusion rate of oxygen in water is roughly 10,000 

times slower than its diffusion rate in air, a saturated soil profile experiences an immediate and violent drop 

in oxygen availability. ƅ 

 Within hours of full water logging, a process known as hydro-lockout occurs. As roots and residential 

microbes deplete the remaining dissolved oxygen in the soil solution, the environment shifts from aerobic 

to anaerobic. For agricultural crops, this sudden drop into anoxia is a physiological emergency: 

1. ATP Depletion: Without O2 as the terminal electron acceptor, root cells cannot perform oxidative 

phosphorylation. They are forced to shift to anaerobic glycolysis and fermentation. This metabolic 

pivot reduces energy production (ATP) by roughly 95%, causing the active transport mechanisms 

within the root to fail. 

2. Nutrient  Lockout:  Roots require massive amounts of ATP to actively pump essential nutrients 

(such as potassium, phosphorus, and nitrates) against a concentration gradient from the soil into the 

plant tissue. When the oxygen supply is cut off by waterlogging, this pumping mechanism stalls 

completely. Plants will exhibit severe nutrient deficiencies even if standing in a field heavily treated 

with synthetic fertilizers. 

3. Internal  Acidification:  The accumulation of fermentation byproducts, such as lactic acid and 

ethanol, lowers the internal pH of root cells. If the anaerobic block remains unbroken for more than 

48 to 72 hours, cellular membranes rupture, resulting in widespread root death and systemic crop 

failure. 

Thermal Acceleration and the Greenhouse Feedback Loop 

While extreme wetness suffocates the soil from above, rising global temperatures exert a powerful pull from 

within. Soil temperature directly dictates the metabolic rate of living organisms. According to the 

biochemical principle of Q10 which states that a 10o rise in temperature roughly doubles the rate of 

biological activity warmed soils experience a massive spike in microbial and root respiration. 

 In a well-aerated system, this accelerated metabolism simply results in a higher volume of CO2 being 

vented safely into the air. However, when climate change combines elevated temperatures with restricted 

gas exchange (caused by surface crusting or compaction layers), a dangerous chemical bottleneck form. 

When oxygen consumption outpaces oxygen diffusion, specific groups of facultative and obligate anaerobic 

bacteria dominate the soil matrix. These microbial communities adapt to the lack of O2 by utilizing 

alternative electron acceptors for their respiratory processes, leading to an increase in greenhouse gas 

emissions: 

Nitrous Oxide (N2O) Production 

When agricultural fields are waterlogged and warm, denitrifiers break down soil nitrates (NO3-). Instead of 

reducing it fully to harmless dinitrogen gas (N2), the restricted oxygen availability causes the process to halt 

prematurely, venting massive amounts of nitrous oxide (N2O) into the air. Nitrous oxide is a devastating 

greenhouse gas with a global warming potential nearly 300 times greater than carbon dioxide over a 100-

year timescale. 

Methane (CH4) Volatilization  

In profoundly anaerobic conditions such as long-term flooded fields or heavily compacted clay subsoils 

methanogenic Archaea take over. These ancient organisms utilize hydrogen and carbon dioxide to produce 

methane (CH4). Because soil contains the largest active terrestrial carbon pool on Earth (holding more 

carbon than the atmosphere and all vegetation combined), this climate-induced shift in gas pathways risks 

turning global agricultural lands into major drivers of planetary warming. 
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The Dynamic of Drought: Crust Formation and Subsurface Trapping 

Paradoxically, the opposite extreme of climate change extended drought is equally destructive to subsurface 

gaseous exchange. When a field experiences prolonged heat and lacks moisture, the top few millimeters of 

the soil dry out rapidly, forming a dense physical crust. This sun-baked surface layer becomes highly 

hydrophobic and tightly packed, acting as a structural lid over the rest of the soil profile. 

 Underneath this dry crust, the deeper subsoil layers (ranging from 12 to 36 inches down) become 

isolated chambers. Roots and deep-dwelling microbes continue to respire, consuming what little oxygen 

remains and pumping carbon dioxide into the surrounding pore spaces. Because the surface crust blocks 

vertical gas movement, the concentration of CO2 in the subsoil can quickly reach toxic levels sometimes 10 

to 100 times higher than atmospheric concentrations. 

 This accumulation of subterranean CO2 creates an "internal smog" that is highly toxic to expanding 

root systems. High concentrations of carbon dioxide inhibit root cell elongation and disrupt the hormonal 

signaling pathways that guide roots downward. As a result, when roots encounter these high CO2, low O2 

subsoil pockets, they stop growing vertically. This restriction prevents the plant from accessing deep water 

reserves, leaving the crop highly vulnerable to drying out during late-summer heatwaves. 

Deep Structural Failures: The Creation of Compacted Barriers 

The structural integrity of the soil profile is further compromised by the cycling between extreme wet and 

extreme dry conditions. This rapid oscillation accelerates the degradation of the subsurface, forcing soil 

particles to pack tightly together into a dense, restrictive zone known as a hardpan or plow pan. This layer 

usually forms just beneath the depth of standard tillage tools, typically 6 to 8 inches below the surface. 

 When a heavy climate-driven rain event is followed by an intense period of heat, this compacted 

hardpan cures into a barrier as hard as concrete. Pushing through this layer requires a mechanical force that 

exceeds the physical capacity of plant roots. When a root tip hits this dense barrier, it cannot expand 

downward to reach air or water. Instead, the root system undergoes a drastic structural change known as 

"pancaking" bending at a sharp 90-degree angle and growing entirely horizontally along the top of the 

hardpan. 

 Pancaked root systems create a highly unstable agricultural model. Because the entire root mass is 

compressed into the top few inches of the soil, the plants are trapped in the most volatile zone of the field. 

When a heavy rain hits, this shallow zone quickly becomes waterlogged, suffocating the roots through 

hydro-lockout. Conversely, when the sun comes out, this top layer dries out first, exposing the shallow-

rooted crops to extreme moisture stress. The hardpan effectively cuts off the plant from the subsoil, rendering 

deep nutrient and moisture reserves completely inaccessible and breaking the natural vertical flow of gases 

and water. 

Restoring Subsurface Ventilation Through Biological Management 

To preserve the earth's agricultural systems against climate change, farming must move away from short-

term mechanical fixes. For generations, the standard response to a tight, suffocating subsurface was to use 

large tractors to drag steel shanks known as deep rippers through the field to shatter the hardpan. While this 

mechanical disruption provides temporary relief, it does nothing to rebuild the soil's natural pore networks. 

The crushed aggregates quickly settle back into place, often re-compacting even tighter during subsequent 

equipment passes. 

 Modern agricultural science is shifting toward a biological approach to soil management. Instead of 

trying to break open the earth with heavy steel machinery, farmers are using biodrilling the strategic 

deployment of specialized cover crops with aggressive, deep-diving root systems. Plants like the forage 

radish (or tillage radish) and deep-rooted legumes act as biological jackhammers, utilizing immense internal 

hydraulic pressure to drive taproots straight through dense hardpan layers that would stop standard crops 

completely. As these specialized cover crops grow, they create deep, vertical pathways through the soil. 

When winter frosts arrive and terminate the plants, these massive taproots decompose rapidly, leaving 
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behind a permanent network of open, vertical channels called biopores. Unlike the temporary spaces created 

by mechanical plowing, these biological tunnels are lined with organic residues and microbial secretions, 

such as glomalin. These natural glues act like cement, reinforcing the walls of the tunnels and preventing 

them from collapsing during heavy rains. The following spring, the roots of primary cash cropsðlike corn, 

soybeans, or wheatðfollow these pre-drilled channels directly through the compacted zones and deep into 

the subsoil. These biopores serve as permanent ventilation shafts for the field. 

 Even during heavy downpours, these reinforced channels allow water to drain rapidly into the deep 

subsoil, preventing the hydro-lockout that suffocates roots. During dry periods, they provide open pathways 

for oxygen to diffuse deep into the earth, while allowing trapped greenhouse gases to be safely processed or 

vented. By using biological systems to keep the subsurface open and ventilated, modern agriculture can 

protect its fields against weather extremes, ensuring that the living soil can continue to breathe through the 

changing climate ahead. 
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Abstract 

Hidden hunger, the chronic deficiency of essential vitamins and minerals despite adequate calorie intake, remains 

a major public health challenge in India. The latest National Family Health Survey reports a high prevalence of 

anaemia, a key indicator of iron deficiency, affecting 67.1 per cent of children under five years, 59 per cent of 

adolescent girls, and 57 per cent of women of reproductive age, resulting in substantial health and economic 

losses. Pulses, the primary source of plant-based protein for a largely vegetarian population, provide an ideal 

vehicle for improving dietary micronutrient intake. Increasing the concentration of essential micronutrients such 

as zinc and iron in pulse grains can significantly enhance the nutritional quality of daily diets without altering 

existing food habits. Agronomic biofortification, involving the application of zinc, iron, and other micronutrients 

through soil, foliar, or seed based approaches, has shown considerable promise across diverse agro climatic 

regions of India. Field studies in chickpea and lentil have consistently demonstrated substantial improvements in 

grain zinc and iron concentrations, in several cases exceeding 50 per cent over untreated crops, while maintaining 

or even improving grain yield. This article reviews the magnitude of hidden hunger in India, highlights the 

importance of pulses as a strategic target for biofortification, discusses the major agronomic approaches available, 

and summarizes recent evidence on their effectiveness, concluding with practical recommendations for enhancing 

nutritional security through pulse-based cropping systems. 

Keywords: Agronomic biofortification, Chickpea, Hidden hunger, Lentil, Micronutrient enrichment, Zinc 

nutrition. 

1. Introduction 

cross the world, an estimated two billion people carry some form of micronutrient deficiency even though 

many of them consume enough calories to avoid classic hunger, a condition public health researchers 

describe as hidden hunger. In India, this problem is neither rare nor mild. National surveys consistently find that 

well over half of women and children carry insufficient iron, and comparable shares fall short on zinc, a mineral 

essential to immune function, growth and cognitive development in children. The conventional response to this 

problem, food fortification and dietary supplementation, reaches many people but not all, particularly in rural 

areas where fortified staples and supplement distribution networks are thinner. 

 Agronomic biofortification offers a complementary route. Rather than adding a nutrient to food after 

harvest, it raises the nutrient content of the crop itself in the field, using the same zinc, iron and other micronutrient 

fertilizers that agronomists already recommend for correcting soil deficiency, but applied and timed specifically 

to maximize what ends up in the grain. Pulses are a particularly promising target for this approach, both because 

of how widely and regularly they are eaten across India and because, as legumes, they are already grown on much 

of the marginal, often micronutrient deficient land where the case for biofortification is strongest. This paper 

examines the scale of hidden hunger in India, the rationale for targeting pulses, the agronomic methods used to 

raise their micronutrient content, and what field trials say about their effectiveness. 

2. Hidden Hunger: The Scale of the Problem in India 

India carries one of the highest burdens of micronutrient malnutrition in the world. According to the National 

Family Health Survey 5, conducted in 2019 21, anaemia, used widely as an indicator of iron deficiency, affects 

A 

Agronomic Biofortification in Pulses: A Sustainable Strategy 

to Combat Hidden Hunger 

Dr. Deepika Yadav1 and Shivam Yadav2 

1Ph.D. Scholar, Department of Agronomy, Sri Karan Narendra College of Agriculture, Jobner, 

Jaipur, Rajasthan, India. 
2M.Sc. Scholar, Department of Plant Pathology, Rajmata Vijayaraje Scindia Krishi 

Vishwavidyalaya, Gwalior, Madhya Pradesh, India. 

Corresponding Author: Dr. Deepika Yadav 

 
 



 

Page | 28  

 

 

 

 
Volume-02, Issue-10 AUGUST 2026 

 

 

67.1 per cent of children between six and 59 months, 59 per cent of adolescent girls aged 15 to 19, and 57 per 

cent of women aged 15 to 49 (Table 1, Figure 1), each figure well above the 40 per cent threshold at which the 

World Health Organization classifies anaemia as a severe public health problem. Zinc deficiency follows a similar 

pattern, with the Comprehensive National Nutrition Survey recording deficiency in 19 per cent of preschool 

children and 32 per cent of adolescents. Beyond the direct health burden of impaired immunity, stunted growth 

and reduced cognitive development, these deficiencies are estimated to cost the Indian economy more than 12 

billion US dollars a year in lost productivity. 

Table 1. Prevalence of anaemia and the economic cost of micronutrient malnutrition in India 

Indicator  Value 

Anaemia, children 6 to 59 months 67.1 per cent (NFHS-5, 2019-21) 

Anaemia, adolescent girls 15 to 19 years 59 per cent (NFHS-5, 2019-21) 

Anaemia, women 15 to 49 years 57 per cent (NFHS-5, 2019-21) 

Zinc deficiency, preschool children 19 per cent (CNNS) 

Zinc deficiency, adolescents 32 per cent (CNNS) 

Estimated annual economic cost More than USD 12 billion in lost productivity 

Source: National Family Health Survey 5, 2019-21, and Comprehensive National Nutrition Survey, cited in 

European Journal of Clinical Nutrition, 2026. 

 
Fig. 1. Anaemia prevalence in India by population group, NFHS-5 

3. Why Pulses Are a Strategic Target for Biofortification 

Pulses occupy a near daily place on the Indian plate, particularly in vegetarian households where they serve as 

the principal source of dietary protein, and this reach makes even a modest gain in their zinc or iron content 

nutritionally significant at a population scale. Unlike a new fortified product that has to be introduced into the 

market and adopted by consumers, a biofortified pulse crop delivers its nutritional benefit through exactly the 

same dal or curry a household is already preparing, with no change in cooking practice or purchasing behaviour 

required. Pulses are also frequently grown on light textured, marginal soils where zinc and iron availability is 

naturally low, the same soil conditions that limit the crop's own nodulation and nitrogen fixation, so agronomic 

interventions that correct micronutrient supply for agronomic reasons and interventions aimed at improving grain 

nutrient content tend to reinforce rather than compete with each other. 

4. Agronomic Biofortification: Approaches and Mechanisms 

Agronomic biofortification in pulses relies on the same basic principle used across other crops: supplying zinc, 

iron or another target micronutrient to the plant at a time and in a form that maximizes its translocation into the 

grain, rather than simply correcting a visible deficiency symptom (Figure 2). Soil application, typically as zinc 
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sulphate or ferrous sulphate applied as a basal dressing, builds up the micronutrient pool available to the root 

system across the growing season and is the most straightforward method, though its efficiency depends heavily 

on soil pH and the degree of fixation discussed elsewhere in the agronomic literature on micronutrient 

management. Foliar spray, applied directly to the crop canopy at critical growth stages, most commonly flowering 

and pod filling, bypasses the soil altogether and has repeatedly been shown to be the more efficient route 

specifically for raising grain micronutrient concentration, since the nutrient is absorbed by the leaf and 

translocated toward the developing seed with less loss to soil fixation. Seed treatment or priming, in which seed 

is soaked or coated in a micronutrient solution before sowing, offers a low cost supplementary option, particularly 

useful for supporting early seedling vigour, though it contributes less to final grain concentration than soil or 

foliar routes applied later in the season. In practice, combining soil application with one or two foliar sprays at 

the right growth stage has consistently outperformed any single method used alone. 

 
Fig. 2. Agronomic approaches to biofortifying pulses 

5. Field Evidence from Pulse Crops 

Field trials conducted across different pulse crops and Indian agro climatic zones offer consistent support for 

agronomic biofortification (Table 2). In an arid western Rajasthan trial on desi chickpea, soil application of zinc 

and iron produced the highest grain zinc concentration recorded in the study, 32.02 milligrams of zinc per 

kilogram of grain at a soil application rate of 5 kilograms of zinc per hectare, while low dose foliar spray alone 

performed relatively poorly for agronomic parameters, underlining that application method and rate both matter. 

In a two year trial on lentil conducted at Punjab Agricultural University, Ludhiana, under the biofortification 

mandate of the AICRP on Micro and Secondary Nutrients project funded by ICAR-IISS, Bhopal, combined foliar 

application of zinc sulphate and ferrous sulphate at the pre flowering and pod formation stages proved both more 

effective and more economical than applying either nutrient alone. A separate lentil trial in the red and lateritic 

soils of West Bengal found that combining seed coating with two foliar sprays of zinc sulphate produced 

significantly higher grain zinc concentration than any single application method tested. In chickpea grown on 

calcareous soil in Gujarat, the combination of soil applied zinc sulphate at sowing with a foliar spray at flowering 

and pod filling gave the best outcome for both yield and grain zinc fortification among all treatments compared. 
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Table 2. Selected field trials on agronomic biofortification of zinc and iron in pulses 

Crop and location Best performing treatment Key outcome 

Desi chickpea, arid western 

Rajasthan 

Soil application of Zn and Fe at 5 kg Zn 

per hectare 

Highest grain zinc concentration, 

32.02 mg per kg 

Lentil, Punjab Agricultural 

University, Ludhiana 

Combined foliar ZnSO4 and FeSO4 at 

pre flowering and pod formation 

More effective and more 

economical than either nutrient 

alone 

Lentil, red and lateritic soil, 

West Bengal 

Seed coating plus two foliar ZnSO4 

sprays 

Significantly higher grain zinc 

concentration than single 

methods 

Chickpea, calcareous soil, 

Gujarat 

Soil ZnSO4 at sowing plus foliar spray 

at flowering and pod filling 

Best combined outcome for yield 

and grain zinc fortification 

Source: Compiled from Journal of Agricultural Research, 2025; International Journal of Bio-resource and Stress 

Management, 2021; Molecules, 2021; and Legume Research, 2023. 

 These pulse specific results are consistent with the broader pattern documented across cereal crops, where 

a global meta analysis of zinc biofortification trials found that soil application alone raised grain zinc 

concentration by an average of 29.1 per cent, foliar application alone by 55.2 per cent, and the combination of 

soil and foliar application by 62.3 per cent over untreated crops (Figure 3), a pattern that mirrors what individual 

pulse trials have found and offers a general rule of thumb for designing biofortification programmes in legumes 

as well. 

 
Fig. 3. Grain zinc response by method of application, general agronomic biofortification pattern 

6. From Field to Plate: Realizing the Nutritional Benefit 

The nutritional case for agronomic biofortification rests on a simple chain: a crop that takes up more zinc or iron 

in the field produces grain that is measurably richer in that nutrient at harvest, and since pulses are eaten as a daily 

staple rather than an occasional food, that richer grain translates fairly directly into higher dietary intake for the 

household that grows or buys it (Figure 4). This pathway is shorter and requires less new infrastructure than either 

large scale food fortification, which depends on processing and distribution systems, or supplementation 

programmes, which depend on health system reach and individual compliance. It is not, however, a replacement 

for either approach. Agronomic biofortification raises grain nutrient concentration by a meaningful but bounded 

margin, and for populations with severe existing deficiency, it works best as one component of a broader strategy 

that also includes dietary diversification, food fortification and, where needed, direct supplementation. 

Fig. 4. From field to plate, the agronomic biofortification pathway 
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7. Practical Recommendations 

Where grain biofortification is the specific goal, farmers and extension programmes should prioritize foliar 

application timed to flowering and pod filling over soil application alone, since this is consistently the more 

efficient route to raising grain micronutrient concentration. Combining a modest basal soil application with one 

or two foliar sprays outperforms either method used in isolation and should be the default recommendation 

wherever feasible. Seed treatment is a useful, low cost addition that supports early crop establishment but should 

not be relied upon as the sole biofortification method. As with any micronutrient fertilizer, the specific rate and 

form should be guided by soil test results, and biofortification objectives should be integrated with, rather than 

treated separately from, the broader nutrient management and integrated nutrient management practices already 

recommended for pulse crops. 

8. Conclusion 

Hidden hunger remains a significant, measurable burden on India's population, and pulses, already a near 

universal part of the Indian diet, offer an unusually direct route to addressing part of that burden. Agronomic 

biofortification, principally through foliar application of zinc and iron timed to flowering and pod filling and, 

where feasible, combined with a basal soil application, has been shown across multiple pulse crops and regions 

to raise grain micronutrient concentration substantially without penalizing yield. It will not, on its own, resolve 

India's micronutrient malnutrition problem, but as a low cost, field level intervention that works through a crop 

farmers already grow and households already eat, it deserves a firmly established place alongside food 

fortification and supplementation in the country's strategy to combat hidden hunger. 
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Abstract 

Artificial intelligence (AI) and machine learning (ML) are increasingly integrated into veterinary practice, 

offering new tools for diagnosis, disease prediction, and clinical decision-making. This review synthesises current 

peer-reviewed evidence on the application of AI and ML across veterinary diagnostic imaging, infectious disease 

surveillance, and predictive health analytics in companion animals and livestock. Convolutional neural networks 

(CNNs) have demonstrated diagnostic performance approaching, and in some tasks matching, that of board-

certified specialists in detecting thoracic, hepatic, and cardiac abnormalities from radiographs and ultrasound 

images, while traditional machine-learning methods such as random forests and support vector machines continue 

to support disease-risk prediction from clinical, laboratory, and epidemiological data. Beyond individual-patient 

diagnostics, AI-enabled sensor and acoustic analytics are being applied to early-warning disease detection in dairy 

cattle, poultry, and swine, contributing to precision livestock health management. The review also considers the 

methodological and practical challenges limiting clinical translation, including data quality, external validation, 

interpretability, and integration into veterinary workflows, and outlines emerging directions such as explainable 

AI, federated learning, and One Health-oriented surveillance systems. Overall, the evidence indicates that AI and 

ML are becoming valuable adjuncts to, rather than replacements for, veterinary clinical judgement. 

Keywords: Artificial Intelligence, Machine Learning, Veterinary Diagnosis, Disease Prediction, Deep Learning, 

Convolutional Neural Networks, Diagnostic Imaging, One Health 

1. Introduction 

eterinary medicine has traditionally depended on clinical examination, laboratory testing, diagnostic 

imaging, and the accumulated experience of the practitioner to diagnose disease and guide treatment 

decisions. While this approach remains foundational, it is inherently constrained by the availability of specialist 

expertise, the subjectivity of visual interpretation, and the time pressures of busy clinical or field practice. 

Artificial intelligence, broadly defined as the capacity of computer systems to perform tasks that would normally 

require human intelligence, and its principal enabling discipline, machine learning, in which algorithms learn 

patterns directly from data rather than being explicitly programmed, are increasingly being applied to address 

these constraints across both companion animal and livestock veterinary medicine. 

 The growth of AI in veterinary medicine has been driven by several converging factors: the accumulation 

of large digital datasets of radiographs, ultrasound images, histopathology slides, and electronic clinical records; 

the availability of powerful and increasingly affordable computing hardware; and the successful translation of 

deep-learning techniques, particularly convolutional neural networks, from human radiology and pathology into 

veterinary applications. Recent systematic surveys of the veterinary AI literature report that deep learning and 

traditional machine-learning approaches are now the dominant methodologies applied across diagnostic imaging, 

disease prediction, and clinical decision support, with a steadily expanding body of peer-reviewed evidence 

supporting their use. 

2. Core Concepts: AI, Machine Learning and Deep Learning in Veterinary Medicine 

Machine learning is generally described as a core approach within artificial intelligence that enables computer 

systems to learn statistical patterns from data and generate predictions without being explicitly programmed for 

each task. Traditional machine-learning algorithms commonly applied in veterinary medicine include support 
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vector machines (SVMs), random forests (RF), logistic regression, and artificial neural networks (ANNs), each 

of which typically requires manually defined input features, such as laboratory values, clinical signs, or extracted 

image features, to generate a classification or prediction. 

 Deep learning (DL) is a specialised subfield of machine learning in which multi-layered neural networks 

automatically learn relevant features directly from raw data, most notably images, without requiring manual 

feature engineering. Convolutional neural networks (CNNs) are the dominant deep-learning architecture for 

image-based veterinary diagnostic tasks, as they are particularly well suited to recognising spatial patterns such 

as lesions, opacities, or anatomical abnormalities within radiographs, ultrasound images, or histopathology slides. 

Recurrent neural networks and related architectures are used for sequential or time-series data, such as continuous 

sensor streams from wearable livestock monitoring devices, while natural language processing (NLP) techniques 

are increasingly applied to mine unstructured clinical text, such as case notes or pathology reports, for surveillance 

and research purposes. 

 A further important distinction in veterinary AI applications is between diagnostic support, in which an 

algorithm assists interpretation of a single patient's data at a single point in time, and predictive or surveillance 

analytics, in which models forecast disease risk or outbreak probability across a population using epidemiological, 

environmental, and clinical data streams. Both categories are considered in the sections that follow. 

3. AI and Machine Learning in Veterinary Diagnostic Imaging 

Diagnostic imaging is the most extensively researched application domain for AI in veterinary medicine, 

reflecting both the availability of large digital image datasets and the direct transferability of methods developed 

for human radiology. A systematic review following PRISMA guidelines identified 422 relevant peer-reviewed 

articles applying deep learning to veterinary diagnostic and animal health tasks, spanning radiography, 

ultrasonography, histopathology, and dermatological image analysis, and found that CNN-based models were the 

predominant architecture used across these studies. Figure 1 summarises the generalised workflow through which 

such systems are developed and deployed, from raw diagnostic data through model-based analysis to veterinarian-

reviewed clinical output.  

Figure 1. Generalised workflow of an AI/ML-assisted veterinary diagnostic system, incorporating a 

feedback loop for continued model refinement. 

 Representative peer-reviewed studies illustrate both the promise and the current performance range of CNN-

based diagnostic tools (Table 1, Figure 2). In cats, a CNN based on the ResNet50V2 architecture, fine-tuned on 

annotated thoracic radiographs, achieved a mean accuracy of 82 percent, sensitivity of 88 percent, and specificity 

of 75 percent for detecting pulmonary abnormalities. In dogs, a CNN developed to detect left atrial enlargement 

from thoracic radiographs achieved an accuracy of 82.71 percent, with sensitivity and specificity of 68.42 percent 

and 87.09 percent respectively, a performance profile statistically comparable to that of board-certified veterinary 

radiologists evaluating the same cases. A separate CNN developed to detect degenerative liver disease from 
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abdominal ultrasound images in dogs achieved 91 percent accuracy, 100 percent sensitivity, and 82.8 percent 

specificity when benchmarked against cytological findings and serum biomarkers, outperforming other individual 

diagnostic tests evaluated in that study. 

 

Figure 2. Reported diagnostic performance of selected CNN models in small-animal diagnostic imaging, 

illustrating accuracy, sensitivity, and specificity across three peer-reviewed studies. 

 Beyond individual performance metrics, a notable comparative study evaluating AI interpretation of 

primary thoracic lesions in dogs and cats reported a lower overall error rate for the AI system (10.7 percent) than 

for veterinarians working alone (17.2 percent) or veterinarians assisted by the AI system (16.8 percent), 

suggesting that in some diagnostic contexts algorithmic interpretation may exceed unaided human performance, 

though such findings warrant cautious interpretation given differences in case mix and study design across the 

literature. Deep-learning approaches have since been extended to additional imaging tasks, including detection of 

confirmed heart failure in dogs and cats and identification of spinal cord disease from magnetic resonance images, 

with performance continuing to vary by task, species, and underlying disease prevalence in the training data. 

Table 1. Selected Peer-Reviewed Studies of AI/ML Applications in Veterinary Diagnostic Imaging 

Species / Modality AI Method  Diagnostic Task Reported Performance / 

Source 

Cats ð thoracic 

radiographs 

CNN 

(ResNet50V2) 

Detection of pulmonary 

abnormalities 

Accuracy 82%, sensitivity 88%, 

specificity 75% (Fenn et al., 

2022) 

Dogs ð thoracic 

radiographs 

CNN Detection of left atrial 

enlargement 

Accuracy 82.71%, sensitivity 

68.42%, specificity 87.09% (Li 

et al., 2021) 

Dogs ð abdominal 

ultrasound 

CNN Detection of degenerative liver 

disease 

Accuracy 91%, sensitivity 100%, 

specificity 82.8% (Banzato et al.) 

Dogs/Cats ð 

thoracic 

radiographs 

CNN vs. 

radiologists 

Detection of primary thoracic 

lesions 

Error rate 10.7% (AI) vs 16.8ï

17.2% (radiologists) (Boissady et 

al., 2020) 

Dogs/Cats ð 

thoracic 

radiographs 

CNN software Detection of confirmed heart 

failure 

Feline cardiomegaly sensitivity 

96%, HF sensitivity 9.8%, 

specificity 95% (Ellingsberg et 

al.) 

Dogs ð 

thoracolumbar 

MRI  

Deep learning 

classifier 

Detection of spinal cord disease Biercher et al., Front. Vet. Sci., 

2021 
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4. AI and Machine Learning in Disease Prediction and Surveillance 

Beyond image-based diagnosis, AI and ML methods are increasingly applied to predict disease occurrence and 

forecast outbreaks at the individual-animal, herd, or population level. Infectious disease prediction models 

typically draw on epidemiological, clinical, laboratory, and environmental data, applying supervised classification 

or regression techniques to estimate disease risk, or unsupervised and semi-supervised approaches to detect 

anomalous patterns indicative of an emerging outbreak. A comprehensive review of ML applications for 

infectious disease surveillance, diagnosis, and prognosis, encompassing 77 studies, found that different input data 

types required different model architectures to achieve optimal performance, and highlighted the growing role of 

explainable AI and ensemble learning methods in improving both predictive accuracy and clinical interpretability. 

In livestock health specifically, AI-enabled prediction systems increasingly integrate sensor- and camera-based 

data streams from precision livestock farming infrastructure with clinical and production records to generate 

early-warning alerts for conditions such as mastitis and lameness in dairy cattle, respiratory and behavioural 

disorders in poultry and swine detected through acoustic analysis, and susceptibility or outbreak risk for diseases 

such as avian influenza. These applications typically combine traditional machine-learning classifiers with time-

series analysis of continuously collected sensor data, enabling detection of subtle deviations from an individual 

animal's baseline behaviour well before clinical signs become apparent to a human observer. Figure 3 summarises 

the principal branches of AI/ML methodology and their corresponding application domains across veterinary 

diagnosis and disease prediction, from diagnostic imaging through to population-level surveillance. 

Figure 3. Taxonomy of AI/ML methods and their principal application domains in veterinary diagnosis 

and disease prediction. 

 A further emerging application of predictive ML models is in the diagnosis of endocrine and metabolic 

disorders that are difficult to distinguish on clinical grounds alone; for example, machine-learning classifiers have 

been evaluated as diagnostic aids for canine hypoadrenocorticism, using routinely available clinical and 

laboratory parameters to flag cases warranting confirmatory testing. Such applications illustrate the broader 

potential of AI to support diagnostic reasoning in conditions where clinical presentation is non-specific, 

complementing rather than replacing conventional diagnostic pathways. 

