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ABSTRACT

Soil represents a dynamic natural entity and serves as the foundation for both agricultural and natural plant ecosystems. It fulfills a multitude of functions, and soil quality can be defined as the "capability of the soil to perform these functions." Soil quality can be assessed from two perspectives: the inherent characteristics of the soil and its ever-changing nature influenced by factors such as climate, human activities, management practices, and land use patterns. Agroforestry is a land use approach that integrates the cultivation of woody perennial plants with agricultural crops and animal husbandry, aiming to harness multiple benefits from this symbiotic relationship. These benefits encompass economic, ecological, and biological interactions among the various components of agroforestry systems. One of the notable advantages of agroforestry is its positive impact on soil quality. Agroforestry practices have a pronounced effect on soil quality by enhancing soil aggregation and increasing the rate of water infiltration. Additionally, these practices elevate levels of soil organic carbon and augment the availability of essential nutrients in the soil. They also contribute to the enrichment of soil biodiversity. This enrichment results from the substantial input of biomass, both above and below ground, which introduces carbon and nutrients into the soil through the processes of decomposition and mineralization. Furthermore, the accumulation of organic matter in the form of litter from trees, shrubs, palms, and other vegetation in agroforestry systems acts as a protective shield for the soil surface, mitigating erosion and preventing the loss of valuable soil nutrients and fertility. Trees in these systems serve as effective windbreaks and shelter belts, providing a physical barrier that reduces wind-induced soil erosion. In summary, agroforestry-based land use systems significantly enhance soil quality, thereby improving agricultural productivity and ecological stability. This contribution to sustainable agriculture and environmental protection underscores the importance of integrating agroforestry practices into land management strategies.
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 INTRODUCTION 

Soil, an integral component of the Earth's surface, is a dynamic natural entity formed through pedogenic processes arising from the weathering of rocks. It comprises mineral and organic components, possessing distinct chemical, physical, mineralogical, and biological attributes. Soil varies in depth across the Earth's surface, serving as a medium for plant growth [1]. According to the Food and Agriculture Organization (FAO), soil is a natural structure consisting of layers, known as soil horizons, comprised of weathered minerals, organic matter, air, and water, providing a natural environment for plant growth.
Soil microbiologists define soil as a 'polis,' essentially a society or community governed by soil microorganisms. Soil plays a pivotal role in crop production, acting as a reservoir for water and nutrients, thereby supporting plant life. The mineral components of soil house essential nutrients released gradually for plant uptake. Soil's organic matter and humus content vary, resulting from the decomposition of biomass, and the spaces between soil particles are filled with either air or water. In addition to serving as a physical medium for plant growth, soil is considered a living system vital for food and fiber production, as well as the provision of ecosystem services upon which life relies. Due to the interaction of physical, chemical, biological, and human-induced processes that operate at varying intensities within soil, it exhibits a high degree of variability [2], and these properties, in turn, influence its characteristics.
Soil is often referred to as the 'soul' of life due to its multifaceted functions. These functions describe what soil accomplishes and are commonly termed ecosystem services provided by soil resources. Soil constitutes a significant component of ecosystems, and its seven key functions are interconnected with one or more ecosystem services (Figure 1).

According to Seybold et al. (1998) [3], soil serves several critical functions:

· Sustaining plant and animal life, thereby promoting productivity.
· Facilitating the cycling of nutrients and carbon within the Earth's biosphere.
· Regulating and directing the flow of water and solutes.
· Acting as a filter, buffer, and detoxification agent for organic and inorganic substances, including municipal and industrial by-products, as well as atmospheric deposition.
· Providing physical stability and support for plants, socioeconomic structures, or safeguarding archaeological treasures associated with human habitation.
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Figure 1: The 7 key functions of soil.

