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ABSTRACT  

The global population is expanding at an unprecedented pace, creating tremendous pressure on 

agricultural systems to produce enough food to satisfy the increasing demand. At the same 

time, vital natural resources such as fertile soil, freshwater, and forests are being exploited 

extensively, often in unsustainable ways. This has raised significant concerns regarding the 

ability of future generations to access sufficient nutritious food, clean air, and a healthy 

ecosystem. Consequently, ensuring long-term food security while maintaining environmental 

sustainability has become one of the most critical global challenges. Although several factors 

contribute to this issue, one of the primary concerns is the slow adoption and inadequate 

implementation of advanced and sustainable agricultural technologies and practices. A wide 

range of innovative approaches has the potential to reshape modern agriculture and improve its 

resilience against environmental and economic challenges. These include climate-smart 

agriculture, precision farming, sustainable intensification, regenerative and biodynamic 

farming, organic agriculture, integrated nutrient and pest management and artificial 

intelligence, and big data-driven agricultural management. When effectively implemented, 

these approaches can significantly enhance agricultural productivity while minimizing adverse 

environmental impacts and promoting efficient resource utilization. Despite these advantages, 

the large-scale adoption of such practices remains limited due to several constraints, including 

insufficient awareness among farmers, inadequate technical expertise, financial limitations, 

restricted access to modern technologies, and weak institutional and policy support. As a result, 

the agricultural sector continues to face numerous challenges that restrict its productivity, 

hinder sustainable development, and reduce its contribution to national economic growth. 

Addressing these challenges requires the effective integration of traditional agricultural 

knowledge with emerging scientific innovations and digital technologies such a balanced 

approach can improve farming efficiency, optimize resource use, and support the development 

of more sustainable and productive food systems. Therefore, the present study aims to provide 

evidence-based and data-driven insights that can assist policymakers, researchers, and farmers 

in making informed decisions, improving agricultural productivity, encouraging sustainable 

development, ensuring the production of safe and high-quality food, and reinforcing long-term 

food security for both present and future generations. 

 

Keywords: Sustainable Agriculture, Modern Approaches, Climate Smart Agriculture, New 

Innovation technologies, Integrated Farming. 
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INTRODUCTION 

Due to the increasing demand for food, the global agriculture sector is facing dual challenges 

to increase productivity while tackling environmental issues (1). In response to these 

challenges, many regions worldwide are exploring approaches to transition toward more 

sustainable agricultural systems, leveraging digital technologies to enhance productivity while 

promoting environmental sustainability (2). 

Alternative agricultural models are being adopted which are characterised by technological 

innovation, diversification, and sustainable practices are regarded as essential for overcoming 

regional challenges (3). 

Innovative technologies play a major role in modernizing agriculture by innovating large amounts 

of valuable data through tools such as remote sensing, the Internet of things and valuable data. 

Going beyond traditional precision agriculture , these technologies can support sustainable 

agriculture through increased productivity, reduced environmental footprint, and improved 

resilience to climate challenges (4). 

 

Sustainable agricultural practices help produce food and other agricultural products without causing 

harm to the environment. Their aim is to ensure that food remains available and accessible to people 

without affecting the ability of future generations to meet their own needs(5).Sustainable 

agriculture is an integrated approach to crop and livestock production that seeks to meet the food 

and fiber needs of people while protecting the environment, maintaining farm profitability, and 

improving the quality of life for farmers and society (6). It can be understood as a farming system 

that fulfills current agricultural and food requirements while preserving the capacity of present and 

future generations. This concept is based on the careful use and management of natural resources 

and the benefits provided by ecosystems. Discussions on agricultural sustainability encompass 

diverse perspectives, primarily represented by ecocentric and technocentric approaches (7).  

The ecocentric perspective emphasizes harmony with nature through practices such as organic and 

biodynamic farming, while encouraging changes in resource use, allocation, and consumption 

patterns. In contrast, the technocentric perspective highlights the role of technological innovation, 

strategic planning, and lifestyle adjustments in achieving sustainable development (8).A holistic 

and interdisciplinary understanding of sustainable development incorporates elements from both 

perspectives. Within the technocentric framework, sustainability can be attained through a range of 

strategies, including improvements in industrial agricultural systems and the application of 

biotechnological innovations to address growing food demands (9).  
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Recent studies highlight that most discussions focus on environmental sustainability and 

productivity, while socio-economic and governance aspects receive less attention, even though they 

play a vital role in the successful adoption of agricultural innovations. The sustainability of food 

systems is often affected by problems such as ineffective governance, market barriers, and policies 

that do not align with one another (10). 

 According to (11), external factors affecting the spread of agricultural technologies have received 

less attention than other aspects of technology adoption. These factors include social networks, peer 

influence, government assistance, information availability, and regulatory and societal support. 

Additionally, concerns regarding data ownership and data sharing have become increasingly 

significant as agricultural technologies generate large amounts of data (12). Nevertheless, research 

on these issues remains limited, especially in understanding farmers' perceptions and experiences 

(13).  

 

Sustainable agriculture is strongly associated with food security, as it contributes to food 

availability, equitable access, nutritional adequacy, food safety, and long-term economic 

sustainability (14).To address the long-term challenge of food security, modern sustainable farming 

methods and practices should be widely adopted and implemented at all levels of agricultural 

production(14) 

 

1.TRADITIONAL AND MODERN AGRICULTURAL PRACTICES 

 

India contains several long-established agricultural landscapes that have survived for centuries 

despite significant climate fluctuations and changing social conditions. Their long-term 

sustainability is largely attributed to strong resilience, which results from the integrated use of 

natural resources, the recycling of nutrients and materials, and the provision of multiple ecosystem 

and community benefits. However, these traditional systems often do not produce enough yield to 

satisfy current food requirements. Conversely, modern farming systems achieve much higher 

productivity and operational efficiency, but their tightly optimized design makes them more 

sensitive and less adaptable to shifts in climate conditions and market fluctuations (15). 

Indian agriculture is highly labour-intensive and largely based on subsistence farming. Around 60% 

of the population relies on agriculture for their livelihood, and a significant portion of farmland 

depends on rainfall rather than irrigation.Although traditional farming is still practiced in several 

parts of the world, the process of modernization has significantly transformed agriculture. 

Conventional agriculture typically depends on age-old knowledge, basic tools, and organic inputs, 
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while modern agriculture makes use of advanced technologies, improved equipment, and 

mechanized systems. With the growing influence of globalization and technological progress, many 

traditional practices and local farming knowledge are gradually becoming less relevant. As a result, 

the global food system has increasingly shifted from being supported by millions of small farmers 

to being controlled by a limited number of large agribusiness corporations. Modern agricultural 

systems emphasize high production, capital investment, intensive input use, and uniform crop 

yields. In contrast, traditional farming systems prioritize local adaptation, biodiversity, the 

preservation of genetic diversity, and cultural values associated with a wide variety of crops. This 

transition from traditional to modern agriculture can significantly affect both cultivated and wild 

plant diversity. To ensure long-term food security, agriculture must remain resilient in the face of 

global environmental challenges. Such resilience depends heavily on both biological and cultural 

diversity, as diversity provides alternatives if certain crops or practices fail. If modernization is 

balanced with increased conservation efforts, cultural diversity can play an important role in 

maintaining and protecting biodiversity (16).  

