


Impact of Water Deficit and Soil Conditioners Under a Solar Operated Automatic Drip Irrigation System: A Comprehensive Review

ABSTRACT
Water scarcity, energy inefficiency, and soil degradation are critical challenges in agriculture, particularly in arid and semi-arid regions. This review examines the synergistic impact of water deficit irrigation, soil conditioners, and solar-operated automatic drip irrigation systems as an integrated solution. Solar-powered drip systems offer precise, need-based irrigation while minimizing water use and dependence on conventional energy sources. Water deficit irrigation enhances water use efficiency by supplying less than full crop water requirements without significantly affecting yield. Soil conditioners, both organic and inorganic, improve soil structure, moisture retention, and plant growth under limited water conditions. The combination of these three elements forms a sustainable strategy for improving agricultural productivity and resilience. This approach supports climate-smart agriculture by conserving water, enhancing soil health, and utilizing renewable energy. The study emphasizes the importance of training, awareness, and supportive policies to encourage adoption among smallholder farmers, promoting long-term sustainability and food security in water-limited regions.
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1. Introduction
Crop performance is a critical agricultural practice that requires careful attention to water management, irrigation systems, and soil conditioners to ensure optimal yield and sustainability. In order to support human life, agriculture aims to raise and enhance agricultural productivity and quality. People nowadays, however, are more likely to accept occupations that offer greater instant rewards. The number of persons engaged in crop farming is steadily declining. Furthermore, the ongoing growth of the human population makes it even more crucial to grow crops at the correct time and location because the climate is changing and deviations from the typical weather pattern are occurring more frequently than they did before to industrialization. Food insecurity is an unavoidable issue, and in order to produce greater crops, humanity must employ new and creative technology to utilize the soil, water, and air conditions that are now available. If soil conditioners can analyze the interplay of climate elements, particularly the effects of extreme events (such as heat stress, frost, and excess water) that occur at different phases of crops, the knowledge gap between old cultivation methods and contemporary agricultural techniques can be closed. This study explores the key aspects of crop cultivation, focusing on water management strategies, the role of solar-operated drip irrigation systems, and the importance of soil conditioners. 
1.2 Importance of water management in agriculture
The growing demand for food puts a strain on natural resources like water. Despite the fact that water is the most prevalent component on the world, covering around 70% of its surface, freshwater accounts for only about 2.5%. Irrigated agriculture is the major freshwater consumer, accounting for roughly 70-85% of overall freshwater use [22,23]. Several water conservation methods have greatly improved WUE by reducing water use in evapotranspiration (ETc), deep percolation, and runoff. Deficit irrigation (DI), which uses less water than crop evapotranspiration, can boost WUE by increasing crop yields per unit of water spent. One of the most promising water-saving methods is to combine soil conditioners with DI techniques to maintain soil moisture and boost soil water-holding capacity.
Less than 65% of applied water is consumed by crops, making water an inefficient resource for sustainable agricultural development. Water allocation and irrigation water efficiency have been the subject of new legislation aimed at improving water efficiency. A number of variables, including scheduling, environmental conditions, and irrigation technology, affect this. Additionally important are agricultural methods including fertilizer application, irrigation, soil management, and disease and pest control. Climate change and socioeconomic factors restrict the amount of water available for agriculture. In Southern Europe, social behaviour, financial limitations, and institutional and legal frameworks must all be addressed in order to implement sustainable water management. Enhancements in irrigation application, soil and plant practices, water pricing, treated wastewater reuse, farmer participation, and capacity building can all help achieve this [4].
1.3 Overview of solar-operated automatic drip irrigation systems
Rainfall, rivers, ponds, and bore wells are all essential to the farmers who labour on the farmlands. Even though the farmland has a water pump, it is frequently kept at a standstill since grid electricity is unavailable in distant locations where there is a great possibility for year-round sun light availability. The availability of power and water is a major factor in agricultural production growth. water, energy, labour time, and manufacturing expenses. A wireless sensor network technology (WSNT)-based autonomous solar-powered drip irrigation system that integrates a solar photovoltaic system (SPV), an Arduino microcontroller, a soil moisture sensor, a mobile Bluetooth device, a water tank, a pump, and other components. In addition to saving energy, water, and fertilizer, the WSNT used in this project guarantees consistent watering at the appropriate time without the need for human intervention, improving the quantity and quality of agricultural yields. [16] An estimated 18 million agricultural pump sets and 0.5 million new connections with an average pump capacity of 5 HP are built annually in India, according to a 2011 report by the Bureau of Electrical Energy. India generated 1352 TWh of electricity in total during the 2015–16 fiscal year [17,18].
