


NEXT-GENERATION PRECISION FARMING TECHNOLOGIES TO ENHANCE SUSTAINABLE CROP PRODUCTION AND ENVIRONMENTAL SUSTAINABILITY

ABSTRACT
Precision farming implies to the precise application of agricultural inputs based on soil, weather and crop requirement to maximize sustainable crop productivity, quality and profitability, and depends on numerous factors. The enabling technologies of precision agriculture such as Computers, Global Positioning System (GPS), Geographic Information System (GIS), Remote Sensing (RS) and Application control. It involves the application of technologies and agronomic principles to manage spatial and temporal variation associated with all aspects of agricultural production. In case of site-specific farming, where farmers can search variations viz., soil quality and fertilizers or irrigation supply and improve crop yield with minimizes environmental impact by lowering the overuse of inputs. The applications of precision farming are various aspects of agricultural management, like seed placement with maximize spacing yield potential factors like soil moisture and nutrient availability, farmers can obtain optimal germination and plant growth. Precision farming also integrates with remote sensing technologies viz., drones and satellite imagery, to monitor crop conditions and detect early signs of diseases or pests infestation. Additionally, precision farming offers real-time monitoring of weather and climatic conditions, allowing farmers to optimize their irrigation schedules or implement protective measures in response to climatic conditions. In this review discusses the concept, principles, components, applications, challenges, and future scope of precision farming, illustrating its role in enhancing crop production in sustainable agriculture.
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INTRODUCTION 
In India, agriculture is mainly known for its numerous functions from providing employment, food, livelihood to nutritional and ecological securities. India has total geographical area of 328.7mha, out of which 182mha of the land get affected by land degradation due to water erosion, wind erosion, water logging and chemical deterioration (Hussain et al., 2021). On the other hand, removal of quantitative restrictions on import from 1st April 2001 (Jambor et al., 2016), made quality and cost competitiveness as two most important factors to sustain in globalized market. Furthermore, food grain requirement of India is expected to be 480 Mt by the year 2050 (Kumari et al., 2020; Gupta et al., 2022)., with increasing challenges of biotic and abiotic stresses experienced by crops. On the other hand, the higher production cost along with low productivity will throw Indian farmers out of the economic competition. All over again, untimely start of research on advanced technology due to lack of resources is one of the main issues of developing countries (Getahun et al., 2024). In order to face all these challenges, study of advanced and environment friendly technology which can utilize all available resources efficiently for sustainable development of Indian agriculture is inevitable.
Precision farming provides a new solution using a system approach for today’s agricultural issues such as the need to balance productivity with environmental concerns (SS et al., 2024; Mgendi et al., 2024; Nath et al., 2024; Fathi et al., 2025). It is based on the implementation of advanced information technologies (Sishodia et al., 2020; Fathi et al., 2025). Precision farming is a new agricultural technology that optimizes the profit by improving agricultural efficiency while protecting the environment with the reduction in the amount of chemicals applied to the agricultural fields (Finger et al., 2019; Ahmad and Dar, 2020; Monteiro et al., 2021; Yadav et al., 2023; Farooqui et al., 2024; Mansoor et al., 2025). Precision farming implies to the precise application of agricultural inputs based on soil, weather and crop requirement to maximize sustainable crop productivity, quality and profitability (Pierce and Nowak, 1999). It can be defined as the management of inputs (Shafi et al., 2019; Shaheb et al., 2020; Karunathilake et al., 2023; Junior et al., 2024 Adewusi et al., 2024). based on the needs of the small sites of the fields with the use of variable rate application instead of conventional constant rate application. This farming method leads not only to the saving of material resources and energy in operation, but also to the control to jeopardize the environment. Aspects of precision agriculture encompass a broad array of topics including variability of the soil resource base, weather (Srinivasan et al., 2018), plant genetics, crop diversity, physico-biochemical inputs used in crop production (Hussain et al., 2021). Tailoring soil and crop management to match varying conditions (soil texture, moisture, nutrient status and pest distribution) within a field is not entirely new to farmers (Gebbers et al., 2010). The growers traditionally noted yield variability in space, time and changed farm practices depending on site conditions to optimize soil resources and external inputs (Maitra et al., 2021; Sarkar et al. 2020).
Though widely adopted in developed countries like India is yet to take a firm ground primarily due to its unique pattern of land holdings, poor infrastructure, lack of farmers’ inclination to take risk, socio-economic and demographic conditions.
Concept of Precision Farming
