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ABSTRACT
Soil and water are the two critical natural resource components that support healthy agricultural systems. In a period marked by a growing global population, the link between soil health and food security becomes crucial for sustainable development and building resilient agricultural systems. Soil, a vital natural resource, is pivotal in supporting plant growth by supplying essential nutrients and offering mechanical support. It encompasses the physical, chemical, and biological attributes that collectively dictate the effective and efficient functioning of the soil.  Within agroecosystems, soil undergoes manipulation through processes like input addition, nutrient extraction, alterations in water balance, and microbial activity, influencing various properties. However, in recent decades, severe deterioration in soil health has been reported across global agricultural production systems. The adoption of high-input responsive high-yielding crop varieties coupled with subsidized chemical inputs to meet growing global food security challenges has resulted in the misuse and abuse of these inputs thereby damaging physical, chemical, and biological soil health. As per the surveys conducted across India, most of the soils are reported to be deficient in essential micronutrients. Recognizing the global implications of soil health on food security underscores the necessity for international collaboration, informed policies, research, and technology investments. This article covers the components, indicators, and sustainable soil health management strategies. The objective is to enhance soil health, ultimately contributing to sustainable global food security by ensuring the productivity and resilience of agricultural systems. The comprehensive exploration of these aspects underscores the need for a holistic approach to address the challenges associated with soil health on a global scale. 
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INTRODUCTION:
The rapid rise in the global population, projected to reach 8.9 billion by 2050, is expected to result in increased demands for agricultural produce to feed the growing population. The average land holding is likely to decrease from 0.15 ha to 0.08 ha, which would be uneconomical for farming. Crop production is also influenced by various limitations such as low fertility, insufficient soil moisture, low organic matter content, soil erosion, and soil degradation. The condition of the soil health directly affects the growth, development, and overall productivity of crops. Soil health can be described as the ability of soil to operate within the boundaries of an ecosystem, sustaining biological productivity, preserving environmental quality, and promoting the well-being of plants and animals (Doran & Zeiss, 2000). Goswami & Rattan (1992) outlined soil health as a dynamic equilibrium state between flora and fauna and their surrounding soil environment, where all metabolic activities of the former proceed optimally without hindrance, stress, or impedance from the latter. Soil health denotes the capacity of soil to deliver ecosystem services. The condition of soil mirrors its effectiveness in fulfilling environmental functions. A soil is deemed "healthy" when it offers ecosystem services at a level equal to or exceeding undisturbed reference soils of the same type in the corresponding region. Conversely, if a soil falls short of providing the standard environmental functions observed in similar soils within its inherent ecosystem, it is considered unhealthy (Guo, 2021). Soil health is considered as the state of soil at a particular time equivalent to the dynamic soil properties that change in the short term while soil quality may be considered as soil usefulness for a particular purpose over a long time scale, equivalent to intrinsic or static soil quality. In recent years, the importance of soil health has gained significant recognition due to its pivotal role in supporting food production, water quality, and biodiversity (Das et al., 2022). Soil health represents the enduring ability of soil to function as a vital living ecosystem, supporting plants, animals, and humans. It acts as a connection point between agricultural and soil science, weaving together considerations of policy, stakeholder needs, and principles of sustainable supply chain management. While historically focused on crop production, soil assessments have progressed to address broader aspects, including the influence of soil on water quality, climate change, and human health (Lehmann et al., 2020). Despite this broader perspective, the evaluation of soil health is still largely dependent on chemical indicators, underscoring a continued lack of comprehensive knowledge and effective methods for assessing soil biodiversity(Chen et al., 2020)
Components of Soil Health:
1. Physical Health:
 Physical properties of soil include texture, structure, and porosity, which collectively influence water retention, drainage, and aeration. A healthy soil structure promotes root growth, allowing plants to access nutrients and water efficiently. Compaction and erosion are indicators of poor physical health, adversely affecting agricultural productivity. Understanding the physical properties of soil is crucial for defining and enhancing soil health to achieve optimal productivity under various soil and climatic conditions (Indoria et al., 2016). The field-based physical characterization of soil is highly influenced by its spatial and temporal variability. 
2. Chemical Health: 
Chemical aspects refer to the nutrient content and pH levels in the soil. Essential nutrients such as nitrogen, phosphorus, and potassium are vital for plant growth. Soil pH influences nutrient availability; an optimal range is crucial for microbial activity and nutrient uptake by plants. Imbalances can lead to deficiencies or toxicities, impacting the overall health of the soil. Soil chemical health gets more attention from both researchers and stakeholders because of its most direct and significant influence on agricultural productivity, the growing need for external addition of amendments and nutrient sources, and the profound influence of soil chemical properties on the modification of soil biological and physical health. The chemical degradation of soil is through the reduction in soil carbon, changes in soil reaction (acidification and sodification), modification of soil mineral nutrient status (nutrient imbalance, multi-nutrient deficiency) accumulation of toxic compound (agrochemicals), and Soil pollution.
At the global scale, soil serves as a crucial carbon reservoir, containing 1,895–2,530 Pg of carbon. This amount is twice that found in the atmosphere and three times greater than the carbon stored in biotic pools. Within the total soil carbon content, 695–930 Pg is inorganic, while 1,200–1,600 Pg is organic (Sahoo et al., 2019). Of these fractions, organic carbon holds greater significance for soil health. Given the substantial decline in soil organic carbon observed in Indian soil (Reddy, 2018) and worldwide agricultural production systems.
An approximately neutral pH in the soil is generally ideal for crop cultivation and various soil properties. Any deviation from this neutral pH can impact the chemical health of the soil. Changes in soil pH resulting from human-induced alterations in soil, water, and plant dynamics occur gradually, given the soil's buffering capacity and the predominant influence of soil mineral components, which occupy 45% of the total soil volume, in determining soil reactions.
In contemporary agriculture, nutrient application stands out as a crucial input, driven by the heightened responsiveness of crops to such applications. This emphasis on nutrient addition is primarily a response to the increased demand for food production resulting from crop and/or cropping system intensification, aimed at meeting the needs of a growing population, coupled with a decline in soil nutrient levels. The alteration in soil nutritional status manifests predominantly as nutrient imbalance, multi-nutritional deficiency, and nutrient mining. Nutrient imbalance occurs due to disparities in nutrient uptake and fertility addition, leading to a mismatch with the plant's actual nutrient uptake. The current prevalence of multi-nutritional deficiency arises from the exclusive application of primary nutrients, particularly nitrogen (N) and phosphorus (P), with a complete reliance on soil nutrient reserves for other essential nutrients. Nutrient mining, on the other hand, refers to the negative balance between nutrient addition and the nutrients removed by crops. In the present scenario, Indian soils exhibit a negative balance of 8 to 10 million tons per year (NAAS, 2018), reflecting a depletion in nutrient levels. This phenomenon is not unique to India, as (Jones et al., 2013) and Henao and Baanante (2006) have reported similar nutrient mining practices at the global level.
The emergence of soil pollution in cultivated fields is increasingly recognized as a significant consequence of contemporary agrochemical-dependent agriculture and the absence of proper assessment of the environmental impact of agricultural activities.
3. Biological Health: 
Biological components of soil health involve a diverse community of microorganisms, including bacteria, fungi, and other microbes. These organisms play a crucial role in nutrient cycling, organic matter decomposition, and disease suppression. A thriving microbial community enhances soil fertility and resilience. The changes in soil biological properties can significantly impact the entire soil environment, whether through an increase or decrease in the concentration, availability, or decomposition of specific elements. These alterations, whether direct or indirect, have profound effects on both the physical and chemical properties of the soil. Soil microbes are responsible for facilitating nutrient cycling processes, transporting elements from one soil layer to another, from the lower surface to the upper surface, or even between different environmental contexts. Soil biological degradation is characterized by the decline or removal of crucial microorganism populations in the soil, leading to consequential alterations in biochemical processes within the connected ecosystem (Sims, 1990). Currently, acknowledging their pivotal involvement in various soil processes and functional activities, the study of soil microbial properties extends to examining rhizosphere dynamics (Kumar et al., 2013) and soil genomics (Mahmud et al., 2021).  