In a nation like India, the agricultural industry is a significant source of revenue. The majority of irrigation systems are still run by hand, which frequently leads to overwatering and waste. These outmoded approaches can be replaced by automated farm watering solutions. The falling cost of solar panels stimulates their application in a variety of areas, including agricultural irrigation systems. An automated irrigation system employs a solar panel to power water pumps that pump water from a bore well to a storage tank, and the tank's outlet valve is automatically controlled by a GSM, controller, and sensors. This technology optimizes the utilization of water for irrigation purposes. Thus, the problems related to higher agricultural productivity, poor performance and decreased availability of water for agriculture can be solved by using the proposed solar powered automated irrigation system [19].
1.4 Introduction to soil conditioners
Conventional agriculture, which relies heavily on the use of pesticides and fertilizers, has helped to fulfill the world's food needs, but at the expense of crop output, soil fertility, soil degradation, and ecosystem health. Physical limitations such as surface crusting and hardening, subsurface hard pan and compactness, high or slow permeability and consistence extremes, soil water-related limits, wind and water erosion, etc., may be the cause of the significant decline in soil production capacity. According to this, soil needs to be kept in a physical state that permits sufficient crop growth in order to increase agricultural production. Without a doubt, the yield potential of many crops can be greatly boosted if soils are appropriately managed for optimum physical health. In order to improve agricultural land and boost productivity, we can think about using both organic and inorganic soil conditioners and additives.
The purpose of soil conditioners or amendments is to enhance the physical, chemical, and biological characteristics of soil. Eventually, better crop growth will be the outcome of the improved soil qualities. Whether organic (like biochar) or inorganic (like hydrogel and bentonite), the potential of soil conditioners to improve the soil's ability to retain water and nutrients has grown over time, particularly in areas with scarce water supplies. According to the findings of recent studies, applying soil conditioners can enhance growth and reduce crop losses brought on by water shortages [28].
Soil conditioners are essential for sustainable agriculture, as they improve plant growth and soil health while reducing chemical fertilizer use. These conditioners are derived from agro-wastes and coal by-products, and their production and sustainable applications in agriculture are reviewed. Sustainable approaches to recycle coal waste and co-pelletisation of coal waste with agro-waste are proposed to supplement soil nutrients and contribute to the United Nations Sustainable Development Goals. A multidisciplinary approach is needed to utilize natural resources eco-friendly and cost-effectively [20].
[bookmark: _Hlk201188749]2. Water Deficit Irrigation and Its Effects 
Deficit irrigation (DI) is defined as an irrigation practice in which crops are irrigated with an amount of water below the optimal irrigation depth for plant growth and productivity or evapotranspiration (ETc). In DI, plants are purposefully subjected to a certain amount of water stress, which could reduce crop yields but result in significant water savings over time [24,25]. Traditional methods of water provision are not the same as deficit irrigation. The manager must be aware of the minimum amount of transpiration that can occur without causing a major drop in crop output. Deficit irrigation's primary goal is to raise a crop's WUE by removing irrigations that don't significantly affect yield. The benefits of using the conserved water to irrigate other crops for which standard irrigation methods would typically not provide enough water may outweigh the yield reduction that results. Before putting a deficit irrigation scheme into action, it is important to understand how crop yields react to water stress, either during certain growth stages or all season long [1]. For example, deficit irrigation had a higher negative impact on the yields of novel maize varieties than on traditional varieties, indicating that high-yielding varieties (HYVs) are more susceptible to water stress than low-yielding varieties [3]. The best crops or crop varieties for deficit irrigation are those that can withstand drought and have a short growing season [2].
Water saved from deficit irrigation can be used to irrigate extra area where water is limited. DI tries to improve WUE by lowering the amount of irrigation water in each irrigation event or by removing irrigation events in periods when irrigation is less productive [26,27]. Adopted to increase water use efficiency, reduce yield losses, and enhance product quality, DI is seen as a sustainable method. Numerous benefits of DI have been documented and could include: Compared to full irrigation, this method improves groundwater quality and uses less fertilizer by (1) increasing water use efficiency, (2) lowering the danger of plant disease spread because of decreased humidity, and (3) reducing nutrient loss and leaching out of the root zone [29].