Precision farming is defined as information and technology based agricultural management system (Shafi et al., 2019; Shaheb et al., 2020; Karunathilake et al., 2023; Junior et al., 2024 Adewusi et al., 2024), to identify, analyze and manage site-soil, spatial and temporal variability within fields for optimum profitability, sustainability and protection of the environment (Robert et al., 1995). According to Pierce and Nowak (1999) is an application of principles and technologies to manage spatial and temporal variability associated with all aspects of agricultural production for the purpose of improving crop performance and environmental quality. Precision farming is the only solution to identify the causes of variability within the field and to carefully tailor soil and crop management to fit in each cultivated field. Webster and Oliver (1990) stated that precision farming is concerned with the management of variability in the dimensions of both space and time. Precision farming is an outgrowth of technological developments and the future of it rests on the reliability, reproducibility and understanding of these technologies.in case of remote sensing technologies, act as form of satellite imagery and drones, to monitor crop health condition and detect earlier symptoms of attack diseases or pests (Sishodia et al., 2022; Sabir et al., 2024; Surendran et al., 2024; Wang et al., 2024; Aziz et al., 2025). Precision farming is generally defined as information and technology-based farm management system to identify, analyze and manage variability within fields for optimum profitability, sustainability and protection of the land resource. In this mode of farming, new information technologies can be used to make better decisions about many aspects of crop production. Precision farming involves looking at the increased efficiencies that can be realized by understanding and dealing with the natural variability found within a field. The goal is not to obtain the same yield everywhere, but rather to manage and distribute inputs on a site-specific basis to maximize long term cost/benefit (Finger et al., 2019; Neupane et al., 2019; Ahmad and Dar, 2020; Sarauskis et al., 2022). 
Precision farming is directly linked with Site-specific management (SSM). SSM is the idea of doing the right thing, at the right place, at the right time. This idea is as old as agriculture, but during the mechanization of agriculture in the 20th century there was strong economic pressure to treat large fields with uniform agronomic practices. Precision farming provides a way to automate SSM using information technology, thereby making SSM practical in commercial agriculture. The basic concept of precision farming is to maximize the efficiency of inputs as measured by outputs, which is to optimize inputs according to field variability in order to maximize yields, diminishing production costs and environmental impacts of agricultural practices, by giving the right amount of input at the right place and the right time (Singh et al., 2020; Bedadi et al., 2024; Galal et al., 2024; Ali et al., 2025).
Principles of precision farming
No field around the world is identical and variation may be seen in any of the soil/crop/ weather factors (Webber et al., 2022).  Variation is found in all agricultural fields and may vary in soil fertility, moisture content, soil texture, topography, pest population, pathogen intensity, weed density (Kitchen and Clay, 2018; Beaudoin et al., 2023; Omer et al., 2024). There are three basic principles of precision farming which are as follows (Karunathilake et al., 2023).
Understanding the variability Many years of yield data from the same field usually exhibit spatial as well as temporal variability. Often it is very difficult to explain these factors including soil conditions, weather factors and management practices (Osman, 2018; Beaudoin et al., 2023). Hence, the art of precision farming lies in the basic principle of understanding the variability both in time and space (Singh et al., 2020; Galal et al., 2024).
Assessing or measuring the variability In precision farming, variability in time also plays a predominant role. The recommended nutrient of current season may not be required during the next season. Hence, for taking various management decisions (Shafi et al., 2019; Junior et al., 2024; Adewusi et al., 2024), one should evaluate in season nutrient deficiencies by appropriate technologies. (Fadiji et al., 2020; Nwachukwu et al., 2022; Navgire et al., 2022; Seyma Gökdemir et al., 2022). Hence, second principle of precision farming is timely collection and analysis of the spatial and temporal variant information of crop, soil and environment by using the relevant information technologies like remote sensing, global positioning systems. and yield monitors (Sabir et al., 2024; Surendran et al., 2024). The collected information is to be analyzed by appropriate analytical procedures for getting support to the decision-making (Finger et al., 2019; Yadav et al., 2023; Ahmad and Dar, 2020; Mansoor et al., 2025; Monteiro et al., 2021; Farooqui et al., 2024).  