 

1.1. Traditional Farming:  

Traditional farming is an agricultural system that has been practiced for generations using 

indigenous knowledge, simple tools, family labour, and locally available resources. It depends 

largely on natural processes, organic manures, and inherited farming techniques rather than 

advanced machinery and modern technology. This form of agriculture is closely linked to the 

cultural traditions and lifestyles of rural communities.Prominent traditional agricultural practices 

include the following: 

 

Fig 1: Types of Traditional farming methods 
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a. Agroforestry: Agroforestry is a traditional land-management system that originated 

alongside the advent of  agriculture and animal husbandry (17), involves the cultivation of 

trees alongside agricultural crops. It has a potential for mitigation of the effects of climate 

change, adaptation, food security, and crop productivity (18 )In addition, this practice 

contributes to improved soil quality, enhanced water retention, increased carbon 

sequestration, greater agrobiodiversity, and ultimately higher farmer incomes (19 ) The 

significance of agroforestry in drought-prone regions lies in the ability of deep-rooted trees 

to exploit a larger soil volume, thereby accessing water and nutrients that are unavailable to 

shallow-rooted crops.( 20) Among the various agroforestry systems, the silvopastoral 

system is especially advantageous for livestock, as it involves the integration of trees with 

leguminous fodder grasses, thereby improving fodder availability and quality.( 21) 

 

b. Crop rotation: Crop rotation refers to the systematic cultivation of various crops on the 

same field in a specific order during different planting seasons to maintain soil health and 

productivity ( 22 ) This agricultural system offers several advantages, including enhanced 

soil health and fertility, improved carbon storage in the soil, higher crop productivity, 

efficient utilization of water resources, reduced soil erosion ( 23 ), and better recycling of 

nutrients. Incorporating leguminous crops into the rotation helps naturally enrich the soil 

with nitrogen, thereby decreasing the need for synthetic nitrogen fertilizers.  

 

c. Intercropping: Intercropping refers to the system of growing different crops together in 

the same field during a particular growing season ( 24 ). Intercropping is regarded as a 

highly efficient farming practice because it makes better use of available resources such as 

land, water, and nutrients. This system enhances crop productivity while promoting 

biodiversity, improving ecosystem resilience, and increasing the overall stability of 

agricultural systems.( 25 )Growing more than one crop in a field enhances resilience to 

climatic fluctuations, as different crops respond differently to environmental stresses.( 26) 

Intercropping pigeon pea with sorghum is an age-old farming practice that remains widely 

adopted.( 27) Carbon sequestration (28 ), nitrogen fixation (29), reduction of requirement 

of external nitrogen fertilizers (30 ), increased availability of nitrogen and phosphorus 

(moisture-holding capacity, and cation exchange capacity. Furthermore, they promote 

carbon sequestration, mitigate greenhouse gas emissions, reduce soil 31), reduced soil 

erosion (32 ) are some of the additional benefits of this system.  
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d. Cover Cropping: Cover cropping is a traditional farming practice in which crops are grown 

primarily to protect the soil from erosion and prevent nutrient depletion(33). The use of 

cover crops instead of leaving land fallow helps reduce runoff and protects the soil from 

erosion (34). Cover crops, comprising both leguminous and non-leguminous species, are 

typically terminated or harvested before the establishment of the primary crop(35). In some 

production systems, they are maintained alongside the main crop to provide living mulch 

and support soil conservation (36). Cover crops play a significant role in improving soil 

biological and physical properties by increasing microbial biomass, supporting soil health, 

enhancing water retention, promoting nutrient cycling, suppressing weed growth, and 

contributing to carbon sequestration (37).Despite their agronomic advantages, cover crops 

can present several challenges, such as additional financial expenses, complications in soil 

cultivation practices, potential allelopathic interactions, increased labour demands, and 

enhanced disease susceptibility (38).  

 

e. Composting:Composting is a traditional practice in which organic matter is decomposed 

by micro-organisms under control to produce compost, which can be used as an organic 

manure (39). The recycling of organic waste materials such as farmyard manure, household 

waste, sewage sludge, and crop residues into organic manure contributes significantly to 

soil fertility enhancement(40). Organic manures improve soil physical, chemical, and 

biological properties by increasing soil organic carbon, nitrogen content, microbial activity, 

erosion, aid in pest and disease management, and enhance the soil's tolerance to drought 

conditions (41).As a low-cost and sustainable rural enterprise, vermicompost production 

supports the livelihoods of rural women in India and plays a significant role in enhancing 

their economic and social empowerment (42)  

1.2. Modern Farming:  

Traditional farming practices are vulnerable to climate change, environmental stresses, and natural 

calamities, which can significantly reduce crop yields. Although advanced agricultural 

technologies have been developed to address these issues, their adoption in rural areas is often 

limited by a lack of farmer awareness and knowledge (43). Modern farming relies on 

mechanization, technological advancements, and increased resource inputs to improve agricultural 

efficiency and productivity. The use of farm machinery, improved crop varieties, fertilizers, and 

plant protection measures forms the basis of these systems, while several other localized farming 

practices are also followed across different regions of India (16).       
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TRADITIONAL FARMING MODERN FARMING 

Traditional farming is mainly based on labour-

intensive 

Modern farming is entirely based on capital intensive 

Crop rotation, agroforestry, slash, and burn 

cultivation are some of the techniques which are 

practiced under traditional farming 

Mono- cropping, and precision agriculture is some of 

the techniques practiced under modern farming 

The traditional method of farming is environment 

friendly as natural manure is used as fertilizer 

Modern method of farming is not environmental 

friendly as chemical fertilizers and pesticides are 

used 

Traditional farming takes a longer duration for a crop 

to yield as a result the rate of production is low 

Modern farming is a fast method of farming as it 

yields the crop at a faster duration, as a result, the rate 

of production is high 

Under traditional farming, high inputs are required Under modern farming low inputs are required 

 Table 1: Difference between traditional and modern farming. 

 

2. MODERN APPROACHES FOR SUSTAINABLE AGRICULTURE:  

To make farming sustainable, it is necessary to examine different agricultural approaches that 

consider the environment. These approaches aim to protect natural resources, improve farmers' 

incomes, and benefit society. Some methods, such as agroecology and sustainable 

intensification, evolved as farming techniques, while others, like carbon farming, became 

important through policy support (44). 

These sustainable farming approaches can be used under different farming systems and 

environmental conditions. They consider the farm as a whole and are designed to improve its 

overall performance. Many of these approaches are supported by experts and organizations, 

and some, such as organic farming, also have certification labels in the market. Although some 

methods are broad, like agroecology and sustainable intensification, while others are more 

specific, such as permaculture and high nature value farming, they all help farmers make better 

decisions for the long-term management and sustainability of their farms (45).  
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2.1. Climate smart agriculture: In recent years, climate change has emerged as a critical 

concern for agriculture, posing serious risks to livelihoods and food security for millions of 

people around the world. 

Current farming systems not only place pressure on natural resources but also play a major role in 

increasing greenhouse gas emissions. The large-scale loss of forests and degradation of productive 

land have reduced the planet's capacity to capture and store atmospheric carbon. Consequently, 

climate change poses a serious threat to more than a billion farming families worldwide, as the 

agricultural sector is particularly sensitive to changing climatic conditions (46). Climate-Smart 

Agriculture (CSA) offers an integrated approach to addressing the interconnected challenges of 

climate change, agricultural productivity, and food security. Rather than representing a new 

farming system, CSA serves as a framework for identifying agricultural practices and institutional 

strategies that are best suited to local climatic conditions. Its primary objective is to strengthen the 

resilience and adaptive capacity of agricultural systems while ensuring sustainable food production 

and long-term food security. Climate-Smart Agriculture aims to guide sustainable agricultural 

development through approaches that explicitly account for climate change (47). 

CSA focuses on three key objectives: improving agricultural productivity and farmers' incomes, 

strengthening adaptation to climate change at multiple levels, and mitigating climate change by 

reducing emissions and increasing carbon sinks (48).

 

Fig 2: Goals of climate smart agriculture  

                                                    Source- Sahu, G et al 2020 
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Long-term alterations in weather patterns lead to climate change, which poses a serious threat to 

agricultural productivity. Rising and falling temperature extremes, irregular rainfall, and increasing 

sea levels adversely affect crop production by degrading coastal freshwater resources and 

increasing the likelihood of flooding. The situation becomes more critical when extreme climatic 

events such as droughts, floods, and heat waves occur, as their frequency and intensity are expected 

to rise in the coming years. Developing countries, including India, are particularly susceptible to 

these impacts because their economies rely heavily on agriculture and they often have limited 

technological and financial capacity to effectively adapt to such climatic challenges (49).  