The soil's ability to retain water must be taken into account for deficit irrigation to be successful. While plants in deep, fine-textured soils may have enough time to adapt to low soil water matric pressure and may not be impacted by low soil water content, plants in sandy soils may experience water stress rapidly under deficit irrigation. Deficit irrigation is therefore more likely to be successful in finer textured soils. Agronomic approaches, such as reducing plant populations, using less fertilizer, using variable planting dates, and choosing shorter-season cultivars, may need to be modified under deficit irrigation techniques.
Partial Rootzone Drying (PRD): One side of the plant root zone is irrigated at each irrigation event while the other side is left dry, a practice known as partial rootzone drying (PRD). There are two categories of PRD practices: fixed PRD and alternate PRD. It is referred to as fixed PRD if water is only applied to one side of the root without switching up the treatment during the growing season. Conversely, if the root system's moist and dry sides alternate during the ensuing irrigation episodes, this is known as alternate PRD. PRD can improve crop quality, raise WUE, and conserve water. Crops are kept in ideal water conditions by irrigation of one side of the root system, while the root system's reaction to drought is triggered by drought on the other side. In order to reduce stomatal conductance and promote vegetative shoot growth, the root system in the drying soil side communicates with the shoots and higher portion of the plants. Closing stomata can significantly lower transpirational water loss. Most plants' first reaction to drought stress is stomatal closure, which prevents water loss through transpiration pathways. Stomatal closure is regulated by chemical signals generated in drying roots and is more closely correlated with soil moisture levels than leaf water status [30].
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Fig. 1 Scheme of soil moisture with respect to different irrigation regimes: a) full irrigation, b) DI and (c) PRD
[bookmark: _Hlk201188767]2.1 Water use efficiency 
Water usage efficiency (WUE), also known as water productivity, is defined as the ratio of dry matter production to the amount of water consumed by plants during evapotranspiration (ETc); in other words, WUE is the biomass or grain produced per unit of water utilized by the crop. It is a measure of how effectively a plant uses water.
Water use efficiency (WUE, kg/ m3) were calculated as
	
	
	


Where, Y is the yield (kg) and ETc is the seasonal crop water use or evapotranspiration (m3).
By utilizing single drip lines and micro-sprayers, modifying the duration of water application, managing pressure and discharge fluctuations, employing filters, and implementing maintenance and automation, localized irrigation systems can be enhanced to lower water use and boost productivity. Mandatory use, appropriate irrigation schedules, agronomic methods, and salinity control strategies can help achieve this goal [4]. Since the agriculture industry is less profitable than other industries and because producers will be forced to use less irrigation water due to government regulations, it is anticipated that the industry will lose its competitiveness for water resources. Consequently, researchers and agronomists have been concerned about increasing crop water-use efficiency (WUE) in recent years. WUE is defined as the integral of such an efficiency over time (represented as the ratio of biomass accumulation or harvested yield to water use) or as the immediate measurement of the efficiency of carbon gain per water loss by plants [44]. Due to the use of genotypes with higher WUE [45] and the adoption of creative irrigation and cultivation techniques (such as drip irrigation, irrigation calendars based on soil salinity and water table depth, and wastewater reuse) [46,47], the WUE in the agricultural sector has been gradually improving. By drastically lowering runoff and evapotranspiration losses, drip irrigation, mulching, and protected cropping have improved WUE in agriculture [48,49,50].
It is possible to maximize water productivity in horticulture by using deficit irrigation techniques. Deficit irrigation does, however, have crop-specific effects on yield or harvest quality. The key to successfully implementing deficit irrigation is understanding how various crops handle modest water shortages. A review of the physiological underpinnings of deficit irrigation techniques and their possible use with some of the most significant horticulture crops is what we hope to accomplish.
[bookmark: _Hlk201188784]2.2 Characteristics of deficit irrigation
In order to stabilize production during dry periods, irrigation has long been utilized to augment rainfall in the humid and sub-humid zones. This technique, known as supplemental irrigation [51,52], aims to maximize yields and avoid yield oscillations brought on by water shortfalls, even though it requires a little quantity of water because of the comparatively high rainfall levels. Additionally, it has frequently been argued that supplemental watering in humid regions is more effective than irrigation in arid ones because the former's lower water vapour deficits result in higher transpiration efficiency than the latter [53]. The practice of adding tiny amounts of irrigation water to winter crops that are typically grown under rain-fed circumstances is known as "supplemental irrigation" in desert zones [54]. Since maximal yields are not sought, this is a type of DI in this instance. Therefore, it is important to characterize each DI scenario in terms of the amount of water supply in relation to the maximum crop ET, as the words shortfall and supplemental irrigation are not interchangeable. One effect of DI's reduction in irrigation water use is the increased danger of higher soil salinity as a result of less leaching, which can affect the irrigation system's sustainability [55].
