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In 1881, Charles Darwin published his final monograph, 

ñThe Formation of Vegetable Mould through the Action of 

Wormsò, a work that elevated earthworms from obscurity to 

ecological prominence. Darwin estimated that in favorable 

conditions, earthworms could process more than 10 tons of 

soil per acre annually, fundamentally reshaping terrestrial 

ecosystems (Darwin, 2009; Davison, 1891). Over a century 

later, this assessment remains valid: earthworms are among 

the most influential ecosystem engineers in soil systems. 

Yet, by 2026, a growing body of evidence suggests that 

earthworm populations are declining in intensively managed 

landscapes worldwide (Betancur-Corredor et al., 2024). 

This decline signals a deeper dysfunction in soil systems and 

raises concerns about long-term agricultural sustainability.  

Earthworms (Phylum- Annelida, Class- Oligochaeta) contribute to soil structure formation, nutrient cycling, 

microbial regulation, and water dynamics. Their disappearance is not merely a biological loss but a systemic 

degradation of soil function. The drivers of this decline are multifactorial, involving chemical exposure, physical 

disturbance, pollution, and climate variability. 

1. The Chemical Siege: Sublethal Stress and Physiological Disruption 

Modern agricultural systems rely heavily on synthetic inputs, including fertilizers, herbicides, fungicides, and 

insecticides. While these compounds are designed to target specific organisms, non-target soil fauna particularly 

earthworms are frequently affected. 

Earthworms respire through a moist cuticle, making them highly susceptible to dissolved contaminants. Studies 

have shown that chemicals such as neonicotinoids (e.g., imidacloprid) and certain fungicides (e.g., azoxystrobin) 

can accumulate in soil at concentrations that, while not immediately lethal, induce chronic physiological stress. 

Sublethal exposure has been demonstrated to: 

ü Reduce feeding rates and casting activity 

ü Impair reproduction by decreasing cocoon production and hatchability 

ü Alter enzyme activity involved in detoxification (e.g., glutathione S-transferase) 

ü Increase oxidative stress markers 

An experimental study found that earthworm reproduction declined by up to 56% under chronic pesticide 

exposure, even at concentrations below regulatory thresholds (Gaupp-Berghausen et al., 2015). This creates a 

feedback loop: reduced earthworm activity leads to poorer soil structure and lower organic matter incorporation, 

which in turn increases dependence on chemical fertilizers. This reinforces chemical exposure and accelerates 

biological decline a phenomenon increasingly described as a ñsoil degradation spiral.ò 

The Silent Retreat by Earthworms: Why the Earthôs 

ñIntestinesò Are Vanishing 

Abhishek Shaw1*, Debabrata Jana1, Muskan Parveen2, Kumar Saket3 

1Research Scholar, Dept. of Agronomy, Institute of Agricultural Science, University of Calcutta, 

Kolkata, India 
2Research Scholar, Dept. of Plant Physiology, Institute of Agricultural Science, University of 

Calcutta, Kolkata, India 
3Dept. of Horticulture (Fruit Science), Naini Agricultural Institute, SHUATS, Prayagraj, Uttar 

Pradesh, India 
*Corresponding Author: abhishek2000.kolkata@gmail.com 

 

Figure 1: Earthworm in farm habitat (Rients, 

2015) 
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2. Microplastics and Nanoplastics: The Emerging Contaminant Burden 

The accumulation of microplastics (<5 mm) and nanoplastics (<1 µm) in terrestrial ecosystems is an emerging 

concern. Agricultural soils are now recognized as major sink for plastic pollution due to: 

ü Plastic mulch degradation 

ü Application of sewage sludge (biosolids) 

ü Irrigation with contaminated water 

Recent estimates suggest that soils may contain 4ï23 times more microplastics than oceans, depending on land- 

use intensity (Martinho et al., 2022). 

Earthworms ingest soil continuously, making them highly vulnerable to particulate contaminants. Experimental 

studies have demonstrated several impacts: 

ü Physical abrasion of gut epithelium 

ü Reduced nutrient absorption efficiency 

ü Altered gut microbiota composition 

ü Increased inflammation and cellular stress 

Studies showed that exposure to polystyrene nanoplastics significantly reduced cocoon production in 

Eisenia fetida, a model earthworm species, by over 40%. Additionally, nanoplastics were detected in coelomic 

fluid, indicating translocation beyond the digestive system (Adeel et al., 2021). 

These findings suggest that plastic contamination not only affects individual organisms but may also impair 

population regeneration, contributing to long-term decline. 

3. Mechanical Disturbance: Tillage as Habitat Destruction 

Tillage remains one of the most disruptive agricultural practices for soil biota. Earthworms are categorized into 

ecological groups epigeic, endogeic, and anecic each with distinct habitat preferences. Anecic species, such as 

Lumbricus terrestris, construct permanent vertical burrows that enhance soil aeration and water infiltration. 

Mechanical tillage affects earthworms through: 

ü Direct mortality due to physical injury 

ü Destruction of burrow networks 

ü Disruption of soil stratification 

ü Exposure to predators and desiccation 

Research has shown that conventional plowing can reduce earthworm biomass by 50ï80% compared to no-till 

systems (Crittenden et al., 2014). A long-term study in Europe found that anecic species were virtually absent in 

intensively tilled fields but recovered within 3ï5 years under reduced tillage regimes. 

The loss of burrow networks has cascading effects: 

ü Decreased water infiltration rates 

ü Increased surface runoff and erosion 

ü Reduced root penetration depth 

Thus, tillage not only removes earthworms but also dismantles the physical infrastructure they create within the 

soil. 

4. Climate Variability: Moisture Stress and Thermal Limits  

Earthworms are highly sensitive to soil moisture and temperature. Their activity typically peaks within a narrow 

range of conditions moderate moisture and temperatures between 10°C and 25°C (Reinecke & Kriel, 1981). 

Climate change is altering these conditions through: 

ü Increased frequency of droughts 

ü Irregular precipitation patterns 

ü Higher soil surface temperatures 

ñFlash droughts,ò characterized by rapid soil moisture depletion, are particularly harmful. Unlike gradual drying, 

which allows earthworms to migrate deeper, rapid desiccation can trap them in upper soil layers. 

When soil moisture falls below critical thresholds: 

ü Earthworms lose turgor pressure 

ü Mobility is impaired 
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ü Metabolic activity declines 

Prolonged exposure can lead to mortality through desiccation. Conversely, excessive rainfall and flooding can 

create hypoxic conditions, forcing earthworms to surface, where they are vulnerable to predation. 

Global analyses and reviews have reported that earthworm abundance decreases significantly in regions 

experiencing high climatic variability, particularly where drought intensity has increased (Phillips et al., 2019; 

Singh et al., 2020). 

5. Why the Silence Matters: Functional Consequences of Earthworm Loss 

Earthworms are often described as ñecosystem engineersò due to their disproportionate influence on soil 

processes. Their decline has measurable impacts on key ecosystem functions: 

5.1.  Soil Structure and Water Dynamics 

Earthworm burrows act as macropores, enhancing water infiltration and reducing runoff. Studies have shown that 

infiltration rates can increase by up to 10-fold in worm-rich soils. Without these structures, soils become 

compacted, increasing flood risk and reducing groundwater recharge. 

5.2.  Nutrient Cycling 

Earthworm casts are biochemically enriched compared to surrounding soil. On average, casts contain: 

ü ~2ï5 times more available nitrogen 

ü ~3ï7 times more phosphorus 

ü ~5ï11 times more potassium 

These nutrients are in forms readily accessible to plants. The absence of earthworms slows nutrient mineralization 

and increases reliance on synthetic fertilizers (Bertrand et al., 2015). 

5.3.  Carbon Sequestration 

Earthworms facilitate the incorporation of organic matter into deeper soil layers, promoting stable carbon storage 

(Zhang et al., 2013). While their role is complex sometimes enhancing decomposition they are essential in 

forming soil aggregates that protect organic carbon from rapid oxidation. 

5.4.  Microbial Interactions 

Earthworms influence microbial communities through selective ingestion and casting. Their activity enhances 

microbial diversity and stimulates beneficial processes such as nitrogen fixation and organic matter 

decomposition. 

The loss of these functions contributes to declining soil fertility, increased erosion, and reduced resilience to 

environmental stress. 

6. The Path to Recovery: Regenerative Soil Management 

Despite these challenges, evidence indicates that earthworm populations can recover under improved 

management practices. Regenerative agriculture offers a viable pathway by prioritizing soil health and biological 

activity. 

6.1.  Reduced or No-Till Systems 

Minimizing soil disturbance preserves earthworm habitats and allows burrow systems to persist. Long-term 

studies show that no-till systems can double or triple earthworm abundance compared to conventional tillage. 

6.2.  Cover Cropping 

Cover crops provide continuous organic inputs and protect soil from erosion and temperature extremes. They also 

enhance soil moisture retention, creating favorable conditions for earthworms. 

6.3.  Organic Amendments 

Application of compost, manure, and crop residues supplies food resources and stimulates earthworm activity. 

Organic systems consistently show higher earthworm biomass. 

6.4.  Reduced Chemical Inputs 

Integrated pest management (IPM) and precision agriculture reduce reliance on broad-spectrum chemicals, 

lowering non-target impacts on soil fauna. 

6.5.  Soil Monitoring Technologies 

Emerging tools, including soil sensors and bioacoustic monitoring, are being used to detect biological activity. 

These technologies are helping farmers quantify soil health and track recovery trends. 



 

Page | 4  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

Conclusion 

The decline of earthworms is a critical indicator of soil ecosystem degradation. Unlike visible environmental 

crises, this process unfolds silently beneath the surface, yet its consequences are profound. Earthworms underpin 

essential soil functions that sustain agricultural productivity and ecological stability. 

Scientific evidence increasingly demonstrates that current land-use practices particularly intensive agriculture is 

incompatible with the long-term persistence of soil biota. However, the same research also shows that recovery 

is possible. When soils are managed as living systems rather than inert substrates, earthworm populations can 

rebound, restoring critical ecosystem services. 

The challenge is not merely to conserve a species but to rethink how soil is valued and managed. The future of 

food systems, climate resilience, and ecosystem health depends on maintaining the biological integrity of soils. 

In that context, protecting earthworms is not optional it is foundational. 
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Abstract 

Horticulture has emerged as a key factor in guaranteeing nutritional security, increasing farm incomes, and 

creating jobs in rural areas as a result of India's agricultural transformation into a diverse and high-value system. 

The lack of connection between scientific discoveries and their real-world implementation in farmers' fields 

persists despite tremendous progress in horticultural research. The Krishi Vigyan Kendra (KVK), also known as 

the Farm Science Center, was founded under the Indian Council of Agricultural Research (ICAR) and is the most 

decentralized and farmer-focused extension system in the country. According to this theory, the KVK is the vital 

"beating heart" and "Lab to Land" link in horticultural ecology. The article summarizes data regarding the 

complex development, purpose, and operation of KVKs, emphasizing their function as active change agents as 

opposed to merely information providers. It assesses their primary roles in technological evaluation and 

improvement, frontline demonstrations, capacity building through skill-oriented participatory techniques, and 

encouraging the adoption of market-linked and climate-resilient horticulture. KVKs empower farmers and 

promote a more robust and lucrative horticultural industry by tailoring national and international research to local 

agro-ecological and socio-economic conditions. The evaluation does, however, also point out important 

operational constraints that prevent them from reaching their full potential, such as a lack of personnel, 

deficiencies in infrastructure, a lack of digital preparedness, and uneven convergence with other agricultural 

stakeholders. The study suggests a long-term plan to improve the KVK system in response to these issues. The 

strategic integration of digital extension technologies, public-private collaborations, precision horticulture, and 

the creation of a strong entrepreneurial ecosystem are all highlighted in this roadmap. The evaluation concluded 

that in order to fully close the last-mile gap between innovation and cultivation and to advance sustainable, 

horticulture-led rural prosperity, KVKs must be strengthened. 

Keywords: Krishi Vigyan Kendra (KVK), Horticulture Extension, Lab to Land, Technology Transfer, Frontline 

Demonstrations, Capacity Building, Climate-Resilient Horticulture, Innovation Adoption, Farmer Empowerment, 

Sustainable Agriculture. 

1. Introduction 

n Indian agriculture, 

horticulturewhich 

includes plantation crops, 

fruits, vegetables, flowers, 

and spiceshas become a 

revolutionary force. The 

industry, which has been 

dubbed a "green 

revolution" of the twenty-

first century, contributes 

over 33% of the 

agricultural Gross Value 

Added (GVA) from only 

14ï15% of the gross 

cropped area, demonstrating its remarkable efficiency and crucial role in guaranteeing nutritional security, 
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improving farm incomes, and 

increasing export earnings 

(National Horticulture Board, 

2023). The potential for 

increasing production and 

improving rural livelihoods has 

been further enhanced by 

ongoing developments in high-

yielding varieties, protected 

cultivation, micro-irrigation, and 

post-harvest technology. Despite 

its vast potential, the horticulture 

sector confronts a persistent and 

intricate issue: the 

disproportionate transmission of 

scientific advancements from research facilities to the fields of small and marginal farmers. This "knowledge 

gap" reflects the divide between potential yields recorded at research stations and the actual yields observed on 

farms, a situation worsened by the location-specific and knowledge-driven nature of horticulture, which 

traditional "top-down" extension models have found challenging to address effectively. At this crucial point, the 

Krishi Vigyan Kendra (KVK) network, initiated by the Indian Council of Agricultural Research (ICAR) in 1974, 

has established its vital role. Grounded in the principle of "Science and Technology-led development," KVKs 

were developed as district-level "knowledge and resource centres" to bring the "Lab to Land" idea to life. Their 

main mandate is to evaluate, improve, and showcase agricultural technologies directly in farmers' fields, 

positioning them as an essential link within the horticultural innovation framework. With over 725 KVKs 

currently operating across various agro-climatic zones, they have emerged as the foremost institutional 

mechanism for providing timely advisories, skill-based training, and support for entrepreneurship. This article 

offers an in-depth review of the diverse functions of KVKs in horticultural extension. It assesses their influence, 

the changing innovations that are shaping their roles, and their significant importance in addressing modern 

challenges such as climate change and the shift towards digital agriculture. 

2. Evolution, Mandate, and Core Functions of KVKs in Horticulture Extension 

2.1. A Paradigm Shift in Philosophy and Establishment 

The Krishi Vigyan Kendra (KVK) model, initiated by the Indian Council of Agricultural Research (ICAR), marks 

a significant shift from traditional, top-down extension services. Designed to close the important gap between 

science and society, its philosophy is based on the concept of "learning by doing." Established with the clear 

objective to implement the "Lab to Land" initiative, KVKs were intended not only as channels for information 

but also as vibrant institutions focused on vocational skill development and empowering farmers. This shift in 

approach is particularly important for the horticulture sector, where achievements depend on mastering specific, 

knowledge-intensive techniques that go beyond basic instructions and necessitate practical experience. 

2.2. The Core Functional Pillars in Horticulture 

The mandate of KVKs is operationalized through a set of interconnected, farmer-centric functions that 

collectively position them as the indispensable "heart" of horticulture extension in India. 

2.2.1. Location-Specific Technology Adaptation via On-Farm Testing (OFT) 

Acknowledging the significant local nature of horticulture, where variations in soil, climate, and pest populations 

are considerable, KVKs act as hubs for local adaptation. They perform systematic On-Farm Testing (OFT) to 

assess and enhance new technologies, including hybrid varieties, integrated nutrient and pest management 

(INM/IPM) strategies, water-efficient irrigation methods, and mulching practices, within actual farming 

environments. This approach mitigates the risks associated with adopting new technologies for farmers and 

creates a comprehensive collection of scientifically validated locally applicable recommendations. 
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2.2.2. Proof of Concept through Frontline Demonstrations (FLDs) 

In agriculture, seeing is 

believing. Frontline 

Demonstrations (FLDs) 

are a cornerstone of the 

KVK methodology, 

serving as living 

laboratories on progressive 

farmers' fields. By tangibly 

showcasing the economic 

and agronomic superiority 

of practices like high-

density planting, protected 

cultivation, precision 

fertigation, and canopy 

management, FLDs 

provide irrefutable proof of concept. These demonstrations build farmer confidence and act as a powerful catalyst 

for the widespread diffusion of innovative horticultural practices. 

2.2.3. Capacity Building and Skill-Oriented Entrepreneurial Development 

The vocational training pillar is central to the KVK's empowerment mandate. Moving beyond theory, KVKs offer 

need-based, hands-on training programs focused on building practical skills. Courses on nursery management, 

grafting, food processing, beekeeping, floriculture, and mushroom cultivation are designed not only to create 

proficient farmers but also to foster a new generation of agri-preneurs. This focus on skill development diversifies 

rural incomes, generates employment, and promotes horticulture-led entrepreneurial ecosystems. 

2.2.4. Multi-Modal Knowledge and Resource Support 

KVKs integrate both 

conventional and 

contemporary channels, 

operating as a single-

window support 

system. They offer vital 

resources, such as high-

quality seeds and 

planting supplies from 

mother nurseries, bio-

agents, and diagnostic 

services via plant health 

clinics and soil testing 

labs. Multi-channel 

advisory services, such 

as farmers' meetings, 

field days, and digital platforms like Kisan Call Centers, mobile apps, and social media, are used in addition to 

this physical support to ensure that weather, pest, and market warnings are promptly disseminated. 

2.2.5. Fostering Innovation, Inclusivity, and a Two-Way Feedback Loop 

A key characteristic of the KVK model is its focus on fostering a two-way communication between formal 

scientific knowledge and the wisdom of farmers. KVKs work to identify, document, and scientifically verify 

Indigenous Technical Knowledge (ITK) and innovations emerging from farmers, expanding their reach for 

broader advantages. This inclusive approach enhances the responsiveness of the extension system. Additionally, 
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KVKs prioritize gender and social inclusion, ensuring that women farmers, tribal groups, and other 

underrepresented communities are active participants in and beneficiaries of horticultural advancement. 

3. KVKs as Catalysts in Horticultural Technology Dissemination and Adoption 

In the horticulture innovation system, Krishi Vigyan Kendrasplay a crucial role as catalysts, converting general 

research findings into workable, 

context-specific solutions. They 

support the shift from traditional 

methods to sustainable, 

scientifically informed 

horticulture using a multifaceted 

strategy. 

3.1. On-Farm Testing for 

Context-Specific Solution 

Generation 

A cornerstone of the KVK 

methodology is the systematic 

conduct of On-Farm Testing 

(OFT), which serves to fine-tune and validate research station recommendations under diverse, district-specific 

agro-ecological conditions. This localization process is vital for de-risking technology adoption for farmers. Key 

examples include: 

¶ The evaluation of drought-tolerant vegetable varieties (e.g., bottle gourd, cowpea) in arid and semi-

arid zones to ensure stable production under water stress. 

¶ Identification of locally adaptive rootstocks for perennial fruits like mango, citrus, and guava to 

enhance resilience against soil-borne diseases and abiotic stresses. 

¶ Varietal trials of high -value vegetables such as tomato, chilli, and cucurbits under protected cultivation 

structures to determine the most suitable genotypes for specific micro-climates. 

This function ensures that innovations are not only scientifically sound but also practically viable and 

economically attractive within their intended local context, thereby significantly lowering the barrier to 

adoption. 

3.2. Proof of Concept through Frontline Demonstrations 

Frontline Demonstrations (FLDs) are the primary instrument for establishing the tangible economic and 

agronomic benefits of new technologies. By serving as living proof on progressive farmers' fields, FLDs have 

consistently shown transformative results, building farmer confidence and catalyzing widespread diffusion. 

Documented impacts include: 

¶ High-Density Planting Systems (HDPS) in apple, mango, and guava, which have demonstrated a 2ï3 

fold increase in productivity per unit area compared to traditional planting. 

¶ The integration of drip irrigation with fertigation  in high-water-demanding crops like pomegranate 

and banana, leading to improvements in water-use efficiency of up to 40% alongside enhanced nutrient 

uptake and yield. 

¶ The use of mulching and low-cost polyhouse structures for off-season vegetable cultivation, which 

has consistently yielded 25ï60% higher economic returns due to premium market prices and reduced 

pest incidence.Through FLDs, KVKs effectively act as the critical testing ground and showcase for new 

horticultural technologies before their large-scale promotion by state departments. 

3.3. Capacity Building and Skill Development for Modern Horticulture 

Recognizing that technology adoption is contingent upon human capacity, KVKs place a strong emphasis on 

skill-oriented, vocational training. This pillar focuses on transforming theoretical knowledge into practical 

competence through a variety of formats, including: 

¶ Short-term farmer training programs  on emerging challenges. 

¶ Long-term diploma and certificate courses in horticulture. 
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¶ Off -campus demonstration camps and field days. 

¶ Intensive, hands-on workshops on techniques like grafting, budding, and precision pruning. 

These initiatives are strategically designed to strengthen farmer capabilities in critical areas such 

as accurate disease diagnosis, scientific nursery management, canopy architecture management, 

judicious plant protection, and advanced post-harvest handling, thereby creating a skilled workforce 

ready for modern horticulture. 

3.4. Promoting Climate-Resilient Horticulture Systems 

In response to the increasing vulnerabilities posed by climate change, KVKs are at the forefront of promoting 

climate-smart horticulture (CSH) practices. They facilitate both mitigation and adaptation through the 

demonstration and dissemination of a suite of resilient technologies, including: 

¶ Resource-conserving technologies: Micro-irrigation and rainwater harvesting structures. 

¶ Stress-tolerant cultivars:  Drought and heat-resilient varieties of fruits and vegetables. 

¶ Protected cultivation: Polyhouses and shade nets to buffer crops against climatic extremes. 

¶ Sustainable management practices: Integrated Nutrient Management (INM) and Integrated Pest 

Management (IPM) to maintain soil health and reduce chemical load. 

¶ Crop Diversification:  Introduction of hardy, indigenous fruit species such as bael (Aegle marmelos), 

ber (Ziziphus mauritiana), tamarind, and custard apple, which are well-adapted to marginal 

environments.Furthermore, many KVKs actively participate in the National Innovations in Climate 

Resilient Agriculture (NICRA)  project, establishing model villages that serve as replicable examples 

of climate-resilient farming systems. 

4. The Digital Transformation of Horticulture Extension through KVKs  

The proliferation of digital technologies has ushered in a new era for agricultural extension, enabling Krishi 

Vigyan Kendras (KVKs) to transcend traditional geographical and temporal limitations. This digital 

transformation is augmenting their capacity to deliver timely, precise, and scalable advisories, thereby 

revolutionizing horticulture extension services. 

4.1. Leveraging ICT Platforms for Scalable Outreach 

KVKs are increasingly integrating a suite of Information and Communication Technology (ICT) tools to enhance 

the efficiency and reach of their services. Key initiatives include: 

¶ Dedicated Mobile Applications and Platforms: The use of centralized platforms like Kisan 

Sarathi and specialized apps such as mKRISHI®  facilitates the push of localized advisories on 

weather, market prices, and crop management practices directly to farmers' smartphones. 
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¶ Instant Messaging for Rapid Response: The establishment of WhatsApp-based groups and 

broadcast lists has become a critical channel for the rapid dissemination of pest and disease outbreak 

alerts, enabling swift farmer response and mitigating potential crop losses. 

¶ Digital Resource Management: The implementation of Digital Soil Health Cards provides farmers 

with easily accessible, permanent records of their soil nutrient status and tailored recommendation, 

promoting more precise and efficient nutrient management in horticultural crops. 

4.2. Remote Diagnostics and e-Advisories 

A significant advancement in digital extension is the move towards remote diagnostics. KVKs are pioneering the 

use of e-Plant Clinics, where farmers can submit geo-tagged images of affected crops via mobile apps or 

messaging services. Subject Matter Specialists (SMSs) at KVKs can then diagnose issues and prescribe remedial 

measures remotely, drastically reducing the time between problem identification and solution delivery. This 

approach is particularly vital for managing emergent biotic stresses in high-value horticultural crops. 

4.3. Virtual Capacity Building and Knowledge Sharing 

The COVID-19 pandemic acted as a catalyst for the adoption of virtual knowledge-sharing formats. KVKs have 

successfully scaled up their capacity-building efforts through: 

¶ Webinars and Online Training Modules: Conducting large-scale, interactive sessions on topics 

ranging from high-density planting to post-harvest management, reaching a wider and more diverse 

audience, including women and youth who may face mobility constraints. 

¶ Virtual Fiel d Days and Exhibitions: Leveraging video tours and 360-degree imagery to create 

immersive virtual demonstrations of technologies like protected cultivation and drip irrigation systems, 

allowing farmers to "visit" successful sites without physical travel. 

This digital augmentation positions KVKs not just as physical resource centers, but as dynamic nodes in a digitally 

connected horticulture ecosystem, enhancing their resilience and responsiveness in service delivery. 

 

5. Fostering HorticultureLed Entrepreneurship: The KVK as an Incubation Hub 

Moving beyond technology dissemination, Krishi Vigyan Kendras (KVKs) have strategically positioned 

themselves as critical incubation hubs for nurturing rural entrepreneurship. This role is essential for creating non-

farm employment, enhancing value addition, and ensuring sustainable income diversification within the 

horticulture sector. KVKs facilitate this by providing an integrated support system that transforms skilled 

individuals into successful agri-entrepreneurs. 

KVKs identify and promote a diverse portfolio of viable, small-scale enterprises tailored to local resources and 

market opportunities. These include: 

¶ Primary Production Ventures: Establishing commercial vegetable nurseries to supply quality 

seedlings and venturing into high-value floriculture for emerging domestic and export markets. 
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¶ Post-Harvest and Value Addition: Promoting micro food processing units for the preparation of jams, 

pickles, and powders, often aligned with government schemes such as the Pradhan Mantri Formalisation 

of Micro Food Processing Enterprises (PMFME). This includes supporting solar drying and dehydration 

units to reduce post-harvest losses and extend the shelf-life of perishable horticultural produce. 

¶ Specialty and Bio-Inputs Production:  Facilitating enterprises in the cultivation of medicinal and 

aromatic plants for essential oil extraction, and the production of organic inputs such as vermicompost, 

biofertilizers, and biological control agents to support sustainable horticulture. 

The entrepreneurial support provided by KVKs is multi-faceted, encompassing: 

¶ Technical Backstopping and Skill Incubation: Offering advanced, hands-on training and continuous 

technical guidance to ensure production quality and operational efficiency. 

¶ Entrepr eneurial Literacy and Business Facilitation: Imparting essential knowledge on business plan 

development, financial management, and formal registration processes. 

¶ Convergence and Linkage Building: Actively forging connections between entrepreneurs and 

financial institutions for credit, with Farmer Producer Organizations (FPOs) for collective action, with 

Self-Help Groups (SHGs) for community enterprise, and with relevant marketing channels to ensure 

market access. 

Through this comprehensive approach, KVKs are instrumental in building a robust ecosystem for horticulture-

based entrepreneurship, directly contributing to rural economic resilience and prosperity. 
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6. Impact Assessment and Documented Success Stories 

A systematic evaluation of Krishi Vigyan Kendras (KVKs) reveals their substantial contribution to enhancing 

productivity, profitability, and sustainability within the Indian horticulture sector. The impact, documented 

through both quantitative assessments and qualitative case studies, underscores their role as a pivotal agent of 

rural transformation. 

6.1. Quantifiable Gains in Productivity and Resource Efficiency 

Rigorous impact studies and internal evaluations consistently demonstrate significant improvements in key 

performance metrics attributable to KVK interventions: 

¶ Yield Enhancement: Frontline Demonstrations (FLDs) on vegetable crops have consistently resulted 

in yield increases of 20ï80% over conventional farmer practices. Similarly, the adoption of integrated 

nutrient and pest management (INM/IPM) protocols in fruit orchards has led to yield gains of 30ï50%. 

¶ Resource-Use Efficiency: The promotion of micro-irrigation systems (drip and sprinkler) has 

achieved water savings of up to 40% in water-intensive horticultural crops like pomegranate and 

banana, a critical adaptation in water-scarce regions. 

6.2. Enhancing Farmer Incomes and Livelihood Resilience 

The ultimate measure of KVK success is the economic empowerment of farming households. Evidence points to 

substantial income growth: 

¶ High-Value Production: The introduction of protected cultivation technologies (e.g., polyhouses and 

shade nets) for high-value crops such as capsicum, cucumber, and orchids has demonstrated a 

dramatic increase in farmer incomes by 2 to 5 times, owing to off-season production and premium 

quality. 

¶ Entrepreneurship and Value Addition: Training programs focused on post-harvest management and 

micro-enterprise development, particularly among women's self-help groups (SHGs), have consistently 

reported income enhancements of 20ï35% through activities like food processing, thereby 

strengthening rural livelihoods and promoting gender-inclusive growth. 

6.3. Case Studies in Regional Transformation 

Beyond aggregate data, specific regional success stories highlight the contextual adaptability of KVKs:  

¶ Maharashtra:  KVKs championed the integrated package of drip irrigation and mulching in 

pomegranate cultivation, leading to 30-40% water savings and significant yield stability, 

revolutionizing production in semi-arid regions. 

¶ North-Eastern States: KVKs have been instrumental in identifying, reviving, and commercializing 

niche horticultural products such as indigenous orchids and kiwi, creating novel and profitable value 

chains that empower tribal communities and enhance regional biodiversity. 
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6.4. Strengthening the Agricultural Innovation System 

A critical, though less quantified, impact of KVKs is their role as platforms for convergence. They effectively 

integrate diverse actorsincluding ICAR institutes, State Agricultural Universities (SAUs), state horticulture 

departments, NGOs, private sector partners, and Farmer Producer Organizations (FPOs)fostering a collaborative 

ecosystem that accelerates innovation and ensures the relevance and scalability of development initiatives. This 

systemic function amplifies their impact far beyond direct, on-the-ground interventions. 

7. Challenges and Strategic Imperatives for KVKLed Horticulture Extension 

Although Krishi Vigyan Kendras (KVKs) have proven effective in the field of horticulture extension, they face 

considerable operational and strategic hurdles that limit their full effectiveness. Systematic issues include ongoing 

infrastructure deficiencies, characterized by inconsistent quality of polyhouses, nurseries, and demonstration 

sites, along with a significant lack of post-harvest management facilities. These physical challenges are further 

exacerbated by human resource issues, such as persistent vacancies for Subject Matter Specialists and a lack of 

expertise in new areas like precision horticulture and digital agriculture. Additionally, the fragmentation of 

institutions often hinders effective coordination between KVKs and state-level extension services, while the 

widespread digital divide in rural areas restricts the impact of ICT-based advisory services. Perhaps most 

importantly for long-term horticultural systems, the lack of dedicated multi-year funding streams diminishes the 

ability to carry out significant long-term demonstrations of orchard-centered technologies. 

To overcome these challenges and enhance their transformative capacity, KVKs need to strategically reposition 

themselves towards a more integrated, digitally-focused, and market-driven extension framework. This requires 

strengthening their role as centers for climate-resilient horticulture by consistently incorporating adaptive 

technologies and localized climate advice. At the same time, speeding up digital transformation through artificial 

intelligence, remote sensing, and blockchain technology can facilitate highly personalized advisories and improve 

transparency within the value chain. Forming strong public-private collaborations will be essential to address 

crucial gaps in market connections, financial access, and risk management. Furthermore, bolstering the 

entrepreneurial ecosystem by promoting business incubation and Farmer Producer Organization (FPO) 

collaboration can stimulate rural entrepreneurship throughout the horticulture value chain. By tackling existing 

limitations while also adopting these strategic focuses, KVKs can significantly enhance their role in fostering a 

more sustainable, profitable, and climate-resilient horticulture sector in India. 

8. Future Roadmap: Strategic Pathways for Strengthening KVKs as Horticulture Knowledge Hubs 

To enhance their efficacy and relevance in a rapidly evolving agricultural landscape, Krishi Vigyan Kendras 

(KVKs) require a strategic transformation into dynamic, digitally-enabled knowledge hubs. This forward-looking 

roadmap outlines key pathways for modernizing their extension approach and amplifying their impact on the 

horticulture sector. 
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8.1. Advancing Digital and AIEnabled Extension Systems 

The future of horticulture extension lies in precision and predictive advisories. KVKs must pioneer the integration 

of advanced digital tools, including Artificial Intelligence (AI) for image-based pest and disease diagnosis, 

Geographic Information Systems (GIS) for scientific orchard planning and resource mapping, and drone 

technology for real-time crop health monitoring and precision nutrient application. 

8.2. Mainstreaming Precision Horticulture Practices 

To demonstrate the next frontier of efficiency, KVKs should become nodal centers for precision horticulture. This 

involves showcasing and facilitating the adoption of automation in protected cultivation, IoT-based sensor 

networks for optimized irrigation scheduling, sensor-based fertigation systems for precise nutrient delivery, and 

the promotion of renewable energy solutions such as solar-powered cold storage to address post-harvest losses. 

8.3. Strengthening Post-Harvest and Value Chain Linkages 

A critical strategic shift involves expanding the KVK mandate beyond production to encompass the entire value 

chain. This can be achieved by establishing small-scale, functional post-harvest facilities for washing, grading, 

packaging, and primary processing. Such infrastructure will provide hands-on learning for Farmer Producer 

Organizations (FPOs) and Self-Help Groups (SHGs), enabling them to capture greater value from their produce. 

8.4. Forging Strategic Public-Private Partnerships (PPPs) 

Systematic engagement with the private sector is imperative to bridge technology and resource gaps. KVKs 

should actively collaborate with companies specializing in seeds, irrigation systems, farm machinery, and digital 

agriculture to facilitate access to cutting-edge technologies, enhance service delivery, and improve market access 

for farmers. 

8.5. Cultivating a Vibrant Entrepreneurial Ecosystem 

KVKs must evolve beyond training centers into active incubation hubs. This entails providing structured 

mentorship, access to prototype facilities, and market linkage support to nurture agri-entrepreneurship among 

rural youth, women, and start-ups focused on horticulture-based ventures, bio-inputs, and agri-tech innovations. 

8.6. Institutionalizing Convergence and Policy Integration 

Finally, achieving systemic impact requires robust institutional alignment. Strengthening the formal linkage 

between KVKs, ICAR institutes, State Agricultural Universities (SAUs), and State Horticulture Departments is 

crucial to synchronize research, extension, and policy initiatives, thereby creating a cohesive and powerful force 

for horticulture-led rural development. 

9. Conclusion 

Krishi Vigyan Kendras have significantly reshaped the horticulture sector in India by effectively implementing 

the "Lab to Land" concept. With their decentralized, farmer-focused approach, KVKs have shown an exceptional 

ability to connect scientific research with practical application at the grassroots level. Their diverse strategies, 

which include location-specific technology evaluation through On-Farm Testing, compelling proof-of-concept 
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via Frontline Demonstrations, skill development initiatives, and the promotion of an entrepreneurial ecosystem, 

have made them an essential pillar of horticultural progress and rural advancement.The findings compiled in this 

review highlight that KVKs are more than just extension services; they are active catalysts for change, enhancing 

productivity, fostering climate resilience, and driving economic empowerment in various agro-ecological regions. 

However, to maximize their potential in a time of digital evolution and climate challenges, it is crucial to 

strategically enhance the KVK system. This calls for focused investment in digital infrastructure, incorporating 

AI and IoT for precise advisory services, promoting climate-resilient and precision horticulture practices, 

establishing strong public-private partnerships, and concertedly improving post-harvest and value-chain 

connections.In conclusion, the ongoing development and empowerment of the KVK network is not just an 

institutional goal but a national necessity. By transforming these centers into dynamic, digitally driven knowledge 

and incubation hubs, India can expedite its path toward sustainable horticultural growth, increase farmers' 

incomes, and achieve broader objectives related to nutritional and environmental security. Supporting this "vital 

heart" of extension is crucial for ensuring that the benefits of scientific advancements reach every farmer's field, 

positioning the horticulture sector as a genuine driver of inclusive and sustainable development. 
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Abstract 

The growing global population and widespread micronutrient malnutrition pose critical challenges, especially 

in developing nations. Vegetables, as affordable and rich sources of vitamins, minerals, and fiber, play a vital 

role in ensuring nutritional security. Colourful vegetables are particularly valuable due to their high content of 

bioactive pigments such as chlorophylls, carotenoids, flavonoids (including anthocyanins), and betalains, which 

contribute to both aesthetic appeal and health benefits. These pigments also play key ecological roles in 

pollination and stress tolerance. Breeding strategies for enhancing colour traits have evolved from traditional 

selection methods to advanced molecular tools, including marker-assisted selection and genetic engineering. 

These approaches facilitate the development of novel, nutrient-dense cultivars with improved pigment content. 

The integration of colour breeding in vegetable improvement programs holds immense potential for addressing 

micronutrient deficiencies, promoting human health, and increasing market value. 

Introduction  

egetable crops are vital components of the human diet, offering essential vitamins, minerals, fiber, and 

bioactive compounds. Among the key quality traits, colour plays a crucial role in consumer preference, 

nutritional perception, and market value. Colourful vegetables are rich in health-promoting pigments such as 

chlorophylls, carotenoids, flavonoids, and betalains, which not only contribute to plant functions like 

photosynthesis and pollinator attraction but also offer significant nutritional and medicinal benefits. 

Most pigments are coloured. These colours are not just visually decorative and attractive, but also function in 

critical biological processes for plants and play essential co-evolutionary roles in ecosystems. On the other hand, 

many pigment-rich fruits and vegetables are critical in the human and animal diet. Some pigments are essential 

nutrients, and others may serve as nutraceuticals with additional medical benefits, including the prevention and 

treatment of certain diseases (Chen, 2015).  

Breeding for colour development enhances not only colours but also enriches the nutrient content of the 

vegetable crops, which helps to minimize the risk of cancer, obesity, cardiovascular diseases and allows the 

development of a new generation of cultivars with improved bioactive properties. There are several breeding 

strategies for colour development including conventional methods, as well as modern strategies that rely on 

marker assisted selection or genetic transformation (Plazas et al., 2014). 

Pigments in vegetable crops: Types & Distribution 

Pigment class  Main subgroups Typical colors Examples 

Carotenoids Carotenes, lycopene and 

xanthophylls 

Orange, yellow, 

red 

Carrot, tomato, water melon, 

pepper, Leafy Vegetables 

Flavonoids Anthocyanins; flavonols Purple, blue, red Eggplant, Red Cabbage, onion  

Betalains ɓ-cyanins and ɓ-xanthins Red, orange, 

yellow 

Beet, Swiss Chard 

Chlorophylls a and b Green Any green plants 
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Significance of colours in vegetable 

Photosynthesis: 

In the presence of CO2 and water green plants absorb the sunlight for their food production and release O2 and 

produced CHO are stored in starch as a reserved food material for future use. 

Pollination:  

Due to attractive colours in flowers pollinating agents attracts towards them and their bye encourages the 

pollination. 

Nutritional value:  

Antioxidants which are enhanced by nutrition which neutralize the free radicals and other organic acids which 

are produced during heavy food metabolism. 

Consumer preference: 

Colour is the most important visual component to consumer preference as it fetches higher price and thereby 

increase in demand for export value. 

Health benefits of different colored vegetable crops 

2.1 Red coloured Vegetables 

Red coloured vegetables contain lycopene, ellagic acid, quercetin, and hesperidin. These nutrients reduce the 

risk of prostate cancer, lower blood pressure, reduce tumor growth and LDL cholesterol levels, scavenge harmful 

free-radicals, and support joint tissue in arthritis cases. 

2.2 Orange and Yellow Vegetables 

They contain beta carotene, zeaxan thin, flavonoids, lycopene, potassium, and vitamin C. These nutrients reduce 

age-related macular degeneration and the risk of prostate cancer, lower LDL cholesterol and blood pressure, 

promote collagen formation and healthy joints, fight harmful free radicals, encourage alkaline balance, and work 

with magnesium and calcium to build healthy bones. 

2.3 Purple vegetables  

They contain nutrients which include, anthocyanin lutein, zeaxanthin, resveratrol, vitamin C, fiber, flavonoids, 

ellagic acid, and quercetin. Similar to the previous nutrients, these nutrients support retinal health, lower LDL 

cholesterol. 

2.4 White vegetables  

They contain nutrients such as beta-glucans, Polyphenol catechins epigallocatechin gallate (EGCG), SDG, and 

lignans that provide powerful immune boosting activity. These nutrients also activate natural killer B and T 

cells, reduce the risk of colon, breast, and prostate cancers, and balance hormone levels, reducing the risk of 

hormone-related cancers. 

Breeding approaches for colour improvement in vegetable crops 

Selection 

¶ Most of the colour varieties are developed by this method  

¶  Selected on the basis of phenotype  

Colour-rich vegetable varieties developed by selection method 

Crop Variety  Name Pigment Type Colour Trait  Key Features 

Carrot Pusa Asita Anthocyanin 
Deep 

Purple/Black 

High anthocyanin content, 

antioxidant-rich 

Beetroot 
Detroit Dark 

Red 

Betalains 

(Betacyanin) 
Dark Red 

High pigment content, used in 

natural dye 

Tomato Pusa Ruby  
Lycopene 

(Carotenoid) 
Deep Red 

High lycopene content, selected 

for colour 

Brinjal Pusa Kranti Anthocyanin Deep Purple fruit Suitable for tropical conditions 

Onion 
Agrifound 

Dark Red 
Anthocyanin 

Reddish-purple 

bulb 
High pigment and shelf life 

Cabbage Red Cabbage Anthocyanin 
Red-Purple 

Leaves 

High antioxidant content, good for 

salad use 

Potato Kufri Lalima Anthocyanin 
Reddish skin and 

flesh 
Heat-tolerant, anthocyanin-rich 
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Mutagenesis 

¶ Mutagenesis is a process by which the genetic information of an organism is changed by the production of a 

mutation. 

¶ Mutation breeding sometimes referred to as variation breeding, is the process of exposing seeds to chemical 

or radiation in order to generate mutants with desirable traits to be bred with other cultivars. Plants created 

using mutagenesis arte sometimes called as mutagenic plants or mutageic seeds. 

¶ There are different kinds of mutagenic breeding such as using chemical mutagens like ethyl 

methanesulfonate and dimethyl sulphate, radiation transposons to generate mutants.  

¶ It may occur spontaneously in nature, or as a result of exposure to mutagens.  

¶ The major aim in mutation breeding is to develop and improve well adapted plant varieties by modifying 

one or two major traits to increase their productivity or quality. 