5. Applications Across Species and Health Domains 

The application of AI and ML spans a wide range of species and health domains, summarised in Table 2. In 

companion animal practice, CNN-based image analysis supports diagnosis of cardiac, pulmonary, hepatic, and 

dermatological conditions, while natural language processing tools are beginning to be applied to mine electronic 

clinical records for surveillance and research purposes. In livestock production systems, AI-enabled sensor 

analytics and computer vision are used for early detection of mastitis and lameness in dairy cattle, acoustic and 
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image-based screening for respiratory disease and welfare compromise in poultry and swine, and behavioural 

monitoring integrated with precision livestock farming infrastructure. 

 At the population and public-health level, AI and ML models contribute to zoonotic disease surveillance 

and outbreak forecasting within a One Health framework, integrating veterinary, environmental, and human 

health data streams to support earlier and more coordinated disease response. Across these diverse applications, 

a consistent theme in the literature is that AI systems perform most reliably when applied to well-defined, data-

rich diagnostic or predictive tasks, and that their performance depends heavily on the quality, size, and 

representativeness of the training data used for model development. 

Table 2. AI/ML Applications Across Species and Veterinary Health Domains 

Species / Sector Disease / Condition AI/ML Technique  Application Focus 

Dairy cattle Mastitis, lameness Sensor-based ML / ensemble 

models 

Early-warning 

behavioural monitoring 

Poultry  Avian influenza, 

respiratory disease 

Acoustic analysis, image 

classification 

Outbreak detection, 

welfare screening 

Swine Welfare-linked disease 

signals 

Computer vision, behavioural 

analytics 

Automated welfare and 

health scoring 

Small animals 

(dogs/cats) 

Cardiac, pulmonary, 

hepatic, dermatological 

disease 

CNN-based image 

classification 

Radiograph/ultrasound-

assisted diagnosis 

Cross-species / 

public health 

Zoonoses, endocrine 

disorders (e.g., 

hypoadrenocorticism) 

Random forest, explainable 

AI  

Diagnostic decision 

support, One Health 

surveillance 

6. Benefits of AI and ML in Veterinary Practice 

The integration of AI and ML into veterinary diagnosis offers several documented benefits. Image-based AI tools 

can reduce the workload associated with routine interpretation of radiographs and ultrasound images, potentially 

shortening the time to diagnosis and allowing specialist attention to be directed toward the most complex or 

ambiguous cases. In several studies, AI-assisted interpretation has demonstrated diagnostic performance 

statistically comparable to, or in specific tasks exceeding, that of experienced veterinary radiologists, suggesting 

genuine potential to support diagnostic consistency, particularly in settings where specialist radiology expertise 

is not readily available. 

 In livestock health management, AI-enabled predictive and sensor-based systems allow earlier detection of 

sub-clinical disease than is achievable through periodic visual inspection alone, supporting more timely 

intervention, more judicious and targeted use of antimicrobials, and improved containment of transboundary and 

production-limiting diseases. At the population level, AI-based surveillance and outbreak-prediction models offer 

the potential for faster identification of emerging disease threats, strengthening both animal health management 

and broader One Health disease-control efforts. 

7. Challenges and Limitations 

Despite these documented benefits, substantial challenges continue to limit the routine clinical translation of AI 

and ML tools in veterinary practice. A recurring concern across the reviewed literature is data quality and 

availability: many published models are trained and validated on relatively small, single-institution datasets, 

raising questions about their external validity and generalisability when applied to different populations, breeds, 

geographic regions, or imaging equipment. Systematic reviews of veterinary AI research have specifically noted 

that substantial challenges persist regarding data quality, external validation, and clinical generalisability in real-

world settings, even where reported performance within the original study population appears strong. 

 Interpretability and trust present a further challenge, as many deep-learning models function as effective but 

opaque "black boxes," making it difficult for veterinarians to understand the basis for a given AI-generated output 

or to identify when a prediction may be unreliable. This has driven growing interest in explainable AI (XAI) 

methods, which aim to provide interpretable justifications for model outputs, an approach identified in recent 
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reviews as important for building clinician trust and supporting safe integration into diagnostic workflows. 

Additional practical barriers include the cost of implementing AI-enabled diagnostic tools, the need for reliable 

digital infrastructure and connectivity, particularly in field and rural veterinary settings, integration challenges 

with existing practice-management and imaging software, and the ongoing need for veterinarian training in the 

appropriate use and limitations of AI-generated outputs, so that such tools are used to inform, rather than replace, 

clinical judgement. 

8. Future Directions 

Several emerging directions are likely to shape the next phase of AI and ML application in veterinary medicine. 

Explainable AI methods are expected to become increasingly integrated into diagnostic tools, allowing 

veterinarians to understand and verify the reasoning underlying a given prediction rather than relying on an 

opaque output alone. Federated learning approaches, in which models are trained collaboratively across multiple 

institutions without directly sharing sensitive patient-level data, offer a promising route to building larger, more 

diverse, and better-validated training datasets while addressing data-privacy and governance concerns. 

 Multimodal integration, combining imaging, clinical, laboratory, genomic, and sensor data within a single 

predictive framework, is likely to improve diagnostic and predictive accuracy beyond what any single data type 

can achieve alone. Finally, continued development of AI-enabled surveillance systems within a One Health 

framework, linking veterinary, environmental, and human health data, holds particular promise for earlier 

detection and more coordinated response to zoonotic and transboundary disease threats, an area of growing 

importance given the increasing frequency of emerging infectious disease events globally. 

9. Conclusion 

Artif icial intelligence and machine learning are increasingly well-established tools in veterinary diagnosis and 

disease prediction, with peer-reviewed evidence demonstrating strong diagnostic performance in imaging-based 

applications and growing utility in disease surveillance and predictive health analytics across companion animal 

and livestock domains. Current evidence indicates that these tools are best regarded as decision-support aids that 

complement, rather than substitute for, veterinary clinical expertise, given persistent challenges of data quality, 

external validation, and interpretability. Continued investment in high-quality, diverse training data, explainable 

model architectures, and veterinarian training, alongside supportive institutional and regulatory frameworks, will 

be essential to realise the full potential of AI and ML in improving animal health outcomes, diagnostic accuracy, 

and disease surveillance across veterinary and One Health practice. 
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Highlight of the Article  

Micronutrient deficiency remains widespread in Indian soils, yet ordinary sulphate and oxide sources of zinc, 

iron, manganese and copper often fail to correct it, since as much as 85 to 90 per cent of soil applied zinc can be 

fixed into insoluble forms within weeks, particularly in the alkaline and calcareous soils that cover large parts of 

the country. Chelated fertilizers, in which a metal ion is bound within an organic ligand such as EDTA, DTPA or 

EDDHA, resist this fixation and remain available for root or leaf uptake over a longer period, allowing lower 

doses to achieve results that conventional salts often cannot match. Field trials on lowland rice have recorded 

grain and straw yield increases of 37.5 and 43.1 per cent respectively from basal application of Zn-EDTA, and 

the technology has moved from a specialty input into a mainstream option as India's micronutrient fertilizer 

market approaches one billion US dollars. This article explains how chelation works, which chelating agent suits 

which soil condition, what the field evidence shows, and how farmers and extension workers can apply this 

technology correctly for measurable gains in crop productivity. 

Keywords: Chelation, EDTA, Foliar application, Nutrient use efficiency, Zinc deficiency 

Introduction  

icronutrient deficiencies have emerged as one of the most widespread constraints to sustaining crop 

productivity and nutritional quality in Indian agriculture. Despite the increasing use of zinc and iron 

fertilizers, deficiencies of zinc, iron, boron, and manganese continue to be reported across diverse agroecological 

regions of the country. Soil testing laboratories consistently reveal that these deficiencies often persist year after 

year, even in fields where micronutrient fertilizers have been applied regularly. The problem is not always the 

quantity of nutrients applied but their limited availability to plants after application. In many Indian soils, 

particularly the alkaline and calcareous soils that dominate large parts of northwestern, central, and peninsular 

India, soluble micronutrients rapidly react with carbonates, clay minerals, and other soil constituents to form 

insoluble compounds that cannot be readily absorbed by plant roots. Consequently, only a small proportion of the 

applied micronutrients is utilized by crops, while the remainder becomes fixed in the soil, resulting in poor 

fertilizer use efficiency and continued nutrient deficiencies. 

 Chelated micronutrient fertilizers were developed to overcome this challenge. In these fertilizers, the metal 

ion is enclosed within an organic molecule, known as a chelating agent, which protects it from undesirable 

chemical reactions in the soil while keeping it in a soluble and plant available form. This protective mechanism 

prevents rapid nutrient fixation and allows the micronutrient to remain available for a longer period, enabling 

efficient uptake by plant roots or leaves. As crops absorb the nutrient, the chelating agent gradually releases the 

metal ion, ensuring a continuous supply throughout the critical stages of plant growth. Compared with 

conventional inorganic salts such as zinc sulphate or ferrous sulphate, chelated micronutrients generally provide 

higher nutrient use efficiency, particularly under alkaline and calcareous soil conditions where micronutrient 

fixation is severe. 

 Several chelating agents are commercially available, including EDTA (ethylenediaminetetraacetic acid), 

DTPA (diethylenetriamine pentaacetic acid), EDDHA (ethylenediamine N,Nǋ bis(2 hydroxyphenylacetic acid)), 

HEEDTA, and IDHA, each differing in chemical stability and suitability under different soil pH conditions. Their 
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effectiveness depends on factors such as soil reaction, crop species, method of application, and environmental 

conditions. Selecting the appropriate chelated fertilizer according to soil characteristics can substantially improve 

micronutrient availability, crop growth, yield, and produce quality while reducing nutrient losses and enhancing 

fertilizer use efficiency. 

Why Ordinary Micronutrient Salts Often Fail in the Field  

When a farmer applies zinc sulphate, ferrous sulphate or a similar salt to the soil, the metal ion it releases carries 

a positive charge and is chemically reactive. In neutral to alkaline soils, and especially in the calcareous soils that 

dominate large tracts of central and western India, that ion combines readily with carbonate, hydroxide and 

phosphate ions already present in the soil solution, forming compounds that are effectively insoluble. Estimates 

suggest that as much as 85 to 90 per cent of soil applied zinc can be rendered unavailable to the crop within a 

matter of weeks through this process of fixation, meaning that a large share of every bag of sulphate fertilizer 

purchased is, agronomically speaking, wasted. The same fixation affects iron even more severely in high pH soils, 

which is why iron chlorosis remains common in orchard and vegetable crops grown on calcareous land even 

where ferrous sulphate has been applied repeatedly. 

 This is not a failure of the nutrient itself but of the chemical form in which it is supplied. A zinc or iron ion 

needs to remain in a soluble, plant available state long enough for a root hair or leaf cell to absorb it, and an 

unprotected ion in reactive soil simply does not get that chance. Chelation addresses this gap directly, and 

understanding how it works is the starting point for using these fertilizers correctly. 

What Makes a Fertilizer Chelated 

The word chelate comes from the Greek chele, meaning a lobster's claw, an apt image for what happens 

chemically. In a chelated fertilizer, the metal ion, whether zinc, iron, manganese or copper, is held within the 

structure of a larger organic molecule called a ligand or chelating agent, in much the same way a claw encircles 

and holds an object without releasing it (Figure 1). This structure shields the metal ion from reacting with 

carbonates, phosphates and clay surfaces in the soil, keeping it in solution and available for uptake for a much 

longer period than the free ion form. The most widely used chelating agents in commercial micronutrient 

fertilizers are ethylenediaminetetraacetic acid, commonly known as EDTA, diethylenetriaminepentaacetic acid 

or DTPA, and ethylenediamine-N,N bis (2 hydroxyphenylacetic acid), known as EDDHA, alongside a newer 

generation of amino acid and organic acid based chelates that are more readily biodegradable. 

 
Fig. 1. How chelation protects a micronutrient ion from fixation in the soil 

Each of these chelating agents behaves differently depending on soil pH, and choosing the wrong one for a given 

soil condition can mean the difference between a visible correction of deficiency and a fertilizer that performs 

little better than the plain salt it was meant to replace. 
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Choosing the Right Chelate for the Soil 

EDTA is the most common and the least expensive chelating agent, and it works well in acidic to mildly neutral 

soils, but its stability declines sharply above a soil pH of about 6.5, since calcium ions in alkaline soil begin to 

displace the target micronutrient from the ligand. DTPA offers greater stability and remains effective up to a soil 

pH of around 7.5, making it the more reliable choice for iron, zinc, manganese and copper in the mildly alkaline 

soils common across much of the Indo Gangetic plain. For genuinely calcareous or high pH soils, where DTPA 

too begins to lose its grip, EDDHA remains effective up to a soil pH of about 9 and is, for practical purposes, the 

only reliable chelate for correcting iron deficiency in such conditions, though it is also the costliest of the three 

(Table 1, Figure 4). 

Table 1. Effective soil pH range of common micronutrient chelating agents 

Chelating agent 
Effective soil pH 

range 

Micronutrients 

commonly chelated 
Remarks 

EDTA Up to about pH 6.5 Zinc, manganese, copper, 

iron 

Most common and 

economical; loses 

effectiveness in alkaline soils 

DTPA Up to about pH 7.5 Iron, zinc, manganese, 

copper 

More stable than EDTA in 

neutral to mildly alkaline soils 

EDDHA Up to about pH 9.0 Iron Most reliable for calcareous, 

high pH soils; highest cost 

Amino acid and 

organic acid chelates 

Wide range Zinc, iron, manganese, 

copper 

Readily biodegradable; 

common in foliar formulations 

Source: Compiled from Alsultana Fertilizer, 2026, and Resonance, Chelates for Micronutrient Nutrition among 

Crops. 

 
Fig. 2. Effective soil pH range of common chelating agents used in micronutrient fertilizers 
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Field Evidence: Chelated versus Conventional Micronutrients 

The case for chelated fertilizers rests not only on chemistry but on measured field performance. Zinc deficiency 

remains the single most widespread micronutrient constraint in Indian soils, with state level assessments showing 

83 per cent of tested soils deficient in Maharashtra, 73 per cent in Karnataka and 58 per cent in Andhra Pradesh, 

against an all India average of about 49 per cent of cropland tested (Table 2, Figure 2). In a multi season field 

trial conducted on an Aeric Endoaquept soil at pH 7.2, a condition where zinc sulphate is known to fix rapidly, 

basal application of Zn-EDTA at 1 kilogram of zinc per hectare produced the highest zinc uptake recorded in the 

study, 209.2 grams per hectare in grain and 133.8 grams per hectare in straw, alongside a 37.5 per cent increase 

in grain yield and a 43.1 per cent increase in straw yield over the unfertilized control (Table 3, Figure 3). 

Table 2. Zinc deficiency in cropland soils of selected Indian states 

State or category Soils testing zinc deficient 

Maharashtra 83 per cent 

Karnataka 73 per cent 

Andhra Pradesh 58 per cent 

All India, cropland tested 49 per cent 

Source: Research and Markets, India Micronutrient Fertilizer Market report, citing state soil testing assessments. 

 
Fig. 3. Zinc deficiency in cropland soils of selected Indian states 

Table 3. Response of lowland rice to basal Zn-EDTA application (1 kg zinc per hectare) 

Parameter Value with Zn-EDTA  Increase over unfertilized control 

Grain yield 5.5 tonnes per hectare 37.5 per cent 

Straw yield 7.3 tonnes per hectare 43.1 per cent 

Zinc uptake, grain 209.2 g per hectare Highest among treatments tested 

Zinc uptake, straw 133.8 g per hectare Highest among treatments tested 

Source: Field experiment on Aeric Endoaquept soil, pH 7.2, reported in Nutrient Cycling in Agroecosystems. 
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Beyond this individual trial, corrective zinc application more broadly has been associated with wheat yield gains 

in the range of 200 to 400 kilograms per hectare and rice gains of 300 to 600 kilograms per hectare wherever 

deficiency is confirmed by soil testing, underlining that the agronomic opportunity here is not marginal but 

substantial across India's major cereal belts. 

Modes of Application: Soil, Foliar, and Fertigation 

Chelated micronutrients can be delivered to the crop through several routes, and the right choice depends on how 

quickly correction is needed, the severity of deficiency, and the infrastructure available on the farm (Table 4). 

Table 4. Modes of applying chelated micronutrient fertilizers 

Method Typical dose Advantage Limitation  

Soil application, 

basal 

1 to 5 kg micronutrient per 

hectare, depending on 

element and crop 

Season long correction; suits 

deficiency across the root 

zone 

Higher cost per hectare 

than sulphate forms 

Foliar spray 0.2 to 0.5 per cent solution, 

two to three sprays at 15 day 

intervals 

Rapid correction within 7 to 

14 days; effective even in 

high pH soils 

Effect is temporary; 

repeat spraying needed; 

timing is critical 

Fertigation Injected through the drip 

system at the recommended 

concentration 

Uniform distribution; 

combines water and nutrient 

use efficiency 

Requires micro 

irrigation infrastructure 

Seed treatment or 

priming 

2 to 5 g chelate per kg seed Low cost; supports early 

crop establishment 

Cannot correct a severe 

or a later emerging 

deficiency on its own 

Source: Compiled from Greenway Biotech and Terafon technical guidance on chelated micronutrient application. 

Foliar application in particular deserves attention in Indian conditions, since it bypasses the soil entirely and 

delivers the nutrient directly to plant tissue, making it the fastest way to correct a deficiency that has already 

begun to show visible symptoms. For severe or long standing deficiency, however, foliar correction alone rarely 

suffices, and combining an early foliar spray for immediate relief with a soil applied chelate for sustained 

correction tends to give the most reliable outcome. 

The Growing Market and Policy Landscape 

Chelated formulations have moved from a specialty, high value input into a mainstream part of India's fertilizer 

basket. The domestic micronutrient fertilizer market was valued at approximately 0.81 billion US dollars in 2025 

and is projected to reach around 1.12 billion US dollars by 2030, and specialty chelates and nano dispersions are 

reported to be capturing an increasing share of this market from bulk sulphate products, particularly in the 

horticulture, wheat and rice growing belts where soluble, fertigation compatible inputs are in growing demand. 

All micronutrient fertilizers sold in India, chelated or otherwise, must conform to the specifications laid down 

under the Fertiliser Control Order, which sets minimum nutrient content and purity standards; farmers are advised 

to check the certified composition on the product label before purchase, since the market has also seen instances 

of under strength or adulterated micronutrient products sold at chelate level prices. 

Practical Guidelines for Farmers and Extension Workers 

Match the chelate to the soil pH 

Test the soil before selecting a product. In acidic to near neutral soils, EDTA chelates are adequate and 

economical; in the mildly alkaline soils typical of much of the Indo Gangetic plain, DTPA gives more reliable 

results; and in calcareous or high pH soils, particularly for iron correction, EDDHA is worth the additional cost. 

Use foliar spray for fast, visible correction 

Where deficiency symptoms such as interveinal chlorosis or stunted growth are already visible, a foliar spray at 

0.2 to 0.5 per cent concentration, applied in the early morning or late afternoon to avoid leaf scorch, typically 

shows improvement in new growth within one to two weeks. 
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Do not abandon soil application for perennial or long duration crops 

For orchards, plantation crops and long duration field crops, a basal or root zone application of chelated 

micronutrient at the start of the season provides more sustained correction than repeated foliar sprays alone, and 

the two approaches work best in combination rather than as substitutes for each other. 

Verify the product before purchase 

Check the certified nutrient content and the chelating agent named on the label against Fertiliser Control Order 

specifications, and be cautious of products priced well below the typical market range for a genuine chelate, since 

these are often diluted or entirely unchelated formulations sold under a similar name. 

Way Forward 

Micronutrient deficiency will not be solved by simply increasing the tonnage of fertilizer applied; it requires 

supplying the nutrient in a chemical form the crop can actually use under the soil conditions it is grown in. 

Chelated fertilizers, correctly matched to soil pH and combined with the right mode of application, have 

repeatedly demonstrated their ability to close this gap where conventional sulphate and oxide sources fail. The 

remaining task is one of awareness and verification: helping farmers recognize when a chelated product is 

genuinely warranted, choose the correct chelating agent for their soil, and confirm that what they are buying meets 

the specification on its label. As India's micronutrient fertilizer market continues to expand, extension systems 

and Krishi Vigyan Kendras have a growing role to play in ensuring that this expansion translates into real gains 

in crop productivity rather than into misapplied or substandard products on the shelf. 

Summary 

Ordinary micronutrient salts often fail to correct deficiency in Indian soils because as much as 85 to 90 per cent 

of soil applied zinc can be chemically fixed within weeks, particularly in alkaline and calcareous conditions. 

Chelated fertilizers overcome this by binding the metal ion within an organic ligand such as EDTA, DTPA or 

EDDHA, each suited to a different soil pH range, keeping the nutrient available for uptake over a longer period. 

Field trials confirm the benefit in practice: basal Zn-EDTA application raised rice grain yield by 37.5 per cent 

and straw yield by 43.1 per cent over the unfertilized control, and India's micronutrient fertilizer market, 

approaching one billion US dollars, reflects growing farmer adoption of these products. For best results, farmers 

should match the chelating agent to their soil pH, combine foliar spray for rapid correction with soil application 

for sustained effect, and verify that any product purchased meets Fertiliser Control Order specifications before 

use. 
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Abstract 

Climate variability, expressed through rising temperatures, erratic rainfall, more frequent drought, and extreme 

weather events, is progressively undermining crop productivity and farm stability across both rainfed and irrigated 

systems. This review synthesises peer reviewed evidence on agronomic strategies that help farms respond to and 

absorb these climatic shocks while maintaining or improving productivity. Conservation and zero tillage systems, 

deficit and scheduled irrigation, crop diversification and intercropping, drought tolerant and short duration 

varieties, agroforestry, and soil organic amendments such as biochar are examined as core components of climate 

responsive agronomy. Documented evidence indicates that no tillage systems can outyield conventional tillage 

by as much as forty three percent under water limited conditions, that combined water and soil conservation 

measures have raised sorghum yields several fold in dryland Africa, and that climate smart agricultural practices, 

taken together, have been associated with productivity gains near ten and a half percent and profitability gains 

near twenty nine percent across pooled global evidence. The review also considers the constraints that limit wider 

adoption of these practices, including cost, knowledge gaps, and weak extension and credit systems, and 

concludes with recommendations for policy and extension support to accelerate farmer level adoption of climate 

responsive agronomy. 

Keywords: Climate Resilient Agriculture, Conservation Tillage, Water Use Efficiency, Crop Diversification, 

Climate Smart Agriculture, Farm Productivity, Agroforestry 

1. Introduction 

gricultural production is fundamentally dependent on climatic conditions, and the intensifying variability 

associated with global climate change is now recognised as one of the most significant threats to farm 

productivity and food security worldwide. Rising average temperatures, shifting rainfall onset and duration, more 

frequent droughts, floods, and heatwaves are already reducing yields and destabilising production across many 

cropping systems, with smallholder farmers in tropical and subtropical regions among the most exposed and least 

able to absorb these shocks. 

 In response to these pressures, a substantial body of agronomic research has focused on developing and 

evaluating strategies that allow farms to maintain productivity under increasingly variable conditions. Rather than 

a single technology, climate responsive agronomy encompasses a set of complementary practices, spanning soil 

and tillage management, water use, crop and variety choice, and farm level diversification, that together improve 

the capacity of a farm to absorb climatic disturbance, recover from it, and continue producing food and income. 

These practices are frequently discussed under the closely related terms climate resilient agriculture and climate 

smart agriculture, both of which describe farming approaches explicitly designed to sustain productivity while 

adapting to, and where possible mitigating, climate change. 

 This review draws together recent peer reviewed literature on climate responsive agronomic strategies, 

summarises the documented evidence of their effect on productivity and resilience, and considers the practical 

and institutional barriers that continue to limit their adoption, with a view to informing researchers, extension 

specialists, and farm advisers seeking evidence based guidance for climate adaptation planning. 

2. Understanding Climate Related Risks to Farm Productivity 

Climate change affects farm productivity through several interacting pathways. Rising temperatures can shorten 

the grain filling period of many cereal crops, accelerate crop development, and increase evapotranspiration 

demand, while also raising the incidence of heat stress during sensitive reproductive stages. Altered rainfall 
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patterns, including delayed onset of the growing season, shorter effective rainy periods, and greater variability 

between and within seasons, disrupt planting decisions and increase the frequency of both drought and 

waterlogging within a single cropping cycle. These changes act not only directly on crop physiology but also 

indirectly, through soil moisture availability, soil temperature, relative humidity, and wind driven evaporative 

demand. 

 A recent global review of climate impacts on agricultural productivity concluded that these interacting 

stresses necessitate adjustments across multiple points in the farming system, including crop variety selection, 

sowing dates, planting density, and fertilisation timing, rather than reliance on any single adaptive measure. Farm 

level resilience, defined as the capacity of a farming system to recover, reorganise, and continue functioning 

following a climatic disturbance, has therefore become a central organising concept for agronomic research aimed 

at sustaining productivity under a changing climate. 

Figure 1. Conceptual framework linking climate stressors, agronomic response, and farm productivity 

outcomes, within a supportive enabling environment. 

3. Agronomic Strategies for Climate Resilience 

Table 1 summarises the principal agronomic strategies currently supported by peer reviewed evidence as effective 

components of climate responsive farming, along with their main mechanism of action and reported effect on 

productivity. These strategies are considered in more detail below. 

Table 1. Principal Agronomic Strategies for Climate Responsive Farming 

Agronomic Strategy Principal Mechanism Reported Effect on Productivity 

Conservation or zero 

tillage 

Reduced soil disturbance, residue 

retention, improved moisture 

conservation 

Yield gains of 5 to 43 percent over 

conventional tillage, depending on 

comparison system 

Deficit and scheduled 

irrigation 

Matches water supply to crop growth 

stage, reduces non productive water loss 

Maintains yield while reducing water input, 

improves water use efficiency 

Crop diversification 

and intercropping 

Spreads climatic risk across species, 

improves resource use complementarity 

Greater combined productivity than sole 

cropping under variable rainfall 

Drought tolerant and 

short duration varieties 

Escapes terminal drought, matches crop 

cycle to shortened rainy season 

Stabilised yield in low and erratic rainfall 

environments 

Agroforestry and 

integrated crop 

livestock systems 

Adds structural diversity, buffers 

microclimate, diversifies farm income 

Improved farm resilience through modularity 

and reserve capacity 

Soil organic 

amendments including 

biochar 

Improves soil structure, water and 

nutrient retention, reduces bulk density 

Reduced sandy soil bulk density and improved 

infiltration reported in field trials 

3.1 Conservation Tillage and Soil Management 

Conservation and zero tillage systems, in which soil disturbance is minimised and crop residues are retained on 

the surface, are among the most extensively documented agronomic strategies for improving climate resilience. 
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A systematic review synthesising more than one hundred fifty peer reviewed studies and over two hundred field 

observations found that zero tillage consistently improved soil structure, aggregate stability, organic matter 

content, and water use efficiency relative to conventional tillage, while also reducing erosion and greenhouse gas 

emissions associated with tillage operations. A recent fuzzy extent analysis comparing multiple tillage and 

irrigation combinations reported that no tillage produced yields five, thirty eight, and forty three percent higher 

than stubble mulching, deep tillage, and conventional tillage respectively, figures illustrated in Figure 2. 

 
Figure 2. Relative crop yield under no tillage compared with stubble mulching, deep tillage, and 

conventional tillage, expressed as an index with no tillage set to one hundred. 

 In lower input systems, minimum tillage has similarly been shown to conserve soil moisture, reduce 

evaporative loss, and stabilise yield during mid season dry spells, with the productivity benefit of adoption 

reported to increase with the length of time a farm has practised the technique. A field study on onion cultivation 

under conservation tillage in a vulnerable agroecosystem reported harvest index values of eighty three, eighty 

five, and eighty six percent under minimum, traditional, and permanent tillage treatments respectively, alongside 

improved water productivity, underscoring that the benefits of reduced tillage extend across a range of crop types 

beyond staple cereals. 

3.2 Water Management and Irrigation Scheduling 

Efficient water management is central to climate responsive agronomy, particularly in regions facing increasing 

rainfall variability and groundwater scarcity. Deficit irrigation, in which water application is deliberately reduced 

relative to full crop water demand at growth stages less sensitive to moisture stress, has been shown to maintain 

comparable yield to full irrigation while substantially reducing total water input, particularly when combined with 

reduced tillage. A study evaluating no tillage combined with deficit irrigation in intercropped maize found that 

the combination optimised the relationship between yield and water use, maintaining yield stability while 

lowering water requirements, through improved canopy photosynthesis and more efficient carbon assimilation 

during grain filling. 

 Complementary evidence from conservation tillage combined with sprinkler irrigation in maize and field 

pea cropping systems indicates that pairing reduced tillage with more precise, scheduled irrigation delivery further 

improves water productivity relative to conventional tillage under flood irrigation, supporting the case for 

considering tillage and irrigation choices jointly rather than in isolation when designing climate responsive 

cropping systems. 

3.3 Crop Diversification and Stress Tolerant Varieties 

Diversifying the crops grown on a farm, whether through intercropping, rotation, or the inclusion of multiple 

enterprises, spreads climatic risk across species with differing sensitivities and resource requirements. Evidence 

reviewed in a recent farm resilience study found that intercropping a legume with a cereal produced greater 

combined productivity than either crop grown alone, illustrating the resource use complementarity that underlies 
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much of the resilience benefit associated with diversified cropping. At the variety level, the adoption of drought 

tolerant and short duration crop varieties allows the crop cycle to be matched more closely to a shortened or 

delayed rainy season, reducing exposure to terminal drought during the reproductive stage that is most damaging 

to final yield. 

 A systematic review focused on dry region food systems identified crop diversification, alongside soil water 

conservation, irrigation, and the cultivation of naturally resilient crops such as sorghum, cowpea, and millet, as 

key resilient agricultural technologies suitable for arid and semi arid environments, with cultivation of these 

species regarded as an important option for improving yield stability and food availability in drought prone areas. 

3.4 Agroforestry and Integrated Farming Systems 

Agroforestry and integrated crop livestock systems add structural and enterprise diversity to a farm, buffering 

local microclimate and providing multiple, partially independent sources of farm income and feed. A systematic 

review of farm resilience attributes found that studies combining livestock and cropping activities, for example 

through increased stocking density, feed production, or crop diversity to support feed quality, tended to increase 

and stabilise farm profitability more effectively than single enterprise systems, particularly among smallholder 

farms, which in the reviewed literature combined a greater number of resilience enhancing attributes than larger, 

non smallholder operations. 

 Soil organic amendments, including biochar derived from woody feedstock, represent a further agronomic 

tool with documented climate adaptation value. Field evidence indicates that biochar application can reduce bulk 

density in sandy soils, improve water and nutrient retention, and moderate soil pH, collectively improving the 

capacity of degraded or low fertility soils to support crop growth under increasingly erratic rainfall. 

4. Evidence of Productivity and Profitability Gains from Climate Smart Agriculture  

Beyond individual practices, a growing body of pooled evidence quantifies the aggregate productivity and 

profitability effect of climate smart agricultural adoption. A systematic literature review of SCOPUS indexed 

studies published between 2015 and 2024 found that climate smart agriculture practices, considered collectively, 

enhanced productivity by an average of ten and a half percent and profitability by an average of twenty nine and 

a half percent across the reviewed evidence base, though the same review noted that financial constraints and 

inadequate infrastructure continue to limit the scale of adoption in many farming contexts. 