Managing the variability The third principle underlying with precision farming is managing the variability with the site-specific agronomic recommendations (Singh et al., 2020; Ali et al., 2025). After thoroughly analyzing the variability within the fields, each field is to be divided into proper management zones such as high yield zone, low yield zone, high fertility zone, low fertility zone, acidic zone, ill drained zone and so on (Maitra et al., 2021; Sarkar et al., 2020). Then, according to the local circumstances of a given field, management decisions for seeding, nutrient management, plant protection measures etc. are to be taken up. Thus, precision farming is based on the spatial and temporal knowledge of soils, crop and environmental conditions in the management decisions.  Pasuquin et al. (2014) conducted an experiment entitled closing yield gaps in maize production in Southeast Asia through site specific nutrient management on 13 regions and for 2 years. They observed that SSNM improved grain yield, reduced N fertilizer to be applied in the soil and increased agronomic efficiency of N and gross return over fertilizer cost over FFP.
The processes and properties, which have considerable influence on crop growth and yield, do vary significantly with time and space (Singh et al., 2020; Galal et al., 2024; Ali et al., 2025). The farmers should have the ability to locate the patches where growth and yield variability occur. For this purpose, yield maps are produced with the data from yield monitors (Jhala et al., 2020; Sharma et al., 2023). These are extremely useful in providing a visual image to clearly show the variability of yield across a field. But these maps do not explain the reasons for variability. Hence, in identifying the reasons for variability in crop growth, hyper spectral imagery or airborne digital photography is to be taken at periodical intervals (Xing et al., 2024). Such type of technology tells the real cause of variations such as nutrient deficiencies in soil and plant system, biotic stresses such as disease patches and abiotic stresses such as moisture type stress (Soussi et al., 2024; Aarif et al., 2025).
Need of precision farming
The popularity of precision farming in developed countries results in maximization of agricultural productivity with application of different technologies like satellite using technologies and geographical information systems (Cheema et al., 2023; Nowak, 2021). The application of precision agriculture proves economically and environmentally beneficial with optimum utilization of water, fertilizers, herbicides and pesticides other than farm equipment (Sarbani et al., 2020; Sharma et al., 2020). Therefore, Farmers straight away require timely and reliable sources of information regarding supply of inputs for sustainable agricultural production (Roy and George, 2020).. The challenges led by the changing environment faced by farmers makes technology not only merely useful, but necessary to keep competitive (El Bilali et al., 2018; Khan et al., 2021). 
Farmers require substantial knowledge and information about improved farming practices, pricing strategy, market betterment, and new policy regarding agriculture technology. When farmers will be able to get information about cost, stock, supply and available market for their produce, he would put up for sale their products at the right price at the right time without any delay. Administration and various agro-based companies can provide a variety of services through mobile technology by which farmers can utilize the information about price, stock and market practices. It will help them either to reduce the risk of under-selling or over or under-supplying with low price for their produce in a given market. It also gives access to early warning systems to mitigate the risk of losses via control of spread of pathogens due to extreme weather conditions (Roberts et al., 2021; Ukhurebor et al., 2022; Delfani et al., 2024).
Objectives of precision farming
For assessing and managing field variability We know that our fields have variable yields across the landscape because of variations in management practices, soil properties and/or environmental characteristics. Today, the level of knowledge of field conditions is difficult to maintain because of the variable farm sizes and changes in areas farmed due to annual shifts in leasing arrangements. Precision farming offers the potential to automate and simplify the collection and analysis of information (Morais et al., 2019; Raj et al., 2022; Mohyuddin et al., 2024).
For doing the right thing in the right place at the right time After assessing the variability precision farming allows management decisions to be made and implemented in right time in right places on small areas within larger fields (Singh et al., 2020; Galal et al., 2024).
For higher productivity Since precision farming proposes to prescribe tailor made management practices, it will definitely increase the yield per unit of land, provided nature’s other uncontrollable factors are in favor (Larsson et al., 2023).
For increasing the effectiveness of inputs Increased productivity per unit of input used indicates increased efficiency of the inputs (Loures et al., 2020; Mizik, 2023).
For maximum use of minimum land unit After knowing the land status, a farmer tries to improve each and every part of land and uses it for the production purpose (Mizik, 2023).
Minimizing Environmental Impact If better management decisions are made to adapt inputs in order to meet production needs, then by default there must be a decrease in the net loss of any applied input to the environment. This is not to say that there is no actual or potential environmental damage; however, the risk of environmental damage is reduced (Wallimann-Helmer, 2015).
     List 1 : Difference between precision farming and conventional farming
	S. No.
	Precision farming
	Conventional Farming