Climate change, including the effects of global warming, influences every aspect of human life, 

with agriculture being one of the most vulnerable sectors. Recognizing the need to reduce climate-

related risks in agriculture, the Indian Council of Agricultural Research (ICAR) launched the 

National Innovations on Climate Resilient Agriculture (NICRA) initiative. The project aims to 

strengthen the resilience of agricultural systems by promoting climate-resilient technologies, 

enhancing adaptive capacity, and minimizing the adverse impacts of climate variability and change.  

India is highly susceptible to the adverse effects of climate change because of persistent poverty, 

the dependence of nearly half of its population on agriculture for their livelihoods, the sector's 

strong reliance on natural resources, and limited capacity to cope with climatic shocks. Although 

the introduction of improved agricultural technologies during the mid-1960s—including high-

yielding crop varieties, chemical fertilizers, and expanded irrigation—led to remarkable increases 

in food grain production and marked the beginning of the Green Revolution, concerns have 

emerged regarding the long-term sustainability of this production system. Ensuring sufficient food 

production for a rapidly growing population while maintaining environmental and resource 

sustainability has become a major challenge under changing climatic conditions (50). 

Achieving sustainable agricultural development requires the adoption of effective strategies that 

promote Climate-Smart Agriculture (CSA). To support this objective, the Consultative Group on 

International Agricultural Research, through its Research Program on Climate Change, Agriculture 

and Food Security (CCAFS), has collaborated with national institutions and rural communities to 

establish Climate-Smart Villages (CSVs). These villages serve as demonstration models for 

implementing locally adapted climate-smart practices that enhance food security, strengthen 

farmers' capacity to adapt to climate change, and improve resilience against climatic stresses (51). 

The Climate-Smart Village (CSV) approach was first introduced in the Indian states of Haryana 

and Bihar in 2011. Since then, smallholder farmers have adopted a variety of Climate-Smart 

Agriculture (CSA) practices to reduce the adverse impacts of climate change and climate variability 

while improving farm profitability. These practices include enhancing cropping systems through 
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the use of improved crop varieties, crop diversification, crop rotation, and the integration of 

legumes. Farmers also employ integrated nutrient management techniques such as green manuring, 

compost application, and site-specific nutrient management. In addition, resource conservation 

measures like minimum or zero tillage, precision water management practices including raised-bed 

planting, laser land levelling, and crop residue mulching, as well as the integration of agroforestry 

systems, are being implemented to strengthen climate adaptation, improve resource-use efficiency, 

and enhance the resilience of agricultural production systems (52). The adoption of Climate-Smart 

Agriculture (CSA) practices and technologies has enabled smallholder farmers in the Indo-

Gangetic Plains of India to improve agricultural productivity and generate higher incomes 

compared with conventional farming methods. These positive outcomes indicate that expanding 

the implementation of CSA interventions to other regions could enhance farmers' economic returns 

while increasing their resilience to climate variability and change. Under the CGIAR's Climate 

Change, Agriculture and Food Security (CCAFS) program, the application of climate-smart 

technologies across different parts of India has contributed to increased crop yields, improved farm 

profitability, greater efficiency in the use of agricultural inputs, and reduced greenhouse gas (GHG) 

emissions. However, the widespread transition to climate-smart farming will depend largely on the 

adoption of innovative agricultural technologies, supported by effective extension services and 

adequate access to institutional credit (53). Expanding financial support for climate-smart farming 

by integrating climate finance with conventional agricultural credit can play a crucial role in 

accelerating the adoption of sustainable farming practices. Improved access to targeted financial 

resources would encourage farmers to invest in climate-resilient technologies, thereby enhancing 

agricultural sustainability, strengthening rural livelihoods, and ensuring long-term food security. 

Such financial integration can significantly contribute to building a more resilient and economically 

viable agricultural sector capable of addressing the challenges posed by climate change.  

 

2.2. Organic Farming: Organic farming is a sustainable agricultural system that focuses on 

conserving the environment, ensuring animal welfare, producing safe and high-quality food, 

promoting the efficient use of natural resources, and supporting social equity (54). Organic farming 

seeks to establish integrated, environmentally responsible, and economically viable production 

systems by utilizing renewable resources and effectively managing natural ecological and 

biological processes. This approach aims to ensure adequate food production while providing 

sustainable economic benefits to farmers (55). Organic farming requires lower financial investment 

than conventional farming systems. It also enhances the ability of farmers and rural communities 

to cope with the adverse impacts of climate change. Moreover, by promoting sustainable resource 
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management and resilient agricultural practices, organic farming meets many of the key criteria for 

effective climate change adaptation strategies (56). 

 

 Fig 3: The main practices and effects of organic farming  

 

Organic farming is among the fastest-expanding agricultural sectors worldwide and currently 

accounts for approximately 1% of the global agricultural land. It is a sustainable farming system 

that relies on naturally derived fertilizers, including compost, green manure, and bone meal, instead 

of synthetic inputs. Organic farming also emphasizes ecological management practices such as crop 

rotation, companion planting, and the efficient recycling of organic resources to maintain soil 

fertility, improve biodiversity, and support long-term agricultural sustainability (58).  

Organic farming incorporates several sustainable agricultural practices that enhance environmental 

quality and resource-use efficiency. These include the adoption of integrated pest management 

(IPM) strategies to minimize pesticide use, crop rotation, and the cultivation of nitrogen-fixing 

cover crops to improve soil fertility and maintain soil health. The application of mulches further 

supports moisture conservation and reduces soil erosion. Conservation tillage practices, such as no-

till or reduced tillage, help prevent soil compaction and preserve soil structure. Nutrient 

management is guided by regular soil testing, enabling the precise application of organic and, when 

necessary, synthetic fertilizers while encouraging greater reliance on organic nutrient sources. In 

addition, modern irrigation systems are designed to optimize water use efficiency, increase crop 

productivity, and reduce water losses, soil erosion, and salinity, thereby contributing to the long-

term sustainability of agricultural production (59). Organic farming encourages the use of ground 

cover, cover crops, and mulches to protect the soil from erosion while reducing dependence on 

chemical pesticides and promoting biodiversity conservation. It has emerged as a rapidly expanding 

agricultural sector because of its potential health, environmental, and economic benefits. Growing 
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consumer awareness of the possible health risks associated with chemically produced food has 

increased the demand for organic products, with many consumers willing to pay premium prices 

for them. In addition, increasing environmental awareness and a commitment to sustainable 

resource management have further encouraged the adoption and purchase of organically produced 

food, supporting both ecosystem conservation and sustainable agricultural development. 

 

2.2.1. New innovation technologies for organic farming:Organic farming has become an essential 

tool when moving towards the future era to decrease the adverse effect of burning crops and global 

warming. Modern agricultural practices involve the use of chemical fertilizers and pesticides to 

meet the challenges of agriculture. Modern organic farming was developed as a response to the 

environmental harm caused by the use of chemical pesticides and synthetic fertilizers in modern 

agriculture, and it has numerous ecological benefits. A combination of organic fertilizer and new 

technologies is of utmost importance to reduce the limitations and challenges of organic fertilizer.  

a. Sludge: Sludge is a semi-solid by-product generated from various industrial activities, 

water treatment facilities, wastewater treatment plants, and sanitation systems. It is rich in 

organic matter and essential plant nutrients, particularly nitrogen and phosphorus, making 

it a valuable resource for use as an organic fertilizer and soil amendment. When properly 

treated and managed, sludge can improve soil fertility and support sustainable agricultural 

production. Several studies have investigated the potential of wastewater treatment plant 

sludge as an organic fertilizer, demonstrating its effectiveness in enhancing soil quality and 

crop productivity.     