 Complementary evidence from dryland Africa illustrates the scale of productivity gain achievable when 

water and soil conservation measures are combined with a well suited crop. Sorghum yield rose from 

approximately two hundred to eleven hundred forty kilograms per hectare in Zimbabwe, and from approximately 

two hundred fifty to five thousand six hundred seventy five kilograms per hectare in Kenya, following the 

introduction of combined water management and soil conservation practices in low rainfall areas, figures 

summarised alongside the pooled climate smart agriculture evidence in Figure 3. 

 

Figure 3. Documented productivity gains from climate smart and conservation agronomic practices, 

drawn from a pooled global systematic review and from dryland case evidence in Zimbabwe and Kenya. 
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5. Documented Outcomes Across Regions and Farming Systems 

Table 2 draws together documented, quantitative outcomes from the studies discussed above, illustrating that 

climate responsive agronomic strategies have delivered measurable productivity gains across a range of regions, 

crops, and farming contexts, from smallholder dryland systems in sub Saharan Africa to irrigated vegetable and 

cereal systems in South Asia. 

Table 2. Documented Productivity Outcomes from Selected Studies 

Region Practice Evaluated Documented Outcome Illustrative Source 

Zimbabwe Combined water and soil 

conservation with sorghum 

Yield rose from about 200 to 

1140 kilograms per hectare 

Systematic review, dry 

region CRA practices 

Kenya Combined water and soil 

conservation with sorghum 

Yield rose from about 250 to 

5675 kilograms per hectare 

Systematic review, dry 

region CRA practices 

Global, multi 

country 

Climate smart agriculture 

practices, pooled evidence 

Productivity up by 10.5 

percent, profitability up by 

29.4 percent 

SCOPUS systematic 

review 2015 to 2024 

Bangladesh Minimum tillage in onion 

cultivation 

Improved water productivity 

index and harvest index 

across tillage levels 

PMC, conservation tillage 

onion study 

Multiple, semi 

arid 

No tillage compared with 

stubble mulching and deep 

till age 

No tillage yield exceeded 

comparison systems by 5 to 

43 percent 

Scientific Reports, fuzzy 

extent analysis study 

6. Barriers to Adoption 

Despite the documented productivity and resilience benefits of climate responsive agronomy, adoption among 

farmers, particularly smallholders in resource constrained settings, remains uneven. Frequently cited constraints 

include the high initial cost of accessing weather information and climate resilient inputs, inadequate access to 

credit and financing for new equipment or practices, and limited availability of extension support to guide farmers 

through the transition from conventional to conservation based systems. A study of traditional adaptation practices 

identified climate induced drought and the high cost of accessing weather information as key constraints, 

alongside inadequate funding, echoing similar barriers reported in reviews of climate smart agriculture adoption 

more broadly. 

 Social and institutional factors also shape adoption patterns. A systematic review of interventions targeting 

women farmers found that unequal access to land, credit, and extension services can restrict the ability of an 

important share of the farming population to adopt climate smart practices, even where such practices are 

agronomically well suited to local conditions. Addressing these equity dimensions, alongside the technical and 

financial barriers, is therefore an important component of any strategy aimed at scaling climate responsive 

agronomy. 

7. Policy and Extension Recommendations 

The reviewed evidence points to several priorities for policy and extension programming. Continued investment 

in farmer facing extension and capacity building is essential, since the reviewed literature consistently highlights 

continuous learning, demonstration plots, and progress monitoring as important contributors to sustained adoption 

of new agronomic practices. Expanding access to credit and targeted financing for climate resilient infrastructure 

and inputs would help address the cost barriers identified across multiple studies, while investment in accessible, 

localised weather and climate information services would reduce a further commonly cited constraint to informed 

decision making. 

 Policy support should also recognise the value of combining practices rather than promoting single 

interventions in isolation. The evidence reviewed here indicates that tillage, irrigation, crop choice, and 

diversification strategies interact, and that their combined effect on productivity and resilience typically exceeds 

what any one practice can achieve alone. Finally, given the documented importance of indigenous knowledge 

alongside modern scientific practice, extension and research programming should be designed collaboratively 

with farming communities, integrating local experience with evidence based agronomic recommendations to 

support durable, locally appropriate adoption. 
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8. Conclusion 

Climate responsive agronomic strategies, spanning conservation tillage, efficient water management, crop 

diversification, stress tolerant varieties, agroforestry, and soil health interventions, offer a well evidenced pathway 

toward sustaining and improving farm productivity under an increasingly variable climate. Peer reviewed 

evidence demonstrates that these strategies, whether evaluated individually or in combination, can deliver 

substantial and in some cases transformative gains in yield, water use efficiency, and farm profitability, 

particularly when adapted to local agroecological and socioeconomic conditions. Realising these benefits at scale 

will require sustained investment in extension, credit access, climate information services, and participatory 

research that combines scientific evidence with farmer knowledge, ensuring that climate responsive agronomy 

becomes accessible not only to well resourced commercial farms but also to the smallholder producers who 

remain most exposed to climatic risk. 
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Abstract 

Conventional plant breeding, based primarily on phenotypic selection across successive generations, has 

contributed substantially to global crop improvement but is often constrained by long breeding cycles, 

environmental influences on trait expression, limited heritability of complex traits, and the difficulty of accurately 

selecting superior genotypes for polygenic characteristics. Functional genomics, which investigates how genome 

sequence, gene expression, protein function, and regulatory networks collectively determine plant phenotype, has 

transformed modern crop improvement by providing precise molecular tools that accelerate genetic gain and 

enhance breeding efficiency. This review examines the integration of whole genome sequencing, transcriptomics, 

genome wide association studies (GWAS), marker assisted selection (MAS), genomic selection (GS), CRISPR 

Cas genome editing, and high throughput phenotyping (HTP) into contemporary plant breeding programmes. 

Recent studies demonstrate that genomic selection enables early identification of superior breeding lines before 

phenotypic evaluation, with prediction accuracies approaching 0.70 and relative efficiency gains of up to 2.6 fold 

over conventional selection in irrigated rice. Likewise, CRISPR Cas9 has successfully enhanced important 

agronomic and nutritional traits, including substantial increases in beta carotene content in rice and banana, 

elevated gamma aminobutyric acid content in tomato, and improved grain yield under drought conditions in 

maize. When integrated with speed breeding, genomics assisted breeding pipelines can reduce cultivar 

development time from more than a decade to as little as two to four years, greatly accelerating the delivery of 

improved varieties. Despite these advances, several challenges remain, including the phenotyping bottleneck, the 

high cost of genomic technologies, regulatory and public acceptance issues associated with genome editing, and 

the potential reduction of genetic diversity under intensive genomic selection. The review concludes that future 

progress in crop improvement will depend on integrating functional genomics with advanced phenotyping, 

artificial intelligence, bioinformatics, and data driven breeding strategies to bridge the persistent gap between 

genotype and phenotype and develop climate resilient, high yielding, and nutritionally superior crop varieties. 

Keywords: CRISPR Cas9, Functional genomics, Genome wide association studies, Genomic selection, High 

throughput phenotyping. 

1. Introduction 

lant breeding has always been the process of transforming hidden genetic variation into improved and 

desirable crop traits. For much of the twentieth century, this process relied almost entirely on phenotypic 

selection, in which large breeding populations were evaluated under field conditions and superior plants were 

selected as parents for the next generation. This conventional approach laid the foundation for remarkable 

advances in global agriculture, including the development of high yielding cultivars that drove the Green 

Revolution. However, it remains inherently slow and resource intensive because many economically important 

traits, such as grain yield, drought tolerance, disease resistance, and nutritional quality, are controlled by numerous 

genes with small individual effects, are strongly influenced by environmental conditions, and often cannot be 

accurately evaluated until later stages of plant development or across multiple growing seasons. 

 Functional genomics has transformed this paradigm by enabling breeders to investigate the molecular basis 

of complex traits rather than relying solely on observable plant characteristics. It explores how genome sequence, 

gene expression, protein function, and regulatory networks interact to determine phenotype, allowing genetic 

variation to be identified and utilized with much greater precision. Instead of inferring breeding value exclusively 

from field performance, functional genomics enables the direct identification of genes, quantitative trait loci, 

P 

Integrating Functional Genomics into Contemporary Plant 

Breeding 

Sachin Prakash 

M.Sc. (Genetics & Plant Breeding), 

Genetics and Breeding Division, Graphic Era Hill University, Dehradun 



 

Page | 52  

 

 

 

 
Volume-02, Issue-10 AUGUST 2026 

 

 

molecular markers, and regulatory pathways associated with target traits. This molecular understanding provides 

breeders with powerful tools for improving selection accuracy, accelerating genetic gain, and shortening breeding 

cycles. 

 Over the past decade, rapid advances in next generation sequencing, whole genome sequencing, 

transcriptomics, genome wide association studies (GWAS), marker assisted selection (MAS), genomic selection 

(GS), high throughput phenotyping (HTP), and CRISPR Cas based genome editing have moved functional 

genomics from research laboratories into practical crop improvement programmes for rice, wheat, maize, 

soybean, chickpea, tomato, and many other economically important crops. The integration of these technologies 

has fundamentally changed plant breeding by enabling early selection of superior genotypes, precise identification 

of genes controlling complex traits, and targeted modification of desirable alleles. Furthermore, combining 

genomics assisted breeding with speed breeding has substantially reduced the time required to develop improved 

cultivars, allowing breeders to respond more rapidly to emerging challenges such as climate change, evolving 

pests and diseases, and increasing food demand. 

 Despite these remarkable advances, several scientific and practical challenges continue to limit the full 

realization of functional genomics in crop improvement. The accurate measurement of complex phenotypes 

remains a major bottleneck, while the high cost of advanced genomic technologies, the computational demands 

of large scale genomic datasets, regulatory uncertainties surrounding genome edited crops, and concerns about 

maintaining genetic diversity continue to influence their widespread adoption. Consequently, future progress in 

plant breeding will depend on the effective integration of functional genomics with advanced phenotyping, 

bioinformatics, artificial intelligence, and data driven breeding strategies. 

 This article reviews the major functional genomics approaches currently integrated into modern plant 

breeding programmes, evaluates their contributions to improving selection accuracy, accelerating genetic gain, 

and shortening breeding cycles, and discusses the key scientific, technical, and regulatory challenges that must 

be addressed to fully harness their potential for developing high yielding, climate resilient, and nutritionally 

enhanced crop varieties. 

2. Core Functional Genomics Tools in Plant Breeding 

The modern breeding pipeline can be understood as a sequence-to-cultivar cycle in which each stage of the 

process from raw genome sequence through to a validated, released variety ð draws on a distinct functional 

genomics tool. Table 1 summarises the principal tools used at each stage. 

Table 1. Functional genomics tools and their principal application in plant breeding 

Functional Genomics Tool Primary Breeding Application Representative Output 

Genome & transcriptome 

sequencing (NGS/GBS) 

Discovery of genome-wide SNPs and 

reference/pan-genome assembly for 

diverse germplasm 

SNP marker sets, pan-genome 

assemblies 

GWAS and QTL mapping Statistical association of genomic regions 

with quantitative agronomic traits 

Trait-linked loci, candidate gene 

lists 

Functional markers & 

TILLING  

Direct, gene-based markers tightly linked 

to phenotype for marker-assisted 

selection 

Gene-specific diagnostic markers 

Genomic selection (GS) 

models 

Genome-wide prediction of breeding 

value for complex, polygenic traits 

without full phenotyping 

Genomic estimated breeding 

values (GEBVs) 

CRISPR/Cas9 genome 

editing 

Targeted knockout, knock-in, base and 

prime editing of genes underlying key 

traits 

Edited lines with altered trait 

expression 

High-throughput 

phenotyping (HTP) 

Rapid, image- and sensor-based capture 

of large-scale phenotypic data to link with 

genotype 

Digital trait measurements (i-

traits) 
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2.1 Genome and Transcriptome Sequencing 

The falling cost of next-generation sequencing (NGS) has made whole-genome and reduced-representation 

sequencing routine in breeding programmes. Genotyping-by-sequencing (GBS), which combines restriction-

enzyme digestion of genomic DNA with barcoded, multiplexed sequencing, has become a particularly cost-

effective route to genome-wide single nucleotide polymorphism (SNP) discovery, and has been described as an 

ultimate marker-assisted selection tool because it simultaneously discovers and genotypes markers across large 

populations. RNA sequencing complements this by revealing which genes are actively transcribed under stress 

or non-stress conditions, allowing candidate genes for traits such as drought or disease tolerance to be identified 

from differential expression patterns rather than from sequence variation alone. 

2.2 Genome-Wide Association Studies and QTL Mapping 

Genome-wide association studies (GWAS) statistically test the association between genome-wide markers and a 

trait of interest across a diverse population, exploiting linkage disequilibrium to localise the genomic regions 

underlying quantitative trait variation. GWAS has become a viable alternative to traditional quantitative trait locus 

(QTL) mapping because it can draw on much larger, more diverse germplasm collections, and larger and more 

diverse sample sets in turn increase the power to detect real trait associations. 

2.3 Functional Markers and Marker-Assisted Selection 

Functional markers are derived directly from the polymorphic, functional motif of a gene itself, rather than from 

an anonymous, linked genomic position. Because a functional marker retains a close association with the causal 

variant even after recombination, it can substantially increase the efficiency of marker-assisted selection 

compared with markers merely linked to a trait locus. Molecular marker-assisted selection more broadly has 

considerably shortened the time needed to bring new crop varieties to market by allowing breeders to select for a 

target gene directly from a DNA sample rather than waiting for the corresponding phenotype to appear in the 

field. 

2.4 Genomic Selection 

Genomic selection (GS) differs from marker-assisted selection in a fundamental way: rather than identifying and 

selecting individual loci significantly associated with a trait, GS uses all available genome-wide marker data 

simultaneously as predictors of performance, generating a genomic estimated breeding value (GEBV) for each 

candidate line. This whole-genome approach is particularly suited to complex traits controlled by many genes of 

small effect, for which conventional marker-assisted selection has historically been ineffective. Because GEBVs 

can be calculated from genotype data alone, without waiting for a candidate line's own phenotype to be measured, 

genomic selection allows breeders to select parents for the next breeding cycle at the seedling stage, compressing 

multiple cycles of genomic selection into the time conventionally required for a single cycle of phenotypic 

selection. 

2.5 CRISPR/Cas9 Genome Editing 

CRISPR/Cas9 genome editing allows breeders to move beyond selecting among existing genetic variation to 

introducing precise, targeted changes directly into a gene of interest. The technology has been applied across 

staple and horticultural crops to knock out susceptibility genes, correct deleterious point mutations, and fine-tune 

the expression of genes governing yield, nutritional content, and stress tolerance. Newer variants such as base 

editing and prime editing extend this precision further: prime editing, which combines Cas9 with a reverse 

transcriptase, has been reported to have the potential to correct the great majority of known small genetic variants 

without introducing a double-strand break, reducing the unintended structural changes associated with earlier 

editing approaches. 

2.6 High-Throughput Phenotyping 

Every genomic tool above depends, at some stage, on being calibrated against real phenotypic measurements, and 

the acquisition of large-scale, high-quality phenotypic data has become one of the principal bottlenecks 

constraining both breeding and functional genomics research. High-throughput phenotyping (HTP) addresses this 

bottleneck using imaging, spectral, and other sensor-based platforms ð ground-based, greenhouse, and UAV-

borne ð to capture traits such as plant height, canopy temperature, and biomass automatically and at scale, 

generating the dense phenotypic datasets that genomic prediction models require. 
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3. Impacts on Selection Accuracy and Trait Improvement 

The central promise of functional genomics in breeding is that genetic merit can be estimated more accurately, 

and earlier in a plant's life cycle, than phenotypic selection alone allows. The evidence for this promise is clearest 

in genomic selection. In an evaluation of irrigated rice breeding at the Bangladesh Rice Research Institute, 

genomic selection combined with trait-specific marker-assisted selection at early generations achieved prediction 

accuracies of 0.454 to 0.701 and a relative selection efficiency of 0.989 to 2.623 over conventional phenotypic 

selection across four consecutive breeding years. In cassava, genomic prediction accuracy varied considerably by 

scenario ð high within a breeding population but markedly lower, averaging around 0.18, when predicting across 

populations ð underscoring that the size, composition, and relatedness of the training population used to build a 

genomic prediction model is often as important as the choice of statistical model itself. 

CRISPR/Cas9 genome editing has, in parallel, delivered large, trait-specific gains that would be difficult to 

achieve through recombination-based breeding alone within a comparable timeframe. Reported outcomes include 

a six-fold increase in beta-carotene content in edited rice and banana, a fifteen-fold increase in gamma-

aminobutyric acid (GABA) content in tomato, and an approximately five percent yield improvement in drought-

stressed maize. Figure 2 summarises these reported trait-level gains. 

 
Figure 1. Reported trait-level gains from CRISPR/Cas9 genome editing across three crop traits, expressed as 

fold-change relative to non-edited controls. Compiled from published crop biotechnology reviews. 

 Beyond single-trait gains, the literature emphasises that genomic selection's largest benefit often comes not 

from any single cycle's accuracy but from its combination with generation-shortening technologies. Because 

genomic selection allows parents to be chosen from their genotype alone, breeding programmes have been able 

to run genomic-selection-based cycles inside the same span of time that a single cycle of conventional phenotypic 

selection would require, meaningfully raising the rate of genetic gain achieved per year rather than per generation. 

4. The Functional Genomics Breeding Cycle 

As with other genomics-enabled disciplines, the value of individual functional genomics tools is realised only 

when they are linked into a continuous pipeline. Figure 1 depicts this pipeline as six linked stages: sequencing 

and annotation (building reference genomes and transcriptomes for diverse germplasm), discovery (GWAS and 

QTL mapping to associate genomic regions with traits), validation (functional markers and TILLING to confirm 

gene-trait relationships), prediction (genomic selection models estimating breeding values genome-wide), 

selection and editing (marker-assisted selection and CRISPR/Cas9 editing to act on validated targets), and 

deployment and evaluation (multi-location field trials culminating in cultivar release, which in turn generates new 

phenotypic data to refine the next cycle). 
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Figure 2. The functional genomics breeding cycle, linking genome sequencing through to cultivar 

deployment and season-on-season feedback. 

 This cyclical framing highlights why functional genomics tools are most powerful in combination rather 

than in isolation: a genomic selection model is only as good as the training population's phenotypic data behind 

it, and a CRISPR-edited line is only as valuable as the field evaluation that confirms its edited trait performs as 

intended under real growing conditions. 

5. Representative Applications 

5.1 Disease and Pest Resistance Breeding 

Marker-assisted backcrossing, guided by functional markers tightly linked to resistance genes, has been used 

extensively to introgress single-gene resistance traits into elite cultivar backgrounds while minimising the linkage 

drag associated with traditional backcrossing. CRISPR/Cas9 has extended this further by allowing susceptibility 

genes ð those a pathogen exploits to infect the plant ð to be knocked out directly, or resistance genes to be 

introduced or fine-tuned, offering an additional route to durable resistance in crops such as rice, wheat, and 

tomato. 

5.2 Abiotic Stress Tolerance 

Functional genomics has substantially improved the basic understanding of drought, heat, and salinity tolerance 

mechanisms, which in turn has fed directly into genomics-assisted breeding pipelines seeking to improve stress 

resilience without sacrificing yield potential under favourable conditions. 

5.3 Nutritional Quality and Biofortification  

Genome editing has been applied to modify metabolic pathways governing nutritionally important compounds, 

with documented increases in provitamin A precursors and other beneficial metabolites in staple and horticultural 

crops, offering a route to biofortified varieties that does not depend on introducing foreign DNA. 
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5.4 Genomic Selection for Complex Yield and Quality Traits 

Because yield and end-use quality traits are typically governed by many genes of small effect and are costly or 

slow to phenotype, they are the traits for which genomic selection offers the clearest advantage over both 

phenotypic selection and single-locus marker-assisted selection, particularly when integrated with multi-

environment trial data to capture genotype-by-environment interaction. 

6. Breeding-Cycle Acceleration and Remaining Challenges 

Conventional breeding, for most crop plants, takes more than a decade from the initial cross to the release of a 

new cultivar, in large part because achieving a stable, homozygous line typically requires four to six successive 

generations, on top of multiple years of replicated, multi-location field testing. Because most crops complete only 

one to two generations per year under normal field or glasshouse conditions, this generation requirement is itself 

the principal bottleneck. Speed breeding techniques ð which manipulate photoperiod, light quality, and 

temperature in controlled environments to accelerate flowering and seed set ð have been shown to achieve three 

to nine generations per year, and when combined with genomic selection for early, genotype-based parent 

selection, can compress the cultivar development timeline dramatically: in pigeonpea, an optimised speed-

breeding and genotyping protocol reduced a conventional seven-year breeding cycle to two to four years. Figure 

3 summarises these reported gains in generation turnover and overall cultivar development time. 

 
Figure 3. Acceleration of generation turnover (panel A) and overall cultivar development time (panel B) 

achieved by combining speed breeding with genomic selection, relative to conventional breeding. 

Compiled from published speed-breeding and genomic selection studies. 

 Despite these gains, three challenges recur across the literature. The first is the phenotyping bottleneck: 

acquiring accurate, large-scale phenotypic data remains a major constraint on both breeding and functional 

genomics research, since the genomic tools described above are only as informative as the phenotypic data used 

to train and validate them. The second is a decline in genomic prediction accuracy over successive breeding cycles 

and across populations, driven by a shrinking effective population size and by training populations that are not 

regularly updated to remain representative of the breeding population under active selection ð a dynamic that 

also accelerates the loss of genetic diversity under intensive genomic selection. The third is practical and 

regulatory: most CRISPR-edited crops remain confined to laboratory or controlled-environment trials rather than 

commercial farms, and access to genome-editing biotechnology and the associated infrastructure remains limited 

in many low-resource regions, constraining who benefits from these advances. 

7. Conclusion 

Functional genomics has reshaped plant breeding from a discipline built primarily on observing phenotypes to 

one that can, to a substantial and growing degree, read genetic merit directly from DNA sequence and gene 

expression. The evidence reviewed here shows measurable gains in selection accuracy through genomic selection, 
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precise trait-level improvements through CRISPR/Cas9 editing, and dramatic reductions in cultivar development 

time when these tools are combined with speed breeding. At the same time, the persistence of the phenotyping 

bottleneck, the decline of prediction accuracy across generations and populations, and uneven access to genome-

editing infrastructure mean that the full productivity gains documented in research settings have not yet been 

captured uniformly across global breeding programmes. Bridging that remaining gap will depend on sustained 

investment in high-throughput phenotyping infrastructure and training population design, as much as on further 

advances in sequencing or editing technology themselves. 
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Abstract 

Conventional physicochemical methods for treating polluted water, including chemical precipitation, ion 

exchange and membrane filtration, remain effective but carry high energy costs, generate secondary waste and 

struggle to keep pace with the growing diversity of pollutants entering wastewater streams. Microalgae offer a 

biological alternative that addresses three major pollutant classes simultaneously: heavy metals, through 

biosorption and bioaccumulation; excess nitrogen and phosphorus, through direct nutrient assimilation into 

biomass; and organic pollutants such as dyes and pharmaceutical residues, through enzymatic biodegradation. 

Documented removal efficiencies are substantial across all three categories, with individual species removing 

more than 95 per cent of certain heavy metals, up to 95 per cent of nitrogen and 93 per cent of phosphorus under 

optimized photobioreactor conditions, and 60 to 98 per cent of dyes and pesticides in textile effluent studies. 

Beyond pollutant removal, the harvested microalgal biomass itself carries recoverable value as feedstock for 

biofuel, biofertilizer and animal feed, offering a circular alternative to conventional treatment sludge that must 

otherwise be disposed of as waste. This paper reviews the mechanisms by which microalgae remediate heavy 

metals, nutrients and organic pollutants, summarizes documented removal efficiencies across microalgal species 

and system types, and discusses the practical factors and current limitations that determine whether this 

technology performs at laboratory scale or translates successfully to full scale wastewater treatment. 

Keywords: Biosorption, Heavy metal removal, Nutrient removal, Phycoremediation, Wastewater treatment 

1. Introduction 

ndustrial, agricultural and domestic activity discharges an increasingly complex mixture of pollutants into 

water bodies, ranging from heavy metals and excess nutrients to synthetic dyes, pesticides and pharmaceutical 

residues. Conventional wastewater treatment, built primarily around physical settling and chemical or biological 

oxidation of organic matter, was not designed with this full pollutant mixture in mind, and secondary treated 

effluent frequently still carries substantial nitrogen, phosphorus, heavy metals and refractory organic compounds 

into receiving water bodies, contributing to eutrophication and long-term ecological harm. 

 Microalgae have emerged as a biological treatment option capable of addressing several of these pollutant 

classes within a single cultivation system, an approach commonly termed phycoremediation. Because microalgae 

are photosynthetic, they can be cultivated using little more than sunlight, carbon dioxide and the nutrients already 

present in the wastewater itself, converting a treatment cost into a biomass production opportunity. This paper 

reviews the mechanisms through which microalgae remove pollutants, the documented removal efficiencies for 

heavy metals, nutrients and organic pollutants, the practical factors that determine treatment performance, and the 

current limitations that stand between promising laboratory results and reliable full-scale deployment. 

2. Mechanisms of Microalgal Bioremediation 

Microalgae remove pollutants through three broad, sometimes overlapping mechanisms (Figure 1). Biosorption 

is a rapid, largely passive process in which metal ions bind to functional groups, particularly carboxyl and amino 

groups, present on the algal cell wall, a mechanism that dominates heavy metal removal in the first hours of 

contact and does not require the cell to be metabolically active. Bioaccumulation follows a slower, energy 

dependent path in which the organism actively transports metal ions or other compounds across the cell membrane 

and sequesters them within intracellular compartments, a process that continues over the growth cycle of the 

culture. Biodegradation, most relevant to organic pollutants such as dyes, pesticides and pharmaceutical residues, 

involves the enzymatic breakdown of the pollutant molecule into simpler, generally less toxic compounds, 

sometimes as a direct nutrient source for the alga and sometimes as a detoxification response. In practice, a single 
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treatment system typically draws on more than one of these mechanisms concurrently, and their relative 

contribution shifts with pollutant type, concentration and exposure duration. 

 
Fig. 1. Mechanisms of microalgal bioremediation 

3. Heavy Metal Removal by Microalgae 

Multiple microalgal genera have demonstrated strong, well documented heavy metal removal capacity (Table 1, 

Figure 2). Scenedesmus obliquus has been shown to remove more than 95 per cent of cadmium at low initial 

concentrations, with removal efficiency declining to about 70 per cent as concentration rises, and separately to 

achieve around 95 per cent removal of copper, reinforcing its standing as one of the more metal tolerant and metal 

efficient genera studied. Chlorella vulgaris and Chlamydomonas reinhardtii have both demonstrated removal 

efficiencies above 95 per cent for thallium, a less commonly studied but highly toxic metal, at concentrations of 

500 milligrams per litre. Co-cultivation has also shown promise: Chlorella preniodisa grown together with 

Scenedesmus obliquus achieved copper and zinc removal exceeding 70 per cent after 192 hours of exposure. Not 

every species performs as strongly across all metals, however; Scenedesmus incrassatulus removed a 

comparatively wide range of 25 to 78 per cent across chromium, cadmium and copper, illustrating that removal 

efficiency depends heavily on the specific metal, species and exposure conditions involved rather than following 

a single universal figure. 

Table 1. Heavy metal removal efficiency of selected microalgae species 

Species Metal(s) Removal efficiency 

Scenedesmus obliquus Cadmium Greater than 95% at low concentration, about 70% at 

higher concentration 

Scenedesmus obliquus Copper About 95% 

Chlorella vulgaris Thallium 96% at 500 mg per litre 

Chlamydomonas reinhardtii Thallium 95% at 500 mg per litre 

Chlorella preniodisa and 

Scenedesmus obliquus (co-culture) 

Copper and zinc Greater than 70% after 192 hours 

Scenedesmus incrassatulus Chromium, 

cadmium and copper 

25 to 78%, depending on the metal 

Source: Compiled from Microorganisms, 2025; Water (MDPI), 2024; and Letters in Applied Microbiology, 

2022. 
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Fig. 2. Heavy metal removal efficiency of selected microalgae species 

4. Nutrient Removal: Nitrogen and Phosphorus 

Nutrient assimilation is arguably the most consistently effective function of microalgae in wastewater treatment, 

since nitrogen and phosphorus are essential growth requirements that the organism draws from the surrounding 

medium as a matter of course rather than as a specialized detoxification response (Table 2, Figure 3). Comparative 

trials with Chlorella vulgaris, Scenedesmus obliquus and Nannochloropsis sp. cultivated in closed 

photobioreactors achieved removal efficiencies of up to 95 per cent for nitrogen and 93 per cent for phosphorus, 

consistently outperforming open pond systems operated under otherwise similar conditions, though open ponds 

remain attractive for their substantially lower operating cost. In wastewater with a more complex pollutant load, 

a microalgae bacteria consortium treating pig farming effluent removed close to 87 per cent of total nitrogen and 

approximately 70 per cent of orthophosphate alongside 77 per cent of chemical oxygen demand, demonstrating 

that nutrient removal performance holds up reasonably well even in nutrient rich, organically loaded effluent 

rather than only in controlled synthetic media. Under optimized conditions specifically tuned for municipal 

wastewater, combined nitrogen and phosphorus removal efficiencies of 96 to nearly 100 per cent have been 

reported, alongside meaningful simultaneous carbon dioxide fixation, underscoring the technology's dual water 

treatment and carbon capture potential. 

Table 2. Nutrient and organic pollutant removal across microalgae-based systems 

System Pollutant Removal efficiency 

Closed photobioreactor, Chlorella vulgaris Nitrogen Up to 95% 

Closed photobioreactor, Chlorella vulgaris Phosphorus Up to 93% 

Microalgae-bacteria consortium, pig farm 

effluent 

Total nitrogen About 87% 

Optimized municipal wastewater 

cultivation 

Nitrogen and phosphorus 

combined 

96 to 99.6% 

Chlorella vulgaris, textile mono-azo dye 

effluent 

Dye colour 63 to 69% over 10 days 

General range across textile wastewater 

studies 

Dyes and pesticides 60 to 98% 

Source: Compiled from Water, Air, & Soil Pollution, 2026; PMC, 2024; Water (MDPI), 2025; and Frontiers in 

Analytical Science, 2024. 
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Fig. 3. Nutrient removal efficiency across microalgae-based treatment systems 

5. Organic Pollutant Removal 

Beyond metals and nutrients, microalgae have shown meaningful capacity to remove or degrade organic 

pollutants, including synthetic dyes, pesticide residues and pharmaceutical compounds, that conventional 

secondary treatment frequently allows to pass through largely intact. Chlorella vulgaris cultivated in textile 

wastewater containing the mono-azo dye Supranol Red 3BW removed 63 to 69 per cent of colour over a ten day 

culture period, converting the dye in part to aniline derivatives through enzymatic action. Across a broader set of 

textile wastewater studies, microalgae have been documented to reduce dye and pesticide concentrations by 60 

to 98 per cent, alongside emerging contaminant removal of 40 to 95 per cent depending on the specific compound 

and treatment configuration. Pharmaceutical compound removal is comparatively more variable, ranging from 

about 10 to 100 per cent depending on the specific compound, its chemical stability and the treatment method 

applied, reflecting the wide diversity of pharmaceutical chemistries now found in wastewater rather than any 

inherent limitation unique to microalgal treatment. 