Soil is a fundamental natural resource, and its fertility represents the culmination of various soil properties managed to determine crop productivity and sustainability. Soil fertility is essentially the inherent capacity of soil to provide nutrients in sufficient quantities and in a balanced manner. Healthy and fertile soil not only leads to increased crop yields but also plays a vital role in maintaining environmental quality, which in turn influences the well-being of plants, animals, and humans. Unfortunately, due to the advancement of agriculture, soil degradation is occurring at an alarming rate. Factors such as water and wind erosion, desertification, and salinization are contributing to this degradation, primarily due to improper farming practices and misuse of the land. The decline in soil fertility is further exacerbated by the continuous cultivation of crops without adequate consideration for their specific nutrient requirements. Therefore, it is imperative to establish criteria for assessing soil fertility and implementing corrective measures to enhance it. The ultimate goal of evaluating soil fertility extends beyond achieving high levels of biological activity, aggregate stability, or other soil properties. It also encompasses the protection and improvement of long-term agricultural productivity, water quality, and the overall habitat for all living organisms, including humans [4].
SOIL QUALITY

A.  What is soil quality?

The concept of soil quality was first introduced by Warkentin and Fletcher in 1977 [5] in the context of optimizing resource allocation to increase food and fiber production. Since the early 1990s, numerous researchers have proposed various definitions for soil quality. According to Karlen, Gardner, and Rosek in 1998 [6], soil quality is described as the "capacity of a specific type of soil to function within its natural ecosystem boundaries, supporting plant and animal productivity, maintaining or improving water and air quality, and contributing to human health and habitation." Several scientists have also referred to soil quality as "fitness for use" or the "ability of the soil to function." Regardless of the specific definition, the common focus in literature remains on the soil's functions.
The perception of soil functions varies depending on the perspective of the observer. For land managers, soil quality is synonymous with the ability to enhance soil productivity and ensure sustainable crop yields. Farmers often equate soil quality with soil health, emphasizing the well-being of the soil. Conservationists prioritize the sustainability of soil resources while also safeguarding the environment. Consumers associate soil quality with the production of healthy and affordable food products. Environmentalists, on the other hand, emphasize the soil's role in maintaining biodiversity, water quality, and nutrient cycling [7]. With reference to national context, soil quality forms the basis for environmental policies aimed at protecting our ecosystems.
In scientific literature, "soil quality" and "soil health" are frequently used interchangeably, although scientists tend to favor the term "soil quality," while producers prefer "soil health" [8]. The United States Department of Agriculture (USDA) defines soil health as the "ongoing ability of soil to function as a vital, living ecosystem that supports plants, animals, and humans." Soil health is a dynamic property that can change in the short term and represents the condition of the soil at a specific moment. In contrast, soil quality is considered an intrinsic or static soil property, reflecting its suitability for a particular purpose over the long term [9]. These concepts of soil quality and soil health are subjects of debate within the soil science community. Soil quality primarily pertains to soil functions, while soil health characterizes soil as a finite, non-renewable, and dynamic living resource. Soil quality encompasses attributes of soil that may be influenced by management practices and have the potential to enhance or diminish soil health.


[bookmark: _Hlk122629530]B. Inherent and dynamic soil quality

Soil quality can be understood in two distinct ways: as inherent properties of a soil and as the dynamic characteristics of soils influenced by climate, human activities, and management practices [10]. Inherent properties of soil are determined by the factors of soil formation, including climate, topography, vegetation, parent material, and time [11]. Each soil type possesses innate characteristics that define its capacity to function. In the context of the National Cooperative Soil Survey Program, soil qualities are defined as the inherent attributes of soil, such as texture, slope, structure, and soil color [12]. The second perspective on soil quality concerns the dynamic nature of soils, shaped by human use and management practices. Examples of this include the levels of organic matter and nutrient content in the soil. This interpretation of soil quality necessitates a reference condition specific to each soil type, against which changes in soil condition can be assessed. Currently, this dynamic aspect is the primary focus of the term "soil quality" (Figure 2).
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Figure 2: Inherent and dynamic features of soil quality.