 

 

 

Uses of sludge  Importance  Reference 

Organic mineral fertilizer The sustainable production of locally available 

resources and low-carbon impact nitrogen supply 

 (60) 

Sewage sludge soil application Some micronutrients and N were more efficiently 

supplied to maize plants by sewage sludge 

(61) 

Sewage sludge as organic 

fertilizer 

Enhance the economic yield of wheat and 

improve productivity 

(62) 
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Application of sludge on 

cropland  

A sustainable management practice (63) 

Gamma irradiated sewage 

sludge as fertilizer in radish 

No discernible differences were observed among 

the fertilizer sources. The levels of metallic 

micronutrients and heavy metals in the soil 

remained below the limits recommended by the 

U.S. Environmental Protection 

Agency(USEPA), and even at higher application 

rates, no appreciable changes were observed after 

two years. 

(64) 

                    Table 2:  Uses of sludge and its importance 

 

b. Biochar with organic fertilizer: Biochar is produced from a wide range of carbon-rich 

feedstocks, including animal manure, food residues, sewage sludge, industrial by-products, 

wood chips, agricultural residues, and forestry waste. The chemical and physical 

characteristics of biochar vary depending on the type of biomass used. Various 

thermochemical conversion techniques are employed for its production, such as 

torrefaction, pyrolysis (slow, fast, and intermediate), hydrothermal carbonization, 

gasification, and flash carbonization. Among these methods, pyrolysis is the most 

commonly adopted process for converting biomass into biochar(65). Organic fertilizers and 

biochar are widely applied in agriculture to improve soil quality and increase crop 

productivity(66).The application of anaerobically digested rice straw compost together with 

rice husk biochar-coated urea has been shown to enhance soil nutrient availability. 

Furthermore, integrating biochar with either organic or chemical fertilizers generally 

produces better crop yield and plant nutrient uptake than using fertilizers alone. The 

combination of biochar-coated chemical fertilizers and organic fertilizers also functions as 

an effective slow-release nutrient source, improving nutrient use efficiency. Additionally, 

coating chemical fertilizers with biochar helps reduce nutrient losses through leaching and 

runoff, thereby minimizing the risk of inorganic fertilizer contamination in nearby water 

bodies (67). 

c. Biofertilizer: Biofertilizers are formulations containing one or more beneficial 

microorganisms that enhance the essential nutrient availability to plants with the help of 
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various biological processes. These processes include the decomposition of organic matter 

in soil and compost, biological nitrogen fixation, phosphate solubilization, and the 

production of plant growth-promoting substances and cellulolytic enzymes. As natural and 

eco-friendly nutrient sources, biofertilizers consist of living microbial inoculants, including 

free-living nitrogen-fixing bacteria such as Azotobacter and Rhodospirillum, as well as 

algae and fungi, if provided  individually or both together will help in improving the soil 

fertility and support plant growth. The use of bio-organic fertilizers has been reported to 

increase soil organic carbon content by approximately 6–13% and promote the proliferation 

of plant growth-promoting bacteria compared with the sole application of chemical 

fertilizers. Furthermore, bio-organic fertilizers represent an environmentally sustainable 

approach that can reduce the requirement for chemical nitrogen fertilizers by up to 30% and 

completely replace triple superphosphate (TSP) in rice cultivation. By enhancing nutrient 

availability through natural biological processes, biofertilizers help lower dependence on 

synthetic fertilizers, thereby reducing production costs and mitigating their adverse impacts 

on soil health and environmental quality (68).Vermicomposting is a biological process in 

which biodegradable organic wastes are transformed into nutrient-rich organic manure 

through the activity of earthworms. This method is characterized by rapid compost 

production, the absence of unpleasant odors, and the elimination of the need for regular 

turning of compost piles. Earthworms are typically cultured in a mixture of animal manure, 

agricultural residues, soil, and partially decomposed leaf litter. During the process, these 

organic materials are converted into vermicompost, a stable and nutrient-rich fertilizer 

suitable for improving soil fertility and supporting the growth of a wide variety of crops and 

plants.  

d. Organomineral fertilizers: Organomineral fertilizers are produced by combining organic 

materials with mineral nutrient sources in different nitrogen (N), phosphorus (P), and 

potassium (K) ratios to meet the nutritional needs of specific crops. These fertilizers are 

available in granulated, pelleted, or powdered forms. Their application improves soil 

fertility by enhancing its physical and chemical properties, increasing nutrient availability, 

improving water-holding capacity, and promoting phosphate solubilization. Moreover, 

organomineral fertilizers positively influence plant growth and physiological performance 

by enhancing nutrient uptake, stimulating metabolic activities, increasing biomass 

production, and ultimately improving crop yield (69). 

e. Digital technology: Digital technologies and smart farming tools play an important role in 

organic agriculture by enabling farmers to monitor crop performance and livestock health, 
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optimize resource utilization, reduce environmental impacts, and improve farm 

profitability. These technologies support various farming operations, including tillage, 

irrigation, nutrient management, post-harvest handling, storage, and transportation of 

agricultural produce. The adoption of digital agriculture also has the potential to enhance 

food security and reduce poverty, particularly among smallholder farmers, by improving 

productivity and decision-making. However, advanced digital technologies are currently 

more accessible to large-scale farming enterprises, where they contribute significantly to 

sustainable agricultural practices. Expanding reliable and affordable digital services for 

smallholder farmers remains essential for strengthening the economic and environmental 

sustainability of organic farming in the future (70).  

2.3. Integrated farming system: Integrated Farming Systems (IFS), which combine multiple 

agricultural enterprises within a single production system, have considerable potential to enhance 

productivity, increase farm profitability, promote environmental sustainability, and strengthen 

resilience. By integrating diverse farming components, IFS offers an effective approach to 

addressing complex challenges such as food security, resource conservation, and climate change 

adaptation. Ensuring food and livelihood security, protecting the environment, and conserving 

natural resources have emerged as major global priorities in recent decades. Developing countries, 

in particular, face significant challenges due to the combined impacts of globalization and climate 

change, which have increased the vulnerability of agricultural production and contributed to 

frequent crop failures. Globally, smallholder farming dominates the agricultural sector, with more 

than 410 million farms covering less than one hectare and over 475 million farms occupying less 

than two hectares. Together, these farms account for approximately 72% and 84% of all agricultural 

holdings worldwide, highlighting the crucial role of small-scale farmers in global food production 

(71). It represents an effective model of sustainable agriculture, offering a wide range of economic, 

social, and environmental benefits. 

 

 By integrating multiple farm enterprises, IFS provides a comprehensive and practical approach to 

overcoming the challenges faced by small and marginal farmers, while enhancing productivity, 

profitability, resource-use efficiency, and livelihood security (72).  

It can be described as a biologically integrated production system in which natural resources 

are effectively incorporated into agricultural practices through carefully regulated ecological 

processes. This approach minimizes reliance on off-farm inputs while ensuring sustainable 

productivity and long-term farm profitability(73). Integrated Farming Systems (IFS) represent 

an environmentally sound, economically feasible, and farmer-oriented approach that integrates 
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indigenous knowledge with contemporary agricultural technologies. The system emphasizes 

context-specific management practices to optimize resource utilization, improve resilience, and 

promote sustainable agricultural development (74). Further, this system is believed to enhance 

productivity by 2-3 times, provide additional jobs, conserve 40-60% of resources and guarantee 

100% household nutritional security(75).  

 

An Integrated Farming System (IFS) may comprise a diverse range of interconnected 

enterprises, including seasonal crop cultivation, horticulture (fruits, vegetables, and spices), 

agroforestry, mushroom production, sericulture, poultry, pigeon and duck farming, azolla 

cultivation, fodder production, small ruminant rearing (sheep and goats), dairy farming, 

apiculture, and aquaculture. These components are integrated to improve resource utilization, 

diversify farm outputs, and enhance overall farm sustainability(76). 