	1.
	Farm field is broken into “Management zones.”
	It is a whole field approach where field is treated as a homogeneous area.

	2.
	Management decisions are based on requirements of each zone.
	Decisions are based on field averages.

	3.
	PA tools (e.g., GPS/GIS) are used to apply inputs to management zone.
	Inputs are applied uniformly across the field.

	4.
	There is high yield with low inputs in PA.
	Low yield with high inputs is received in traditional farming.


Components of precision farming
Basically, Precision farming relies on the interaction of three broad and fundamental components. They are categorized in terms of information, technology and management (Morais et al., 2019; Saiz-Rubio et al., 2020; Aarif et al., 2025).
Data base: Under field conditions both soils and crops vary spatially and temporally. The information related to soil properties, crop characteristics, weed and insect population and harvest data are important to develop database necessary for realizing the potential of precision agriculture. Of these, entire crop yield monitoring is the most important component of precision agriculture technology and is the logical starting point for precision agriculture (Shaheb et al., 2022; Getahun et al., 2024). Establishment of soil related characteristics within a field through regular soil sampling is another important database (Reddy et al., 2017; Rajabpour et al., 2024; Aziz et al., 2025). In precision agriculture a decision has to be made on how to sample and how often to sample and what property to look for so that interpretation from database can be made with greater confidence. Soil: Soil texture, soil structure, physical condition, soil moisture, soil nutrients, etc. Crop: Plant population, crop tissue nutrient status, crop stress, weed patches (weed type and intensity), insect or fungal infestation (species and intensity), crop yield; harvest swath width etc. Climate: Temperature, humidity, rainfall, solar radiation, wind velocity etc (Surendran et al., 2024).
In-fields variability, spatially or temporally, in soil-related properties, crop characteristics, weed and insect-pest population and harvest data are important databases that need to be developed to realize the potential of precision agriculture.
Technology: The recent IT and space technologies for monitoring yields and sensing soil related variables are new tools available to make precision agriculture a success (Shaheb et al., 2022; Getahun et al., 2024). When measuring soil and crop characteristics, satellite-based positioning system like Global Positioning System (GPS) can be used to identify the location where the data are taken. Organization of these data into usable form such as different layers of field maps, can be achieved through personal computer (PC) and Geographic Information System (GIS) (Mani et al., 2021; Trivedi et al., 2022). Remote sensing techniques can also be utilized to detect soil related variables, pest incidence and water stress (Abd El-Ghany et al., 2020; Dhaliwal et al., 2024; Zhang et al., 2024). The basic idea of precision farming is not only to measure the field variability, but also able to apply inputs at varying rates almost instantaneously in real time according to the needs (Wolfert et al., 2017; Aarif et al., 2025). Variable rate application (VRA) machinery could be used to handle field application of inputs such as seed, fertilizers and pesticides at the desired location in the field at the right amount, at the right time and for the right reasons.
Management: Precision farming makes planning both easier and more complex. The ability to combine the information generated and the existing technology into a comprehensive and operational system is the third key area in precision farming. A farmer must adopt a new level of management proficiency on the farm. Implicit in this is an increased level of the knowledge of the Precision farming technologies such as RS, GIS and GPS (Toromade and Chiekezie et al., 2024).
Steps in precision farming: Practical steps include a cyclic process of characterization: measure extent, scales and dynamics of variation; Interpretation: assess significance, identify major causes of uncertainty and formulate management targets; Management: apply inputs at the appropriate scale and in a timely manner; Monitoring the outcome in a continuous learning process of change (Monteiro et al., 2021). 
Methods of precision farming 
There are two methodologies for implementing precision farming. Each method has unique properties and can even be used in a complementary or combined fashion (Toromade and Chiekezie et al., 2024). Map based: It includes grid sampling a field, performing laboratory analyses of the soil samples, generating a site-specific map of the properties and finally using this map to control a variable rate applicator (Iticha and Takela, 2019). During both the sampling and application steps, a positioning system GPS is used to identify the current location with higher accuracy in the field (Buchli et al., 2012). Site-specific maps may also be used for grid wise site-specific input management. This methodology is most relevant for Indian agriculture at present. Sensor based: It utilizes real time sensors and feedback control to measure the desired properties on-the-go, usually soil properties or crop characteristics and immediately use this signal to control the variable rate applicator (Xie et al., 2024). Sensors developed for on-the-go real time measurement of soil properties have the potential to provide benefits from increased density of measurements at a relatively low cost (Mirzakhaninafchi et al., 2022). Global Positioning System receiver and a data logger are used to record the position of each soil sample or measurement, to generate a map which can be processed along with other layers of spatially variable information to control the variable rate applicator (Burton et al., 2020).
Techniques of precision agriculture