Issues related to Soil health
Factors leading to the deviation from healthy soil are associated with soil health, and their impact on soil health determines their level of significance, making them a matter of concern. The study of these factors is crucial for several reasons:
· Soil health directly influences the sustainability of agro-ecosystems, serving as a nourishing substrate for all types of vegetation.
· Resilience to extreme weather phenomena, such as droughts and floods, is higher in healthy soil. Given the expected increase in the frequency of these events due to climate change (Mirzabaev et al., 2023; Olsson et al., 2019), maintaining soil health becomes imperative.
· Healthy soil contributes to enhanced ecosystem services, including biogeochemical nutrient cycling, a thriving microbial population, and biodiversity (Costanza et al., 1997; Baveye et al., 2016)
· Preserving soil health aligns with the United Nations' sustainable development goals, addressing issues like poverty alleviation, hunger reduction, improved health, and economic development (Lal, 2016).
· In the context of modern agricultural challenges, maintaining soil health is crucial for crop productivity due to multi-nutritional deficiencies, increased soil degradation, and the accumulation of harmful pesticide residues affecting soil microorganisms (Bhattacharyya et al., 2015; Meena et al., 2020).
· Soil health maintenance also plays a role in carbon sequestration, with soil organic carbon being a critical criterion for evaluating soil health (Lal, 2016).
· Agriculture intensification with imbalances in artificial resource use and insufficient attention to natural resources adversely affects soil health.
Key soil indicators for soil quality assessment
Continuous evaluation of soil quality is imperative due to its intricate and dynamic nature within the Earth's biosphere. The soil undergoes constant changes, influenced by both natural processes and human activities. Any disruptions to the soil lead to alterations in its physical aspects (such as soil texture and bulk density), chemical characteristics (including pH, salinity, and organic carbon content), and biological components (involving microbes and enzymes). These physical, chemical, and biological parameters collectively function as indicators for assessing soil quality. It is crucial to recognize that a comprehensive understanding of soil quality cannot be achieved by solely examining one of these parameters—be it physical, chemical, or biological. Hence, there is a growing imperative to establish a minimum dataset (MDS) encompassing physical, chemical, and biological parameters to effectively evaluate the quality of a given soil. 
Soil comprises physical, chemical, and biological elements, and to effectively gauge soil health, it is crucial to identify specific measurements aligned with the intended use of the soil across these aspects. This optimal set of measurements, known as the minimum data set (Rezaei et al., 2006), constitutes soil quality indicators or soil health indicators. The initial step in soil health assessment involves the identification of suitable indicators through years of experimentation and sample analyses under various production systems. This process helps determine which measurements are most responsive to changes in management practices.
Selecting the required minimum data set is a complex undertaking, necessitating a comprehensive understanding derived from extensive experimentation across diverse soil conditions. Soil health assessment aims to provide farmers, ranchers, or land managers with insights into the direction of soil health changes—whether positive or negative. Armed with this knowledge, specific management practices can be implemented to counteract degradation or sustain positive trends. Without awareness of directional changes in soil health, effective planning and implementation of improved management practices become challenging. The choice of soil health indicators varies depending on the intended use of the soil. For instance, soil measurements suitable for assessing sustainable rangeland may differ from those used in sustainable crop production. Consequently, there are no universal soil health indicators applicable to all systems, and research often focuses on identifying indicators tailored to different agroecosystems.
Numerous soil health assessment protocols exist, but it's important to note that a protocol developed for one region may not be suitable for another. Optimal soil health assessment protocols are those specifically tailored to the agroecosystems of a given region. Protocols developed in a humid, temperate region, may not perform effectively in arid and semi-arid agroecosystems.
Some soil indicators for soil quality assessment are given in Table 1.
Table 1. Key soil indicators for soil quality assessment 
	