 

  Fig 4: Various components under Integrated farming system (IFS) 

2.3.1. Advantages of Integrated Crop–Livestock Farming System 

a. Higher Productivity and Profitability: Integrated crop–livestock farming improves overall 

farm productivity by combining different crop and livestock enterprises that efficiently utilize 

available resources. Crop residues are used as livestock feed, while animal manure is recycled 

as organic fertilizer, reducing dependence on external inputs and lowering production costs. 
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The diversification of enterprises generates multiple sources of income, increases farm self-

sufficiency, and enhances profitability, particularly for small and marginal farmers (77). 

b. Improved Soil Health: The recycling of livestock manure and other organic farm wastes 

enriches the soil with essential nutrients such as nitrogen (N), phosphorus (P), and potassium 

(K), thereby improving soil fertility and productivity. Diverse cropping patterns and continuous 

addition of organic matter enhance soil structure, microbial activity, and water-holding 

capacity. Grazing by livestock also helps suppress weeds, reducing the use of herbicides and 

pesticides, which further contributes to maintaining healthy and fertile soils (78). 

c. Biodiversity Conservation: Integrated farming promotes biodiversity by incorporating 

diverse enterprises such as crops, livestock, agroforestry, fodder production, and cover crops 

within the same farming system. Reduced dependence on synthetic fertilizers and pesticides 

encourages beneficial insects, pollinators, and soil microorganisms. These practices help 

maintain ecological balance, create diverse habitats, preserve trophic interactions, and 

strengthen the resilience of agro ecosystems (79). 

d. Reduced Greenhouse Gas Emissions: Integrated crop–livestock systems contribute to 

climate change mitigation by promoting the recycling of crop residues and livestock wastes, 

thereby reducing greenhouse gas emissions associated with waste disposal and chemical input 

production (80). Conservation practices such as no-till farming, moderate grazing, and efficient 

nutrient management increase soil organic carbon storage, which helps offset emissions of 

methane (CH3) and nitrous oxide (N2O). The efficient utilization of farm resources also reduces 

the need for energy-intensive agricultural operations (81). 

e. Balanced Food and Nutritional Security: The integration of crops, horticulture, dairy, 

poultry, fisheries, mushroom cultivation, and other allied enterprises ensures the production of 

a wide variety of nutritious foods throughout the year. Fruits, vegetables, milk, eggs, meat, and 

fish provide essential vitamins, minerals, proteins, and energy, improving the nutritional status 

of farm families (82). This diversified production system enhances household food security 

while reducing dependence on external food sources. 

f. Natural Pest and Weed Management: Livestock play an important role in the biological 

control of weeds and pests. Poultry consume weed seeds, young weeds, insects, and other crop 

pests, while grazing animals suppress weed growth and disturb pest habitats, reducing their 

population. Such natural pest and weed management practices decrease the reliance on 
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chemical pesticides and herbicides, lowering production costs and minimizing environmental 

pollution (83). 

g. Employment Generation and Women's Participation: The integration of multiple 

farming enterprises creates year-round employment opportunities by increasing labour 

requirements for crop cultivation, livestock management, dairy farming, poultry, fisheries, and 

other activities. This continuous demand for labour helps reduce seasonal unemployment in 

rural areas (84). Women actively participate in enterprises such as dairy farming, poultry 

rearing, goat and sheep rearing, vegetable cultivation, and the sale of milk, eggs, and 

vegetables, thereby strengthening household income and promoting gender participation in 

agriculture. 

h. Year-Round Income Generation: Integrated farming provides farmers with continuous 

income by combining enterprises that generate returns at different times of the year. While 

crops provide seasonal income, dairy, poultry, fisheries, mushroom cultivation, and other allied 

activities offer regular cash flow throughout the year. This diversified income pattern reduces 

financial risks, improves resilience to climate and market fluctuations, conserves farm 

resources, and enhances the economic stability of farming households (85). 

 

 

2.4. Precision farming: Precision farming is an advanced agricultural approach that utilizes 

modern technologies to measure, monitor, and analyze the specific requirements of individual 

fields and crops. It enables farmers to make site-specific management decisions, improving 

resource-use efficiency, crop productivity, and overall farm sustainability (86).Precision 

farming is an advanced farming approach that focuses on site-specific management by 

integrating modern technologies to optimize agricultural inputs, increase productivity, and 

promote sustainable farming practices (87). The fundamental principle of precision agriculture 

is the recognition and management of spatial and temporal variability within agricultural fields. 

Since soil characteristics, moisture levels, nutrient availability, and crop growth conditions 

vary across different parts of the same field, applying inputs uniformly often results in 

inefficient resource use and environmental degradation. To address this variability, precision 

agriculture integrates advanced technologies such as the Global Positioning System (GPS), 

Geographic Information System (GIS), and remote sensing for accurate field monitoring and 

site-specific management. These technologies support informed decision-making, improve 
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input-use efficiency, enhance crop productivity, and promote environmentally sustainable 

farming practices (88). Precision farming has the potential to enhance the sustainability and 

resilience of food production systems by improving resource-use efficiency, optimizing crop 

management, and reducing environmental impacts. Although its adoption is challenged by 

factors such as high initial investment costs and limited technical knowledge among farmers, 

continued technological advancements and capacity-building efforts can promote its wider 

implementation and long-term benefits(87). Precision agriculture emphasizes the identification 

and management of field variability to optimize crop yields, improve input-use efficiency, and 

support sustainable agricultural production (88). A key principle of precision agriculture is the 

use of accurate field-level information to support informed agronomic decision-making. Data 

collected through soil testing, crop monitoring, spatial mapping, and advanced sensing 

technologies provide a scientific basis for site-specific management practices. By applying 

inputs according to the actual needs of crops and different field conditions, precision agriculture 

minimizes resource wastage, improves input-use efficiency, and enhances crop productivity 

while promoting sustainable farming practices (89). Precision agriculture is based on the 

principle of continuous monitoring of field conditions to identify spatial and temporal 

variability throughout the crop-growing season. Advanced technologies such as the Global 

Positioning System (GPS), Geographic Information System (GIS), and remote sensing enable 

accurate field mapping, data collection, and variability analysis. The integration of these digital 

technologies supports timely, site-specific management decisions, improving the efficiency, 

productivity, and sustainability of modern agricultural systems (86). Overall, precision 

agriculture is an advanced farm management system that combines modern technologies with 

scientific knowledge of agriculture to support efficient resource management, improve 

productivity, and promote sustainable farming practices.  
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  Fig 5: Satellite imagery and drone-based observations  

 

Precision agriculture is based on the integration of advanced technologies that facilitate the 

accurate monitoring, analysis, and management of variability within agricultural fields. These 

technologies support site-specific decision-making, optimize the use of agricultural inputs, and 

improve crop productivity while promoting sustainable and resource-efficient farming 

practices (91).  

 

The Global Positioning System (GPS) and Geographic Information System (GIS) are 

fundamental technologies in precision agriculture. GPS provides accurate real-time 

location information, enabling precise mapping of field boundaries, soil variability, crop 

conditions, and farm operations. It also guides agricultural machinery such as tractors, 

planters, sprayers, and harvesters, ensuring accurate field operations with minimal 

overlap or missed areas. GIS complements GPS by storing, analyzing, and visualizing 

spatial data related to soil properties, crop performance, and yield variability. Together, 

GPS and GIS support site-specific management, improve the precision of planting, 

fertilization, pesticide application, and harvesting, reduce input wastage and operational 

costs, and enhance overall farm productivity and resource-use efficiency.GPS enables 

site-specific farm management by supporting variable-rate application of agricultural 

inputs according to field conditions. It also facilitates yield monitoring by linking yield 

data to specific field locations, allowing farmers to evaluate field performance, identify 
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productivity variations, and make informed management decisions for future cropping 

seasons.  