Global Positioning System (GPS) GPS is a navigation system based on a network of satellites that helps users to record positional information (latitude, longitude and elevation) or Global positioning system (GPS) is a satellite-based navigation system, consisting of more than 20 satellites and several supporting ground facilities, which provides accurate, three-dimensional position, velocity and time, 24 hours a day, everywhere in the world and in all weather conditions (Mani et al., 2021; Trivedi et al., 2022).
GPS Ground Control Stations The ground control component includes the master control station at Falcon Air Force Base, Colorado Springs, Colorado and monitor stations at Falcon AFB, Hawaii, Ascension Island in the Atlantic, Diego Garcia in the Indian Ocean and Kwajalein Island in the South Pacific. The control segment also ensures that GPS satellite orbits remain within limits and that the satellites do not drift too far from nominal orbits (Balde, 1994; Madry, 2015).
GPS Satellites The space segment includes the satellites and the delta rockets that launch the satellites from Cape Canaveral in Florida, United States. GPS satellites orbit in circular orbits at 17,440 km altitude, each orbit lasting 12 hours (Suresh, 2015). The orbits are tilted to the equator by 55Â° to ensure coverage in polar regions. The satellites are powered by solar cells to continually orientate themselves to point the solar panels towards the sun and the antennas towards the earth. Each satellite contains four atomic clocks (Winters and Mitchell, 2024).
GPS Receivers The ground stations send control signals to the GPS satellites. The GPS satellites transmit radio signals and the GPS receivers, receive these signals and use it to calculate its position (Langley, 2007).
Geographic information systems (GIS)
Geographic information systems (GIS) comprise hardware, software and procedures designed to support the compilation, storage, retrieval and analysis of feature attributes and location data to produce maps (Reddy, 2018). GIS links information in one place so that it can be extrapolated when needed. Computerized GIS maps are different from conventional maps and contain various layers of information (Jones, 2014). GIS helps convert digital information to a form that can be recognized and used. An important function of an agricultural GIS is to store layers of information, such as yields, soil survey maps, remotely sensed data, crop scouting reports and soil nutrient levels (Barrile and Genovese, 2024). A farming GIS database can provide information on field topography, soil types, surface drainage, subsurface drainage, soil testing, irrigation, chemical application rates and crop yield. Once analyzed, this information is used to understand the relationships between the various elements affecting a crop on a specific site (Mani et al., 2021; Trivedi et al., 2022).
Remote sensing 
Remote sensing is the science of acquiring information about the earth’s surface without actually being in contact with it (Sishodia et al., 2022). This is done by sensing and recording reflected or emitted energy and processing, analyzing and applying that information (Surendran et al., 2024). In much of remote sensing, the process involves an interaction between incident radiation and the targets of interest (Sabir et al., 2024). Remote sensing elements including-energy source or illumination, radiation and the atmosphere, interaction with the target, recording of energy by the sensors, transmission, reception and processing, interpretation and analysis (Wang et al., 2024; Aziz et al., 2025). The final element of the remote sensing process is achieved when we apply the information, we have been able to extract from the imagery about the target in order to better understand it, reveal some new information or assist in solving a particular problem (Liu et al., 2020). Passive remote sensing sensors record incident radiation reflected or emitted from the objects while active sensors emit their own radiation, which interacts with the target to be investigated and returns to the measuring instrument (Dwivedi et al., 2018).
Remote sensing applications in agriculture
Crop production forecasting, assessment of crop damage and crop progress, crop identification, crop acreage estimation, crop yield modelling and estimation, identification of pests and disease infestation, soil moisture estimation, irrigation monitoring and management, soil mapping, monitoring of droughts, water resources mapping (Khanal et al., 2020).
Limitations of remote sensing applications in agriculture- small land holdings with smaller cropped fields, mixed cropping, different cultural practices, confusing crops (e.g., wheat and barley, large areas under rainfed conditions with poor growth, cloud cover during monsoon season. Grid soil sampling, crop scouting, leaf colour chart, spado meter (soil plant analytical device) (Sishodia et al., 2020).
Variable Rate Applicator The variable rate applicator has three components: Actuator it is a computer mounted on a variable-rate applicator and uses the application map and a GPS receiver to direct a product-delivery controller that changes the amount and/or kind of product, according to the application map (Nautiyal and Pant, 2020).  The data generated from GIS can optimizes the seeding process, fertilizer and insecticide application as well as herbicide selection and its application at the right time at right place (Mathenge et al., 2022). Yield monitoring and mapping Yield maps are produced by processing data adapted from combine harvester that is equipped with a GPS (Sirikun et al., 2021), i.e., integrated with a yield recording system. Yield mapping involves the recording of the grain flow through the combine harvester, while recording the actual location in the field at the same time. Since, yield data may be highly influenced by weather from a single year, it is always advisable to determine yield data of several years including data from extreme weather years that helps in pinpointing whether the observed yields are due to management or climate-induced (Filippi et al., 2025). Mobile apps The growing use electronic devices like smart phones, tablets, etc. and availability of internet connectivity, it is very easy to share or get any information from anywhere. Android apps provide quick and efficient functionality to be grown with technology (Rathod and Agal, 2023). In the field like PA farmers can get more benefits from the apps developed for the agriculture monitoring and information exchange. Apps used for agriculture monitoring give information like weather information, market rate and availability etc. (Kamal and Bablu, 2023). Similarly, apps can also provide predictive weather analysis, variety of seedlings available, fertilizers, pesticides and herbicides available. Important mobile apps: Pusa Digifarm, Kisan Suvidha, IFFCO Kisan Agriculture, AGRIPLEX INDIA, Krishi-e, AgriApp, Agrowon etc. (Sarma et al., 2024).