¶ Sweet potato- orange mutants are rich in beta-carotene (30-100 ppm) than white fleshed (2 ppm) (La Bonte 

and Don, 2012). 

¶ Cauliflower- Spontaneous mutation results in óorange curdô (Li et al., 2001) 

¶ Purple (Pr) gene mutation confers an abnormal pattern of anthocyanin accumulation (42.1mg/kg), giving 

the striking mutant phenotype of intense purple color in curds and a few other tissues. 

Carotenoid pathway mutants in Pepper & Tomato 

Species Mutant name Phenotype  References 

Tomato r (yellow flesh) Yellow fruit color Fray and Grierson,1993 

delta Orange fruit color Ronen et al.,1999 

tangerine Orange fruit color Isaacson et al.,2002 

Beta Orange fruit color Ronen et al.,2000 

Pepper y (yellow) Yellow  fruit color Lefebvre et al., 1998 

c2 Yellow fruit color Thorup et al., 2000 

Hybridization  

¶ The mating or crossing of two plants or lines of dissimilar genotype is known as hybridization. 

¶ In plants, crossing is done by placing pollen grains from one genotype i.e., male parent, on the stigma of 

flowers of another genotype i.e., female parent.  

¶ It is essential to prevent self-pollination as well as chance cross- pollination in the flowers of female parent 

used for crossing.  

¶ The seeds as well as progenies resulting from hybridization are called hybrid or F1.  

¶ The progeny of F1 obtained from selfing or intermating of F1 plants, and the subsequent generations are 

known as segregating generations. 

¶ Ex. High-Carotene Cucumber Germplasm Early Orange Mass 400, Early Orange Mass 402, Late 

Orange Mass 404. Developed by crosses between U.S. pickling cucumber lines (Cucumis sativus L. var. 

sativus) and the orange-fruited Xishuangbannan cucumber (C. sativus L. var. xishuangbannanesis Qi et 

Yuan). 

Interspecific hybridization  

¶ Interspecific hybridization is the crossing of two species from the same genus.  

¶ This allows the exploitation of useful genes from wild, unimproved species for the benefit of the cultivated 

species.  

¶ M. L. Tomes (1958), bred Caro-Red, a Provitamin -A rich tomato variety. Developed by cross between 

common tomatoes, Lycopersicon esculentum Mill., and the wild species, L. hirsutum Humb. 
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Somaclonal Variation 

Somaclonal variation plays a significant role in the development of novel colour traits in vegetable crops. It 

refers to the genetic and epigenetic changes that occur in plants regenerated from somatic cells via in vitro tissue 

culture techniques. These variations may lead to alterations in pigment biosynthesis pathways, resulting in the 

modification or enhancement of colour traits in vegetables.  

¶  Chromosomal rearrangements are an important source of this variation  

¶ A cultivar of sweet potato óScarletô having higher yield and disease resistance characteristics similar to 

their parent but also have darker and more stable skin colour. (Moyer and Collins, 1983) 

Genetic engineering 

Genetic modification techniques have been extensively used in vegetable crops to improve their nutritional 

content, reduce anti-nutritional factors, and even enable vaccine delivery through edible plant material. These 

transgenic vegetables offer multiple health benefits and hold promise for addressing nutritional deficiencies 

worldwide. Some of the successful achievements of genetic engineering in nutraceutical vegetable crops are as 

follows: 

Golden tomato  

¶ Developed by the World Vegetable Centre (AVRDC). 

¶ Rich in ɓ-carotene, offering 3ï6 times more vitamin A than regular tomatoes. 

¶ Named AVTO 0102, this variety is early maturing, heat tolerant, and suited for hot, wet climates. 

¶ A single fruit can meet an adult's daily vitamin A requirement. 

¶ The high ɓ-carotene content gives the tomato an orange-fleshed appearance. 

Purple-Fleshed Sweet Potato 

¶ A transgenic cultivar called IbOr was created by overexpressing the IbOr-Insunder gene under the 

Cauliflower Mosaic Virus (CaMV) 35S promoter. (Park et al.,2015) 

¶ This variety has up to 7-fold higher carotenoid levels in the storage roots compared to the wild type. 

¶ The purple colour is due to anthocyanin accumulation, enhancing its antioxidant value. 

Purple Cauliflower 

¶ The Pr (Purple) gene mutation leads to anthocyanin accumulation in the curds and other tissues, resulting 

in an intense purple coloration. 

¶ Transgenic plants expressing the PrD gene replicated the natural purple phenotype (Chiu et al., 2010). 

¶ The upregulation of specific anthocyanin biosynthetic genes results in ectopic pigment production. 

Orange Cauliflower 

¶ The Or gene is a semi-dominant allele responsible for the accumulation of ɓ-carotene, giving the curds an 

orange hue. 

¶ Homozygous Or plants have bright orange, smaller curds, while heterozygous plants show moderate 

pigmentation and average-sized curds. 

¶ This trait offers a visible marker of enhanced nutritional quality (Li and Garvin, 2003). 

Conclusion 

Breeding for colour development in vegetable crops plays a vital role in enhancing both aesthetic and nutritional 

quality. Natural pigments like carotenoids, anthocyanins, and betalains not only improve visual appeal but also 

offer significant health benefits as antioxidants and nutraceuticals. Through approaches such as conventional 

selection, hybridization, mutation breeding, and genetic engineering, it is possible to develop colour-rich cultivars 

with higher market demand and improved nutritional profiles. Incorporating such traits into breeding programs 

supports public health, increases export potential, and addresses micronutrient deficiencies, especially in 

developing countries. 
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Abstract 

Insect locomotors control could be used as a model for autonomous hexapod robot controllers. Insect movement 

control can be viewed as both modular and hierarchical. Walking speed and onset direction are controlled by the 

brain. The ganglia that regulate leg movements perform local coordination. The stepping movements of individual 

legs are often controlled by networks of neurons known as central pattern generators or CPGs that can produce 

alternating contractions of antagonistic muscles. The CPGs and sensory input from the moving legs work together 

to coordinate the legs. In addition to information regarding joint angles and foot contact, this peripheral feedback 

also offers information on leg load, position, velocity and acceleration. Furthermore, depending on the situation, 

both the central pattern generators and the sensory data that supplies them can be modified or altered. As a result, 

insects have incredibly resilient and flexible movement. 

Insect walking is now again positioned to make a more important scientific contribution than the numbers 

of participants in the area might suggest, thanks to major cooperation between researchers studying insect walking 

and robotics engineers interested in building adaptive legged robots. Current understanding of the physiological 

underpinnings of insect locomotion, with a focus on recent advances in biomechanics and behavioural genetic 

dissection and the implications for robotics. In order to create walking robots with functioning controls and a 

physical design inspired by insect biology, engineers have started collaborating with neurobiologists. Such a 

method could improve biology by enabling real time and practical testing of important theories on how 

locomotors control is affected as well as engineering by enabling the development of more effective robots. In 

order to produce walking robots, the field of biorobotics needs adopt performance standards and an experimental 

methodology. 

Introduction  

nsects are among the most efficient and adaptable walkers in the natural world. For decades, scientists have 

been captivated by their abilities to navigate obstacles, climb steep surfaces, travel over complicated terrains 

and retain equilibrium. At the nexus of entomology and neuroscience, the study of insect locomotion focuses on 

the production and coordination of rhythmic motor rhythms. This information has motivated engineers to create 

walking robots that can carry out duties in hazardous or unreachable places like planetary missions, deep sea 

exploration and disaster areas. Scientists hope to create devices that are more reliable, flexible and effective by 

studying how insects walk. Despite their seeming simplicity, insects ability to move quickly across a variety of 

surfaces has long captivated biologists. Insects are able to coordinate their six legs with amazing accuracy and 

steadiness despite having a small body and brain. Because of this they are crucial models for comprehending how 

living things regulate their movement. Researchers have found that the neural system creates and refines the 
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rhythmic patterns involved in insect walking through sensory feedback. Insects can quickly adjust to uneven 

terrain and unforeseen obstacles because to these movements. Engineerôs interest in using these biological 

concepts in robotics has grown in recent years. Scientists are creating walking robots that can function better in 

challenging circumstances by analysing how insects move. 

These robots in contrast to conventional machinery are designed to imitate the adaptability and flexibility 

seen in nature. Biorobotics is an interdisciplinary field that combines engineering and biology for mutual benefit. 

In addition to improving our understanding of animal behaviour, research on insect movement aids in the 

development of novel robotic systems. These robots might be helpful for investigating dangerous regions, disaster 

sites or isolated settings. Therefore, significant advancements in contemporary technology are being inspired by 

the minuscule movements of insects. 

How Insects Walk: Basic Limb Movements 

A number of synchronized leg movements are required for insect mobility. Protraction and retraction are the 

forward and backward movements performed by each leg. Lifting (levation), lowering (depression) and 

modifying the posture in relation to the body (adduction and abduction) are other motions. Insects are able to 

maintain stability while moving because their movements are not random, rather they adhere to exact patterns. In 

addition to distributing body weight and producing the forces needed for movement, the legs function as stiff 

supports. 

Muscles and Control of Movement 

The movement of insect legs is controlled by two types of muscles 

¶ Extrinsic muscles, which originate outside the leg 

¶ Intrinsic muscles, which are located within the leg 

A sophisticated network of neurons controls these muscles. Fast, slow and inhibitory neurons provide impulses 

to each leg, enabling precise control over force and pace of movement. Opposing (antagonistic) muscles contract 

alternately to produce walking. One muscle, for instance elevates the leg while another gets ready to put it back 

on the ground. Smooth and effective movement is ensured by this synergy. 

Special Types of Movement 

In addition to walking, insects exhibit other forms of locomotion 

Jumping 

Grasshoppers and other insects store energy by flexing their legs, which they then quickly release to jump. 

Extensor muscles are activated while flexor muscles are abruptly relaxed. 

Crawling 

Caterpillars and other larvae move by contracting and expanding their body segments. They may move forward 

efficiently even without completely formed legs thanks to this wave like motion. 

Role of Sensory Systems 

Insect legs are equipped with advanced sensory systems that help them adapt to their environment. These include: 

¶ Proprioceptors: Detect the position and movement of leg segments 

¶ Mechanoreceptors: Sense touch and mechanical pressure 

¶ Chemoreceptors: Detect chemical signals in the environment 

Insects may modify their movements according to load and surface conditions thanks to special structures like 

campaniform sensilla which sense strain in the leg. Maintaining balance and coordination requires this sensory 

feedback. 

Coordination and Neural Control 

Central Pattern Generators (CPGs) are brain circuits that regulate the coordination of insect movement. Without 

constant input from the brain, these networks of neurons generate rhythmic movement patterns. 

CPGs ensure that: 

¶ Legs move in a coordinated sequence 

¶ Muscle contractions alternate properly 

¶ Movement remains stable even in changing conditions 
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Walking can be started, stopped or altered by higher level brain control and the movement is adjusted in real 

time by sensory feedback. 

From Biology to Robotics 

Robotics has been directly impacted by the study of insect locomotion. Robotics integrates computer, electrical 

and mechanical engineering and a robot is a programmable machine that can carry out tasks automatically. 

Walking Robots 

Advanced legged robots that can climb barriers, navigate difficult surroundings and move effectively over uneven 

and rocky terrain have been designed by engineers. They are particularly useful in circumstances when 

conventional wheeled devices would malfunction because of their capabilities. Because of this, these robots are 

frequently employed in space and ocean exploration where human access is restricted or dangerous, in military 

surveillance for reconnaissance in challenging or hazardous locations and in disaster rescue operations to find 

survivors in collapsed structures. 

Biologically Inspired Robots 

Many modern robots are inspired by insects: 

¶ LAURON: A robot modelled after stick insects, capable of stable walking on uneven terrain 

¶ GENGHIS: A simple robot with basic leg movements 

¶ BILL -Ant-p: Based on ant anatomy with advanced sensing abilities 

¶ Cockroach like robots (CRAM): Fast, flexible robots designed for search and rescue missions 

¶ HECTOR: A hexapod robot with advanced sensors and adaptive movement 

To enhance performance, these robots make advantage of biological concepts including distributed control, 

sensory feedback and flexible mobility. 

Engineering Meets Biology 

Engineering greatly benefits from biological ideas, especially when it comes to creating effective movement 

strategies, adaptive control systems and energy saving techniques modelled after living things. Engineers can 

create robots that are more adaptable, effective and capable of doing challenging jobs by researching how animals, 

particularly insects, move and react to their surroundings. At the same time, robotics makes a substantial 

contribution to biological research by providing platforms for testing animal movement theories, simulating 

intricate biological systems and producing cutting edge instruments that aid researchers in comprehending how 

living things operate. However, integrating biological principles into robots remains challenging due to the 

complexity of living systems. 

Conclusion 

Insect walking research has created new robotics opportunities. Researchers are creating devices that can move 

more effectively and adapt to difficult surroundings by fusing technical design with biological information. Strong 

cooperation between biologists and engineers is essential for future advancement. This fascinating topic of 

biorobotics will progress with clear goals, appropriate testing procedures and creative design strategies. In the 

end, learning from insects might result in more intelligent and capable robots that can help people in ways that 

were previously unthinkable. 
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Abstract 

According to FAO estimates, population growth of up to 9.8 billion is estimated by 2050. In this context, boosting 

crop productivity for global food is crucial to meet growing needs brought on by population growth. Agriculture 

today is threatened by deteriorating soil health, emerging disease resistance, shrinking land holdings, climate 

change, etc. Microorganisms among other solutions can help to address these challenges. Biofertilizers, also 

referred to as microbial biofertilizers, are biological products that contain beneficial microbial strains, which may 

be either be bacterial or fungal in nature. These microorganisms play a crucial role in enhancing soil fertility by 

facilitating the natural processes that increase the availability and uptake of essential nutrients by plants. By 

colonizing the rhizosphere or the interior of plant tissues, these microbes establish a symbiotic relationship with 

the host plant, promoting growth and improving overall plant health. The use of biofertilizers contributes to 

sustainable agricultural practices by reducing the dependency on chemical fertilizers, minimizing environmental 

pollution, and enhancing soil microbial diversity. Their application not only improves nutrient cycling but also 

supports plant resistance to various biotic and abiotic stresses, ultimately leading to increased crop yield and 

quality. 

Keywords- Arbuscular mycorrhizae (AM), biofertilizers, soil health, symbiotic association, nutrient uptake, 

sustainable agriculture 

What are Arbuscular Mycorrhizal (AM) Biofertilizers?  

reen revolution and subsequent newer varieties released by agricultural institutes have ensured food security 

to India. These newer varieties are high yielding and disease resistant but they are dependent on chemical 

inputs to sustain this yield. Consequently, due to practice of intensive agriculture, soil health has deteriorated and 

microbial diversity has been adversely affected. Dependency on chemical inputs primarily chemical fertilizers 

can possibly be reduced by substituting them with organic inputs. These organic inputs include biofertilizers, 

farmyard manure, vermicompost etc. Biofertilizers or microbial biofertilizers are biological products which 

contain beneficial microbial strains which can be either bacterial or fungal. These beneficial strains play a role in 

enhancing plant growth and productivity.  

 Arbuscular mycorrhizae (AM) are fungal biofertilizers. They are obligate symbionts which form a mutually 

beneficial association with roots of plants through use of fungal structures called arbuscules. These arbuscules 

are found in the cortical cells of the root (Wilkes 2021). AM become associated with host plants and help them 

colonize the land. 80% of terrestrial plants are reported to develop symbiotic associations with AM (Dastogeer et 

al 2020). AM grows both inside the root tissue and outside the root tissue. This network of fungal mycelium 

stabilizes the structure of the soil as well (Thirkell et al 2020). 

 Arbuscular mycorrhizal (AM) fungi create a mutually beneficial relationship with the roots of most land 

plants. In this symbiosis, the host plants provide carbohydrates to the AM fungi, which supports their growth and 

spore development. In return, the mycorrhizal hyphae of the fungi help the plants absorb nutrients from the soil, 

ultimately enhancing plant growth and nutrient uptake. This interaction has been found to increase various aspects 

of plant physiology, including water and nutrient absorption, photosynthesis, root structure, antioxidant defenses, 

and hormonal balance, which collectively aid in coping with soil water deficits (He et al 2020). Studies have 

indicated that during the early stages of symbiosis, certain factors such as phosphorus and sucrose deficiency can 

stimulate the activity of proton effluxes and spore growth rate in AM like Gigaspora margarita. Additionally, the 

symbiosis between maize and mycorrhizal fungi has reportedly influenced the activity of the proton pump in host 

plants. 
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Advantages of AM 

AM symbiosis has a favorable impact on host plant nutrition, plant growth and in nutrient cycling. They are an 

important component in sustainable agriculture systems. This synergistic interaction helps the plant and also the 

Plant Growth Promoting Rhizobacteria (PGPR) (Raklami et al 2019). It has been reported that AM inoculation 

increases soil sustainability, soil nitrogen-phosphorus-potassium content, plant growth promoting hormones and 

plant biomass (El-Sawah et al 2021). Among microbial inoculants used in biofertilizers, adoption of arbuscular 

mycorrhizal (AM) based fungal biofertilizer offers economic and environmental advantages (Kalamulla et al 

2022).  

 Studies have demonstrated their positive impact in alleviating abiotic stress and nutrient deficiencies 

demonstrating how the plants benefit from stronger AM colonization and better nutrition than non-mycorrhizal 

plants. Several crops like Allium cepa under drought stress, Antirrhinum majus under salt stress and Alfalfa's 

(Medicago sativa L.) under heavy metal stress against Cd have benefitted from this AM colonization (Bhantana 

et al 2021). AM species of Glomus etunicatum, Glomus intraradices and Glomus mosseae are proven to alleviate 

salinity stress of Cucumis sativus L providing better yield. Plant nutrition and water availability are enhanced by 

the AM fungal symbiosis, which gives microorganisms in the root and soil system a favorable environment (Khan 

et al 2022). Because of their enhanced root hydraulic conductivity at low water potential, mycorrhizal hyphae take 

water and nutrients from the soil pores, where root hair is unable to reach. Aquaporin production influences 

the root hydraulic conductivity, suggesting their potential relationship with mycorrhizal activity under stress. 

These protein channels control the gradient-driven movement of water and other molecules within cells, including 

glycerol, ammonium ions, carbon dioxide, urea, and amino acids (Chauhan et al 2022). 

 AM fungus promotes plants photosynthetic activity, which is directly linked to plant development, as well 

as nutrient intake and assimilation. Moreover, AM fungi boost the amounts of soluble proteins, 

carbohydrates, primary and secondary metabolites in cereal crops. AM positively regulates the composition of 

carbohydrates and the osmotic equilibrium. AM was found to enhance the buildup of several organic acids by 

controlling plant development through osmoregulatory regulation when exposed to salt stress. It has been 

demonstrated that AM fungi increase plant biomass, yield and productivity in cereal crops (Wahab et al 2023). 

 Mycorrhizae also have the ability to source organic nitrogen improving the overall plant physiology and 

growth in return of the fixed carbon provided by plant to the AM fungus. AM supports various facets of plant 

life, including enhanced growth, stress tolerance, disease resistance and nutrition. Additionally, the hyphal 

networks of AM fungi enhance soil properties such soil particle aggregation, strengthening the soil's resilience to 

water and wind erosion. AM fungi are known to help to retain nutrients in the soil by reducing nutrient leaching 

from the soil and lowering the chance of ground water contamination (Hijri et al 2018). This knowledge paves 

the way to use AM fungal inoculum for crops. AM fungal usage reduces the adverse impact of heat stress (Liu et 

al 2023; Jumrani et al 2022).  

Mode of application 

AM biofertilizer products are carrier based. Arbuscular Mycorrhizal (AM) fungal biofertilizers are typically 

introduced to plant roots or soil to form a symbiotic relationship. The most successful approach involves placing 

the inoculum directly in the root zone, or rhizosphere, to ensure it is near the plant roots. A widely used and 

effective method is seed treatment, where seeds are coated with the inoculant, often combined with adhesive 

substances like jaggery or gum arabic, before planting to facilitate immediate colonization as the seeds germinate. 

For nursery seedlings, the inoculum can be applied by dipping the roots in a slurry or mixing it into the nursery 

potting mix, allowing the fungi to establish before the seedlings are transplanted. In field settings, broadcasting 

the inoculum in the nursery bed or placing granules in soil furrows during transplanting is commonly practiced 

to ensure successful infection and improved nutrient absorption. Proper application leads to the formation of a 

hyphal network in the soil, which enhances nutrient uptake and provides stress resistance, ultimately reducing the 

reliance on chemical fertilizers. 

Challenges and future prospects 

AM association, diversity and activity are hampered by high concentrations of NPK fertilizers, fungicides and 

pesticides.  Extensive tillage practices and crop rotation with non-mycorrhizal crops reduces the AM flora and its 
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colonization. Due to high P levels in the soil, AM colonization, arbuscle production and active P transfer to 

the plants is limited. Plants as a result release less strigolactones which affects AM symbiosis. Also, 

increased potassium concentration hinders AM signaling, reduces root exudation and accumulates soluble 

carbohydrates in the cortex. Fungicides (systemic and non-systemic) are harmful for AM spore germination, 

colonization, sporulation and proliferation of extra-radical hyphae (Rejali et al 2022). Fungicides hinder the 

nutrient transfer to the crops that rely on AM, especially in dry soil conditions where nutrient concentrations are 

low (Edlinger et al 2022). 

 Another challenge prevails in the establishment and persistence of AM in the field conditions. The type of 

AM biofertilizer, its biotic and abiotic environment also have a considerable impact on both the survival limit and 

the colonization of the introduced AM species. In addition, ecosystem greatly influences the mycorrhizal 

behavior. Therefore, optimal fungal inoculants with higher colonization potential must be selected 

for maximizing the productivity of AMF application in sustainable agriculture (Madawala 2021). It is well known 

that AM fungal symbiosis plays a major role in managing agriculture and ecosystem therefore a multitude of 

small and large-scale firms are focusing on production and supply of quality AM formulations or consortia 

products with beneficial soil bacteria for sustainable agriculture. Interest in AM-based products is rising due to 

their advantageous effects on plant growth, immunity, yield and betterment in soil health (Sudheer et al 

2023).  This promotes the need for education on the quality of mycorrhizal products, their formulation 

and production, quality indicators, and regulated norms for the better supply of AM products. 
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Over the past five decades, the use of plastic materials such as mulch films, greenhouse covers, and irrigation 

tubing has transformed agricultural productivity. Thin polyethylene (PE) mulch films, in particular, have enabled 

higher yields, improved water-use efficiency, and enhanced weed suppression. However, by 2026, a substantial 

body of scientific evidence indicates that this success has come with an underappreciated environmental cost: the 

accumulation of microplastics and nanoplastics in agricultural soils. 

 This emerging issue is not superficial. Unlike marine plastic pollution, which is visually apparent, soil 

plastic contamination is diffuse, persistent, and biologically interactive. The phenomenon often described as 

ñplastic dustò represents a new class of soil contaminant with complex and still-evolving implications. 

1. Plasticulture: Agronomic Benefits and Material Persistence 

Plastic mulch films are primarily composed of low-density polyethylene (LDPE), valued for its durability, 

flexibility, and low cost. Their agronomic benefits are well documented as yield increases of 10ï30% across 

crops, reduction in soil evaporation by 30ï50%, improving water-use efficiency, effective suppression of weed 

growth, reducing herbicide requirements, stabilization of soil temperature, promoting early crop establishment 

Global estimates suggest that agricultural plastic use exceeded 12ï15 million metric tons annually by the mid-

2020s, with Asia accounting for the largest share. However, these materials are inherently resistant to 

biodegradation. At the end of a growing season, mulch films are often fragmented, contaminated with soil, and 

difficult to retrieve. Recovery rates in many regions remain below 60%, meaning significant quantities are left 

behind in fields. 

2. Fragmentation Pathways: From Macroplastics to Nanoplastics 

Once incorporated into soil, plastic residues undergo progressive fragmentation through several mechanisms: 

¶ Photo-oxidation: Ultraviolet (UV) radiation weakens polymer chains, increasing brittleness 

¶ Thermo-oxidative degradation: Temperature fluctuations accelerate polymer breakdown 

¶ Mechanical stress: Tillage, root growth, and soil abrasion physically fragment plastics 

¶ Biotic interactions: Soil organisms contribute indirectly to fragmentation 

This process produces a continuum of particle sizes: Macroplastics (>5 mm), Microplastics (<5 mm), 

Nanoplastics (<1 µm) 

3. Soil Physical Impacts: Disruption of Structure and Hydrology 

Soil structure depends on the formation of aggregates clusters. This structure governs water retention, aeration, 

and root penetration. Microplastics influence these properties in several ways: 

Aggregate Stability: microplastics can either weaken or destabilize soil aggregates, depending on polymer type 

and concentration. Fibrous plastics tend to reduce aggregate cohesion, increasing susceptibility to erosion. 

Bulk Density and Porosity: Plastic particles alter soil bulk density and pore size distribution. In some cases, they 

increase macroporosity but reduce microporosity, leading to poorer water retention. 

Water Dynamics: Microplastics are typically hydrophobic. Their presence can: 

¶ Reduce soil water-holding capacity 

¶ Alter infiltration rates 

¶ Increase preferential flow pathways 

4. The ñTrojan Horseò Effect: Chemical Interactions and Contaminant Transport 

Microplastics are not chemically inert. Due to their hydrophobic surfaces and large surface-area-to-volume ratio, 

they adsorb environmental contaminants, including: 
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¶ Persistent organic pollutants (POPs) 

¶ Heavy metals such as cadmium and lead 

¶ Pesticide residues 

This adsorption capacity enables microplastics to act as vectors, transporting contaminants through soil profiles 

and potentially delivering them to plant roots. Laboratory studies have shown that pesticide sorption to 

microplastics can alter degradation rates and bioavailability. In some cases, plastics prolong the persistence of 

agrochemicals, increasing exposure durations for soil organisms. 

5. Biological Impacts: Effects on Soil Biota and Microbial Communities 

Soil Fauna 

Earthworms and other soil invertebrates ingest soil particles indiscriminately, making them vulnerable to 

microplastic exposure. Documented effects include reduced growth and reproduction, intestinal abrasion and 

inflammation, altered energy allocation etc  

Microbial Communities 

The soil microbiome plays a central role in nutrient cycling, organic matter decomposition, and plant health. 

Microplastics influence microbial dynamics through: 

¶ Providing novel surfaces (ñplastisphereò) for microbial colonization 

¶ Altering soil pH and moisture conditions 

¶ Introducing additives and degradation byproducts 

Studies reported that high microplastic concentrations reduced microbial biomass carbon and altered community 

composition, with declines in beneficial taxa involved in phosphorus solubilization and nitrogen cycling. These 

shifts can impair nutrient availability and reduce soil fertility over time. 

6. Plant Uptake and Translocation: Entry into the Food Chain 

Recent advances in imaging techniques, including fluorescence labeling and electron microscopy, have confirmed 

that nanoplastics can be taken up by plant roots. 

Mechanisms of Uptake 

Nanoplastics may enter root tissues through apoplastic pathways (movement between cell walls) or endocytosis 

(cellular uptake processes). Once inside, particles can be transported via the xylem to aerial plant parts. 

Controlled studies have demonstrated: 

¶ Uptake of polystyrene nanoplastics by wheat (Triticum aestivum) and lettuce (Lactuca sativa) 

¶ Translocation to stems and leaves 

¶ Potential interference with photosynthesis and nutrient uptake 

While field-scale evidence remains limited, these findings raise concerns about the entry of plastic particles into 

human food systems. 

7. Human and Environmental Implications 

The long-term implications of soil plastic contamination are still being investigated, but several risks are 

emerging: 

¶ Food Safety: Potential ingestion of nanoplastics through plant-based foods 

¶ Soil Fertility : Reduced biological activity and nutrient cycling efficiency 

¶ Ecosystem Stability: Altered soil biodiversity and function 

¶ Water Quality : Leaching of plastic-associated contaminants into groundwater 

Unlike organic pollutants, plastics are persistent and accumulate over time, making remediation particularly 

challenging. 

8. Mitigation Strategies: Toward Sustainable Material Use 

A. Biodegradable Mulch Films 

Next-generation biodegradable plastics, including polyhydroxyalkanoates (PHAs) and starch-based polymers, are 

designed to decompose through microbial activity. Field trials indicate that some biodegradable films can achieve 

>90% degradation within a growing season under optimal conditions. However, performance varies with soil 

type, temperature, and microbial activity, and standardization remains an ongoing challenge. 
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B. Improved Recovery and Recycling 

Enhanced collection systems and mechanical retrieval technologies can increase recovery rates of conventional 

plastics. Policies promoting extended producer responsibility (EPR) are being implemented in several regions to 

incentivize recycling. 

C. Soil Remediation Approaches 

Research into biological degradation is ongoing. Certain microorganisms, including species related to Ideonella 

sakaiensis, have demonstrated the ability to degrade polyethylene terephthalate (PET) under controlled 

conditions. However, effective large-scale soil remediation remains experimental. 

D. Reduced Plastic Dependency 

Alternative practices include organic mulching (e.g., straw, compost), cover cropping, conservation agriculture 

techniques.  These approaches reduce reliance on synthetic materials while enhancing soil health. 

9. Monitoring and Policy Development 

Standardized methods for detecting and quantifying microplastics in soil are still evolving. Advances in 

spectroscopy (FTIR, Raman) and thermal analysis are improving measurement accuracy. 

Policy frameworks are beginning to address agricultural plastic use, focusing on: 

¶ Material standards for biodegradability 

¶ Waste management regulations 

¶ Incentives for sustainable practices 

International coordination will be essential, given the global scale of agricultural plastic use. 

Conclusion 

The accumulation of microplastics and nanoplastics in agricultural soils represents a significant and 

underrecognized environmental challenge. While plasticulture has delivered measurable agronomic benefits, its 

long-term consequences for soil systems are becoming increasingly evident. 

 Scientific evidence indicates that plastic residues alter soil physical properties, disrupt biological processes, 

and may enter food chains. These effects are cumulative and potentially irreversible at large scales. 

Addressing this issue requires a multifaceted approach: improved materials, better waste management, reduced 

dependency on plastics, and continued research into soilïplastic interactions. The goal is not merely to sustain 

productivity but to preserve the integrity of soil as a living system. 

As agriculture moves forward, the challenge will be to balance technological efficiency with ecological 

resilienceðensuring that the foundations of food production remain functional, fertile, and free from persistent 

contaminants. 
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Introduction  

he economies of every country rely on agriculture. Most of the people in the developing countries depend 

on agriculture as its source of livelihood. With the increase in the global markets, people currently eat food 

across the globe. This is an opportunity and a challenge to farmers. One of the ways through which farmers 

associate with markets and agricultural businesses is through contract farming. The Contract farming system is 

whereby farmers and buyers negotiate terms before production, prior to the commencement of production. The 

farmers engage in production of certain crops or the rearing of animals as per the specifications of the buyer. The 

buyer on his part also gives a promise to buy the agricultural products at agreed price on the condition that they 

meet the required quantity and the standards of quality agreed upon. In developing countries, contract farming is 

highly encouraged. It helps in cooperation between farmers, processors and marketers. Contract farming assists 

the small holder farmers in entering markets where high quality and stable supply of products are needed. 

What is Contract Farming? 

Contract farming involves a contract between farmers and agricultural businesses. This agreement stipulates terms 

and conditions of cultivation, supply, pricing, and quality of products. The farmers accept to cultivate and deliver 

farm products of the quality preferred by the buyer. The buyer accepts to buy such products and could help in 

farming. Farmers are supplied with materials to cultivate different products by many buyers i.e. seeds, fertilizers 

and pesticides. Advice is also provided to the cultivation practices by some of these buyers. In the case of 

agricultural businesses, contract farming implies that businesses can have a constant supply of quality raw 

material. Among farmers, it implies that they are assured of a market to sell their produce and support in crop 

farming. 

Why Contract Farming is Important?  

The developing countries have small hold farmers who find it difficult to get credit, new farming practices, market 

information that is reliable and can tolerate market volatility. These issues may complicate their ability to produce 

agricultural products and earn the money. 

Contract farming is one way of dealing with these problems through linking farmers to buyers. Such contracts 

give farmers the stocks, capital, and professional guidance to cultivate their agricultural products. It assists the 

farmers to gain access to markets. Most of the supermarkets, food processing firms and export markets are in 

need of quality products that are safe and of high quality. It is vital in the economic development as farmers can 

find an outlet to sell their products. It enhances the production of agriculture, enables farmers to sell their products, 

and earn more income.  

Benefits of Contract Farming 

1) Access to Credit 

The main attribute of contract farming is that it allows farmers to access credit with ease. Most farmers have 

challenges with finding funds to buy seeds, fertilizer and other materials required to farm. In a contract farming, 

buyers generally supply farmers with the requisite supplies or they give loans to farmers to cultivate crops. 

Contract farming helps farmers. 
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2) Availability of Technology and Advice 

Contract farming normally offers technical assistance and professional advice to the farmers. Firms can provide 

training to farmers on issues like agronomy, pests and disease management, irrigation, as well as handling of 

harvest. Contract farming provides farmers with beneficial knowledge. 

3) Reduced Market Risk 

Those farmers who sell their products on the open market usually experience a sense of uncertainty on price and 

demand. Contract farming however has enabled farmers to be assured of a buyer who will buy their products. As 

the prices and quantities are predetermined, farmers will not have to concern themselves with the price 

fluctuations and market volatility. The contract farming offers security to farmers. 

4) Transaction Costs 

Contract farming facilitates an easier way through which the farmers sell their products. Farmers do not need to 

meet the buyers or even carry their products to the markets; they can sell them to the buyers. This will save them 

time, money, and energy. Contract farming assists farmers to save on costs. 

5) Better Market Access 

Contract farming assists farmers to gain access into supply chains, including supermarkets, food processing 

industry and export markets. These markets demand superior products and supply reliability and that is something 

that individual farmers can hardly achieve without external assistance. Farmers can satisfy these requirements 

with the help of contract farming. Contract farming involves the sale of products 

Disadvantages of Contract Farming 

1) Power Imbalance 

The major characteristic of contract farming is that it introduces a power relation between buyers and farmers. 

The large agricultural enterprises might have an upper hand in terms of negotiation and this can result into unfair 

contracts or exploitation of the small holder farmers. Contract farming usually works to the disadvantage of the 

farmers. 

2) Low levels of Smallholder Farmer involvement 

At other times, contract farming programs tend to prefer well equipped farmers that are able to produce and 

deliver quality outputs according to the rigid production and quality standards set. This might lock out the farmers 

who cannot afford to meet these requirements. The smallholder farmers have major challenges in contract 

farming. 

3) High Production Risks 

Despite the guarantees given to buyers, farmers still risk growing a crop. Reduced yields can be caused by natural 

disasters, pests or diseases. In case the quality of the product does not match that of the quality standards detailed 

in the contract, the buyer might not take it and this leads to losses in finances on the side of the farmer. The risks 

of contract farming are imposed on farmers. 

4) Dependence on Buyers 

Farmers that are so dependent on contract farming can be overly dependent on one buyer. This undermines their 

bargaining power and restricts their capability to demand superior price or other contracts. Without the buyer 

being there, the farmers will not be able to find other markets. Contract farming presents major challenges to the 

farmers. 

Conditions to Contract farming 

Contract farming requires some conditions to be fulfilled in order to move on and favour farmers.  

¶ To begin with, the crops produced on the contract basis need to have a market demand. Second, healthy 

competition among the buyers contributes to maintain fair prices to the farmers. 

¶ The government can also intervene by regulating the contracts so that they are transparent and the 

farmers are not victimized by unscrupulous practices. Training programs, advice, and market information 

can also be used by the government to enable farmers make informed decisions. 

¶ The other important factor is the formation of farmer organization or cooperatives. These organizations 

are able to help farmers bargain on terms and conditions of contracts with business. The bargaining 

power of farmers is increased under the contract farming model. 
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Case Study: Contract Farming of Gherkin in Tamil Nadu: 

Contract farming of gherkin in Tamil Nadu began to form in the 2000s and 2010s. India had started concentrating 

on agricultural product exports at that time. This happened quickly. It was also being done by other states such as 

Karnataka. It was conducted in 2017 and 2018 in the Dindigul and Sivagangai districts. It illustrates the operation 

of this system. Gherkin agriculture is practiced under a contract farming system. Farmers are provided with items 

such as seeds, fertilizers and pesticides by the companies. They also educate the farmers on how to do stuff. 

Farmers provide the land. Do the work. A study of 2017 observed that companies provided all farmers with their 

seeds and taught them how to cultivate. This is due to the fact that they were unable to acquire these in the markets. 

As of 2017 and 2018 85 percent of farmers were selling their gherkin to the companies they contracted. It meant 

that they were assured that they could sell their produce and they did not need to fret with the price. In the majority 

of cases, companies were also involved in transport. They had individuals who would visit the fields frequently. 

Farmers did a majority of things they were expected to do. As an illustration they planted the gherkin at the same 

distance that water was applied to them and seeds treated. But there were farmers who did not do all they were 

expected to do with the application of fertilizers and pest control. This was in virtue of being too expensive. 

Certain issues were present in this period. They also did not give any control to the farmers on their gherkin 

grading and the price they received on it. All that was in the hands of companies. It was also a problem of 

companies being expensive in the items that farmers require. In other cases, they failed to deliver these things 

timely. They also did not educate farmers satisfactorily. In general, between 2000s and 2018 contract farming of 

gherkin in Tamil Nadu contributed to increased export of India. It created jobs. Assisted farmers are guaranteed 

of a continuous income. The system must be more transparent in order to continue this. There should be more 

participation by the farmers. They require assistance in obtaining the things they require. These areas require 

improvement on Gherkin contract farming in Tamil Nadu. Gherkin cultivators in Tamil Nadu. The companies 

which they collaborate with must change somewhat. They should ensure that gherkins contract farming, in Tamil 

Nadu remains successful. 

Conclusion 

Contract farming is a system, which links farmers to agricultural businesses and advanced markets. It has plenty 

of benefits, including the availability of credit, more sophisticated technologies, professional advice, and the 

assurance of their products to be available in the market. This is because these advantages enable the farmers to 

cultivate crops and feed themselves. Farmers benefit by having contract farming. Nevertheless, there are also 

disadvantages of the contract farming. The problem of power balance, involvement of farmers, production hazard 

and reliance on buyers can be a problem. Contract farming poses some risks to a small holder farmer. It is 

important to have proper regulation, clear contracts, and solid farmer organizations that will lead to the fact that 

both farmers and agricultural enterprises prosper under contract farming. Contract farming will go a long way in 

development and economic growth of the rural areas in case it is properly implemented. Contract farming is an 

excellent move towards farmers. 
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1. Introduction 

arlic (Allium sativum L.) is one of the oldest cultivated medicinal plants, widely used as a spice, flavoring 

agent and therapeutic herb across different cultures. It belongs to the family Amaryllidaceae and is known 

for its distinctive aroma and potent biological activities. Garlic has been extensively studied for its medicinal and 

nutraceutical properties due to the presence of diverse bioactive compounds, particularly sulfur-containing 

compounds such as allicin, diallyl sulfide, diallyl disulfide and S-allyl cysteine. These compounds are responsible 

for its wide range of pharmacological effects, including antimicrobial, antioxidant, anti-inflammatory, anticancer, 

cardioprotective and immunomodulatory activities. In recent years, garlic has gained increasing attention as a 

functional food and nutraceutical, contributing to the prevention and management of various chronic diseases. 

2. Nutritional Composition of Garlic  

Garlic is a rich source of essential nutrients, including carbohydrates, proteins, vitamins and minerals. It contains 

significant amounts of vitamin C, vitamin B6 and trace elements such as selenium, calcium, potassium and 

phosphorus. The presence of bioactive phytochemicals, particularly organosulfur compounds, enhances its 

nutritional and therapeutic value. Garlic also contains flavonoids and phenolic compounds that contribute to its 

antioxidant properties. The nutritional composition of garlic varies depending on factors such as cultivar, growing 

conditions and post-harvest processing. 

3. Bioactive Compounds in Garlic 

The medicinal properties of garlic are primarily attributed to its bioactive compounds, especially sulfur-containing 

compounds. Allicin, formed from alliin through the action of the enzyme alliinase when garlic is crushed or 

chopped, is the most important bioactive compound responsible for its antimicrobial and antioxidant activities. 

Other compounds such as ajoene, diallyl sulfide, diallyl disulfide and S-allyl cysteine contribute to various 

pharmacological effects. These compounds exhibit synergistic interactions, enhancing the overall therapeutic 

potential of garlic. 

4. Antioxidant Properties 

Garlic possesses strong antioxidant activity due to its ability to scavenge free radicals and reduce oxidative stress. 

Oxidative stress is a major contributor to the development of chronic diseases such as cardiovascular diseases, 
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cancer and neurodegenerative disorders. The antioxidant compounds in garlic, including phenolics and sulfur 

compounds, protect cells from oxidative damage by neutralizing reactive oxygen species. Regular consumption 

of garlic has been shown to enhance the bodyôs antioxidant defense system. 

5. Antimicrobial Activity  

Garlic exhibits broad-spectrum antimicrobial activity against bacteria, fungi, viruses and parasites. Allicin and 

other sulfur compounds disrupt microbial cell membranes and inhibit enzyme activity, leading to the death of 

pathogens. Garlic has been used traditionally to treat infections and is effective against antibiotic-resistant strains 

of bacteria. Its antifungal properties are particularly useful in controlling fungal infections such as candidiasis. 

6. Anti-Inflammatory Effects 

Chronic inflammation is associated with various diseases, including arthritis, cardiovascular diseases and cancer. 

Garlic compounds have been shown to inhibit inflammatory pathways and reduce the production of pro-

inflammatory cytokines. This anti-inflammatory activity contributes to its therapeutic potential in managing 

inflammatory disorders. 

7. Cardioprotective Effects 

Garlic is well known for its beneficial effects on cardiovascular health. It helps reduce blood pressure, lower 

cholesterol levels and improve blood circulation. The sulfur compounds in garlic inhibit cholesterol synthesis and 

promote the breakdown of lipids, thereby reducing the risk of atherosclerosis. Garlic also exhibits antithrombotic 

properties by preventing platelet aggregation, reducing the risk of blood clots. 