A Geographic Information System (GIS) is a tool for analysis and decision-making that 

combines, stores, analyzes, and displays spatial data from GPS, remote sensing, and field 

sensors. GIS is used in precision farming to make precise computerized maps of things 

like soil qualities, crop health, nutrient levels, moisture levels, pest infestations, and 

changes in yield. These maps of space enable farmers and agronomists comprehend how 

different parts of a field are different from each other and make smart management 

choices that are specific to each site. GIS helps plan and evaluate precision farming 

treatments, which leads to better land use, better resource allocation, and better 

environmental management. GIS improves decision-making on crop management, 

irrigation scheduling, nutrient application, and long-term farm planning by combining 

different data layers. Together, these tools assist in field mapping and planning site-

specific management practices (92). 

 

  

 

 

 

 

Fig 6: Various aspect of GIS 

2.4.1. Remote sensing is a key technology in precision agriculture that enables continuous, 

non-destructive monitoring of crop growth and field conditions over large areas. Data collected 

through satellites, aerial platforms, and drones equipped with multispectral, hyperspectral, or 

thermal sensors help assess crop vigor, nutrient deficiency, moisture status, and the incidence 

of pests and diseases. Vegetation indices such as the Normalized Difference Vegetation Index 

(NDVI) facilitate the early detection of crop stress, allowing timely and site-specific 

management interventions. Remote sensing also supports soil moisture assessment, irrigation 
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scheduling, yield estimation, crop mapping, and land-use planning. In addition, high-resolution 

imagery helps identify pest- and weed-infested areas, enabling targeted pesticide application 

and reducing chemical use. Overall, remote sensing improves resource-use efficiency, 

minimizes yield losses, and enhances the sustainability of precision farming (93). 

2.4.2. Sensor-based technologies and the Internet of Things (IoT) play a vital role in 

precision agriculture by enabling real-time monitoring, automation, and data-driven 

decision-making. A network of interconnected sensors continuously collects and 

transmits information on soil moisture, temperature, nutrient levels, pH, salinity, 

humidity, and other environmental parameters. This real-time data helps farmers apply 

irrigation, fertilizers, and other agricultural inputs precisely according to crop 

requirements, thereby improving resource-use efficiency and reducing wastage. In 

addition, IoT-based weather sensors monitor local conditions such as rainfall, air 

temperature, humidity, wind speed, and solar radiation, allowing farmers to make timely 

and informed management decisions that enhance crop productivity and sustainability 

(94). 

2.4.3. Variable Rate Technology (VRT) is an important component of precision agriculture 

that enables the site-specific application of inputs such as seeds, fertilizers, irrigation water, 

and agrochemicals according to the varying needs of different field locations. Using spatial 

data and information on crop requirements, VRT regulates the amount of inputs applied in each 

area, ensuring optimal resource utilization. This technology improves input-use efficiency, 

reduces wastage and production costs, minimizes environmental pollution caused by excessive 

input application, and enhances crop productivity and sustainability (88). Variable Rate 

Technology (VRT) is a key component of precision agriculture that enables the application of 

agricultural inputs according to the spatial and temporal variability within a field. It uses 

information from soil tests, yield maps, remote sensing, GPS, GIS, and sensor-based 

technologies to apply fertilizers, irrigation water, seeds, and other inputs at variable rates based 

on site-specific requirements. This approach improves nutrient management by preventing the 

over- or under-application of fertilizers, thereby reducing nutrient losses through leaching, 

runoff, and volatilization. VRT also supports precision irrigation by supplying water according 

to soil moisture, crop growth stage, and local weather conditions, leading to improved water-

use efficiency, lower energy consumption, enhanced crop productivity, and reduced 

environmental impact (95). 
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2.5. Integrated pest and disease management: Integrated Pest Management (IPM) is a 

comprehensive and environmentally sustainable approach to pest management that integrates 

cultural, biological, mechanical, and chemical control methods. Its primary objective is to keep 

pest populations below economically damaging levels while minimizing adverse effects on the 

environment, human health, and beneficial organisms (96). IPM emphasizes preventive 

practices, regular pest monitoring, and informed decision-making based on established 

economic threshold levels, rather than relying solely on routine or reactive pesticide 

applications. This approach ensures effective pest control while reducing unnecessary pesticide 

use and promoting sustainable agriculture(97). The fundamental principles of Integrated Pest 

Management include preventing pest outbreaks through cultural practices, regular monitoring 

of pest populations, and making control decisions based on economic threshold levels. It 

integrates biological, mechanical, physical, and chemical control methods to manage pests 

effectively while minimizing environmental impacts. Continuous evaluation of management 

practices helps improve the efficiency and sustainability of pest control(98). Sustainable pest 

management practices within the Integrated Pest Management  framework play a crucial role 

in meeting the growing global food demand while conserving natural resources and reducing 

the impacts of climate change (99). IPM not only reduces crop losses caused by pests but also 

supports sustainable development by conserving natural resources, protecting human health, 

and improving environmental, social, and economic well-being.  

 

2.5.1. Components of IPM:  Integrated Pest Management (IPM) combines multiple pest control 

strategies, including preventive and cultural practices such as crop rotation, sanitation, 

intercropping, and resistant varieties, along with regular pest monitoring and decision-making 

based on economic thresholds. It also incorporates biological control through natural enemies 

and the judicious use of selective chemical pesticides only when necessary. By integrating 

these approaches, IPM effectively manages pests while minimizing risks to human health and 

the environment.  
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Fig 7: Key components of an Integrated Pest Management (IPM) 

 

A. Prevention and Cultural Control Methods. Crop rotation is a key preventive practice in 

Integrated Pest Management that involves growing different crops in the same field in 

successive seasons to break pest life cycles, reduce pest populations, and improve overall crop 

health (101). The effectiveness of crop rotation in IPM depends on the proper selection and 

sequence of crops, the diversity of crops included, the duration of the rotation cycle, and the 

incorporation of cover crops or green manures to suppress pests and improve soil health (101).  

Intercropping is an important cultural practice in Integrated Pest Management (IPM) that 

involves growing two or more crop species simultaneously in the same field. It helps suppress 

pest populations by enhancing biodiversity, disrupting pest movement, and promoting natural 

enemies. The success of intercropping depends on the appropriate selection of companion 

crops, their spatial arrangement, and the timing of planting (102). 

Sanitation practices are preventive cultural pest management measures that involve removing 

and destroying pest-infested plant parts, crop residues, and other potential sources of pest 

infestation from fields and nearby areas. These practices help reduce the buildup of pest 

populations, limit their survival and spread across growing seasons, and decrease the need for 

corrective pest control measures (103). 

 

B. Monitoring and Decision Making. Scouting and sampling techniques are fundamental 

components of the monitoring and decision-making process in IPM programs (104). In addition 

to different sampling designs, a range of tools and techniques are used to monitor pest 

populations and assess their impact on crops. These include visual field inspections, sweep 

nets, sticky traps, pheromone traps, and advanced remote sensing technologies. Modern remote 

sensing methods, such as aerial imaging, satellite observations, and unmanned aerial vehicles 

(UAVs), enable large-scale monitoring of crop health and early detection of pest infestations. 
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The combined use of appropriate sampling strategies and multiple monitoring techniques 

supports informed, data-driven decisions on the timing and need for pest management 

interventions. More recently, artificial intelligence (AI) has emerged as a valuable tool in IPM, 

improving pest identification and assisting in decision-making processes (105) 

C.Biological Control. Natural enemies such as parasitoids, predators, and pathogens are 

essential agents of biological control and constitute a core element of Integrated Pest 

Management (IPM) programs. Beneficial organisms regulate pest populations through 

diverse biological mechanisms such as direct predation, parasitism, and infection, often 

keeping pest densities below the economic threshold and minimizing crop losses (106). 

Predators represent a diverse group of natural enemies, encompassing arthropods such 

as ladybird beetles, lacewings, and spiders, as well as vertebrates including birds and 

rodents. Through continuous hunting and consumption of multiple prey individuals over 

their life cycle, they contribute significantly to the biological regulation of pest 

populations. The contribution of predators to biological pest control is governed by 

multiple ecological parameters, including feeding rate, functional and numerical 

responses, prey preference, and other biotic interactions. In contrast, parasitoids employ 

a distinct strategy in which eggs are laid on or within a host organism, allowing the 

developing larvae to utilize the host as a nutrient source and ultimately result in its death 

(107).   