When the rate of irrigation is lower than the ET, the crop draws water from the soil reservoir to make up the difference. This could lead to two scenarios. In one scenario, the consumptive usage (ET) remains unchanged even if the volume of irrigation water is decreased if there is enough water stored in the soil to support transpiration. However, growth and transpiration are hindered if the soil water supply is not sufficient to fulfill crop demand, and DI causes an ET drop below its maximum capacity. The distinction between the two scenarios has significant basin-scale ramifications [56]. DI doesn't result in net water savings in the first scenario, and yields shouldn't be impacted. The practice of DI is sustainable and has the benefit of lowering irrigation water consumption if the extracted soil water is refilled by seasonal rains. In example number two, DI lowers both water use and consumption (ET), but yields can suffer. Due to the difficulty of direct measurements and the empirical nature of the models used to estimate the real ET of stressed canopies [57], it is currently difficult to quantify the ET decrease caused by DI (net water savings). In many parts of the world, there is insufficient irrigation delivered to the farm outlet. In order to reach as many farmers as possible, the networks should be expanded beyond realistic bounds due to the high costs and advantages of irrigation.
[bookmark: _Hlk201188798]3. Solar powered Irrigation Systems
The two main forces behind the agriculture sector are energy and water. It uses 85 percent fresh water. Due to the rapid population development, water consumption, particularly in the agricultural sector, has increased to an extremely high level, resulting in water shortages and affecting food security [5]. The world's water and energy resources are under a lot of stress due to the ongoing population growth and the rising demands for energy and water from the household, industrial, and agricultural sectors. Between 1900 and 2010, the annual water withdrawal from various sectors increased from 580 km3 to 3500 km3, indicating significant strain on water supplies [6]. Since solar radiation coincides with crop water requirements, solar energy is one of the greatest renewable energy sources that may be used in conjunction with mechanical systems to pump irrigation water.  As solar radiation rises, the crop needs more water, therefore more water can be pumped [7, 8]. Furthermore, it is a long-term cost-saving and environment-friendly resource. According to several Indian research studies, drip irrigation can boost agricultural yields by up to 100% while saving 40–80% of water. No matter the size of the farm, this strategy can work [9].
[bookmark: _Hlk201188809]3.1 Components and working principles
The entire design process is covered in this section. Solar insolation, water requirements, the suggested layout, hydraulic properties, and the system's total dynamic head are among the details needed for the overall system design. Fig. 2 displays the system's block diagram [10].

Fig. 2 Block diagram of the system
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Fig. 3 Flow chart diagram of solar drip irrigation system
Designing of solar drip irrigation system: In Figure 3, the Solar Drip Irrigation System flowchart schematic is displayed. Determining the design daily irrigation requirement (DDIR) was made easier by the power unit's design, which was created based on the size of the irrigated area, the crops cultivated there, the soil type, and the local climate.  The solar pump system was controlled based on volume over time due to variations in sun intensity [11]. When solar energy is available during the day, the water can be pumped and stored in water tanks to provide water throughout the day, regardless of the weather [14]. Electric batteries can also be used to store the electricity produced. The industry frequently debates between these two energy storage strategies: using smaller PV arrays and electric batteries or enlarging the PV module size to accommodate a larger water tank. Water pumps provide various benefits, including low maintenance demands, ease of installation, dependability, and the option to customize the system to meet water usage requirements [15]. Electric batteries are not used by the majority of systems in use; instead, water is stored in water tanks.
Solar-powered water pumping systems consist of components like:
· PV module: Produces electricity from solar radiation and supplies it to the water pump, batteries, and controller devices;
· Water pump: Gives the irrigation system adequate pressure;  
· Optional electric battery: Holds the power produced by photovoltaic modules and supplies it to the water pump when needed; 
· Water tank (optional): Uses gravity to store water and deliver it to the irrigation system as needed;
· Maximum power point tracker (MPPT, optional): improves PV conversion efficiency by allowing the PV module to function at the I-V curve's maximum power point; 
· Timer (optional): Allows the system to be turned on and off automatically;
· Additional electronic devices (optional): data recorders, inverters (for DC/AC conversion), solar trackers, and battery chargers can all be used to enhance the system; 
Optional irrigation system: made up of drippers, irrigation pipes, etc. The following variables affect the water pump's pressurized water output: 
· PV module size: influences the output power; 
· PV module efficiency: influences the output power; 
· PV module slope: influences the output power; 
· solar irradiation: directly proportionate to the module's output current; and weather and climate conditions are significant. 