 

8. Anticancer Properties 

Garlic has been extensively studied for its anticancer potential. Bioactive compounds such as diallyl sulfide and 

ajoene have been shown to inhibit the growth of cancer cells and induce apoptosis. Garlic also enhances 

detoxification enzymes, reducing the activation of carcinogens. Epidemiological studies suggest that regular 

consumption of garlic is associated with a reduced risk of cancers, particularly gastrointestinal cancers. 
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9. Antidiabetic Effects 

Garlic has been found to have beneficial effects in the management of diabetes. It helps regulate blood glucose 

levels by improving insulin sensitivity and enhancing glucose metabolism. The antioxidant and anti-inflammatory 

properties of garlic also contribute to its protective effects against diabetic complications. 

10. Immunomodulatory Activity  

Garlic enhances the immune system by stimulating the production and activity of immune cells such as 

macrophages, lymphocytes and natural killer cells. It also increases the production of antibodies, improving the 

bodyôs ability to fight infections. Regular consumption of garlic can boost immunity and reduce the risk of 

infectious diseases. 

11. Neuroprotective Effects 

Garlic exhibits neuroprotective properties due to its antioxidant and anti-inflammatory activities. It helps protect 

neurons from oxidative damage and may reduce the risk of neurodegenerative diseases such as Alzheimerôs and 

Parkinsonôs disease. Compounds such as S-allyl cysteine play a key role in protecting brain cells and improving 

cognitive function. 

12. Nutraceutical Applications of Garlic 

Garlic is widely used in the nutraceutical industry in the form of supplements, extracts, oils and powders. These 

products are designed to provide health benefits beyond basic nutrition. Garlic-based nutraceuticals are used for 

managing cardiovascular diseases, boosting immunity and improving overall health. Standardization of garlic 

extracts ensures consistent bioactive compound content and efficacy. 

13. Factors Affecting Medicinal Quality 

The medicinal quality of garlic is influenced by factors such as cultivar, growing conditions, harvesting stage and 

processing methods. Proper handling and storage are essential to preserve its bioactive compounds. Processing 

methods such as drying and heating can affect the stability of allicin and other compounds, thereby influencing 

therapeutic efficacy. 

14. Safety and Toxicity 

Garlic is generally considered safe for consumption; however, excessive intake may cause side effects such as 

gastrointestinal discomfort, allergic reactions and interaction with certain medications. Proper dosage and 

consultation with healthcare professionals are recommended when using garlic supplements. 

15. Future Prospects 

Future research on garlic should focus on the identification of new bioactive compounds, development of 

improved cultivars with enhanced medicinal properties and advancement of extraction and formulation 

technologies. The integration of biotechnology and nanotechnology can further enhance the therapeutic potential 

of garlic-based products. 

16. Conclusion 

Garlic is a highly valuable medicinal and nutraceutical crop with a wide range of health benefits. Its bioactive 

compounds, particularly sulfur-containing compounds, contribute to its antioxidant, antimicrobial, anti-

inflammatory, cardioprotective, anticancer and immunomodulatory properties. The increasing demand for natural 

and functional foods has further enhanced the importance of garlic in the nutraceutical industry. Continued 

research and development will help unlock its full potential and promote its use in improving human health. 
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Abstract 

Aquatic ecosystems harbour more than 10% of all described species yet cover less than 1% of Earth's surface, 

and their biodiversity is declining at approximately twice the rate observed in terrestrial systems. Accelerating 

anthropogenic pressures including habitat modification through damming and water diversion, multi-contaminant 

pollution (nutrients, heavy metals, persistent organic pollutants, and microplastics), overexploitation of fisheries, 

biological invasions, and climate-driven warming and acidification are driving unprecedented biodiversity loss 

across freshwater, estuarine, and marine systems. These stressors interact synergistically, producing impacts 2-

10 times greater than any single driver in isolation. This review synthesises current evidence on the primary 

anthropogenic drivers, their ecological mechanisms and evaluates emerging threats including nanoplastics and 

groundwater biodiversity loss. Conservation strategies such as environmental flow frameworks, marine protected 

areas, and ecological restoration are assessed. Critical research gaps in taxonomic coverage, multi-stressor 

attribution, and sublethal toxicology are identified to inform future management priorities. 

Keywords: aquatic biodiversity; habitat modification; eutrophication; invasive species; ocean acidification; 

trophic cascades; environmental flows 

1. Introduction 

quatic biodiversity encompasses the totality of genes, species, and functional groups present in freshwater, 

estuarine, and marine environments (Dudgeon et al., 2006). Structured hierarchically from genetic to 

ecosystem levels, aquatic communities underpin critical ecosystem services including nutrient cycling, primary 

productivity, trophic energy transfer, and shoreline stabilisation. Despite their disproportionate ecological 

importance ð harbouring over 10% of all described species within less than 1% of Earth's surface (Strayer & 

Dudgeon, 2010) ð freshwater systems have been classified as the planet's most imperilled biome, declining at 

approximately twice the rate of their terrestrial counterparts (Reid et al., 2019). An estimated one million species 

currently face extinction risk according to the Intergovernmental Science-Policy Platform on Biodiversity and 

Ecosystem Services (IPBES, 2019). 

Anthropogenic interventions span a spectrum of physical, chemical, biological, and climatological stressors that 

alter aquatic ecosystem structure, function, and composition (Vitousek et al., 1997). Critically, these stressors 

rarely operate in isolation; their synergistic interactions generate combined effects substantially greater than the 

sum of individual pressures (Crain et al., 2008). Furthermore, the concept of ecological debt wherein extinction 

risk is realised with a temporal lag following habitat loss (Tilman et al., 1994) implies that the full consequences 

of contemporary degradation are yet to manifest. The Intermediate Disturbance Hypothesis further suggests that 

moderate anthropogenic stress may transiently elevate diversity; however, chronic or intense stress invariably 

produces net biodiversity decline (Connell, 1978). 

This review synthesises the scientific evidence on major anthropogenic drivers of aquatic biodiversity loss, the 

mechanisms through which they operate, and their documented ecological consequences across freshwater and 

marine systems. Emerging threats, conservation strategies, and critical knowledge gaps are also addressed, with 

the objective of informing evidence-based management and policy. 

2. Major Anthropogenic Interventions 

2.1 Habitat Modification: Dams, River Regulation, and Dredging 

Physical habitat modification represents the most pervasive driver of aquatic biodiversity loss. More than 50% of 

the world's wetlands have been lost since 1700, and over 70% of rivers are currently fragmented by dams or water 

withdrawals (WWF, 2020). A global inventory documents more than 58,700 large dams exceeding 15 m in height, 
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each altering flow regimes, sediment transport dynamics, thermal stratification, and longitudinal connectivity 

(Nilsson et al., 2005). The elimination of the natural flood pulse the primary driver of floodplain biodiversity and 

lateral hydrological connectivity represents a fundamental disruption of riverine ecosystem function. Dams trap 

an estimated 25-30% of global sediment flux, triggering downstream channel erosion and destabilising benthic 

macroinvertebrate communities. For migratory species such as Salmonidae and Acipenseridae, dam-induced 

barrier mortality can exceed 90%, with genetic isolation manifesting within two to three generations (Waples et 

al., 2008). Hypolimnetic water releases impose thermal pollution extending hundreds of kilometres downstream, 

inducing phenological mismatches in stenothermal species. 

2.2 Pollution: Nutrients, Heavy Metals, and Microplastics 

Nutrient enrichment from agricultural runoff constitutes a leading cause of aquatic ecosystem degradation. 

Anthropogenic nitrogen inputs to coastal zones have reached approximately three times pre-industrial baseline 

levels, driving harmful algal bloom (HAB) proliferation and expansion of hypoxic dead zones (Diaz & Rosenberg, 

2008). Cyanobacterial dominance during eutrophication events suppresses macrophytes and zooplankton while 

releasing hepatotoxins, simplifying food web structure from diverse macrophyte-invertebrate-fish assemblages to 

turbid phytoplankton-dominated alternative stable states. Chemical contamination by persistent organic pollutants 

(POPs) including PCBs and DDT and heavy metals such as methylmercury introduces sublethal endocrine 

disruption at sub-ppb concentrations in fish and cetaceans (Jobling et al., 1998; UNEP, 2013). Mercury undergoes 

biomagnification of up to 106-fold through aquatic food chains. Microplastics, detected in over 800 marine species 

(van Sebille et al., 2015), impose physical and chemical harm through gut blockage, leaching of sorbed 

hydrophobic organic compounds, and pathogen vectoring. The colonisation of microplastic surfaces by microbial 

biofilms termed the 'plastisphere' creates novel ecological niches that facilitate dispersal of antibiotic resistance 

genes. 

2.3 Overexploitation of Fisheries 

Global marine capture fisheries have plateaued at approximately 80-90 million tonnes per year since the 1990s, 

with 33% of stocks fished at biologically unsustainable levels (FAO, 2022). The sequential depletion of top 

predators described as 'fishing down the food web' (Pauly et al., 1998) has progressively reduced the mean trophic 

level of global catches, triggering mesopredator release and disrupting nutrient cycling throughout affected food 

webs. Bycatch, estimated at 7-10 million tonnes annually, disproportionately affects K-strategist species 

including sea turtles, elasmobranchs, and marine mammals (FAO, 2009). Approximately 640,000 tonnes of 

derelict fishing gear lost annually continue to capture and kill non-target organisms for years following 

abandonment. 

2.4 Invasive Species 

Biological invasions constitute one of the leading drivers of freshwater biodiversity loss, with over 24,000 alien 

species now established in aquatic ecosystems (IUCN, 2022). Mechanisms of impact include competitive 

exclusion, direct predation on naive native fauna, hybridisation producing genetic dilution or genomic swamping, 

and ecosystem engineering. Invasive filter feeders such as Asian silver carp (Hypophthalmichthys molitrix) 

suppress phytoplankton and alter lake trophic dynamics at the ecosystem scale. Pathogen vectoring by invasive 

amphibians has spread Batrachochytrium dendrobatidis globally, contributing to more than 90 amphibian 

extinctions (Scheele et al., 2019). 

2.5 Climate Change: Warming, Acidification, and Hydrological Shifts 

Ocean warming at 0.19 degrees C per decade since 1970 and projected sea-level rise of 0.28-1.01 m by 2100 

(IPCC AR6, 2021) are reshaping species distributions, with marine taxa exhibiting poleward range shifts 

averaging 72 km per decade and progressive compression of thermal niches. Oxygen-minimum zones have 

expanded by more than 4.5 million km2 since 1960, as warming reduces oxygen solubility and intensified 

stratification limits deep-water ventilation. Surface ocean pH has declined approximately 0.1 units since 1750, 

representing a 30% increase in hydrogen ion concentration, threatening aragonite-secreting organisms including 

corals, molluscs, and echinoderms. Thermal anomalies of just 1-2 degrees C above the seasonal maximum trigger 

expulsion of symbiotic Symbiodiniaceae from coral tissues, initiating bleaching and mass mortality events 
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(Hughes et al., 2018). Phenological decoupling wherein spring plankton peaks advance faster than fish larval 

hatch timing reduces larval survival rates and compromises recruitment (Edwards & Richardson, 2004). 

3. Mechanisms of Impact on Biodiversity 

3.1 Alteration of Habitat Structure  

Physical habitat modification eliminates the structural heterogeneity upon which diverse aquatic assemblages 

depend. Dam-induced flow homogenisation removes the flood pulse essential for floodplain inundation and 

lateral connectivity. Eutrophication-driven turbidity shifts shallow lakes from clear-water macrophyte-dominated 

states to turbid phytoplankton-dominated conditions a regime shift that may be effectively irreversible on 

management-relevant timescales (Scheffer et al., 2001). Sediment starvation downstream of dams destabilises 

substrate composition and removes interstitial habitat critical for benthic invertebrate communities. 

3.2 Disruption of Trophic Dynamics 

Removal of keystone species through overexploitation or invasive displacement propagates across trophic levels 

via cascading effects. Top-down trophic cascades triggered by apex predator removal release mesopredator 

populations and over-consume primary producers and invertebrates. Bottom-up effects mediated by nutrient 

enrichment or primary producer loss similarly restructure community composition. Ecosystem simplification 

reduced species richness and functional diversity diminishes the redundancy that confers ecological resilience to 

perturbation (Cardinale et al., 2012). 

3.3 Physiological Stress and Sublethal Effects 

Sublethal chemical exposures at environmentally relevant concentrations impair reproduction, immune function, 

and behaviour without causing acute mortality. Endocrine-disrupting compounds including POPs and 

pharmaceutical residues interfere with hormonal signalling at sub-ppb concentrations in fish. Thermal stress from 

warming and hypolimnetic releases narrows the physiological operating range of stenothermal species. 

Microplastic ingestion compromises nutritional status and inflammatory responses, with transgenerational 

consequences still poorly characterised. 

3.4 Genetic and Population-Level Consequences 

Habitat fragmentation imposes genetic isolation on formerly connected populations, reducing effective population 

size and increasing inbreeding risk. Within two to three generations, isolated salmonid populations exhibit 

measurable reductions in allelic diversity (Waples et al., 2008). Hybridisation between native and invasive 

conspecifics can result in outbreeding depression or genomic swamping, erasing locally adapted gene complexes 

and undermining the evolutionary potential of populations to respond adaptively to ongoing environmental 

change 

4. Emerging Issues 

Microplastics and nanoplastics represent an escalating global contaminant class with incompletely characterised 

ecological consequences. While microplastics have been detected across all major marine and freshwater 

compartments, dose-response relationships remain poorly defined and transgenerational toxicity data are largely 

absent. The plastisphere introduces novel pathways for pathogen and antibiotic resistance gene dispersal that 

current risk assessment frameworks do not adequately address. 

Groundwater biodiversity constitutes a critically understudied dimension of aquatic conservation. Stygofauna 

invertebrates inhabiting subsurface aquifer systems provide essential ecosystem services including water 

purification and nutrient transformation, yet remain systematically under-sampled in most regions. Accelerating 

groundwater extraction driven by agricultural and urban demands threatens to generate invisible extinctions 

lacking the observational infrastructure to detect or quantify. 

Multi -stressor interactions present a fundamental challenge for ecological attribution and targeted management. 

When climate warming co-occurs with nutrient enrichment, chemical contamination, and biological invasions, 

isolating the causal contribution of individual stressors to observed biodiversity change is methodologically 

demanding. Brook et al. (2008) demonstrated that synergistic stressor interactions accelerate species population 

collapse 2-10 times faster than individual stressors in isolation, underscoring the inadequacy of single-factor 

management approaches. Development of mechanistic modelling frameworks capable of simulating non-additive 

stressor interactions is an urgent research priority. 
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5. Conservation and Management Implications 

5.1 Environmental Flow Frameworks 

Environmental flows (e-flows) scientifically derived minimum flow regimes designed to sustain ecological 

function represent a foundational instrument for river biodiversity conservation. The Brisbane Declaration (2007) 

provided an internationally recognised framework subsequently adopted by over 45 countries. Effective e-flow 

prescriptions account for variability in flow magnitude, timing, frequency, duration, and rate of change, and 

should be embedded within adaptive management cycles responsive to ecological monitoring outcomes. 

5.2 Protected Areas and Habitat Restoration 

Effectively managed Marine Protected Areas (MPAs) have documented increases in fish biomass of 21-600% 

relative to unprotected reference sites (Edgar et al., 2014). The Kunming-Montreal Global Biodiversity 

Framework (2022) established the 30x30 target protecting 30% of oceans and freshwater areas by 2030. However, 

as of 2019, only 17% of globally important freshwater biodiversity areas overlapped with formally protected areas 

(Abell et al., 2017), highlighting a critical implementation gap. Riparian buffer restoration, dam removal over 

1,700 dams removed in the USA between 1912 and 2020 and wetland rehabilitation have demonstrated 

measurable recovery of migratory fish communities within 3-10 years of intervention. 

5.3 Policy Frameworks and Sustainable Management 

Effective aquatic biodiversity governance requires integrated policy frameworks bridging sectoral boundaries 

across water, agriculture, fisheries, energy, and urban planning. Integrated multi-trophic aquaculture (IMTA) 

reduces nitrogen loading by 30-60% through co-culture of finfish, shellfish, and seaweed, offering partial 

mitigation of coastal eutrophication from aquaculture sources. The FAO Code of Conduct for Responsible 

Fisheries and IPCC adaptation pathways provide overarching international frameworks, though their 

implementation at national and subnational scales remains inconsistent and often inadequately resourced. 

6. Conclusion 

Aquatic biodiversity is experiencing unprecedented loss driven by a convergence of anthropogenic pressures 

operating across physical, chemical, biological, and climatological pathways. The evidence synthesised in this 

review demonstrates that no single stressor adequately explains observed biodiversity trends; rather, synergistic 

multi-stressor interactions amplify individual effects and accelerate ecological collapse. Habitat modification, 

eutrophication, chemical contamination, overexploitation, biological invasions, and climate-induced changes 

collectively constitute a systemic threat to aquatic ecosystem integrity across freshwater, estuarine, and marine 

systems. 

Critical research gaps include the taxonomic description of the majority of freshwater invertebrate fauna, 

mechanistic modelling of non-additive multi-stressor interactions, quantification of sublethal and 

transgenerational microplastic effects, and systematic assessment of groundwater biodiversity. The integration of 

indigenous and local knowledge into biodiversity baselines represents an underutilised opportunity to expand the 

spatial and temporal scope of ecological monitoring. Bridging these gaps, alongside the accelerated 

implementation of evidence-based conservation instruments particularly environmental flow frameworks, 

expanded protected area networks, and ecologically informed fisheries management is essential to reversing the 

trajectory of aquatic biodiversity decline within the critical window of the coming decade. 
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The lush, evergreen landscape of Kerala is 

a testament to the rich agricultural heritage 

of Kerala State.  From the coastal coconut 

groves to the misty high-range pepper 

plantations, our farmers have always been 

the stewards of this biodiversity.  However, 

in our unique humid tropical climate, the 

threat of pests and diseases is a constant 

shadow that can quickly turn a promising 

harvest into a loss. Today, as we enter a new 

era of digital agriculture, traditional 

farming wisdom gets replaced by digital 

tools.  These systems, often referred to as digital doctors, live within our smartphones and use artificial 

intelligence to diagnose plant health issues in real-time.  Yet, the true power of these systems does not lie in the 

code or the satellites, but in the hands of the person standing in the field.  The reliability of any identification 

system depends entirely on the quality, accuracy, and consistency of the field data we provide.  When we capture 

a clear photo or record the exact weather conditions, we are providing the essential fuel that allows these digital 

brains to protect our crops and our livelihoods.  Artificial intelligence (AI) systems are only as reliable as the 

images used to train them.  Poor-quality images create poor predictions, while well-curated datasets can 

revolutionize pest and disease management. 

What is a good Dataset 

A reliable image dataset is not merely a collection of photographs, but a scientifically curated repository that 

accurately represents real-world variability in crops, environments, and disease progression. A high-quality 

dataset must incorporate diversity, including different crops, varieties, and growth stages, to ensure that the system 

can generalize across agricultural conditions. It should also capture variability in lighting conditions, camera 

angles, and backgrounds, reflecting the natural complexity of field environments. Equally important is balance 

within the dataset, ensuring adequate representation of both healthy and diseased samples, as well as early and 

advanced stages of infection, thereby preventing biased model predictions. Proper annotation is fundamental, 

with each image correctly labeled based on verified symptoms and signs, enabling accurate learning during model 

training. Image quality remains a critical determinant, requiring sharp, well-focused, and high-resolution images 

that clearly depict the affected plant parts. Together, these elements transform raw field photographs into a 

structured and meaningful dataset that can support robust pest and disease identification systems. 

Understanding Signs and Symptoms in Plant Health for Better Field Diagnosis 

The foundation of reliable data collection in pest and disease identification lies in the ability to accurately observe 

and interpret plant conditions.  In plant pathology, it is essential to distinguish between signs and symptoms.  Signs 

refer to the direct physical evidence of the causal organism, such as the presence of insects, fungal growth, or pest 
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residues on plant surfaces. In contrast, symptoms represent the plantôs response to stress or infection, including 

manifestations such as chlorosis (yellowing), wilting, necrosis, or stunted growth.  This distinction is critical, as 

multiple factors can produce similar visual symptoms; for example, leaf yellowing may result from viral infection, 

nutrient deficiency, or nematode infestation.  Therefore, systematic documentation of both signs and symptoms 

provides crucial diagnostic information, enabling accurate interpretation by experts as well as by artificial 

intelligence-based systems designed for pest and disease identification. 

Field Photography and Data Organization for Reliable Pest and Disease Identification 

The effectiveness of pest and disease identification depends largely on the quality of field data, particularly 

images. Smartphones are widely used due to their accessibility, built-in sensors, and ability to support real-time 

applications, while DSLR and mirrorless cameras with macro lenses are preferred for capturing fine details of 

pests and early disease symptoms.  Clear, well-focused images are critical; maintaining proper distance and 

avoiding digital zoom improves image quality. Optimal lighting, preferably during early morning or late 

afternoon, ensures accurate colour representation.  A comprehensive dataset should include close-up, mid-range, 

and field-level images, along with views of both sides of affected leaves and a scale reference for size estimation. 

Beyond image capture, proper data organization is essential. Images should be systematically renamed and stored 

in structured folders based on crop and disease class to support machine learning workflows. Recording metadata 

such as crop variety, location, growth stage, and environmental conditions enhances dataset reliability and enables 

disease tracking. Care must be taken to avoid bias by ensuring representation across disease stages. These well-

curated datasets form the basis for training deep learning models, particularly convolutional neural networks, 

enabling accurate and scalable pest and disease diagnosis. 

Dataset Curation and Organisation 

Effective dataset curation extends beyond image collection to systematic organization and standardization. 

Images should be stored in well-defined folder structures based on crop type and disease classification (e.g., 

Banana/Sigatoka, Banana/Healthy), which is essential for supervised machine learning workflows. Consistent 

class labeling ensures that models can accurately distinguish between different conditions during training. 

Additionally, careful attention must be given to avoiding dataset bias; for instance, over-representation of severe 

disease stages while neglecting early symptoms can reduce the modelôs practical applicability in real-world 

diagnostics. Alongside image organization, metadata such as crop variety, location, date, and environmental 

conditions should be recorded to enhance dataset richness and usability. These curated datasets serve as the 

foundation for training machine learning and deep learning models, particularly convolutional neural networks 

(CNNs), which learn to identify subtle patterns in leaf texture, colour variation, and lesion morphology for 

accurate pest and disease detection. 

Table1: Essential Metadata for Building AI-Ready Agricultural Datasets 

Category Essential Details to Record Why it Matters  

Crop 

Information 

Name and Variety Different varieties have unique resistance 

levels. 

Location GPS Coordinates or Panchayat/Block 

name 

Helps track if a disease is spreading across the 

district. 

Time and Stage Date and Growth Stage (e.g., Nursery, 

Flowering) 

Certain pests only attack during specific life 

phases. 

Environment Recent Rainfall, Humidity, and 

Temperature 

Weather triggers fungal outbreaks and insect 

activity in Kerala. 

Past Actions Fertilizer used and previous pesticide 

applications 

Helps experts rule out chemical burn or nutrient 

deficiency. 

Image Quality Focus, clarity, resolution Directly affects AI accuracy 

Practical Workflow for Image -based Data Collection 

A structured workflow ensures consistency and scientific validity in dataset creation. The process begins with 

careful observation of plant signs and symptoms in the field. This is followed by capturing multiple images (close-

up, mid-range, and field-level views) to provide contextual information. Relevant metadataðincluding crop 
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name, variety, date, location, and recent weather conditionsðshould then be recorded. Images must be 

systematically renamed and organized into appropriate folders to facilitate future use. Finally, the curated data 

should be stored or uploaded into a centralized dataset repository for analysis and model development. 

Common Mistakes to Avoid 

Common errors in dataset creation include capturing blurry or unfocused images, taking photographs either too 

close or too far from the subject, relying on a single image instead of multiple perspectives, failing to record 

metadata, and incorrect labeling of images. Such issues can significantly reduce the reliability and usability of the 

dataset. 

Understanding Crop-Specific Indicators in Kerala 

Each of the major crops in Kerala has its own unique way of signalling distress, and knowing these specific 

patterns is vital for data collection.  In banana cultivation, we must watch for Sigatoka leaf spot, which starts as 

small, dark streaks on the underside of young leaves.  As it gets worse, these streaks grow into spindle-shaped 

spots with grey centres and yellow halos.  In contrast, Fusarium wilt, also known as Panama disease, shows up as 

a bright yellowing of the older leaves starting from the margins.  One of the most important pieces of data for this 

disease is whether the pseudostem has split at the base, which is a characteristic sign of a severe infection. 

Recording these details allows us to distinguish between a simple leaf spot and a lethal wilt that could destroy the 

entire plantation. 

Coconut palms also present specific challenges.  The primary diagnostic symptom for Root Wilt, often called 

Kerala Wilt, is flaccidity, where the leaflets curve inwardly to produce a ribbing effect.  Another serious issue is 

Bud Rot, which is most common during the monsoon. The earliest sign is the yellowing of the younger leaves in 

the centre of the crown; if these leaves can be easily pulled out and have a foul-smelling, slimy base, the diagnosis 

is clear. Providing this manual pull data alongside a photo is incredibly helpful for digital experts.  For black 

pepper, we must focus on the base of the vine.  Foot rot, or quick wilt, can cause a healthy-looking vine to turn 

yellow and die within days during the rainy season.  Recording the exact date the symptoms first appeared helps 

the system track the rapid spread of this soil-borne fungus. 

In our paddy fields, Rice Blast remains a major concern, especially when the humidity is high.  It creates spindle-

shaped spots with ashy centres on the leaves. If the fungus attacks the neck of the rice plant just below the grain 

cluster, it can cause the entire panicle to break and hang down, leading to massive yield losses.  Brown spot in 

rice is different; its lesions are more circular or oval, resembling tiny sesame seeds.  By noting whether these 

spots are found on the leaves or the grains themselves, a farmer provides the granularity needed for the system to 

offer the correct biological or chemical treatment plan. 

Collaboration between Students and Citizen Scientists 

Building these identification systems is a collective effort that goes far beyond individual farms. In Kerala, we 

have a vibrant community of citizen scientists made up of farmers, students, and extension personnel who work 

together to provide the raw data that feeds our digital models. This collaborative effort is essential for bridging 

the gap between high-level scientific research and actual farm practice.  By visiting fields to observe, document, 

and record the spread of pests, different members of the community ensure that diagnostic systems are trained on 

real-world, local information rather than generic datasets from elsewhere. 

When a farmer or a student records a symptom and uploads a photo, they are not just getting help for one specific 

plot: they are contributing to a statewide passive surveillance network.  This shared information allows scientists 

to map the movement of invasive species and predict future outbreaks across different regions.  For example, 

seeing where a specific disease is appearing in one district allows authorities to alert farmers in neighbouring 

areas, giving them time to take preventative measures.  This shared responsibility is the foundation of a resilient 

agricultural sector.  By taking the time to record accurate data, every participant becomes a guardian of the stateôs 

food security. 

Conclusion: The Power of Quality Information 

The transition to digital pest and disease identification is one of the most significant changes in the history of 

Kerala agriculture.  Having the ability to access scientific knowledge from the palm of our hands is a major 

advancement, yet this technology is not a magic solution. It is a tool that requires care and attention from those 
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using it.  By mastering the simple but essential skills of field data collection, from knowing how to focus a 

smartphone camera to understanding the unique symptoms of our crops, we are securing the future of our farms.  

A commitment to high-quality information is a commitment to the health of our environment and the prosperity 

of our farming families.  Together, through careful observation and the use of modern technology, we can build 

a shield that protects the fields of  Kerala for generations to come. In the era of digital agriculture, every farmer 

with a smartphone is also a data collector, and every image captured in the field has the potential to train the next 

generation of intelligent agricultural systems 
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Abstract 

Vegetable hybrids exhibit enhanced performance owing to heterosis; yet, their field efficacy frequently varies a

cross different agro-ecological environments. This variability is primarily attributed to genotype × environment 

interactions, instability of non-additive gene effects, narrow genetic base of parental lines, and inadequate 

emphasis on stress tolerance in breeding programs. Over-reliance on specific combining ability and insufficient 

focus on reproductive efficiency and seed quality further contribute to hybrid failure. Developing stable, resilient 

hybrids requires integrating genetic diversity, balanced gene action, and environment-specific breeding strategies 

Key words: Heterosis, G×E Interaction, Hybrid Stability, Combining Ability, Stress Tolerance 

Introduction  

n consequence towards their higher yields, improved uniformity, and better market quality, hybrid vegetables 

have completely changed commercial vegetable cultivation. Heterosis, also known as hybrid vigor, is primarily 

responsible for the superiority of hybrids; for economically significant features, the F1 hybrid performs better than 

its parental lines (Falconer and Mackay, 1996). Combining ability assists in selecting parental lines in 

hybridization programs by evaluating the general combining ability (GCA) of the parents and the specific 

combining ability (SCA) of the resulting hybrid (Sunartiya et al., 2026). Despite this genetic advantage, farmers 

commonly claim that many vegetable hybrids fail to meet the predicted performance in actual field conditions. 

This variation reveals a fundamental gap between breeding potential and field realization, particularly under 

diverse and stress-prone conditions. To fully understand this problem, it is necessary to examine both agronomic 

and environmental aspects, as well as the breeding techniques employed to develop vegetable hybrids. 

Heterosis and Its Conditional Expression 

Heterosis in vegetables occurs mainly by non-additive gene interaction, including dominance and epistasis 

effect (Singh et al., 1996; Jat et al., 2016). Under favorable environmental and management conditions, such gene 

action gives maximum advantage. Most vegetable breeding attempts identify parental lines and test hybrids under 

ideal circumstances, which enhances heterotic expression. However, under farmersô field conditions where stress 

is common, non-additive gene effects become unstable, leading to lower hybrid performance (Allard, 

1960). Thus, strong heterosis found in trials does not always indicate field stability. 

Genotype × Environment Interaction: A Major Breeding Challenge 

One of the most notable, yet occasionally neglected, factors contributing to vegetable hybrid failure in farmers' 

fields is the interaction between genotype and environment. Falconer and Mackay (1996) pointed out that the 

environment in which a genotype is grown has an enormous influence on the expression of yield and other 

complicated traits. The majority of today's vegetable hybrids are developed and chosen in high-input research 

settings, which improves sensitivity to biotic and abiotic stressors in agricultural contexts while simultaneously 

encouraging high heterosis and greater yield potential. This phenomenon manifests itself in cucurbits, where 

hybrids frequently show unstable sex expression and diminished pollination efficiency under moisture or 
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temperature fluctuations, and in vegetable crops like tomato and chilli, where hybrids showing excellent yield 

under irrigated conditions suffer severe flower drop and poor fruit set under high temperature stress. On the other 

hand, under low-input or marginal conditions, traditional varieties and locally adapted germplasm possess 

adaptive gene complexes that provide more environmental buffering and yield stability (Ceccarelli, 1996; Behera 

et al., 2010). In vegetable breeding, diverse environment testing and stability-focused selection are essential 

because breeding programs that prioritize yield under ideal conditions without assessing genotype × environment 

interaction into consideration pose the risk of developing hybrids that perform well in experimental trials but fail 

to produce reliable profits in farmers' fields. 

Limited Focus on Stress Tolerant Breeding 

Abiotic stress tolerance is commonly ignored on the basis of yield, earliness, and fruit quality in vegetable 

breeding. Because of this, many high-heterosis hybrids do well in ideal circumstances but are unable to sustain 

their performance in stressful climates. Pollen sterility, reduced pollen viability, poor fertilization, and increased 

flower and fruit drop are all consequences of high temperature stress during flowering, which seriously interferes 

with reproductive behaviors. In vegetables like tomatoes, chillies, and cucurbits, where yield stability is extremely 

susceptible to heat stress, these effects have been recognized (Shivanna and Sawhney, 1997; Cooper and Hammer, 

1996). The gap between potential and actual production in farmers' fields has increased due to the extensive use 

of stress-susceptible parental lines in hybrid breeding, which has resulted in hybrids that are both genetically 

superior and physiologically fragile. 

Narrow Genetic Base of Hybrid Parents 

Modern vegetable hybrids are produced primarily from a limited pool of elite inbred parental lines, particularly 

selected for high yield potential, uniformity, and market-preferred features. While this strategy provides 

consistency in plant architecture and produce quality, it greatly narrows the genetic base, hence diminishing 

genetic diversity and the environmental buffering capacity of hybrids (Behera et al., 2010). Such a narrow genetic 

background reduces the ability of hybrids to adapt to unusual and diverse environments, increasing their 

vulnerability to temperature extremes, moisture stress, and developing pest and disease stresses. Vegetable crops 

like tomatoes, where genetically uniform hybrids exhibit high yield under irrigation but suffer severe flower drop 

and yield loss during heat waves, and chillies, where narrow-based hybrids show increased susceptibility to thrips, 

mites, and viral diseases under stress, are an excellent example of this. When responding to moisture stress or 

variations in temperature, hybrids of closely related parental lines in cucurbits, such as bitter gourd and cucumber, 

frequently exhibit inconsistent sex expression and reduced fruit set. Similar to this, relying on a limited genetic 

basis has been associated to greater susceptibility to pests like shoot and fruit borer and whitefly in okra and 

brinjal, resulting in uneven field performance. In view of the capacity of uniformly performing genotypes to 

respond similarly to stress conditions, classical breeding studies have long warned that genetic homogeneity 

boosts production risk (Allard, 1960). In comparison to genetically diversified cultivars, hybrids with a narrow 

genetic base are less resilient and more likely to experience widespread failure under increased climate variability, 

owing to more recent findings (Cooper et al., 2014). Therefore, strengthening the genetic base of hybrid parents 

by the introduction of various germplasm, wild relatives, and locally adapted lines is vital for boosting the 

stability, resilience, and long-term sustainability of vegetable hybrid performance in farmersô fields. 

Combining Ability versus Field Performance 

Estimates of general as well as specific combining ability are often used to support breeding decisions in vegetable 

crops since they facilitate the identification of potential parents and hybrid combinations. High specific combining 

ability effects tend to be associated with excellent heterosis and high yield potential, particularly under optimal 

growing conditions (Sprague and Tatum, 1942). However, hybrids selected solely for their highly specific 

combining ability may perform excellently in controlled laboratory conditions, but they often fail to maintain 

performance under field-level conditions. This is mostly due to the reason that non-additive gene effects, which 

support specific combining capacity, increase yield potential but offer minimal defense against changes in the 

environment. In contrast, additive gene effects associated with general combining ability have a more essential 

role in yield stability and adaptability across environments (Singh et al., 1996; Jat et al., 2016). Therefore, over-

reliance on specific combining ability-based hybrid selection may produce genetically superior but 



 

Page | 49  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

environmentally unstable hybrids, highlighting the importance for breeding strategies that find a balance among 

yield potential and stability. 

Breeding for Flowering and Pollination Efficiency 

Yield fulfillment in many vegetable crops, especially cucurbits, is highly dependent on pollination efficiency and 

blooming behavior. While fruit size, shape, color, and yield characteristics tend to be the focus of breeding 

programs, important reproductive characteristics such sex ratio stability, pollen viability under stress, and 

synchronization of male and female flowering get a lesser amount of focus. Even in otherwise strong hybrids, any 

disturbance in these characteristics can significantly reduce fruit set and efficient pollination. High temperatures 

and moisture stress, for example, have been shown to change sex expression and decrease pollen viability in bitter 

gourd and cucumber, resulting in poor fruit set and unstable yields (Behera et al., 2010; Shivanna and Sawhney, 

1997). Similarly, in pumpkin and watermelon, asynchronous flowering and reduced pollinator activity under high 

temperatures result in poor pollination and malformed or aborted fruits (Free, 1993; Walters, 2005). In cross-

pollinated vegetable crops, poor pollination is well-known as an important factor of yield reduction (Free, 1993). 

This issue is made worse by the continuous drop in pollinator abundance and rising environmental stress. When 

combined, these elements increase pollination failure, highlighting the increasing need to merge reproductive-

stage stress tolerance and pollination-related traits into vegetable breeding programs for ensuring reliable hybrid 

performance. 

Seed Production Constraints and Genetic Purity 

Hybrid seed development in vegetables relies on advanced biological and management systems, including male 

sterility mechanisms, gynoecious lines, and carefully handled pollination techniques. The expression of hybrid 

vigor and uniformity is directly affected by any alterations in parental line maintenance or in seed production 

methods (George, 2011). This issue is commonly seen in cucurbits, where inadequate maintenance of gynoecious 

lines results in poor fruit set and inferior seed quality, and in vegetable crops like cauliflower and cabbage, where 

pollen contamination or breakdown of cytoplasmic male sterility diminishes genetic purity. Similar to this, 

inadequate isolation and seed management in tomatoes and chillies frequently lead to decreased seed vigor, which 

results in weak seedling emergence and inconsistent crop stands. In the end, weak crop establishment, uneven 

plant growth, and decreased yield potential result from poor genetic purity or low seed vigor (Bewley et al., 2013). 

From a breeding perspective, keeping genetic integrity, seed quality, and physiological vigor during seed 

production is just as important as a hybrid's development. Failure at the seed production stage, therefore, often 

translates directly into field-level hybrid failure, regardless of the hybridôs inherent genetic potential. 

Economic and Breeding Trade-offs 

To fulfill the demands of established industries, vegetable breeding programs frequently give priority to qualities 

with significant commercial value, such as uniformity, visually appealing characteristics, and popular attributes. 

However, excessive dependence on these features may come at the expense of robustness, flexibility and 

compatibility for low-input manufacturing processes. Hybrids that perform well in big commercial farms under 

intense management may not be well suited to smallholder farmers operating under limited resources. There is a 

big performance gap in farmers' fields as a result of this mismatch between breeding goals and farmer reality. 

Therefore, in order to guarantee that vegetable hybrids are not only high-yielding but also farmer-relevant and 

sustainable, breeding objectives must be in line with various production environments and socioeconomic 

circumstances. 

Future Breeding Strategies for Sustainable Hybrids 

To reduce hybrid failure, breeding programmes must evolve beyond yield-centric selection. 

Key Breeding Priorities: 

Å Establishing paternal lines that may withstand in stress condition  

Å Selection for yield stability across environments 

Å Balanced usage of additive and non-additive gene action 

Å A focus on blooming behavior and pollination biology 

Å Participatory breeding using farmer field experiments 
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Breeding for withstanding any unfavorable condition, rather than only productivity, is key for hybrid 

improvement in vegetable crops. 

Conclusion 

Although vegetable hybrids have enormous genetic potential, breeding methods, environmental factors, and 

management techniques all have a significant impact on how well they perform. Success in farmers' fields cannot 

be ensured by high heterosis alone. Hybrid failure is generally the result of a small genetic basis, stress sensitivity, 

unstable non-additive gene action, and insufficient consideration of field circumstances during breeding. 

Sustainable vegetable production requires a move toward farmer-centric and stability-oriented breeding 

approaches. 
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Eustoma grandiflorum, commonly known as lisianthus or prairie gentian, is rapidly gaining recognition as a 

premium cut flower. Valued for its rose-like appearance, diverse colors, and excellent vase life, it has become a 

popular choice in the global floral market. Lisianthus is highly versatile, suitable not only as a cut flower but also 

as a potted and bedding plant. In addition to its ornamental applications, it is increasingly used in landscaping, 

especially in venues like Disney World, where it has drawn considerable attention (Parke, 1986). 

The flower is particularly prized for its use in wedding arrangements such as bouquets, corsages, buttonholes, and 

floral crowns, making it one of the top choices for western weddings. In India, lisianthus is emerging as a 

promising diversification crop, particularly in protected and mid-hill cultivation systems. However, its cultivation 

remains technically demanding due to its sensitivity to temperature, a long juvenile phase and susceptibility to 

various physiological disorders. 

Native to North America, particularly the southern United States and northern Mexico, lisianthus thrives in 

grasslands and prairies. The commercial cultivation of lisianthus began in Japan in the mid-20th century, where 

extensive breeding efforts turned the wild species into the modern cultivars. Japan, New Zealand, and the 

Netherlands are the leading producers of lisianthus. While cultivation in India is still limited, its potential for 

expansion in regions like the Nilgiris and under polyhouse conditions is significant. 
 

Botanical Description 
 

Eustoma grandiflorum is a herbaceous, erect plant with long flowering stems. It has opposite, sessile, ovate to 

oblong leaves with a waxy, greyish-green appearance. The flowers are borne terminally on long pedicels and are 

characterized by a funnel-shaped, gamopetalous corolla that resembles roses or camellias, depending on the 

cultivar. The plant exhibits a wide range of flower colors, including white, pink, blue, lavender, green and bi-

color varieties. Its small, reticulate seeds are numerous and globoid in shape, contributing to its ornamental and 

commercial value. 

Climatic and Soil Requirements 

Lisianthus performs best in mild climatic conditions, typically at altitudes ranging from 1000 to 1800 meters 

above sea level. The ideal daytime temperature is between 20°C to 24°C, while night time temperatures should 

range from 16°C to 18°C. High temperatures, particularly during the early seedling stage, can induce rosetting, a 

physiological disorder. The plant thrives in well-drained, sandy loam soils rich in organic matter, with a pH of 

6.5 to 7.2. Proper soil aeration is essential to prevent root diseases and stress. 

As a facultative long-day plant, lisianthus requires light intensity of 4000ï6000 foot-candles for optimal growth 

and flowering. Flowering can be accelerated by extending the photoperiod to more than 14 hours. (Roh MS, 

Halevy AH and Wilkins HF. 1989) 

Propagation and Cultivation 

Lisianthus is primarily propagated through seeds, although micropropagation is also used to produce elite, 

disease-free plants on a large scale. Seed sowing generally takes place from mid-December to February in 

controlled conditions. Seedlings require 8ï12 weeks to reach the transplanting stage, at which point they should 

have three to five pairs of true leaves. Transplanting is carried out when seedlings reach 4ï5 pairs of true leaves. 

In mid-Himalayan conditions, transplanting typically occurs from April to June, while in temperate zones, 

planting is done in February-March (for summer flowering) and September-October (for winter flowering under 

polyhouses). 
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     Micropropagation allows for the rapid multiplication of superior plants and is an effective way to ensure uniform, 

disease-free planting material (Ordogh et al., 2006), (Esizad SG et al., 2012). In vitro shoot regeneration can be 

achieved from various explants, including stems, leaves, and petals, facilitating large-scale propagation (Ruffoni 

et al., 1996). 

Fertilization and Irrigation  

Lisianthus is a heavy feeder, requiring high fertility levels in the soil, particularly nitrogen and potassium. 