6. Factors Influencing Removal Efficiency 

Treatment performance is not fixed to a species or pollutant alone; it responds strongly to system design and 

operating conditions. Closed photobioreactors consistently outperform open pond systems for both nutrient and 

heavy metal removal, since controlled light, temperature and mixing sustain higher, more consistent biomass 

density, though this performance advantage comes at meaningfully higher capital and operating cost, a trade-off 

that shapes which system suits a given treatment context. Co-cultivating microalgae with select bacteria has 

repeatedly improved removal outcomes beyond what either organism achieves alone, since bacterial metabolism 

of organic matter can complement algal nutrient and metal uptake within the same system. pH, temperature, light 

intensity and initial pollutant concentration all influence both the rate and the ceiling of removal efficiency, which 

is why reported removal percentages for the same species can vary considerably across different studies; a 

removal efficiency measured at a low pollutant concentration in a controlled laboratory culture should not 

automatically be assumed to hold at the higher, more variable concentrations typical of real industrial effluent. 

7. Integration with Resource Recovery 

A distinguishing advantage of microalgal bioremediation over many conventional treatment methods is that the 

biomass generated during treatment is not simply waste requiring further disposal but a recoverable resource in 

its own right (Figure 4). Harvested microalgal biomass has established value as feedstock for biodiesel production, 

given its lipid content and the well developed transesterification pathway from algal oil to biodiesel, as well as 

for biofertilizer, biochar and animal feed applications, depending on the pollutant load the biomass has 
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accumulated and the regulatory constraints that load imposes on downstream use. This combination of pollutant 

removal and resource recovery is what underlies the description of microalgal treatment as a dual role technology, 

simultaneously cleaning wastewater and producing a marketable product, a combination that materially improves 

the economics of adoption relative to treatment methods that offer pollutant removal alone. 

 
Fig. 4. Integrated microalgal bioremediation and resource recovery pathway 

8. Practical Considerations and Limitations 

Despite strong laboratory and pilot scale results, several practical constraints limit the current reach of microalgal 

bioremediation. Harvesting microalgal biomass from dilute culture remains energy and cost intensive relative to 

the value of the biomass recovered, and this harvesting step is frequently identified as the single largest barrier to 

economic viability at full scale. Removal efficiency measured under controlled, single pollutant laboratory 

conditions does not always transfer directly to real effluent, which typically carries a variable, multi pollutant 

mixture alongside fluctuating temperature, pH and flow rate. Where biomass has accumulated heavy metals or 

persistent organic pollutants during treatment, its suitability for downstream uses such as animal feed becomes 

correspondingly restricted, and disposal or further processing of contaminated biomass must be planned for rather 

than assumed away. None of these constraints undermine the underlying technology, but they do mean that 

translating a promising laboratory removal percentage into a reliable, economically sound full scale treatment 

system requires site specific engineering and testing rather than a simple scale up of laboratory conditions. 

9. Conclusion 

Microalgae offer a biologically grounded, resource generating alternative to conventional physicochemical 

treatment for a genuinely broad range of pollutants, spanning heavy metals, excess nutrients and organic 

contaminants within a single cultivation system. Documented removal efficiencies, frequently exceeding 90 per 

cent for specific metal and nutrient combinations and reaching 60 to 98 per cent for dyes and pesticides, 

demonstrate that the underlying biology is well established and repeatedly reproducible across species and studies. 

What remains is the engineering and economic work of harvesting, scale up and multi pollutant validation needed 

to move this technology from a well proven laboratory and pilot scale approach into routine, cost competitive 

practice at the scale that industrial and municipal wastewater treatment actually demands. 
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Abstract 

Precision Livestock Farming (PLF) is emerging as a transformative paradigm in animal husbandry, using 

continuous, automated, and real-time monitoring to manage the health, welfare, production, and reproduction of 

individual animals. Building on the concepts of precision agriculture, PLF integrates wearable and fixed sensors, 

computer vision, acoustic monitoring, the Internet of Things (IoT), and artificial intelligence (AI) to convert raw 

biological and behavioural signals into actionable health information. This article reviews the principal smart 

technologies used for animal health monitoring, including accelerometer-based wearables, infrared 

thermography, in-line milk analysers, acoustic sensors, and machine-vision systems, and examines how they are 

applied to detect conditions such as mastitis, lameness, foot-and-mouth disease, lumpy skin disease, ketosis, and 

reproductive disorders. Evidence from recent scientometric and systematic reviews indicates that inertial sensors 

and image-based systems dominate current research, with machine learning increasingly replacing simple 

threshold-based classification. The article further discusses the benefits of PLF for early disease detection, 

reduced antimicrobial use, and improved productivity, alongside persistent challenges of cost, connectivity, data 

standardisation, and farmer training, particularly for smallholder systems typical of Indian livestock farming. The 

review concludes with recommendations for wider, more affordable adoption of PLF technologies within national 

livestock development programmes. 

Keywords: Precision Livestock Farming, Animal Health Monitoring, Wearable Sensors, Internet of Things, 

Artificial Intelligence, Smart Dairy Technology, Disease Detection 

1. Introduction 

ivestock production underpins the food security and rural economy of much of the developing world, and 

India in particular holds the largest livestock population globally, supporting the livelihoods of millions of 

smallholder farmers. Traditional animal health management has relied heavily on visual inspection, periodic 

veterinary visits, and the experience of the herdsman, an approach that is increasingly difficult to sustain as herd 

sizes grow, labour becomes scarcer, and diseases spread faster under intensified production systems. Sub-clinical 

conditions such as early-stage mastitis, lameness, or metabolic disorders frequently go unnoticed until they cause 

significant production losses, since early behavioural and physiological changes are subtle and easily missed by 

the human eye. 

 Precision Livestock Farming (PLF) offers a solution to this challenge. PLF has been defined as the 

management of individual animals through continuous, automated, real-time monitoring of health, welfare, 

production and reproduction, and of the environmental impact of livestock systems. Rather than managing the 

herd as a single unit, PLF enables management at the level of the individual animal, using sensors and data-driven 

algorithms that function as a continuous digital extension of the farmer's own eyes, ears, and experience. The 

concept was first articulated in the early 2000s and has since expanded rapidly with the falling cost of sensors, 

wireless connectivity, cloud computing, and machine learning. 

 The health monitoring dimension of PLF is of particular importance because early detection of disease not 

only reduces production and economic losses but also has direct implications for animal welfare, judicious use of 

antimicrobials, and the containment of transboundary diseases such as foot-and-mouth disease and lumpy skin 
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disease, both of which remain of major concern to Indian livestock health authorities. This article reviews the 

current state of smart technologies used for animal health monitoring under PLF, describes their working 

principles and applications, and discusses the opportunities and constraints relevant to their wider adoption, with 

particular attention to the context of smallholder and semi-intensive livestock systems. 

2. Concept and Evolution of Precision Livestock Farming 

PLF extends the principles of precision agriculture matching input and management decisions to the specific 

needs of a defined unit to the domain of animal production, where the unit of interest is the individual animal 

rather than a plot of land. The foundational premise is that animals continuously emit biological signals (body 

temperature, heart rate, vocalisation, posture, activity pattern) that reflect their underlying physiological and 

health status, and that these signals can be captured non-invasively, processed automatically, and translated into 

early warnings well before a trained observer would notice a visible change. 

 The evolution of PLF has broadly progressed through three overlapping phases. The first phase, beginning 

in the 1990s and 2000s, focused on basic automation, such as electronic identification and automatic milking 

systems, primarily aimed at improving farm efficiency. The second phase introduced dedicated health- and 

behaviour-monitoring sensors, including pedometers, rumination collars, and in-line milk analysers, allowing 

continuous tracking of activity and production parameters. The third and current phase integrates the Internet of 

Things, cloud-based data platforms, computer vision, and artificial intelligence, enabling multi-sensor data fusion, 

predictive analytics, and automated decision support that can flag a sick animal to the farmer or veterinarian 

before clinical signs are visible. 

 A recent global scientometric review of PLF research found that studies in this field have grown steadily 

since the early 2010s, with dairy cattle attracting the largest share of research attention, followed by swine and 

poultry, and with mastitis detection, lameness, and general behaviour monitoring emerging as dominant research 

themes. Countries such as China, the United States, Australia, Japan, and India have been among the most active 

contributors to this literature, reflecting a broad international interest in translating PLF research into field-

deployable technology. 

3. Sensor and Smart Technologies for Health Monitoring 

Health monitoring under PLF relies on a diverse array of sensing technologies, each suited to capturing particular 

physiological or behavioural indicators. Broadly, these fall into wearable devices attached directly to the animal, 

fixed or remote sensors that observe the animal from a distance, and in-line sensors integrated into farm 

infrastructure such as milking parlours. Table 1 summarises the principal sensor types currently used for animal 

health monitoring, their placement, and the health parameters they capture, while Figure 2 illustrates typical on-

animal sensor placement points in dairy cattle. 

Wearable accelerometer-based collars and leg bands are among the most widely deployed devices, as they 

can simultaneously capture activity level, rumination time, and lying behaviour, all of which change measurably 

in the days preceding clinical illness. Implantable reticulo-rumen boluses provide continuous core body 

temperature and rumen pH readings, offering an internal physiological signal that is less affected by ambient 

conditions than skin-surface measurements. Infrared thermography, whether handheld or fixed at parlour 

entrances, allows non-contact detection of localised temperature elevations associated with udder inflammation 

or systemic febrile illness, and has been highlighted in recent literature as a rapidly emerging, non-invasive 

diagnostic tool for early mastitis detection. 

 Machine-vision systems, using standard or depth cameras mounted above walkways or in loafing areas, are 

increasingly used for automated body condition scoring and lameness gait analysis, removing the need to 

physically restrain or handle animals for routine welfare assessment. Acoustic sensors, which detect and classify 

vocalisations or coughing sounds, are particularly valuable in poultry and swine housing, where visual inspection 

of large numbers of animals is impractical, and have shown promise for early detection of respiratory disease 

outbreaks. In-line milk analysers integrated into milking systems provide near-continuous measurement of milk 

electrical conductivity, somatic cell count, and yield, parameters that are directly diagnostic for subclinical and 

clinical mastitis. 
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Figure 1. Common on-animal sensor placement points and the health parameters they monitor in dairy 

cattle 

Table 1. Principal Sensor Technologies used for Livestock Health Monitoring 

Sensor / Device Placement Health Parameter Monitored Species / Application 

Accelerometer/pedometer 

collar 

Neck or leg Activity level, rumination time, 

lying/standing bouts, gait 

irregularity 

Dairy cattle, buffalo 

Ear-tag / implantable 

bolus thermometer 

Ear, reticulo-

rumen 

Core body temperature, rumen 

pH, animal ID 

Cattle, sheep, goats 

Infrared thermal camera Fixed / 

handheld, 

remote 

Udder and body-surface 

temperature (mastitis, febrile 

illness) 

Dairy cattle 

Acoustic microphone 

sensors 

Pen / barn 

ceiling 

Coughing frequency, respiratory 

distress sounds 

Poultry, swine, calves 

Machine-vision / RGB-

depth camera 

Overhead / 

side-view 

Body condition score, lameness 

gait scoring, feeding behaviour 

Cattle, swine, poultry 

flocks 

In-line milk analysers Milking 

parlour / robot 

Milk electrical conductivity, 

somatic cell count, yield 

Dairy cattle 

Tail-mounted or vaginal 

sensor 

Tail base / 

vagina 

Imminent calving alert, activity 

change 

Dairy and beef cattle 

4. Connectivity, Data Analytics and Artificial Intelligence in PLF  

Raw sensor signals alone are of limited value without a system to transmit, process, and interpret them in a timely 

manner. A typical PLF health-monitoring system, illustrated in Figure 1, consists of four interlinked layers. The 

sensing layer comprises the wearable, fixed, or in-line devices described above. The connectivity layer transmits 

sensor data using short-range protocols such as Bluetooth or Wi-Fi, or longer-range, low-power technologies such 

as LoRaWAN, which is particularly suited to large or remote grazing areas with limited network infrastructure. 

The data processing and analytics layer, hosted on cloud servers or increasingly on edge devices located on the 

farm itself, applies statistical thresholds or machine-learning models to distinguish normal physiological variation 

from patterns indicative of disease or distress. Finally, the decision-support layer presents processed information 

to the farmer or veterinarian through a dashboard, mobile application, or automated alert, closing the loop with a 

management action such as isolation, veterinary examination, or treatment. 
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Figure 2. Conceptual architecture of a Precision Livestock Farming health monitoring system, from on-

animal sensing to farmer or veterinary decision and action 

 A scoping review of 413 published studies on precision cattle-monitoring technologies found that inertial 

sensors and image- or video-based systems were the two most common technology types, together accounting for 

well over half of the reviewed literature, while nearly half of the studies still relied on relatively simple, threshold-

based classification methods rather than machine learning to interpret sensor data, indicating substantial scope 

for further analytical sophistication (Figure 3). More recent work has increasingly applied machine-learning and 

deep-learning classifiers, including random forest, support vector machine, and neural network architectures, to 

fuse data from multiple sensor streams and generate individualised, herd-level disease-risk scores, in some cases 

achieving reported classification accuracies above ninety percent for specific conditions such as lumpy skin 

disease. 

 
Figure 3. Distribution of sensor technology types and analytical methods reported across 413 precision 

cattle-monitoring studies (data adapted from a published scoping review) 

5. Applications in Disease and Health-Event Detection 

The practical value of PLF technologies is best illustrated through their application to specific diseases and health 

events of economic and welfare importance, summarised in Table 2. Mastitis, the most costly disease of dairy 

cattle worldwide, has received the greatest research attention, with systems combining milk electrical 

conductivity, udder-surface thermography, and activity-based sensors to flag inflammation before visible clinical 
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signs appear. For transboundary viral diseases of major concern in India, including foot-and-mouth disease and 

lumpy skin disease, IoT-based monitoring systems that track body temperature and activity, coupled with 

machine-learning classifiers, have demonstrated the ability to identify affected animals early enough to allow 

isolation and reduce within-herd spread; one recent system reported a classification accuracy of approximately 

ninety-two percent for lumpy skin disease detection using such an approach. 

 Lameness, a major welfare and productivity concern in intensive dairy systems, is now routinely monitored 

through accelerometer-based leg sensors that detect changes in step count, walking speed, and weight-bearing 

symmetry, supplemented in more advanced installations by camera-based gait-scoring systems. Metabolic 

disorders such as ketosis and reproductive conditions such as metritis have been addressed through cloud-based 

machine-learning models that combine milk yield, rumination time, activity level, and milk conductivity data 

drawn from routinely collected herd sensor streams, with one recent study training such a model on a dataset of 

over one hundred thirty affected and healthy cows to reliably distinguish disease status. Reproductive monitoring, 

particularly the detection of estrus, has similarly benefited from non-contact thermal infrared imaging, which 

identifies characteristic localised temperature changes associated with the onset of estrus without requiring 

physical restraint of the animal. 

Table 2. Disease-Specific Applications of Precision Livestock Farming Technologies 

Disease / Condition PLF Technology Used Sensed Indicator(s) Illustrative Source 

Mastitis IoT wearables + infrared 

thermography + ML 

Milk electrical conductivity, 

udder temperature, activity drop 

Vyas et al., 2019 

Foot-and-mouth 

disease 

IoT sensor network + neural 

network classifier 

Body temperature rise, reduced 

feeding activity 

Vyas et al., 2019 

Lameness Accelerometer-based 

wearable gait sensors 

Step count, walking speed, 

weight-bearing asymmetry 

Multimodal Technol. 

Interact., 2018 

Lumpy skin disease IoT-based monitoring with 

machine-learning classifier 

Skin temperature, activity, 

lesion-linked behaviour change 

ScienceDirect, 2024 

(92% accuracy) 

Ketosis and metritis Cloud-based ML model on 

multi-sensor herd data 

Milk yield, rumination, activity, 

milk conductivity 

Discover AI, Springer, 

2025 

Estrus / reproductive 

status 

Non-contact thermal infrared 

imaging 

Localised surface temperature 

change 

Wang et al., 

Agriculture, 2023 

6. Benefits and Impact on Animal Health and Productivity 

The principal benefit of PLF-based health monitoring is the shift from reactive to proactive herd management. 

By flagging deviations from an individual animal's own behavioural and physiological baseline, PLF systems 

allow farmers and veterinarians to intervene during the sub-clinical phase of disease, when treatment is typically 

less costly and more effective, and production losses can be minimised. Continuous monitoring also reduces 

reliance on labour-intensive, time-consuming manual observation, freeing farm labour for other tasks, a 

particularly valuable benefit given the shrinking availability of skilled farm labour in many regions. 

 Early and targeted disease detection additionally supports more judicious use of antimicrobials, since 

treatment can be directed specifically to affected animals rather than applied prophylactically across the herd, 

contributing to broader efforts to contain antimicrobial resistance in livestock production. For transboundary 

diseases of major regulatory concern, rapid identification of the first affected animals through automated 

monitoring can meaningfully reduce the scale of outbreaks and the associated economic disruption to trade and 

rural livelihoods. Collectively, these benefits translate into improved milk yield, reproductive performance, and 

animal welfare outcomes, alongside more efficient use of veterinary and farm labour resources. 

7. Challenges and Limitations in Adoption 

Despite its demonstrated potential, the widespread adoption of PLF health-monitoring technology faces several 

practical constraints, particularly in smallholder and semi-intensive production systems that characterise much of 

Indian and other developing-country livestock farming. The upfront capital cost of sensors, gateways, and 

software subscriptions remains a significant barrier for farmers managing small herds, where the per-animal cost 

of instrumentation can be difficult to justify against expected returns. Reliable connectivity, whether cellular, Wi-
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Fi, or dedicated IoT networks, is often lacking in rural and remote grazing areas, constraining the real-time data 

transmission on which many systems depend. 

 Technical challenges also persist at the level of data quality and interpretation. Sensor readings can be 

affected by environmental noise, device malfunction, or incorrect attachment, and many published detection 

algorithms are validated only within the specific population and management conditions in which they were 

developed, raising concerns about their external validity when transferred to different breeds, climates, or 

husbandry systems. A systematic review of PLF technologies for pig welfare assessment found that only a 

minority of commercially available systems had been subjected to rigorous external validation, underscoring the 

gap between research prototypes and field-ready, dependable products. Furthermore, the effective use of PLF 

systems requires a degree of digital literacy and training that may not be readily available to all farmers, and the 

lack of standardised data formats across different manufacturers' platforms can hinder integration of multiple 

sensor streams into a single coherent decision-support system. 

 Data ownership, privacy, and the long-term availability of manufacturer support and cloud services are 

additional considerations that farmers and policymakers must weigh when investing in PLF infrastructure, 

particularly where systems rely on proprietary, subscription-based platforms rather than open standards. 

8. Conclusion 

Precision Livestock Farming represents a significant advance in the way animal health can be monitored and 

managed, replacing periodic, subjective visual inspection with continuous, objective, sensor-derived information. 

The technologies reviewed here, spanning wearable accelerometers, implantable thermometers, infrared 

thermography, acoustic sensors, machine vision, and in-line milk analysis, combined with increasingly 

sophisticated data analytics and machine learning, have demonstrated clear value in the early detection of mastitis, 

lameness, metabolic disorders, reproductive events, and major transboundary diseases. Realising the full benefit 

of these technologies at scale, however, will require continued attention to cost reduction, connectivity 

infrastructure, algorithm validation across diverse production systems, and farmer training, alongside supportive 

institutional and policy frameworks. With sustained investment and adaptation to smallholder contexts, PLF-

based health monitoring has the potential to meaningfully improve animal welfare, productivity, and disease 

control across both intensive and smallholder livestock systems, including the vast and diverse livestock sector 

of India. 
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Abstract 

Global food systems are facing unprecedented challenges arising from rapid population growth, declining per 

capita arable land, water scarcity, climate change, and increasing climatic variability. Meeting the growing 

demand for food while conserving natural resources requires innovative and data driven approaches to crop 

management. Precision agronomy, which integrates geospatial positioning systems, remote sensing, the Internet 

of Things (IoT), variable rate technology (VRT), unmanned aerial vehicles (UAVs), artificial intelligence, and 

advanced data analytics, has emerged as a transformative approach for improving agricultural productivity, 

resource use efficiency, and environmental sustainability. This article reviews the fundamental technological 

components of precision agronomy, evaluates their agronomic, economic, and environmental benefits, and 

examines the key challenges limiting their large scale adoption, particularly among smallholder farming systems. 

Evidence from recent studies indicates that variable rate fertilizer application can improve nutrient use efficiency 

by 20 to 40 per cent while reducing fertilizer consumption by up to 40 per cent, whereas IoT based smart irrigation 

systems have demonstrated water savings of 30 to 47 per cent together with yield improvements exceeding 40 

per cent under suitable conditions. Similarly, satellite imagery and UAV based remote sensing enable timely 

monitoring of crop health, nutrient deficiencies, water stress, and pest outbreaks, supporting more precise and 

informed management decisions. Despite these advantages, high initial investment, technical complexity, limited 

digital infrastructure, and inadequate farmer awareness continue to constrain widespread adoption. The article 

concludes that the future success of precision agronomy will depend not only on technological innovation but 

also on affordable solutions, interoperable digital platforms, effective extension services, and farmer centric 

implementation strategies that make precision agriculture accessible, practical, and economically viable for 

diverse farming systems. 

Keywords: Artificial intelligence, Internet of Things, Precision agriculture, Remote sensing, Site specific crop 

management, Variable rate technology. 

1. Introduction  

griculture has always involved managing variability in soil, water, climate, and biological processes across 

both space and time. Traditionally, however, farmers have addressed this variability using uniform 

management practices, applying the same seed rate, fertilizer dose, irrigation schedule, and crop protection 

measures across an entire field, regardless of differences in soil fertility, moisture availability, or crop 

performance within individual locations. Such blanket management often results in inefficient resource use, 

increased production costs, and uneven crop growth. Precision agronomy, also known as precision agriculture or 

precision farming, has emerged as a scientific approach to overcome these limitations by enabling site specific 

crop management. The International Society of Precision Agriculture defines precision agriculture as a 

management strategy that collects, processes, and analyses spatial, temporal, and individual field data, integrating 

them with other sources of information to support informed management decisions that improve resource use 

efficiency, productivity, quality, profitability, and environmental sustainability. 

 The need for precision agronomy is driven not only by technological advancement but also by increasing 

demographic and environmental pressures. Rapid population growth, declining per capita availability of arable 

land, water scarcity, rising input costs, and the growing impacts of climate change have intensified the demand 

for more efficient and sustainable agricultural production systems. At the same time, conventional uniform 

application of fertilizers, irrigation water, and crop protection inputs has contributed to nutrient imbalances, 

declining soil health, reduced input use efficiency, and environmental pollution through nutrient losses and runoff. 
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Precision agronomy addresses these challenges by treating agricultural fields as a collection of distinct 

management zones, allowing inputs to be applied according to the specific requirements of each location rather 

than following a uniform approach. 

 The rapid development of Global Navigation Satellite Systems (GNSS), remote sensing, unmanned aerial 

vehicles (UAVs), the Internet of Things (IoT) , wireless soil and weather sensor networks, artificial intelligence, 

machine learning, cloud computing, and advanced data analytics has transformed precision agronomy from a 

promising concept into a practical reality. These technologies enable continuous monitoring of crop growth, soil 

conditions, nutrient status, water availability, and pest or disease incidence, allowing farmers to make timely, data 

driven management decisions. This article reviews the major technological components of precision agronomy, 

evaluates their impact on crop productivity, resource use efficiency, and farm profitability, and discusses the 

economic, technical, and infrastructural challenges that continue to influence their adoption, particularly in 

smallholder farming systems. 

2. Core Technologies Underpinning Precision Agronomy 

Precision agronomy is best understood not as a single technology but as a stack of complementary tools, each 

addressing a different stage of the sense-analyse-act cycle described in Figure 1. Table 1 summarises the principal 

technologies and their agronomic function. 

Table 1. Core precision agronomy technologies and their agronomic function 

Technology Primary Agronomic Function  Representative Data / Output 

GNSS/GPS-guided 

machinery 

Sub-metre accurate steering, planting, 

and input placement; eliminates 

overlap and skips 

Auto-steer tracks, as-applied logs 

UAV / satellite remote 

sensing 

Field-scale crop health, water stress, 

and pest/disease detection via spectral 

indices 

NDVI, GNDVI, SAVI maps; 

multispectral and thermal imagery 

Variable rate technology 

(VRT) 

Site-specific seeding, fertilisation, and 

spraying matched to zone-level need 

Prescription maps; as-applied rate 

files 

IoT soil and weather sensors Continuous monitoring of soil 

moisture, temperature, EC, and micro-

climate for irrigation and nutrient 

timing 

Time-series sensor streams on cloud 

dashboards 

GIS and data analytics / AI Spatial integration of layered data to 

delineate management zones and 

predict yield 

Management zone maps; yield 

forecasts 

Yield monitors and mapping Georeferenced measurement of 

harvested yield to close the feedback 

loop 

Yield maps used to refine next 

season's prescriptions 

2.1 GNSS-Guided Machinery 

Global Navigation Satellite System (GNSS) receivers, corrected to sub-metre or even centimetre accuracy 

through real-time kinematic (RTK) signals, allow tractors, planters, and sprayers to follow pre-planned paths 

automatically. This auto-steering capability eliminates the overlap and skips that occur under manual driving, 

directly reducing seed, fuel, and chemical waste while also enabling machinery to operate for longer hours, 

including at night, without loss of accuracy. 

2.2 Remote Sensing: Satellites and Unmanned Aerial Vehicles 

Remote sensing platforms ð ranging from freely available satellite imagery to purpose-built unmanned aerial 

vehicles (UAVs) equipped with multispectral, hyperspectral, or thermal sensors ð provide the spatial crop-health 

data that underpins most precision decisions. Vegetation indices such as the Normalised Difference Vegetation 

Index (NDVI) and the Green NDVI are widely used to estimate canopy vigour, leaf area index, and nitrogen status 

well before visible symptoms of stress appear. Reviews of UAV-based multispectral sensing report mature, field-

tested applications across four domains in particular: general crop growth monitoring, pest and disease 
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identification, nutrient status assessment, and yield prediction. UAVs are especially valued for covering large or 

fragmented plots quickly, which is difficult to achieve through ground-based scouting alone, and for enabling 

timely intervention during sensitive growth stages such as tillering or flowering. 

2.3 Variable Rate Technology (VRT) 

Variable rate technology allows seed, fertiliser, and crop-protection products to be applied at rates that vary across 

a field rather than uniformly. Two broad implementations exist: map-based systems, which apply a prescription 

generated in advance from soil sampling or historical yield data, and sensor-based systems, which measure crop 

or soil condition on-the-go and adjust application in real time. Table 2 compares these two approaches. 

Table 2. Comparison of map-based and sensor-based variable rate technology (VRT) for fertiliser 

application 

Attribute  Map-Based Variable Rate 

Technology 

Sensor-Based Variable Rate 

Technology 

Data source 

Pre-generated prescription maps from 

grid soil sampling, yield maps, or 

satellite imagery 

Real-time, on-the-go sensors (optical, 

electrical conductivity, spectral) 

mounted on the applicator 

Positioning 

requirement 

GPS/GNSS receiver required to geo-

reference the field position against the 

map 

GPS optional; some systems can operate 

using continuous sensor feedback alone 

Responsiveness 

Fixed to conditions at the time of 

mapping; cannot react to short-term 

change 

Responds instantly to the crop or soil 

condition detected at that instant 

Typical use case 
Large, well-characterised fields with 

stable, known spatial fertility patterns 

Fields with high temporal variability, or 

where soil sampling is impractical 

Key limitation 
Dependent on sampling density and map 

accuracy; costly re-sampling over time 

Higher equipment and calibration cost; 

sensitive to sensor noise and calibration 

drift 

2.4 The Internet of Things and Soil-Weather Sensing 

Networks of low-cost, wirelessly connected sensors now allow continuous, real-time monitoring of soil moisture, 

soil temperature, electrical conductivity, and micro-climate variables. These IoT networks feed directly into 

automated or farmer-controlled irrigation scheduling, replacing calendar-based watering with demand-based 

watering, and are frequently combined with cloud dashboards and mobile alerts so that a farmer can monitor and 

adjust conditions remotely. 

2.5 Geographic Information Systems and Data Analytics 

Geographic Information Systems (GIS) integrate the spatial layers produced by the technologies above ð yield 

maps, soil test results, elevation, and vegetation indices ð into a single georeferenced dataset from which 

management zones can be delineated. Increasingly, this integration is being handed to machine learning models, 

which can identify non-linear relationships between multiple input layers and final yield, supporting both 

diagnostic analysis (why did yield vary here?) and predictive analysis (what yield can be expected under a given 

management plan?). 

3. Impacts on Crop Productivity and Resource-Use Efficiency 

The agronomic case for precision technology rests on a simple logic: if inputs are matched more closely to actual 

crop and soil need, less is wasted and more is converted into harvestable yield. The empirical literature broadly 

supports this logic, though the magnitude of benefit varies considerably with crop, region, and the specific 

technology deployed. 
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 A systematic review of variable rate fertilisation technologies found that VRT can increase nutrient use 

efficiency by 20-40% relative to uniform application, while also reducing nitrogen losses and delivering fertiliser 

cost savings of up to 40% in some cropping systems. Separate industry analyses of variable rate seeding and 

fertilisation report yield increases in the range of 8-12% attributable to matching seeding density and nutrient rate 

to zone-level productivity potential. On the water-management side, Internet-of-Things-enabled smart irrigation 

systems have been shown in controlled trials to reduce water consumption by 30-47% compared with 

conventional irrigation while simultaneously increasing yield in one lettuce trial, by as much as 43% ð by 

maintaining soil moisture closer to the crop's physiological optimum and reducing disease pressure associated 

with over-watering. Figure 2 summarises these reported ranges. 

 
Figure 1. Reported resource-use and yield gains associated with variable rate technology and IoT-based 

irrigation, compiled from published field trials and review studies. 

 Remote sensing contributes a complementary benefit that is harder to express as a single percentage: earlier 

detection. Because spectral stress signatures in a crop canopy typically precede visually apparent symptoms, UAV 

and satellite monitoring shorten the interval between the onset of a nutrient deficiency, water stress event, or pest 

infestation and the corrective management response, which in turn limits the yield penalty associated with delayed 

intervention. Reviews of UAV-based nutrient and water status monitoring similarly note that fine spatial and 

temporal resolution allows problems to be caught and addressed at the management-zone level rather than only 

after they have affected the whole field. 