C. Assessment of soil quality

Soil quality assessment relies on indirect measures due to the complex and imprecise nature of soil functions, which cannot be directly quantified. Instead, soil quality is evaluated through a set of versatile and broad indicators [13]. These indicators encompass various aspects of soil, including its chemical, physical, and biological properties. The objective is to establish a valid soil quality index that amalgamates data from diverse soil properties, thereby indicating whether specific land use or management practices are achieving desired outcomes in terms of productivity, environmental protection, and overall soil health [14].
To gauge a soil's capacity to function effectively, we rely on soil quality indicators (SQIs), which encompass its physical, chemical, and biological attributes [15]. These indicators must fulfill several criteria:

· Integration of Attributes: SQIs should encompass a blend of physical, chemical, and biological properties of the soil.
· Applicability in Diverse Conditions: They should be adaptable to various field conditions.
· Compatibility with Existing Data: SQIs should either complement existing databases or be easily measurable.
· Sensitivity to Environmental and Management Factors: They should be responsive to changes in land use, management practices, climatic variations, and human activities [15].
Selecting the right indicators is the cornerstone of soil health assessment (Table 1). These chosen indicators must strike a balance between ease of measurement and their ability to reveal underlying soil issues. Since soil quality cannot be directly measured in the field or laboratory due to its multifaceted nature, it is estimated using soil parameters or indicators. A mathematical or statistical framework emerged in the early 1990s to derive a soil quality index (SQI). This index reflects the state of soil and its quality by amalgamating various soil quality indicators into a single value, based on a combination of several soil properties [16]. Conceptual connections between soil quality indicators and crucial soil functions serve as the basis for computing these soil quality indices (Table 2).

Table 1: Some of the commonly used soil quality indicators
	Physical attributes
	Chemical attributes
	Biological attributes 

	· Soil texture
· Bulk density
· Porosity
· Water holding capacity
· Soil structure (aggregate stability)
· Water holding capacity
· Soil depth
· Hydraulic conductivity 
· Infilteration 
· Penetration depth
· Penetration resistance 
	· Soil pH 
· EC
· Organic carbon
· Available macronutrients and micronutrients
· CEC
· Labile C and N
· Total and available N
· Available P and K 
· Sodicity and salinity
· Heavy metals
	· Microbial biomass C and N
· Soil enzymatic activities
· Soil respiration
· Earthworms 
· N– mineralisation  



   Source: Vasu et al. (2020) [17]

Table 2: Conceptual linkages between soil quality indicators and critical functions used to compute soil quality indices.
	Soil functions 
	Soil quality indicators 

	Biological productivity 
	Texture, depth of soil 

	Regulating and partitioning water 
	Infiltration and bulk density, water-holding capacity, aggregate stability 

	Filtering and buffering 
	Soil organic matter, pH 

	Storing and cycling nutrients 
	Extractable N, P and K, microbial biomass C and N, potentially mineralizable N 

	Supporting socioeconomic structures 
	Structure, mineralogy. 


 Source: Karlen, Andrews and Doran (2001) [18]

Three common methods for computing the Soil Quality Index (SQI) [19]:

1. Simple Additive SQI
This method, as outlined by Amacher, Neil, and Perry in 2007 [16], involves setting threshold values for various soil parameters based on literature review. Individual index values are assigned to each parameter, and these values are then summed up to calculate the total SQI. The SQI percentage is derived by dividing the total SQI by the maximum possible total SQI for the measured properties and multiplying by 100 [20].