· The electric battery's conversion efficiency; 
· The hydraulic properties of the water pump and motor; 
· The ambient temperature, which is inversely proportional to the module output voltage.
[bookmark: _Hlk201188826]3.2 Advantages 
Using PV systems as opposed to alternative power systems has several benefits: 
· There are no moving parts, and no materials or fuels are used or released during the process, 
· Adequate for a dependable stand-alone function, 
· No requirement for an extra fuel or power source, 
· Collaboration with other power sources could improve system dependability,
· Its robust design allows it to endure harsh weather conditions,
· Installation is simple, modular, and long-term maintenance-free.
With its poor overall system efficiency, PV technology is still far too costly to supply the world's energy needs, even with all these benefits and declining module prices per watt of peak production since the 1970s [12].
One of the most promising research topics is using PV technology to power water pumps. The basic idea is to use electricity produced by PV modules to power the motor and pump, though there may be several setups to accomplish this goal [13]. The availability of solar radiation and the amount of water needed by agricultural land are related, which explains why solar power is consistently used for water pumping. The need for water increases in hot weather with the highest amounts of sun radiation, and decreases in cold weather with lower levels of solar radiation. In many remote regions, installing electrical infrastructure can be costly and challenging, which makes solar-powered water pumping devices even more crucial.
[bookmark: _Hlk201188836]3.3 Solar-Powered Automated Drip Irrigation System
Agriculture is the backbone of India's economy and is essential to survival. Two significant issues with Indian agriculture have been reported recently. The government has just taken the initiative to provide farmers with free power so they may operate their water pumps. However, the farmers are continuously abusing this capacity by using their household appliances—such as fans, TVs, motors, etc. As a result, the government faces significant challenges in providing a free supply of electricity. Once more, the majority of farmers know very little about their field, the fertility of their soil, and its condition. They are even unable to locate the proper seeds to plant in their farms. Solar energy is the world's most readily available energy source. In addition to being cost-effective, using solar energy is environmentally beneficial. Due to its renewable nature, solar energy is now utilized for a variety of purposes, including household and street lighting. Therefore, solar energy is also utilized in automated watering processes. Conventional energy sources are the main issue in India. Therefore, using solar energy is the greatest option for Indian farmers. Many areas are becoming irrigated as a result of the uncontrolled overuse of water for irrigation processes, which is lowering the groundwater level. These days, as the population grows rapidly, so does the demand for food. Consequently, the equilibrium between the supply and demand for food is disrupted. Increased agricultural productivity is necessary to balance the supply and demand for food. Using solar power in automated irrigation systems is a very easy and cost-effective way to solve this issue.
In this study [58], a comprehensive Automated Smart Solar Irrigation System (ASSIS) was designed and implemented to address the inefficiencies of conventional irrigation methods. The system integrates a distributed network of wireless sensors to continuously monitor soil moisture, temperature, and pH, along with water level and quality. These sensors communicate with a central control unit, which automates the irrigation process based on real-time environmental data and weather conditions. A solar-powered water pump is used to store water in an elevated tank, which then supplies water through a drip irrigation system to ensure uniform and efficient water distribution. The system also incorporates automatic fertilization by injecting nutrients directly into the irrigation lines. Fault detection and alert mechanisms are embedded to ensure system reliability and quick response to any malfunctions. Remote access through smartphones or laptops allows users to monitor and control the system, while receiving alerts via SMS or email. An Arduino microcontroller was used to implement the control logic, providing flexibility and expandability for future enhancements. The overall system was designed to be cost-effective, energy-efficient, and suitable for deployment in both small-scale and large-scale agricultural applications.