	Selected indicator
	Rationale for selection

	Soil Physical indicators
	Topsoil-depth
	Estimate rooting volume for crop production and erosion

	
	Aggregation
	Soil structure, water and wind erosion resistance, crop emergence an early indicator of soil management

	
	Texture
	Retention and transport of nutrients and water

	
	Bulk density
	Plant root penetration and porosity

	
	Infiltration
	Nutrient leaching, Runoff and erosion potential

	Soil Chemical indicators
	pH
	Availability of nutrients, absorption, and mobility of pesticide, soil acidity, and alkalinity

	
	Electrical conductivity
	Defines crop growth, soil salinity, soil structure, water infiltration

	
	Forms of N
	Availability of crops, leaching potential, mineralization/ immobilization process, and rates. 

	
	Extractable N, P, and K
	Capacity to support plant growth, environmental quality indicator

	Soil Biological indicators
	Organic matter
	Defines soil fertility and soil structure, pesticide and water retention

	
	Soil respiration
	Biological activity, process modeling; estimate of biomass activity, early warning of management effect on organic matter



Sustainable soil management practices
Sustainable soil management practices play a crucial role in maintaining and enhancing soil health, productivity, and ecosystem services. These practices are essential for mitigating environmental degradation, promoting long-term agricultural sustainability, and ensuring food security. The most suitable sustainable soil management practices encompass a range of techniques that aim to improve soil structure, fertility, and biodiversity while minimizing negative impacts on the environment.
Organic farming
One of the fundamental practices in sustainable soil management is organic farming. This approach emphasizes the use of organic inputs such as compost, cover crops, and crop residues to enhance soil fertility and structure. Organic farming reduces reliance on synthetic fertilizers and pesticides, promoting a more balanced and resilient soil ecosystem. Moreover, it helps sequester carbon in the soil, mitigating climate change by enhancing carbon storage.
Cover cropping
Cover cropping is another effective sustainable soil management technique. Planting cover crops during fallow periods or between cash crops helps prevent soil erosion, suppress weeds, and improve soil structure. These cover crops, such as legumes, also contribute to nitrogen fixation, reducing the need for external nitrogen fertilizers. The practice of cover cropping not only conserves soil moisture but also enhances nutrient cycling and promotes biodiversity, fostering a healthier soil environment.
Conservation tillage
The conservation tillage system is based on three major principles, viz. continuous or minimal mechanical soil disturbance, maintenance of a permanent biomass soil mulch cover on the ground surface, and diversification of crop species (Kassam et al., 2019). It consists of different forms such as zero tillage, minimum tillage, and stubble mulch tillage. Conservation tillage is a critical component of sustainable soil management, aiming to minimize soil disturbance during cultivation. Unlike conventional tillage, conservation tillage techniques, such as no-till or reduced tillage, help preserve soil structure and organic matter. Reduced soil disturbance prevents erosion, retains water, and promotes beneficial microbial activity. As a result, conservation tillage reduces the carbon footprint of agriculture, conserving energy and promoting soil health.
Crop rotation
Crop rotation is a time-tested strategy in sustainable soil management. By alternating crops in a planned sequence, farmers can break pest and disease cycles, reduce the depletion of specific nutrients, and enhance overall soil fertility. Diverse crop rotations also promote biodiversity above and below the ground, fostering a more resilient and adaptable agroecosystem. Crop rotation offers numerous advantages to any farming system, with a key benefit being its capacity to disrupt the disease cycle within a specific field. Continuous cultivation of the same crop in a particular soil often results in the accumulation of disease-causing pathogens. Without the implementation of rotations, these pathogens can proliferate, surpassing the threshold population that triggers plant diseases. The introduction of rotations, involving the cultivation of a plant from a different family, disrupts the pathogen cycle. As the new crop cannot serve as a host for the existing pathogen, the pathogen population diminishes rapidly in the soil.
Furthermore, the cultivation of diverse crops enhances the microbial population and diversity in the soil (Vukicevich et al., 2016). Different crops are associated with distinct microbial communities that interact with their respective plant roots (Berendsen et al., 2012). The greater the diversity of crops cultivated on a piece of land, the more diverse the soil microbiomes become, contributing to improved overall soil health.
Agroforestry
Agroforestry integrates trees and shrubs into agricultural systems, providing a myriad of benefits for soil management. The roots of trees help stabilize soil, preventing erosion, and enhancing water retention. The organic matter from fallen leaves contributes to soil fertility, and the trees themselves provide additional resources such as timber, fruits, or nuts. Agroforestry systems are a sustainable and multifunctional approach to land use, combining the advantages of both agriculture and forestry.
Integrate livestock into cropping systems
In integrated systems combining crops, ranges, and livestock, cattle, goats, and sheep are commonly utilized to graze on crop residues and stubble during the winter season, while crops are cultivated from spring through fall. Livestock is often relocated to rangelands when cash crops are actively growing in the crop production fields. The integration of livestock into the cropping system through winter grazing offers advantages to producers by enhancing farm resource utilization efficiency, reducing the dependence on synthetic fertilizers and pesticides, and fostering improved soil health (Ghimire et al., 2013).
Livestock-integrated systems play a pivotal role in supporting the development of diverse microbial communities, contributing to the accumulation of soil organic matter and the cultivation of healthy soils. Grazing activities expedite the decomposition of residual plant materials, thereby increasing the availability of essential nutrients like nitrogen, phosphorus, and sulfur. The actions of animal hooves bring more residue into contact with the soil, and the saliva of grazing animals aids the growth of microbial decomposers, facilitating better soil organic matter formation and nutrient release.
Coordinated Projects Related to Soil Health
Several All-India Coordinated Research Projects (AICRPs) were established in post-independence India to catalyze agricultural research and development in the country. Table 1 provides a chronological overview of these projects, which formed the foundational framework for the advancement of soil health management. Stewart, 1947 played a crucial role in establishing the conceptual framework for coordinated and multidisciplinary agronomic research. He initiated simple fertilizer trials (SFTs) on cultivators' fields and advised the government on launching model agronomic experiments to formulate a package of practices, particularly focusing on fertilizer use in diverse agro-climatic and soil-crop scenarios. Since the late sixties/early seventies, these endeavours have been systematically addressed through AICRPs, including those focused on Soil Test Crop Response (STCR), Micronutrients, Secondary and Pollutant Elements, Long-Term Fertilizer Experiments (LTFEs), and Biological Nitrogen Fixation (BNF).
Table 2. ICAR-All India Coordinated Research Projects (AICRPs) launched by Indian Council of Agricultural Research (ICAR) with the mandate of working on different aspects of soil health management.
	Sr. No.
	AICRP details
	Year of establishment