 Beyond the plot-level effects, precision agronomy also carries measurable environmental co-benefits. By 

curbing over-application of nitrogen and other nutrients, site-specific management reduces the risk of nutrient 

runoff into waterways and lowers the greenhouse-gas footprint per unit of production, an outcome increasingly 

relevant as agricultural policy and buyers place greater weight on the environmental performance of farm inputs, 

not only their yield outcome. 

4. The Precision Agronomy Workflow  

Although individual technologies are often discussed in isolation, their agronomic value is realised only when 

they are linked into a continuous management cycle. Figure 1 depicts this cycle as six linked stages: sensing (data 

capture from soil, crop, and weather sources), collection (aggregation of georeferenced data through IoT 

networks), analysis (processing through GIS and machine learning to identify patterns and management zones), 
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decision (translation of analysis into a prescription map), action (execution through variable rate machinery and 

guided equipment), and evaluation (yield mapping that closes the loop and refines the following season's plan). 

 
Figure 2. The precision agronomy management cycle, linking field sensing through to season-end 

evaluation and feedback. 

5. Representative Field Applications 

5.1 Site-Specific Nutrient Management 

Nitrogen, phosphorus, and potassium requirements often vary substantially within a single field due to differences 

in soil texture, organic matter, and drainage. Site-specific nutrient management uses either grid-sampled soil test 

data or on-the-go optical sensors to generate prescription maps that direct more fertiliser to nutrient-poor zones 

and less to nutrient-rich zones, reducing both the risk of yield-limiting deficiency and the risk of costly, 

environmentally damaging over-application. 

5.2 Precision Irrigation 

In water-scarce or semi-arid regions, IoT soil-moisture networks combined with UAV-based thermal imagery 

allow irrigation to be scheduled according to actual crop water status rather than a fixed calendar, a practice shown 

to materially improve both water productivity and irrigation efficiency under semi-arid conditions. 

5.3 Pest, Disease and Weed Detection 

Multispectral and hyperspectral imagery, increasingly interpreted through machine learning classifiers, can flag 

anomalous canopy signatures associated with pest infestation, fungal disease, or weed pressure well before an 

agronomist could identify the same problem from the ground, enabling targeted rather than blanket pesticide 

application. 

5.4 Yield Monitoring and Mapping 

Combine-mounted yield monitors record georeferenced grain flow at harvest, producing yield maps that are 

among the most information-dense layers available to a grower ð they reveal, retrospectively, exactly where the 
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season's management succeeded or fell short, and form the empirical backbone against which every other data 

layer is validated. 

6. Adoption Challenges and Barriers 

Despite the demonstrated agronomic and economic benefits, uptake of precision agronomy technologies remains 

uneven, both between large commercial farms and smallholder operations, and between high-income and 

developing agricultural economies. A U.S. Government Accountability Office assessment identified high up-

front acquisition cost as a primary constraint limiting broader adoption and use, a finding echoed across multiple 

farmer surveys. A study of small-scale farmers in Kentucky similarly found that farm size and years of farming 

experience were positively associated with adoption, while complexity, uncertain profitability, privacy concerns, 

and lack of confidence in the technology were each cited by a meaningful share of respondents as reasons for 

non-adoption. Figure 3 summarises these self-reported barriers. 

 
Figure 3. Farmer-reported barriers to precision agriculture technology adoption, compiled from U.S. 

smallholder survey data. 

 A systematic review of small-scale precision farming worldwide identified five recurring constraints: small 

land size (which limits the economies of scale needed to justify equipment cost), high cost of adoption, 

technology-related difficulties, lack of professional or technical support, and the absence of supportive policy 

frameworks. In lower-income regions, a Nigeria-focused agricultural report similarly attributed low precision 

agriculture adoption chiefly to the unaffordable cost of the technology relative to smallholder incomes, calling 

explicitly for more affordable, locally tailored solutions to accelerate uptake across the African continent. 

 These findings point to an important nuance: the constraint on wider adoption is often not a lack of belief 

in the technology's benefit, but a mismatch between the scale, cost, and complexity of currently available tools 

and the operating reality of small and medium-sized farms. Addressing this mismatch through shared-service 

models, subsidised access, simplified interfaces, and low-cost sensor hardware is treated in the literature as being 

as important to closing the productivity gap as any further advance in sensor or algorithm sophistication. 

7. Future Directions 

Several trends are likely to shape the next phase of precision agronomy. Edge computing and lightweight 

('TinyML') machine learning models are beginning to allow data processing to happen directly on low-power 

field devices, reducing the cost and connectivity requirements that currently limit deployment in remote or 

resource-constrained settings. Integration across data sources combining satellite, UAV, ground sensor, and 

machine data within a single analytical platform is expected to improve the accuracy of management-zone 
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delineation beyond what any single data layer can achieve alone. Finally, growing attention to data privacy, 

interoperability standards, and financing mechanisms suggests that the next stage of adoption growth will depend 

as much on institutional and market design as on further technical innovation. 

8. Conclusion 

Precision agronomy represents a substantive, evidence-backed shift in how crop production can be managed: 

from uniform, field-level decisions to site-specific, data-informed ones. The reviewed literature indicates 

consistent gains in nutrient use efficiency, water productivity, and yield when GNSS guidance, remote sensing, 

variable rate technology, and IoT sensing are deployed as part of an integrated sense-analyse-act-evaluate cycle. 

At the same time, the persistence of cost, complexity, and support-related barriers ð particularly for smallholder 

and resource-constrained farmers ð means that the productivity gains documented in research trials have not yet 

been realised uniformly across global agriculture. Bridging that remaining gap will require continued attention 

not only to sensor and algorithm development, but to the affordability, usability, and support infrastructure that 

determine whether a given farmer can put those tools to work in their own field. 
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Abstract 

Soil health is the foundation of sustainable agriculture, supporting crop productivity, nutrient cycling, 

environmental quality, and ecosystem resilience. Among the various indicators used to assess soil health, 

biological indicators are considered the most sensitive because they respond rapidly to changes in land 

management and environmental conditions. Unlike physical and chemical properties, which often change slowly, 

biological indicators provide early evidence of improvements or degradation in soil quality. Important biological 

indicators include microbial biomass, soil enzyme activities, soil respiration, earthworm populations, microbial 

diversity, and labile carbon and nitrogen pools. These indicators reflect the biological functioning of soil and its 

ability to sustain nutrient cycling, organic matter decomposition, and healthy plant growth. Their status is strongly 

influenced by agricultural practices such as conservation agriculture, crop rotation, residue retention, integrated 

nutrient management, organic amendments, and tillage intensity. Monitoring biological indicators helps evaluate 

the effectiveness of these management practices and supports informed decisions for improving soil fertility and 

long-term agricultural sustainability. Although several biological assessment frameworks have been developed, 

their routine use is still limited by the lack of standardized methodologies, seasonal variability, and the cost and 

complexity of biological analyses. This article reviews the major biological indicators of soil health, their 

significance in sustainable land management, their response to different agricultural practices, and the challenges 

associated with their wider adoption. Integrating biological indicators with conventional physical and chemical 

assessments provides a more comprehensive and reliable evaluation of soil health for sustainable agricultural 

production. 

Keywords: Earthworms, Microbial biomass, Soil enzyme activity, Soil health, Sustainable agriculture. 

1. Introduction  

oil is far more than an inert medium for anchoring plant roots; it is a living, dynamic system that hosts an 

enormous diversity of microorganisms, fauna and biochemical processes essential to nutrient cycling, organic 

matter decomposition and the maintenance of soil structure. As global agriculture faces mounting pressure from 

population growth, climate variability and land degradation, the concept of soil health has moved to the centre of 

strategies for sustainable land management. Soil health is generally defined, following Doran and Zeiss (2000), 

as the capacity of soil to function as a vital living system that sustains plant and animal productivity while 

maintaining environmental quality. Soil quality assessment traditionally relied heavily on physical properties, 

such as bulk density and aggregate stability, and chemical properties, such as pH, organic carbon content and 

nutrient status. However, soil biological properties, including microbial diversity, microbial biomass, enzyme 

quantities and activities, and soil respiration, have been shown to respond far more rapidly to changes in 

agricultural management or environmental stress than physical or chemical indicators (Bhaduri et al., 2022). 

 This heightened sensitivity makes biological indicators particularly valuable for monitoring agricultural 

sustainability, because they can reveal early signs of soil degradation or improvement long before these changes 

become apparent in yield data or in slower-changing chemical properties. This article examines the principal 

categories of soil biological indicators used in sustainability monitoring, discusses how they respond to different 

agricultural management practices, reviews established biological monitoring frameworks, and considers the 

practical challenges and future directions for incorporating biological indicators into routine soil health 

assessment. 

2. The Concept of Soil Health and the Role of Biological Indicators 

Soil quality and soil health are often used interchangeably to describe the fitness of a soil to support its intended 

functions, whether producing food and fibre, regulating water and nutrient flows, or supporting biodiversity. A  
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defining feature of the soil health concept, as articulated by Doran and Zeiss (2000), is its explicit inclusion of 

the biotic component of soil quality alongside physical and chemical properties. Soil biological indicators are 

attributes of the living component of soil, ranging from the total biomass of microorganisms to the activity of 

specific enzymes and the abundance of soil fauna such as earthworms and nematodes, that can be measured to 

infer the functional status of the soil ecosystem. 

Figure 1: Major categories of soil biological indicators used in sustainability monitoring 

 As illustrated in Figure 1, soil biological indicators span several interconnected categories: microbial 

biomass carbon and nitrogen, soil enzyme activities, soil respiration, soil fauna such as earthworms and 

nematodes, microbial community diversity and structure, and labile or readily mineralisable organic carbon and 

nitrogen pools. While chemical and physical indicators provide a general assessment of overall soil condition, 

microbiological indicators offer direct insight into the processes that actually drive nutrient cycling, organic 

matter transformation and the maintenance of favourable soil structure (Sharma et al., 2024). 

3. Major Categories of Soil Biological Indicators 

3.1 Microbial Biomass 

Microbial biomass carbon (MBC) represents the living component of soil organic matter and is widely regarded 

as one of the most useful early indicators of management-induced change, since soil management practices alter 

it well before total organic carbon shows a measurable response. Because microbial biomass is at the base of 

nutrient cycling in soil, it is highly sensitive to inputs of organic residues, tillage intensity and cropping system 

diversity (Bhaduri et al., 2022). 

3.2 Soil Enzyme Activities 

Soil enzymes such as dehydrogenase, ɓ-glucosidase, urease and phosphatase catalyse the biochemical reactions 

that drive carbon, nitrogen, phosphorus and sulphur cycling, and their activities are widely used as sensitive 

indicators of soil biological health. Dehydrogenase activity, for example, is not usually suppressed by heavy 

metals at low concentrations and can indicate the extent of recovery of degraded soils, while ɓ-glucosidase, the 

key enzyme in cellulose breakdown, has been shown to decline significantly in arable soils compared with 

undisturbed forest or meadow soils, reflecting the impact of cultivation on the carbon cycle (Bhaduri et al., 2022). 

3.3 Soil Respiration 

Soil respiration, measured as the rate of carbon dioxide evolution from soil, reflects the combined metabolic 

activity of the whole soil biological community and is closely linked to microbial biomass and enzyme activity. 
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Because soil temperature, microbial biomass and enzyme activity jointly regulate the rate of carbon dioxide 

release, respiration measurements are considered sensitive and reliable indicators of change in the broader 

physicochemical and biological status of soil. 

3.4 Soil Fauna: Earthworms and Nematodes 

Earthworms are among the most widely used bioindicators of soil quality and sustainability in agriculture, owing 

to their sensitivity to soil disturbance, contamination and management change, and their central role in organic 

matter decomposition, nutrient cycling and soil structure formation (Earthworm: a keystone species of soil 

quality, ScienceDirect, 2025). Earthworms can indicate soil quality through the abundance and species 

composition of the local earthworm fauna, and their absence often signals adverse conditions such as 

contamination, severe acidification or extreme drought, whereas an abundant, diverse earthworm community 

typically denotes healthy soil. A meta-analysis further found that the presence of earthworms increased crop 

yields by an average of 25 percent, with the largest gains observed in nitrogen-deficient soils or soils that had 

previously been disturbed and had lost structural integrity (Environmental DNA study, bioRxiv, 2023). Nematode 

communities are similarly used to construct trophic-structure-based soil quality indices that integrate both 

functional diversity and disturbance response. 

3.5 Microbial Community Diversity and Structure 

Beyond simple biomass measurements, the composition and functional diversity of the soil microbial community, 

assessed through phospholipid fatty acid (PLFA) profiling or molecular sequencing of bacterial and fungal marker 

genes, provides insight into how management practices reshape the functional capacity of the soil biota. Active 

soil organic matter fractions and microbiological indicators such as microbial biomass carbon, PLFA profiles and 

enzyme activities have been shown to be more sensitive to agricultural management practices than traditional 

indicators such as total soil organic carbon or total nitrogen. 

3.6 Labile Organic Carbon and Nitrogen Pools 

Labile, or readily decomposable, fractions of soil organic matter, such as permanganate-oxidisable carbon and 

mineralisable nitrogen, respond more quickly to changes in management than total organic carbon or total 

nitrogen, making them useful complementary indicators when integrated with microbial and enzymatic 

measurements. 

4. Synthesis of Biological Indicators and Assessment Methods 

Table 1 summarises the major categories of soil biological indicators discussed above, along with what each 

indicator measures and the assessment methods most commonly used in soil health monitoring programmes. 

Table 1: Major Soil Biological Indicators, What They Measure and How They Are Assessed 

Indicator  What It Measures Typical Assessment Method 

Microbial Biomass C & 

N 

Total mass of living microorganisms; an 

active, labile pool of soil organic matter 

Chloroform fumigation-extraction; substrate-

induced respiration 

Dehydrogenase Activity Overall intracellular oxidative/microbial 

activity in soil 

Triphenyltetrazolium chloride (TTC) 

reduction assay 

ɓ-Glucosidase Activity Carbon-cycle enzyme activity linked to 

cellulose/organic matter breakdown 

p-Nitrophenyl-ɓ-D-glucopyranoside (PNG) 

colorimetric assay 

Urease & Phosphatase 

Activity  

Nitrogen and phosphorus mineralisation 

potential 

Colorimetric assay of released ammonium or 

p-nitrophenol 

Soil Respiration (CO  

flux) 

Overall microbial metabolic activity and 

organic matter turnover 

Basal or substrate-induced respiration (CO  

evolution) 

Earthworm Abundance & 

Diversity 

Macrofaunal activity, bioturbation and 

organic matter incorporation 

Hand-sorting, formalin/mustard extraction, 

QBS-e index 

Nematode Community 

Structure 

Trophic structure and disturbance/stress 

response of soil fauna 

Nematode extraction and 

maturity/enrichment indices 

Microbial Community 

Structure/Diversity 

Composition and functional diversity of the 

microbial community 

PLFA profiling; 16S/18S rDNA sequencing 

Labile (Active) Organic 

C & N Pools 

Readily decomposable organic matter 

fractions sensitive to management 

Permanganate-oxidisable carbon (POXC); 

mineralisable N assays 

5. Linking Biological Indicators to Agricultural Sustainability  

The practical value of soil biological indicators lies in their ability to link day-to-day management decisions to 

longer-term sustainability outcomes. Figure 2 presents a simplified conceptual pathway: agricultural management 
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practices, such as tillage intensity, crop rotation, residue retention and organic or chemical input use, directly alter 

soil biological indicators; these indicators, in turn, govern key soil functions including nutrient cycling, organic 

matter transformation and the maintenance of soil structure; and these functions ultimately determine broader 

agricultural sustainability outcomes such as yield stability, resource-use efficiency and long-term resilience to 

environmental stress. 

 
Figure 2: Conceptual pathway linking management practices, soil biological indicators, soil functions and 

sustainability outcomes. 

This pathway framework underlines why soil biological parameters, although still underrepresented in routine 

soil quality monitoring compared with chemical and physical measurements, are considered valuable indicators 

of sustainable soil management strategies.  

6. Response of Biological Indicators to Farming Management Systems 

A substantial body of research has compared how soil biological indicators respond to different farming 

management systems, most commonly organic, low-input and conventional systems. A comparative study of 

microbial biomass and enzyme activities in a vegetable field growing celery under these three management 

systems found that soil microbial biomass in the organic farming system was significantly higher than in either 

the conventional or low-input systems, and concluded that long-term application of organic fertilisers plays a 

major role in maintaining higher microbial and enzymatic activity and, consequently, improved soil quality.  

 
Figure 3: Illustrative pattern of relative soil microbial biomass under organic, low-input and 

conventional farming management, based on comparative trends reported in the literature 

Table 2 summarises the general direction of response of several key biological indicators across these three broad 

management categories, drawing on the pattern reported in comparative farming-system studies. 
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Table 2: General Response of Key Biological Indicators Across Farming Management Systems 

Biological Indicator Organic Farming Low-Input 

Farming 

Conventional Farming 

Microbial Biomass C Highest Intermediate Lowest 

ɓ-Glucosidase Activity Highest Intermediate Lowest 

Earthworm Abundance High (favoured by 

residue return, no/low 

pesticide use) 

Moderate Low (reduced by tillage and 

agrochemical inputs) 

Soil Respiration High (greater substrate 

availability) 

Moderate Lower to variable 

Microbial Diversity 

(PLFA/DNA-based) 

Generally higher Intermediate Generally lower, more 

disturbance-sensitive taxa 

lost 

7. Monitoring Frameworks and Applications 

Several structured frameworks have been developed to translate biological indicators into practical monitoring 

tools. The Soil Biological Quality Index based on earthworms (QBS-e) was developed specifically to provide a 

standardised way of using earthworm communities as bioindicators in agroecosystems, reflecting the long-

standing recognition of earthworms as one of the most frequently used indicators of soil fertility and sustainable 

soil use (Soil Biological Quality Index based on earthworms, ScienceDirect, 2018). At a national scale, earthworm 

population monitoring programmes have been established in several European countries, with assessment 

networks covering around 800 sites in Germany and 300 sites in the Netherlands, illustrating how a single faunal 

indicator group can be scaled up into a routine, large-area sustainability monitoring system (Earthworms as 

Bioindicators of Soil Quality, Academia, citing Joschko et al., 2006 and Krück et al., 2006). More broadly, meta-

analyses of soil microbial indicators recommend integrating measures of active soil organic matter, microbial 

biomass, PLFA profiles and enzyme activities into routine laboratory testing to better support the transition toward 

sustainable management of arable farming systems (Which soil microbial indicators, ScienceDirect, 2024). 

8. Challenges in Using Soil Biological Indicators 

Despite their sensitivity and diagnostic value, several practical challenges constrain the wider adoption of soil 

biological indicators in routine agricultural sustainability monitoring. 

I. High spatial and temporal variability of biological properties, driven by season, soil moisture and 

temperature, which complicates the interpretation of single-point measurements. 

II. Lack of standardised protocols and universally accepted threshold or reference values for many biological 

indicators, unlike well-established chemical benchmarks. 

III. Limited taxonomic and technical expertise, particularly for faunal indicators such as earthworms and 

nematodes, restricting their routine use as soil health indicators (Environmental DNA study, bioRxiv, 

2023). 

IV. Relatively high cost and turnaround time for molecular and biochemical assays compared with 

conventional soil chemical tests, limiting uptake among smallholder farmers and extension systems. 

V. Biological indicators are still underrepresented in routine soil quality monitoring relative to chemical and 

physical measurements, despite their demonstrated sensitivity (Soil microbial biomass and enzyme 

kinetics, ScienceDirect, 2021). 

9. Way Forward 

Strengthening the use of soil biological indicators in sustainability monitoring requires a combination of technical 

and institutional measures. Developing simplified, low-cost field kits for key indicators such as dehydrogenase 

activity, basal respiration and earthworm counts would make biological monitoring more accessible to farmers 

and extension agencies. Establishing regional reference or baseline values for key indicators, stratified by soil 

type and climate, would help convert raw measurements into meaningful sustainability assessments. Encouraging 

the use of a minimum data set that combines a small number of the most sensitive and cost-effective biological 

indicators, alongside conventional physical and chemical measurements, would allow biological information to 

be incorporated into routine soil testing without excessive additional cost. Finally, expanding national and 
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regional monitoring networks modelled on established earthworm-monitoring programmes, and integrating 

emerging molecular tools such as environmental DNA analysis, can help scale biological indicators from research 

plots to operational, farm-level sustainability assessment. 

10. Conclusion 

Soil biological indicators, including microbial biomass, enzyme activities, respiration, soil fauna and microbial 

community diversity, provide a sensitive and functionally meaningful window into the health of agricultural soils 

that physical and chemical measurements alone cannot capture. Because these indicators respond rapidly to 

changes in tillage, crop rotation, residue management and input use, they offer an early warning system for 

degradation and a means of tracking real progress toward more sustainable farming systems. Evidence from 

comparative farming-system studies consistently shows that organic and reduced-input management tends to 

support higher microbial biomass, enzyme activity and earthworm abundance than intensive conventional 

management, reinforcing the practical relevance of these indicators for guiding management decisions. Realising 

the full potential of soil biological indicators for monitoring agricultural sustainability will require continued 

investment in standardised methods, reference values, and accessible monitoring tools, so that the living 

component of soil is given the same weight as its physical and chemical properties in assessing and safeguarding 

long-term agricultural productivity. 
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Abstract 

Soil organic carbon is one of the most reliable indicators of soil health and plays a central role in sustaining 

agricultural productivity, environmental quality, and climate resilience. However, decades of intensive 

cultivation, excessive tillage, crop residue removal, and inadequate application of organic inputs have 

substantially depleted soil organic carbon in cultivated lands. In India, the organic carbon content of agricultural 

soils is commonly below 5 g kg ĭ, compared with 15 to 20 g kg ĭ under natural vegetation. Although Indian soils 

store an estimated 21 petagrams of organic carbon within the upper 30 cm soil layer, a significant proportion has 

been lost through long term agricultural intensification. Restoring this depleted carbon is not only essential for 

improving soil fertility but also represents an effective strategy for climate change mitigation. Conservation 

practices such as reduced tillage, crop residue retention, cover cropping, organic amendments, and agroforestry 

have demonstrated considerable potential to enhance soil carbon sequestration while improving water retention, 

nutrient cycling, soil biological activity, and crop productivity. This article reviews the status of soil carbon 

depletion, the major agronomic approaches for restoring soil organic carbon, their effectiveness under different 

production systems, and the policy initiatives supporting soil carbon sequestration as a key component of climate 

smart and sustainable agriculture. 

Keywords: Carbon sequestration, Climate resilient agriculture, Conservation agriculture, Soil health, Soil organic 

carbon, Sustainable land management. 

1. Introduction 

oil holds more carbon than the atmosphere and global vegetation combined, making it, after the oceans, the 

largest active carbon reservoir on the planet's surface. This carbon, present mainly as organic matter derived 

from decomposed plant and microbial residues, is not a passive store. It is the substrate that feeds soil microbial 

life, the glue that binds soil particles into a structure resistant to erosion, and the sponge that allows soil to hold 

water and nutrients for crop use. When land is converted to continuous cultivation without adequate 

replenishment, this carbon pool declines steadily, often losing 30 to 50 per cent of its original stock within a few 

decades of cultivation. 

 This decline is not merely a historical curiosity; it defines the scale of the opportunity now in front of 

agriculture. Because so much carbon has already been lost from cultivated soils worldwide, those same soils retain 

a substantial capacity to reabsorb carbon if management is changed, a capacity that positions soil carbon 

restoration as one of the few climate strategies that pays for itself through improved productivity even before its 

climate benefit is counted. This paper examines why soil carbon restoration matters, how large the deficit is 

globally and in India specifically, which agronomic practices are best supported by evidence, and how soil carbon 

fits into the broader policy architecture of climate-smart agriculture. 
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2. The Global and Indian Soil Carbon Deficit 

Globally, soils store an estimated 615 gigatonnes of organic carbon in the top 20 centimetres and about 2,344 

gigatonnes to a depth of three metres, more than the combined carbon held in the atmosphere and in living 

biomass, making soil organic carbon management directly relevant to the global carbon budget. In India, the 

picture is similarly large in scale but sharply uneven in distribution. The country's soil organic carbon pool has 

been estimated at approximately 21 petagrams to a depth of 30 centimetres and 63 petagrams to 150 centimetres, 

alongside a soil inorganic carbon pool of about 196 petagrams to one metre depth, concentrated particularly in 

the calcareous soils of the semi arid and arid regions (Table 1, Figure 3). Despite this large aggregate stock, the 

concentration of organic carbon actually found in most cultivated Indian soils tells a more troubling story: 

commonly less than 5 grams per kilogram, compared with 15 to 20 grams per kilogram in adjoining uncultivated 

land, a gap attributable to decades of ploughing, residue removal and insufficient return of organic material to the 

soil (Figure 1). 

Table 1. Global and Indian soil carbon pools 

Indicator  Value 

Global soil organic carbon, 0 to 20 cm depth About 615 gigatonnes 

Global soil organic carbon, 0 to 3 m depth About 2,344 gigatonnes 

India soil organic carbon pool, 0 to 30 cm depth About 21 petagrams (billion tonnes) 

India soil organic carbon pool, 0 to 150 cm depth About 63 petagrams 

India soil inorganic carbon pool, 0 to 100 cm depth About 196 petagrams 

Organic carbon in cultivated Indian soils Commonly less than 5 g per kg 

Organic carbon in uncultivated Indian soils Typically 15 to 20 g per kg 

Source: Batjes, 1996; Lal, 2004b; and Indian Journal of Agroforestry, ICAR. 

 
Fig. 1. Soil organic carbon in cultivated versus uncultivated soils of India 

 
Fig. 2. India's soil organic and inorganic carbon pools by depth 
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3. Why Soil Carbon Matters for Climate-Smart Agriculture  

The case for soil carbon restoration rests on a rare alignment of agronomic and climate interests. Agronomically, 

soil organic carbon underpins water holding capacity, nutrient supply and microbial activity, and its depletion is 

directly linked to declining yield stability, particularly under the erratic rainfall that climate change is making 

more common. Field assessments indicate that each additional tonne of carbon restored to the root zone of a 

degraded cropland soil can raise wheat yield by 20 to 40 kilograms per hectare, maize yield by 10 to 20 kilograms 

per hectare, and cowpea yield by 0.5 to 1 kilogram per hectare, a productivity dividend that arrives independently 

of any climate benefit. From a climate perspective, because agricultural and degraded soils worldwide have 

already lost an estimated 42 to 78 gigatonnes of carbon through historical cultivation, they retain the biophysical 

capacity to reabsorb 50 to 66 per cent of that loss, a sink large enough to offset an estimated 0.4 to 1.2 gigatonnes 

of carbon annually, or 5 to 15 per cent of global fossil fuel emissions, if restorative management were adopted 

widely. This dual return, higher and more stable yields alongside a genuine climate mitigation contribution, is 

what places soil carbon restoration at the centre of climate-smart agriculture rather than treating it as a co-benefit. 

4. Practices for Restoring Soil Carbon 

A relatively small set of agronomic practices, applied consistently over multiple seasons, accounts for most of the 

documented gains in soil organic carbon (Table 2, Figure 4). Reduced or no tillage limits the physical disturbance 

that exposes previously protected organic matter to microbial decomposition, slowing carbon loss even where it 

does not immediately raise total carbon content. Cover cropping and green manuring add fresh, readily 

decomposable organic material to the soil between main crop cycles, feeding the microbial biomass that ultimately 

stabilizes carbon into longer lived soil organic matter fractions. Retaining crop residue rather than removing or 

burning it returns a substantial share of the carbon a crop has already fixed back to the soil surface, where it slows 

erosion as well as feeding decomposition. Organic amendments, including farmyard manure, compost and 

biochar, directly add stabilized carbon and simultaneously improve the nutrient and microbial environment that 

supports further carbon accumulation. Agroforestry and the integration of trees into cropping systems add a 

woody biomass and deep rooting component that captures carbon at depths and over timescales that annual 

cropping systems cannot match on their own. 

 
Fig. 3. Practices for restoring soil organic carbon 
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Table 2. Agronomic practices for soil carbon restoration 

Practice Primary mechanism Additional benefit  

Reduced or no tillage Limits physical disturbance and exposure of 

protected organic matter 

Reduces erosion and fuel and labour 

costs 

Cover crops and green 

manuring 

Adds fresh organic material and continuous 

root activity 

Suppresses weeds; can supply 

biologically fixed nitrogen 

Crop residue retention Returns carbon already fixed by the crop to 

the soil surface 

Reduces erosion and moisture loss 

Organic manures, compost 

and biochar 

Directly adds stabilized carbon and feeds 

microbial activity 

Improves nutrient supply and soil 

structure 

Agroforestry and tree 

integration 

Adds deep rooted, woody biomass carbon 

input 

Diversifies farm income and improves 

microclimate 

Source: Compiled from Lal, 2004a; Paustian et al., 2016; and Indian Journal of Agroforestry, ICAR. 

5. Field and Global Evidence of Soil Carbon Restoration 

The evidence base for soil carbon restoration spans both global synthesis and India specific research. Long term 

experiments compiled from across cropping systems show that shifting from conventional tillage with residue 

removal to reduced tillage with residue retention and improved rotation consistently raises measured soil organic 

carbon over periods of 10 to 20 years, though the rate of gain depends strongly on climate, soil texture and the 

specific combination of practices adopted. In India, assessments coordinated through the National Bureau of Soil 

Survey and Land Use Planning and allied ICAR institutes estimate the country's overall soil carbon sequestration 

potential, achieved by converting degraded agricultural land to restorative management, at approximately 39 to 

49 teragrams of carbon per year, a figure that reflects both the scale of past soil carbon loss and the extent of land 

still available for improved management. These India specific findings sit within a global framework formalized 

by the 4 per mille Soils for Food Security and Climate initiative, launched at the twenty first Conference of the 

Parties in Paris in 2015, which set out an aspiration to increase global soil carbon stocks by 0.4 per cent annually 

as a partial offset to anthropogenic greenhouse gas emissions, framing soil carbon restoration explicitly as a shared 

climate commitment rather than a purely local agronomic choice. 

6. Climate-Smart Agriculture: Linking Soil Carbon to Mitigation and Adaptation  

Agriculture and associated land use change contribute close to a quarter of global anthropogenic greenhouse gas 

emissions, with direct agricultural production, mainly through soil and livestock emissions, accounting for 10 to 

14 per cent of the total, and soils specifically responsible for a substantial share of this, chiefly as nitrous oxide 

and methane. Improved soil carbon management addresses this problem from two directions simultaneously. As 

a mitigation measure, it draws atmospheric carbon dioxide into stable soil organic matter, functioning as a 

genuine, verifiable sink when implemented and monitored consistently. As an adaptation measure, the same 

restored organic matter improves the water holding capacity and structural resilience of soil, buffering crops 

against the more erratic and extreme rainfall patterns that climate change is bringing to many agricultural regions. 