Fertilization with a 15:0:15 N:P:K fertilizer is recommended. Additionally, feeding with liquid fertilizers 

containing 200 ppm of nitrogen and potassium during each irrigation helps promote strong growth. Careful 

irrigation is necessary to prevent both drought stress and over-watering, as either can lead to poor plant growth 

and reduced vase life. 

Intercultural Operations  

Pinching and staking are important cultural practices. Pinching, typically done 20-25 days after transplanting, can 

cause shorter stems and delay flowering. However, cutting back the plants after the first picking encourages a 

second flush of flowers. Staking with support netting (4 x 6 cm or 15 x 20 cm) is essential to support the long 

stems of the plant, especially for varieties with stems up to 120 cm long. 

For optimal growth, plant spacing of 30 × 25 cm is recommended. Proper spacing enhances air circulation, 

reducing disease incidence and improving flower quality. 

Harvesting and Postharvest Management 

Lisianthus flowers should be harvested when one or more blooms are open, often after removing the first flowers 

that open to increase the number of flowers per stem. Harvesting should take place in the morning, when the plant 

tissue is cool, and the cut stems should be placed immediately into a bucket of tepid water (20°C) for rehydration. 

The stems can be stored at 4°C and treated with floral preservatives containing sucrose to extend their shelf life. 

Treatment with 10% sucrose for 24 hours post-harvest can increase the vase life by 40ï50%. Under ideal 

conditions, the vase life of cut lisianthus ranges from 12 to 15 days, depending on the cultivar. 

After treatment, flowers are graded based on stem length, flower size, bud count, and absence of defects. Common 

grades include Premium (60ï75 cm), Standard (45ï60 cm), and Short (30ï45 cm). The flowers are wrapped in 

soft tissue or craft paper, placed in corrugated boxes with ventilation holes, and bundled in bunches of five or ten 

stems. 

Pests, Diseases, and Disorders 

Lisianthus is vulnerable to several diseases, including Botrytis blight, Fusarium wilt, Pythium root rot, and 

powdery mildew. Viral diseases such as Tomato Spotted Wilt Virus (TSWV) and Impatiens Necrotic Spot Virus 

(INSV) are also occasionally reported. Pests such as aphids, thrips, whiteflies, and spider mites can cause 

significant damage to the crop and also act as vectors for viral infections. Early pest management is crucial to 

prevent the spread of diseases. 

Integrated Pest and Disease Management (IPDM) is essential for maintaining high yield and flower quality. 

Regular monitoring and a prompt spray program can help eliminate pests and protect the plants from fungal and 

viral infections. 

Physiological Disorders 

Lisianthus is prone to various physiological disorders, including rosetting and tip burn. Rosetting, characterized 

by a cluster of leaves with very short internodes, is typically caused by high temperatures during the seedling 

stage. To minimize rosetting, new cultivars such as óAvila,ô óBalboaô, and óCatalinaô have been developed with 

resistance to this disorder. 

Tip burn, often caused by calcium deficiency, is another common issue. It occurs when the plant is unable to 

translocate sufficient calcium to the upper leaves, resulting in the death of leaf tips. To prevent tip burn, foliar 

sprays of calcium chloride or organic calcium solutions are recommended. 

Conclusion 

Eustoma grandiflorum is a highly valuable flower crop due to its attractive, long-lasting blooms and its versatility 

in both domestic and international markets. Its commercial success depends on adopting optimal agronomic 

practices, including cultivar selection, proper spacing, balanced fertilization, and efficient irrigation. With the 
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right conditions, lisianthus shows strong potential for profitable cultivation, particularly in regions like the Nilgiris 

and under polyhouse systems. By addressing the challenges of pests, diseases, and physiological disorders, 

lisianthus cultivation can contribute to the sustainable growth of the floriculture sector, especially in India. 
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In troduction:  

ut of 141.01 million hectare (mha) Net sown area, only 122.29 mha under Gross Irrigated Area with 79.31 

mha of Net Irrigated Area which highlights the need of sustainable water management for expanding 

irrigation coverage. The policies which can improve Irrigated Area can be achieved through micro-irrigation to 

save water.  

Irrigation Schemes in India: 

 
1. Pradhan Mantri Krishi Sinchayee Yojana (PMKSY): 

Launched year: 1st July, 2015  

Supervising and monitoring agency:  

Inter-Ministerial National Steering Committee (NSC) - overall guidance 

National Executive Committee (NEC) - implementation, coordination, monitoring, and administration. 

Motto: Har Khet Ko Paani 

Aim:  To expand cultivated area with assured irrigation, improve water use efficiency and reduce water 

wastage. 

Objectives: 

o Integration of water source, distribution and its efficient use, to make best use of water through 

appropriate technologies and practices. 

o Expand cultivable area under assured irrigation (Har Khet Ko Pani) and enhance the access of physical 

farm water. 

o Improve on ï farm water use efficiency to reduce wastage. 

o Enhance water saving technologies and precision ï irrigation (More Crop Per Drop). 

o Enhance recharge of aquifers and introduce sustainable water conservation practices. 

o Ensure the integrated development of rainfed areas using the watershed approach towards soil and water 

conservation, ground water regeneration, arresting runoff, providing livelihood options and 

other NRM activities. 

o Promote extension activities relating to water harvesting, water management and crop alignment for 

farmers and grass root level field functionaries. 

o Explore the feasibility of reusing treated municipal waste water for peri-urban agriculture.  

o Investments in irrigation at field level to achieve convergence. 

Programme Components of PMKSY  

1. Accelerated Irrigation Benefit Programme (AIBP): Speeds up the completion of major and medium 

irrigation projects. 

2. Har Khet Ko Pani: Provides assured irrigation water to more agricultural land through the existing 

Command Area Development and Water Management (CADWM) programme. 

Policies for Sustainable Agricultural Water Management
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3. Per Drop More Crop: Improves water use efficiency through drip and sprinkler irrigation. 

4. Watershed Development: Conserves rainwater and soil moisture through watershed activities. 

2. Rainfed Area Development Programme (RADP): 

Launched year: 2014ï15 

Supervising and monitoring agency: State Agriculture Department (Nodal Agency), under the National 

Mission for Sustainable Agriculture (NMSA) 

Motto: Sustainable and resilient farming in rainfed areas 

Aim: To promote sustainable and climate-resilient agriculture in rainfed regions through integrated farming 

system (IFS) approaches. 

Objectives: 

o To improve productivity and income of rainfed farmers through agro-climatic zoneïspecific IFS models 

developed by ICAR. 

o To enhance soil health, efficient rainwater usage and crop diversification while reducing climate risks 

such as droughts and floods. 

o To generate on-farm employment, restore farmer confidence and improve livelihoods in arid, semi-arid 

and sub-humid regions. 

Programme Components / Key Features: 

1. Implemented as a sub-scheme of Rashtriya Krishi Vikas Yojana (RKVY). 

2. Covers districts with less than 60% irrigated area, giving priority to rainfed agro-ecosystems. 

3. Follows an area-based ñwatershed plusò approach with convergence of schemes like Mahatma Gandhi 

National Rural Employment Guarantee Scheme, PMKSY-Watershed Development Component, and 

RKVY. 

4. Integrates crops, horticulture, livestock, fisheries, and allied value-added activities for sustainable 

income generation.  

3. Atal Bhujal Yojana  (ATAL JAL) : 

Launched year: 25th December, 2019 

Supervising and monitoring agency: Ministry of Jal Shakti, Government of India, with support from the 

World Bank 

Motto:  Community-led sustainable groundwater management 

Aim:  To improve groundwater sustainability in water-stressed areas through community participation and 

demand-side water management. 

Objectives: 

o To strengthen groundwater governance through data transparency, planning, and local participation. 

o To promote efficient water use, support the Jal Jeevan Mission, and improve agricultural water-use 

efficiency. 

o To enhance groundwater levels and farmer livelihoods by encouraging sustainable practices and scheme 

convergence. 

Programme Components: 

1. Institutional Strengthening and Capacity Building ( 1,400 crore): Focuses on strengthening 

institutions, groundwater databases, scientific planning, and community capacity building. 

2. Incentive Component ( 4,600 crore): Rewards States based on performance indicators such as water 

security planning, data disclosure, efficient water-use practices, convergence of schemes, and 

improvement in groundwater levels. 

4. National Water Policy: 

Launched year: 

¶ First National Water Policy: 1987 

¶ Revised Policies: 2002 and 2012 

¶ Draft New National Water Policy: 2020 
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Supervising and monitoring agency: Ministry of Jal Shakti, Government of India; approved by the National 

Water Resources Council 

Motto:  Sustainable, equitable, and efficient management of water resources 

Aim:  To ensure optimal, sustainable, and integrated development and management of water resources for 

social, economic, and environmental needs. 

Objectives: 

o To prioritise drinking water, sanitation, food security, and ecological sustainability. 

o To promote demand-side management, groundwater regulation, and decentralised governance. 

o To enhance climate resilience through efficient water use, recycling, reuse, and community participation. 

Programme Components / Key Policy Features: 

¶ Early phase (1950sï60s): Infrastructure-led development through major irrigation and multipurpose 

river projects such as BhakraïNangal Project and Damodar Valley Corporation. 

¶ Integrated phase (1970sï80s): Shift towards Integrated Water Resources Management, leading to the 

National Water Policy 1987. 

¶ Reform phase (1990sï2000s): Focus on economic efficiency, environmental sustainability, demand 

management, and decentralisation under the National Water Policy 2002. 

¶ Sustainability phase (2012): Recognition of water as an economic good, emphasis on climate change 

adaptation, environmental flows, groundwater regulation, water auditing, and publicïprivate 

participation under the National Water Policy 2012. 

¶ Draft NWP 2020: Strong focus on sustainability and resilience, promotion of less water-intensive crops, 

treated wastewater reuse, micro-irrigation, SCADA-based water delivery, rainwater harvesting, 

rejuvenation of traditional water bodies, and blueïgreen urban infrastructure. 

5. Mission Kakatiya: 

Launched year: 2014 

Supervising and monitoring agency: Government of Telangana, led by the Panchayat Raj, Rural 

Development, and Rural Water Supply Departments 

Motto:  Revival of tanks for sustainable water security 

Aim:  To restore and rejuvenate minor irrigation tanks for improving water availability, agricultural 

productivity, and rural livelihoods. 

Objectives: 

o To restore 46,300 tanks and efficiently utilise 265 TMC of water allocated to minor irrigation in the 

Godavari River and Krishna River  basins. 

o To recharge groundwater, reduce farm power consumption, increase crop yields, and promote livestock-

based livelihoods. 

o To strengthen decentralized, community-based irrigation management and revive the rural economy. 

Programme Components: 

¶ Tank de-siltation and restoration of feeder channels. 

¶ Re-sectioning of irrigation channels and repair of bunds, weirs, and sluices. 

¶ Raising of Full Tank Level (FTL) to enhance storage capacity. 

¶ Laying of about 1.26 lakh km of pipelines to supply drinking water to towns, villages, and industries. 

Conclusion 

Policies in India for sustainable agricultural water management shows a change from supply driven irrigation 

expansion to conservation, efficiency and participatory approaches. The integrated frameworks of all policies 

have moved towards efficient water use, groundwater sustainability, climate resilience and farmer involvement. 

Convergence of schemes, promotion of rainfed agriculture, revival of traditional water bodies and adoption of 

modern technologies together provide a holistic pathway to ensure long-term water security, sustainable 

agricultural productivity and rural livelihoods in the face of increasing water scarcity and climate change. 
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Abstract 

Metabolic disturbances presenting with neurological manifestations constitute a significant health concern in 

cattle especially in high-producing dairy cows and intensively managed calves (Radostits et al., 2007). These 

conditions develop due to imbalances in minerals, vitamins, electrolytes or alterations in energy metabolism 

which disrupt neuronal function and neuromuscular coordination (Kaneko et al., 2008). Depending on the severity 

of the imbalance affected animals may exhibit signs ranging from mild behavioural abnormalities to severe 

convulsions, recumbency and coma (Constable et al., 2017). Such disorders negatively influence animal welfare, 

milk production and overall economic efficiency of dairy enterprises (Goff, 2006). The present article focuses on 

different metabolic disorders in which neurological signs are commonly encountered. 

Keywords-Metabolic disorders, Neurological signs, Hypocalcaemia, Hypomagnesemia, Ketosis, Cerebrocortical 

necrosis, Dairy cattle. 

Introduction  

etabolic disorders are commonly encountered in cattle during periods of increased physiological demand 

such as late gestation, early lactation and rapid growth. These conditions generally arise from disturbances 

in mineral balance, vitamin status, electrolyte concentration or alterations in energy metabolism which ultimately 

disturb cellular homeostasis. The nervous system is particularly vulnerable to these metabolic changes because 

neuronal function relies on a continuous supply of glucose, oxygen and precisely regulated electrolyte gradients. 

Any deviation from normal metabolic equilibrium can interfere with synaptic transmission, membrane 

excitability and neuromuscular coordination. Consequently affected animals may exhibit neurological 

manifestations including tremors, ataxia, seizures, altered consciousness and recumbency. In addition to 

neurological impairment these disorders may also reduce feed intake, milk yield and reproductive performance, 

thereby affecting overall herd productivity. Early recognition of clinical signs combined with proper nutritional 

management and timely therapeutic intervention is therefore essential for minimizing economic losses and 

maintaining animal health. A clear understanding of the metabolic basis of these conditions helps veterinarians 

and farmers implement effective preventive strategies in dairy herds. 

Hypocalcaemia (Milk Fever) 

Periparturient hypocalcaemia is a frequently encountered metabolic disorder in high-yielding dairy cows during 

the period surrounding parturition. The rapid increase in calcium requirement for colostrum secretion and 

initiation of milk production may surpass the animalôs ability to mobilize calcium from skeletal reserves or absorb 

it efficiently from the digestive tract. Declining blood calcium levels impair neuromuscular transmission and 

reduce muscle contractility. Affected animals commonly exhibit progressive weakness, muscle tremors, 

decreased ruminal activity and eventual recumbency. In advanced cases the condition may progress to flaccid 

paralysis, coma and even death if therapeutic intervention is delayed. Gross pathological changes are typically 

minimal suggesting that the disorder is largely functional in nature and can be reversed with prompt treatment. 

Hypomagnesemic Tetany 

Hypomagnesemic tetany, commonly referred to as grass tetany or transport tetany, mainly occurs in lactating or 

stressed cattle consuming diets deficient in magnesium. Magnesium is essential for maintaining stability of nerve 

cell membranes and for controlling acetylcholine release at the neuromuscular junction. When serum magnesium 

levels decline neuronal excitability increases leading to hypersensitivity, muscle tremors and loss of coordination. 

Affected animals may also show jaw stiffness, convulsions and in severe situations sudden death. Post-mortem 

findings are usually minimal although mild degenerative alterations in renal tubules may sometimes be detected. 
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Ketosis and Nervous Form 

Ketosis is frequently observed in early lactation when the energy demand for milk production exceeds dietary 

energy intake resulting in negative energy balance. Increased mobilization of adipose tissue leads to excessive 

production and accumulation of ketone bodies which can influence cerebral metabolism. Animals affected with 

the nervous form of ketosis may exhibit abnormal licking behaviour, excessive salivation, circling, aimless 

wandering and signs of apparent blindness. Continued negative energy balance commonly results in fatty 

infiltration of the liver which is considered a characteristic pathological lesion in affected cattle. 

Electrolyte Imbalance and Osmotic Disorders 

Electrolyte imbalances such as water intoxication or salt toxicity are commonly observed in calves and lead to 

osmotic disturbances that promote cerebral edema. Affected animals typically show restlessness, muscle tremors, 

seizures, opisthotonus and may eventually progress to coma. Histopathological examination often reveals brain 

swelling and laminar cortical necrosis. In a similar manner ruminal or metabolic acidosis associated with high 

concentrate feeding causes systemic acidïbase imbalance along with dehydration and endotoxemia. Severe 

acidosis may result in depression and the development of secondary neurological manifestations in cattle. 

Cerebrocortical Necrosis (Polioencephalomalacia) 

Cerebrocortical necrosis is an important metabolic encephalopathy in young ruminants. The condition is 

commonly associated with thiamine deficiency or excessive dietary sulfur intake. Thiamine deficiency impairs 

cerebral glucose metabolism and results in neuronal necrosis and cerebral edema. Clinical signs include blindness, 

nystagmus, seizures, opisthotonus and recumbency. Gross lesions may include cortical softening and brain edema. 

Vitamin A Deficiency 

Vitamin A deficiency primarily affects growing cattle and interferes with retinal and optic nerve function. 

Affected animals may show night blindness and ocular dryness. Chronic deficiency may lead to optic nerve 

degeneration due to altered cerebrospinal fluid dynamics and increased intracranial pressure. Neurological 

manifestations may include incoordination and behavioral abnormalities in advanced cases. 

Conclusion 

Metabolic disorders presenting with neurological signs represent an important health issue in cattle especially in 

high-yielding dairy animals. These conditions develop due to imbalances in minerals, alterations in energy 

metabolism and deficiencies of vitamins or electrolytes which interfere with normal nervous system function. 

Early recognition of clinical signs along with balanced nutritional management during critical periods such as the 

transition phase and early lactation is essential. Prompt therapeutic measures and appropriate preventive feeding 

strategies can help reduce disease incidence, improve production performance and promote overall animal 

welfare. 
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Abstract 

Modern industrial agriculture has enabled food production for a global population exceeding nine billion, yet it 

has imposed severe ecological and nutritional costs through intensive reliance on synthetic fertilizers, pesticides, 

and monoculture systems. These practices have accelerated soil degradation, reduced biodiversity, contaminated 

water resources, and contributed to the phenomenon of nutrient dilution in food. In response, regenerative 

agriculture has emerged as a holistic, nature-based approach that prioritizes soil health, ecosystem restoration, 

and climate resilience. By integrating practices such as cover cropping, no-till farming, composting, crop 

diversification, and agroforestry, regenerative systems aim to rebuild soil organic matter, enhance microbial 

activity, improve water retention, and sequester carbon, thereby transforming agriculture from a source of 

environmental stress to a driver of ecological recovery. Global examples, including Chinaôs Loess Plateau 

restoration, Zimbabweôs Farmer-Managed Natural Regeneration, Franceôs agroecological transition, regenerative 

practices in the United States, and Indiaôs Zero Budget Natural Farming, demonstrate the scalability and 

adaptability of these approaches across diverse agroecosystems. Economically, regenerative agriculture offers 

cost reductions, yield stability, diversified income streams, and emerging opportunities such as carbon markets, 

supported by public and private incentives, policy frameworks, and growing consumer demand for sustainable 

products. However, widespread adoption remains constrained by challenges including limited long-term scientific 

validation, financial risks during transition, knowledge gaps, implementation complexity, inadequate market 

structures, and weak policy support. Addressing these barriers requires coordinated efforts involving research 

investment, farmer training, certification systems, financial incentives, and awareness campaigns that link soil 

health with human health and climate resilience. Ultimately, regenerative agriculture presents a viable pathway 

to achieve sustainable food systems, environmental restoration, and improved public health, provided that 

systemic support, stakeholder collaboration, and evidence-based scaling strategies are effectively implemented. 

Key words: Regenerative agriculture, soil health, biodiversity, carbon sequestration 

Introductio n 

lthough modern industrial-scale agriculture has been successful in providing food for over nine billion 

people, the price that has been paid in terms of the ecology has been severe. The current chemical-based 

model, based on synthetic fertilizers and pesticides, has created a crisis in soil health, where soil is being degraded 

at a rate that is higher than its ability to renew itself, potentially causing a loss in food production capacity by 

10% in the next 60 years. This imperfect model has led to the development of a state of affairs in which 38% of 

US sampled groundwater has nitrate levels that exceed the safe levels for human consumption (Dubrovsky, et al., 

2010). Concurrently, the ñnutrition dilutionò phenomenon has led to a significant reduction in food quality, where 

the iron content of edible vegetables has been reduced by 20% since 1950 (Davis, et al., 2004). Regenerative 

agriculture has evolved from a dominant approach over nature to a nature-based, holistic approach centered on 

soil health. By working with nature, it creates a symbiotic relationship that feeds society and rebuilds ecosystems 

that support all life. 
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The Problems of Modern Industrial Agriculture  

Widespread monocultures identified as key driver of declining soil biodiversity globally 

The global loss of biodiversity found in soil can be directly correlated to monoculture practices, which reduce 

certain nutrient levels, increase disease risk and damage soil structure. This ñefficientò model provides an 

unhealthy setting for beneficial microbes that are critical for nutrient cycles and disease management, leading to 

a range of consequences that go far beyond agricultural failure and into ecological and public health crises. There 

is an immediate need to change and implement regenerative practices that promote biodiversity and a symbiotic 

relationship between agriculture and the natural world. 

Issues ranging from conservation agriculture to GMOs reviewed 

We are in the midst of a high-stakes struggle between nature-based farming and high-tech solutions like GMOs. 

Conservation agriculture has its advantages in terms of the soil and water, but its sustainability has yet to be 

proven. Meanwhile, GMOs have consequences far beyond just crop yield, from food safety to social inequality. 

The question is how to balance these technologies with the environment to feed the world without hurting the 

planet. 

Synthetic fertilizers and pesticides negatively impacting micro biota populations in soils 

The unobtrusive but insidious impact of the use of synthetic fertilizers and pesticides on the micro-life of the soil. 

These chemicals increase food production and control pests, but they interfere with the vital microorganisms that 

play an indispensable role in the nutrient cycle of the food we eat. To conserve the fertility of the land, it is 

imperative that we adopt more environmentally friendly agricultural practices that will preserve these invisible 

but vital microorganisms. 

What is Regenerative Agriculture? 

Regenerative agriculture is an approach that seeks the regeneration of ecosystems by increasing the amount of 

organic matter, the number of microbes and the amount of water that can be retained. Regenerative agriculture is 

not just for food production but also for the removal of carbon from the atmosphere, the reduction of polluted 

water runoffs and the enhancement of regional climate resilience. The key practices of this type of agriculture 

include cover crops, no-till practices and composting. 

Core practices 

Regenerative agriculture has three practices that are chemical-free and work together to rebuild soil health. Cover 

crops are a living armor that prevents erosion and keeps nutrients from being washed out. No-till farming avoids 

tilling the soil, which can damage it. Compost is added to increase fertility. This is a change from a chemical-

based solution to a sustainable and environmentally aware solution that utilizes its own biological strength. 

Goals  

Regenerative farming seeks to make farming a sustainable and self-sustaining process through four objectives. 

For instance, enhancing soil organic content makes the soil better for farming, thereby enhancing the second 

objective: improved water retention capacity, which protects against drought and improves water use efficiency. 

Thirdly, regenerative farming encourages increased activities in the soil, supporting microbes in the soil. Lastly, 

encouraging biodiversity in farming protects against pests and climate change. Regenerative farming transforms 

farming from a production process to a healing process for the environment. 

Multi -benefit model: Regenerative agriculture has many benefits that extend far beyond the farm itself. By 

focusing on soil health, it converts farmland into a vast carbon sink, locking carbon into the soil to reduce the 

levels of greenhouse gases in the global atmosphere. Regenerative agriculture also creates a healthier landscape 

that can withstand extreme weather events, improving the resilience of the regional climate in the process. As 

such, it transforms the field of agriculture from a source of environmental pressure to one of ecological repair. 

Global Success Stories of Transition to Regenerative Methods 

1. Chinaôs Loess Plateau: Implemented agroforestry practices, contour plowing and check dams to prevent 

soil erosion, increase soil fertility and retain water. 

2. Zimbabweôs Farmer-Managed Natural Regeneration (FMNR): Farmers use naturally regenerating trees 

to increase soil fertility, water infiltration rates, biodiversity and provide fodder for livestock. 
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3. Franceôs Agroecological Transition: Diversified farming systems and reduced use of chemicals have 

improved soil health, water management practices, biodiversity and resilience to extreme weather events. 

4. United States' Gabe Brownôs Regenerative Farming (North Dakota): Regenerative farming practices 

using cover crops, diverse rotations and minimal soil disturbance. 

5. Indiaôs Zero Budget Natural Farming (ZBNF): Subhash Palekar's natural farming practices without 

external inputs; mulching, cover crops and microbial inoculants increase soil fertility, reduce water 

consumption and increase crop resilience. 

Regional case studies of farmers: 

Case Study 1: Subhash Palekar in Maharashtra, India 

Subhash Palekar, a farmer from Maharashtra, has developed Zero Budget Natural Farming, a form of regenerative 

farming in India. He abandoned costly conventional farming methods and developed a farming system based on 

natural principles rather than costly chemical products. By using methods like mulching, cover cropping and 

microorganisms, Subhash has restored the fertility of his land, which can even survive in severe drought 

conditions. 

Subhashôs experience has demonstrated that reducing the usage of agrochemicals has increased crop hardiness 

and profitability. He has become a prominent figure in the field of sustainable farming in India, inspiring 

thousands of farmers to adopt this form of farming. 

Economically Viable Outcomes of Regenerative Agriculture: 

1. Cost Reductions: Replacing expensive artificial inputs with natural ones like cover crops and rotations 

can reduce costs. 

2. Increased Yield Stability: Improved soil structure can withstand harsh weather conditions, ensuring 

consistent harvests and financial security in the event of a drought or floods. 

3. Diversification Opportunities: Regenerative farming provides opportunities for high-value market access 

and niche products. 

4. Carbon Market Opportunities: Regenerative farming can sequester carbon in soils, generating revenue 

from carbon credits. 

Public and Private Incentives Driving Adoption: 

1. Government Subsidies and Grants: Governments provide financial support for farmers, which makes it 

easier for them to adapt regenerative practices. 

2. Conservation Programs: Farmers who can demonstrate improvements in soil health, water quality and 

biodiversity can be rewarded. 

3. Market Demand and Certification: The demand for regenerative or organic products can provide new 

markets for farmers who can command premium prices. 

4. Research and Extension Services: Educational support for farmers can ensure their economic viability 

during the transition. 

5. Corporate Initiatives: Food companies can provide stable contracts for farmers who commit to 

regenerative practices. 

6. Environmental & Climate Resilience: Restoring soil health provides a global safety net against extreme 

weather events and sequesters carbon in the atmosphere. 

7. Biodiversity Conservation: Crop diversification and habitat restoration create corridors for beneficial 

insects and wildlife. 

8. Economic & Market Viability: Synthetic input reduction saves costs. With premium sustainable markets 

and new carbon revenue streams, regenerative farming is a lucrative business for farmers. 

9. Policy & Technical Initiatives: Governments can redirect their subsidies to support soil health and water 

conservation. Combining traditional practices with data analytics and precision farming techniques can 

optimize farming. 

10. Educational Initiatives: Strong educational programs for farmers can empower them to adapt techniques 

to their local contexts. 
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Broader Policy Framework: 

1. Incentives: Offer direct payments, tax credits and subsidies to encourage farmers to be rewarded for 

service delivery by addressing issues like carbon sequestration and water conservation to help mitigate 

transition costs. 

2. Research and Development Funding: Fund research and technology innovation to improve best practices 

and prove the benefits of regenerative methodsô applicability in different climates. 

3. Regulation: Reduce red tape and develop clear regenerative standards and labeling to safeguard 

environmental and social goals. 

4. Extension: Fund technical support and education to provide hands-on guidance in soil health and crop 

rotations to help farmers succeed without synthetic products. 

Subsidies and Financial Support: 

1. Transition Subsidies: Governments can cover the costs of changing methods, such as providing subsidies 

for high-quality cover crop seeds, organic soil enhancers and equipment for no-till or precision farming. 

2. Risk Mitigation Programs: New insurance products for regenerative agriculture can ease financial 

uncertainty during the learning curve, so a bad season does not stop a farm from transitioning. 

Technical Training and Education: 

1. Training Programs: Hands-on training programs for farmers provide them with skills in areas like soil, 

biodiversity and agro-ecology, so they donôt just follow the trend but also understand the biological systems 

they work with. 

2. Educational Campaigns: Government and NGO initiatives to raise awareness from field to table, to 

educate and create a combined desire for sustainability and garner support for the same. 

3. Academic Partnerships: Working with academic institutions like universities and colleges to incorporate 

sustainability into their curriculum, so the next crop of agricultural leaders can lead from day one. 

Challenges in Transitioning Beyond Organic Niche Branding 

The transition toward regenerative agriculture faces several interconnected barriers that limit its adoption beyond 

niche organic markets. A major concern is the lack of long-term scientific validation to conclusively demonstrate 

improvements in soil health, biodiversity, and productivity. Farmers also encounter economic uncertainty, 

particularly during the transition phase when yields and income may fluctuate. Limited technical knowledge, 

inadequate training, and the complexity of implementing regenerative practices further discourage adoption. In 

addition, unclear certification systems, weak market access for premium products, and insufficient policy and 

regulatory support reduce incentives for large-scale transition. Communication gaps and lack of locally relevant 

success stories hinder trust-building among stakeholders. Broader systemic challenges include limited awareness 

of the links between soil health, nutrition, climate resilience, and public health, along with concerns related to 

food safety, antibiotic resistance, and community well-being. 

Strategic Solutions to Accelerate Adoption 

Addressing these challenges requires a coordinated, multi-sectoral approach. Strengthening scientific research 

through long-term studies and funding can validate regenerative outcomes, while financial support mechanisms 

such as subsidies and incentives can reduce transition risks for farmers. Capacity building through education, 

extension services, and simplified technical guidelines is essential to improve implementation. Establishing clear 

certification standards and improving market linkages can ensure fair pricing and consumer trust. Policy 

frameworks should promote ecosystem services like carbon sequestration and water conservation. Demonstration 

farms and region-specific success stories can enhance confidence and adoption. Integrating agriculture with 

public health initiatives, emphasizing nutrient-dense food, reduced chemical exposure, and climate resilience, can 

broaden its societal relevance. Furthermore, awareness campaigns involving farmers, scientists, healthcare 

professionals, and communities can strengthen the connection between environmental sustainability and human 

well-being, ultimately driving demand and scaling regenerative agriculture. 

Conclusion 

Regenerative agriculture has the potential to revolutionize farming, conservation and public health by addressing 

soil degradation and climate change through biodiversity and ecosystems. To do so, however, requires working 
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together: governments to provide supportive policies and subsidies, scientists and farmers to improve sustainable 

practices through science and outreach. In the future, success will be achieved by matching grassroots 

implementation with financial incentives and education. Breaking through the skepticism, investing in the soil, 

will bring harmony between farming and nature, which promises a future where nature supports human health. 
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Osteoporosis means ñporous bones.ò In this condition, bones lose their strength, become thinner, and can break 

very easily. A woman suffering from osteoporosis may break her bones even with small accidents such as slipping 

while working in the kitchen, falling while carrying water or lifting heavy loads. 

This disease is called the ñsilent thiefò because it steals bone strength slowly and quietly, without showing 

symptoms in the beginning. By the time pain or fractures appear, the damage is already severe. 

Osteoporosis usually begins after the age of 40 years. Women are at higher risk because their bones are naturally 

smaller and lighter than menôs. The risk increases further after menopause (45ï50 years) when the female 

hormone estrogen decreases. 

Women in rural areas are more vulnerable because: 

¶ They often neglect their own diet while feeding the family. 

¶ Limited access to milk, fruits and vegetables due to economic or seasonal reasons. 

¶ Spending most of their time indoors, away from sunlight. 

¶ Heavy household and farm work without proper nutrition. 

Signs and Symptoms 

Osteoporosis does not always show early signs, but some common symptoms include: 

¶ Frequent back pain and joint pain 

¶ Gradual loss of height (becoming shorter) 

¶ Bent back or hunched posture 

¶ Bones breaking even after a small fall or minor accident 

¶ Weakness and difficulty in carrying out daily work 

Role of Calcium and Vitamin D in Bone Health 

Our bones are the storage bank of calcium. If the diet does not provide enough calcium, the body pulls it from the 

bones, making them hollow. Vitamin D is equally important because it helps the body absorb and use calcium 

properly. Without these two nutrients, bones cannot remain strong. 

Recommended Dietary Allowance (RDA) for Calcium and vitamin D 

¶ Calcium: 

V Adult women ï 1000 mg/day 

V After menopause ï 1200 mg/day 

¶ Vitamin D:  600 IU (15 µg/day) 

Sources of Calcium 

Rural households can easily add calcium-rich foods without much expense: 

¶ Milk and Milk Products  ï One glass of milk gives approx. 300 mg calcium. Curd, lassi, paneer are equally 

good. If fresh milk is lessavailable buttermilk is also useful. 

¶ Green Leafy Vegetables ï Sarson, bathua, methi, palak, drumstick (sahjan) leaves. Adding these to dal, 

chapati dough or paratha increases nutrition. 

¶ Seeds and Millets ï Til (sesame seeds), ragi (finger millet/mandua), bajra, amaranth. Using ragi flour for 

rotis or til laddoos with jaggery is a tasty and cheap way to add calcium. 

¶ Pulses and Legumes ï Chana, lobia, rajma, soybean. Sprouted chana is especially rich in calcium and is 

easy to digest. 

Nutrition is the Key to Strong Bones and a Healthy Future 

Poonam Bakhetia and Khushpreet Kaur 
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¶ Nuts ï Groundnuts and almonds are small but powerful calcium sources. 

¶ Fish with bones ï An excellent source. 

Practical Tips: 

¶ Do not throw away the water after boiling vegetables; use it in soups or curries because it contains dissolved 

minerals like calcium. 

¶ Cook leafy greens with little oil to improve calcium absorption. 

¶ Donôt consume iron and calcium sources together. 

Sources of Vitamin D  

Vitamin D is harder to get from food, but two simple practices can help: 

1. SunlightïThe Free Medicine: Sitting in the early morning sun for 20ï30 minutes daily on exposed areas of 

the face, arms, and legs helps the body make vitamin D naturally. 

2. Foods that Provide Vitamin D 

V Eggs (preferably yellow part) 

V Fish and liver (where eaten) 

V Fortified foods like fortified milk, oils, and flour (now available in many villages). 

Practical Tips: 

¶ Encourage children and women to play or work in early morning sunlight instead of always staying indoors. 

¶ Use fortified foods when available through markets or government programs. 

Other Nutrients that Support Bones 

Besides calcium and vitamin D, certain other nutrients can help: 

¶ Protein ï from milk and milk products, pulses, soybean, eggs, and nuts. 

¶ Magnesium and phosphorus ï from whole grains, nuts, pulses, and seeds. 

¶ Vitamin C  ï from amla, guava, citrus fruits, which help in calcium absorption. 

Simple Nutrition Rules for Strong Bones 

1. Drink 1ï2 glasses of milk or curd daily. 

2. Include at least one green leafy vegetable in the daily diet. 

3. Mix ragi or bajra flour with wheat flour for rotis. 

4. Use til, chana, and jaggery in traditional snacks. 

5. Sit in early morning sunlight daily for natural vitamin D. 

6. Encourage a balanced diet with pulses, cereals, vegetables, and fruits. 

Conclusion 

Osteoporosis is preventable with good nutrition and lifestyle. Rural women need not spend extra moneyðmilk, 

greens, pulses, til, ragi, and sunlight are already within their reach. By eating wisely and regularly, women can 

protect their bones and stay strong Even they can lead an independent and healthy life. 

Remember: ñRight Food TodayïStrong Bones Tomorrow-Strong Women, Strong Families.ò 
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Abstract 

Pod shattering is the spontaneous dehiscence of mature seeds from the pod. It is a critical evolutionary trait for 

seed dispersal in wild crop plants but serves as a major bottleneck in modern crop production. This review 

examines the multifaceted role of pod shattering resistance in enhancing agricultural productivity and climate 

resilience. Mechanistically, shattering is driven by enzymatic cell wall degradation within the dehiscence zone 

(DZ) and mechanical tension generated by differential tissue desiccation. In crops such as soybean (Glycine max), 

oilseed rape (Brassica napus) and cowpea (Vigna unguiculate) pod shattering leads to significant yield loss 

ranging from 5% to 50% and complicates harvesting logistics. 

Advancements in molecular biology, particularly through the Arabidopsis model, have elucidated the genetic 

architecture of shattering, identifying key regulatory genes such as SHP, IND, and ALC. Moreover, the discovery 

of major quantitative trait loci (QTLs) like Pdh1 in soybean and sh4 in rice has transitioned breeding efforts from 

phenotypic observation to precision molecular techniques. As climate change exacerbates shattering risks through 

increased vapour pressure deficits (VPD), the integration of Marker-Assisted Selection (MAS) and CRISPR/Cas9 

gene editing is highlighted as a primary strategy for developing "shatter-proof" varieties. Ultimately, improving 

pod shattering resistance is essential for minimizing field losses and ensuring global food security in an 

increasingly unpredictable environment. 

Keywords: Pod shattering, Dehiscence zone, Crop improvement, CRISPR/Cas9, Climate resilience,  

1. Introduction 

od shattering is the spontaneous opening of mature pods at maturity, leading to the dispersal of seeds. While 

this trait is an evolutionary advantage for wild crop plants to ensure the propagation of the next generation 

and their adaptation under diverse growth conditions, in crop plants indehiscence is a preferred trait, because 

dehiscent fruits make harvesting difficult and often lead to significant production losses. Therefore, shattering 

was likely to be one of the first traits strongly selected against by early agriculture scientists. Although a critical 

trait, not all seed crops have completely indehiscent fruits. In order to improve beneficial traits such as disease 

resistance and stress tolerance, breeders are often required to utilise wild crop material, which is prone to 

shattering. In domesticated crops, pod shattering results in substantial yield losses, reduced harvesting efficiency, 

and the emergence of volunteer weeds in subsequent seasons. 

2. The Biological Mechanism of Pod Shattering 

Pod shattering is a complex developmental process controlled by genetic, hormonal and environmental factors. It 

primarily occurs at the dehiscence zone (DZ), a specialized layer of cells located at the junction of the pod valves. 

¶ Cell Wall Degradation: As the pod matures, enzymes such as cellulases and polygalacturonases break 

down the middle lamella of the cells in the DZ. 

¶ Mechanical Tension: Differential drying of the various layers of the pod wall (the exocarp, mesocarp, 

and endocarp) creates physical tension. In many legumes and crucifers, the lignification of the 

"shattering layer" provides the mechanical force required to "spring" the pod open once the DZ is 

weakened. 

3. Impact on Global Agriculture  

The transition from shattering to non-shattering was a cornerstone of the domestication syndrome. However, 

many high-value crops, particularly oilseeds and legumes still suffer from "sub-optimal" resistance. 
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3.1 Yield Loss 

In crops like oilseed rape (Brassica napus) and soybean (Glycine max), shattering losses can range from 5% to 

25% under normal conditions, climbing as high as 50% or more during extreme weather events (e.g., high winds 

or heavy rain) or delayed harvests. 

3.2 Harvesting Constraints 

Farmers are often forced to harvest early to avoid shattering, which leads to: 

¶ Higher moisture content in seeds (requiring costly drying). 

¶ Presence of immature seeds, reducing oil quality or protein content. 

¶ Inability to use direct heading (combine harvesting) effectively. 

4. Genetic Architecture of Shattering Resistance 

The discovery of the genetic basis for shattering has allowed breeders to move from phenotypic selection to 

precision molecular breeding. 

The Arabidopsis Model 

Much of our understanding comes from Arabidopsis thaliana. Key genes include: 

¶ Shatterproof (SHP1/SHP2): MADS-box genes that specify the identity of the DZ. 

¶ Indehiscent (IND) and Alcatraz (ALC): Regulate cell separation and the formation of the lignified layer. 

Major Crops  

¶ Soybean: The Pdh1 gene is a major QTL (Quantitative Trait Locus) associated with pod dehiscence. 

Varieties carrying the recessive pdh1 allele show significantly higher resistance to shattering in arid 

environments. 

¶ Canola/Oilseed Rape: Researchers have targeted the BnIND and BnSHP orthologs to create "shatter-

proof" varieties using CRISPR/Cas9 gene editing. 

¶ Rice: The sh4 mutation was a pivotal discovery, showing how a single nucleotide substitution reduced 

the formation of the abscission layer, allowing rice grains to stay attached to the panicle. 

5. Environmental Influences 

Pod shattering is highly sensitive to Vapour Pressure Deficit (VPD). As humidity drops and temperatures rise, 

the rapid desiccation of the pod valve increases the mechanical strain on the DZ. Climate change poses a 

significant threat here; as growing regions become warmer and drier, the "harvest window" (the time between 

crop maturity and catastrophic shattering) shrinks. Breeding for shattering resistance is, therefore, an essential 

component of climate-resilient agriculture. 

6. Breeding Strategies and Future Directions 

6.1 Conventional Breeding 

Historically, breeders selected for "indehiscent" types by observing plants in the field during dry spells. While 

effective, this is slow and environmentally dependent. 

6.2 Marker-Assisted Selection (MAS) 

By using molecular markers for genes such as Pdh1 or sh4, breeders can screen thousands of seedlings for 

shattering resistance without waiting for the plant to mature. 

6.3 Gene Editing (CRISPR/Cas9) 

This represents the frontier of shattering resistance. By "knocking out" the genes responsible for cell wall 

degradation in the DZ, researchers can create crops that remain intact even when fully dry, allowing for more 

flexible harvest schedules. 

7. Conclusion 

Pod shattering resistance is not merely a convenience for the farmer; it is a critical factor in global food security. 

Reducing "field loss" is one of the most efficient ways to increase total caloric output without expanding 

agricultural land. Future research must focus on the interaction between genetic resistance and fluctuating 

environmental conditions to ensure that the crops of tomorrow can withstand a warming world. 
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Abstract 

Digital Soil Mapping (DSM) has emerged as a transformative approach in modern soil science, integrating 

geospatial technologies, statistical modelling, and environmental covariates to predict soil properties across 

landscapes with improved accuracy and efficiency. Traditional soil mapping methods, which relied heavily on 

field surveys and expert judgment, were often time-consuming, labour-intensive, and limited in spatial resolution. 

In contrast, DSM leverages advancements in remote sensing, geographic information systems (GIS), machine 

learning, and big data analytics to generate high-resolution, quantitative soil information. Recent developments 

have further enhanced DSM capabilities, particularly through the integration of hyperspectral imaging, proximal 

soil sensing, cloud computing platforms, and artificial intelligence-driven predictive models. These innovations 

enable dynamic soil mapping, real-time monitoring, and improved decision-making in agriculture, environmental 

management, and climate change mitigation. This paper provides a comprehensive overview of recent advances 

in DSM, including emerging data sources, modelling techniques, validation strategies, and applications. It also 

discusses current challenges such as data scarcity, uncertainty quantification, and scalability, along with future 

prospects for integrating DSM into sustainable land management frameworks. 