Advantages of Precision Agriculture 
The system of precision agriculture offers a variety of potential benefits in profitability, productivity, sustainability, crop quality, food safety, environmental protection, on-farm quality of life and rural economic development (Afzal and Bell et al., 2023).  
Reduction in Cost of Cultivation By applying production inputs based on site specific needs of the fields, the excessive and indiscriminate use of chemicals/inputs can be avoided. Thus, there will be reduction in cost of cultivation. Baird et al. (2001) lowered the rate of 1,3-Dichloropropene (Nematicide) and obtained environmental benefit when they site specifically applied the nematicide to control Meloidogyne incognita nematode on cotton at Georgia.
Increase in Input Efficiency Many scientists around the world obtained higher or equal crop yields with the application of variable rate of inputs where many times the inputs usage is reduced according to local field variations. Thus, there will be higher production efficiency of inputs applied. Sanghera, (2010) recorded increased nitrogen use efficiency with precision agriculture and they stated that NO3-N can potentially be removed from shallow underground water table, thus protecting water quality also.
Reduction in Pollution Due to site specific application of inputs depending upon the spatial and temporal variations, indiscriminate and excessive usage of all production inputs including quantity of irrigation water can be avoided, thereby environment can be safeguarded from the pollution (Shah et al., 2023).
Precision Agriculture Relevance to Indian Agriculture 
Although India has made considerable advance in agricultural research, but still the blanket recommendations of fertilizers for adoption over larger areas are in vogue. These blanket recommendations are no more useful to enhance productivity gains, which were witnessed between 1960’s and 1980’s. Now, to enhance growth rate in productivity, precision agriculture technology has to be developed. 
Precision agriculture is important because: (i) nutrient variability within a field can be very high affecting optimum fertilizer rates, (ii) yield potential and grain protein can also vary greatly even within one field, affecting fertilizer requirement, (iii) increasing fertilizer use efficiency will become more important with increasing fertilizer costs and environment concerns, (iv) irrigation at critical stages is very important and (v) pest and stress management at early stages helps the farmer to get maximum yield (Hedley, 2015).
One of the main reasons of limitations for implementation of precision agriculture in developing countries including India is the mind set of technocrats and bureaucrats who believe that precision agriculture technologies work only for large farmers (Getahun et al., 2024).  When we consider contiguous field with same crop (mostly under similar management practices), the field (rather simulated field) sizes are large. These contiguous fields can be considered a single field for the purpose of implementation of precision agriculture. There is a vast scope for implementing map-based precision agriculture for major rice-wheat cropping system of northern India, as this system is practiced in nearly 75 to 80 mha. 
Remote sensing makes it an attractive tool for site-specific decisions in many environments, particularly with regard to soil characterization, non-destructive monitoring of plant growth and detection of environmental stresses which may limit crop productivity (Abd El-Ghany et al., 2020). Priority areas for the immediate implementation of precision agriculture technologies are horticultural, plantation crops and other high profit-making crops. Precision management of nutrients, water and other inputs in irrigated agriculture (Dhaliwal et al., 2024). Forecasting incidence of pests & diseases and management in commercial crops and in crops such as paddy, cotton, pigeon pea, chickpea etc., where huge quantities of pesticides are used. There is a hope that progressive Indian farmers, with guidance from the public and private sectors, and agricultural associations, will adopt it in a limited scale for demonstrations as the technology shows potential for raising yields and economic returns on fields with significant variability, and for minimizing environmental degradation (Zhang et al., 2024). The support from governments and the private sector during the initial stages of adoption is therefore vital. Several types of research findings supported precision farming practices for enhancing crop productivity and sustainability.
RESEARCH FINDINGS
Hamouz et al. (2014) conducted a field experiment to find out effect of site-specific weed management (SSWM) in winter crops on yield and populations. In winter rape, SSWM provided post emergent herbicide savings, ranging between 71.9% and 100% depending on treatments. Differences in winter rape yield among treatments were statistically insignificant and no site-specific herbicide treatments caused a significant increase of weed species abundance compared to the standard treatment (Table 1).
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Bana et al. (2020) showed the influence of site-specific nutrient management on grain yield of different field crops. Nutrient application as per site-specific nutrient management (SSNM) concept resulted in significantly higher grain yields of maize, rice, wheat and jowar over recommended dose of fertilizers (RDF) and farmer’s fertilizers practices (FFP) (Table 2).
Table 2. Effect of site-specific nutrient management on grain yield and fertilizer applied to maize