SQI (%) = (total SQI / Maximum possible total SQI for properties measured) x 100 

2. Weighted additive SQI 
In this approach, soil parameters are first assigned unitless scores ranging from 0 to 1 using linear scoring functions [21]. The parameters are categorized based on mathematical algorithms:

· "More is better" (upper asymptotic sigmoid curve)
· "Less is better" (lower asymptotic sigmoid curve)
· "Optimum" (Gaussian function) [22]

Soil indicators are arranged based on whether higher or lower values are desirable for soil function. For example, for "higher is better" parameters like organic carbon, each observation is divided by the highest value to score it as 1. Conversely, for "less is better" parameters like bulk density, each data value is divided by the lowest value to score it as 1. "Optimum" parameters, like pH, are scored as "higher is better" up to a threshold value and as "lower is better" above that threshold [23]. Scoring functions are determined by critical values, including lower threshold limit (LT), upper threshold limit (UT), and baseline (A) values. These scores are then multiplied by weights assigned to each parameter based on their importance in soil quality [24-25].
Weighted soil quality index (WSQI) - 


Where,
Wi = weight assigned to the i th indicator
Si = linear or non-linear score of the i th indicator
n   = number of indicators included in the index [26].

3. Statistically modeled SQI
This method utilizes principal component analysis (PCA) to create a statistics-based model for SQI. PCA reduces indicator load while retaining important information, and a minimum data set (MDS) is selected to reduce data dimensionality [27]. The choice of MDS can be initially based on expert opinion and then refined through statistical data reduction using techniques like PCA. Transformed scores are multiplied by weightage factors and summed to derive the SQI [28]. The schematic diagram for the computation of SQI using PCA is given in Figure 3.

The transformed scores are then multiplied by the weightage factors and then finally added to derive SQI.
                           SQI (PCA) = Ʃ Weight × individual soil parameter score  
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Fig. 3:  Schematic diagram for calculation of Soil Quality Index using PCA.

Agroforestry

A. What is agroforestry?

Agroforestry can be described as a dynamic and ecologically driven approach to managing natural resources. It involves the integration of trees within farming and agricultural landscapes, aiming to enhance production while delivering social, economic, and environmental benefits to land users at various levels [29]. This practice encompasses diverse land use systems in which woody perennials, such as trees, shrubs, or palms, are intentionally incorporated into the same land management unit alongside agricultural crops and/or animals, either through spatial arrangement or temporal sequencing. Agroforestry systems foster both ecological and economic interactions among these different components, resulting in a range of advantages in terms of economics, sociocultural aspects, and the environment. This approach holds particular significance for rural communities and smallholder farmers, as it can positively impact food availability, income generation, and public health. Agroforestry-based land use systems contribute to soil ecosystem functions in several ways [30]:
· Preservation of soil organic matter levels and the promotion of biological activity in the soil.
· Enhancement of nutrient cycling and efficiency in nutrient utilization.
· Improved water utilization efficiency in the soil.
· Restoration of degraded and eroded lands.
· Mitigation of climate change through carbon sequestration.
· Enhancement of air and water quality.
· Utilization of marginal lands.
Agroforestry is a holistic approach to land management that incorporates trees into agricultural settings, offering a wide array of benefits for both the environment and the people who depend on the land. It plays a critical role in enhancing soil health and sustainability while contributing to various socioeconomic aspects.
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B. Role of agroforestry system in influencing soil quality

Forests play a crucial role in the formation of soil through a combination of physical, chemical, and biological processes that weather parent rock and incorporate leaf litter, subsequently decomposing it. These processes significantly contribute to enhancing soil fertility. The ways in which trees can positively impact soil quality can be broadly categorized into four key areas (Table 3):

· Increased Input: Trees contribute by adding organic matter in the form of leaf litter and living biomass, both above and below ground, which enriches the soil with essential nutrients.
· Reduction of Losses: They help in reducing soil erosion and nutrient leaching, thus preserving soil resources and preventing valuable nutrients from being lost.
· Enhancement of chemical and physical properties of soil: Trees can enhance soil structure and composition, making it more conducive to plant growth. They also play a role in modifying soil pH and nutrient availability.
· Improvement in Biological Properties of Soil: Trees promote soil biodiversity by providing habitat and food sources for various microorganisms. This, in turn, enhances soil biological functions crucial for nutrient cycling and overall soil health.