This combination of mitigation and adaptation benefit, delivered through the same set of practices, is precisely 

what distinguishes climate-smart agriculture from conventional productivity focused farming, and soil carbon sits 

at the centre of that combination rather than at its periphery (Figure 5). 

7. Policy Frameworks and Institutional Support 

Soil carbon restoration is increasingly embedded in formal policy architecture rather than left to individual farm 

decisions alone. The 4 per mille initiative, though framed more as an aspirational concept than a rigid national 

target, has drawn nearly 150 signatories, including countries, regions, research institutions and private sector 

bodies, and has helped position soil carbon within international climate negotiations. In India, coordinated 

research programmes under the Indian Council of Agricultural Research, including long term experiments 

maintained by the National Bureau of Soil Survey and Land Use Planning and the Indian Institute of Soil Science, 

continue to generate the region specific data on soil carbon change that national planning and, increasingly, 

voluntary carbon market frameworks in the agriculture sector depend on. The 2017 Global Symposium on Soil 

Organic Carbon, convened by the Food and Agriculture Organization in Rome, further consolidated the technical 

case for treating soil organic carbon monitoring and restoration as core components of both food security and 
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climate strategy, recommendations that continue to shape how national soil programmes, India's included, 

prioritize their research and extension effort. 

Fig. 4. Soil carbon as the hub of climate-smart agriculture outcomes 

8. Practical Recommendations 

Farmers and extension programmes seeking to rebuild soil carbon should treat it as a multi season commitment 

rather than a single input decision. Reducing tillage intensity and retaining crop residue wherever feasible are the 

lowest cost starting points and can be adopted without major investment. Where residue is needed for fodder or 

other uses, substituting a portion with farmyard manure, compost or a green manure crop preserves much of the 

same carbon benefit. Cover cropping in the gap between main cropping seasons, even for a short duration, adds 

carbon input at a time when the soil would otherwise lie bare and exposed to erosion. Where land use planning 

allows, integrating trees into field boundaries or as part of an agroforestry system adds a carbon accumulation 

pathway that annual cropping alone cannot achieve. Above all, soil testing for organic carbon should become as 

routine a practice as testing for nitrogen, phosphorus and potassium, since a farm cannot manage what it does not 

measure, and repeated testing over several years is the only reliable way to confirm that a given combination of 

practices is actually rebuilding carbon rather than merely slowing its loss. 

9. Conclusion 

Soil carbon restoration occupies an unusually favourable position among climate strategies: it is grounded in 

agronomic practices that farmers already understand, it delivers a productivity benefit that justifies adoption even 

without reference to climate policy, and it draws down atmospheric carbon dioxide as a genuine side effect of 

better farming rather than as a separate, costly intervention. The scale of the opportunity, in India and globally, is 

large precisely because the scale of past loss has been large, and the practices needed to reverse that loss, reduced 

tillage, cover cropping, residue retention, organic amendment and agroforestry, are neither exotic nor unproven. 
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What remains is the harder task of consistent, multi season adoption at scale, supported by routine soil carbon 

monitoring and by policy frameworks, from the 4 per mille initiative to India's own research and extension 

programmes, that keep soil carbon restoration positioned where it belongs, as a foundation of climate-smart 

agriculture rather than an afterthought to it. 
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Abstract 

Fruits and vegetables constitute one of the most valuable sectors of Indian agriculture, playing a vital role in 

improving nutrition, ensuring food and nutritional security, and enhancing farmers' income. However, their highly 

perishable nature leads to considerable post-harvest losses, reducing both economic returns and food availability. 

Value addition and processing offer effective solutions to minimize these losses by extending shelf life, improving 

product quality, diversifying market opportunities, and generating higher returns for farmers, processors, and rural 

entrepreneurs. Activities such as grading, sorting, packaging, drying, canning, juicing, fermentation, freezing, and 

by product utilization not only reduce wastage but also increase the commercial value of horticultural produce. 

This article discusses the concept, importance, and scope of value addition and processing in fruits and vegetables, 

highlights major processing technologies and government initiatives, and examines the key challenges and 

opportunities for developing a competitive, sustainable, and market oriented horticultural processing sector that 

supports rural employment and income generation. 

Keywords: Food processing, Horticultural crops, Post harvest management, Rural entrepreneurship, Shelf-life 

extension, Value addition. 

1. Introduction 

orticulture, comprising fruits and vegetables, occupies a central place in agricultural economies worldwide. 

Fruit and vegetable production is central to the livelihoods of a very large number of small-scale farmers, 

and processed forms of these commodities are important for farmers' livelihoods, income, trade, food security 

and nutrition (FAO, 2021a). Globally, more than half of all fruit and vegetables are grown on farms smaller than 

20 hectares, and in developing countries such farms account for the vast majority of horticultural output, making 

the sector especially significant for smallholder income (FAO, 2021b). India, for instance, is the second largest 

producer of fruits and vegetables in the world, yet the country converts only a small fraction of this produce into 

processed goods, in sharp contrast to high-income countries where nearly all agricultural produce undergoes 

industrial processing (Value Addition and Processing, n.d.). 

 Because fruits and vegetables are biologically perishable, they begin to deteriorate soon after harvest due to 

respiration, moisture loss, microbial attack and mechanical injury. Where cold storage, transport and processing 

infrastructure are inadequate, large volumes of produce are lost before they reach the consumer, and the income 

that farmers might otherwise have earned is lost with them. Value addition and processing address this problem 

directly: by converting fresh, perishable produce into more stable, higher-value products, farmers and small 

entrepreneurs can capture a larger share of the final consumer price, smooth out seasonal price fluctuations, and 

open access to new domestic and export markets. This article discusses the importance of value addition, the 

extent of post-harvest losses that make it necessary, the principal methods of processing, the resulting economic 

benefits, relevant government support programmes, and the challenges that must be overcome for the sector to 

realise its full potential. 
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2. Importance of Fruits and Vegetables in the Rural Economy 

Fruit and vegetable cultivation is far more labour- and income-intensive per unit of land than most cereal crops, 

which makes it an important driver of rural employment and household income. Family farmers, who are often 

small-scale producers, account for roughly 80 percent of the world's food in value terms and a large share of 

global fruit and vegetable output (FAO, 2021b). In several countries, horticultural crops have become the second 

most important income-earning commodity group after staple grains, and in specific value chains such as avocado 

in Mexico or banana in Guatemala, small-scale farmers dominate production and derive a substantial share of 

household income from these crops (FAO, 2021b). This underlines why any strategy to raise farm income must 

pay close attention to how fruits and vegetables are handled, marketed and processed after harvest. 

 Value addition in this context is not limited to full industrial processing. It also includes basic activities such 

as sorting, grading, cleaning, packaging, cooling and transport, all of which are performed by a wide range of 

actors from micro-enterprises to large companies, and all of which raise the price a farmer or trader can command 

for the same physical quantity of produce (Markets and Value Chains, FAO). Even relatively simple, low-cost 

interventions at the farm or village level can therefore translate into a meaningful improvement in net income for 

producers. 

3. Post-Harvest Losses: The Scale of the Problem 

The urgency of value addition becomes clear when the scale of post-harvest losses is examined. A study by the 

Central Institute of Post-Harvest Engineering and Technology (ICAR-CIPHET), commissioned by India's 

Ministry of Food Processing Industries and published in 2015, assessed losses across 45 major crops and 

estimated the annual economic value of these losses at about Rs 92,651 crore, of which fruits accounted for 

roughly Rs 16,644 crore and vegetables for about Rs 14,842 crore (Post Harvest Food Loss, PIB; India: Post 

Harvest Loss of Fruits and Vegetables). The same study found that losses in vegetables ranged from about 4.6 

percent in tapioca to over 12 percent in tomato, while losses in fruits ranged even higher, reaching close to 16 

percent in commodities such as guava, with harvesting, sorting and grading, transportation and storage at the 

wholesale and retail level identified as the principal points of loss (Jha et al., 2015; Storage woes, farmers grapple 

with post-harvest loss, The Tribune, 2024). 

 
Figure 1: Post-Harvest Losses Across Select Commodities in India 

 A more recent nationwide survey conducted by NABARD Consultancy Services (NABCONS) in 2022 

estimated total food loss in India at over 7,400 million metric tonnes with an economic value of roughly Rs 

1,527,871 million, with horticultural produceðfruits, vegetables, plantation crops and spicesðalone accounting 

for close to 50 million metric tonnes of loss annually, driven largely by inadequate cold-chain infrastructure 

(National Economic Forum, 2025). Globally, the picture is similarly stark: in developing regions, post-harvest 

losses can reduce incomes by at least 15 percent for an estimated 470 million smallholder farmers and other value-
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chain participants, and in parts of Sub-Saharan Africa nearly 45 percent of fruits and vegetables are discarded 

before reaching the consumer (Study protocol, PMC, 2025). These figures demonstrate that the absence of 

adequate processing and value-addition capacity is not a marginal inefficiency but a major economic and 

nutritional loss that directly depresses farm income. 

4. Concept and Scope of Value Addition  

Value addition refers to any process that increases the economic worth, utility, shelf life or market appeal of a 

raw agricultural commodity. For fruits and vegetables, this spans a continuum from minimal processingð

cleaning, sorting, grading, trimming and packaging fresh produceðto full processing, which includes juicing, 

canning, dehydration, freezing, fermentation and pickling (Fruit and Vegetables: Essential for Healthy Lives, 

FAO). Minimal processing retains most of the inherent freshness and nutritional properties of the produce while 

improving its presentation and marketability, whereas full processing converts the produce into an entirely 

different, shelf-stable product form. 

 Value-added processing can occur at different points in the supply chain and by different types of actors: 

individual farmers processing their own surplus produce into pickles or jams for local sale; farmer producer 

organisations (FPOs) or self-help groups (SHGs) running shared processing units; and larger food companies 

operating industrial-scale canning or juice plants. Regardless of scale, the underlying economic logic is the same 

processing allows the same physical unit of raw produce to be sold at a higher price, for a longer period, and often 

to a wider market, than would be possible in its raw, perishable state. 

 
Figure 2: The Value Chain of Fruits and Vegetables 

Figure 3: Principles Methods of Value Addition and Processing 
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5. Key Methods and Technologies of Processing 

5.1 Cleaning, Sorting, Grading and Packaging 

The most basic and least capital-intensive form of value addition involves cleaning, sorting by size or quality, 

grading and appropriate packaging. Even without any chemical or thermal treatment, these steps can substantially 

raise the price realised by a farmer, because uniform, well-presented produce commands a premium in organised 

retail and export markets. 

5.2 Dehydration and Drying 

Drying is one of the oldest and most widely used preservation methods. Removing moisture inhibits microbial 

growth and enzymatic spoilage, allowing dried fruits, vegetable flakes and powders to be stored for extended 

periods without refrigeration. The FAO notes that mechanical and solar dryers help bring harvested produce to 

safe moisture levels, and dried products such as sun-dried fruits and dehydrated vegetable powders last 

significantly longer than their fresh counterparts, while also being lightweight and easy to transport. 

5.3 Thermal Processing: Canning and Pasteurisation 

Thermal processing techniques such as canning, bottling and pasteurisation use controlled heat treatment with 

hermetic packaging to destroy spoilage organisms and extend shelf life to a year or more. Canned or bottled 

products such as canned tomatoes, mango pulp or mixed vegetable preserves allow glut-season produce to be sold 

gradually, smoothing out the sharp seasonal price swings that otherwise erode farmer income. 

5.4 Freezing 

Freezing preserves nutritional quality, colour and texture better than most other methods and is widely used for 

peas, corn, mixed vegetables and berries. Its main constraint is the need for continuous cold-chain infrastructure 

from the processing unit to the retail point, which remains inadequate in many developing regions. 

5.5 Fermentation and Pickling 

Fermentation and pickling use salt, acid, sugar or beneficial microorganisms to preserve produce while creating 

distinctive flavours. Traditional pickles, sauerkraut-type ferments and fruit-based chutneys are especially suited 

to small-scale, low-investment production and have strong domestic demand, making them attractive entry points 

for micro and household-level enterprises. 

5.6 Juice, Pulp and Concentrate Production 

Juicing and pulping convert fruit into beverages, concentrates and purees that can be sold fresh, chilled, frozen or 

shelf-stable, and are often blended into other food products. Full processing of this kind, including juicing and 

canning in brine, juice or syrup, is recognised as an important route to increasing the shelf life, year-round 

availability and overall value of fruit and vegetable produce. 

5.7 Jam, Jelly and Preserves 

Cooking fruit with sugar and, where required, pectin and acid produces jams, jellies, marmalades and fruit 

preserves. These products are popular, have long shelf lives at ambient temperature, and require relatively modest 

equipment, making them one of the most common first products for small food-processing entrepreneurs and self-

help groups. 

5.8 By-Product and Residue Utilisation 

Processing generates substantial peels, seeds and pomace that are often discarded, representing both an economic 

loss and environmental burden; under-utilised residues and by-products lead to a loss of income and sustainability 

concerns (Value Addition and Processing, n.d.). Extracting pectin from citrus peel, producing animal feed or 

compost, and recovering natural colourants from fruit residues are examples of how by-product utilisation can 

generate extra revenue and reduce waste. 

6. Economic Benefits and Income Generation 

The income-generating potential of value addition is well documented. Analyses of value-added agricultural 

enterprises in the United States show that when a farmer processes raw produce for example, turning vegetables 

into salsa rather than selling it wholesale, labour income for the entrepreneur can roughly double, and the wider 

economic benefit to the surrounding community can triple, because processing retains more of the value chain, 

and its associated wages and profits, within the local economy (Dudensing, Texas A&M AgriLife). The same 

analysis notes that while value-added processing is not equally suited to every farm, it presents a promising 
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opportunity particularly for smaller producers seeking to differentiate their products and capture a larger share of 

the retail price. 

 At the macro level, the contrast between processing rates in high-income and developing countries illustrates 

the scale of the missed opportunity: high-income countries add roughly US$180 of value to every tonne of 

agricultural produce and process nearly all of it industrially, whereas developing countries process only about 30 

percent of their output and add an average of only about US$40 of value per tonne (Value Addition and 

Processing, n.d.). 

 
Figure 4: Value Added per Tonne of Agriculture Produce 

 Beyond direct income to primary producers, processing creates employment along the value chain in 

harvesting and sorting, in processing units, in packaging and quality control, and in transport, marketing and retail 

much of which is generated in rural and semi-urban areas where alternative employment opportunities are limited. 

It also allows farmers and farmer collectives to move away from complete dependence on volatile fresh-produce 

prices, since processed products can be stored and sold when prices are most favourable, reducing distress sales 

that typically occur during harvest gluts. 

7. Government Policy and Institutional Support in India 

Recognising the income potential of food processing, the Government of India has introduced targeted policy 

support. The Pradhan Mantri Formalisation of Micro Food Processing Enterprises (PMFME) Scheme, launched 

on 29 June 2020 as part of the Atmanirbhar Bharat Abhiyan, is a centrally sponsored scheme with an outlay of 

about Rs 10,000 crore aimed at supporting roughly two lakh unorganised micro food-processing enterprises across 

the country, with a particular emphasis on the One District One Product (ODOP) approach that prioritises 

perishable produce such as fruits, vegetables and spices (PIB, 2025; Make in India, PMFME). Under the scheme, 

financial, technical and business support is extended to individual entrepreneurs, farmer producer organisations, 

self-help groups and producer cooperatives for upgrading equipment, improving packaging and branding, and 

strengthening common infrastructure such as sorting, grading and cold storage facilities. 

 Documented case studies illustrate the real-world impact of such support: a micro food-processing unit in 

Ernakulam, Kerala, that began with a single traditional snack product received a loan of over Rs 3 lakh under the 

PMFME Scheme in 2021, which enabled the purchase of new machinery, doubled production, and increased daily 

profits from about Rs 12,000 to nearly Rs 20,000, with annual turnover crossing Rs 32 lakh in 2021ï22 (PIB, 

2025). More broadly, the Ministry of Food Processing Industries has also commissioned periodic national 

assessments of post-harvest lossesðthrough ICAR-CIPHET in 2015 and NABCONS in 2022ðspecifically to 

guide investment in processing infrastructure and reduce the wastage that erodes farmer income (Post Harvest 

Food Loss, PIB). 
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8. Challenges Facing Value Addition and Processing 

Despite this potential, several structural challenges constrain growth in this sector: 

i. Inadequate cold-chain and storage infrastructure, which limits the ability to hold perishable produce long 

enough for processing or for prices to improve, and contributes directly to high storage-stage losses 

(National Economic Forum, 2025). 

ii.  Fragmented and unorganised supply chains that leave a large gap between farm-gate prices and final 

consumer prices, with limited price transmission back to primary producers (Value Addition and 

Processing, n.d.). 

iii.  Limited access to affordable credit, appropriate processing technology and quality-testing facilities, 

particularly for micro and small enterprises and individual farmers. 

iv. Low awareness and technical skill among farmers and rural entrepreneurs regarding food-safety standards, 

hygienic processing practices and packaging requirements needed to access organised retail and export 

markets. 

v. Heavy reliance on road transport with around 97 percent of fruits and vegetables in India moved by road 

which is less efficient and more loss-prone than rail-based cold-chain logistics (Post Harvest Loss in India, 

pmfias.com, 2024). 

vi. Seasonal and locational mismatches between where produce is grown and where processing capacity 

exists, increasing transport costs and spoilage risk. 

9. Conclusion 

Fruits and vegetables represent one of the most economically significant yet most vulnerable segments of 

agriculture, given their high perishability and the substantial post-harvest losses documented across both Indian 

and global studies. Value addition and processingðranging from simple grading and packaging to drying, 

canning, freezing, fermentation, juicing and by-product recoveryðoffer a practical and proven means of 

converting this vulnerability into opportunity. By extending shelf life, smoothing seasonal price volatility, 

opening new markets and retaining a larger share of value within farming communities, processing can 

meaningfully raise the income of farmers, farmer collectives and rural entrepreneurs. Realising this potential at 

scale, however, requires sustained investment in cold-chain and processing infrastructure, wider access to credit 

and technology, stronger skill development, and continued policy support of the kind offered through schemes 

such as PMFME. With these elements in place, the fruit and vegetable processing sector can become a durable 

engine of rural income growth, employment generation and food-loss reduction. 
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Highlight of the Article  

Rajasthan, which encompasses nearly two thirds of India's hot arid region, is witnessing a rapid shift in its climatic 

patterns. Weather events that were once considered exceptional are becoming increasingly frequent and 

unpredictable. The 2025 monsoon was the sixth wettest in 125 years across western Rajasthan, while pre-monsoon 

rainfall in June 2026 exceeded the long-term average by more than 150 per cent. In contrast, the state also recorded 

its highest ever temperature of 50.5 °C at Churu in 2024 and experienced repeated hailstorms during early 2026 

that caused extensive damage to standing rabi crops. These contrasting extremes highlight the growing 

vulnerability of Rajasthan's agriculture to climate variability. This article examines recent changes in rainfall and 

temperature patterns, their implications for soil health, crop productivity, and farmer livelihoods, and discusses 

climate resilient technologies, rainwater harvesting interventions, drought and heat tolerant crop varieties, and 

agroforestry systems promoted by ICAR, particularly the ICAR Central Arid Zone Research Institute, Jodhpur, 

to strengthen the adaptive capacity of farming systems in the state's arid and semi-arid regions. 

Keywords: Agroforestry, Climate resilience, Desertification, Extreme weather events, Heat waves, Rainwater 

harvesting. 

Introduction  

ajasthan has always been a land of climatic extremes, its farmers accustomed to scanty and undependable 

rainfall, scorching summers and cold, dry winters. What has changed in recent years is not the presence of 

extremes but their unpredictability and severity. A location that recorded barely seven and a half millimetres of 

rain as its normal for early June received more than nineteen millimetres in the same period in 2026, a departure 

of over 150 per cent even before the formal onset of the southwest monsoon. In the two preceding years, farmers 

in Bikaner and neighbouring districts watched hailstones the size of lemons flatten standing wheat and mustard 

just days before harvest, while in 2024 the thermometer at Churu touched 50.5 degrees Celsius, among the highest 

temperatures ever recorded in the country. These are not isolated events but part of a broader pattern in which a 

historically dry state is swinging between prolonged dry spells and sudden, intense wet periods, a whiplash 

proving far more damaging to standing crops and soil than either extreme on its own. This article traces the recent 

record of weather abnormalities in Rajasthan, examines what they mean for the state's agriculture and land 

resources, and outlines the climate resilient practices that research institutions, led by ICAR CAZRI at Jodhpur, 

have developed to help farmers manage this uncertainty. 

A Desert State Turning Wetter and More Erratic 

Historically, Rajasthan's agriculture has been built around scarcity, with average annual rainfall ranging from 

under 250 millimetres in the western districts bordering the Thar Desert to around 600 to 700 millimetres in the 

more humid south east. That pattern has become far less predictable over the past two monsoon seasons. The 

2025 monsoon delivered rainfall well above the long term average in every one of its four months, with June 

recording 133 per cent of normal, July 78 per cent, August 118 per cent and September as much as 182 per cent 

(Table 1, Figure 1). Western Rajasthan, including large tracts of the Thar Desert, received 69 per cent excess 

rainfall for the season overall, making it the sixth wettest monsoon in 125 years of record, and by early June 2026 
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the state was already running 154 per cent above normal for the season, with eastern districts at 207 per cent, even 

before the monsoon had formally arrived. 

 For a state whose entire cropping calendar, from sowing dates to variety selection, has been calibrated 

around dependable scarcity, such a swing toward abundance is not necessarily good news. Sudden, concentrated 

rainfall on soils that are naturally low in organic matter and poorly structured leads to waterlogging in low lying 

fields, lodging of standing crops, and a sharp rise in fungal disease pressure, problems the region's traditional 

cropping systems were never designed to handle. 

Table 1. Recent extreme rainfall events recorded in Rajasthan 

Period Rainfall departure from normal  Remark 

June 2025 133 per cent of long term average Second wettest June in Rajasthan since 1901 

July 2025 78 per cent of long term average Third wettest July on record for the state 

August 2025 118 per cent of long term average Continued above normal monsoon activity 

September 2025 182 per cent of long term average Sharp late season surge in rainfall 

1 to 10 June 2026 154 per cent, state average; 207 per cent, 

eastern Rajasthan 

Excess pre monsoon rainfall driven by 

western disturbances 

Source: India Meteorological Department data, cited in Down To Earth, 2026. 

 
Fig. 1. Monthly rainfall departure in Rajasthan during the 2025 monsoon 

Rising Temperature Extremes 

Alongside the shift in rainfall, Rajasthan has also recorded some of the country's most severe heat extremes in 

recent summers. During the prolonged heat wave that struck India between April and June 2024, Churu in 

Rajasthan registered 50.5 degrees Celsius, the peak temperature recorded anywhere in the country that year, part 

of a spell that contributed to more than 219 heat related deaths and upward of 40,000 hospitalizations nationally. 

Unlike a hailstorm or a flood, heat stress rarely announces itself as a single dramatic event; it accumulates quietly 

in the field, causing flower and pod drop, reduced grain filling, poor nutrient uptake and lower produce quality, 

effects that are easy to underestimate until the harvest weighs in well below expectation. 

Hailstorms and Unseasonal Rain at Harvest Time 

Perhaps the most visible damage in recent seasons has come not from drought or heat but from unseasonal rain 

and hail arriving precisely when the rabi crop is at its most vulnerable. In early April 2026, repeated spells of rain 

and hailstones as large as lemons struck Bikaner district's Arjunsar region over three days, destroying standing 
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wheat, mustard and chana across some twenty villages, with several farmers reporting complete, hundred per cent 

loss on fields they had nursed through an already difficult season of unseasonable heat. For a crop only days from 

harvest there is no recovery possible, only the paperwork of a damage assessment and the long wait that has too 

often followed for insurance claims under the Pradhan Mantri Fasal Bima Yojana (Table 2). 

Table 2. Recent weather extremes in Rajasthan and their agricultural impact 

Event Period Impact on agriculture 

Severe heat wave April to June 2024 Peak temperature of 50.5 degrees Celsius at Churu, 

cumulative heat stress on standing rabi crops and livestock 

Extreme monsoon 

rainfall 

June to September 2025 Sixth wettest season in 125 years in western Rajasthan; 

waterlogging and lodging in several districts 

Hailstorm and heavy 

rain 

2 to 4 April 2026 Complete loss of standing wheat, mustard and chana in 

about twenty villages of Bikaner district 

Excess pre monsoon 

rainfall 

1 to 10 June 2026 State rainfall 154 per cent above normal before formal 

monsoon onset, eastern districts at 207 per cent 

Source: Compiled from Down To Earth, 2026, and India Meteorological Department seasonal reports. 

Desertification and the Slow Loss of Productive Land 

Running beneath these episodic shocks is a slower, more persistent form of degradation. According to the 

Desertification and Land Degradation Atlas prepared by the Space Applications Centre of ISRO, roughly two 

thirds of Rajasthan's geographical area, an estimate that has ranged between about 63 and 68 per cent across 

successive assessments, is undergoing some form of desertification or land degradation, the highest share 

recorded for any Indian state. Wind erosion is by far the dominant process, accounting for about 44.2 per cent of 

the degraded area, followed by water erosion at 11.2 per cent, vegetal degradation at 6.25 per cent and salinization 

at 1.07 per cent, with the remaining share attributed to other and combined processes (Table 3, Figure 2). Left 

unaddressed, the combination of an eroding, wind blown soil surface and increasingly erratic rainfall compounds 

the damage each does on its own, since bare, degraded soil sheds water rather than absorbing it, worsening both 

the dry spells and the flash flooding that now follow one another within a single season. 

Table 3. Leading processes driving land degradation in Rajasthan 

Degradation process Share of degraded area 

Wind erosion 44.2 per cent 

Water erosion 11.2 per cent 

Vegetal degradation 6.25 per cent 

Salinization 1.07 per cent 

Source: Desertification and Land Degradation Atlas of India, Space Applications Centre, ISRO, 2021. Figures 

represent the largest individually identified processes; the remaining degraded area reflects other and combined 

factors. 

 
Fig. 2. Leading processes driving land degradation in Rajasthan (ISRO, 2021) 
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What This Means for Farmers and Agriculture 

Taken together, these abnormalities are reshaping the risk that a Rajasthan farmer carries into every cropping 

season. A wetter monsoon is welcome for groundwater recharge, but it can equally mean a mustard crop lost to 

lodging, a moth bean crop rotting in waterlogged sandy loam, or a delayed sowing window that pushes the crop 

into the path of an early winter cold wave. A hotter summer shortens the safe window for kharif sowing and raises 

livestock heat stress in a state where livestock rearing is as central to rural livelihoods as cropping itself. And a 

slow, wind driven loss of topsoil steadily narrows the productive base on which any of these adaptations must 

work. The Pradhan Mantri Fasal Bima Yojana and the Restructured Weather Based Crop Insurance Scheme exist 

precisely to cushion these shocks, yet as the Bikaner hailstorm episode illustrates, delayed claim settlement 

continues to blunt the protection these schemes are meant to provide, an implementation gap that deserves as 

much attention as the underlying weather risk. 

Climate Resilient Agricultural Practices 

The ICAR Central Arid Zone Research Institute at Jodhpur, together with its regional stations and the state's 

network of Krishi Vigyan Kendras, has spent more than six decades developing technologies specifically suited 

to this volatile arid environment, and these now form the backbone of climate resilient farming advice for the 

state (Figure 3, Table 4). 

 
Fig. 3. Building blocks of climate resilient agriculture in Rajasthan 

Rainwater harvesting 

Traditional structures such as the khadin, tanka and nadi, refined with modern lining and catchment design, 

continue to be the most reliable way of capturing the region's scarce and increasingly episodic rainfall for both 

drinking water and supplemental irrigation, and their revival has become a priority wherever concentrated 

downpours are now more common than steady seasonal rain. 

Sand dune stabilization and agroforestry 

Since the 1960s, CAZRI has promoted afforestation of active sand dunes using hardy species such as Khejri 

(Prosopis cineraria), which anchors soil, moderates local temperature and continues to provide fodder and 

fuelwood even in drought years. Tree based cropping systems built around Khejri, ber and rohida, integrated with 

pearl millet, moth bean or cluster bean in the alleys between trees, buffer the crop beneath from wind erosion and 

extreme heat while adding a second, more stable income stream. 

Drought and heat tolerant varieties 

Breeding programmes at CAZRI and allied ICAR institutes have released pearl millet hybrids and moth bean and 

cluster bean varieties bred specifically for the erratic rainfall and high temperatures of the arid zone, offering 

farmers a form of genetic insurance where agronomic management alone cannot fully offset a difficult season. 
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Micro irrigation and mulching  

Drip and sprinkler systems, combined with organic or plastic mulching, reduce the evaporative loss that is 

otherwise severe in the region's sandy soils and high temperatures, allowing the same volume of harvested water 

to cover more area and support crops through short dry spells within an otherwise wet season. 

Weather based advisories and insurance 

The Restructured Weather Based Crop Insurance Scheme, which triggers payouts once rainfall, temperature or 

humidity readings from automatic weather stations cross defined thresholds, is being extended in Rajasthan under 

the Weather Information Network Data System, expanding the density of the weather station network and, in 

principle, making both advisories and claim settlement faster and less dependent on manual crop cutting 

experiments. 

Institutional and Policy Support 

Rajasthan's response to a more erratic climate draws on a set of complementary national programmes (Table 4). 

The National Action Plan to Combat Desertification, launched alongside the Aravalli Green Wall Project, targets 

the restoration of degraded land through forestry interventions across the state's most affected districts. The 

Pradhan Mantri Fasal Bima Yojana and its weather indexed counterpart provide the financial safety net, however 

imperfect in practice, that allows a farmer to absorb a single bad season without abandoning the next one. And 

Krishi Vigyan Kendras, working with CAZRI's regional research stations at Jodhpur, Pali, Bikaner and Jaisalmer, 

remain the channel through which laboratory bred varieties and engineered water harvesting designs reach an 

actual farmer's field. 

Table 4. Institutional programmes supporting climate resilient agriculture in Rajasthan 

Programme Focus area Implementing agency 

ICAR CAZRI research and 

extension 

Drought tolerant varieties, agroforestry, 

water harvesting 

ICAR Central Arid Zone 

Research Institute, Jodhpur, and 

its regional stations 

Pradhan Mantri Fasal Bima 

Yojana 

Yield based crop insurance against 

natural calamities 

Ministry of Agriculture and 

Farmers Welfare, State 

governments 

Restructured Weather Based 

Crop Insurance Scheme 

Index based payouts linked to automatic 

weather stations 

Ministry of Agriculture and 

Farmers Welfare, insurance 

companies 

National Action Plan to 

Combat Desertification 

Restoration of degraded land through 

forestry 

Ministry of Environment, Forest 

and Climate Change, State Forest 

Department 

Krishi Vigyan Kendras Last mile transfer of technology and 

farmer training 

ICAR, State agriculture 

universities 

Source: Compiled from CAZRI, Jodhpur, and PMFBY and RWBCIS operational guidelines, Government of India. 