Keywords: Digital Soil Mapping, Machine Learning, Remote Sensing, Soil Spatial Variability 

Introduction  

oil is a fundamental natural resource that supports agricultural productivity, ecosystem functioning, and 

environmental sustainability. Understanding the spatial variability of soil properties is essential for effective 

land management, precision agriculture, and environmental monitoring. Traditional soil mapping methods, based 

on field surveys and expert knowledge, have historically provided valuable information but are often limited in 

spatial detail, reproducibility, and scalability. These conventional approaches are time-intensive and may not 

adequately capture the complex heterogeneity of soils across different landscapes. 

Digital Soil Mapping (DSM) has emerged as a modern alternative that addresses these limitations by 

combining soil observations with environmental covariates and predictive modelling techniques. DSM is defined 

as the process of creating spatially explicit soil information using quantitative relationships between soil 

properties and environmental factors such as climate, topography, vegetation, and parent material. The conceptual 

framework of DSM is rooted in the soil-forming factors described by Jenny, often expressed through the 

SCORPAN model (Soil, Climate, Organisms, Relief, Parent material, Age, and spatial position). 

Over the past two decades, rapid advancements in geospatial technologies, computational power, and data 

availability have significantly enhanced the capabilities of DSM. The proliferation of remote sensing platforms, 

including satellite and UAV-based sensors, has provided high-resolution, multi-temporal datasets that capture 

soil and land surface characteristics. Additionally, the integration of machine learning algorithms has 

revolutionized the predictive modelling aspect of DSM, enabling the handling of complex, nonlinear relationships 

between soil properties and environmental variables. 

Recent advances in DSM are characterized by the incorporation of big data analytics, cloud-based platforms, 

and real-time monitoring systems. These developments have facilitated the creation of global soil databases, high-

resolution soil maps, and dynamic soil monitoring frameworks. Furthermore, the growing emphasis on 

sustainable agriculture and climate resilience has increased the demand for accurate and timely soil information, 

further driving innovation in DSM. 

S 
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This paper explores the recent advances in digital soil mapping, focusing on technological innovations, 

methodological improvements, and practical applications. It also highlights the challenges and future directions 

in the field, emphasizing the need for interdisciplinary approaches to address complex soil-related issues. 

Recent Advances in Digital Soil Mapping 

The evolution of digital soil mapping has been driven by advancements in data acquisition technologies, 

computational methods, and modelling frameworks. One of the most significant developments in DSM is the 

increased availability of high-resolution environmental covariates derived from remote sensing. Satellite 

platforms such as Landsat, Sentinel, and MODIS provide multispectral and hyperspectral data that are 

instrumental in capturing soil characteristics such as moisture content, organic matter, and mineral composition. 

The use of hyperspectral imaging, in particular, has enabled the detection of subtle variations in soil properties 

by analysing continuous spectral signatures. 

Unmanned Aerial Vehicles (UAVs) have further enhanced data acquisition capabilities by providing ultra-

high-resolution imagery at local scales. UAV-based sensors allow for flexible and cost-effective data collection, 

making them suitable for site-specific applications such as precision agriculture and soil health monitoring. The 

integration of UAV data with ground-based measurements has improved the accuracy and reliability of soil 

property predictions. 

Another major advancement in DSM is the use of proximal soil sensing technologies. Instruments such as 

electromagnetic induction sensors, ground-penetrating radar, and visible-near infrared (Vis-NIR) spectroscopy 

enable rapid, non-destructive assessment of soil properties in the field. These technologies provide continuous 

measurements, allowing for detailed mapping of soil variability within agricultural fields. The combination of 

proximal sensing data with remote sensing and GIS has significantly enhanced the spatial resolution and accuracy 

of DSM outputs. 

Machine learning and artificial intelligence have played a pivotal role in advancing DSM methodologies. 

Traditional statistical methods such as linear regression and kriging have been supplemented or replaced by more 

sophisticated algorithms, including Random Forest, Support Vector Machines, Gradient Boosting, and Artificial 

Neural Networks. These models are capable of capturing complex, nonlinear relationships between soil properties 

and environmental variables, resulting in improved predictive performance. Ensemble modelling approaches, 

which combine multiple algorithms, have also been employed to reduce model uncertainty and enhance 

robustness. 

Deep learning techniques, particularly convolutional neural networks (CNNs), have recently gained 

attention in DSM for their ability to process spatial data and extract meaningful features from large datasets. 

These models are especially useful in analysing high-resolution imagery and identifying patterns that may not be 

apparent through traditional methods. The integration of deep learning with geospatial data has opened new 

avenues for automated soil mapping and classification. 

Cloud computing platforms such as Google Earth Engine and Amazon Web Services have revolutionized 

data processing and analysis in DSM. These platforms provide access to vast datasets and powerful computational 

resources, enabling the processing of large-scale geospatial data in a relatively short time. Researchers can now 

perform complex analyses, generate high-resolution maps, and share results more efficiently than ever before. 

Another notable advancement is the development of global and regional soil information systems. Initiatives 

such as SoilGrids and the Global Soil Partnership have produced high-resolution global soil maps that provide 

valuable information for research and policy-making. These databases integrate data from multiple sources and 

use advanced modelling techniques to generate consistent and reliable soil information at various spatial scales. 

Uncertainty quantification has also become an important aspect of DSM. Recent studies have focused on 

assessing and communicating the uncertainty associated with soil predictions, which is critical for informed 

decision-making. Techniques such as Bayesian modelling, bootstrapping, and cross-validation are commonly 

used to evaluate model performance and quantify prediction uncertainty. 

Integration of Digital Soil Mapping with Emerging Technologies 

The integration of DSM with emerging technologies has further expanded its applications and capabilities. One 

such integration is with precision agriculture, where DSM provides detailed soil information that supports site-
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specific management practices. Farmers can use DSM outputs to optimize fertilizer application, irrigation, and 

crop selection, thereby improving productivity and reducing environmental impact. 

The use of Internet of Things (IoT) devices in soil monitoring has enabled real-time data collection and 

analysis. Soil sensors connected to IoT networks can continuously monitor parameters such as moisture, 

temperature, and nutrient levels. This data can be integrated with DSM models to provide dynamic soil maps that 

reflect current conditions. 

Geostatistical modelling techniques have also evolved, incorporating spatio-temporal analysis to account 

for changes in soil properties over time. This is particularly important in the context of climate change, where soil 

conditions are influenced by changing weather patterns and land use practices. Dynamic DSM models can help 

predict future soil conditions and inform adaptive management strategies. 

The application of DSM in environmental monitoring has gained prominence, particularly in the assessment 

of soil pollution and land degradation. DSM techniques are used to map the distribution of heavy metals, organic 

contaminants, and other pollutants in soils. These maps are essential for risk assessment, remediation planning, 

and policy development. 

Challenges in Digital Soil Mapping 

Despite significant advancements, DSM faces several challenges that need to be addressed. One of the primary 

challenges is the availability and quality of soil data. In many regions, especially in developing countries, soil 

data is sparse or outdated, limiting the accuracy of DSM models. Efforts to standardize data collection and 

improve data sharing are essential to overcome this limitation. 

Another challenge is the complexity of soil systems, which are influenced by multiple interacting factors. 

Capturing these interactions in predictive models remains a difficult task, particularly when dealing with 

heterogeneous landscapes. Model overfitting and lack of generalization are common issues that need to be 

addressed through careful model selection and validation. 

Uncertainty in DSM outputs is another critical concern. While recent advances have improved uncertainty 

quantification, effectively communicating this uncertainty to end-users remains a challenge. Decision-makers 

need clear and reliable information to make informed choices, and uncertainty must be presented in a meaningful 

way. 

Scalability is also a concern, particularly when applying DSM techniques at regional or global scales. 

Processing large datasets requires significant computational resources, and ensuring consistency across different 

spatial scales can be challenging. 

Future Prospects 

The future of digital soil mapping lies in the continued integration of advanced technologies and interdisciplinary 

approaches. The development of hybrid models that combine machine learning with process-based models is 

expected to improve prediction accuracy and interpretability. Advances in sensor technology and data acquisition 

will further enhance the quality and resolution of soil data. 

The use of artificial intelligence and big data analytics will continue to play a central role in DSM, enabling 

the processing of complex datasets and the generation of real-time soil information. Collaborative efforts among 

researchers, policymakers, and stakeholders will be essential to promote data sharing and standardization. 

The integration of DSM with climate models and decision support systems will provide valuable insights 

into the impacts of climate change on soil resources. This will support the development of sustainable land 

management practices and contribute to global efforts in achieving food security and environmental sustainability. 

Conclusion 

Digital Soil Mapping has revolutionized the way soil information is generated, analysed, and applied. Recent 

advances in remote sensing, machine learning, proximal sensing, and cloud computing have significantly 

enhanced the accuracy, efficiency, and scalability of DSM. These developments have enabled the creation of 

high-resolution soil maps that support a wide range of applications, from precision agriculture to environmental 

monitoring. 

Despite these advancements, challenges related to data availability, model complexity, uncertainty, and 

scalability remain. Addressing these challenges will require continued innovation, collaboration, and investment 
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in research and infrastructure. The integration of DSM with emerging technologies such as IoT, artificial 

intelligence, and climate modelling holds great promise for the future. 

As the demand for accurate and timely soil information continues to grow, DSM will play a critical role in 

supporting sustainable land management and environmental conservation. By leveraging recent advances and 

addressing existing challenges, DSM has the potential to contribute significantly to global efforts in achieving 

sustainable development goals. 
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Agriculture has long stood as the major contributor of Indiaôs economy and society, gradually changes from 

ancient indigenous practicesðrooted in traditional agro-ecological wisdomðto the disruptions of colonial 

agronomy, and subsequently to modern scientific innovations. Indiaôs agriculture boasts remarkable progress in 

crop diversity and overall production, excelling in staples like cereals, pulses, spices, and horticulture. Yet, the 

sector faces multiple challenges including climate variability, declining soil health, fragmented landholdings, pest 

outbreaks, and market uncertainties. In this context, Artificial Intelligence (AI) has emerged as a transformative 

technology capable of revolutionizing agricultural practices by enabling precision, efficiency, and data-driven 

decision-making. 

Artificial Intelligence refers to the simulation of human intelligence in machines that can analyze data, 

recognize patterns, learn from experience, and make decisions. In agriculture, AI technologies such as machine 

learning, computer vision, remote sensing, robotics and predictive analytics are being increasingly applied to 

improve productivity, sustainability, and profitability. 

Krishi Vigyan Kendras (KVKs), as frontline agricultural extension institutions in India and with its strong 

network of 731 all over India, are uniquely positioned to bridge the gap between advanced technologies and 

farmers. This article explores the impact of AI in agriculture and outlines the strategic role of KVKs in harnessing 

its full potential. 

Evolution of AI in Agriculture  

The application of AI in agriculture has evolved significantly over the past. The integration of satellite imagery 

and GIS for crop monitoring may be regarded as the first step towards practical application of AI in agriculture. 

Gradually, development of AI-based pest and disease detection tools, emergence of precision farming techniques, 

use of drones and robotics in farm operations  and adoption of big data analytics for yield prediction and market 

forecasting widen the scopes of AI in agriculture. AI can help farmers decide what to sow, when to sow, how 

much input to use, and when to harvest. The convergence of AI with Internet of Things (IoT), cloud computing, 

and mobile technologies has further accelerated its adoption in agriculture. The following key aspects in 

agriculture may be immensely benefited from application of AI in agriculture in near future: 

¶ Precision Farming: By turning data from GPS, sensors, satellites, and drones into   actionable farm-level 

insights. 

¶ Crop Health Monitoring. 

¶ Early and easy detection of pest and crop diseases.  

¶ Round the clock crop surveillance for high value crop 

¶ Yield Prediction and Forecasting 

¶ Smart Irrigation Systems 

¶ Agricultural Robotics 

¶ Supply Chain Optimization and  

¶ Market Intelligence to improve prize realization for farmers. 

Indian agriculture which is more rain fed agriculture in nature, AI bears special significance. AI analyses weather 

and climate data to predict changing rainfall patterns, temperature variations, and extreme events and thus enables 

farmers to cope with the vagaries of nature. 

Challenges in Adoption of AI in Indian Agriculture  

Despite its potential, several challenges hinder the widespread adoption of AI in agriculture in India viz 

¶ Limited digital literacy among farmers 

Harnessing Artificial Int elligence for Transforming Indian 

Agriculture: Strategic Role of Krishi Vigyan Kendras 

Devajit Borthakur  

Krishi Vigyan Kendra, Dibrugarh 
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¶ Inadequate infrastructure and internet connectivity 

¶ High initial investment costs 

¶ Lack of localized AI solutions 

¶ Data privacy and security concerns 

¶ Inadequate presence of profitable FPC/FPO to  invest in infrastructure development required for use of 

AI. 

Role of Krishi Vigyan Kendras (KVKs)  

KVKs serve as the grassroots-level extension system in India, focusing on technology assessment, refinement, 

and demonstration. They play a critical role in translating scientific innovations into practical applications for 

farmers. KVKs may play a major role in induction of AI in agriculture by technology demonstration, capacity 

building, creating digital advisory services, data collection and validation, collaboration with startups and 

intuitions and by providing the required support in policy development and implementation of projects on AI in 

agriculture. 

To harness the immense potentiality, KVKs may initiate the process by setting AI based model laboratory 

within KVK premises and design AI solutions that are user-friendly, affordable, and relevant to small and 

marginal farmers. Once initial work is completed KVK may increase the momentum by improving digital 

infrastructure, including internet connectivity and access to devices along with the training of the state extension 

functionaries on use of AI in agriculture. 

Natural Farming (NF) is gaining momentum in India as a sustainable alternative to conventional agriculture 

KVKs are playing the key role in propagating the concepts of NF to the grass root level. NF emphasizes the use 

of locally available bio-inputs, ecological balance, and minimal external inputs and thus crate minimum risk to 

soil and environment due to agro-practices. However, its success depends heavily on timely decision-making, 

ecological understanding, and continuous monitoringðareas where Artificial Intelligence (AI) can play a 

transformative role. AI can assist in converting complex ecological data into simple, actionable advisories, 

making Natural Farming more precise, scalable, and farmer-friendly. AI has the potential to make Natural 

Farming more scientific, precise, and scalable without compromising its ecological principles. 

Major India -Specific AI & Digital Agriculture Schemes:   

Digital Agriculture Mission (DAM), National Pest Surveillance System, AgriStack, Krishi Decision Support 

System (KDSS), Bharat-VISTAAR (Virtually Integrated System to Access Agricultural Resources, a multilingual 

AI tool launched in 2026) are the key interventions of Govt. of India to accelerate the application of AI in India 

agriculture  

Case Studies and Success Stories:  

Several initiatives demonstrate the potential of AI in agriculture 

1. AI-Based Sowing Advisory by Microsoft & ICRISAT: Developed an AI powered sowing advisory system 

in ground nut, where sowing is critical for successful harvest, based on  30+ years of climate data, soil 

moisture conditions and weather forecasts. Now Farmers received SMS advisories in local languages 

indicating the optimal sowing window. 

2. AI-Powered Crop Advisory & Pest Management ï Wadhwani AI: Wadhwani AI developed multiple AI 

solutions such as: 

¶ Krishi Saathi & Kisan e-Mitra: AI chatbots providing real-time crop advisories  

¶ Agri AI Collect: Voice-based system for digitizing farm data  

¶ AI models for pest and disease detection and weather-based advisories 

 Now this system has Reached 1 million+ farmers across India enabling real-time crop monitoring and 

advisory services. 

 Other notable real world case studies are: Microsoft Project Farm Vibes (Baramati, Maharashtra), AI Cluster 

Farming (Vidarbha), AI Disease Detection (IIIT Allahabad) and ANNAM.AI (IIT Ropar Initiative).  

 At individual level, ñFarm Againò, a Tamil Nadu-based startup, leveraged solar-powered sensors to monitor 

soil moisture, irrigation, and fertilizer use in real time through a mobile platform and encouragingly, only 

indigenous equipments were used that drastically reduced the cost involved.  
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 Conclusion 

Artificial Intelligence has the potential to transform Indian agriculture by enhancing productivity, sustainability, 

and resilience. However, its successful adoption depends on effective dissemination, capacity building, and 

localization of technologies. 

AI does not always require high-end infrastructureðeven SMS and voice-based systems can deliver high 

impact. Krishi Vigyan Kendras are central to this transformation. By embracing AI and integrating it into their 

activities, KVKs can empower farmers, bridge technological gaps, strengthen decision making in every stage of 

agricultural value chain and can contribute to the development of a modern, sustainable agricultural system in 

India. 
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Global environmental and public-health governance has evolved rapidly over the last three decades. Scientific 

evidence has driven many countries-especially in Europe and North America-to ban or strictly  regulate 

hazardous industries, chemicals, and products shown to cause long-term harm to humans and ecosystems. 

However, a concerning global trend has emerged: industries restricted or banned in developed countries often 

relocate to developing economies, where regulatory frameworks may be weaker or enforcement less stringent. 

India, as one of the worldôs fastest-growing economies and a major manufacturing hub, has increasingly become 

a destination for such businesses. While industrial growth contributes to employment and economic development, 

the continued operation of globally banned or restricted industries in India raises serious ethical, 

environmental, and public-health concerns. 

Why Do Banned Industries Move to India? 

Several structural factors explain why industries restricted elsewhere continue to operate in India: 

¶ Regulatory gaps: India lacks specific standards for many emerging pollutants (e.g., PFAS, endocrine 

disruptors). 

¶ Cost advantages: Lower land, labor, and compliance costs. 

¶ Weak enforcement: Environmental laws exist but enforcement capacity is often limited. 

¶ Technology transfer loopholes: Old machinery and production processes banned elsewhere are legally 

sold and reinstalled. 

¶ Economic priorities: States often prioritize investment and employment over long-term environmental 

risks. 

This phenomenon is often described as ñpollution outsourcingò or ñregulatory arbitrage.ò 

3. PFAS (Forever Chemicals) Industry 

Global Status 

PFAS (Per- and Polyfluoroalkyl Substances) are banned or heavily restricted in: 

¶ European Union (PFOS, PFOA, class-wide restrictions proposed) 

¶ United States (drinking water limits, manufacturing phase-outs) 

¶ Several OECD countries 

Status in India 

India currently has: 

¶ No PFAS-specific drinking water standards 

¶ No comprehensive ban on PFAS manufacturing 

¶ Limited monitoring capacity 

A notable example is the relocation of PFAS production technology from Europe to Maharashtra, despite 

the chemicals being linked to cancer, immune suppression, and developmental disorders. 

Impact: 

¶ Persistent groundwater contamination 

¶ Bioaccumulation in food chains 

¶ Long-term public health risks 

The Global Ban Ends Here: India and the Rise of Prohibited 

Industries 

Dr. Ramesh N. Dhawale 

Assistant Professor 

Vi lasrao Deshmukh College of Agricultural Biotechnology, Latur, 
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4. Asbestos Industry 

Global Status 

Asbestos is banned in over 60 countries, including: 

¶ All EU member states 

¶ Australia 

¶ Japan 

¶ South Korea 

It is conclusively linked to lung cancer, mesothelioma, and asbestosis. 

Status in India 

India: 

¶ Has not banned asbestos 

¶ Continues to import and manufacture asbestos-based products 

¶ Uses asbestos extensively in roofing sheets, pipes, and insulation 

Impact: 

¶ Occupational exposure among factory workers 

¶ Community exposure near manufacturing units 

¶ Long latency diseases that burden the healthcare system 
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5. Hazardous Pesticides and Agrochemicals 

Global Status 

Several pesticides banned or restricted globally are still sold or manufactured in India, including: 

¶ Paraquat 

¶ Chlorpyrifos 

¶ Atrazine 

¶ Certain organophosphates 

These chemicals are banned in the EU due to links with: 

¶ Neurodevelopmental disorders 

¶ Endocrine disruption 

¶ Ecological damage (pollinators, soil health) 

Status in India 

India remains one of the largest producers and exporters of banned pesticides, often manufacturing them 

solely for export. 

Impact: 

¶ Farmer poisoning incidents 

¶ Groundwater contamination 

¶ Export of health risks to other developing nations 

 

6. Lead-Based Paint and Pigments 

Global Status 

Lead paint is banned in: 

¶ European Union 

¶ United States 

¶ Most developed economies 

Status in India 

Despite partial regulations: 

¶ Lead-based paints are still found in older housing stock 

¶ Informal manufacturing and recycling persist 
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Impact: 

¶ Childhood lead poisoning 

¶ Cognitive impairment 

¶ Long-term societal costs 

 

7. E-Waste Recycling and Informal Hazardous Industries 

Global Status 

Strict regulations govern: 

¶ Electronic waste recycling 

¶ Battery disposal 

¶ Heavy metal recovery 

Status in India 

India has become a destination for: 

¶ Imported e-waste 

¶ Informal recycling using unsafe methods 

Impact: 

¶ Toxic exposure to workers 

¶ Soil and water contamination 

¶ Urban slum environmental degradation 
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8. Ethical and Environmental Justice Concerns 

The continued operation of globally banned industries in India raises fundamental questions: 

¶ Is economic growth being prioritized over human health? 

¶ Are developing countries becoming dumping grounds for hazardous industries? 

¶ Who bears the long-term costðcompanies or communities? 

Often, marginalized populations, including rural communities, informal workers, and children, face the greatest 

exposure while receiving the least economic benefit. 

9. Regulatory Gaps and Policy Challenges 

Key challenges include: 

¶ Absence of chemical-specific standards 

¶ Fragmented governance between central and state agencies 

¶ Lack of transparency in environmental clearances 

¶ Limited public access to pollution data 

¶ Weak liability mechanisms for long-term contamination 

Indiaôs participation in international conventions (Stockholm, Basel, Rotterdam) has not always translated into 

domestic enforcement. 

10. The Way Forward 

To address this issue, India could: 

¶ Adopt precautionary, class-based chemical regulation 

¶ Prohibit import of banned industrial machinery 

¶ Strengthen polluter -pays principles 

¶ Expand independent environmental monitoring 

¶ Promote safer chemical alternatives 

¶ Ensure public participation in environmental decision-making 

Aligning domestic laws with global scientific consensus is essential to prevent future public-health crises. 

Conclusion: 

The presence of globally banned businesses in India reflects a deeper imbalance in global environmental 

governance. While industrialization is essential for development, hosting industries rejected elsewhere without 

adequate safeguards risks long-term ecological and human damage. India stands at a critical juncture: it can 

either become a leader in sustainable industrial development or continue to bear the hidden costs of global 

regulatory failures. Strong policy reform, scientific transparency, and public awareness will determine which path 

is taken. 
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Abstract: 

The COVID-19 pandemic has significantly transformed traditional research practices by accelerating the shift 

from face-to-face to digital data collection methods. This transition has led to the widespread adoption of online 

tools and platforms for both quantitative and qualitative research. Digital technologies such as online surveys, 

video conferencing, mobile interviews and virtual focus groups have enabled researchers to collect data efficiently 

across diverse geographic locations while reducing time and cost. At the same time, innovative approaches like 

digital diaries, adaptive questioning and viral recruitment have enhanced participant engagement, especially 

among hard-to-reach populations. However, this transformation also presents challenges, including technical 

limitations, reduced ability to interpret non-verbal cues and concerns related to data security and ethics. Therefore, 

researchers must ensure proper technical preparation, ethical compliance and methodological adaptation. Overall, 

the digital era represents a significant methodological shift, offering both opportunities and challenges for modern 

research. 

Keywords: Digital Transformation, Data Collection Methods, Online Research Tools, Research Ethics. 

Introduction:  

he onset of the COVID-19 pandemic served as a ñsocial eventò that disrupted the established social order 

(Teti et al., 2020) and conventional research practices. Traditionally, data collection relied heavily on face-

to-face interactions such as in-person interviews, focus groups and classroom observations. However, public 

health mandates and social distancing measures restricted the ability to carry out these investigations (Lobe et al., 

2020), creating a challenging environment for researchers across various disciplines. 

Technological developments in communication have created new avenues for qualitative and quantitative 

research. Researchers are now forced to transition from face-to-face data collection to ñsocially distantò methods, 

primarily using phone or internet-based platforms. This shift is not merely a temporary adaptation; it represents 

a ñ10th momentò of methodological innovation characterized by the utilization of the latest technology and 

computer-mediated communication (Onwuegbuzie et al., 2020). 

Digital platforms offer significant practical contributions, as they allow researchers to collect data from 

respondents living in different geographic locations while minimizing costs and time. For instance, virtual 

interviewing can reduce problems associated with the location and space of data collection and is often less 

expensive than traveling to meet participants. Despite these benefits, the transition to digital methods requires 

researchers to be mindful of new challenges, including technical issues that can impact interview quality (Alam 

et al., 2024) and the difficulty of interpreting visual cues when cameras only record a participant's upper body 

(Thunberg and Arnell, 2022).  

Quantitative data collection in the digital era: 

Quantitative research focuses on collecting and analyzing numerical data to respond to research 

questions or test hypotheses. In the digital era, researchers have adapted several tools to replace the traditional 

paper-based survey: 

¶ Online Survey Platforms: Online surveys can be easily created using tools like Qualtrics, Microsoft Forms, 

Amazon Mechanical Turk, Survey Monkey, Survey Gizmo, Research Now SSI and Opinion Access, which 

T 
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help researchers to reach diverse respondents (Boas et al., 2020; Bentley et al., 2017; Abd Halim et al., 2018; 

Kimball, 2019).  

¶ Google Forms: This platform serves as a free and conventional tool for gathering data without physical 

contact. Links to Google Forms can be distributed through email, Messenger, Facebook and WhatsApp. 

¶ QR Codes: Researchers can encapsulate survey links within QR codes, providing a touch-free way for 

participants to access questionnaires by scanning the code with their mobile devices. 

 

Qualitative research and virtual engagement: 

Qualitative research is particularly reliant on building rapport and understanding complex social or cultural norms. 

To maintain high-quality engagement in a ñsocially distantò era, researchers have adopted the following virtual 

strategies: 
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¶ Video Conferencing: Platforms such as Zoom, Skype, Google Meet and Microsoft Teams facilitate real-

time, audio-visual interaction. These tools are often preferred as they are more akin to face-to-face 

interactions than text-based options. 

¶ Telephone and Mobile Interviews: For populations with limited internet access, conducting interviews over 

the phone remains a viable alternative. Researchers must be sensitive to the demographic characteristics of 

telephone interviewees to ensure successful data collection. 

¶ Digital Diaries and Reflections: When direct observation is impossible, participants can be asked to 

maintain diaries or field notes containing their daily activities and reflections. This provides first-hand insight 

into the lived experiences of the participants (Lupton, 2020). 

¶ Adaptive Questioning: Advanced computer-based surveys can use ñadaptiveò questioning, where keywords 

from earlier responses are incorporated into subsequent questions to enhance user-friendliness (Palys and 

Atchison, 2012).  

¶ Virtual Focus Groups: Researchers can conduct focus group discussions using video conferencing 

platforms, though it is recommended to have a smaller number of participants (ideally 3-5) to ensure effective 

moderation. 

¶ Viral and Network Recruitment : Researchers can use social networking platforms like Facebook and 

Twitter to reach hard-to-access populations through óviral recruitment,ô where information spreads through 

sharing within social networks.  

¶ Online Ethnography: Researchers can explore and engage with online communities and forums to gather 

data on the behaviours and attitudes of specific cultural groups. 

Logistical and Technical Requirements: 

Transitioning to digital data collection requires both researchers and participants to fulfill specific technical and 

logistical prerequisites: 

¶ Internet Access and Speed: A stable internet connection is essential. While average quality is often 

sufficient, strong bandwidth is necessary for high-quality video conferencing. 

¶ Hardware Accessories: Participants need working speakers, a microphone and a camera. Laptops and 

smartphones usually have these built-in, but desktop computers may require external plug-ins. 

¶ Quiet Environment: Participants should be in a quiet spot to minimize interruptions and disruptions from 

their surroundings. 

¶ Software Training: Some platforms, like Skype or Zoom, may require participants to download an 

application before joining. Researchers should provide technical assistance and ensure participants have 

tested the application in advance. 

¶ Advanced Tools for Researchers: Researchers may utilize sophisticated software such as NVivo for 

information management, Adobe Soundbooth for sound filtering and Dragon Naturally Speaking (DNS) for 

automated transcription. 

¶ Visual Data Enhancement: Tools like Geographic Information Systems (GIS) can help researchers analyze 

data spatially, providing geographical context to social trends. 

Effective preparation, such as sending a set of instructions to participants to silence phones and close other social 

networking sites, is crucial for successful moderation in online environments. 

Ethics, Security and Future Outlook: 

The infographic illustrates five core ethical considerations for digital research, summarizing complex guidelines 

into visual panels. In the Informed Consent panel (green), the graphic visualizes that traditional signatures can be 

replaced by emailing a consent form and requesting a reply as an expression of consent (Lobe, 2017); electronic 

signatures through programs like DocuSign are also an option (Hewson et al., 2016). The Data Security panel 

(blue) shows that researchers must be cautious of ócloud computingô where data is stored on external servers, 

while also highlighting that platforms like Zoom have implemented features such as ówaiting roomsô and 

passwords to prevent Zoom-bombing.  
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Compliance (purple) indicates that when collecting sensitive health information, U.S. researchers must use 

platforms that are HIPAA (The Health Insurance Portability and Accountability Act). Basic information 

compliant, such as Doxy.me or Zoom Healthcare, while in Europe, the General Data Protection Regulation 

(GDPR) applies to software providers (Lobe et al., 2020). The Group Confidentiality panel (orange) demonstrates 

that in online focus groups, participants must be explicitly instructed to respect one another's privacy, as 

confidentiality cannot be fully guaranteed in a group setting. Finally, Researcher Reflexivity (yellow) visualizes 

that researchers can use debriefing interviews where the researcher is interviewed by an outside party to 

systematically reflect on their own biases and enhance the legitimacy of their findings.  

Conclusion: 

The digital transformation of research has reshaped data collection methods, making them more flexible, scalable 

and accessible. While digital tools have enabled researchers to continue their work during periods of physical 

distancing and beyond, they also require careful consideration of technical, ethical and methodological issues. 

The integration of online platforms in both quantitative and qualitative research has opened new possibilities for 

reaching diverse populations and generating rich data. However, challenges such as limited observation of non-

verbal cues, technological barriers and data security concerns must be addressed. Moving forward, researchers 

should adopt a balanced approach that combines the strengths of digital methods with ethical responsibility and 

technological preparedness. This evolving landscape highlights the importance of continuous innovation and 

adaptability in research practices.  
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Nowadays, you are likely to see products like quinoa, amaranth and buckwheat on the shelves of any health food 

store. These small seeds, often thought to as "forgotten crops," are now become popular across the world as 

superfoods. 

However, what precisely are pseudocereals and why are they becoming so popular? 

Let's examine how these ancient grains are making an important revival, changing diets, promoting health and 

influencing food trends. 

1.What Are Pseudocereals? 

Pseudocereals are not true 

cereals like wheat or rice, despite 

their name. They are not 

members of the grass family. 

Rather, they are broad-leaved 

plant seeds that are eaten 

similarly to grains.  

The three pseudocereals that are 

most popular are: Qunioa, 

Amaranth and Buckwheat 

Quinoa - small, round seeds 

often called a ñcomplete proteinò  

Amaranth  - tiny, nutrient-

packed seeds used for centuries  

Buckwheat- triangular seeds 

commonly used as flour. Their 

notable nutritional value is what 

sets them apart, in addition to 

their versatility in the kitchen. 

2. A Journey Through Time: Origin of Pseudocereals  

Pseudocereals are not a recent development. They were actually been a part of human diets for thousands of years. 

The origins of quinoa may be found in the South American Andes Mountains, where the ancient Inca civilization 

consumed it as a staple diet. As the "mother grain," they treated it in high regard. For the Aztecs in Central 
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America, amaranth was an important crop for rituals and social norms in addition to being used as food. Buck 

wheat originated in Central Asia and later spread across Europe and Asia, becoming a common ingredient in 

traditional dishes. However, big cereals like rice and wheat eventually overwhelmed these crops. They have only 

become popular once in the last several decades as a result of increased nutrition and health consciousness. 

3. From Fields to Plates: Global Production 

Although they are cultivated on a smaller scale than main grains, pseudocereals are now being cultivated across 

the world. Quinoa production is still focused in South America, especially in nations like Bolivia and Peru. The 

climate in these areas are perfect for its growth. In countries like China, Russia and Ukraine, buckwheat is grown 

abunduntly and is a staple food. In certain regions of Africa, Asia and Latin America, amaranth is cultivated 

usually in small-scale farming systems. These crops are highly valued because of their durability. They can 

survive in extreme conditions, grow on poor soils and tolerate drought conditions that are becoming more crucial 

in response to climate change. 

4. Pseudocereals in India: Tradition Meets Innovation 

In India, pseudocereals are not entirely new. They have long been part of traditional diets, especially in certain 

regions and cultural practices. Amaranth, locally known as rajgira, is commonly consumed during fasting periods. 

It is used to prepare laddoos, chikkis and flatbreads. Buckwheat or kuttu is another fasting staple, especially in 

northern India. It is used to make puris, pakoras and pancakes. Quinoa, however is a relatively recent addition to 

Indian agriculture. It is now being cultivated in states like Rajasthan and Andhra Pradesh, where farmers are 

experimenting with it as a high-value crop. With increasing awareness of health and nutrition, pseudocereals are 

slowly finding their way into everyday Indian diets-not just as traditional foods but also in modern recipes. 

5. Changing Eating Habits: How People Consume Pseudocereals 

The popularity of pseudocereals is closely linked to changing food preferences around the world. More people 

are now looking for gluten-free options, plant-based protein sources and foods that support overall health and 

wellness. 

As a result, pseudocereals are being used in a wide variety of products, including: 

¶ Breakfast cereals and porridge  

¶ Salads and grain bowls  

¶ Bakery products like bread, cookies, and cakes  

¶ Pasta and noodles  

¶ Plant-based milk alternatives  

In India, their use is expanding beyond traditional dishes to include innovative recipes like quinoa pulao, amaranth 

energy bars and buckwheat pancakes. 

6. Nutritional Powerhouses: What Makes Them Special? 

One of the biggest reasons for the growing popularity of pseudocereals is their exceptional nutritional profile. 

Rich in High-Quality Protein: Unlike most cereals, pseudocereals contain all essential amino acids, making 

them a ñcomplete protein.ò This is especially beneficial for vegetarians and vegans. 

Packed with Fiber: Their high dietary fibre content supports digestion, promotes gut health and helps maintain 

a feeling of fullness. 

Loaded with Essential Minerals: Pseudocereals are rich in minerals such as iron, calcium, magnesium and zinc-

nutrients that are often lacking in modern diets. 

Good Source of Healthy Fats: They contain beneficial unsaturated fats, which support heart health. 

Full of Antioxidants: Compounds like polyphenols and flavonoids help protect the body against oxidative stress 

and inflammation. In simple terms, pseudocereals offer more nutrition per bite compared to many conventional 

grains. 

7. Health Benefits 

Adding pseudocereals to your diet can bring a range of health benefits that includes 

Supports Heart Health: Their fibre and healthy fat content help reduce cholesterol levels and improve overall 

cardiovascular health. 

Helps Manage Blood Sugar: With a lower glycaemic index, pseudocereals release energy slowly, helping to 

control blood sugar levels- an important factor for people with diabetes. 
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Improves Digestion: The high fibre content promotes a healthy digestive system and prevents constipation. 

Reduces Inflammation: Antioxidants present in these grains help combat inflammation and protect against 

chronic diseases. 

Ideal for Gluten-Free Diets: Pseudocereals are naturally gluten-free, making them safe for people with gluten 

intolerance or celiac disease. 

Aids in Weight Management: Their combination of protein and fibre helps keep you full for longer, reducing 

overeating. 

8. Why They Matter: Key Advantages 

Pseudocereals are beneficial to people and the environment for a number of reasons: 

¶ Nutrient-dense and health-promoting  

¶ Suitable for gluten-free diets  

¶ Environmentally resilient crops  

¶ Versatile in cooking and food processing  

¶ Helpful in combating malnutrition  

9. Limitations to Consider 

Despite their many benefits, pseudocereals have challenges that include: 

Presence of Anti -Nutrients: Some compounds, such as saponins and phytates can interfere with nutrient 

absorption. However, proper processing methods like soaking, washing and cooking can reduce these effects. 

Taste and Texture Issues: Quinoa, for instance, can have a slightly bitter taste if not properly washed. Also, the 

absence of gluten can affect the texture of baked products. 

Limited Availability: Compared to staple grains, pseudocereals are not as widely available in all regions. 

Higher Cost: They are often more expensive which can limit accessibility for some consumers. 

Processing Challenges: Using pseudocereals in food products requires careful formulation to achieve desirable 

taste and texture. 

10. The Rise of Functional Foods 

One of the most exciting developments is the use of pseudocereals in functional foods-foods that offer health 

benefits beyond basic nutrition. Pseudocereals are becoming essential components in the following because of 

their excellent nutrient profile: 

Healthy Bakery Products: Gluten-free breads, cookies and cakes made with pseudocereal flours are gaining 

popularity. 

Plant-Based Beverages: Quinoa and amaranth are used to produce dairy-free milk alternatives. 

Snack Foods: Energy bars, puffed snacks and granola mixes are often enriched with pseudocereals. 

Fermented Foods: They are used in probiotic drinks and yogurt alternatives improving gut health. 

Infant and Clinical Nutrition: Their easy digestibility and high nutrient content make them suitable for 

specialized diets. 

11. Looking Ahead: The Future of Pseudocereals 

As people become more health-conscious and environmentally aware, demand for these grains is expected to rise. 

They also offer promising solutions to global challenges such as: 

¶ Malnutrition  

¶ Climate change  

¶ Food insecurity  

With ongoing research and improved farming practices, pseudocereals could become a mainstream part of diets 

worldwide. 

Conclusion  

Pseudocereals are perfect example of how conventional wisdom can be adopted to modern situations. They were 

once minimized and now being rediscovered as potent, nourishing and sustainable food sources. These grains are 

quietly altering the way we eat, whether it's a bowl of quinoa salad, a slice of gluten-free bread or a classic rajgira 

laddo. In a world searching for healthier and more sustainable food choices, pseudocereals are not just a trend-

they are a step toward a better future. 
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Abstract 

The quantitative pillars of scientific forestry, forest biometry and mensuration, allow for accurate evaluation of 

carbon stocks, productivity, and forest structure. This summarizes the fundamental measurement concepts, such 

as diameter at breast height (DBH), total tree height, and basal area, and also compares various tools, ranging 

from sophisticated laser hypsometers and aerial LiDAR to conventional calipers and clinometers. Along with 

extensive applications in carbon accounting, ecological research, and sustainable forest management, the 

significance of diameter and height class creation in large-scale forest inventories is explored. In a time of rapid 

environmental change, these approaches together offer the empirical basis for evidence-based forest governance. 

Keywords: forest biometry; tree mensuration; diameter at breast height (DBH); tree height measurement; 

LiDAR remote sensing; forest inventory; carbon stock assessment; sustainable forest management; diameter 

class; height class; forest mensuration instruments 

1. Introduction 

orests provide vital resources, maintain biodiversity, and control the climate. Strict quantitative 

understanding of forest structureðthe field of forest biometry and mensurationðis necessary for scientific 

management. While forest mensuration concentrates on physical characteristics, such as height, diameter, basal 

area, and volume, forest biometry employs statistical and quantitative techniques to measure and analyze trees 

and ecosystems (Husch et al., 2003). When combined, they give foresters the tools they need to estimate growth 

trajectories, evaluate growing stock, and create evidence-based management strategies (Avery & Burkhart, 

2015). Recent developments in LiDAR, laser hypsometers, and AI-assisted analysis have revolutionized the 

accuracy and spatial scope of forest evaluations. 

2. Forest Biometry: Concept and Key Components 

Through three interconnected components, forest biometry converts unprocessed field observations into useful 

management information. The dependability of all downstream analysis and decision-making is directly 

impacted by the quality of field data (Chaturvedi & Khanna, 2017). 
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Field Measurement Statistical Modelling Technology Integration 

DBH, Tree Height, Basal Area, 

Stand Density, Species 

Composition 

Regression Models, Growth & 

Yield Models, Multivariate 

Analysis (PCA, Cluster) 

LiDAR, Laser Rangefinders, 

Digital Calipers, Remote Sensing 

Platforms 

3. Tree Diameter and Height Measurement 

Diameter at breast height (DBH) ð The main indicator of tree size is 1.3 m above ground (1.37 m in North 

America), which reduces the impact of root buttresses on measurements. The vertical distance between the 

ground and the crown apex of a tree is its height. DBH and height (Husch et al., 2003; Avery & Burkhart, 2015) 

influence volume, biomass, and carbon stock estimations . In the forestry industry, precise measurement directly 

affects both the economy and the environment , as accurate data on tree height and diameter is essential for 

sustainable forest management and resource allocation. 

3.1 Diameter Measurement Instruments 

Instrument  Principle Best Use Accuracy 

Calipers Direct contact; average 2 

perpendicular readings for stem 

ellipticity 

Research plots High 

Diameter Tape (D-

tape) 

Measures circumference C; 

diameter = C/ˊ 

Operational inventory High 

Biltmore Stick Parallax at fixed arm length; 

rapid estimation 

Reconnaissance 

surveys 

Moderate 

Wheeler Pentaprism Optical remote diameter 

measurement from set distance 

Large / inaccessible 

trees 

High 

3.2 Height Measurement Methods 

Shadow technique, single-pole, and ocular estimation are non-instrumental procedures that work well for quick 

field surveys. For inventory, instrumental trigonometric methods are standard. They utilize the formula H = D × 

(tanŬ  + tanŬ ), where D is the horizontal distance and Ŭ  and Ŭ  are the angles to the base and apex (Chaturvedi 

& Khanna, 2017). 
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Instrument  Operating Principle Precision 

Clinometer Measures inclination angle; height computed 

trigonometrically 

Moderate 

Abney Level Spirit level + graduated arc; measures vertical angles 

for height/slope 

Moderate 

Blume-Leiss Mechanical hypsometer; reads height directly at 

standard distances 

Good 

Brandis 

Hypsometer 

Optical instrument designed for forest height; reliable in 

field conditions 

Good 

Laser Hypsometer Laser rangefinder + inclination sensor; auto-computes 

and displays height 

Very High 

4. Digital and Remote Sensing Technologies 

The precision, automation, and geographic scale of tree measuring have all changed because to contemporary 

digital instruments (Avery & Burkhart, 2015). The state-of-the-art in modern forest evaluation is represented by 

three technologies: 

Technology How It Works  Key Outputs 

Laser 

Hypsometer 

Combines a laser rangefinder with an 

inclination sensor;the operator aims at apex 

and base; instrument auto-computes and 

displays height, eliminating reading error. 