	Parameter
	SSNM
	FFP
	Δ
	P >|T|

	Grain yield (tha-1)
	8.6
	7.6
	1.0
	<0.001

	Fertilizer N applied (kgha-1)
	158
	175
	-17
	<0.001

	Fertilizer P applied (kgha-1)
	34
	31
	3
	0.087

	Fertilizer K applied (kgha-1)
	71
	56
	15
	<0.001

	AEN (kgkg-1)
	27
	19
	8
	<0.001

	Gross return above fertilizer cost (US$ha-1)
	1277
	1110
	167
	<0.001

	Δ = SSNM-FFP
P>|T|: probability of a significant mean difference between SSNM and FFP


Bhat et al. (2015) held an experiment to study the management of N through leaf color chart in Jhelum rice genotype. The application of N through LCC≤5 @ 30 kg Nha-1 gave higher gross returns, net returns and benefit cost ratio in the rice genotype which was due to steady supply of nitrogen which synchronized with the peak period of nitrogen requirement that had produced higher yield (Table 3).
Table 3. Relative economics of different treatment combinations of LCC in Jehlum rice genotype
	Treatments (Nha-1)
	Cost of cultivation (₹)
	Net Returns (₹)
	B:C ratio

	Control
	35980
	39870.85
	0.77

	Recommended N
	37415
	80519.34
	1.78

	LCC≤3@20kg
	36937
	75949.84
	1.66

	LCC≤3@30kg
	37056
	80764.34
	1.75

	LCC≤4@20kg
	37175
	88754.08
	1.94

	LCC≤4@30kg
	37415
	91885.92
	2.02

	LCC≤5@20kg
	37415
	99175.77
	2.16

	LCC≤5@30kg
	37773
	103425.80
	2.24



Tewari et al. (2020) studied performance comparison of variable rate application and constant rate application for disease control in paddy crop. The field-testing results showed a minimum 33.88% chemical saving while operating in VRA mode as compared with the CRA mode (Table 4).
Table 4 Performance comparison of variable rate applicator (VRA) and constant rate applicator (CRA) for disease control in paddy crop
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Limitations of Precision Agriculture
The limitations and challenges (Fig. 1) (Kumar et al., 2024)  that are to be faced before realizing the real benefits from precision nutrient management are: (i) making the interpretation process more automatic, generic and mechanistic as against empirical, (ii) location-specific RS solutions for integrated crop management program, (iii) developing simple and robust technologies and methodologies, (iv) evaluation at multiple sites with standardized methodologies providing proof of economic and environment benefits and (v) customization of the precision agriculture technology to the actual Indian field conditions ((Patel et al., 2019; Gusev et al., 2022).
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Fig. 1: Limitations and Challenges of Precision Agriculture
Conclusion
Precision farming is a modern approach to farming that uses advanced technologies to optimize crop yields while minimizing waste and reducing environmental impacts. Precision farming techniques are the only way to feed the upcoming generations as the productivity of land is decreasing day by day because of excessive use of chemicals, fertilizers and unawareness of the farmer specially in developing countries like India. Precision farming is facilitating the prospects and scope for switching over to modern agriculture leaving the traditional one by utilizing the right resources in right time and management, which results in an environment friendly sustainable agriculture. Precision farming has created scope of transforming traditional agriculture, through the way of proper resource utilization and management. The interest in precision farming and its introduction has resulted in a gap between the technological capabilities and scientific understanding of the relationship between the input supplies and output products. The potential of this technology has already been demonstrated, but in practice, meaningful delivery is difficult as it needs large scale commercial application to realize the benefits. The basic goal of precision farming to optimize yield with minimum input and reduced environmental pollution is highly required for developing countries to face the challenge of sustainability, even if it is used in a different form from that available in Europe or North America. Rapid socio-economic changes in some developing countries are creating new scopes for the application of precision agriculture. The implications of dramatic shifts for economic development, poverty reduction and energy consumption, and urbanization in some developing countries are immense. Application of the balanced soft and hard precision farming technologies based on the need of specific socio-economic condition of a country will make precision farming suitable not only for developed countries but also for developing countries and can work as a tool to reduce the gap between the developed world and the rest. Development of precision farming has been largely market-driven but its future growth needs collaboration between private and public sectors. Precision farming technology looks promising as a future farming tool, however its effective use in Indian agriculture is yet to be realized.