Way Forward 

Rajasthan's weather is not simply becoming hotter or wetter in any single direction; it is becoming less predictable 

in both directions at once, and it is this unpredictability, more than any single extreme, that agriculture in the state 

must now be built to absorb. The technologies to do so, water harvesting, agroforestry, drought and heat tolerant 

varieties, and weather indexed insurance, already exist and have been tested over decades of CAZRI research. 

What remains uneven is their reach: too many farmers still learn about a khadin or a weather based insurance 

claim only after a season has already been lost. Closing that gap, through faster claim settlement, denser weather 

monitoring and sustained extension contact, is now as important to Rajasthan's agricultural future as any single 

new variety or structure. 

Summary 

Rajasthan's climate is shifting from dependable scarcity toward volatile extremes, with the 2025 monsoon ranking 

as the sixth wettest in 125 years in the western districts, June 2026 rainfall already 154 per cent above normal 

before the monsoon's formal onset, a record temperature of 50.5 degrees Celsius recorded at Churu in 2024, and 
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hailstorms that destroyed entire rabi fields in Bikaner in early 2026. Beneath these episodic shocks, roughly two 

thirds of the state's land continues to degrade, chiefly through wind erosion. Climate resilient practices developed 

by ICAR CAZRI, including rainwater harvesting structures, agroforestry built around Khejri and ber, drought and 

heat tolerant varieties, micro irrigation and weather based crop insurance, offer a proven pathway forward, but 

their benefit reaches farmers only where extension outreach and timely insurance settlement keep pace with the 

technology itself. For Rajasthan's farmers, resilience now depends as much on institutional responsiveness as on 

the science already available. 
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Abstract 

Pulses occupy a unique position in Indian agriculture as the country's principal source of dietary protein for a 

predominantly vegetarian population and as leguminous crops capable of enriching soil through biological 

nitrogen fixation. Despite their nutritional and ecological importance, the national average productivity remains 

low, at around 900 kg ha ĭ, and India continues to import more than seven million tonnes of pulses annually to 

meet domestic demand. A major reason for this productivity gap is the widespread cultivation of pulses with 

minimal nutrient inputs, based on the misconception that biological nitrogen fixation alone can meet their nutrient 

requirements. In reality, efficient nodulation and nitrogen fixation depend on an adequate supply of phosphorus, 

sulphur, and essential micronutrients, together with the presence of effective Rhizobium strains in the soil, 

conditions that are often lacking in degraded or continuously cultivated fields. Integrated Nutrient Management, 

which combines soil test based fertilizer application with Rhizobium and phosphate solubilizing bacteria 

inoculation, organic manures, and micronutrient supplementation, has consistently improved nodulation, nutrient 

use efficiency, soil fertility, and grain yield in field studies on chickpea and pigeonpea compared with the use of 

either chemical fertilizers or biological inputs alone. This article reviews the nutrient management challenges in 

pulse-based production systems, outlines the key components of an effective Integrated Nutrient Management 

strategy, and highlights its role in improving productivity, sustaining soil health, and enhancing nutrient use 

efficiency. 

Keywords: Biofertilizers, Integrated Nutrient Management, Nitrogen fixation, Pulse based cropping systems, 

Rhizobium, Soil health. 

1. Introduction  

ulses have been part of Indian farming systems for millennia, valued as much for the protein they place on 

the plate as for the fertility they leave behind in the soil. Being legumes, chickpea, pigeonpea, black gram, 

green gram, lentil and their relatives form a partnership with Rhizobium bacteria in root nodules, drawing nitrogen 

directly from the atmosphere rather than depending entirely on nitrogen already present in the soil or applied as 

fertilizer. This biological nitrogen fixation has long been treated as reason enough to place pulses at the bottom 

of the input priority list, grown as a catch crop on residual fertility with little more than a token dose of fertilizer, 

if any at all. 

 That assumption has not served pulse productivity well. India's average pulse yield has crept up only slowly, 

from around 609 kilograms per hectare in the early 2000s to roughly 907 kilograms per hectare by 2024, a level 

still well below what balanced nutrient management can deliver on the same soils. The gap is not a shortcoming 

of the crop but of the way it is fed. Nodulation and nitrogen fixation are themselves nutrient demanding processes, 

requiring phosphorus for energy transfer, sulphur for the enzymes and amino acids involved, and molybdenum 

as a direct cofactor of the nitrogenase enzyme that fixes nitrogen. Where any of these is deficient, a pulse crop 

nodulates poorly, fixes little nitrogen, and ends up drawing down whatever nitrogen already exists in the soil 

rather than adding to it. Integrated Nutrient Management, or INM, addresses this by combining judicious chemical 

fertilizer, biofertilizers and organic sources in a single, soil test guided package, and this paper sets out why that 

combination matters and what the evidence shows about its impact. 
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2. Pulses in Indian Agriculture: Extent and the Productivity Gap 

India is the world's largest producer, consumer and importer of pulses, cultivating the crop on close to 28 to 30 

million hectares and producing around 244.93 lakh tonnes in 2023 24. Despite this scale, domestic production 

has not kept pace with demand, and the country imported a record 72.56 lakh tonnes of pulses in 2024 25, worth 

about 5.48 billion US dollars, exposing farmers and consumers alike to global price volatility (Table 1). In 

recognition of this gap, the Union Cabinet approved the Mission for Aatmanirbharta in Pulses in the 2025 26 

budget, a six year, 11,440 crore rupee initiative targeting self reliance in tur, urad and masoor specifically. 

Table 1. Area, production and trade indicators for pulses in India 

Indicator  Value 

Area under pulses About 28 to 30 million hectares 

Production, 2023-24 244.93 lakh tonnes 

Productivity, 2024 (approx) About 907 kg per hectare, up from 609 kg per hectare in 2001 

03 

Imports, 2024-25 72.56 lakh tonnes, valued at about USD 5.48 billion 

Mission for Aatmanirbharta in Pulses Rs 11,440 crore, 2025 26 to 2030 31, targeting tur, urad and 

masoor 

Source: ClearIAS, Pulses Production in India, 2025, and Agriculture Institute, Production Statistics and Acreage 

of Pulses in India, 2026. 

 
Fig. 1. Trend in all India pulses productivity 

3. Why Pulses Need More Than Nitrogen Fixation Alone 

A well nodulated pulse crop can add up to about 30 kilograms of nitrogen per hectare to the soil through biological 

fixation, a benefit that improves the fertility available to the crop that follows it in rotation. This process is, 

however, conditional rather than automatic. Nodule formation depends on the presence of compatible, effective 

Rhizobium strains in the soil, which may be absent, present at low populations, or displaced by ineffective native 

strains in fields where the crop has not been grown for years or where soil conditions are unfavourable. Even 

where compatible rhizobia are present, the energy intensive process of converting atmospheric nitrogen into a 

usable form draws heavily on phosphorus, since the reaction is powered by ATP, while sulphur is required for 

the amino acids and enzymes involved in nodule function and molybdenum acts as a direct cofactor of the 

nitrogenase enzyme itself. Zinc and boron, though not directly involved in fixation, influence flowering, pod set 

and grain filling, and their absence can limit yield even where nitrogen supply is adequate. 

 Where phosphorus, sulphur or these micronutrients are deficient, which is common in the light textured, 

often marginal soils on which pulses are frequently grown, nodulation is poor and the crop behaves less like a 

nitrogen contributor and more like any other nitrogen demanding crop, drawing down existing soil reserves. The 
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common practice of skipping fertilizer application entirely on the assumption that the crop will fix all the nitrogen 

it needs therefore tends to depress rather than protect yield, and it is precisely this gap that integrated nutrient 

management is designed to close. 

 
Fig. 2. Nutrients required for effective nodulation and nitrogen fixation in pulses 

4. Components of Integrated Nutrient Management in Pulses 

 
Fig. 3. Components of integrated nutrient management in pulses 

4.1 Rhizobium and other biofertilizers 

Seed treatment with a crop specific Rhizobium culture, ideally combined with phosphate solubilizing bacteria 

and, where available, potassium solubilizing bacteria, remains the single most cost effective input in pulse 
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cultivation. Even in fields where pulses have been grown before, inoculation with a fresh, high quality culture is 

worthwhile, since native rhizobial populations are frequently outnumbered by strains that nodulate the root but 

fix little or no nitrogen. 

4.2 Balanced phosphorus and sulphur application 

Because nodulation is phosphorus dependent, a starter dose of phosphorus, typically applied as a basal dressing 

at sowing, supports early nodule development even in a crop that will eventually meet most of its own nitrogen 

needs. Sulphur, often supplied through gypsum or single superphosphate, addresses a deficiency that is 

increasingly common in intensively cropped soils and directly supports both nodule function and oil and protein 

synthesis in the grain. 

4.3 Organic manures and green manuring 

Farmyard manure, vermicompost or a green manure crop worked into the soil ahead of sowing improves organic 

carbon, soil structure and the population of beneficial microorganisms, creating conditions in which both applied 

and native rhizobia establish and function more effectively. Replacing a modest share of the recommended 

fertilizer dose, commonly around 25 per cent, with an organic source has repeatedly been shown to sustain yield 

while improving residual soil fertility for the following crop. 

4.4 Micronutrient correction  

Zinc and boron deficiencies are widespread across pulse growing soils and are readily corrected through soil or 

seed applied zinc sulphate and borax, while molybdenum, required in only trace amounts but essential to 

nitrogenase function, is best supplied as a seed treatment, particularly in acidic soils where its availability is 

naturally low. 

5. Field Evidence on Yield, Nutrient Uptake and Soil Health 

Field trials across different pulse crops and agro climatic zones consistently point in the same direction: a 

combination of reduced chemical fertilizer, biofertilizer inoculation and an organic source outperforms either full 

chemical fertilization or biofertilizer use alone, both in yield and in the residual condition of the soil (Table 2). In 

chickpea trials conducted at Lovely Professional University, the treatment combining 75 per cent of the 

recommended fertilizer dose with farmyard manure and Rhizobium inoculation recorded the highest post harvest 

soil nitrogen, phosphorus and potassium levels among all treatments tested, indicating that the crop had left the 

soil measurably more fertile than it found it. In a separate multi season trial in Rajasthan, chickpea receiving 50 

to 75 per cent of the recommended fertilizer dose along with Rhizobium and phosphate solubilizing bacteria 

returned the best economics of any treatment, with benefit cost ratios of 3.2 and 3.1 respectively. In pigeonpea 

trials conducted over three kharif seasons in Odisha, the combination of 75 per cent nitrogen, full phosphorus and 

potassium, Rhizobium, phosphate solubilizing bacteria and lime produced the highest productivity, grain quality 

and nutrient uptake among seven treatments compared, ahead of the full recommended fertilizer dose applied 

alone. 

Table 2. Selected field trial findings on integrated nutrient management in pulses 

Crop and location Best performing treatment Key outcome 

Chickpea, Lovely Professional 

University, Punjab 

75% RDF + farmyard manure + 

Rhizobium 

Highest post harvest soil N, P and 

K among treatments tested 

Chickpea, Vivekananda Global 

University, Rajasthan 

50 to 75% RDF + Rhizobium + 

PSB 

Best economics, benefit cost ratio 

of 3.2 and 3.1 respectively 

Pigeonpea, Eastern Ghat High 

Land Zone, Odisha 

75% N + 100% PK + Rhizobium + 

PSB + lime 

Highest productivity, grain 

quality and nutrient uptake over 3 

seasons 

Chickpea, Vertisol, Central India INM modules versus inorganic 

fertilizer alone 

Higher soil organic carbon and 

improved soil physical and 

chemical properties 

Source: Compiled from IJERT, 2026; ResearchGate field trial reports, 2017 and 2025; and PMC, Performance of 

chickpea in maize chickpea sequence, 2021. 
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6. Benefits for Soil Health and Nutrient Use Efficiency 

Beyond individual field trials, broader comparisons between legume based and cereal monoculture systems 

reinforce the same pattern. Soils under legume crops have been found to show more than 11 per cent higher 

availability of nitrogen, phosphorus and potassium and 16 to 17 per cent greater carbon sequestration than soils 

under continuous cereal cultivation, alongside a requirement for around 25 per cent less irrigation water (Fig. 4). 

When these ecosystem benefits are valued in economic terms, they have been estimated at close to 15,000 rupees 

per hectare, a contribution that conventional yield and price calculations for pulses typically overlook entirely. 

Integrated nutrient management amplifies these benefits rather than working against them, since the organic and 

biological components of an INM package build the same soil organic carbon and microbial activity that make 

the crop's own nitrogen fixation more effective in the first place, creating a cycle of improvement rather than a 

one off gain. 

 
Fig. 4. Soil and water benefits of legume-based systems compared with cereal monoculture 

7. Practical Recommendations for Farmers and Extension Workers 

Treat every pulse crop with a fresh, crop specific Rhizobium and phosphate solubilizing bacteria culture at 

sowing, regardless of whether the crop has been grown in the field before. Apply the full recommended dose of 

phosphorus and potassium as per soil test, since these support nodulation rather than compete with it, while 

reducing nitrogen fertilizer to a small starter dose that helps the crop establish before nodules become active. 

Where soil tests indicate deficiency, apply gypsum or a sulphur containing fertilizer, and treat seed with 

molybdenum, particularly in acidic soils. Replace a portion of the chemical fertilizer dose, typically around a 

quarter, with farmyard manure, vermicompost or a green manure crop wherever feasible, and avoid the common 

practice of applying no fertilizer at all in the belief that the crop's nitrogen fixing ability makes this unnecessary, 

since the evidence consistently shows the opposite to be true. 

8. Conclusion 

Pulses carry a reputation as self-sufficient, soil building crops, and under the right conditions they genuinely are. 

That reputation, however, has too often been used to justify starving them of the very nutrients, phosphorus, 

sulphur and micronutrients in particular, that make effective nitrogen fixation possible in the first place. Integrated 

Nutrient Management restores the balance, combining biofertilizers, judicious chemical fertilizer and organic 

sources into a package that field trials across chickpea and pigeonpea have repeatedly shown to outperform any 

single input used alone, both in yield and in the fertility left behind for the next crop. As India works toward self-

reliance in pulse production under missions such as Aatmanirbharta in Pulses, closing the gap between the 
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productivity pulses could achieve and what farmers actually harvest will depend less on new technology than on 

applying, consistently and at scale, the integrated nutrient management principles already validated by research. 
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Introduction  

griculture faces an ever-growing challenge from plant diseases, insects and pests that reduce crop yield and 

quality. For decades, chemical pesticides have been the primary tool for managing these problems. While 

effective, their excessive use has led to pesticide resistance, environmental pollution, destruction of beneficial 

organisms, and concerns about food safety. 

 Biological control, commonly known as biocontrol, offers a sustainable and environmentally friendly 

alternative. It uses naturally occurring organisms or their products to suppress plant pathogens and pests, helping 

farmers produce healthier crops while reducing dependence on chemical pesticides. 

What is Biological Control? 

Biological control is the use of beneficial microorganisms, insects or natural enemies to manage plant diseases 

and pests. Instead of eliminating all microorganisms, biocontrol restores the natural balance in agricultural 

ecosystems by encouraging beneficial organisms that keep harmful pathogens under control. 

How Does Biological Control Work?  

Beneficial organisms protect plants through several mechanisms: 

¶ Competition: Beneficial microbes compete with pathogens for nutrients and space.  

¶ Antibiosis: They produce natural antibiotics that inhibit pathogen growth.  

¶ Parasitism: Some microorganisms directly attack and destroy plant pathogens.  

¶ Induced Resistance: They stimulate the plant's own immune system, making it more resistant to 

diseases 

Table 1: Major Biological Control Agents 

Biological control agent Target organism Mode of action Common application 

Trichoderma spp. Soil-borne fungi Parasitism, antibiosis, induced 

resistance 

Seed treatment, soil 

application 

Bacillus spp. Fungi and bacteria Antibiotic production, 

competition 

Seed treatment, foliar spray 

Pseudomonas fluorescens Multiple pathogens Siderophore production, induced 

resistance 

Seed treatment and soil 

application 

Beauveria bassiana Insect pests Infects and kills insects Foliar spray 

Ladybird beetles Aphids Predation Field release 

Metarhizium anisopliae Insect pests Infects insect body Soil and foliar application 
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Why Biological Control Matters Today? 

The world's population is increasing rapidly, creating a greater demand for food production. At the same time, 

climate change, emerging plant diseases, pesticide resistance and environmental degradation are threatening 

agricultural productivity. Biological control offers a practical and sustainable solution by reducing dependence 

on chemical pesticides while maintaining crop health and protecting natural ecosystems. It supports eco-friendly 

farming practices and contributes to long-term food security. 

Benefits of Biological Control 

Environmentally Safe 

Biological control reduces dependence on chemical pesticides by using beneficial microorganisms and other 

natural enemies to suppress plant pathogens. This minimizes soil and water pollution, lowers environmental 

contamination and helps maintain ecological balance. 

Healthier Crops 

Beneficial microbes such as Trichoderma, Bacillus and Pseudomonas not only suppress disease-causing 

pathogens but also stimulate root growth, improve nutrient uptake, and activate the plant's natural defense 

mechanisms. As a result, crops become healthier more vigorous, and better able to withstand disease. 

Protects Beneficial Organisms 

Unlike many broad-spectrum pesticides, biological control agents are generally selective in their action. They 

help conserve pollinators such as bees and butterflies, beneficial insects, earthworms, and natural predators that 

play essential roles in pollination, soil fertility and pest regulation. 

Supports Sustainable Agriculture 

Biological control contributes to sustainable farming by improving soil microbial diversity, maintaining soil 

fertility, and reducing the development of pesticide-resistant pathogens. It is an important component of Integrated 

Disease Management (IDM) and promotes long-term agricultural productivity. 

Produces Safer Food 

Reduced use of chemical pesticides lowers pesticide residues on fruits, vegetables and other food products. This 

results in safer produce for consumers while also protecting the health of farmers and agricultural workers who 

are regularly exposed to pesticides. 

Cost-Effective in the Long Run 

Although some biological control products may require careful application and initial investment, they can reduce 

the need for repeated chemical sprays, improve crop health and lower production costs over time. When combined 

with good agricultural practices, biological control provides an economical and sustainable approach to disease 

management. 

Success Stories: 

ü Trichoderma species effectively suppress diseases caused by Fusarium, Rhizoctonia, Sclerotium, and 

Pythium. 

ü Pseudomonas fluorescens protects several vegetable, cereal and pulse crops by enhancing natural plant 

immunity. 

ü Bacillus subtilis produces natural antimicrobial compounds that reduce fungal and bacterial diseases. 

ü Ladybird beetles naturally control aphid populations, reducing the need for insecticides. 

Challenges 

¶ Despite its many advantages, biological control also has limitations: 

¶ Performance may vary with temperature, humidity and soil conditions. 

¶ Beneficial organisms often act more slowly than chemical pesticides. 

¶ Proper storage and handling are essential to maintain effectiveness. 

¶ Farmers need awareness and training for successful adoption. 

Did you know? 

ü Less than 1% of microorganisms present in the soil are harmful to plants; the vast majority are either 

beneficial or harmless. 
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ü A single gram of healthy soil may contain billions of microorganisms, including bacteria, fungi and 

actinomycetes that help maintain soil fertility and suppress plant diseases. 

ü Some beneficial microbes not only control diseases but also promote plant growth by improving nutrient 

uptake and producing growth-promoting substances. 

The Future of Biological Control 

Advances in biotechnology, genomics, microbiome research and precision agriculture are making biological 

control more reliable and effective. Scientists are developing improved microbial formulations, microbial 

consortia and climate-resilient biocontrol agents. When combined with resistant crop varieties and good 

agricultural practices, biological control will play an increasingly important role in sustainable crop protection. 

Table 2: Quick Comparison: Biological vs Chemical Control 

Feature Biological Control Chemical Control 

Source Natural organisms Synthetic chemicals 

Environmental impact Low Often high 

Target specificity Usually specific Often broad-spectrum 

Risk of resistance Lower Higher 

Residue in food Minimal May occur 

Effect on beneficial organisms Generally safe May harm beneficial insects and microbes 

Long-term sustainability High Moderate to low 

Conclusion 

Biological control is transforming modern agriculture by harnessing nature's own defense mechanisms to protect 

crops. Although it is not a complete replacement for chemical pesticides in every situation, it is a cornerstone of 

Integrated Pest Management (IPM). By promoting healthier soils, conserving biodiversity and reducing 

environmental pollution, biological control offers a sustainable path toward resilient agriculture, improved food 

security and healthier crops for future generations. 
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Introduction  

lant diseases continue to pose a serious challenge to global agriculture by reducing crop yield, quality, and 

farmer income. Traditional plant disease diagnosis relies heavily on visual inspection by experts, laboratory 

testing and farmer experience. These methods are often time-consuming, costly and inaccessible to small and 

marginal farmers, especially in remote areas. Moreover, delayed or incorrect disease identification frequently 

leads to improper pesticide use, resulting in environmental pollution, pesticide resistance and increased 

production costs. 

 In recent years, Artificial Intelligence (AI)  has emerged as a revolutionary technology with the potential 

to transform agriculture, particularly in the field of plant disease diagnosis and management. Artificial Intelligence 

refers to the simulation of human intelligence in machines that are programmed to think, learn and make decisions 

like humans. By combining computing power with data-driven learning, AI enables faster, more accurate and 

real-time disease detection and management, thereby supporting sustainable and precision agriculture. 

Why is AI becoming essential in agriculture? 

With increasing climate change, emergence of new plant diseases, shortage of skilled plant pathologists and rising 

production costs, farmers need rapid and accurate advisory services. Artificial Intelligence can analyze thousands 

of plant images within seconds and recommend suitable disease management practices. This helps farmers reduce 

crop losses, minimize unnecessary pesticide applications and increase profitability. AI thus serves as a digital 

assistant for farmers, making scientific crop protection accessible even in remote villages through smartphones. 

Evolution of Artificial Intelligence in Agriculture  

The concept of Artificial Intelligence was first introduced by John McCarthy in 1956. Its application in agriculture 

began in the mid-1980s when expert systems such as GOSSYM, a cotton crop simulation model, were developed 

to assist decision-making. Since then, advancements in computing, sensor technology, image processing and data 

analytics have significantly expanded the scope of AI in agriculture. Today, AI is being used not only for plant 

disease diagnosis but also for crop yield prediction, weather forecasting, soil health monitoring, intelligent 

spraying, robotic harvesting and market price analysis. These applications are helping farmers make informed 

decisions and reduce uncertainties associated with farming. 

Key Domains of Artificial Intelligence used in Plant Pathology 

1. Machine Learning  

Machine Learning is basically the science of getting machines to interpret processes and analyze the data to solve 

real world problems. Machine learning supervised and unsupervised in enforcement learning. 

2. Deep Learning: 

Deep Learning is an advanced branch of Artificial Intelligence that uses artificial neural networks to learn from 

large volumes of complex data and identify hidden patterns. It enables computers to automatically recognize and 

classify images with high accuracy, making it particularly useful for plant disease diagnosis. In agriculture, deep 

learning models analyze images of infected plant leaves, stems or fruits to detect diseases at an early stage and 

recommend appropriate management practices. This technology is also widely used in facial recognition systems, 

self-driving cars, voice assistants such as Alexa and Siri and many other intelligent applications. 
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3. Robotics: 

Robotics is a branch of artificial intelligence which focuses on different branches and applications of robots. AI 

robots are artificial environments to produce results by taking some accountable actions. Example: Sofia robo 

4. Expert Systems: 

Expert systems are AI based computer systems that learn and reciprocate the decision-making ability of human 

experts. Expert systems use IF/Then logics mentioned in order to solve any complex problems. They do not relay 

conventional proceeding programming. Expert systems mainly used in information management seem to use virus 

detection, medical and hospital records and so on. 

5. Internet of Things: 

Å IoTs describes the network of physical object ñthingsò that are embedded with sensors, software and other 

technologies for the purpose of connecting and exchanging data with other devices and systems over the internet 

Å In agriculture, IoT uses the sensors, cameras and other devices to turn every element and action involved in 

farming into data. 

Role of AI in Plant Disease Diagnosis 

One of the most impactful applications of AI in agriculture is early and accurate plant disease detection. AI-based 

systems use digital images of infected plant parts captured through smartphones, cameras or drones. These images 

are processed through several steps, including image acquisition, preprocessing, segmentation, feature extraction 

and classification. 

 During preprocessing, unwanted noise, background elements and lighting variations are removed to improve 

image quality. Image segmentation divides the image into meaningful regions, allowing the system to focus on 

diseased areas. Features such as color, texture, shape and lesion patterns are then extracted and compared with 

large disease databases. Finally, AI models classify the disease and provide diagnostic results, often within 

seconds. 

Table 1. Comparison between Conventional and AI-based Plant Disease Diagnosis 

Parameter Conventional Diagnosis AI -based Diagnosis 

Disease detection Visual observation by experts Automated image-based detection 

Time required Hours to days Few seconds to minutes 

Accuracy Depends on expert experience High (80ï99% in many studies) 

Cost Higher due to laboratory testing Lower after initial setup 

Accessibility Limited in remote areas Available through smartphones and AI 

apps 

Pesticide use Often excessive due to delayed diagnosis Precision recommendations reduce 

unnecessary spraying 

Decision making Manual Real-time and data-driven 
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Deep Learning and Neural Networks in Disease Detection 

Deep learning has revolutionized plant disease diagnostics by enabling automated and highly accurate image-

based analysis. Artificial Neural Networks (ANNs) process numerical data, while CNNs are widely used for 

image-based disease detection due to their ability to recognize complex visual patterns. Recurrent Neural 

Networks (RNNs) are useful for time-series data and disease forecasting. Studies have reported disease detection 

accuracies ranging from 80% to over 99% using deep learning models. These systems outperform traditional 

diagnostic methods and reduce dependency on plant pathology experts, especially in regions where expert access 

is limited. 

AI -Based Robotics for Disease Management 

AI -powered robots are transforming disease management by enabling real-time monitoring and targeted 

intervention. Agricultural robots equipped with cameras and sensors can detect early disease symptoms in the 

field and initiate localized spraying to prevent disease spread. Robots such as e-Agrobots use image processing 

and microcomputers like Raspberry Pi to identify infected plants and apply treatment only where needed. This 

approach reduces pesticide use, minimizes environmental impact and lowers production costs. 

Mobile Applications and AI tools for Farmers 

AI -driven mobile applications are bringing advanced plant disease diagnostics directly to farmersô hands. 

Applications like Plantix allow farmers to diagnose plant diseases by simply uploading photos of infected crops. 

The app covers dozens of crops, identifies hundreds of diseases and nutrient deficiencies and provides treatment 

recommendations in multiple languages. Another significant initiative is AI -DISC, developed by ICAR-IASRI 

in collaboration with several State Agricultural Universities. AI-DISC offers disease identification, expert 

consultation and reporting modules, strengthening digital plant health advisory services across India. These tools 

bridge the gap between research institutions and farmers, promoting timely and informed decision-making. 

 

 

 

 

 

 

 

Popular AI -based Applications for Farmers 

Application  Purpose 

Plantix Disease diagnosis and nutrient deficiency detection 

AI -DISC Disease identification and expert consultation 

PlantVillage Nuru Offline disease diagnosis 

Google Lens (Experimental) Preliminary plant identification 

Krishi AI Apps  Crop advisory and disease management 

Challenges in Adoption of AI in Agriculture 

ü Limited digital literacy among farmers, especially small and marginal farmers, restricting effective use of AI-

based tools and applications. 

ü High initial investment cost for AI technologies, including sensors, cameras, drones, robots and computing 

infrastructure. 

ü Lack of quality and large datasets, as AI models require extensive, well-labeled data for accurate training and 

validation. 

ü Variability in field conditions such as crop varieties, soil types, climate and management practices, which 

affects model generalization. 
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ü Poor internet connectivity and network infrastructure in rural and remote agricultural regions. 

ü Dependence on continuous power supply, which is often unreliable in many farming areas. 

ü Complexity of AI systems, making them difficult to understand, maintain and troubleshoot by end users. 

ü Insufficient technical support and extension services for training, maintenance and adoption of AI tools. 

ü Risk of unemployment or skill displacement, particularly in labor-intensive agricultural operations. 

Advantages and Limitations of Artificial Intelligence 

AI offers several advantages, including reduced human error, faster decision-making, 24×7 availability, 

multitasking capability and efficient handling of large and complex datasets. However, AI also has limitations 

such as high development costs, lack of emotional intelligence, potential job displacement and dependence on 

data quality. Therefore, AI should be viewed as a supportive tool rather than a replacement for human expertise. 

Conclusion 

Artificial Intelligence is rapidly transforming plant disease diagnosis and management by offering faster, accurate 

and cost-effective solutions. Through machine learning, deep learning, robotics, IoT and mobile applications, AI 

enables early disease detection, precision spraying and informed decision-making. Although challenges remain 

in terms of accessibility, cost and awareness, continued research, farmer training and institutional support can 

accelerate AI adoption in agriculture. In the future, AI-driven systems are expected to play a central role in 

sustainable crop protection, reducing chemical dependency, increasing productivity and ensuring food security. 

By integrating human knowledge with machine intelligence, AI represents a powerful tool for shaping the future 

of modern plant pathology. 
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Abstract 

Digital agriculture drives productivity, livelihoods, and resilience across various agricultural sectors for over 500 

million farmers in the Global South. Attainable impacts through scalable, inclusive digital solutions amount to 

yield gains of 15ï25% in Africa, Asia, and Latin America; improved access to routine information enhances 

resilience to costly variability. Effective mobile-based farmer advisory services yield timely, localized agronomic 

advice in text, audio, or video, adapting to farmersô specific contexts and knowledge gaps. Extrapolated to reach 

95 million farmers, anticipated annual impacts include net income increases of $1 billion; average additional 

income exceeds $10 per farmer per month. Adoption relies on policy actions for trusted, open, equitable 

governance across the entire digital ecosystem covering data, platforms, and services. Private-sector partners 

across sectors digital, agricultural, financial play crucial roles in developing platforms, building economies of 

scale, and extending service coverage. Farmer organizations and community networks harness peer learning to 

increase uptake and enhance services. Prioritizing farmer empowerment through demand-driven technology 

stewardship, content sharing, and capacity strengthening fosters effective, trusted, and entrepreneurial systems 

open to all. 

1. Introduction 

ver the years, agricultural transformation has emerged as part of the broader development endeavor of many 

developing countries to eradicate poverty and hunger (Rajkhowa & Qaim, 2021). Given the pervasive 

presence of heterogeneous data from diverse spatial, temporal, and thematic domains, digital agriculture has 

begun to leverage the new opportunities offered by proliferating satellite systems, remote-sensing technologies, 

low-cost sensors, citizen and participatory science, social media, and big-data techniques. Evidence shows that 

small-farm agriculture can drive significant economic growth and poverty reduction under appropriate conditions 

by improving productivity and facilitating market participation (Wani et al., 2016). However, many smallholder 

farmers still face numerous challenges that lead to low productivity and scant second-level market participation. 