	1
	AICRP on Soil Test with Crop Response, Bhopal
	1967-68

	2
	AICRP in Micro Secondary & Pollutant Elements in Soils and Plants, Bhopal
	1967

	3
	AICRP on long-term fertilizer experiments, Bhopal
	1970

	4
	AICRP on the management of salt-affected soils and use of saline water in  agriculture, Karnal
	During the IV five year plan

	5
	AICRP on biological nitrogen fixation, Bhopal
	1976



CONCLUSIONS:
In conclusion, the article emphasized the pressing global issue of a rapidly increasing population, projected to reach 8.9 billion by 2050, and the subsequent rise in demands for agricultural produce. The reduction in average land holding and various limitations such as low fertility, soil erosion, and degradation pose significant challenges to meeting these demands. The role of soil health in addressing these challenges and emphasizing its impact on food production, water quality, biodiversity, and overall ecosystem services.  Soil characteristics such as physical, chemical, and biological properties influence soil health.   Physical health involves properties like texture and structure, chemical health encompasses nutrient content and pH levels, while biological health involves microorganisms. The deterioration of soil health, attributed to factors such as nutrient imbalances, soil degradation, and pollution, is considered a major concern. The importance of soil health is underscored in the context of sustainable development goals, climate change resilience, and carbon sequestration.  Sustainable soil management practices, such as organic farming, cover cropping, conservation tillage, crop rotation, agroforestry, and livestock integration are identified as crucial for maintaining and enhancing soil health, productivity, and ecosystem services, thereby mitigating environmental degradation and ensuring food security. 
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