Accurate tree height; reduced observer 

error; single-person operation; digital 

data logging 

Laser Distance 

Meter 

Emits laser pulse; calculates distance via 

time-of-flight or phase-shift; combined 

with angle measurement for height and 

diameter to mm precision 

Height & diameter (mm precision); 

Bluetooth/USB data transfer; seamless 

inventory software integration 

LiDAR 

Emits dense laser pulses; records 3D point 

clouds from canopy gaps; deployed as 

Airborne (ALS) over thousands of hectares 

or Terrestrial (TLS) at plot scale 

Individual tree height, crown 

dimensions, canopy height models, 

above-ground biomass, terrain models, 

basal area and stem density 
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5. Applications and Conclusion 

A wide range of forestry and ecological activities, such as forest inventory and growing stock estimation, yield 

and volume table preparation, carbon stock assessment for REDD+ programs, silvicultural planning, including 

thinning regimes and rotation lengths (Oliver & Larson, 1996), biodiversity and habitat quality research (Spurr 

& Barnes, 1980), and monitoring of forest health, drought impacts, pest outbreaks, and illegal logging (Helms, 

1998).The scope and accuracy of forest assessments have changed qualitatively as a result of the switch from 

conventional field instruments to laser-based equipment, LiDAR, and AI-assisted analysis. According to Husch 

et al. (2003), these technologies enhance and expand mensuration's core concepts rather than replacing them.  

 The strict application of forest biometric principles, guided by the best available technologies, will be essential 

for science-based forest governance as attention turns to forests as carbon and biodiversity reservoirs, as well as 

targets for restoration and sustainable management (Avery & Burkhart, 2015). 
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Abstract 

Agroforestry systems yield a wide range of non-timber forest products (NTFPs), which considerably benefit rural 

livelihoods and ecosystem services. Accurate assessment of NTFP yield is essential for sustainable harvesting 

and resource management. Biometric approaches give quantitative tools for measuring tree characteristics and 

estimate productivity without destructive sampling. This article discusses the significance of biometric 

methodologies for estimating NTFP yield in agroforestry systems, which include field inventory methods, 

allometric models, statistical analysis, and GIS technology. The application of biometric approaches in 

sustainable harvesting, livelihood planning, and climate change mitigation is discussed. 

Keywords: Forest biometry, Agroforestry, NTFP yield estimation, Allometric models, Sustainable harvesting. 

1. Introduction 

groforestry systems combines together trees, crops, and livestock to improve land production and 

environmental sustainability. These systems generate both timber and non-timber forest products (NTFPs), 

such as fruits, medicinal plants, gums, resins, fodder, fibers, and honey. NTFPs are vital to rural people, 

particularly in developing nations where communities rely on them for food, medicine, and income. In India, 

about 275 million people rely on NTFPs for subsistence and additional income (Saraf et al., 2024). However, 

reliable information on the productivity and availability of NTFPs is frequently lacking. A lack of accurate yield 

assessment can result in unsustainable harvesting and resource loss. Forest biometric techniques help estimate 

NTFP productivity by measuring and analyzing tree characteristics scientifically. 

2. Concept of Biometric Assessment 

Biometric assessment is the quantitative measurement and statistical analysis of biological characteristics. In 

forestry and agroforestry research, biometry is used to evaluate tree growth characteristics and estimate biomass, 

productivity, and yield. Biometric evaluation for non-timber forest products (NTFPs) ensures evaluating physical 

attributes of trees that influence non-timber product output, such as diameter at breast height (DBH), tree height, 

crown diameter, canopy spread, basal area, and tree density. These data are then analyzed using statistical and 

regression models to forecast the amount of NTFP produced by individual trees or complete agroforestry systems. 

Biometric techniques are extremely useful because they allow researchers to precisely assess productivity without 

destructive harvesting, which is especially significant for valuable or slow-growing species. 

3. Methods for Biometric Assessment of NTFP Yield 

Several methods are used to estimate NTFP yield in agroforestry systems. These methods combine field 

measurements, statistical modelling, and sometimes geospatial technologies. 

3.1 Field Inventory and Sampling 

The first step in biometric assessment of NTFP yield is conducting a field inventory in agroforestry systems. 

Researchers establish sample plots to collect data on tree characteristics and product yield, with plot sizes typically 

ranging from 0.01 ha to 0.1 ha depending on the study objectives. Within each plot, important data such as species 

identification, tree diameter and height, number of product-producing trees, and quantity of NTFPs harvested 
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during a season are recorded. These data are used to estimate productivity at the plot level and then extrapolated 

to estimate yield per hectare or for larger areas. Such field inventory and systematic sampling methods have been 

widely used in South Asia to estimate the yield of medicinal plants, fruits, and other non-timber forest products 

from agroforestry landscapes (De-Miguel et al., 2021). 

3.2 Allometric Models 

Allometric models are widely used to estimate biomass and yield in forestry research. These models establish 

relationships between easily measurable tree parameters (such as DBH and height) and the quantity of biomass 

or product produced. A typical allometric equation may take the form:                                                                                                                   

Y aὈ  

where: 

¶ Y represents yield or biomass  

¶ D is the diameter at breast height  

¶ a and b are regression coefficients derived from empirical data  

Such models allow researchers to predict NTFP yield based on tree size and growth characteristics. 

Recent studies have demonstrated that tree diameter and crown area are strong predictors of gum and resin yield 

in species such as Senegalia senegal, a major gum-producing tree in arid agroforestry systems (Boyapati & 

Muthukumarappan, 2025). 

3.3 Statistical and Regression Analysis 

Once field data are collected, researchers apply statistical techniques to develop predictive models. Common 

statistical methods used in biometric assessment include: Linear regression, Non-linear regression, Mixed-effect 

models, Growth curve analysis  

These models help identify the most important factors influencing NTFP productivity. For instance, regression 

analysis can determine whether fruit yield is more strongly related to tree diameter, crown size, or environmental 

variables.  

3.4 Remote Sensing and GIS Applications 

In recent years, researchers have started integrating biometric data with remote sensing and geographic 

information systems (GIS). Satellite imagery and aerial surveys provide spatial information on tree cover, canopy 

density, and vegetation health. When combined with field measurements, these technologies allow scientists to 

estimate NTFP productivity across large landscapes. Advanced techniques such as LiDAR (Light Detection and 

Ranging) can measure tree height and canopy structure with high precision. These data are increasingly used to 

develop spatial models of biomass and productivity in agroforestry systems. 

4. Importance of Biometric Assessment in NTFP Management 

Sustainable Harvesting:  

In order to set sustainable harvesting limits and avoid overexploitation of NTFPs, biometric assessment is helpful 

in estimating resource availability 

Livelihood Planning:  

Precise yield assessment enhances revenue and market prospects by assisting farmers and policymakers in 

comprehending the economic worth of NTFPs. 

Conservation of Biodiversity:  

Keeping an eye on species variety and production in agroforestry systems contributes to the preservation of 

ecosystem stability and biodiversity. 

Climate Change Mitigation:  

Estimating biomass using biometric techniques aids in evaluating carbon storage and the contribution of 

agroforestry to climate change mitigation. 

5. Challenges and Future Directions 

Despite developments in biometric approaches, there are still significant hurdles to quantifying NTFP output. A 

key restriction is the scarcity of long-term growth and productivity data for many species, as most studies rely on 

short-term observations. Rainfall, temperature, and pest occurrence all influence NTFP production, which 

fluctuates substantially from year to year. As a result, future research should concentrate on creating prediction 
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models and integrating biometry, remote sensing, and socioeconomic analysis to optimize resource management 

and promote sustainable agroforestry. 

6. Conclusion 

Non-timber forest products (NTFPs) play an essential role in agroforestry systems by supplying food, medicine, 

fodder, and income to many people. Accurate estimates of productivity and availability are required for 

sustainable resource management. Biometric assessment measures and analyzes NTFP yield by using tree factors 

such as diameter, height, crown size, and tree density, as well as statistical and allometric models. Modern 

methods like remote sensing and GIS approaches help to improve productivity estimation at the farm and 

landscape levels. Thus, biometric evaluation is vital in NTFP research, resource management, and policy planning 

to ensure sustainable resource consumption. 
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Abstract 

By translating quantifiable tree dimensions into reliable carbon stock estimation, forest biometry offers the 

quantitative basis for assessing carbon sequestration. Important biometric factors to determine aboveground 

biomass are allometric equations which incorporate wood density, total tree height, and diameter at breast height 

(DBH). The IPCC default carbon fraction of 0.47 and the pan-tropical allometric model serve as the mathematical 

foundation for a five-step process that moves from field inventory to nationally reportable carbon data. In addition 

to the Indian national forest inventory framework, where forests currently store an estimated 7,204 million tonnes 

of carbon, all five IPCC-recognized carbon pools are discussed. LiDAR and satellite SAR are examples of 

emerging technologies that are assessed alongside enduring issues like soil carbon quantification and the scarcity 

of locally calibrated allometric equations. In order to achieve the accuracy requirements of international climate 

agreements, such as the Paris Agreement and UNFCCC reporting responsibilities, rigorous field-based biometric 

measurement is still essential. 

Keywords: Forest biometry, Carbon sequestration, Allometric equations, Biomass estimation, IPCC carbon 

accounting. 

1. Inrtoduction 

pproximately 31% of the Earth's geographical area is made up of forests, which absorb billions of tonnes of 

carbon dioxide (CO ) each year and store it as wood, roots, and organic matter in the soil. However, 

quantifying the amount of carbon stored in a forest is far from simple; carbon sequestration is imperceptible, and 

there is no direct tool that can determine the carbon content of a standing forest. Forest biometry, a field that 

directly connects field science to climate policy by converting precisely measured tree measurements into carbon 

stock estimates, holds the key to the solution. 

2. What Is Forest Biometry? 

The use of statistical methods and quantitative measurement to quantify forest characteristics is known as "forest 

biometry." Tree diameter at breast height (DBH), overall height, basal area, stem volume, wood density, and 

growth rate are all measured by foresters. Over 90% of biomass variation in many species may be explained by 

DBH, which is the most potent predictor of tree biomass when measured at 1.3 meters above ground using a 

diameter tape (Chave et al., 2014). The amount of mass contained in a specific volume of wood is determined by 

its density, which ranges from 0.2 g/cm³ in lightweight pioneers to over 1.0 g/cm³ in dense hardwoods (Chave et 

al., 2009). Through biometric data collection is an essential initial step in all forest carbon accounting since these 

field factors work together to input into allometric equations that translate measurements into carbon estimations. 

3. Why Forest Biometry Is Essential 

In standing forests, carbon sequestration cannot be quantified directly. According to the IPCC (2019), all 

estimates of forest carbon must be calculated indirectly using biometric connections. The accuracy of biometric 

field data is essential to all national greenhouse gas inventories, REDD+ monitoring reports, and carbon credit 

initiatives. Every estimate that follows is affected by errors in tree measurement, which could skew the financial 
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flows and policy choices that rely on these numbers. The most reliable carbon accounts in international climate 

discussions are produced by nations with high-quality national forest inventories that adhere to IPCC Tier 3 

recommendations. 

3.1. Key Carbon Estimation Formulas 

From tree dimensions to nationally reportable carbon statistics, the mathematical foundation of forest carbon 

accounting is based on four interconnected formulas. From field measurement to global climate reporting, each 

formula builds upon the one before it to create an exact quantitative chain. 

 

Formula 2:  Carbon Stock from Biomass  (IPCC, 2006) 

╒ ═╖║ Ȣ  

Where:  C = Carbon mass (kg)  |  0.47 = IPCC default biomass-to-carbon conversion factor (~47% of dry 

wood mass is elemental carbon) 

 

Formula 3:  CO  Equivalent Conversion 

ἍἛϜἭ ╒ ╒ Ȣ Ⱬ► 

Where:  44 = molecular weight of CO   |  12 = atomic weight of Carbon  |  Result expressed in kg CO  

equivalent 

 

Formula 4:  Stand-level Carbon Stock 

ᾍἻἼἩἶἬἋἑἌ  Ȣ ȾἜἴἷἼ ἩἺἭἩ ἰἩ 

Where:  Ɇ = sum over all i trees in the plot  |  Result in Mg C ha ĭ (tonnes of carbon per hectare) 

The most extensively validated biomass model in the world is the pan-tropical allometric equation by Chave et 

al. (2014), which was calibrated using more than 4,000 trees that were destructively cut from tropical forests on 

four continents. The IPCC default carbon fraction of 0.47, which is based on research on wood chemistry, is 

applied in Formula 2. Carbon mass is converted to CO2 equivalent, which is the unit used in global climate 

reporting, using Formula 3. For national inventories, Formula 4 scales to per-hectare values by aggregating 

individual tree estimates throughout a plot. 

4. From Tree Measurements to Carbon Stock: The Biometric Pathway 

There is a precise five-step process from a field measurement to a reportable carbon stock. To guarantee that 

estimates from various nations and eras may be usefully compared, each stage depends on standardized 

procedures created by the IPCC, FAO, and national forest agencies (IPCC, 2006). 

Formula 1: Pan-tropical Allometric Biomass Equation  (Chave et al., 2014) 

═╖║ Ȣ ⱬ ╓║╗ ╗ Ȣ  

Where:  AGB = Aboveground Biomass (kg)  |  ɟ = wood density (g/cm³)  |  DBH = diameter at breast height 

(cm)  |  H = total height (m) 

Figure 1. Biometric pathway flowchart with a worked example for a single teak tree (Tectona grandis) 
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4.1. Biometric Pathway: Field to Carbon Stock 

Every tree over a minimal size threshold in a network of sample plots has its DBH, height, and species recorded 

by trained workers starting with a methodical field inventory. Stem volume is estimated using allometric 

equations based on these raw values, followed by biomass using direct allometric models or biomass expansion 

factors. Dry biomass is multiplied by the conversion factor 0.47 to get the carbon content. The resulting per-tree 

statistics are then added up and scaled to stand level before being included into national and international carbon 

accounting frameworks. The foundation of reliable global climate reporting is this standardized method, which 

guarantees that a measurement made in a forest may be easily compared with one made in the Amazon or the 

Congo Basin (IPCC, 2019). 

5. The Five Carbon Pools of Forest Ecosystems 

Accounting for forest carbon extends beyond tree trunks. Five different carbon pools, each of which contributes 

differently to the overall ecosystem carbon stock, must be measured in accordance with the IPCC framework. In 

boreal and peatland forests, aboveground biomassðtrunks, branches, and foliageðusually predominates, 

although soil organic carbon can surpass all other pools combined (IPCC, 2006). 

Instead of direct excavation, which is difficult at scale, belowground biomass is approximated using root-to-shoot 

(R:S) ratios, which are typically 0.20 to 0.35 for tropical broadleaf forests. Litter pools and dead wood are 

important for the environment, particularly in forests that are recovering from disturbance. Despite making up 

more than half of the total ecosystem carbon in some forest types, soil organic carbon is still the most challenging 

pool to measure because of its great geographic variability and the labor-intensive nature of deep soil sampling. 

6. Indian Context and National Carbon Accounting 

A systematic grid of sample plots from tropical evergreen to temperate coniferous ecosystems is used by India's 

Forest Survey of India (FSI) to carry out a national forest inventory every two years. An estimated 7,204 million 

tonnes of carbon are stored in India's forests and tree cover, according to the India State of Forest Report 2023. 

This amount has increased by about 79 million tonnes from the previous assessment (ISFR, 2023). India's pledge 

to build an extra carbon sink of 2.5 to 3 billion tons of CO2 equivalent by 2030 as part of the Paris Agreement is 

directly supported by these biometric evaluations. Since regional calibration can minimize estimation bias by 20 

to 40 percent compared to generic pan-tropical models, developing species-specific allometric equations for 

India's more than 45,000 plant species continues to be a scientific priority. 

7. Emerging Technologies and Remaining Challenges 

7.1. Technology Enhancing Biometry 

Digital techniques and remote sensing are increasingly supplementing traditional field biometry. Accurate tree 

height measurements across wide areas can be made in a single trip thanks to the precise three-dimensional canopy 

maps produced by airborne LiDAR. Complete three-dimensional tree geometry can be non-destructively 

reconstructed using terrestrial laser scanning (TLS). Artificial intelligence algorithms now automatically identify 

and quantify individual trees in high-resolution aerial photography, while satellite synthetic aperture radar (SAR) 

Figure 2: Five carbon pools in forest carbon accounting with typical proportional contributions 

(IPCC, 2006) 



 

Page | 101  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

can simultaneously estimate biomass over millions of hectares. Despite these developments, field-based biometric 

measurements are still essential because allometric relationships are obtained from field measurements and 

remote sensors need to be validated against ground-truth data. 

7.2. Key Challenges 

Estimating forest carbon still faces significant hurdles. Only a small portion of the entire forest area is measured 

by forest inventories based on sample plots, and continued investment in extensive plot networks is necessary to 

achieve adequate statistical precision in diverse forests. The trustworthiness of carbon accounts is undermined by 

persistent biases that can surpass 20 to 40 percent due to the lack of locally calibrated allometric equations in 

biodiverse regions throughout tropical Asia and Africa. Because of its great spatial variability, soil carbon, which 

can surpass aboveground reserves in some forest types, is still very challenging to measure. To achieve the 

accuracy requirements of credible global climate action, these gaps must be filled through focused research 

investment and international data sharing (Chave et al., 2014). 

8. Conclusion 

At the nexus of mathematics, ecology, and climate policy is forest biometry. It turns woods from lovely but 

intangible ecosystems into accurately quantified, scientifically verified repositories of climate value. Forest 

biometry enables the conversion of a tree trunk's diameter into a nationally reportable carbon figure and a credible 

contribution to the Paris Agreement through allometric equations calibrated against destructive sampling data, 

systematic field inventories recording millions of tree measurements, and strict IPCC-standard carbon accounting 

protocols expressed in formulas validated across continents. The science of forest biometry and the ongoing 

funding required to support it become increasingly important as the world's desire to slow down global warming 

grows. 
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Introduction  

ybrid breeding has significantly improved agricultural productivity by exploiting heterosis (hybrid vigor), 

where offspring of genetically diverse parents show superior yield, growth, and stress tolerance. This 

approach has been widely successful in crops like rice, maize, and sunflower. However, hybrid vigor is not 

maintained in subsequent generations due to genetic segregation and recombination during meiosis, leading to 

reduced performance in F  and later generations. Consequently, farmers must purchase new hybrid seeds each 

season, making the process costly and labor-intensive. 

In contrast, apomixis is a natural reproductive mechanism in which seeds are produced without fertilization, 

resulting in progeny that are genetically identical to the mother plant. By bypassing meiosis and syngamy, 

apomixis preserves genetic stability across generations. Although present in some wild species, it is largely absent 

in major crops; its introduction could enable the fixation of desirable hybrid traits over successive generations. 

Biological Basis of Synthetic Apomixis 

Synthetic apomixis is fundamentally built upon two coordinated biological processesð apomeiosis and 

parthenogenesis ðwhich together mimic natural asexual seed formation in an otherwise sexually reproducing 

plant. By integrating these processes, it becomes possible to generate seeds that are genetically identical to the 

mother plant, thereby fixing elite genotypes such as hybrids. 

1. Apomeiosis (Avoidance of Meiosis) 

Apomeiosis refers to the suppression or alteration of the normal meiotic process that typically leads to the 

formation of haploid gametes. In sexual reproduction, meiosis involves two successive divisions (meiosis I and 

II), resulting in gametes with half the chromosome number and significant genetic reshuffling due to 

recombination and independent assortment. In synthetic apomixis, this process is replaced by a mitosis-like 

division, often termed as ñMiMeò (Mitosis instead of Meiosis). Through targeted genetic modifications, key 

meiotic genes are altered so that: 

*  Homologous chromosome pairing and recombination are eliminated 

* Chromosome segregation occurs equationally (like mitosis) rather than reductionally 

* The resulting gametes retain the somatic chromosome number (diploid) 

As a result, the egg cell produced is genetically identical to the mother plant, with no segregation or 

recombination. This step is crucial because it preserves the entire genetic makeup, including heterozygosity 

responsible for hybrid vigor. 

2. Parthenogenesis (Embryo Formation Without Fertilization) 

Parthenogenesis is the process by which an embryo develops from an unfertilized egg cell. Under normal 

conditions, fertilization (syngamy) is required for embryo formation, involving the fusion of male and female 

gametes. However, in synthetic apomixis, specific genes are activated to trigger embryo development 

autonomously. Key features of parthenogenesis include: 

* The egg cell initiates embryogenesis without pollen contribution 

* The resulting embryo is a clonal copy of the maternal parent 

* Fertilization-independent embryo formation ensures genetic fixation 

In some engineered systems, genes such as BABY BOOM (BBM) or similar embryogenesis-inducing regulators 

are used to initiate this process. Together, these mechanisms lead to the production of clonal seeds, effectively 

bypassing the genetic reshuffling associated with sexual reproduction. This allows the stable transmission of the 

maternal genotype across generations, including complex traits such as hybrid vigor. 
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Recent Advances in Synthetic Apomixis 

The development of synthetic apomixis has accelerated significantly in recent years, largely due to breakthroughs 

in CRISPR/Cas-mediated gene editing. This technology allows precise, targeted modification of genes involved 

in key reproductive processes such as meiosis and fertilization, enabling researchers to reprogram sexual 

reproduction into an apomictic (asexual) mode. 

CRISPR/Cas-mediated Gene Editing 

CRISPR/Cas systems have revolutionized plant biotechnology by providing a highly efficient and accurate tool 

to edit specific genes. In the context of synthetic apomixis, gene editing is used to manipulate pathways 

controlling gamete formation and embryo development, thereby mimicking natural apomictic mechanisms. 

1. Engineering Apomeiosis through Meiotic Gene Knockouts 

One of the major breakthroughs has been the successful conversion of meiosis into a mitosis-like division (MiMe) 

by knocking out key meiotic genes. Important targets include: 

¶ Spo11 ï responsible for initiating meiotic recombination through double-strand breaks 

¶ Rec8 ï involved in sister chromatid cohesion and proper chromosome segregation 

¶ Osd1 (Omission of Second Division 1) ï regulates progression from meiosis I to meiosis II 

Simultaneous mutation or knockout of these genes results in: 

¶ Elimination of homologous recombination 

¶ Suppression of reductional division 

¶ Formation of diploid, non-recombinant gametes 

This MiMe genotype effectively replaces meiosis with a mitotic division, preserving the parental genome intact. 

2. Induction of Parthenogenesis via Embryogenesis Genes 

In addition to apomeiosis, successful apomixis requires embryo development without fertilization. This has been 

achieved by introducing or activating genes that trigger embryogenesis in the absence of male gametes. 

A key example is: 

¶ BBML (BABY BOOM -like) ï a transcription factor that promotes embryo development from egg cells 

Expression of BBML in egg cells leads to: Initiation of embryo development without fertilization and Formation 

of clonal embryos genetically identical to the mother plant. This step ensures that the unreduced egg cell produced 

via apomeiosis can directly develop into a viable plant. 

Successful Demonstration of Synthetic Apomixis 

The concept of synthetic apomixis has successfully transitioned from theory to practical validation through 

landmark studies, particularly in crops like rice (Oryza sativa) and model plants. Researchers have demonstrated 

that sexual reproduction can be reprogrammed into an apomictic mode by combining apomeiosis and 

parthenogenesis. In rice, the MiMe systemðachieved through mutations in key meiotic genes such as Spo11, 

Rec8, and Osd1ðenabled the production of diploid gametes, while the introduction or activation of BBM/BBML 

genes induced embryo development without fertilization. This integration resulted in clonal seed formation, 

allowing hybrid plants to produce genetically identical offspring and maintain heterosis across generations. These 

studies confirmed the possibility of fixing hybrid vigor, a major breakthrough in plant breeding.  

Although high levels of clonal seed production have been achieved, efficiency is not yet complete. Similar 

components of synthetic apomixis have also been demonstrated in crops like maize and model plants such as 

Arabidopsis, though full systems are still under development. These advancements validate the feasibility of 

synthetic apomixis, offering a pathway to true-breeding hybrids, reducing dependence on hybrid seed production, 

and improving accessibility of superior varieties. However, challenges such as ensuring stable expression, proper 

endosperm development, regulatory approval, and public acceptance must be addressed before large-scale 

application. Overall, these achievements mark a significant milestone, highlighting the immense potential of 

synthetic apomixis to transform modern agriculture. 

Advances in Gene Discovery 

The progress of synthetic apomixis has been significantly driven by advances in gene discovery, particularly the 

identification and functional characterization of genes controlling meiosis, gamete formation, and embryogenesis. 



 

Page | 104  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

Modern genomic tools have enabled researchers to unravel the complex genetic networks governing both sexual 

and apomictic reproduction. 

1. Identification of Apomixis-Associated Genes 

Studies in naturally apomictic species such as Hieracium, Pennisetum, and Paspalum have revealed key genomic 

regions linked to apomixis. These include genes controlling apomeiosis, parthenogenesis, and loci associated with 

apospory and diplospory. Although often governed by complex multi-gene regions, these findings provide 

valuable templates for engineering apomixis in crops. 

2. Discovery of Meiotic Regulatory Genes 

Key meiotic genes such as Spo11, Rec8, and Osd1 regulate recombination, chromosome cohesion, and meiotic 

progression. Functional studies of these genes have enabled the development of the MiMe (Mitosis instead of 

Meiosis) strategy, forming the basis for engineering apomeiosis. 

3. Embryogenesis-Inducing Genes 

Genes like BBM/BBML and WUSCHEL-related regulators play a crucial role in triggering embryo development 

without fertilization. Their discovery has been essential for enabling parthenogenesis in synthetic apomixis 

systems. 

4. Role of Omics Technologies 

Advances in genomics, transcriptomics (RNA-seq), proteomics, and epigenomics have accelerated gene 

discovery by identifying candidate genes, expression patterns, and regulatory networks involved in apomixis. 

5. Epigenetic Regulation 

Epigenetic mechanisms such as DNA methylation, histone modification, and small RNA pathways regulate the 

switch between sexual and apomictic reproduction and influence the stability of apomictic traits. 

6. Integration into Crop Improvement 

These discoveries are now being applied in crops using gene-editing tools by combining meiotic gene 

modifications (apomeiosis) and embryogenesis genes (parthenogenesis), enabling reconstruction of apomictic 

pathways in crops like rice and maize. 

Advantages of Synthetic Apomixis 

ü Synthetic apomixis fixes hybrid vigor (heterosis) by maintaining superior traits consistently across 

generations. 

ü It eliminates the need for farmers to purchase new seeds every season, as seeds can be reused without loss 

of performance. 

ü It reduces the cost of cultivation by minimizing dependence on repeated hybrid seed production. 

ü It ensures genetic uniformity by producing plants that are identical and stable across generations. 

ü It preserves complex traits by maintaining desirable gene combinations without genetic segregation. 

ü It enables seed-based clonal propagation, allowing easy storage, transport, and distribution of planting 

material. 

ü It simplifies breeding programs by enabling faster development and release of improved crop varieties. 

Challenges and Limitations of Synthetic Apomixis 

Synthetic apomixis, despite its transformative potential, faces several significant challenges. The genetic control 

of apomixis is highly complex, involving multiple genes and regulatory pathways that are not yet fully 

understood. Current engineered systems also exhibit low efficiency and stability, as they do not consistently 

achieve complete clonal seed production across generations or environments. A major biological constraint is 

endosperm development, which in many cases still requires fertilization, limiting the realization of fully 

autonomous apomixis. Additionally, precise spatial and temporal regulation of genes involved in apomeiosis and 

parthenogenesis remains difficult to achieve. The technology has shown success mainly in model plants and rice, 

with limited transferability to other major crops so far. There is also a risk of reduced genetic diversity due to 

continuous clonal propagation, which may increase vulnerability to pests, diseases, and environmental stresses. 

Furthermore, regulatory and biosafety concerns surrounding gene-edited crops, along with technical complexity 

and high implementation costs, pose additional barriers to large-scale adoption. 
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ABSTRACT 

Plants like all living beings need energy source. The energy needed by the plants are up taken in the form of 17 

essential elements. Among which Carbon, hydrogen, and oxygen are derived from surrounding. The remaining 

14 essential necessary elements are supplied either from rhizosphere and soil organic matter or by important 

organic or inorganic fertilizers. Each type of plant is unique and has an optimum nutrient range as well as a 

minimum requirement level. Below which, plants start to show nutrient deficiency symptoms. Excessive nutrient 

uptake can also cause poor growth because of toxicity. Soil and plant tissue tests have been developed to assess 

their nutrient content. By analysis, plant scientists determined the nutrient need of plant in a given soil. 

1. INTRODUCTION 

lants require various nutrients to grow, develop, and reproduce optimally. These nutrients are broadly 

classified into macronutrients and micronutrients based on the relative quantities required by plants. 

Macronutrients, which include nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and 

sulfur (S), are needed in larger amounts. On the other hand, micronutrients such as iron (Fe), manganese (Mn), 

boron (B), zinc (Zn), copper (Cu), molybdenum (Mo), chlorine (Cl), and nickel (Ni) are required in smaller 

quantities but are equally essential for plant growth and development. 

2. MACRONUTRIENTS  

2.1. NITROGEN (N) 

Nitrogen is available to plants in the form of nitrate (NO3ï ) , and ammonium (NH4+) ions 

Functions: 

¶ N is biologically combined with C, H, O, and S to create amino acids, which are the building blocks of 

proteins. Amino acids are used in forming protoplasm Since all plant enzymes are made of proteins, N 

is needed for all of the enzymatic reactions in a plant.  

¶ N is a major part of the chlorophyll molecule and is therefore necessary for photosynthesis.  

¶ N is a necessary component of several vitamins. N improves the quality and quantity of dry matter in 

leafy vegetables and protein in grain crops. 

¶ Promotes rapid vegetative growth. Gives plants healthy green color 

Deficiency symptoms: 

¶ Pale green to light yellow color (chlorosis) appearing first on older leaves, usually starting at the tips.  

¶ Stunted growth may occur because of reduction in cell division.  

¶ Reduced N lowers the protein content of seeds and vegetative parts. In severe cases, flowering is greatly 

reduced.  

¶ N deficiency causes early maturity in some crops, which results in a significant reduction in yield and 

quality. 

2.2. PHOSPHOROUS (P) 

Phosphorous is available to plants in the form of orthophosphate ions (HPO4 2 ï, H2PO4 ï). 

Functions: 

¶ In photosynthesis and respiration, P plays a major role in energy storage and transfer as ADP and ATP 

(adenosine di- and triphosphate) and DPN and TPN (di- and triphosphopyridine nucleotide).  

¶ P is part of the RNA and DNA structures, major components of genetic information. 
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¶ Seeds have the highest concentration of P in a mature plant, and P is required in large quantities in young 

cells, such as shoots and root tips, where metabolism is high and cell division is rapid.  

¶ P aids in root development, flower initiation, and seed and fruit development.  

¶ P has been shown to reduce disease incidence and has been found to improve the quality of certain crops. 

Deficiency symptoms: 

¶ Because P is needed in large quantities during the early stages of cell division, the initial overall symptom 

is slow, weak, and stunted growth.  

¶ P is relatively mobile in plants and can be transferred to sites of new growth, causing symptoms of dark 

to blue-green coloration to appear on older leaves of some plants. Under severe deficiency, purpling of 

leaves and stems may appear.  

¶ Lack of P can cause delayed maturity and poor seed and fruit development. 

2.3. POTASSIUM (K) 

Potassium is available to plants in the form of  ion K + 

Functions: 

¶ Unlike N and P, K does not form any vital organic compounds in the plant. However, the presence of K 

is vital for plant growth because K is known to be an enzyme activator that promotes metabolism. 

¶ K assists in regulating the plantôs use of water by controlling the opening and closing of leaf stomates, 

where water is released to cool the plant.  

¶ In photosynthesis, K has the role of maintaining the balance of electrical charges at the site of ATP 

production.  

¶ K promotes the translocation of photosynthates (sugars) for plant growth or storage in fruits or roots. 

Through its role assisting ATP production, K is involved in protein synthesis.  

¶ K has been shown to improve disease resistance in plants, improve the size of grains and seeds, and 

improve the quality of fruits and vegetables 

Deficiency symptoms: 

¶ Margins on leaves develop a scorched effect on the older leaves, because K is very mobile in the plant. 

¶ Because K is needed in photosynthesis and the synthesis of proteins, plants lacking K will have slow 

and stunted growth. 

¶ In some crops, stems are weak and lodging is common if K is deficient. The size of seeds and fruits and 

the quantity of their production is reduced. 

2.4. CALCIUM (Ca) 

Calcium is available to plants in the form of ion Ca2+   

Functions: 

¶ Ca has a major role in the formation of the cell wall membrane and its plasticity, affecting normal cell 

division by maintaining cell integrity and membrane permeability.  

¶ Ca is an activator of several enzyme systems in protein synthesis and carbohydrate transfer.  

¶ Ca combines with anions including organic acids, sulfates, and phosphates. It acts as a detoxifying agent 

by neutralizing organic acids in plants. Ca indirectly assists in improving crop yields by reducing soil 

acidity when soils are lime 

¶ Ca is essential for seed production in peanuts.  

Deficiency symptoms: 

¶ Ca is not mobile and is not translocated in the plant, so symptoms first appear on the younger leaves and 

leaf tips. The growing tips of roots and leaves turn brown and die.  

¶ Ca deficiency is not often observed in plants because secondary effects of high acidity resulting from 

soil calcium deficiency usually limit growth, precluding expressions of Ca deficiency symptoms.  

¶ Without adequate Ca, which in the form of calcium pectate is needed to form rigid cell walls, newly 

emerging leaves may stick together at the margins, which causes tearing as the leaves expand and unfurl. 

This may also cause the stem structure to be weakened. 
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¶ In some crops, younger leaves may be cupped and crinkled, with the terminal bud deteriorating. Buds 

and blossoms fall prematurely in some crops. 

2.5. MAGNESIUM (Mg) 

Magnesium is available to plants in the form of ion Mg2+ 

Functions: 

¶ Mg is as a major constituent of the chlorophyll molecule, and it is therefore actively involved in 

photosynthesis.  

¶ Mg is a co-factor in several enzymatic reactions that activate the phosphorylation processes.  

¶ Mg is required to stabilize ribosome particles and also helps stabilize the structure of nucleic acids. Mg 

assists the movement of sugars within a plant. 

Deficiency symptoms: 

¶ Mg is a mobile element and part of the chlorophyll molecule; the deficiency symptom of interveinal 

chlorosis first appears in older leaves.  

¶ Leaf tissue between the veins may be yellowish, bronze, or reddish, while the leaf veins remain green.  

¶ Corn leaves appear yellow-striped with green veins, while crops such as potatoes, tomatoes, soybeans, 

and cabbage show orange-yellow color with green veins.  

¶ Symptoms occur most frequently in acid soils and soils receiving high amounts of K fertilizer or Ca. 

Leaves abnormally thin. Tissue may dry & die. Leaves have tendency to curve upward 

2.6. SULFUR (S) 

Sulfur is available to plants in the form of sulfate ion SO4
2ï 

Functions: 

¶ S is essential in forming plant proteins as it is a constituent of certain amino acids.  

¶ It is actively involved in metabolism of the B vitamins biotin and thiamine and co-enzyme A.  

¶ S aids in seed production, chlorophyll formation, nodule formation in legumes, and stabilizing protein 

structure. Aids in the formation of oils . 

Deficiency symptoms: 

¶ Young leaves light green to yellowish in color. In some plants, older tissue may be affected also.  

¶ Younger leaves are chlorotic with evenly, lightly colored veins. In some plants (e.g., citrus) the older 

leaves may show symptoms first. Growth rate is retarded and maturity is delayed. Plant stems are stiff, 

thin, and woody.  

¶ Symptoms may be similar to N deficiency and are most often found in sandy soils that are low in organic 

matter and receive moderate to heavy rainfall. 

¶ Small spindly plants. Retarded growth and delayed maturity. Interveinal chlorosis on corn leaves 

3. MICRONUTRIENTS  

3.1. ZINC  (Zn) 

 Zinc is available to plants in the form of zinc ions Zn++ 

Functions: 

¶ Zn is required in the synthesis of tryptophan, which in turn is necessary for the formation of indole acetic 

acid in plants.  

¶ Zn is an essential component of several Metallo-enzymes in plants (variety dehydrogenases) and 

therefore is necessary for several different function in plant metabolism.  

¶ The enzyme carbonic anhydrase is specifically activated by Zn. Zn has a role in RNA and protein 

synthesis. 

Deficiency symptoms: 

¶ Interveinal chlorosis occurs on younger leaves, similar to Fe deficiency.  

¶ Zn deficiency is more defined, appearing as banding at the basal part of the leaf, whereas Fe deficiency 

results in interveinal chlorosis along the entire length of the leaf.  



 

Page | 109  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

¶ In vegetable crops, color change appears in the younger leaves first. The new leaves are usually 

abnormally small, mottled, and chlorotic.  

¶ In citrus, irregular interveinal chlorosis occurs with small, pointed, mottled leaves. Fruit formation is 

significantly reduced.  

¶ In legumes, stunted growth with interveinal chlorosis appears on the older, lower leaves. Dead tissue 

drops out of the chlorotic spots 

¶ Decreased stem length and resetting of terminal leaves  

3.2. IRON (Fe) 

Iron is available to plants in the form of  Fe2+,Fe3+ 

Functions: 

¶ Fe is essential in the heme enzyme system in plant metabolism (photosynthesis and respiration). The 

enzymes involved include catalase, peroxidase, cytochrome oxidase, and other cytochromes.  

¶ Fe is part of protein ferredoxin and is required in nitrate and sulfate reductions. Fe is essential in the 

synthesis and maintenance of chlorophyll in plants. Fe has been strongly associated with protein 

metabolism. 

Deficiency symptoms: 

¶ Leaves yellowish or white. (young leaves first) Veins green, affected leaves curl up. 

¶ Interveinal chlorosis in younger leaves. The youngest leaves maybe white, because Fe, like Mg, is 

involved in chlorophyll production. 

¶ Usually observed in alkaline or over-limed soils. 

3.3. COPPER (Cu) 

Copper is available to plants in the form of ion Cu++ 

Functions: 

¶ Cu is essential in several plant enzyme systems involved in photosynthesis.  

¶ Cu is part of the chloroplast protein plastocyanin, which forms part of the electron transport chain.  

¶ Cu may have a role in the synthesis and/or stability of chlorophyll and other plant pigments. 

Deficiency symptoms: 

¶ Reduced growth, distortion of the younger leaves, and possible necrosis of the apical meristem.  

¶ In trees, multiple sprouts occur at growing points, resulting in a bushy appearance. Young leaves 

becomes bleached, and eventually there is defoliation and dieback of twigs.  

¶ In forage grasses, young leaf tips and growing points are affected first. 

¶ Formation of gum pockets around central pith in oranges 

3.4. MANGANESE (Mn) 

Manganese is available to plants in the form of  Mn 2+,Mn3+ 

Functions: 

¶ Mn primarily functions as part of the plant enzyme system, activating several metabolic functions. It is 

a constituent of pyruvate carboxylase.  

¶ Mn is involved in the oxidation-reduction process in photosynthesis. Mn is necessary in Photosystem II, 

where it participates in photolysis. 

¶ Mn activates indole acetic acid oxidase, which then oxidizes indole acetic acid in plants. 

¶ Generally required with zinc in foliar spraying of Citrus. 

Deficiency symptoms: 

¶ Interveinal chlorosis of young leaves. Gradation of pale color next to veins.   

¶ In monocots, greenish-grey specks appear at the lower base of younger leaves. The specks may 

eventually become yellowish to yellow-orange.  

¶ In legumes, necrotic areas develop on the cotyledons, a symptom known as marsh spots. 

3.5. MOLYBDENUM  (Mo) 

Molybdenum is available to plants as molybdate, MoO4 
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Functions: 

¶ Required for N Utilization. Mo is a necessary component of two major enzymes in plants, nitrate 

reductase and nitrogenase, which are required for normal assimilation of N 

¶ Mo is required by soil microorganisms for nitrogen fixation in soils. legumes cannot fix atmospheric N 

symbiotically without Mb. 

Deficiency symptoms: 

¶ Deficiency symptoms resemble those of N because the function of Mo is to assimilate N in the plant. 

Older and middle leaves become chlorotic, and the leaf margins roll inwards.  

¶ In contrast to N deficiency, necrotic spots appear at the leaf margins because of nitrate accumulation.  

¶ Deficient plants are stunted, and flower formation may be restricted.  

¶ Mo deficiency can be common in nitrogen-fixing legumes. 

¶ Whiptail in cauliflower & yellow spotting in citrus. 

3.6. BORON (B) 

Boron is available to plants as borate, H3BO3 

Functions: 

¶ B is necessary in the synthesis of one of the bases for RNA formation and in cellular activities.  B has 

been shown to promote root growth.  

¶ B is essential for pollen germination and growth of the pollen tube.  

¶ B has been associated with lignin synthesis, activities of certain enzymes, seed and cell wall formation, 

and sugar transport. 

¶ Aids in assimilation of calcium, amount required is extremely small. 

Deficiency symptoms: 

¶ Death of terminal growth causing lateral buds to develop & produce "witches broom" effect.  

¶ Thickened, curled, wilted & chlorotic leaves. Soft & neurotic spots in fruit & tubers. Reduced flowering 

or improper pollination. 

¶ The symptoms are well defined and crop-specific, such as :peanuts: hollow hearts celery: crooked and 

cracked stem beets: black hearts papaya ,carnation: splitting of calyx .cabbage and cauliflower: pith in 

hollow stem. 

3.7. CHLORINE (Cl)  

Chlorine is available to plants as the chloride ion, Clï 

Functions : 

¶ Cl is essential in photosynthesis, where it is involved in the evolution of oxygen.  