The inclusion of trees in different land use systems leads to an increase in soil organic matter content due to the continuous addition of litter and living biomass, both above and below the surface. This organic matter serves as a source of carbon and energy for soil microbes, influencing soil biodiversity and associated biological functions [31]. In a soil-plant system, nutrients are in a constant state of dynamic transfer. Nutrients present in the soil are taken up by plants for various metabolic activities, and they are later returned to the soil through natural litterfall, pruning, or root senescence. Microbial activity decomposes these plant materials, releasing nutrients back into the soil, making them available for plant uptake. This continuous movement of nutrients within the soil-plant system is referred to as nutrient cycling. Nutrient cycling involves various processes, including rock weathering, nutrient release, soil biota activity, and transformations within the soil-plant-atmosphere continuum. Agroforestry-based systems occupy a middle ground in the spectrum of nutrient cycling systems. They are neither fully "closed" systems with minimal nutrient loss or gain, such as natural forest ecosystems, nor entirely "open" systems with high nutrient losses, like conventional agricultural systems [32]. As a result, agroforestry-based land use systems play a significant role in influencing soil fertility and overall soil quality. They strike a balance between nutrient conservation and productive land use, making them valuable tools for sustainable agriculture and environmental stewardship.

Table 3: Processes by which agroforestry-based systems improve soil quality.
	Increased input
· Carbon fixation via photosynthesis 
· Adding to soil N by nitrogen fixation 
· Nutrient uptake from deeper layers of soil
· Exudation of certain growth promoting substances by the root rhizosphere
	Reduction of losses
· Protection of soil from erosion
· Recycling nutrients which would otherwise be lost by leaching. 
· Reduction of rate of organic matter decomposition by shading effect.

	Enhancement of soil chemical and physical properties
· Improvement in soil moisture retention capacity, soil structure, soil porosity, permeability, infiltration rate 
· Roots break down compact layers of soil 
· Litter cover by tree canopy provides shading effect and regulates extremes of soil temperature.
· Enhance organic matter content of soil, ultimately increasing available nutrients for plants. 
· Extensive lateral root system of trees scavenges soil nutrients and redistribute them.
· Reduction of soil acidity, basicity or sodicity.
	Improvement in biological properties 
of soil
· Higher microbial enzymatic activity due above and below ground litter cover and root exudates.
· Higher amount of soil microbial biomass C, N and P due to addition of varying quantity of organic matter input through litter fall.
· Availability of carbonaceous materials and substrates by decomposing litter fall of trees such as amino acids, sugar or organic acids supply carbon and energy to soil microbes.
· Positive effect on soil fauna.



During the lifecycle of a tree, branches, leaves, and twigs fall as litter contributing to soil organic matter after its decomposition. Also, the tree biomass can be used as a mulch. This reduces the erosive effect of the rainfall on soil surface. Root system of trees also stabilize the soil surface, reducing impact of rain drop and decreasing the intensity of erosion. Litter cover also have an added advantage of suppressing the weed growth. Many trees of the genera Acacia, Calliandra, Mimosa, Dalbergia, Erythrina can fix atmospheric nitrogen through symbiotic relationship with bacteria and fungus. Some of the important nitrogen fixing plant species along with the amount of N2 fixed is given in Table 5.  These nitrogen fixing trees are the key constituents in many natural ecosystems in the world. Besides N-fixation, the litter from these trees adds nitrogen to the soil after decomposition of litter. 
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Fig. 4: Effect of Agroforestry based systems on soil quality.


Agroforestry-based land use systems offer a promising solution to mitigate land degradation and soil erosion, enabling the sustainable production of crops and livestock. Unfortunately, due to inadequate natural resource management, these resources face sustainability challenges. Trees play a pivotal role in conserving these resources. The extensive root systems of tree species effectively anchor the soil, reducing erosion caused by wind and water. Additionally, the vegetation acts as a protective shield against soil erosion processes, while also enhancing soil moisture retention through the capture of rainfall within the field [34].