D.Chemical Control. Chemical control represents one of the most rapidly evolving 

components of IPM, with recent innovations focusing on selective pesticide application, 

resistance management, biopesticide development, natural bioactive compounds, and 

nanotechnology-based pest management approaches. Within Integrated Pest 

Management (IPM), chemical control is applied strategically through the careful and 

precise use of pesticides directed at specific pests or infested areas. This targeted 

approach minimizes unnecessary pesticide use while enhancing the effectiveness of pest 

management (108).  

2.5.2Sustainability Benefits of IPM: The successful large-scale implementation of 

Integrated Pest Management (IPM) during the mid-1990s marked a significant milestone 

in demonstrating its sustainability benefits. Through the Pilot Unit strategy, IPM was 

effectively adopted in crops such as potato, sweet potato, and asparagus, providing early 

evidence that sustainable pest management practices could be successfully implemented 
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on a broad scale. These initiatives highlighted the environmental benefits of reducing 

pesticide dependence, the economic advantages of improved crop productivity and lower 

input costs, and the social gains associated with safer working conditions and enhanced 

farmer participation. Since then, continued advancements in IPM have further 

strengthened its role as a sustainable approach to crop protection, delivering long-term 

environmental, economic, and social benefits (109). 

A. Environmental Sustainability: Integrated Pest Management (IPM) contributes 

significantly to sustainable agriculture by emphasizing preventive and non-chemical pest 

control measures while limiting pesticide use to situations where pest populations exceed 

established economic thresholds. Through continuous pest monitoring and informed 

decision-making, IPM minimizes unnecessary chemical interventions without 

compromising crop productivity. This targeted approach reduces the overall quantity of 

pesticides applied and encourages the use of selective, low-risk products that are less 

harmful to non-target organisms, beneficial insects, and human health. A key strength of 

IPM lies in its integration of cultural, biological, and physical control strategies with the 

judicious use of environmentally compatible pesticides, including biopesticides, 

botanical formulations, microbial agents, and semiochemicals. Compared with 

conventional synthetic pesticides, these alternatives generally exhibit lower toxicity, 

reduced environmental persistence, and minimal adverse effects on non-target species. 

Their adoption not only decreases the risk of soil, water, and air contamination but also 

supports the conservation of natural enemies and pollinators, thereby improving the 

ecological balance within agricultural systems (110). IPM encourages the conservation 

and augmentation of indigenous natural enemies by maintaining habitats, alternative 

food sources, and overwintering sites that support their survival and effectiveness. 

Enhanced biological control reduces the need for chemical pesticides, contributing to 

biodiversity conservation and sustainable crop protection.  

B. Economic Sustainability: Integrated Pest Management provides a cost-effective and 

economically sustainable approach to crop protection by optimizing pest control while 

reducing dependence on expensive chemical pesticides. Its economic benefits stem from 

lower pest management costs, improved efficiency in the use of agricultural inputs, and 

increased farm productivity and profitability. By integrating pest surveillance, economic 

thresholds, and multiple control strategies, IPM enables farmers to select management 
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practices that are both effective and economically viable. A key advantage of IPM is its 

ability to support informed, data-driven decision-making by considering the economic, 

environmental, and social consequences of different pest management options. This 

integrated approach allows farmers to minimize unnecessary expenditures on chemical 

inputs, reduce production risks, and improve the long-term sustainability and resilience 

of their farming systems. Consequently, IPM enhances the competitiveness of 

agricultural production while promoting resource-use efficiency and long-term 

economic stability (111). IPM improves economic sustainability by promoting cost-

effective alternatives to chemical pesticides, such as cultural and biological control 

methods. It enhances the efficient use of resources, including land, water, and labor, 

through precision pest management and integration with sustainable farming practices. 

By reducing pest-related crop losses and lowering input costs, IPM increases 

productivity, profitability, and the long-term economic resilience of agricultural systems 

(112).   

C. Social Sustainability: IPM contributes to social sustainability by improving food 

safety and quality through the prioritization of non-chemical pest control methods and 

the judicious use of pesticides. This approach minimizes pesticide residues in food, 

reducing potential health risks to consumers while preserving the nutritional value, 

quality, and shelf life of agricultural produce. In addition, IPM promotes good 

agricultural practices, including proper sanitation, worker hygiene, and safe postharvest 

handling, which help reduce microbial contamination and enhance food safety 

throughout the supply chain. The integration of biopesticides into IPM further enhances 

food safety by reducing the use of harmful chemical pesticides. This lowers the 

likelihood of chemical interactions that may increase the virulence of foodborne 

pathogens or contribute to antimicrobial resistance, thereby supporting safer and more 

sustainable food production (113).  

3. GOVERNMENT INITIATIVES AND POLICY FRAMEWORK IN INDIA 

Agriculture is primarily a state subject under the Indian Constitution, giving state 

governments the authority to design and implement agricultural policies according to 

their regional needs. Although the central government provides policy direction and 

financial support, states have the flexibility to adapt or selectively implement centrally 

sponsored schemes. This decentralized approach is important because India's diverse 
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agro-climatic conditions require location-specific solutions rather than uniform policies. 

Consequently, the effectiveness of agricultural development depends on strong 

coordination between the central and state governments. Strengthening cooperative 

policymaking and regular dialogue between both levels of government is essential for 

addressing challenges and promoting sustainable agricultural growth (114). According 

to the central government, agricultural policy in recent years has gradually shifted from 

prioritizing higher crop production to improving farmers' income and overall economic 

well-being (115).  

Since the Green Revolution of the 1960s, India's agricultural policies have mainly 

focused on increasing food grain production to ensure food security for its growing 

population. In recent years, however, the emphasis has shifted towards an income-

oriented approach that seeks to enhance farm productivity, lower cultivation costs, and 

ensure fair prices for agricultural produce, thereby improving farmers' profitability and 

livelihoods. The following sections attempt to assess the performance of some of the 

flagship schemes aimed at addressing sustainability issues in agriculture under the Modi 

government.   

A. National Mission for Sustainable Agriculture (NMSA):  NMSA was first 

envisaged as one of the eight missions outlined under the National Action Plan 

on Climate Change (NAPCC) proposed in 2008. It is the flagship central 

government policy that aims to make agriculture sustainable in a comprehensive 

manner. As a programmatic intervention since 2014-15, the mission aims at, 

“making agriculture more productive, sustainable, and remunerative and climate 

resilient by promoting location specific integrated/composite farming systems; 

soil and moisture conservation measures; comprehensive soil health 

management; efficient water management practices and mainstreaming rainfed 

technologies”. (115).  

B. Pradhan Mantri Krishi Sinchayee Yojana (PMKSY): PMKSY is another much 

publicised central government scheme that focuses specifically on expanding the 

irrigation infrastructure in the country, particularly to rainfed regions, as well as 

improving water-use efficiency in agriculture. Launched in 2015, the scheme has 

four broad components that address specific issues related to water use in 

agriculture: 
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● Accelerated Irrigation Benefit Programme (AIBP) - Aimed at 

faster completion of medium and major irrigation projects. 

● Har Khet ko Paani - Promoting minor irrigation, rain water 

harvesting structures, and developing groundwater in areas of 

abundance. 

● Per Drop More Crop (PDMC) - Expanding micro-irrigation 

techniques such as drip and sprinkler irrigation that conserve 

water, and improving water-use efficiency. 

● Watershed Development - Revitalising traditional water bodies 

and managing surface run-off (116) 

 Activities under the scheme are planned and implemented through 

District Irrigation Plans (DIP) prepared at the block as well as district 

levels by taking into account the irrigation requirements of a particular 

area. Expanding micro-irrigation and improving overall water-use 

efficiency in agriculture is crucial for a country like India where 80% of 

available water resources are consumed in agriculture and more than 60% 

water in irrigated regions goes into water-guzzling crops like paddy and 

sugarcane.  