¶ Cl increases cell osmotic pressure and the water content of plant tissues.  

¶ Cl reduces the severity of certain fungal diseases, e.g., take-all disease of wheat 

Deficiency symptoms: 

¶ Chlorosis of younger leaves and wilting of the plant. Deficiency seldom occurs because Cl is found in 

the atmosphere and rainwater. 

3.8. NICKLE (Ni)  

Nickle is available for plants as Nickle ion Ni2+ 

Functions: 

¶ Nickel serves as a cofactor for urease. Nickle also plays role in nitrogen metabolism, such as nitrate 

reductase activity and nitrogen fixation in legumes. 

¶ Nickel has been reported to stimulate seed germination in some plant . 

Deficiency symptoms: 

¶ Reduced urease activity and accumulation of urea Necrosis of leaf tips and margins. Reduced seed 

viability and germination 
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Abstract:  

Donkeys, scientifically known as Equus asinus, belong to the horse family Equidae. The National Livestock 

Mission has been taking several initiatives to prevent declining population levels of Donkeys. Major breeds of 

donkeys found in India are Halari, Kachchhi, Spiti, and Ladakhi. They are traditionally used as beasts of burden. 

Apart from carrying heavy goods, donkeys are raised for their high-quality milk. It resembles human milk and is 

used to treat infant malnutrition in several countries. Its milk is in high demand in the pharmaceutical and cosmetic 

industries. There are certain challenges and limitations, like low milk yield, illegal killing of animals for hides 

(skin), and lack of awareness, which hinder the growth of donkey farming. The government supports donkey 

farming by providing financial assistance. This article gives an overview of donkey farming and its prospects. 

Key Words: Donkeys, Equines, Donkey Farming, Donkey Milk, Livestock 

Introduction:  

nimals are an integral part of human life. People started domesticating animals thousands of years ago. They 

raise animals for mutual benefits. Humans depend on animals to meet day-to-day needs like diet, clothing, 

and occupational support. Many animals are employed in agriculture. Animals raised in a farm setup are known 

as livestock. 

 Donkeys are one of the important livestock species raised by farmers. Scientifically called Equus asinus, 

they belong to the horse family Equidae. Both male and female donkeys are reared. Jacks (male donkeys) are 

used to carry loads, while Jennies (female donkeys) are used for milking. Recently, the National Livestock 

Mission (NLM) has expanded its focus on donkey farming by providing financial assistances. This article focuses 

on the prospects of donkey farming and its prospects. 

Breeds of Donkeys: 

In India, there are four registered indigenous donkey breeds: Halari, Kachchhi, Spiti, and Ladakhi. 

1. Halari: Found mostly in Gujarat; docile in nature; used to pull carts and for milking. 

2. Kachchhi: Belongs to the Kutch region of Gujarat; relatively large in size; used in agriculture. 

3. Spiti: Native to Himachal Pradesh; hardy in nature; suitable for carrying goods at high altitudes. 

4. Ladakhi: Found in the Leh and Ladakh region; survives freezing temperatures and low oxygen levels. 
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Beast of Burden: 

Donkeys were previously used as beasts of burden. Even now, they are used to carry heavy goods. They are 

employed in different work areas. 

¶ Brick kilns: Used as pack animals. 

¶ Construction sites: To carry sand, bricks, gravel, etc. 

¶ Pilgrimage sites: To carry goods up hills 

¶ Markets: To transport goods like grains, vegetables, and fruits 

In South India, laundrymen use donkeys to carry clothes. 

It is evident that all these activities affect the welfare of the animal. 

Potential of Donkey Milk:  

Apart from being used as pack animals, donkeys are also used for milk production. Donkey milk resembles human 

milk and has great potential in the nutritional, pharmaceutical, and cosmetic industries. Donkey milk is yet not 

included under standardized food categories by Food Safety and Standards Authority of India (FSSAI), although 

guidance documents have been issued and commercial standards are still evolving. Several countries consume it 

and consider it a substitute for human breast milk. In earlier times, this milk was used as a medicine for infant 

malnutrition. The National Research Centre on Equines has been conducting research on donkey milk. 

Nutritional Aspects: 

Donkey milk is slightly alkaline with a pH of 7.2, which is similar to human milk. Bovine milk is slightly acidic. 

It is low in protein but contains essential amino acids similar to those in human milk. Due to low levels of casein, 

it is more palatable and becomes a healthy choice for people with allergies to cow milk. It is also rich in vitamins 

C and D. It has anti-ageing properties and is called the "elixir of youth." It contains lysozymes and lactoferrin, 

which contribute to its antimicrobial properties and make it less pathogenic. Due to the presence of antimicrobial 

substances, donkey milk is highly perishable and requires refrigeration its shelf life extends to 4 days at 4°C and 

it remains fresh for 9 hours when kept at 37°C. 

Donkey Milk Use in Cosmetics: 

In the cosmetic industry, it is used for its cleansing and hydrating properties. It possesses antioxidants that prevent 

ageing. The fat content in donkey milk nourishes the skin. It is widely used in the cosmetic industry to prevent 

early symptoms of ageing, reduce wrinkles, control acne, and treat skin conditions like psoriasis and eczema. 

Farmers can opt for contract farming with cosmetic companies for better profits. 

Market Demand & Export Opportunities:  

Donkey milk has high demand in the beauty products and healthcare sector, which Indian entrepreneurs can 

capture and turn into a profitable business. It has high demand in Europe and is also valued in India as a premium 

product ( 1,200ï 1,600 per litre). It is widely used in skincare and health products, and it can also be an 

alternative milk option for people with allergies. Donkey milk can be used to make many by-products, which 

have high demand in foreign countries. 

The industry is growing at about 17% annually, with exports reaching around $16 million in 2024. Major export 

markets include Bhutan, Singapore, and UAE. India is also improving donkey farming, and we should adopt a 

mix of technological and traditional methods. Anyone who wants to export must keep in mind that exports require 

proper registration, quality standards, and cold storage for safe transport. 

Challenges and Limitations: 

Major Challenges: 

ü Mechanization is replacing traditional donkey-based work. 

ü Weak marketing system for milk sales. 

ü Illegal skin trade (ejiao) and meat trade are reducing the donkey population. 

ü Poor awareness about health care and vaccination among farmers. 

ü Lack of proper government support and guidelines. 

ü Low public awareness and traditional non-acceptance of this farming. 

ü It is often considered inferior work, as donkeys are negatively portrayed as ñfoolishò animals. 
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Key Limitations: 

ü Low milk yield (0.2 to 1.5 litres per day). 

ü Slow growth and late maturity. 

ü Small milk capacity, requiring frequent milking. 

ü Social stigma towards donkey products. 

ü Limited market in India. 

ü Processing difficulties due to heat-sensitive milk. 

ü Requires proper training and skills. 

ü Lack of clear policies and regulations. 

ü FSSAI still not approved Donkey milk as food 

Government Support for Donkey Farming: 

¶ Main Scheme 

National Livestock Mission (NLM) 

50% subsidy (up to 50 lakh) for setting up farms 

Support for breeding, fodder, and infrastructure 

¶ Loans & Subsidy 

Under AHIDF: 3% interest subsidy 

Loan up to 90% project cost 

Low farmer investment (10 to 25%) 

¶ State Support & Insurance 

Active states: Karnataka, Telangana, Maharashtra, MP 

Insurance: Farmer pays 15%, govt pays rest 

* Subsidy and loan benefits vary depending on project and eligibility. 

¶ Training & Research 

By ICAR-National Research Centre on Equines Hisar, Haryana & Bikaner, Rajasthan 

Training & veterinary support (helpline 1962) 

Success Stories: 

1. Aby Baby from Kerala left his IT job and started donkey farming after years of research. He founded Dolphin 

IBA, producing cosmetic products like creams and shampoos. Despite early losses, he succeeded and now 

sells donkey milk at 5,000ï 6,000 per litre. His work is considered one of the successful donkey milk 

businesses in India. 

2. Dhiren Solanki from Gujarat chose farming over a government job. After initial struggles, he shifted to milk 

powder production for export and now runs a profitable farm earning lakhs every month. 

3. U. Babu from Tamil Nadu created ñThe Donkey Palaceò, the largest donkey farming network in India. With 

a network of 5,000 donkeys and 75+ farms, he produces milk, powder, and even uses dung and urine for 

medicinal and agricultural purposes. 

4. Pooja Kaul from Delhi founded Organiko, started a social enterprise to support donkey owners, helping many 

families increase their income through skincare products. 

5. Srinivas Gowda from Karnataka started Isiri Farm in 2022. He introduced a unique idea of selling milk in 

small sachets (30 ml). His farm received orders worth 17 lakh in just 15 days, showing strong market 

demand. 

These stories show that with the right idea and effort, donkey farming can become a successful and profitable 

business. 

Conclusion: 

The drowsy animal that once carried heavy goods is now a very good business opportunity. However, according 

to the National Livestock Mission's 2019 census, the population of donkeys has significantly reduced. To 

overcome this, the government has initiated schemes to boost donkey farming. Farmers can associate with 

industries through contract farming and earn a fixed income. Also, the government should develop proper 
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guidelines for donkey farming and ensure the welfare of the animals. Sometimes, exploring unexplored paths 

may yield extraordinary results. 
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Abstract 

As India pursues its Net Zero 2070 mandate, the transition from legacy forestry tools to high-fidelity digital 

inventories has become a strategic necessity. This article examines the technological evolution of the Local 

Volume Table (LVT) from a static timber manual to a dynamic, digital asset integrated into the National Transit 

Pass System (NTPS). By leveraging Terrestrial LiDAR (TLS), AI -driven regression modeling, and Blockchain 

traceability, Indian forestry is shifting toward individual-tree precision. This digital framework allows for non-

destructive biomass estimation and climate-smart yield forecasting, transforming traditional timber stands into 

transparent, monetized carbon assets essential for the Indian Carbon Market (ICM). 

Keywords: Local Volume Table (LVT), Terrestrial LiDAR (TLS), Carbon Sequestration, Digital Twin, Precision 

Silviculture 

Introduction  

he Local Volume Table (LVT) has been the Gold Standard and unseen foundation of Indian forestry for 

more than a century. These instruments enabled foresters to estimate timber volume using a single variable: 

Diameter at Breast Height (DBH), from the teak forests of Tamil Nadu to the Sal belts of Chhattisgarh. These 

were labor-intensive, manual products from a time when the main objective of Working Plans was timber 

extraction. 

However, these outdated tools are facing a crisis of relevance as we move closer to India's ambitious 2070 

Net Zero goals. Many tables are more than 50 years old and do not take into consideration the biomass stored in 

roots and foliage, changing rainfall patterns, and soil deterioration. In a time of climate stress, relying on such 

static data causes estimation drift, which puts our forest's carbon potential at risk of being underestimated. 

The stakes are different in 2026. The National Carbon Market and Green Credit Program are driving a 

significant change in the forester's toolkit. We are heading toward a digital framework where Site-Specific Digital 

Models, combined with drone-based multispectral imagery and Terrestrial LiDAR, are inevitable. A stand is now 

more than just standing timber; it is a carbon asset that can be sold, guaranteeing that every cubic meter of wood 

is mapped with the scientific accuracy needed to secure India's ecological future. 

Local Volume Table (LVT): Precision at the Division Level 

The Local Volume Table (LVT) serves as a high-resolution lens in the hierarchical field of forest measurement, 

capturing the distinct growth patterns of a particular Forest Division. The LVT is purposefully localized, whereas 

General Volume Tables (GVT) provide broad national averages (FSI, 2022). A Teak tree in the humid Anamalai 

Hills of Tamil Nadu will have a vastly different volume than one in the arid regions of Rajasthan, even though 

their diameters are the same. This specificity is crucial because trees have biological reflections of their 

surroundings. The LVT enables field workers to quickly estimate timber stock even in dense or hilly canopies by 

linking volume to a single, easily accessible variableðDiameter at Breast Height (DBH). 
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 The LVT experienced a digital transformation by 2026. These tables are now hard coded into India's 

National Transit Pass System (NTPS). With the help of this One Nation, One Pass integration, foresters can enter 

the circumference of a tree into a mobile app, which instantly retrieves appropriate local data to create a permit 

with a QR code (MoEFCC, 2024). This change removes the possibility of volume inflation and guarantees that 

the movement of timber is supported by accurate, site-specific mathematical models (Chavan et al., 2023). 

 The sophisticated regression models and Form Factor modifications are what give the modern LVT its real 

power. The advanced statistical models, such as the combined variable model (V = a + bD2H) or single-entry 

models (V = + bD + cD2) ensure high-fidelity estimates. These models now take into consideration the precise 

fullness or taper of the stem for species that grow quickly, such as Melia dubia or Casuarina. The LVT is the best 

tool for equitable economic valuation and tactical forest management at the local level because of its localization. 

II. Site-Specific Volume: Moving Beyond the Average Tree 

Every tree in a block was frequently viewed as a carbon copy of its neighbor in the traditional forestry method. 

But by 2026, individual-tree precision has replaced stand-level guesses. This change recognizes that a tree form, 

the particular way it tapers from root to tip, is a biological autobiography of its existence. For example, a species 

that grows in a sheltered valley in the Western Ghats will develop a very different taper than a species that grows 

in a windy coastal belt in Odisha. 

Terrestrial LiDAR (TLS) is one of the driving forces behind this accuracy. Foresters now use Digital Eyes 

to perform Non-Destructive Sampling in place of the destructive and conventional method of felling trees to 

determine volume. Researchers at organizations like FRI can produce a 3D Digital Twin of each standing stem 

in a matter of minutes by using a portable device to scan a plot. This makes it possible to determine the precise 

merchantable volume, or the amount of valuable sawlog, pole wood, and pulpwood that can be extracted without 

ever coming into contact with an axe. Key Advancements in Precision Modeling: 

1) AI -Driven Form Factors: The standard taper assumption has been dropped in contemporary site-specific 

models. Now they use AI-driven regression models, which were recently refined for species such as Melia 

dubia and Casuarina, to account for the way that localized wind patterns and soil nutrients change the shape 

of trees. 

2) Segmented Valuation: Foresters can value in-demand species, such as rosewood or sandalwood, down to 

the last cubic centimeter by digitally dissecting the stem. 

By eliminating uncertainty from forest inventory, this site-specific method guarantees that timber is managed as 

a precisely mapped and valued asset rather than merely as a bulk commodity (Das & Singh, 2023). 

 

Figure 2. Terrestrial LiDAR  
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IV. Local Yield Tables: Forecasting Growth  

The volume table is a snapshot of our current inventory, while the Local Yield Table (LYT) gives an estimate of 

future forest productivity. It delivers a dimensioned indicative statement of the anticipated amount per hectare at 

different age intervals for a particular site quality, enabling forest managers to estimate projected total yield over 

10, 20, or 50 years. However, the yield tables developed in the 1970s often fail to account for the climatic 

wildcards of 2026, such as erratic monsoon patterns and prolonged heatwaves, which significantly alter traditional 

growth trajectories. With the rise of private plantations, yield tables are being developed specifically for Farm-

Grown timber. Recent 2025-26 studies in Tamil Nadu have shown that farm-grown Teak follows a completely 

different yield curve than forest-grown Teak due to irrigation and fertilization. 

Optimizing harvest at this biological sweet spot is essential for several reasons: 

¶ Maximizing Economic Return: It ensures that the timber is harvested at its peak volume accumulation 

before growth rates begin to decline. 

¶ Resource Efficiency: It prevents the unnecessary occupation of land by stagnant crops, allowing for 

faster rotation cycles. 

¶ Carbon Accounting: It provides a verifiable baseline for expected carbon sequestration, a prerequisite 

for participation in the Indian Carbon Market (ICM). 

Indian forestry is moving toward a highly effective, data-driven Green Economy where future supply can be 

predicted with previously unheard-of scientific accuracy by switching from static paper records to these dynamic, 

site-specific yield models. 

V. From Digital Twins to Blockchain 

The data generated by site-specific tables is now becoming digital currency. By linking Digital Twins to 

Blockchain technology, we ensure absolute traceability. This integration solves the century-old problem of the 

leaky supply chain. When a tree is measured using a site-specific LVT, the data is uploaded to a decentralized 

ledger, creating an unalterable record from forest to consumer. For high-value species like Sandalwood, this 

provides a Digital Certificate of Origin. Furthermore, by hosting yield forecasts on a blockchain, developers 

provide investors with Proof of Growth. If satellite scans confirm a plantation is hitting its MAI targets, carbon 

credits can be released automatically through Smart Contracts. This level of transparency is transforming forestry 

into a high-integrity, tech-driven industry (Vashum & Jayakumar, 2022). 

VI. Conclusion  

A notable change in the way India values its natural capital can be seen in the transition from static paper ledgers 

to dynamic, site-specific digital models. We are finally bringing forestry practices into line with the pressing 

demands of the global climate crisis by eschewing average estimations and adopting individual-tree precision. 

The Local Volume Table has given up its traditional appearance in favor of a digital soul as we consider 

India's Net Zero 2070 commitments. Forests are no longer seen as merely timber reserves thanks to the integration 

of LiDAR-derived Digital Twins, AI-driven yield forecasting, and Blockchain traceability. Instead, they are 

recognized as high-integrity, transparent assets driving a robust Green Economy. Everyone is empowered by this 

data-driven revolution, from local farmers to national policymakers. India is securing a future in which its forests 

flourish as the fundamental lungs of a sustainable, climate-resilient economy by making sure every cubic 

centimeter of wood is precisely mapped and every ton of carbon is scientifically verified. 
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India stands at a transformative crossroads where digital innovation intersects with its deeply rooted agro-based 

economy. Agriculture continues to sustain nearly half of the countryôs population, yet it faces persistent 

challengesðfragmented landholdings, climate variability, market inefficiencies, and legal bottlenecks. At the 

same time, the nationôs ambitious digital transformation has begun reshaping governance, service delivery, and 

institutional frameworks. 

 The convergence of digitalization and legal reform represents a critical pathway toward strengthening 

institutional efficiency within Indiaôs agro-based economy. It facilitates the development of a transparent, 

accountable, and inclusive legal framework that underpins sustainable agricultural growth. Digital legal 

mechanisms, including e-courts and blockchain-enabled land record systems, extend beyond technological 

modernization to function as instruments of structural transformation. By enhancing tenure security, expediting 

dispute resolution, and improving access to justice, these innovations reinforce farmersô rights and institutional 

trust. Consequently, they contribute significantly to rural resilience, equity, and long-term sustainability. 

1.1 Digital India: A Transformative Vision  

The Digital India initiative has fundamentally transformed governance paradigms by prioritizing connectivity, 

robust digital infrastructure, and citizen-centric service delivery. Anchored in key pillars such as digital identity, 

mobile penetration, and data-driven governance, it has created a strong foundation for inclusive and participatory 

growth. These advancements have been particularly significant in rural landscapes, where digital platforms now 

facilitate direct benefit transfers, streamline crop insurance claims, and enhance farmersô access to real-time 

market information. 

 Despite these strides, the legal architecture underpinning the agricultural sector has not progressed at a 

commensurate pace. It continues to be constrained by procedural inefficiencies, limited transparency, and 

inadequate accessibility for rural stakeholders. Such systemic gaps undermine the full potential of digital 

interventions in agriculture. Therefore, the integration of digital technologies into the legal ecosystem becomes 

imperative. Bridging this institutional divide is essential to ensure that the gains of technological innovation are 

effectively translated into equitable, tangible, and sustainable outcomes for farmers. 

1.2 Agro-Based Indian Economy: Challenges and Opportunities 

Agriculture remains the backbone of Indiaôs economy, contributing significantly to employment and food 

security. Yet, the sector is constrained by structural and institutional challenges: 

¶ Land disputes and unclear titles: Land disputes and unclear titles remain a persistent challenge in Indiaôs 

agro-based economy, largely due to fragmented holdings, outdated land records, and overlapping claims of 

ownership. Ambiguities in title documentation often lead to prolonged legal conflicts, delaying agricultural 

decision-making and investment. Such disputes not only burden the judicial system but also create 

uncertainty for farmers, limiting their access to institutional credit and government benefits. Resolving these 

issues through transparent and digitized land records is therefore critical for ensuring security and 

productivity in agriculture.  
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¶ Delayed justice delivery in agricultural cases: Delayed justice delivery in agricultural cases is a major 

constraint on rural development, often arising from judicial backlogs, procedural complexities, and limited 

access to legal services. Prolonged litigation in matters such as land disputes, tenancy rights, and contract 

enforcement creates uncertainty and financial stress for farmers. This delay discourages investment and 

timely decision-making in agriculture. Ensuring faster, technology-enabled dispute resolution is therefore 

essential for protecting farmersô interests and strengthening the agro-economy.  

¶ Inefficient contract enforcement: Inefficient contract enforcement remains a critical bottleneck in Indiaôs 

agro-based economy, particularly in areas such as contract farming and agri-business agreements. Weak 

monitoring mechanisms, lengthy legal procedures, and limited awareness among farmers often result in 

breaches going unaddressed. This undermines trust between farmers, traders, and agribusiness firms, 

discouraging formal partnerships and investment. Strengthening enforcement through digital legal tools and 

streamlined processes is essential for ensuring accountability and promoting a more reliable agricultural 

market ecosystem.  

¶ Limited access to legal awareness among farmers: Limited access to legal awareness among farmers 

remains a significant barrier to equitable participation in the agricultural economy. Many farmers are 

unfamiliar with their rights, contractual obligations, and available legal remedies, making them vulnerable to 

exploitation. This knowledge gap is further widened by low digital literacy and inadequate outreach in rural 

areas. Enhancing legal literacy through digital platforms, local language resources, and extension services is 

essential for empowering farmers and ensuring informed decision-making. 

These issues not only hinder productivity but also discourage investment and innovation. A digitally empowered 

legal system can address these constraints by ensuring timely dispute resolution, secure land ownership, and 

enforceable agreements. 

2.1 Digitalization of the Legal System: An Overview 

The digital transformation of Indiaôs legal system has gained momentum through initiatives such as: 

¶ E-Courts Mission Mode Project ï represents a significant step toward modernizing Indiaôs judicial system 

through digital transformation. It enables online case filing, virtual hearings, and the maintenance of digital 

records, thereby reducing dependence on physical infrastructure. This initiative enhances transparency, 

improves efficiency, and minimizes delays in judicial processes. For rural stakeholders, especially farmers, 

it facilitates easier access to justice by saving time, travel, and associated costs. 

¶ National Judicial Data Grid (NJDG) ï a landmark initiative that enhances transparency and accountability 

within Indiaôs judicial system. It provides real-time access to case status, pendency, and disposal rates across 

courts, enabling better monitoring and informed decision-making. By making judicial data publicly 

accessible, it empowers litigants, policymakers, and researchers alike. For the agricultural sector, such 

transparency helps farmers track their cases efficiently and reduces uncertainty associated with prolonged 

litigation. 

¶ Online Dispute Resolution (ODR) platforms ï represent a transformative approach to resolving disputes 

through digital means, offering faster and more cost-effective alternatives to traditional litigation. By 

enabling virtual negotiation, mediation, and arbitration, ODR minimizes the need for physical court 

appearances and reduces procedural delays. This is particularly beneficial for farmers and rural stakeholders 

who face constraints of distance, time, and resources. Ultimately, ODR enhances access to justice, promotes 

timely conflict resolution, and supports a more efficient and inclusive legal ecosystem. 

These innovations enhance transparency, reduce delays, and improve access to justiceðespecially for rural 

populations who often face barriers in navigating conventional legal systems. 

2.2 Strengthening Land Governance through Digital Legal Tools 

Land is the most critical asset in an agro-based economy. Digitization of land records, integration of cadastral 

maps, and use of technologies like GIS and blockchain can revolutionize land governance. Key benefits include: 

¶ Clear and tamper-proof digital land records significantly reduce disputes by eliminating ambiguities in 

ownership and boundaries. With transparent and verifiable data, the scope for fraud, duplication, and 
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conflicting claims is minimized. This ensures greater security for farmers and promotes stability in 

agricultural operations. 

¶ Secure and digitally verified land titles enhance farmersô credibility, enabling them to use land as reliable 

collateral for institutional credit. This improves access to formal financing from banks and reduces 

dependence on informal lenders. As a result, farmers can invest more confidently in productivity and 

sustainable agricultural practices.  

¶ Enhanced planning and resource management become possible through accurate and digitized land and 

agricultural data. With reliable information on land use, soil, and ownership, policymakers and farmers can 

make informed decisions regarding cropping patterns, irrigation, and input utilization. This leads to improved 

efficiency, reduced resource wastage, and more sustainable agricultural practicesDigital land records also 

support climate-resilient agriculture by enabling better land-use planning and monitoring. 

3.1 E-Courts and Access to Justice for Farmers 

The introduction of e-courts has significantly improved access to justice in rural India. Farmers can now: 

¶ File cases online without traveling long distances  

¶ Attend virtual hearings, reducing time and cost  

¶ Track case progress transparently  

This shift is particularly impactful in resolving agricultural disputes such as land ownership conflicts, tenancy 

issues, and contract farming disagreements. Faster resolution of such cases contributes directly to economic 

stability and productivity. 

3.2 Legal Digitalization and Sustainable Development Goals (SDGs) 

Digital legal systems align closely with the United Nations Sustainable Development Goals, particularly: 

¶ SDG 2 (Zero Hunger) ï advanced through digital and legal innovations that enhance agricultural 

productivity and efficiency. Improved access to timely information, secure land rights, and faster dispute 

resolution enables farmers to optimize production and reduce losses. This contributes to food security, better 

livelihoods and sustainable agricultural growth. 

¶ SDG 9 (Industry, Innovation, Infrastructure)  ï strengthened through the development of robust digital 

infrastructure that supports modern governance and legal systems. Digital platforms, e-courts, and data 

networks enhance efficiency, innovation, and connectivity across sectors. This fosters inclusive growth, 

improves service delivery, and builds a resilient foundation for sustainable economic development. 

¶ SDG 16 (Peace, Justice, Strong Institutions) ï advanced by ensuring equitable and timely access to justice 

through digital legal systems. Initiatives such as e-courts and online dispute resolution enhance transparency, 

reduce delays, and strengthen institutional accountability. This fosters trust in governance and promotes a 

more just, inclusive, and stable society. 

By strengthening institutions and promoting transparency, legal digitalization creates an enabling environment 

for sustainable agricultural growth. 

3.3 Empowering Farmers through Legal Awareness and Digital Literacy 

Technology alone is not sufficient; its effectiveness depends on user awareness and accessibility. Farmers must 

be equipped with: 

¶ Digital literacy skills  - enable individuals, especially farmers, to effectively access and use digital tools, 

platforms, and services. These skills are essential for navigating e-governance systems, online markets, and 

digital legal resources. Enhancing digital literacy ensures greater inclusion, informed decision-making, and 

improved participation in the modern agro-economy. 

¶ Awareness of legal rights and processes - empowers farmers to understand entitlements related to land, 

contracts, and government schemes. It enables them to seek timely remedies, avoid exploitation, and 

participate confidently in formal systems. Strengthening such awareness is crucial for ensuring justice, 

accountability, and inclusive development in rural areas. 

¶ Access to user-friendly platforms in local languages - ensures that farmers can easily understand and 

utilize digital and legal services without linguistic barriers. It enhances inclusivity by making information, 
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applications, and grievance mechanisms more accessible to rural populations. Such localization is essential 

for effective participation, better decision-making, and equitable delivery of services.  

Government agencies, academic institutions, and civil society organizations have a crucial role in bridging this 

knowledge gap. Mobile-based legal advisory services and AI-driven chatbots can further democratize access to 

legal information. 

4.1 Challenges in Legal Digitalization 

Despite its promise, digitalization of the legal system faces several challenges: 

¶ Digital divide in rural areas - refers to unequal access to internet connectivity, digital devices, and 

technological infrastructure. This gap limits farmersô ability to benefit from e-governance, digital legal 

systems, and online agricultural services. Bridging this divide is essential to ensure inclusive growth, 

equitable access to opportunities, and the success of digital transformation initiatives. 

¶ Limited infrastructure and connectivity  - major constraints in rural regions, affecting access to reliable 

internet, electricity, and digital services. These gaps hinder the effective implementation of e-governance and 

digital legal systems. Strengthening physical and digital infrastructure is therefore essential to ensure 

seamless service delivery and inclusive development. 

¶ Data privacy and cybersecurity concerns - pose significant challenges in the digitalization of legal and 

agricultural systems. Sensitive information related to land records, financial transactions, and personal 

identities is vulnerable to breaches and misuse. Ensuring robust data protection frameworks and secure digital 

infrastructure is essential to build trust and safeguard stakeholders in the digital ecosystem. 

¶ Resistance to change within institutions - often arises from entrenched practices, lack of digital skills, and 

apprehension toward new technologies. This can slow the adoption of digital legal systems and limit their 

effectiveness. Addressing this requires capacity building, training, and a shift toward a more adaptive and 

innovation-friendly institutional culture. 

Addressing these challenges requires coordinated efforts involving policy reforms, capacity building, and 

investment in infrastructure. 

4.2 Action Agenda 

To fully harness the potential of digital legal systems for agro-based development, the following measures are 

essential: 

¶ Strengthening rural digital infrastructure - essential to provide reliable connectivity and ensure seamless 

access to e-governance and legal services. It enables inclusive participation and maximizes the benefits of 

digital transformation in rural areas. 

¶ Integrating legal and agricultural databases - enables seamless information flow between land records, 

court systems, and agricultural services. This reduces duplication, improves transparency, and supports faster 

decision-making for farmers and policymakers. 

¶ Promoting Online Dispute Resolution (ODR) - enables quicker, cost-effective settlement of agricultural 

disputes through digital mediation and arbitration. It reduces court burden and ensures timely justice for 

farmers. 

¶ Ensuring data security and privacy protections - vital to safeguard sensitive information related to land 

records, finances, and personal identities. Robust frameworks and secure digital systems help build trust and 

ensure the safe adoption of digital legal services. 

¶ Encouraging public-private partnerships - fosters innovation by leveraging the expertise and resources of 

both sectors. Such collaborations can accelerate the development of efficient digital legal solutions and 

expand access to justice.  

5.1 Way Forward 

The trajectory of Indiaôs agro-economy will increasingly depend on how effectively technological advancements 

are integrated with governance and legal frameworks. Emerging technologies such as artificial intelligence, 

blockchain, and big data analytics are set to redefine the functioning of legal institutions by enhancing efficiency, 

transparency, and responsiveness. These innovations hold the potential to minimize delays, improve the precision 
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of decision-making, and strengthen institutional trustðkey elements for a robust and sustainable agricultural 

economy. 

 A transformative paradigm is already taking shape. Blockchain-enabled land records can ensure swift and 

tamper-proof resolution of disputes, significantly reducing ambiguity and fraud. Smart contracts offer the promise 

of automatic, transparent, and enforceable agreements between farmers and stakeholders, thereby minimizing 

conflicts. Simultaneously, AI-driven platforms can provide real-time legal assistance, empowering farmers with 

timely guidance and informed decision-making. Collectively, these advancements point toward a proactive, 

accessible, and resilient legal ecosystem aligned with the needs of rural India. 

 In this context, the digitalization of Indiaôs legal system must be viewed not merely as administrative reform 

but as a cornerstone of sustainable development. By fostering transparency, efficiency, and inclusivity, digital 

legal frameworks can empower farmers, reduce socio-economic disparities, and reinforce the agro-based 

economy. As India continues its digital journey, the integration of legal innovation with agricultural development 

will be crucial in shaping a resilient and equitable future. Ultimately, a digitally enabled justice system is not just 

about faster courtsðit is about building a fair, inclusive, and prosperous nation where every farmer can 

confidently access timely and effective justice.  
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Introduction  

onjac powder is gaining widespread attention in food science, nutrition, and functional food development 

due to its unique physicochemical and health-promoting properties. It is derived from the tuber of the plant 

Amorphophallus konjac, primarily cultivated in East and Southeast Asia. The major bioactive component of 

konjac powder is glucomannan, a water-soluble dietary fiber known for its exceptional viscosity and water-

holding capacity (Arnarson, 2023). 

 In recent years, konjac powder has emerged as a promising ingredient in low-calorie foods, dietary 

supplements, and health-oriented formulations. Its multifunctional properties make it valuable not only in food 

processing but also in pharmaceutical and nutraceutical industries. 

What is Konjac Powder? 

Konjac powder is obtained from the tuber (corm) of the plant Amorphophallus konjac, commonly known as 

elephant yam, devilôs tongue, or voodoo lily. This plant is native to parts of Asia, particularly China, Japan, and 

Southeast Asia, where it has been used for centuries in traditional foods and herbal medicine. Konjac powder is 

obtained by drying and milling the corm (underground stem) of the konjac plant. 

 The primary component of konjac powder is glucomannan, a water-soluble dietary fiber that accounts for a 

significant portion of its dry weight. This fiber is known for its extraordinary ability to absorb water and form a 

highly viscous gel. When mixed with water, it can absorb up to 50 times its weight, forming a thick gel-like 

substance, making it one of the most effective natural thickening and gelling agents available. 

Composition and Functional Characteristics 

Konjac powder mainly consists of glucomannan (approximately 40ï60%), along with small amounts of starch, 

protein, and minerals. Glucomannan is a polysaccharide composed of glucose and mannose units linked by ɓ-1,4 

bonds, contributing to its high viscosity and gel-forming ability. 

 One of the most distinctive features of glucomannan is its capacity to absorb water up to 50 times its weight, 

forming a highly viscous gel (Cleveland Clinic, 2024). This property makes konjac powder an effective thickener, 

stabilizer, and fat mimetic in various food applications. 

Functional Properties of Konjac Powder 

Konjac powder has several unique functional properties that make it valuable in food formulation: 

1. High Water Absorption and Gel Formation 

Konjac powder forms a strong gel when hydrated, making it useful as a thickener, stabilizer, and fat replacer. 

Konjac powder acts as a natural thickener in soups, sauces, and beverages, often replacing synthetic additives. 

2. High Viscosity 

It produces highly viscous solutions even at low concentrations, which helps in improving texture and mouthfeel 

in food products. 

3. Fat Replacement Ability 

Due to its gel-like structure, konjac can mimic the texture of fat in low-fat foods. 

4. Low-Calorie Nature 

Konjac contains almost no digestible calories, making it suitable for weight management foods. 

5. Prebiotic Effect 

It acts as a substrate for beneficial gut bacteria, supporting microbiome health. 
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6. Stabilizing and Emulsifying Properties 

It helps stabilize emulsions and improves the texture of processed foods. 

7. Film-Forming Ability  

Konjac can form edible films and coatings, useful in food packaging and edible cutlery development. 

Health Benefits of Konjac Powder 

1. Supports Weight Management 

Konjac powder expands in the stomach by absorbing water, increasing satiety and reducing hunger. This can lead 

to reduced calorie intake and gradual weight loss. Studies show that glucomannan supplementation can support 

weight reduction when combined with a calorie-controlled diet (Arnarson, 2023). 

2. Improves Digestive Health 

As a soluble fiber, konjac helps regulate bowel movements and prevent constipation. It increases stool bulk and 

improves gut transit time (Verywell Health, 2023). 

3. Helps Control Blood Sugar 

Konjac slows down carbohydrate digestion and glucose absorption, leading to more stable blood sugar levels. 

This makes it beneficial for people with diabetes or insulin resistance (Cleveland Clinic, 2024). 

4. Lowers Cholesterol 

Glucomannan can bind to cholesterol in the digestive tract and reduce its absorption. Regular intake has been 

associated with reductions in low-density lipoprotein cholesterol levels (Healthline, 2026). 

5. Enhances Gut Microbiota 

As a prebiotic fiber, konjac promotes the growth of beneficial intestinal bacteria, which supports overall gut health 

and immunity (Verywell Health, 2023). 

Applications in Food Industry 

Konjac powder is widely used across various sectors of the food industry due to its multifunctional properties. 

1. Noodles and Pasta 

Shirataki noodles are one of the most popular konjac-based products. They are low-calorie and widely used in 

weight-loss diets. 

2. Thickening Agent 

It is used in soups, sauces, gravies, and desserts as a natural thickener. 

3. Fat Replacer 

Konjac is used in bakery and dairy products to reduce fat content while maintaining texture. 

4. Gel Formation 

Used in jellies, gummies, and dessert products. 

5. Gluten-Free Products 

It is used in gluten-free formulations to improve structure and elasticity. 

6. Meat and Dairy Alternatives 

It is used as a binder and texture enhancer in plant-based meat products and dairy alternatives. 

7. Edible Films and Coatings 

Due to its film-forming properties, konjac is used in edible packaging and biodegradable food coating. 

Role in Modern Functional Foods 

With growing consumer interest in low-calorie, high-fiber, and plant-based foods, konjac powder plays a major 

role in functional food development. It aligns well with trends such as: 

¶ Weight management diets  

¶ Keto and low-carb diets  

¶ Clean label food formulations  

¶ Gluten-free product development  

¶ Gut-health-focused nutrition  

Food scientists are increasingly exploring konjac as a fat replacer and texture modifier in dairy, bakery, and meat 

analog products. 
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Market Trends and Demand 

The demand for konjac powder is steadily increasing due to rising consumer awareness of health and nutrition, 

particularly the preference for low-calorie, high-fiber, and plant-based food products. The growing popularity of 

weight management diets, such as keto and diabetic-friendly diets, has further boosted its market potential. 

Additionally, the clean-label movement and demand for natural food additives have encouraged food industries 

to adopt konjac powder as a fat replacer, thickener, and stabilizer. Expansion of the functional food and 

nutraceutical sectors, along with increasing global interest in sustainable and biodegradable ingredients, is also 

driving the growth of the konjac market worldwide. 

Recent Research Trends 

Recent research on konjac powder is focused on enhancing its functional and nutritional applications in modern 

food systems. Studies are exploring its use in plant-based meat analogues to improve texture and water retention, 

as well as in 3D food printing for developing customized and structured food products. Researchers are also 

investigating its potential in encapsulating bioactive compounds for controlled release in functional foods and 

pharmaceuticals. Furthermore, advancements are being made to modify glucomannan properties to improve its 

sensory characteristics and compatibility with other ingredients, thereby expanding its application in diverse food 

formulations. 

Safety and Limitations 

Konjac powder is generally safe for consumption when used in moderate amounts; however, it should always be 

taken with sufficient water due to its high swelling capacity. Inadequate hydration may lead to choking or 

blockage in the throat or digestive tract, especially when consumed in dry or concentrated forms. Excessive intake 

can cause gastrointestinal discomfort, including bloating, gas, and diarrhea. Additionally, very high consumption 

may interfere with the absorption of certain nutrients. Therefore, proper formulation, controlled dosage, and 

adequate hydration are essential to ensure its safe use in food and dietary applications (Healthline, 2026). 

Future Scope 

The future scope of konjac powder lies in its expanding applications in functional foods, particularly in the 

development of low-calorie, high-fiber, and plant-based products aimed at improving human health. It has strong 

potential as a fat replacer and texture enhancer in bakery, dairy, and meat analogue formulations, aligning with 

the growing demand for clean-label and sustainable foods. Additionally, konjac powder can be utilized in the 

formulation of functional beverages and nutraceutical products targeting weight management, diabetes control, 

and gut health. Its biodegradable and film-forming properties also offer promising opportunities in the 

development of edible coatings and eco-friendly packaging materials. Furthermore, advancements in food 

processing technologies and ingredient optimization are expected to improve its sensory attributes, thereby 

increasing its acceptability and commercial viability in the global market. 

Conclusion 

Konjac powder is a versatile natural ingredient with significant potential in food science and nutrition. Its key 

component, glucomannan, offers multiple health benefits including weight management, improved digestion, 

cholesterol reduction, and better blood sugar control. In food processing, it serves as a powerful thickener, fat 

replacer, and stabilizer, making it highly valuable in modern functional food development. However, proper usage 

and hydration are essential to ensure safety and effectiveness. With increasing demand for healthy and functional 

foods, konjac powder is expected to play an important role in future food innovation. 
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Introduction  

ith the growing need for better forest management, there is an increasing demand for accurate, affordable, 

and easy-to-use measurement tools. Mobile technology has transformed forest measurement by making it 

faster, simpler, and more cost-effective than traditional methods. Today, smartphones and tablets equipped with 

cameras, sensors, and LiDAR can measure tree diameter and height with reasonable accuracy. Mobile apps and 

augmented reality tools help foresters estimate diameter at breast height (DBH) and tree height directly in the 

field, reducing the need for instruments like callipers and clinometers. These tools make data collection easier, 

reduce human errors, and allow information to be stored and shared digitally, saving time and effort. Compared 

to advanced technologies like terrestrial laser scanning (TLS) and drones, mobile devices are more affordable and 

user-friendly, making them suitable for both large forest surveys and small landowners. Although some 

limitations still exist, especially in dense forests, mobile technology continues to improve and serves as a practical 

bridge between traditional methods and advanced techniques. 

The paradigm shift from traditional use to modern technologies 

Single tree measurements are the smallest part of forest surveying and serve as the foundation for forest biometry. 

Individual treeôs physical attributes, such as age, species, stem diameter, height, form condition, and crown 

characteristics, are generally taken. Among these diameter and tree height was most important parameter used for 

enumeration. Traditional forest mensuration mainly use simple tools like tree callipers, diameter tapes, Biltmore 

sticks, and clinometers. Foresters measure diameter at breast height (DBH) using tapes or callipers at a height of 

1.37 meters above the ground, while tree height is calculated using basic trigonometry methods. The accuracy of 

tree height measurements can be impacted by a number of factors, including topography, tree species, tree shape, 
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stand complexity and occlusions. These techniques are popular because they are simple, reliable, and affordable 

but it consume lot of time and require trained skills, especially working in large forest areas. More advanced tools 

like relascopes, laser devices, and ultrasonic hypsometers can improve accuracy, reduce time and faster collection 

of data Passive sensors, like RGB cameras have the potential for 3D reconstruction and scanning point clouds 

that improve individual tree-level information collection. Active sensors with LiDAR-equipped smartphones 

provide precise quantitative measurements. The combination of passive and active sensing techniques has proven 

significant potential for comprehensive data collection. Traditional methods are still very important as they are 

used as standard reference methods to check and validate modern technologies like drones, laser scanning, and 

mobile-based measurement systems, keeping them relevant in both forestry practice and research. 