Table 4: Important N2 fixing plant species.
	Plant 
	Botanical name 
	Family 
	Nitrogen fixed (kg N ha-1yr-1)

	Black wattle 
	Acacia mearnsii
	Mimosoideae 
	200

	Silver wattle
	Acacia dealbata
	Mimosoideae
	12-32

	Gum Arabic tree
	Acacia nilotica
	Mimosoideae
	40-100

	Beef wood, Saru
	Casurina equisetifolia
	Casuarinaceae
	60-110

	Erythrina
	Erythrina poeppigiana
	Pipilionaceae
	60

	Apple ring, Areca
	Gliricidia sepium
	Fabaceae
	13

	Inga
	Inga jincicuil
	Mimosoideae
	34-50

	Subabul
	Leucaena leucocephala
	Mimosoideae
	100-500

	Indian alder
	Alnus nepalensis
	Betulaceae
	29-117

	Horse bean
	Vicia faba
	Fabaceae
	68-88


 Source: Sarvade et al. (2019) [33]

IV. Case study: Assessing soil quality under agroforestry-based land use systems.

Land use refers to the arrangements, activities, and interventions carried out by individuals within a specific type of land cover to either produce, alter, or sustain it. The transition from forests to rangelands and agricultural lands has raised significant concerns regarding environmental degradation and global climate change. These land use systems have substantial impacts on soil properties, contingent upon factors like crop rotation, nutrient enhancements, and tillage methods employed. Over time, these practices can either enhance soil quality, degrade it, or maintain it at its current level. Alterations in land use systems and various management approaches can influence soil structure, soil organic carbon content, and nutrient reserves, ultimately affecting overall soil quality. To ensure sustained agricultural productivity, it is imperative to focus on the preservation and enhancement of soil quality.
An experiment conducted by Sharma in 2011 [36] aimed to investigate the effects of ten-year-old land use systems on soil quality. The study encompassed various systems, including agri-horticultural, agroforestry, pastoral, and arable land. The chemical soil quality index was utilized to assess the impact of physico-chemical soil properties on its overall quality. Weighted mean values of different parameters were standardized using a linear scoring method. The study findings revealed that the agroforestry system exhibited superior soil quality maintenance compared to other land use systems. Arable land, which remains under continuous agriculture, exhibited the lowest soil quality. This discrepancy could be attributed to the organic matter contribution from tree litter falls (such as Acacia auriculiformis), which comprised dead leaves, twigs, and branches. Additionally, biological nitrogen fixation by tree legumes and efficient nutrient cycling and mining from the sub-surface layer, along with nutrient solubilization through root exudate secretion, contributed to improved soil fertility. The root system of the trees also helped reduce nutrient losses through runoff and sedimentation.
In another study conducted by Pandey in 2018 [37], soil health was assessed under various land use systems in a Mollisol. Soil samples were collected from field crops, horticultural crops, agroforestry crops, and fallow land. These samples were subjected to analysis for diverse physico-chemical and biological properties, culminating in the evaluation of a soil health index using a simple additive method. The soil health index ranged from 69 to 83 percent across different land use systems (Figure 5). The highest soil health index was recorded in the eucalyptus + turmeric system, followed by the poplar + turmeric system, while the lowest was observed in the fallow (uncultivated land) system. The success of agroforestry-based land use systems can be attributed to their dense canopies, which facilitate increased nutrient accumulation and minimize nutrient loss through leaching.
These studies underscore the critical importance of land use systems in shaping soil quality and, consequently, agricultural productivity. Agroforestry systems, with their diverse benefits, emerge as a promising approach to maintain and enhance soil quality, offering valuable insights for sustainable land management practices. It also provided congenial conditions for microbial growth. Forest based system was also found to have more organic carbon status due to more litter falling from the trees. The generalized influence of trees on the soil quality has been summarized in Table 5.
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Source: Pandey (2018) [37]
           