Future Prospects of Precision Agriculture in India 
Advances in GIS, GPS and Remote Sensing technologies are changing the way we will look at precision agriculture. The success of precision agriculture will be measured by the type of information that is provided to the farmer, how quickly the farmers were convinced. The study on precision agriculture has been initiated in many research institutions. For instance, Space Application Center (ISRO), Ahmedabad has started experiment in the Central Potato Research Station farm at Jalandhar, Punjab to study the role of remote sensing, GIS and GPS in mapping the variability. M.S. Swaminathan foundation, Chennai, in collaboration with NABARD, has adopted a village in Dindugal district of Tamilnadu for variable rate input application. IARI, New Delhi has drawn up plans to do precision agriculture experiments in the institute’s farm. Project Directorate for Cropping Systems Research (PDCSR), Modipuram and Meerut (UP) has initiated a project on precision agriculture in collaboration with Central Institute of Agriculture Engineering (CIAE), Bhopal. Tamil Nadu State Government has sanctioned a scheme named “Tamil Nadu Precision Farming Project” to be implemented in Dharmapuri and Krishnagar districts covering an area of 400 ha. High value crops such as hybrid tomatoes, capsicum, baby corn, white onion, cabbage and cauliflower are proposed to be cultivated under this scheme. To explore the potential of application of IT in the agro-sector, Tata Chemicals Ltd., a private sector, has been started with an objective of providing the farmers with infrastructure support, operational support, coordination and control of farming activities and strategic support. Tata Kisan Kendra has been replicated successfully in the states of Uttar Pradesh, Haryana and Punjab. Private sectors such as Indian Tobacco Company (ITC) have established ‘e-choupals’, which are village internet kiosks that enable access to information on weather, market prices and scientific farm practices, crop disease forecasting system and expert crop advice system. The use of GPS in Agriculture is limited but it is fair to expect wide spread use of GPS in future. Recently a GPS-based crop duster (precision GPS Helicopter), which can spray an area as small as 4 X 4 meter is attracting great attention. Some progressive farmers are now beginning to use GPS for recording observations such as weed growth, unusual plant stress, coloring and growth conditions, which can then be mapped with a GIS programmer. In the years to come, GPS system role in precision agriculture may help the Indian farmers to harvest the fruits of frontier technologies without compromising the quality of land and produce.
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Table 1. Number of treated cells and herbicide savings (%) for individual herbicides  by treatments 1 -   blanket treatment, 2 -   low thresholds, 3 - middle thresholds, 4 -   high  thresholds.  

Herbicide  Number of treated cells  Herbicide savings (%)  

1  2  3  4  1  2  3  4  

Metazachlor  128  128  128  128  0  0  0  0  

Clomazone  128  128  128  128  0  0  0  0  

Clopyralid+ picloram  128  36  10  0  0  71.9  92.2  100  

Propaquizafop  128  26  12  11  0  79.7  90.6  91.4  

Herbicide  Number of treated cells  Herbicide savings (%)  

1  2  3  4  1  2  3  4  

Metazachlor  128  128  128  128  0  0  0  0  

Clomazone  128  128  128  128  0  0  0  0  
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  Sr. No.  Agrochemical application rate (Lha - 1 )  

VRA  CRA  Reduction in applied chemical  (%)  

1.  330.00  513.33  35.71  

2.  296.67  498.33  40.47  

3.  310.83  492.5  36.89  

4.  338.33  511.67  33.88  

5.  321.67  505.00  36.30  