In this study [59], a solar-powered automated drip irrigation system was developed to address the limitations of traditional irrigation methods that rely heavily on manual operation and conventional energy sources such as diesel and electricity. The project involved integrating solar photovoltaic (PV) technology with moisture-sensing capabilities to enable smart and sustainable irrigation. Wireless soil moisture sensors were deployed in the field to continuously monitor the moisture levels at predefined time intervals. The collected data was transmitted to a microcontroller, which compared the real-time moisture values with the crop-specific threshold values stored in a database. Based on this comparison, the microcontroller autonomously activated or deactivated the water pump to ensure precise and efficient irrigation. The system effectively minimized water wastage by ensuring that irrigation only occurred when the soil moisture dropped below critical levels, and it halted watering once optimal moisture levels were achieved. Additionally, the design allowed for remote monitoring and control of the irrigation process, promoting ease of use and labour savings. The implementation not only reduced dependence on fossil fuels and manual labour but also demonstrated the feasibility of using renewable energy and modern sensor technologies to enhance water-use efficiency and agricultural productivity in resource-constrained regions.
[bookmark: _Hlk201188848]4. Soil Conditioners 
Soil conditioning can be defined as any procedure that improves a soil's capacity to raise crop yields or its performance for any purpose. A soil conditioner is any product used in soil conditioning. Any material or materials that have a small amount of nutrients but are largely handled for their positive effects on the soil's biological, physical, or chemical characteristics are referred to as soil conditioners. They can be utilized as a growing medium for plants as well. The process of creating and stabilizing soil aggregates that are favourable for seed germination and seedling emergence is known as soil conditioning. An effective soil stabilizer for these purposes will maintain a high-water infiltration capacity and fortify aggregates against disintegration from raindrop impact [32]. Various organic compounds, gypsum, lime, natural deposits, water-soluble and cross-linked polymers that retain water in soil, microorganisms, living plants, a variety of industrial waste products, and more are all considered soil conditioners.
These days, there is an excess of fertilizers and a greater emphasis on chemical inputs, yet we frequently overlook soil conditioners and amendments. There are several reasons why soil requires treatment. Controlling soil degradation is essential, as are improving soil-water relations, drainage, and aggregation; lowering compaction and crusting; overcoming water repellency, and other issues. When thinking about the role and function of soil conditioners in crop production, it's critical to keep in mind that adding these elements to the soil can have a positive or negative impact on a variety of soil qualities.
[bookmark: _Hlk201188859]4.1 The functions of soil conditioner and its importance in agriculture
· Soil conditioners enhance the soil's chemical, biological, and physical characteristics.
· It helps keep the pH of problematic soils, like acidic or alkaline soils, stable.
· Soil conditioners enhance the permeability, infiltration, percolation, and water retention capacity of dry and sandy soils.
· Soil conditioners help to attract beneficial microorganisms and earthworms by fostering a healthy habitat in the soil.
· Soil conditioners enhance the physical characteristics of soil, which leads to improved root development, water retention, soil aeration, and soil ecosystems.
· Improved poor soils or soils damaged by inadequate soil management can be restored with soil conditioners.
· They also enrich the soil by adding nutrients, which enables plants to grow stronger, healthier, and produce more.
· As soil ages, its air space decreases and it becomes crushed. The problems of hard pan and soil compaction are lessened by using soil conditioner.
· It helps keep soils in good shape and raises soil fertility.
[bookmark: _Hlk201188871]4.2 Types of soil conditioners 
Soil conditioners can be categorized based on two factors: (1) the materials' place of origin and (2) their composition. The origin of materials might be either natural or manmade. Soil conditioners can be classified as either organic or inorganic in content.
Organic Soil Conditioners: These conditioners are made of materials that come from living organisms, such as plants and animals. They are used to improve aeration, decrease soil strength, encourage aggregation, offer a substrate for soil biological activity, boost infiltration and soil water retention, and fend off compaction, crusting, and surface sealing. Many organic compounds can be used as soil conditioners; however, composts are arguably the most often employed. In addition, sewage sludges, FYM, sawdust lignite, humate, vermiculite, coffee grounds, compost tea, coir, charcoal, bone meal, blood meal, manures, peat, and crop residues are examples of organic conditioners.
Compost: When organic waste is broken down by microorganisms with oxygen present, compost is created. Composting as a soil conditioner has several advantages, such as increasing the amount of organic carbon and microbial activity, providing plant nutrients including N, P, K, and Mg, and strengthening roots [34]. By inhibiting numerous soil-borne diseases, including Pythium, Phytophthora, and Fusarium species, compost can have a significant impact on soil microflora. Therefore, using compost generally keeps and improves the agricultural soil's fertility and stability [35].