 Fig.5: Soil health index (%) under different land use system in a Mollisol


Table 5: Influence of agroforestry-based land use systems on soil quality.
	Agroforestry based system
	Soil properties 
	Effect on soil quality 
	References 

	Effect of Prosopis cineraria, Dalbergia sissoo, Acacia leucophloea and Acacia nilotica on soil biological characteristics in an Entisol at farmers’ field in Jaipur district, Rajasthan.
	Soil biological activity in terms of microbial biomass C, N and P, dehydrogenase activity and alkaline phosphatase activity 
	Enhanced biological activity in agroforestry-based systems and amongst trees, P. cineraria-based system brought maximum and significant improvement in soil biological activity.
	Yadav et al. (2011) [38]

	Oil palm and Cacao based agroforestry systems in Brazil
	Above and below ground carbon stock and their distribution
	Greater aboveground carbon (litter and living biomass) in oil palm + Cacao than in oil palm + herbaceous system
	Ramos et al. (2018) [39]

	Silvopastoral systems composed of grazed open prairies with isolated trees in Nicaragua
	C, N and P stock as well as microbial respiration 
	Higher C and N stocks under the canopy and area receiving litterfall than in the open prairie.
	Hoosbeek et al. (2018) [40]

	Agroforestry systems and a maize-wheat rotation in a semi-arid area in India
	Water stable aggregates (WSA) and dry stable aggregates (DSA) in soil organic carbon storage. 
	SOC levels in both WSA and DSA types were greater under the poplar-based and guava-based agroforestry systems when compared with sole cropping.
	Dhaliwal et al. (2018) [41]

	Faidherbia albida intercropped with maize in Zambia
	Effect of canopy and leaf litter on soil microbial communities and nitrogen mineralization
	Litter inputs from Faidherbia albida could supply more than 18 kg N ha-1 year-1 and increased the microbial diversity.

	Yengwe et al. (2018) [42]

	Poplar-based agroforestry system and rice–wheat, maize-wheat and cotton-wheat rotation farmlands in India.
	Comparison of P availability and speciation among various land uses
	Contrasting P speciation with greater organic P and lower inorganic P as well as higher SOC content under agroforestry compared to other conventional land uses.
	Prakash et al. (2018) [43]

	Soil samples were collected from three different land use systems i.e., forests, croplands (agricultural practices was being followed for more than 50-60 years and converted lands (converted from forests to croplands over 15-20 years).  
	Different soil quality indicators were assessed (Soil texture, Soil CEC, exchangeable Al, pH, EC, soil total carbon, soil organic carbon, nutrient status of soil, density fractionation of soil, soil aggregation parameters, Microbial biomass C, Microbial quotient and  Fluorescein Di-Acetate)  and soil quality index (SQI) was computed to allot a single value per soil.
	Presence of highest soil carbon pool, greater aggregation and maximum microbial dynamics was observed in forest soils due to continuous addition of organic matter and no disturbances. Best soil quality was indicated under forest soils followed by soils of converted lands and crop lands.  
	De et al. (2022) [44]




V. Hierarchical relationship of soil quality to agricultural sustainability

Soil possesses various physical, chemical, and biological characteristics, and soil quality reflects the combined impact of these dynamic attributes. It is closely intertwined with environmental quality, a broader concept encompassing the quality of air, water, and soil. High-quality soils are effective in carrying out essential functions necessary for optimal plant growth. Each of these soil functions directly influences environmental quality. As a result, the condition of soil resources also has a consequential effect on air and water quality, thereby further influencing overall environmental quality (as depicted in Figure 6) [23;45].
The National Research Council (NRC), in their publication on soil and water quality [46], emphasized the significance of safeguarding soil quality as a core objective of national policy, akin to the protection of air and water quality. They drew a connection between soil quality and water quality, asserting that improving soil quality should be the primary step toward enhancing water quality.
Agricultural sustainability is defined as the "capability of crop production systems to consistently generate food without causing harm to the environment" [47]. A sustainable agricultural system typically contributes to the enhancement of soil quality. In 1977, Warkentin and Fletcher introduced the notion of soil quality as a metric for measuring agricultural sustainability [5]. Soil quality is also employed as an indicator of both environmental quality and agricultural sustainability [48-49]. The choice of soil quality indicators depends on the objectives of ecosystem management. If achieving sustainability is the primary goal of agroecosystem management, then soil quality becomes a vital component within a hierarchical framework for agroecosystem sustainability.