C. Pradhan Mantri Fasal Bima Yojana (PMFBY): Launched in 2016, PMFBY 

provides crop insurance coverage to farmers spanning pre-sowing to post-harvest 

period to offset losses against non-preventable natural risks. The scheme involves 

use of crop cutting experiments (CCE) to determine crop loss, based on which 

insurance payouts are made. Earlier, crop insurance schemes in the country were 

plagued by high premium rates, delays/non-payment of dues, inadequate 

insurance sums, inadequate government support on subsidies on premiums, low 

coverage of land area and number of farmers insured (117). PMFBY intends to 

address these issues by introducing technological interventions such as mobile 

phone apps for data collection and communication and digitised land records 

linked to farmers’ bank accounts for better settlement of claims (117).  

4. CHALLENGES FACED IN ADOPTING MODERN TECHNOLOGY: 
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 Agriculture plays a vital role in India's economy by contributing to national income, 

generating employment, ensuring food security, and earning foreign exchange. It 

occupies nearly 51% of the country's land area and remains a key source of livelihood 

for a large section of the population. Although agriculture's contribution to GDP has 

declined over the years—from over 56% in the early decades after independence to about 

17.4% in 2016–17—it continues to be an important economic sector. Within the 

agricultural Gross Value Added (GVA), the contribution of the livestock sector has 

gradually increased, while the share of crop production has declined (118).  

A. High population dependence on Agriculture: Agriculture serves as the principal 

source of livelihood for a significantly larger proportion of India's population 

than in most other countries. Various surveys and statistical reports indicate that 

a majority of rural households depend directly or indirectly on agricultural 

activities for their income and employment. In contrast to developed nations, 

where only a small fraction of the workforce is engaged in farming, agriculture 

continues to be the primary occupation for a substantial segment of the Indian 

population, many of whom have limited alternative employment opportunities. 

For example, the share of the population involved in agriculture is approximately 

5% in Australia, 4% in Canada, 2% in the United Kingdom, 3% in Germany, 9% 

in Japan, 8% in France, 2% in the United States, 6% in Israel, and 15% in the 

former Soviet Union. In comparison, nearly 52% of India's population is 

dependent on agriculture for its livelihood, underscoring the sector's crucial role 

in supporting employment, rural development, and the national economy (119).  

B. Dominance of food crops: Food crops occupy the largest share of India's 

cultivated land, accounting for nearly 82% of the total sown area. This reflects 

the country's continued emphasis on ensuring food security and meeting the 

dietary needs of its large population.  

C. Small and large land holdings: Small landholdings are prevalent across most 

regions of India. One observes holdings ranging from less than one acre to 

between one and five acres, and between five and ten acres (120). 

D. Low yield: Despite being one of the world's leading agricultural producers, 

India's crop productivity remains comparatively low when measured against 

many other countries. Based on 2008 estimates, India ranked third globally in 

total food grain production, following China and the United States, with an output 
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of approximately 267 million tonnes. The country was the second-largest 

producer of both wheat and rice after China and contributed about 21.6% of 

global pulse production, making it the world's leading producer of pulses. India 

also ranked second in groundnut production after China, third in rapeseed 

production after Canada and China, and second in the production of fruits and 

vegetables. In addition, it was the second-largest producer of sugarcane after 

Brazil and among the leading producers of tea and coffee worldwide. Although 

India occupies a prominent position in global agricultural production, its crop 

yields per unit area remain relatively low, posing a major challenge to ensuring 

food security and meeting the demands of its growing population.  

E. Lack of modern agricultural knowledge among Indian farmers:A large proportion 

of Indian farmers have limited financial resources and restricted access to 

education, which affects the adoption of improved agricultural practices. Many 

continue to rely on traditional cultivation methods and conventional farming 

tools rather than modern technologies. As a result, scientific farming techniques 

are not widely practiced in several regions, leading to lower agricultural 

productivity. Inadequate technical knowledge, limited extension services, and 

slow adoption of advanced farming methods have contributed to the relatively 

slow growth of crop production in the country(121). 

F. Lack of Transport and Communication Facilities: In many rural regions of India, 

inadequate road infrastructure and limited communication facilities continue to 

hinder agricultural development. During the monsoon season, unpaved village 

roads often become flooded and muddy, disrupting connectivity with nearby 

towns and markets. As a result, farmers face considerable difficulties in 

transporting their produce, leading to increased post-harvest losses, higher 

transportation costs, and reduced access to markets (122). 

G. Lack of Proper Agricultural Planning: Although several agricultural reform plans 

have been introduced, many have lacked the comprehensive institutional and 

structural changes needed for effective implementation. As a result, expected 

improvements in key areas such as irrigation, fertilizer use, and access to quality 

seeds have not been fully realized. In addition, inadequate planning and execution 

of policies aimed at strengthening farmers' economic activities have limited their 

effectiveness, preventing significant improvements in farmers' income and 

overall socio-economic conditions (123).  
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CONCLUSION 

Agriculture remains the backbone of the Indian economy, supporting food security, 

employment, rural livelihoods, and overall economic development. However, increasing 

population pressure, climate change, degradation of natural resources, shrinking landholdings, 

and environmental concerns have exposed the limitations of conventional farming systems. 

While traditional agricultural practices have contributed significantly to India's agricultural 

development, they are no longer sufficient to meet the growing demand for food while ensuring 

environmental sustainability. Consequently, the adoption of modern technologies and 

sustainable agricultural practices has become essential for improving productivity, conserving 

natural resources, and enhancing farmers' livelihoods. 

This review highlights the transition from traditional agriculture to modern farming systems 

that integrate technological innovations with environmentally sustainable practices. Modern 

approaches such as climate-smart agriculture, organic farming, integrated farming systems, 

precision farming, and integrated pest and disease management offer practical solutions for 

addressing the complex challenges faced by the agricultural sector. These approaches promote 

efficient resource utilization, improve soil health, conserve water, enhance biodiversity, reduce 

dependence on chemical inputs, and increase the resilience of farming systems against climate 

variability and biotic stresses. The integration of advanced technologies, including remote 

sensing, drones, artificial intelligence, biotechnology, Geographic Information Systems (GIS), 

and data-driven decision-making, further strengthens the efficiency, sustainability, and 

profitability of agricultural production. Government initiatives and policy interventions have 

played a significant role in encouraging the adoption of sustainable agricultural practices 

through financial assistance, technological support, capacity-building programmes, and 

regulatory measures. Policies promoting soil health management, efficient irrigation systems, 

digital agriculture, organic farming, climate-resilient agriculture, and integrated farming 

demonstrate the government's commitment to transforming Indian agriculture into a more 

sustainable and productive sector. Nevertheless, the effectiveness of these initiatives largely 

depends on coordinated implementation, institutional support, farmer awareness, and active 

collaboration among central and state governments, research institutions, extension agencies, 

and farming communities. Despite considerable progress, several challenges continue to limit 

the widespread adoption of modern agricultural technologies. Small and fragmented 

landholdings, inadequate rural infrastructure, limited access to quality inputs and credit, 
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insufficient technical knowledge, low levels of mechanization, digital inequality, and financial 

constraints remain significant barriers, particularly for small and marginal farmers. Addressing 

these challenges requires strengthening agricultural extension services, expanding access to 

affordable technologies, improving rural infrastructure, promoting farmer education and skill 

development, and encouraging public–private partnerships to facilitate technology 

dissemination. 

Overall, sustainable agriculture represents a balanced approach that combines scientific 

innovation with ecological conservation to ensure long-term agricultural development. 

Practices such as crop diversification, crop rotation, conservation tillage, agroforestry, 

integrated nutrient management, integrated pest management, precision agriculture, and 

efficient water management collectively contribute to improved productivity, environmental 

protection, and socio-economic well-being. The integration of these approaches with emerging 

technologies offers immense potential for building climate-resilient and resource-efficient 

farming systems. 
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