Farmyard manure: FYM, is the term used to describe the large, organic manure that is produced when farm animals' excrement and urine organically degrade together with the litter (bedding material). With the addition of organic matter, it enhances the physical, chemical, and biological qualities of the soil and is a rich source of nutrients [36, 37]. It is suitable for all kinds of troublesome crops and soils.
Crop residues: Crop residues are the plant materials that remain in an orchard or agricultural field following crop harvests. Stems and stubble, leaves, and seed pods are examples of these remnants. Crop leftovers are a valuable source of organic matter that can be added back to the soil to enhance its physical, chemical, and biological qualities as well as recycle nutrients. Therefore, adding agricultural wastes to the soil improves soil and water conservation, nutrient cycling, and crop productivity [38, 39, 40]
Biochar: Biochar is a solid, fine, granular, black charcoal that is often made by slowly pyrolyzing biomass that is frequently obtained from the forestry or agricultural sectors. The ability of biochar to absorb cations and to retain and exchange nutrients with the soil environment, including microbes and plant roots, is enhanced by its larger surface area, negative surface charge, and high charge density. By stabilizing biomass and native SOM, biochar boosts microbial activity, increases soil aeration, and immobilizes nitrogen, all of which lower emissions of the three main greenhouse gases-CH4, CO2, and N2O [43].
Inorganic soil conditioners: Inorganic soil conditioners can be obtained by mining, manufacturing wastes, or man-made materials. They could be artificially created or naturally occurring. Mineral conditioners such flyash, sulphur, zeolites, phosphogypsum, pyrites, crushed rocks, gypsum, and lime are examples of inorganic conditioners. Conversely, synthetic conditioners consist of water-soluble polymers that stabilize clay, hydrogel polymers, and synthetic binding agents that include non-viable, anionic, and catalytic polymers, among others.
Enhancing the physical characteristics of the soil through the use of inorganic soil conditioners enables more efficient use of water and soil resources. Soils, particularly the clay portion, respond physiochemically with inorganic soluble conditioners. Accordingly, the application of various soil conditioners (such as VAMA, Krilium, PVA, and Hygromull, a urea formaldehyde soil conditioner) decreases bulk density, increases aggregation, porosity, and hydraulic conductivity, improves infiltration, permeability, and soil profile water [41,42].
Mineral conditioners: These conditioners are used to recover troublesome soil. Examples consist of dolomite, crushed rocks, gypsum, lime, sulfur, and so forth.
Fly ash: A byproduct of thermal power plants is fly ash. It is utilized as a plant fertilizer source as well as a soil supplement. Fly ash helps increase soil fertility and crop productivity. It mobilizes macro and micronutrients in the soil and aids in increasing crop development and yield in low fertility soils. It is employed to create "Biosil," a unique soil condition.
Other mineral conditioners: When applied at several tons per acre, limestone, dolomite, crushed rock, elemental sulfur, and other materials high in calcium and/or magnesium aid to improve the physical state of difficult soils.
Synthetic binding agents: The polymers used at considerably lower rates that have been marketed as soil conditioners are known as synthetic binding agents. These are long-chain, polymeric, organic molecules with a very high molecular weight that bind particles together to create stable aggregates. Organic polymers, primarily polysaccharides (PSD) and polyacrylamides (PAM), are utilized to increase aggregate stability, preserve fertility, and lessen seal formation. In soils with ESP (>20), it was found that adding tiny amounts of these polymers (10-20 kg ha-1), either sprayed directly onto the soil surface or mixed with the water that was supplied, was successful in stabilizing and cementing aggregates at the soil surface, hence preserving soil fertility. It includes non-viable polymers as well as catalytic and anionic polymers.
Other Soil Conditioners: This group of soil conditioners consists of activators, enzymes, microbes, and industrial waste.
In addition to conservation farming practices, we must employ soil conditioners extensively to meet the growing demand for food grains and other agricultural products within the constrained geographic area. Because they improve the soil's ability to support crops and function as an ecosystem, soil conditioners are beneficial. The demands and requirements of the land should be understood before applying either organic or inorganic soil conditioners.
[bookmark: _Hlk201188882]4.3 Effects of soil conditioners
Adding materials to the soil can affect a number of its characteristics, such as its (1) ability to hold water, (2) aeration, (3) temperature, (4) nutrient availability and holding capacity, and (5) cation exchange capacity (CEC). (6) aggregate stability and structure, (7) population and behavior of microorganisms, (8) chemistry of organic materials, and (9) animals, including pests and insects [33].