[image: ]Source: Andrews et al. (2002) [50]

Fig.6. Hierarchical relationship of soil quality to agricultural sustainability

VI.  Methods for improving soil quality.

· Enhancement of Organic Matter: One of the most crucial methods for preserving or enhancing soil quality involves the annual incorporation of fresh organic matter. The addition of organic materials serves to enhance soil structure and aggregation, boost water and nutrient retention capacity, shield against erosion and compaction, and support microbial communities by supplying a carbon source. Regularly adding organic matter to the soil can be achieved through practices such as applying manure and compost, leaving crop residues in the field, cultivating cover crops, optimizing nutrient and water management, implementing reduced tillage systems, using mulching, and practicing crop rotation with high root biomass plants.
· Reduction in Tillage Intensity: Tillage refers to the mechanical manipulation of soil to loosen the surface, control weeds and pests, and create favorable conditions for crop growth. However, excessive tillage can disrupt soil structure, accelerate the decomposition of organic matter, induce compaction, and increase the risk of erosion.
· Maintenance of Ground Cover: Maintaining adequate ground cover safeguards the soil from erosion, provides habitat for soil organisms, enhances moisture retention, reduces evaporation losses, and, when using crop residues as ground cover, contributes additional organic matter to the soil while serving as a food source for soil organisms.
· Diversification of Cropping Systems: Crop diversification is a strategy that involves cultivating different plant species with varying root patterns. This approach can effectively reduce weed pressure, lower the incidence of diseases, and aid in pest management.
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Fig. 7. Principles of conservation agriculture

· Efficient management of pests and nutrients: excessive use of pesticides and chemical fertilizers can lead to soil quality degradation and environmental pollution over a period. Therefore, efficient management of pests and nutrients should be done by applying nutrient sources in the right dose and right place. Soil testing should be necessary part of nutrient management strategy as it will prevent excess or under usage of chemicals which will adversely affect soil quality. The usage of chemicals should be kept minimum by integrating its use with organic sources.
· Prevention of soil compaction: soil compaction leads to reduction of soil porosity, hinder root growth and impact soil organisms. Try to minimize soil compaction caused by heavy machinery, equipment or repeated traffic. [51;17].

VII. Conclusion

The effect of agroforestry-based land use systems on soil quality varies with soil, climate, management practices and the type of crop. Overall, we can conclude that agroforestry practices help in improvement of soil and increase in its organic matter content in the form of surface litter or soil carbon. The litter produced by trees also helps in maintaining soil biodiversity which has a positive effect on soil fertility. Agroforestry systems also plays an important role in carbon sequestration, thus reducing greenhouse gas emissions to reduce climate change and ultimately achieving sustainable development goals.  
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CONSERVATION AGRICULTURE


Minimum soil disturbance 


Soil surface cover with crop residue


Crop rotation


Soil health index (%)
Soil health index (%)	Rice – wheat – green gram                      	Rice – pea (vegetable)- maize	Rice - potato – okra  	Rice – berseem + oat + mustard (fodder)- maize + cowpea (fodder)	Maize – wheat – cowpea   	Sorghum (fodder)- yellow sarson- black gram	Guava + lemon     	Poplar + turmeric  	Eucalyptus + turmeric	Fallow ( uncultivated land)	73	70	77	73	70	70	70	80	83	69	
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