Digital extension services as one of the components of digital agriculture have thus emerged as a promising 

approach to enhance agricultural productivity and livelihoods. This guide focuses on one of the most promising 

types mobile-based farmer advisory services. 

2. The Concept of Digital Agriculture 

Digital agriculture encompasses the transformation of agricultural systems, practices, and support services 

through information and communication technology (ICT). It includes the use of advanced data collection 

technology and analytical solutions to address challenges across the agri-food value chain that remain unanswered 

through more traditional means. Digital agriculture includes models and technologies that allow agronomic, 

environmental, financial, and socio-economic challenges to be dynamically captured, informed, and addressed. 

The emergence of digital agriculture underscores the urgent need for farmers, agribusinesses, and other value 

chain actors to adopt and implement a new generation of data-driven advisory services as the global population 

soars toward ten billion (Wani et al., 2016). By empowering farmers and agribusinesses with timely access to 

contextualized, localized, and actionable guidance, it becomes possible to leapfrog productivity and propel 

national and regional economies toward upper-middle-income and high-income levels. The advancement of 
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digital agriculture is significantly improving the livelihoods and resilience of farmers and rural communities in 

an increasingly volatile economic and environmental landscape. Digital agriculture and mobile-based advisory 

services proffer an integrated model for the collection, analysis, dissemination, and application of data-driven 

insights across a wide array of agronomic, environmental, financial, and socio-economic challenges, thereby 

enhancing the productivity, resilience, and well-being of farm households. These challenges encompass climate 

variability and change; soil degradation, fertility, and water scarcity; pest pressure; market access; post-harvest 

losses; knowledge gaps; and the evolving agricultural practices of peers. Supporting transformation along these 

critical dimensions provides a pathway through which agricultural productivity may be raised sufficiently to offset 

the adverse effects of rapidly expanding land and water volumes consumed to produce food, feed, and fuels. 

(Caine et al., 2016) 

3. Mobile-Based Farmer Advisory Services: An Overview 

Mobile-based services providing timely and tailored advice to farmers hold great promise for enhancing 

productivity. Such services are particularly attractive in the context of climate change and rising demand for food. 

Agriculture faces intense pressure due to climate change. The effects of global warming are already observed, 

and the situation is expected to deteriorate further. The increasing frequency and intensity of climate-related 

shocks, such as extreme weather events threaten the lives and livelihoods of farming households, and the 

agricultural sector in general. Farmers worry increasingly about the impact of uncertainty regarding rainfall and 

temperature patterns. These increased risks manifest in less stable production and income flows, tending to drive 

climate-affected farmers toward abandoning agriculture and rural areas. Farmers and farming enterprises having 

access to reliable and timely information double their chances of increasing annual yields from plot crops during 

the cultivation period. However, agriculture is knowledge-intensive and information regarding weather and 

climate, soil and crop management, pest and disease occurrence, and other topics is still often not accessible to 

farmers. Finding and using this knowledge requires significant effort because extension services often lack the 

required quality and timeliness. Gaps still exist due to high staff turnover, insufficient operational budgets, and 

the inability to harness the latest information and knowledge efficiently to produce sustainable and targeted 

responses, even using existing information (Wani et al., 2016). 

4. Core Components of Effective Advisory Systems 

Advisory systems help farmers adapt practices, optimize resource allocation, and improve farming decisions. 

Using data on climate forecasts, pest and disease threats, soil nutrients, and water supply, advisory services 

determine appropriate management strategies suited to local conditions and communicate these recommendations 

to farmers with clear guidance and substantial relevance. For maximal adoption and impact, systems must have 

the five components listed below. 

 
Figure 1.  End-to-end architecture of a mobile-based farmer advisory system 
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4.1. Data Collection and Sensing Technologies 

Farmers depend on high-quality data to make informed decisions. Digital agriculture relies on sensors, remote 

sensing, and IoT devices to collect weather, soil, crop, price, and pest data. Yet lack of data coverage, accuracy, 

and quality hampers the development and adoption of data-driven services. Most farmers in developing countries 

cannot access remotely sensed data (Bayih et al., 2022). To address these challenges, systems must combine 

indicators from diverse sources, ensuring both coverage and reliability. Flexible algorithms allow on-the-go data 

to complement missing sources, broadening the range of services feasible and improving their overall quality 

(Peets et al., 2012). 

4.2. Decision Support Algorithms and AI 

Digital agriculture solutions draw on diverse disciplines, including physical, biological, engineering, social 

sciences, and information technologies. Historically, crop and livestock management methods were mainly 

experiential and empirical, but these approaches may produce suboptimal results due to limited understanding of 

underlying mechanisms. Consequently, a number of agronomic and other models have been developed and 

continue to be refined. These frameworks describe physical and biological phenomena governing the growth, 

development, and yield of crops in relation to environmental conditions, factors affecting the quality of livestock 

products in connection with inputs, fertilization strategies and nutrient dynamics, agrochemical transport 

processes, soil erosion, climate change impacts, and many more aspects of agriculture (Thilakarathne et al., 

2022)). Digital agriculture tools, including data analytics and artificial intelligence, enable farmers to use such 

models to simulate different management alternatives that maximize productivity while adhering to site-specific 

agronomic practices (Ibrahim et al., 2024). Through sensory technologies, large amounts of data are collected and 

transmitted on seasonal, spatial, and other dimensions. Specialized norms and procedures for measuring and 

monitoring agricultural, weather, and other phenomena have been established and refined to facilitate data 

capture. Aggregated data can then be analyzed and transformed into advice that benefits farmers. Thanks to easy 

access to information technology, computing power, and communications technology, model-driven agricultural 

services are being developed for crops, livestock, fish, and other agricultural domains over an extensive range of 

agricultural disciplines and technological levels around the world (Tsoumas et al., 2022). 

Table 1.  Core components of an effective mobile-based farmer advisory system 

Component Role in the system Examples cited in the document 

1. Data collection & 

sensing 

Captures raw field-

level data 

Satellite / remote sensing, weather stations, IoT 

soil-crop sensors, pest, price & farmer-reported 

data 

2. Data management & 

analytics 

Turns raw data into 

decisions 

Cloud platforms, data-quality standards, 

agronomic & machine-learning decision-support 

models 

3. Content adaptation & 

localisation 

Makes advice locally 

usable 

Local languages & formats, season and crop-

stage fit, postal-code-level specificity 

4. Delivery channels & 

interfaces 

Reaches every farmer 

type 

SMS / USSD, voice & IVR for low-literacy 

users, smartphone / web apps, extension agents 

                                                                                                                                                  (Wani, 2016) 

4.3. Content Adaptation and Localization 

Mobile-based farmer advisory systems must offer content in languages and formats accessible to users. Letters 

and semantics should resonate with local culture, customs, and practices. Recommendations must be applicable 

in relevant seasons and growth cycles (Caine et al., 2016). Farmers prefer information suited to local soil and 

moisture rather than county- or region-wide patterns. Becoming more specific about precise locations say, by 

postal code instead of a larger region enhances resonance (Shepherd, 2018). Bharat Agriôs insights on customising 

advisory systems for farmers underscore a broader observation: projects should engage users from inception, 

integrating their preferences on tone, medium, timing, and complexity throughout the advisory offerôs design and 

roll-out. 
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Figure 2.  Documented impact magnitudes of digital 

4.4. Delivery Channels and User Interfaces 

Rural advisors as the main motivators to improve field productivity and livelihoods influence farmersô livelihoods 

positively. According to (Rajkhowa & Qaim, 2021), several studies show that providing farmers with market and 

weather information via mobile phones or Internet can promote productivity and market efficiency. Recent studies 

analyze Internet and smartphone use in rural developing areas, finding positive effects on household welfare. 

(Caine et al., 2016) emphasize the capacity of advisory services via mobile-based technology. Mobile channels 

offer advantages over other information providers, but the quality of each information strand may not be sufficient 

to ensure credibility. SMS is popular but excludes illiterate farmers and women, and messages can be too brief 

for complex topics. Voice services include native voice, IVR, and outbound messaging, while text-based methods 

include SMS, USSD, and Text-to-Speech. With decreasing costs of smartphones, some projects have developed 

mobile and web apps, offering visual and video content for complex messages and illiterate audiences. 

5. Benefits for Farmers and Rural Economies 

Mobile-based farmer advisory services, encompassing real-time, location-specific information and tailored 

recommendations, represent one of the most promising digital agriculture applications. Their overarching 

objective is to enhance productivity, livelihoods, and resilience, thereby facilitating sustainable development. The 

productivity of crop and livestock operations depends heavily on decisions made throughout the production 

process. Countries experience significant yield gaps when comparing actual and potential productivity, often 

exceeding 50%. These gaps divert substantial investments, undermine food security, constrain farm income, and 

increase the exposure of rural households to climate risks. Poor decision-making contributes to these considerable 

yield gaps, as farmers frequently lack access to timely, context-specific information regarding inputs, practices, 

and problems throughout the growing season (Rajkhowa & Qaim, 2021). Policymakers consistently emphasize, 

and farmers explicitly request, improved access to useful information as a means of addressing this challenge. 

Conventionally, public and private agricultural advisory services have operated through face-to-face consultations 

with trained experts, thereby limiting coverage and accessibility. Tawanchai & Patthasil (2020) demonstrate that 

25% of farmers many in remote areas are indeed disconnected from traditional information channels. Mobile-

based advisory services harness telecommunication infrastructure to close this gap, supporting access to up-to-

date, personalized guidance through one or more complementary delivery mechanisms tailored to the specific 

circumstances of farmers. 

5.1. Yield Optimization and Resource Efficiency 

Intensified competition for limited water and land resources enforces the need for crop input efficiency, prompt 

and appropriate pest and disease control, proper harvest timing, crop diversification, changed planting dates as 

well as other measures able to either relax the constraints imposed by natural resources or compensate for any 

losses caused by a changing climate. Optimization of the employment of crop inputs allows to decrease costs, 

constrain excessive fertilization under high and uncertain prices and raise prices benefits underlined by the 
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availability of agricultural extension. Efficiency of crop production indispensable in times of climate variability 

and unstable prices (Rajkhowa & Qaim, 2021) enables farmers to maintain economic viability and at the same-

time stabilizes production, thereby enabling even small holders to cumulate banks deposits, pre harvest sales 

contracts and capital for future investment, the basis pillar of household resilience (Gallardo et al., 2021) 

stimulating not only investments to enhance productivity but also stimulating adaptation practices with moderate 

specificity to enable farmers to escape from high fertility soils already pre paqueté to in periods under climate 

variability. 

5.2. Risk Management and Resilience 

In the face of climate variability and uncertainty, digital advisory supports risk management and resilience in 

three key ways: early warning systems for climate-related hazards, promotion of diversification strategies, and 

provision of adaptive practices (Maru & Tafuna'I, 2018). Timely alerts about extreme weather such as droughts 

or flooding allow farmers to take preventive action, such as adjusting planting dates or changing crop varieties 

(Caine et al., 2016). Advisory services that suggest options for diversifying production across crops, livestock, or 

value-added activities enhance both value chain and income diversification, increasing overall resilience to 

climatic shifts (Ali et al., 2018). In a similar vein, advice on practicing climate-smart agriculture, soil 

conservation, or water-efficient techniques helps farmers adapt to changing conditions while protecting the 

productivity of their land. 

5.3. Market Linkages and Income Stability 

Digital technologies can dramatically lower communication and transaction costs, heightening market efficiency 

alongside the corresponding capacity to spur economic growth and alleviate poverty (Rajkhowa & Qaim, 2021). 

In turn, mobile phones enhance market access, boost farm productivity and income, and improve nutrition, gender 

equality, off-farm employment, and migration. The emergence of new ICTs particularly internet platforms and 

smartphones continues to broaden the horizons for smallholder farmers. Pre-sale market information strengthens 

household revenue and income stream stability through more informed post-harvest decisions (Caine et al., 2016). 

Market-linking services mitigate price risk and guarantee the sale of crops via forward contracts with pre-arranged 

customer partnerships, contributing to more reliable revenues. The capacity for efficient price discovery 

particularly critical for high-volatility crops advances household financial management practices, again enhancing 

revenue stability through the establishment of clear contracts along the value chain, notably for dairy, 

horticultural, and high-value crops. 

6. Case Studies: Success Stories from Diverse Contexts 

Farmer advisory services delivered via mobile platforms provide actionable insights to increase crop productivity, 

enhance resource efficiency, and build resilience against climate shocks. In sub-Saharan Africa, such services for 

smallholdings have driven widely documented productivity gains; for instance, farm demonstrations in the 

Malawi Fertilizer and Maize Revolutions yielded 1.5ï5.7 times higher than average revenue per hectare (Caine 

et al., 2016). In South Asia, models focused on findable, affordable, and accessible digital learning are 

accelerating widespread adoption. Adapting existing agricultural practices to off-the-shelf products improved 

profitability of horticultural crops by 25% for several thousand firms across Latin America. 

6.1. Smallholder Farms in Sub-Saharan Africa 

Smallholder farmers in Sub-Saharan Africa encounter several persistent challenges that inhibit agricultural 

productivity and limit their participation in markets. Broadly speaking, these hurdles center around limited access 

to information, technologies, and financial services and are often aggravated by low and variable demand for their 

produce (Rajkhowa & Qaim, 2021). Conventional extension services, long promoted as a mechanism for 

improving both access to information and agricultural performance, have proven difficult to scale and, 

consequently, remain of limited effectiveness. This poor performance can be attributed, at least in part, to the fact 

that adequately funding these services generally proves difficult, coupled with the inability of existing services to 

provide the necessary site-specific information to meet local agricultural needs (Caine et al., 2016). Under these 

conditions, extensions delivered electronically via mobile phones or internet platforms have, in theory, the 

potential to circumvent other constraints and have been receiving increasing attention as a means of ameliorating 

agricultural challenges. Empirical evidence assessing the associated impacts remains, however, quite limited. 
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6.2. Emerging Markets in South Asia 

Emerging markets in South Asia have witnessed considerable innovation in mobile-based agricultural services. 

Initiatives such as Indiaôs mKisan and Green Phablet have enhanced farmersô access to market information and 

technology. Projects in Tanzania, Kenya, and Ethiopia similarly employ ICT to provide agricultural extension, 

weather data, and market information, thereby improving decision-making. Mobile services like Farmerlineôs 

voice messaging and Weather Data integrations furnish farmers with real-time information. Research underscores 

mobile technologiesô potential for reducing transaction costs and fostering sustainable practices; numerous 

programs have effectively leveraged ICT to bolster productivity and market access (Caine et al., 2016). Digital 

technologies can lower communication and transaction costs, enhance market efficiency, spur economic growth, 

and alleviate poverty. Mobile phones, in particular, increase market access, boost productivity and income, and 

improve welfare dimensions such as nutrition, gender equality, off-farm employment, and migration. The 

evolution of high-speed internet and smartphones further amplifies smallholdersô livelihood prospects (Rajkhowa 

& Qaim, 2021). 

6.3. Horticulture-centric Enterprises in Latin America 

Horticulture plays a key role in food security, economic growth, and nutrition improvement, especially in 

developing countries where agriculture is the main economic activity and source of livelihood (Maginga et al., 

2018). Horticulture-centric enterprises such as vegetable and flower production generate income throughout the 

year and support agribusiness activities like transport and packaging, improving local economies (Shepherd, 

2018). An ICT-enabled extension support system for horticulture can guide farmers in selecting suitable 

vegetables based on location-specific climatic conditions and provide other advisory services on a timely basis. 

Timely advice on crop selection leads to better productivity and improves access to broader markets, thereby 

advancing the horticulture sector. Integrating mobile advisory into broader agribusiness initiatives accelerates 

adoption and enhances economy-wide benefits. 

7. Implementation Roadmap for Stakeholders 

Mobile-based farmer advisory services represent a promising approach to increasing farm productivity, incomes, 

and resilience. They deliver timely, location-specific recommendations that help farmers optimize decision-

making while significantly lowering the cost of advisory services per user. User experiences across diverse 

contexts illustrate that such systems are feasible for a variety of crops and farming situations, with software 

components that can be widely reused. The evidence base for impact is building, with estimates indicating that 

adoption can yield economic benefits of $20 to $80 per hectare of crops including cereals, grains, and vegetables 

per farming season. Gains from mobile-based advisory appear to be especially valuable in the face of climate 

variability. Mobile-based advisory systems provide several options for outreach that can be tailored to specific 

user circumstances and are often able to achieve large-scale farmer uptake and cost-effective delivery across large 

geographic areas (Wani et al., 2016). Four differentiated components make advisory services more effective: 

(Caine et al., 2016). The first is improved data collection from alternative sensing technologies, which can 

enhance applicability and relevance. The second is development of robust decision support algorithms and models 

for better understanding of inputïcrop performance relationships.  

Table 2.  Implementation Roadmap for Stakeholders 

Impact indicator  Reported value Context 

Addressable farmer base > 500 million Smallholders across the Global South 

Scaled reach scenario 95 million farmers Global extrapolation of advisory services 

Yield gains 15ï25% Africa, Asia and Latin America 

Net income gain at scale > US$10 farmer ĭ month ĭ å US$1 billion additional income per year 

Advisory benefit per hectare US$20ï80 season ĭ Cereals, grains and vegetables 

Access to timely information å 2Ĭ likelihood of yield rise Plot crops during cultivation period 

Long-term potential Up to 30% yield / resource 

gain 

å US$100ï360 billion yr ĭ in staple crops 

                                                                                                                                       (Gallardo et al., 2021) 
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7.1. Government and Policy Interventions 

Agricultural policies can help to facilitate the adoption and upscaling of digital advisory systems. Regulatory 

interventions that can stimulate these efforts include policies and investment assistance that encourage companies 

to develop advisory solutions; subsidies for farmers to purchase smartphones with strong connectivity; policies 

stimulating private sector capacity building for advisory service delivery; standards and frameworks that facilitate 

data sharing between different advisory systems; and third-party evaluation of advisory systems to inform farmers 

about content veracity and reliability (Rajkhowa & Qaim, 2021). 

 
Figure 3.  Multi -stakeholder implementation framework for mobile-based farmer advisory services. 

Government 

7.2. Private Sector Roles and Partnerships 

The private sector plays an instrumental role in advisory systems by collaborating on platforms, contributing data 

sets, and providing services. Combining public and private datasets can immensely enrich the evidence base for 

advisory systems (Caine et al., 2016). Platforms developed or owned by the private sector such as those of 

telecommunications companies, seed and fertilizer businesses, and agricultural value chain firms can complement 

open-source platforms. When farmer consultations occur, companies can share advisory content specific to their 

products. Such arrangements can facilitate collaborations where governmental, non-governmental, and private 

institutions combine their respective platforms, data, and services to create a comprehensive advisory system. To 

increase farmer uptake, farmer organizations can assist in shaping the information transmitted through the private-

sector platform (Quaye et al., 2018). 

7.3. Farmer Organizations and Community Networks 

Smallholder farmers are often constrained by limited access to information on agricultural practices and critical 

inputs. This deficiency leads to lower productivity, resource inefficiencies, reduced farm incomes, and heightened 

vulnerability to climate variability (Rajkhowa & Qaim, 2021). Consequently, many countries are investing in 

services that assist farmers in making the best possible decisions based on available information. Mobile-based 

digital advisory services provide recommendations on crop management practices, equipment procurement, and 

input rates, drafting contracts and linking farmers with buyers within the value chain (Caine et al., 2016). Recent 

evidence indicates these services offer considerable benefits to farmers and can transform rural economies. 
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Collective action and peer-to-peer learning through community organizations enhance the reach and effectiveness 

of advisory services. Although most advisory systems deliver inputs directly to farmers, learning from peers and 

with a group substantially increases the uptake of new practices and technologies. Collective learning is an 

effective mechanism, particularly in developing countries, where farmers often face similar agricultural 

constraints and technologies. In-depth dialogues within community or farmer organizations may be more 

productive than one-way guidance from public or private advisory systems. These organizations assume various 

roles, including information dissemination, experimentation, sharing knowledge and experiences, and fostering 

discussion and analysis. They can be community-based organizations, cooperatives, or farmer organizations. 

7.4. Capacity Building and Training 

Capacity building and training enable sustainable and wide-scale adoption of digital agriculture and mobile-based 

farmer advisory services. Many adopters require training to establish awareness and guidance on operations, and 

related costs involve travel expenses incurred by extension staff vis-à-vis rural areas (Shepherd, 2018). Training 

extends to staff and personnel with varying components, and the lack of computer literacy presents obstacles to 

implementation. Attention to requirements for new technologies and digital tools optimizes advisory 

implementation (Landmann, 2018). Tailored curricula that accommodate local language, seasonal timing, and 

diverse literacy levels further support sustained and impactful uptake. Capacity building and training can optimize 

sustainable and large-scale adoption of advisory systems. Awareness of tools, functionalities, and opportunities 

typically constitutes the initial phase, demanding significant investments of time and competing with other 

priorities. Subsequent training may engage varied audience segments tasked with implementation, ranging from 

policy and high-level personnel to extension field staff and user groups. Projects often confront computer literacy 

challenges among personnel on the ground, particularly in rural settings. Similarly, initial adoption of 

smartphones and web-based technologies triggers substantial demands on knowledge and skills across multiple 

system dimensions. 

8. Challenges and Mitigation Strategies 

Farmers in both intensively cultivated and marginal regions face a multitude of threats and challenges, including 

the destructive impacts of climate change, market volatility, and adverse political factors. Mobile-based 

technologies offer farmers a new way to obtain timely information on climatic conditions, pests and diseases, and 

prices. Digital farm advisory services assist farmers in adapting to climate shocks by providing early warning 

systems for rainfall, pest and disease outbreaks, and content output that integrates data on weather, pests, soil, 

and price risk at multiple spatial and temporal scales. Such services also help farmers to stabilize yields and 

improve linkages with supply chains, achieving greater income stability when external shocks occur (Lemeilleur 

et al., 2019). Farmers lacking advisory services can obtain information in more informal and ad hoc ways. Some 

farmers highly dependent on non-digital processes engage in what is termed ñacquiring information without a 

degree of choice in the selection of informationò (Caine et al., 2016). Within these operating environments, 

mobile-based advisory services can follow an offline-first strategy that facilitates information and services when 

connectivity is unavailable, covering farmers with inconsistent connectivity. 

8.1. Connectivity and Digital Literacy Barriers 

Mobile-based farmer advisory services have the potential to improve agricultural productivity and livelihoods on 

smallholder farms in developing countries, but connectivity and digital literacy limitations present major barriers 

to adoption (Rajkhowa & Qaim, 2021). Many farmers in poor countries have low-quality agricultural information 

available to them, and efforts to disseminate knowledge through traditional extension services have yielded mixed 

results. For many farmers, their first experience with digital information services occurs through mobile phones, 

which can enable improved knowledge dissemination and lower information retrieval and market search costs. 

Nevertheless, service uptake remains very low in many countries where the potential impact on productivity and 

welfare would be greatest. Farmersô limited use of mobile agricultural services stems from a combination of low 

access to mobile phones, unreliable networks, poor literacy and education, high generalised input costs, supply 

chain inefficiencies, distrust in private-sector information sources, and in some settings, gender-and-age-based 

barriers. Advisory services can mitigate some of these challenges by offering pre-emptive information such as 
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call-in reminders, warning alerts, weather data, and market updates that reduce the ability of profiteers to conduct 

opportunistic practices against farmers.  

8.2. Data Privacy, Ownership, and Trust 

Data has become an essential enabler of productivity and resilience in agriculture. Digital technologies provide 

farmers all over the world with relevant data that can transform productivity, increase rural incomes, and address 

broader challenges such as climate change. Digital agriculture, defined as ñthe Internet of Things (IoT), artificial 

intelligence (AI) and blockchain for sustainable productivity and resilient livelihoodsò (Ivanov, 2020, p. 72), 

supports the accurate and timely decision-making required to realize such gains. Mobile-based farmer advisory 

services, typically delivered via voice or SMS, have been widely demonstrated to provide such data effectively. 

By leveraging remote-sensed and crowd-sourced data with sophisticated algorithms, these systems guide farmers 

toward higher yields, lower costs, and better access to markets (Pacheco et al., 2022) in an era of increasingly 

uncertain climatic, economic, and disciplinary conditions. Though benefits may seem self-evident, a wide range 

of ethical considerations including trust, ownership, consent, and transparency hinder the large-scale adoption of 

digital agriculture solutions in low- and middle-income countries. Significant work is still required to create a 

market for data-driven decision-making in agriculture. Building such a market will not only provide direct 

economic benefits but also enable deeper adoption of other digitalization techniques, accelerate the development 

of critical digital infrastructure, and address widespread gaps in farmer knowledge. 

9. The Future of Digital Agriculture and Mobile Advisory 

Digital agriculture is a powerful means of improving productivity, enhancing resilience, reducing poverty, and 

promoting the economic empowerment of smallholder farmers. As conventional agricultural extension systems 

often lack reach, relevance, and timeliness, low-cost mobile-based advisory services have emerged as an attractive 

alternative. Accessible through mobile phones and other devices, these services deliver tailored, actionable, and 

timely pre- and post-planting agricultural advice, directly addressing farmers' needs (Rajkhowa & Qaim, 2021). 

Quantitative evidence from 23 digital agriculture projects globally indicates that mobile advisory services can 

significantly increase farm productivity, enhance incomes, and strengthen economic resilience (PWani et al., 

2016). Further investigation suggests that global models offering targeted advisory services through mobile 

devices hold the greatest potential to stimulate agricultural transformation, specifically by improving smallholder 

farmer productivity, relieving operating capital shortages, enabling timely access to relevant market information, 

and addressing the escalating uncertainty and unpredictability caused by climate change. 

9.1. Emerging Technologies on the Horizon 

Digital agriculture coupled with mobile-based advisory services has the potential to drive a transformation in 

agricultural productivity, livelihoods and resilience. To assess this potential and how to achieve it, a 

comprehensive mapping of trends, technologies, business models and case studies is presented based on extensive 

empirical evidence collected from the literature and debates in international conferences. Detailed estimates of 

productivity and other impacts associated with these interventions are provided based on documented cases in a 

variety of contexts. Digital agriculture encompasses a far broader range of activities than mobile-based advisory 

services, but these services are one of the most mature and widely adopted intervention areas for which substantial 

evidence exists regarding their impact. Wide-ranging effects on productivity, income stability and risk mitigation 

are highlighted, together with robust case studies demonstrating success under diverse socio-economic conditions 

and stressing enabling roles played by government and the private sector (Rajkhowa & Qaim, 2021). 

9.2. Scalable Models for Global Impact 

Digital agriculture has the potential to transform millions of farmersô livelihoods, increase food production, 

enhance climate resilience, and drive economic growth. Yet a recent landscape analysis of global public and 

private advisory services has found that the commitment to expand mobile-based advisory services has waned 

significantly since the COVID-19 pandemic. Despite scalable models being available to address farmersô urgent 

challenges and conditions for sustainable impact largely understood, progress is limited. Targeted actions by 

governments, the private sector, and local organizations can reinvigorate momentum. The analytical framework 

presented in this guide provides a foundation for these actions. The concept of mobile-based digital agriculture 

links critical drivers of farmersô livelihoods field productivity, access to markets, and resilience to climate shocks 
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to a broader definition of digital agriculture that includes data management, data science, and analytics. Digital 

agriculture encompasses a wider range of technologies but is best understood by viewing these interdependent 

drivers as complementary. Likewise, mobile-based farmer advisory services including those delivered via SMS, 

voice calls, apps, and other modalities represent a particular subset of digital agriculture and connect directly to 

the advisory ecosystem recognised by practitioners globally (Rajkhowa & Qaim, 2021). Most of the farmer-

oriented advisory services exist on closed proprietary platforms governed by either the government or private 

companies. The platforms are restricted to proprietary data exchange and engagement with the farmer. The closure 

of government-run platforms, or considerable reduction in the national coverage of Free and Open-Source 

Software (FOSS) platforms, means that rights, ownership, and privacy of the farmer-data is in question. Although 

protective measures can be put in place, the nature of permission granted for the use of farmer-generated data 

from proprietary platforms by the government and financial private sector, respectively, remains uncertain. It is 

felt that Open-Source-Science Platforms integrated with FOSS tools offer the only scalable route, envisaging the 

gradual collective building of national data silos with self-protective access and governance models scalable up 

to the national level (Caine et al., 2016). 

9.3. Strategic Calls to Action for Readers 

Digital agriculture, driven by innovations in mobile-based extension services, has the potential to transform 

productivity, improve livelihoods, and enhance resilience among farmers, SMEs, and rural communities. 

Projections indicate that such solutions could deliver gains of up to 30 percent in crop yields or resource use the 

equivalent of $100 billion to $360 billion annually across staple crops in developing countries. Despite uneven 

adoption rates across regions, a diverse array of successful models already exists, spanning sub-Saharan Africa, 

South Asia, and Latin America. These examples demonstrate that digital agriculture need not be limited by 

investment, infrastructural, or institutional challenges. Mobilizing investment, innovation, and partnerships to 

scale and replicate such models remains an urgent priority. Digital technologies, data-driven insights, and AI are 

but a starting point. Integrated advisory systems, bridging knowledge gaps across all farming activities, shape the 

service offerings that establish a foundation for agribusiness growth. Policymakers can create enabling 

environments, develop multi-actor partnerships, and establish integrated systems to empower farmers and drive 

broader transformation (Kropff et al., 2019). Empowering smallholder farmers remains essential to achieving 

farm- and sector-level outcomes. Collective action through farmer organizations fosters group learning, identifies 

common challenges, extends outreach for specialized services, and enables farmers to adopt innovative practices. 

Farmer organizations support partnerships, broker agreements, and advocate for farmersô voices in shaping 

advisory interventions. Public and private sector actors interested in advancing digital agriculture should consider 

the priority actions for governments, private sector entities, and farmer organizations (Caine et al., 2016). 

10. Conclusion 

Digital agriculture enhances agricultural productivity, farmer livelihoods, and rural resilience to shocks. Diverse 

evidence from different contexts quantifies the impact of mobile-based farming advisory services and indicates 

high returns. These services are also relevant in many developed economies, where they can boost farm efficiency, 

sustainability, and competitiveness. Nevertheless, to harness the transformative potential of digital agriculture 

through mobile-based advisory services and multiply the corresponding benefits, governments, the private sector, 

development organizations, and farmer organizations must take proactive action. Digital agriculture and mobile 

advisory services must scale-up to empower millions of farmers to transform their farming systems and 

agricultural practices. This guide has highlighted key principles for the design and implementation of farmer-

focused mobile advisory services and the multi-stakeholder solutions necessary to establish and scale them. 

Digital agriculture allows farmers to address diverse challenges pragmatically and effectively by enabling timely 

insights and helping them learn adaptive practices based on past experiences. The guidance addressing climate 

variability, transforming dietary patterns, and exploring commodity diversification links with the 2030 Agenda 

for sustainable development, particularly goals. 
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