Impact on water retention and availability: Improving water use efficiency in agriculture is critical for long-term crop production, particularly in the face of a water crisis. Soil management strategies, which include both organic and synthetic materials, can improve soil properties, boost water retention, and reduce losses. Specialized agronomic approaches, crop selection, planting and harvesting schedule optimization, plant nutrition, soil management, and weed control can all help to enhance water efficiency [21].
Water conservation and sustainability:  In agriculture, sustainable water management seeks to minimize environmental impact while balancing water needs and availability. It includes problems with technology, social conduct, financial limitations, legal systems, and farming methods. There is a relationship between irrigation scheduling and methods; the frequency of irrigation is determined by factors such as crop development stage, water stress, climate, and soil availability [4].
CONCLUSION
The agricultural sector needs to embrace new approaches that guarantee sustainability, productivity, and climate resilience in the face of growing water scarcity, soil degradation, and energy limits. This thorough analysis assessed the combined effects of three essential elements: soil conditioners, solar-powered automatic drip irrigation systems, and water deficit irrigation. While each of these elements works to increase resource efficiency on its own, when combined, they offer a comprehensive answer to the problems facing agriculture today.
Water deficit irrigation, when used properly, allows farmers to make better use of limited water resources by focusing on crop growth stages. Despite significant yield trade-offs, the strategy is efficient in increasing water usage efficiency and sustaining crop output in water-limited regions. This is especially useful in locations with unpredictable rainfall and groundwater depletion. The use of solar-powered automatic drip irrigation systems provides an energy-efficient and ecologically beneficial irrigation solution. These devices use renewable solar energy to power pumps and sensors, enabling continuous, exact water application even in distant places without grid electricity. The automation component eliminates human effort, assures consistent water distribution, and aligns irrigation with crop water requirements in real time, resulting in improved agricultural performance and resource efficiency. Soil conditioners, on the other hand, play an important role in strengthening soil structure, increasing water retention, and enabling nutrient uptake-all of which are especially important under water-stressed situations. Their absorption improves drip irrigation performance while also promoting root development, microbial activity, and overall soil fertility.
Together, these technologies form a sustainable basis for future farming systems. It not only improves resource efficiency, but it also helps to conserve the environment and improves soil health over time. However, successful field implementation requires raising farmer knowledge through extension services, conducting field demonstrations, and promoting policies that encourage the use of renewable energy-based irrigation and soil health management practices. The implementation of solar-powered automatic drip irrigation, combined with water deficit solutions and soil conditioning practices, has great promise for improving agricultural sustainability. Extension workers, academics, and legislators must collaborate to encourage the adoption of these innovations, especially among small and marginal farms. This allows agriculture to transition to a more efficient, climate-resilient, and resource-conscious future.
Recommendations for farmers and policymakers
Water conservation is promoted through volumetric water metering and accounting practices, progressive tariffs, drought surcharge rates, and rising block tariff pricing. These measures mobilize resources, reduce losses, and promote conservation, impacting cropping patterns, income distribution, water management efficiency, and additional funding for water projects. [4]
Future outlook for water-efficient agriculture
Water use in agriculture is declining as a result of competition from the industrial and municipal sectors. Innovation in technology, management, policy, and human resources management are required to improve water efficiency. Reducing water losses in conveyance, distribution, and application networks; increasing irrigation system efficiency; implementing creative irrigation methods; advocating for water pricing policies; reusing marginal waters for irrigation; and incorporating end users, NGOs, and the general public in the planning, decision-making, and monitoring stages of water management plans are all ways to achieve sustainable water management in agriculture.
Modern technologies that can identify water leaks and increase irrigation efficiency include remote sensing, GIS, and telemetry systems.  It is important to upgrade and restore outdated water projects that are losing a lot of water.  The efficiency of improved sprinkler irrigation systems can reach up to 85%, and localized irrigation systems can boost production while using less water.  Implementing cutting-edge irrigation methods, such chemigation and fertilizer application, can help preserve water supplies and increase income.  Applying less inorganic fertilizer and supplying soil nutrients are two benefits of reusing marginal waters for irrigation. For sustainable water management, capacity building is essential. This includes professional education and training, hiring more staff, installing cutting-edge facilities and processes, and changing laws. Since the development of land and water should be completely interwoven, water authorities should be actively involved in the creation of agricultural policy.
[bookmark: _Hlk199586442]
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