 

 

 

 

 

 

 

 

 

 

Key Mobile Applications for Tree Measurement 

1. Forest Scanner App 

 Forest Scanner is a free iOS app for LiDAR-equipped iPhones and iPads that captures real-time 3D point clouds 

to measure tree stem diameter within a 5 m range. It uses the YOLACT deep learning model for stem detection 

and the Levenberg Marquardt algorithm for circle fitting to estimate diameter, with a recommended minimum 

detectable diameter of 5ï10 cm. The app tracks relative position via IMU and absolute location via GPS, and 

allows users to scan multiple trees in a single session, add species and notes, and export a tree list with diameter, 

coordinates, and species data via email or AirDrop. 

  

Figure 3. diameter measurement using 

calliper 
Figure 4. Trigonometric method of tree height 

measurement 

Figure 5. Screenshots of Forest Scanner app 
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2. Working Trees App 

Working Trees is a mobile app that measures tree diameter at 1.3 m height using a smartphone camera and SLAM 

photogrammetry. It also lets users set up sampling plots, view trees on an interactive map, and export data via an 

API. The app runs on Apple iOS and uses ARKit, which combines camera, gyroscope, and accelerometer data to 

measure distances without requiring LiDAR, making it compatible with older iPhone models as well. It measures 

distance by tracking objects through the camera, estimating movement, and building a 3D surface to calculate 

distances. Besides diameter, it also collects tree height, GPS location, species, date, and images. An Android 

version is in development. 

3. The iPhone Measure App 

The iPhone Measure App is a free built-in iOS application that uses ARKit and the device camera to measure 

real-world distances, including tree diameter at breast height (DBH). A study in the European Journal of Forest 

Research evaluated its accuracy across 888 trees in a mixed forest, comparing results with traditional calliper 

measurements. The results showed reasonable performance for a free tool, though small measurement errors were 

found to affect stand-level basal area estimates. Since the app does not require LiDAR, it works on a wide range 

of iPhone models and requires no additional download or cost, making it one of the most accessible options for 

basic field measurements. However, its accuracy is lower than dedicated apps like Forest Scanner, making it more 

suitable for quick estimates rather than precise forest inventories. 

4. Augmented Reality (AR) and Mixed Reality Approaches 

Beyond traditional LiDAR applications, augmented reality has brought up new possibilities. AR is the projection 

of virtual content into the actual world, whereas virtual reality refers to a completely immersive experience. 

LiDAR-based augmented reality and mixed-reality smartphone apps are increasingly being utilized to calculate 

Figure 6. Screencaptures of the mobile phone application workflow, demonstrating, in order, 

measurement of tree (A) height and (B) diameter; (C) selection of species; (D) recording of location; and 

(E) summary screen of collected data. To measure diameter, the us 
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DBH. In early 2025, researchers evaluated the Apple Vision Pro (AVP), Apple's mixed-reality headset, for tree 

DBH assessment. Apple released the Mixed-Reality Interface in February 2024 with the Apple Vision Pro, which 

includes sensor capabilities for collecting field data. Two AVP-based apps were evaluated for DBH measurement 

on 182 plants. 

5. Using Photogrammetry and LiDAR for Tree Height Estimation 

Digital Surface Models (DSM) were created from both photogrammetry and LiDAR data to estimate tree heights. 

The DSM was generated using the R package lidR, where the highest point in each pixel was selected. Missing 

values were filled using k-nearest neighbor and inverse distance weighting methods. Different data sources 

produced DSMs with varying resolutions: UAV and gyrocopter data had a fine resolution of 10 cm, while aircraft 

data had coarser resolutions of 20 cm and 50 cm. To measure individual tree heights, tree crowns were identified 

using a Watershed segmentation algorithm, which detected about 53% to 73% of  

trees. Since not all trees were detected automatically, some crowns were manually marked. The highest point 

within each crown was considered the tree top. Tree height was calculated by subtracting ground elevation (DTM) 

from the DSM value. A LiDAR-based Digital Terrain Model (DTM) with 1 m resolution was used because 

photogrammetric DTMs are less accurate in forest areas. Additionally, the effect of Ground Control Points (GCPs) 

was tested. When GCPs were not used, DSM accuracy was improved by correcting elevation errors using 

interpolation and polynomial regression. 
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Conclusion 

The journey from tape and clinometers to LiDAR-equipped smartphones and mobile technology has lowered the 

barrier to accurate forest mensuration. Mobile applications like Forest Scanner, Arboreal Forest, and AR-based 
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tools have demonstrated that sub-centimetre accuracy in DBH measurement and reliable tree height estimation 

are no longer exclusive to high-end remote sensing systems. Complemented by UAV photogrammetry, these 

tools are rapidly closing the gap between traditional field methods and large-scale aerial surveys. That said, 

challenges persist. Dense canopy cover, complex terrain, and the need for validation against established standards 

continue to limit full adoption. Traditional instruments remain indispensable as reference benchmarks. The future 

of forest mensuration likely lies not in replacing conventional methods, but in integrating them with mobile and 

remote sensing technologies into streamlined, hybrid workflows. As these tools mature and become more widely 

validated, they hold significant promise for advancing forest inventory, carbon accounting, and biodiversity 

monitoring at a scale previously unimaginable.  
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Abstract 

Growing stock is indicator of forest structure, productivity, and ecological health, reflecting the total volume of 

living trees within a given area. Data generated through national-level assessments by the Forest Survey of India 

provide valuable insights into temporal and spatial trends in forest resources. Over the past decade, growing stock 

in India has exhibited a consistent upward trend by increase in tree cover outside forests and afforestation 

initiatives. Government policies and participatory management approaches have played a key role in enhancing 

growing stock and promoting conservation. Overall, growing stock assessment serves as a fundamental tool for 

informed policy-making, ecological sustainability, in India. 

Keywords: Growing stock, Forest productivity, Sustainable Forest Management  

Introduction  

orests are valuable natural resources that provide ecological stability and economic benefits. To manage the 

forest sustainably and to know the forest dynamics, it is crucial to quantify their structural and productive 

capacity (Manhas et al., 2006). Among the various indicators in forestry, growing stock is one of the most 

significant for this purpose and indicator of forest health, productivity, and resource availability. Growing stock 

refers to the total volume of all living trees in a forest, usually measured in cubic meters. In India, growing stock 

assessment plays a key role in sustainable forest management and environmental conservation. Assessing growing 

stock helps in understanding the distribution and density of these forest resources. It provides valuable data for 

planning timber production, long-term forest resource management, biodiversity conservation, and climate 

change mitigation. 

Objectives of Assessment 

The primary objective of growing stock assessment is to support sustainable forest management by providing 

accurate information on the quantity and quality of forest resources. It helps in the estimation of timber and non-

timber forest products, ensuring their balanced and efficient utilization without depleting forest reserves. 

Additionally, it helps to estimate carbon sequestration and assess the role of forests as carbon sinks. Furthermore, 

it provides a scientific basis for policy planning and conservation strategies, enabling the government and 

stakeholders to make informed decisions for protecting and managing forest ecosystems effectively. 

Methodology of Growing Stock Assessment 

These methods ensure large-scale and reliable estimation of forest resources across diverse regions of India 

(Chhabra et al., 2002) 
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Role of Forest Survey of India (FSI) 

The Forest Survey of India (FSI) plays a central role in assessing growing stock in India by conducting systematic 

and scientific evaluations of forest resources. It carries out the National Forest Inventory (NFI) through extensive 

field surveys, where data on tree height, diameter, species, and volume are collected. FSI also uses remote sensing 

and GIS technologies to complement field data and ensure accurate large-scale assessment. Through continuous 

monitoring and updated methodologies, FSI supports sustainable forest management, policy formulation, and 

conservation planning in India. 

Trends in Growing Stock 

The India State of Forest Report (ISFR) is the biennial report published by the Forest Survey of India under the 

Ministry of Environment, Forest and Climate Change. It provides a comprehensive assessment of Indiaôs forest 

using satellite data and field-based surveys. 

Table No. 1 Growing Stock of Indian Forest  

ISFR Year Growing Stock (Million m³)  Trend 

2013 5,658.05 Decline phase 

2015 5,768.39 Slight increase 

2017 5,822.38 Gradual increase 

2019 5,915.76 Moderate increase 

2021 6,167.50 Sharp increase 

2023 6,429.64 Continued increase 

The table shows that Indiaôs growing stock has steadily increased over the past decade (2013ï2023). After a 

relatively lower level in 2013, there was a gradual rise from 2015 to 2019, indicating recovery due to afforestation 

and better forest management. A sharp increase between 2019 and 2021 highlights the significant contribution of 

trees outside forests (TOF) such as plantations and agroforestry. The upward trend continued in 2023, though at 

a slightly slower rate. Overall, it reflects a consistent improvement in Indiaôs growing stock, mainly driven by 

expansion of tree cover rather than dense natural forests. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1: Methodology of Growing Stock Assessment 

Fig 2: Growing Stock of Indian Forests 



 

Page | 135  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

According to Forest Survey of India, the total growing stock is estimated at 6,429.64 M m3 which comprises of 

4,478.89 M m3 inside Reserved Forest Area and 1,950.75 M m3 Tree Outside Forest (Indian State Forest Report, 

2023). There is a total increase of 262.32 M m3 (4.25 %) in the growing stock of the country as compared to the 

estimates reported in ISFR 2021. Out of this, the increase in growing stock is 90.92 M m3 (2.07 %) inside the 

forest areas, and 171.40 M m3 (9.63 %) outside recorded forest areas (TOF).  

Table No. 2 Growing Stock in RFA for Top Ten Species in India (ISFR 2023) 

Sl. 

No. 

Name of the Species Total Growing Stock 

(Million m³)  

Percentage of Total Growing Stock 

in RFA (%)  

1 Shorea robusta 511.96 11.43 

2 Tectona grandis 199.61 4.46 

3 Pinus roxburghii 198.52 4.43 

4 Terminalia tomentosa 160.88 3.59 

5 Pinus wallichiana 144.89 3.23 

6 Abies pindrow 138.98 3.10 

7 Anogeissus latifolia 124.34 2.78 

8 Lannea coromandelica 110.24 2.46 

9 Cedrus deodara 101.56 2.27 

10 Picea smithiana 78.87 1.76 

 

Table No. 3 Growing Stock in TOF for Top Ten Species (ISFR 2023)  

Sl. No. Name of the Species Total Growing Stock 

(Million m³)  

Percentage of Total Growing Stock 

in TOF (%)  

1 Mangifera indica 258.50 13.25 

2 Azadirachta indica 136.59 7.00 

3 Madhuca latifolia 85.23 4.37 

4 Cocos nucifera 81.25 4.16 

5 Tamarindus indica 53.25 2.73 

6 Acacia arabica 50.92 2.61 

7 Borassus flabelliformis 50.90 2.61 

8 Butea monosperma 48.69 2.50 

9 Shorea robusta 39.56 2.03 

10 Ficus benghalensis 39.00 2.00 

Growing Stock & Carbon Sequestration 

Growing stock is closely linked to carbon sequestration, as it represents the total volume of living trees that store 

carbon in the form of biomass. As trees grow, they absorb carbon dioxide (CO ) from the atmosphere through 

photosynthesis and store it in their trunks, branches, leaves, and roots. Therefore, an increase in growing stock 

directly leads to higher carbon storage capacity in forests. In India, assessments by the Forest Survey of India 

show that forests and trees act as major carbon sinks, helping to reduce greenhouse gas concentrations and 

mitigate climate change. 

Factors Affecting Growing Stock 

Growing stock in forests is influenced by several natural and human-induced factors. Deforestation and forest 

degradation significantly reduce the number and quality of trees, directly lowering the total volume of growing 

stock. Climate change also plays a major role, as variations in temperature and rainfall, events like droughts and 

floods, affect tree growth and survival. Human activities such as logging, agricultural expansion, and urbanization 

lead to forest loss and fragmentation, further decreasing growing stock. In addition, natural disturbances like 

forest fires, pest infestations, and cyclones can destroy large areas of forest, reducing tree density and hindering 

regeneration.  
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Challenges in Assessment 

Growing stock assessment in India faces several challenges that affect the accuracy and reliability of data. Field 

surveys are time-consuming and sometimes incomplete. There are also limitations in data accuracy, as variations 

in measurement techniques and sampling errors can lead to inconsistencies. While remote sensing and satellite 

imagery are widely used, they have limitations in detecting forest quality, species composition, and understory 

vegetation. Additionally, financial and technological constraints restrict the use of advanced tools like LiDAR 

and drones on a large scale.  

Government Policies & Initiatives 

The Government of India has introduced several policies and initiatives specifically aimed at increasing growing 

stock and improving forest quality. The National Forest Policy (1988) focuses on maintaining ecological balance 

and increasing forest and tree cover. The Green India Mission, under the National Action Plan on Climate Change, 

aims to enhance forest cover and improve ecosystem services, thereby increasing growing stock and carbon 

sequestration. The National Afforestation Programme (NAP) promotes large-scale plantation and restoration of 

degraded forests, directly contributing to higher tree volume. The Forest Conservation Act (1980) regulates 

diversion of forest land for non-forest purposes, helping protect existing growing stock. Additionally, Joint Forest 

Management (JFM) involves local communities in forest conservation, ensuring sustainable use and regeneration 

of forest resources. 

Conclusion 

In conclusion, growing stock assessment is a vital component of forest management in India, providing essential 

data on the volume, health, and productivity of forest resources. Over the years, India has shown a steady increase 

in growing stock, supported by scientific methodologies, technological advancements, and effective policies. 

Forest Survey of India play a crucial role in monitoring and reporting these changes through systematic 

assessments. Despite challenges such as climate change, deforestation, and data limitations, continuous efforts 

through government initiatives and sustainable practices have contributed to improving forest resources. 

Strengthening these measures further will be key to enhancing carbon sequestration, conserving biodiversity, and 

ensuring long-term ecological and economic sustainability. 
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ABSTRACT 

Cyanobacteria, or blue-green algae, are among Earthôs earliest organisms, including edible species like 

Arthrospira platensis and Arthrospira maxima. Used for millennia, Spirulina is a ñsuperfoodò with 50ï70% 

protein, all essential amino acids, iron, vitamins, and the antioxidant phycocyanin. This helical, filamentous 

microalga thrives in alkaline, saline tropical waters. Fortification at 1ï1.5% enhances bread, cheese, ice cream, 

and baby foods by improving protein, iron, and antioxidant content while retaining acceptability. Nutraceutical 

benefits include hypocholesterolemic, immunomodulatory, antiviral and anti-inflammatory effects. Digestible, 

non-toxic, and able to grow in extreme conditions. Spirulina offers a sustainable solution for malnutrition and 

nutritional disorders in human and animal diets. 

KEY WORDS:  Spirulina, Cyanobacteria, Nutraceuticals, Phycocyanin, Superfood, Food fortification, 

Antioxidant, Sustainable nutrition. 

INTRODUCTION  

lue-green algae, i.e cyanobacteria are one of the first living organisms found on earth. Blue-green algae are 

of two types, they are edible and toxic species. Some blue-green algae are also edible, the edible species are 

nostac, spirulina, and aphanizonenon which are used as food for thousands of years. The two species which are 

most widely used are Arthrospira platensis and Arthrospira maxima. Blue-green algae used in the field of 

biotechnology has been employed it as food and feed additives in agriculture, the food industry, the making of 

perfumes, science, and pharmaceutical medicines. The first country to produce chlorella-based food was Japan 

(Sanchez et al., 2003). According to Credence Research Market Analysis, the global market for algae products, 

especially used for nutraceuticals, pharmaceuticals as well as food and feed supplements, will register an annual 

growth rate of 5.8% in the period 2017-2026. Current unhealthy lifestyles, stress, and pollution factor demand the 

need for a more nutritious and healthy diet. 

Superfoods were introduced to overcome these hurdles of a healthy lifestyle. Superfoods are the ones that 

prevent disease and thereby promote health more than their designated nutritional value. Spirulina is high in 

protein content. The clinically proven health benefits of spirulina are hypocholestrolemic, immunological, 

antiviral, and antiglutagenic (McCarty MF, 2007). Spirulina is one such superfood that is high in nutrients and 

prebiotic compounds that promote our health condition. 

MORPHOLOGY  

Spirulina is symbiotic, multi cellular and filamentous blue-green microalgae with symbiotic bacteria that fix 

nitrogen from air. Spirulina can be rod or disk-shaped. Their main photosynthetic pigment is phycocyanin, which 

is blue in colour. These bacteria also contain chlorophyll a and carotenoids. Some contain the pigment 

phycoerythrin, giving the bacteria a red or pink colour. Spirulina are photosynthetic and therefore autotrophic. 

Spirulina reproduce by binary fission. The helical shape of the filaments (or trichomes) is characteristic of the 

genus and is maintained only in a liquid environment or culture medium. The presence of gas-filled vacuoles in 

the cells, together with the helical shape of the filaments, result in floating mats. The trichomes have a length of 

50 to 500 µm and a width of 3 to 4 µm. However, cyanobacteria have a cell wall similar to that of Gram-negative 

bacteria they contain peptidoglycan, a lysozyme-sensitive heteropolymer that confers shape and osmotic 

protection to the cell, in addition to other material not sensitive to lysozyme. The body surface of spirulina is 

smooth and without covering so it easily digestible by simple enzymatic systems. A. maxima generally displays 

open, wide spirals, while A. platensis often features more tightly coiled, tighter spirals. 
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NATURAL HA BITAT, SOURCE AND GROWTH  

Spirulina thrives in alkaline lakes where it is difficult or impossible for other micro organisms to survive. Spirulina 

is found in soil, marshes, freshwater, brackish water, seawater and thermal springs. Alkaline, saline water with 

high pH (8.5ï11.0) favour good production of spirulina, especially wherethere is a high level of solar radiation at 

altitude in the tropics. Arthrospira platensis and Arthrospira maxima thrive in highly alkaline lakes of Africa and 

Mexico where the cyanobacteria population is practically monospecific. The higher the pH and the conductivity 

of the water, the greater is the likely Predominance of Spirulina spp. Arthrospira platensis was isolated from 

waters containing from 85 to 270 g of salt per litre, and optimum growth occurred between 20 and 70 g of saltper 

litre. A relatively high cytoplasmic pH (4.2 to 8.5) may account for the ability of this micro-organismto utilize 

ammonia as a source of nitrogen at high alkaline pH values. 

BIOCHEMICAL COMPOSITION  

NUTRIENTS GREEN SPIRULINA  

Calories 40 kcal 

Protein 6g 

Fat 1g 

Carbohydrates 2.5g 

Fibre 0.4g 

Vitamin A 290 IU 

Vitamin B3 1.3mg 

Vitamin B12 0.003mg 

Vitamin C 1.5mg 

Vitamin E 0.9mg 

Vitamin K 0.02mg 

Calcium 20mg 

Iron 2.0mg 

Phycocyanin 1.5g 

SPIRULIN A-BASED FOOD SUPPLEMENTS 

BREAD 

Spirulina when added to dough showed a significant increase in essential nutrients. Minh (2014) reported a 

significant increase in the nutritional quality of dough when supplemented with Spirulina (1%, 2%, and 3%). 

There was an increase in protein (9.6% to 11.0%), lipid (5.0% to 5.7%), total mineral (1.3% to 3.1%), and energy 

(307.4 kcal to 312.1 kcal). Results showed that bread with 1% of Spirulina is ideal because of its high nutrients 

and sensory characteristics. The amount of iron found was higher in Spirulina fortified bread. 

CHEESE 

In a study conducted by Darwish (2017), the fortification of Spirulina at a concentration of 1.5 % improved the 

protein and iron content of cheese. Kareish cheese developed with 1% Spirulina was higher in phenolic compound 

(18.437 mg GAE/100g) and flavonoid compounds (6.391 mg CE/100g) than the control sample. Also, kareish 

 Arthrospira platensis  Arthrospira maxima 
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cheese presented a higher ɓ-carotene, DPPH radical scavenging activity. However, 1% Spirulina-fortified cheese 

was observed to be more acceptable than 0.5% and 1.5%. 

ICE-CREAM  

Spirulina can be used to increase the nutritional quality of the ice cream as it contains high amount of protein, fat, 

and moisture. Spirulina powder was used to replace the stabilizer in ice cream preparation.  The addition of 

Spirulina as a stabilizer increased the iron content from 2.68% to 3.98% and thus the chemical composition of the 

ice cream was improved. Replacing gelatin with 100% of Spirulina, as a stabilizer was preferable for the 

preparation of ice cream. There was a greater antioxidant potential, total soluble phenolic content, and ɓ-carotene 

found in ice cream enriched with Spirulina and was more acceptable.  

SPIRULINA INCORPORATED EXTRUDED PRODUCTS  

Food extrusion has been widely used to produce ready-to-eat cereals, and snack foods. Physical characteristics of 

an extruded snack product such as expansion, hardness, and density are important parameters in terms of the 

consumer acceptability as well as the functional properties of the final product. Successful incorporation of 

Spirulina into cereal-based extruded products could deliver physiologically active components and represents a 

major opportunity for foodprocessors who are engaged in providing the consumer with a healthy maize-based 

product. 

SPIRULINA BASED BABY  FOODS 

Spirulina is loved by children, and it is safe and highly nutritious for them and can easily assimilate its nutrients. 

Spirulina can create tissue growth, enhance vision, improves the immune system, healing capacity, and the ability 

to focus on children. Thus, spirulina formula can be used for babies who are unable to swallow the capsules. It is 

also possible to blend powdered spirulina formulas with fruit juice, milk, salads, and convenient soups.  

KEY NUTRACEUTICAL PROPERTIES OF SPIRULINA  

High Nutr itional Profile : Composed of 50-70% protein (by dry weight) containing all essential amino acids, 

making it a high-quality, digestible plant-based protein source. It is rich in Iron, Calcium, Magnesium, and B-

vitamins. 

Powerful Antioxidant&Anti -inflammator y: The main active component, phycocyanin, acts as a strong 

antioxidant, fighting free radicals and reducing chronic inflammation, which is linked to cancer and other 

diseases. It also helps protect LDL cholesterol from oxidation. 

Cardiovascular Health Support:  Studies indicate spirulina can lower total cholesterol, "bad" LDL cholesterol, 

and triglycerides, while potentially raising "good" HDL cholesterol. 

Immune System Modulation: It contains polysaccharides that may boost immunity and has shown potential for 

aiding in anemia improvement and heavy metal detoxification. 

Anti -viral and Therapeutic Potential: Research suggests anti-viral properties and potential beneficial 

applications in chronic disease management, such as reducing neuropathic pain and aiding as a, nutrient-dense 

supplement to mitigate severe symptoms during chemotherapy. 

Essential Fatty Acids: Contains gamma-linolenic acid (GLA) and polyunsaturated fatty acids (PUFAs), which 

have anti-inflammatory effects. 

CONCLUSION 

Exploring microalgae as a source of human and animal feed is not new and is been followed for centuries. They 

offer a wide range of food and non-food applications and can a stand extreme conditions, also they are non-

seasonal. Spirulina particularly is extremely nutritious and even reported to be non-toxic consequently it can be 

safely consumed and recommended as a human food. We can conclude that the benefits of spirulina consumption 

are innumerable i.e., it has significantly higher essential nutrients, bioactive compounds, physiological health 

benefits, and non-toxic to name a few. Hence, spirulina can be considered to be a promising alternative to feed 

the future world and fight against malnutrition as well as other nutritional disorders. 
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ABSTRACT 

Post-harvest management plays a crucial role in maintaining the quality, safety, and economic value of 

commercial spice crops such as chilli, where market acceptability depends largely on physical appearance, 

moisture stability, and hygienic handling. Conventional drying methods often expose the produce to 

environmental risks, resulting in inconsistent quality and reduced market potential. To address these challenges, 

ICARïNational Institute for Research on Commercial Agriculture (ICARïNIRCA), Rajahmundry, implemented 

training programmes on air energy heat pump-based chilli drying technology under a NABARD-supported 

initiative. A participatory extension approach was adopted to provide technical exposure and practical 

understanding of scientific drying and post-harvest handling among 100 chilli farmers and Farmer Producer 

Organization (FPO) members from East Godavari and Kakinada districts of Andhra Pradesh. The programme 

emphasized improved moisture management, hygienic processing, and efficient drying practices. Pre- and post-

training knowledge assessment indicated significant improvement in farmersô technical awareness and 

understanding of quality preservation principles. Farmers reported high satisfaction with the technology due to 

its reliability and ability to maintain product quality. Adoption of energy-efficient drying systems offers 

substantial potential for strengthening post-harvest value chains, enhancing market competitiveness, and 

supporting sustainable income generation and commercialization in the chilli sector. 

Keywords: Chilli, Heat pump technology, Post-harvest  

POST-HARVEST MANAGEMENT IN COMMERCIAL CROPS  

ost-harvest management is a vital component in commercial crop production, particularly in high-value spice 

crops, where product quality directly determines market competitiveness and farmer profitability. Efficient 

post-harvest handling ensures preservation of physical, chemical, and hygienic quality attributes from harvest to 

final marketing. Inadequate post-harvest practices often result in moisture-related deterioration, fungal 

infestation, and reduced shelf life, leading to economic losses and lower price realization. Improved post-harvest 

systems facilitate better quality maintenance, enhance storage stability, and support value chain integration 

through grading, aggregation, and market-oriented processing.  

IMPORTANCE OF SCIENTIFIC DRYING IN 

CHILLI  

Chilli (Capsicum spp.) is one of Indiaôs most important 

commercial spice crops, contributing substantially to 

farmer income and export earnings. The quality of dry 

chilli is determined primarily by colour retention, 

pungency, cleanliness and safe moisture levels. In most 

production regions, drying is carried out through open sun 

exposure, which is highly dependent on climatic 

conditions. Unpredictable rainfall, high ambient humidity 
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Fig. 1. Air Energy Heat pump based chilli dryer 

at ICAR -NIRCA, Rajahmundry  



 

Page | 142  

 

 

 

 
Volume-02, Issue-06 APRIL 2026 

 

 

and contamination from dust and pests often result in prolonged drying duration and non-uniform moisture 

removal. Such limitations adversely affect colour value (ASTA), microbial safety and market acceptability. 

Therefore, scientific drying technologies that ensure controlled temperature and humidity conditions are essential 

for improving product quality and reducing quantitative as well as qualitative losses.  

CAPACITY BUILDING ON ENERGY -EFFICIENT DRYING TECHNOLOGY  
 

ICAR-National Institute for Research on Commercial 

Agriculture conducted capacity building programmes on 

heat pump based chilli drying technology to Farmer 

Producer Organizations (FPO) and farmers. The 

capacity building was conducted by focusing on 

strengthening the chilli farm sector through innovative 

drying interventions. The initiative aimed at bridging the 

gap between research-based post-harvest technologies 

and field-level adoption. The major thrust areas included 

awareness creation on energy-efficient drying systems, 

enhancement of technical knowledge on scientific 

moisture management, promotion of hygienic handling 

practices and strengthening adoption capacity among chilli farmers and FPO members.  

The capacity building highlighted the importance 

of energy-efficient technologies in enhancing 

sustainability, competitiveness and income potential in 

the chilli sector. The farmers were empowered on the 

design, operational mechanism and performance 

efficiency of the heat pump based chilli dryer, including 

temperature regulation, airflow dynamics and moisture 

extraction principles. Further endowed with scientific 

post-harvest handling, grading, storage and value 

addition opportunities for quality enhancement and 

diversification. 

 Participatory Extension Approach (PEA) was 

employed in which the active participation and 

empowerment of farmers in the adoption of context-

specific and relevant best agricultural practices and technologies that meet the needs and challenges of local 

farmers. Purposive sampling was used in the selection of two districts viz., East Godavari and Kakinada of Andhra 

Pradesh. From each district, the total number of Farmer Producer Organizations involved in chilli processing was 

identified and the representative number of FPOs from each district was selected for the study.  

Training programmes and demonstrations were 

conducted for the FPO farmers. A total of 50 farmers 

having FPO membership from each district were 

covered constituting to total sample size of 100 farmers.  

The demonstration clearly illustrated the comparative 

advantages of the technology:  

¶ Uniform and faster drying 

¶ Improved retention of natural red colour 

¶ Reduced microbial contamination 

¶ Protection from dust, pests and unexpected 

rainfall 

¶ Enhanced hygienic quality suitable for domestic 

and export markets 

Fig. 2. Chilli  FPO members and farmers 

Fig. 3. Interaction with Chilli FPO members and 

farmers during live demonstration of heat pump 

drying technology 

Fig. 4. Interaction with Chilli FPO members and 

farmers during live demonstration of heat pump 

drying technology 
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¶ The controlled environment ensured consistent product quality and minimized post-harvest losses, 

thereby increasing market competitiveness. 

LEARNING OUTCOMES AND IMPACT  

Knowledge assessment revealed substantial improvement in 

participantsô understanding of scientific drying parameters, 

quality standards and post-harvest loss reduction strategies. 

The exposure to practical demonstration enhanced confidence 

among farmers regarding adoption feasibility. To reinforce 

improved practices, input kits comprising HDPE tarpaulins, 

hermetic storage bags and protective gloves were distributed. 

The programme significantly enhanced. Awareness of energy-

efficient drying systems and generated strong interest in 

adopting heat pump technology at the farmer and FPO levels. 

It also strengthened institutional linkages among ICAR-

NIRCA, NABARD and farmer groups, facilitating scaling up 

of post-harvest interventions within the chilli value chain. 

PRE AND POST-TRAINING KNOWLEDGE ASSESSMENT OF FARMERS  

To evaluate the effectiveness of the training programme on heat pump based chilli drying technology, a structured 

pre- and post-test assessment was conducted among the participating farmers and Farmer Producer Organization 

(FPO) members. A total of 100 farmers from East Godavari and Kakinada districts were administered a 

knowledge test comprising questions on awareness level, scientific drying principles, optimum drying 

temperature and moisture levels, quality parameters such as colour retention and microbial safety, hygienic 

handling practices, and operational aspects of heat pump drying systems. The pre-test was conducted prior to the 

training to assess baseline knowledge, while the post-test was administered immediately after the training and 

live demonstration to measure knowledge gain. The results indicated a substantial improvement in farmersô 

knowledge levels, reflecting enhanced understanding of controlled drying conditions, advantages of heat pump 

technology over conventional sun drying, and its role in improving product quality and reducing post-harvest 

losses. The observed increase in post-test scores confirmed the effectiveness of the participatory extension 

approach and hands-on demonstration in strengthening farmersô technical competency, adoption readiness and 

confidence in utilizing scientific drying technologies for improved post-harvest efficiency and value realization. 

FARMER FEEDBACK ON HEAT PUMP -BASED CHILLI DRYING TECHNOLOGY  

Structured feedback was collected from all participating farmers and FPO members to assess their perceptions 

regarding the usefulness, applicability and effectiveness of the heat pump-based chilli drying technology and the 

training programmes conducted at ICARïNIRCA. The feedback indicated a highly positive response, with the 

majority of farmers expressing increased confidence in adopting scientific drying methods due to the clear 

understanding of operational procedures and observed improvements in product quality. Farmers particularly 

appreciated the uniform drying, better colour retention, protection from unexpected rainfall and hygienic 

processing conditions offered by the heat pump dryer compared to conventional sun drying. Participants also 

acknowledged the relevance of the training content, practical demonstration and hands-on exposure in enhancing 

their technical knowledge and decision-making ability related to post-harvest management. Several farmers 

expressed willingness to adopt the technology at the individual or FPO level and recognized its potential for 

improving market value, reducing post-harvest losses, and enhancing income. The feedback further emphasized 

the need for continued technical support, scaling up of such interventions and strengthening institutional linkages 

to promote wider adoption of energy-efficient drying technologies in the chilli value chain. 

ECONOMIC AND VALUE CHAIN IMPLICATIONS AND FUTURE PERSPECTIVE  

The adoption of heat pump based chilli drying technology presents significant long-term economic advantages 

and transformative potential for strengthening the chilli value chain. By enabling precise control over drying 

parameters, the technology supports production of uniform, high-grade chilli that meets the quality requirements 

of organized domestic markets, spice processing industries, and export-oriented supply chains. This enhances 

Fig. 5. Input distribution to Chilli FPO 

members and farmers 
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farmersô ability to participate in premium market segments where quality consistency, food safety and traceability 

are critical determinants of price advantage. In the future, widespread adoption of such scientific drying systems 

at the Farmer Producer Organization level can facilitate aggregation, standardized processing and collective 

marketing, thereby improving economies of scale and enhancing bargaining power of farmer groups. 

From a value chain perspective, integration of scientific drying infrastructure with post-harvest operations 

such as grading, sorting, packaging, and moisture-safe storage can contribute to development of decentralized 

post-harvest processing hubs in major chilli-producing regions. This will help reduce distress sales during peak 

harvest periods, enable temporal price advantage through safe storage and improve supply chain efficiency. The 

availability of standardized, high-quality dried chilli can also support downstream value addition activities 

including powder processing, oleoresin extraction and branded product development, thereby creating new 

agribusiness and rural entrepreneurship opportunities. 

The technology also offers strong potential for institutional convergence and investment support under 

ongoing agricultural development programmes such as NABARD schemes, Agricultural Infrastructure Fund 

(AIF), and FPO promotion initiatives. Establishment of community-level drying units can generate employment 

opportunities in post-harvest handling, processing, and marketing, contributing to rural economic growth and 

livelihood diversification. Furthermore, adoption of energy-efficient drying systems aligns with the broader goals 

of climate-resilient agriculture by improving resource use efficiency and reducing dependence on climate-

sensitive traditional practices. 

In the long term, scaling up of heat pump-based drying technology through research-extension-farmer 

linkages, financial support mechanisms, and FPO-led business models can contribute to modernization of chilli 

post-harvest management systems. This will enhance overall value chain efficiency, strengthen market 

integration, improve income stability for farmers, and support sustainable commercialization of chilli as a high-

value export-oriented crop. 

SUMMARY  

Efficient post-harvest handling is essential for maintaining the quality, storability and market potential of chilli, 

a major commercial spice crop. Adoption of improved drying technologies plays a key role in ensuring product 

stability and minimizing deterioration caused by environmental and handling factors. The participatory extension 

approach, combined with hands-on learning, significantly enhanced farmersô technical understanding and 

strengthened their ability to adopt improved post-harvest practices. Knowledge assessment results confirmed 

substantial improvement in awareness of drying parameters, quality preservation and safe storage methods. 

Farmer feedback also indicated strong interest in adopting the technology due to its operational reliability and 

quality advantages. Wider adoption of such systems can enhance value chain efficiency, support market-oriented 

production and contribute to sustainable income enhancement and commercialization of chilli farming. 
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In todayôs world, success is no longer just appreciatedðit is expected. Walk into any classroom, scroll through 

social media or attend a family gathering and youôll hear the same quiet message repeated in different forms: be 

the best or risk being left behind. For many high-achieving students, this message is not motivatingðit is 

exhausting. 

 Behind impressive report cards, competition trophies and admission offers lies a reality that often goes 

unnoticed. Many of these students are not just working hard; they are constantly battling an invisible pressure to 

prove their worth. Their lives become a cycle of deadlines, expectations and comparisons, leaving little room to 

simply exist without evaluation. 

 The idea of perfection has taken on a new meaning. It is no longer about doing well, it is about doing 

everything well, all the time. Students are expected to excel academically, participate in extracurricular activities, 

maintain a social presence and plan a flawless future. Any deviation from this ideal feels like failure. Even a small 

setback such as a lower grade and a missed opportunity can feel overwhelming. 

 What makes this pressure more intense is that it often comes from multiple directions. Parents with the best 

intentions want their children to succeed in a competitive world. Teachers push students to achieve their highest 

potential. Society celebrates only top performers. And then there is social media, where carefully curated success 

stories make it seem like everyone else is thriving effortlessly. In such an environment, comparison becomes 

unavoidable. 

 Over time, this constant pressure begins to take a toll. Many high-achieving students experience anxiety, 

sleep disturbances and burnout. They may appear confident on the outside but internally they are struggling with 

self-doubt and fear of failure. Unexpectedly, the students who seem the most capable are often the ones who feel 

the least secure about their abilities. 

 Another concern is that these students start tying their self-worth entirely to their achievements. Instead of 

seeing success as something they do, they begin to see it as who they are. This creates a fragile sense of identityð

one that can easily crumble when things donôt go as planned. Failure, which is a natural and necessary part of 

growth, becomes something to fear rather than learn from. 

 It is important to recognize that ambition itself is not the problem. Wanting to do well, to grow and to 

achieve goals is healthy. The issue arises when the journey becomes more about avoiding failure than pursuing 

learning. When students are driven more by fear than curiosity, education loses its true purpose. 

So, what can be done? 

One simple but powerful change can begin at home and in classrooms: appreciating effort instead of just results. 

When students are praised for trying, improving and staying consistent, they feel valued beyond marks. This 

reduces the fear of failure and builds confidence to take healthy risks. 

Equally important is normalizing imperfection. Students should hear, again and again, that it is okay to not 

top every exam, to not be the best at everything. When failure is treated as a learning step rather than a final 

judgment, it becomes less frightening and more meaningful. 
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Another practical step is helping students set realistic goals. Many high-achievers overload themselves, 

trying to meet every expectation at once. Guiding them to prioritize, manage time, and say ñnoò when needed can 

protect them from exhaustion. Balance is necessary for long-term success. 

Mental well-being also needs to be part of everyday conversations. Schools and families can encourage 

open discussions about stress, emotions, and struggles without judgment. Sometimes, just knowing that they can 

talk freely makes a big difference for students. Digital influence cannot be ignored either. Social media often 

creates an illusion that everyone else is succeeding effortlessly. Encouraging students to limit comparison and 

understand that online life is curated, not complete can help reduce unnecessary pressure. 

At a deeper level, students need to build an identity beyond achievements. Engaging in hobbies, spending 

time with friends and family, or simply taking breaks allows them to see themselves as more than their 

performance. This strengthens self-worth and emotional resilience. Teachers and parents also need to model 

balanced behavior. When adults constantly emphasize competition and outcomes, students absorb the same 

mindset. But when they demonstrate patience, flexibility, and acceptance of mistakes, students learn that success 

can be humane, not harsh. 

Ultimately, high-achieving students are not machines programmed for success. They are young individuals 

navigating a complex world, trying to find their place in it. Recognizing their struggles does not diminish their 

achievements but it makes us more empathetic toward their journey. In the end, the goal should not be to raise 

perfect individuals, but to nurture confident, balanced and resilient human beings. Because true success is not 

about avoiding failure, it is about learning how to stand up again and again, without losing your sense of self. 
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Abstract 

Biostimulants have emerged as an innovative and sustainable tool in modern agriculture aimed at improving 

crop productivity, resilience, and quality. Unlike conventional fertilizers and pesticides, biostimulants 

function by stimulating natural plant processes rather than directly supplying nutrients or controlling pests. 

These substances or microorganisms enhance nutrient uptake, increase tolerance to abiotic stress, and 

improve crop quality. With growing concerns about environmental degradation and the need for sustainable 

intensification, biostimulants are gaining global attention. This article provides a comprehensive overview 

of the concept, classification, mechanisms of action, benefits, application methods, limitations, and future 

prospects of biostimulants in agriculture. 

1. Introduction 

griculture is facing increasing challenges due to climate change, soil degradation, and the rising demand for 

food. Conventional agricultural practices, heavily reliant on chemical fertilizers and pesticides, have 

contributed significantly to environmental pollution and declining soil health. In this context, sustainable 

agricultural practices are essential for maintaining productivity without compromising ecological balance. 

Biostimulants represent a promising approach to sustainable agriculture. They are defined as substances or 

microorganisms that enhance plant growth by stimulating natural processes such as nutrient uptake, stress 

tolerance, and crop quality improvement. Unlike fertilizers, which supply essential nutrients, biostimulants 

improve the efficiency with which plants utilize nutrients already present in the soil. The increasing interest in 

biostimulants is driven by their ability to enhance plant resilience under adverse environmental conditions, such 

as drought, salinity, and temperature extremes. Moreover, they contribute to sustainable farming by reducing the 

dependency on synthetic inputs. 

2. Concept and Definition of Biostimulants 

Bio stimulants are a diverse group of materials derived from natural sources, including plant extracts, 

microorganisms, and organic compounds. According to widely accepted definitions, biostimulants are substances 

or microorganisms applied to plants or soil to enhance nutrient efficiency, abiotic stress tolerance, and crop 

quality, regardless of their nutrient content. 

They are characterized by their ability to: 

¶ Stimulate plant metabolism 

¶ Improve nutrient uptake and use efficiency 

¶ Enhance resistance to abiotic stress 

¶ Improve yield quality 

Biostimulants differ from fertilizers and plant growth regulators (PGRs). While fertilizers supply nutrients and 

PGRs directly influence plant hormonal pathways, biostimulants act indirectly by enhancing physiological 

processes within the plant system. 
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Conceptual Clarification: Distinction Between Biostimulants, Fertilizers, and Plant Growth Regulators 

A clear distinction between biostimulants, fertilizers, and plant growth regulators (PGRs) is essential to avoid 

conceptual ambiguity in agricultural research and practice. Although these categories may overlap in their effects 

on plant growth, they differ fundamentally in their composition and primary mode of action. 

Biostimulants are substances or microorganisms that enhance plant growth and development by stimulating 

natural physiological processes. Their effects are typically indirect and multifaceted, including improved nutrient 

uptake, enhanced metabolic activity, and increased tolerance to abiotic stress. Biostimulants may exhibit 

hormone-like effects; however, these arise from complex interactions within the plantïsoil system rather than the 

direct application of specific hormonal compounds. 

In contrast, fertilizers  are materials that supply essential nutrients directly to plants. Their primary function is to 

correct nutrient deficiencies and support plant growth through the provision of macro- and micronutrients such 

as nitrogen, phosphorus, and potassium. Fertilizers do not inherently stimulate physiological processes beyond 

their nutritional role. 

Plant Growth Regulators (PGRs) are defined chemical substances that directly influence plant growth and 

development by mimicking or altering endogenous hormone levels. These compounds, such as auxins, 

gibberellins, and cytokinins, exert targeted effects on specific physiological processes, including cell division, 

elongation, and differentiation. 

A common source of confusion arises in the classification of microbial biostimulants, particularly plant growth-

promoting rhizobacteria (PGPR). Although PGPR are capable of producing phytohormones, they are classified 

as biostimulants because their primary mode of action is not limited to hormonal regulation. Instead, they function 

through multiple mechanisms, including nutrient solubilization, enhancement of root architecture, and 

improvement of rhizosphere microbial dynamics. Therefore, their overall impact is systemic and indirect rather 

than specific and hormone-driven. 

 


