Review Article

Unravelling the Dynamics of Soil Health: Key Insight and Future Direction

Abstract

A healthy soil serves as a dynamic living system that provides a variety of ecosystem services,
including maintaining plant production, managing the recycling and breakdown of soil nutrients,
and eliminating greenhouse gases from the environment. Because soil microbial activity and
variety are the primary determinants of soil health, soil health-and sustainable agriculture are
intimately related. Tillage and organic farming have been demonstrated to enhance soil health by
raising the quantity, variety, and activity of microorganisms in the soil. While organic farming
may result in exclusion of synthetic fertiliser. inputs, and improve stability in environment
sustainability, conservation tillage has the potential to increase growers' profitability by reducing
inputs and labour costs when<compared to conventional tillage. The capacity of a crop
production system to consistently ‘generate food without causing environmental damage is
known as agricultural. sustainability. Beneficial microbes, nematodes, cyanobacteria, and
arbuscular mycorrhizal fungus (AMF) improve plant water and nutrient availability,
phytohormone synthesis, soil nutrient cycling, and plant resilience to environmental challenges.
Concepts related to soil health are frequently used to compare soils, analyse changes, and gauge
how well land-use management is working. The external elements influencing soil health and

their significance for sustainable agriculture will be covered in this review.
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1. Introduction

Environmental quality and sustainable agricultural output depend on healthy soil. Everything that
humans and other species on Earth need to survive, including food, fibre, habitat, shelter, open



space for enjoyment, clean air and water, and more, is based on the soil. "The capacity of a soil
to function as a vital living system within ecosystem and land use boundaries to sustain plant and
animal production, maintain or enhance water and air quality, and promote plant and animal
health” is the definition of soil health given by Doran and Zeiss [1]. It is acknowledged as a set
of traits that classify it taxonomistically and determine its state of health. On the other hand, soil
quality is an external feature of soils that varies depending on how humans intend to utilise them
[2]. It could have to do with how well agriculture produces goods for recreation, preserves
watersheds, and supports animals.Indicators sensitive to management in.soil. health assessment
programs have difficulties due to the large degree of geographical variability in seil and faulty
agricultural practices leads to groundwater contamination [56]. The demand for agricultural
goods is expected to rise due to the predicted rapid growth-in global population to 8.9 billion
people by 2050 [3]. “With increase inpopulation, there.is shrinkage on cultivable land.
Therefore, the main focus would be on increasingthe productivity by adopting improved
cultivationpractices” [60].In the future, increasing-crop yields using sustainable methods will be
necessary due to rising food needs and a lack of fresh agricultural land.

All agricultural systems depend on effective soil management, although there is evidence of
widespread soil deterioration in.the. form of pollution, compaction, erosion, loss of organic
matter, increased salinity, and other negative effects [4]. Although naturally occurring soil
deterioration is more gradual and slower than accelerated, it has a significant long-term influence
on both agricultural .output and the surrounding ecosystem. By adjusting and developing soil
health metrics that may be used to track its state and function as a crucial component of
sustainable agriculture, degradation is prevented. In addition to generating more food to feed the
world's growing: population, soil health management takes a comprehensive approach to
preserving our soils for use by future generations [5]. These methods complement one another to
determine the health of the soil. A major problem is meeting the expected demand for food
production=that is both sustainable and healthful. Indeed, one of the main objectives of
sustainable agriculture is to increase crop output while protecting agroecosystems and reducing
the effects of climate change [6].

Novel integrated strategy known as "sustainable agriculture” has been described as having the

potential to address both practical and fundamental problems with food production in an



environmentally responsible manner [7]. In order to create novel methods that don't hurt the
environment, it incorporates biological, physical, chemical, and ecological aspects [3].
Furthermore, sustainability may be able to support global food agriculture demands [8]. The
evaluation of soil health is predicated on characteristics related to soil quality that ensure the
sustainability of crop production on agricultural areas [1,9]. Numerous investigations revealed

that key markers of soil quality include the microbial community, abundance, variety, activity,

N

and stability [10]. An assessment of soil health includes determining how we

the relative worth of healthy soil [11]. The restoration or improvel
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Fig. 1: Assessment of soil health function for sustainable agriculture

2. Soil Biodiversity and Sustainability



The term "soil biodiversity" describes all living things found in the soil. "The variation in soil
life, from genes to communities, and the ecological complexes of which they are part, that is,
from soil micro-habitats to landscapes,” is how the Convention on Biological Diversity defined
soil biodiversity [12]. It has been demonstrated that factors like as growing human populations,
changing global temperatures, degrading soil, and loss of arable land put more strain on natural
resources and jeopardise systems that ensure the sustainability of the planet. [13]. Earth's soil
biota is one of the planet's greatest repositories of biodiversity [14]. By controlling species
asynchrony, aboveground net primary output, and plant diversity, soil biota influences the
stability of ecosystems. Stressors on soil biodiversity included excessive grazing, declining soil
organic matter, pollution, soil erosion, land degradation, intense human usage, and changes in
climate [15]. Soil quality is decreased by unsuitable agricultural. methods such as salinisation,
acidification, compaction, crusting, lack of nutrients, decrease in soil biota biomass and
biodiversity, water imbalance, and disturbance of elemental cycle [16]. The aggregate
characteristics and functions of soil includepopulation control, nitrogen cycling, and
decomposition [17]. The cycling of nutrients, particularly nitrogen, and decomposition are the

biological processes that occur in soil [18, 19].

A crucial agronomic technique to encourage soil biota-mediated degradation and mineralisation
is the appropriate choice of organic.residues, .given their innate vulnerability to both enzymatic
hydrolysis and physical breakdown [20]. Microbial capacities are often linked to soil health and
agricultural sustainability through their functional abilities to nutrient acquisition, mobilisation,
fixation, recycling, decomposition, degradation, and remediation in the soil [9]. Maintaining crop
development.and production requires an understanding of how soil biota mediates soil processes.
Soil biota often drives both processes [15]. Soil biota often reacts quickly to soil management
techniques and is linked to the squelching of pathogenic organisms, nutrient cycling, and
detoxifying of water storage [21]. Plant health, soil fertility, and soil biota are closely correlated
[22]. It has: been acknowledged that one of the most important approaches to achieving
agricultural sustainability is the function that soil biota plays in enhancing land productivity and
fertility through biological processes [23]. For global agricultural sustainability, it is therefore
essential to understand the risks to soil biodiversity and take appropriate action.

3. Soil Health



3.1 Concept and Background

A sustained agricultural output depends on the health of the soil, which is an essential natural
resource. Increased soil water retention and availability, soil aggregation, nitrogen cycling and
storage, and microbial diversity and function are just a few of the ecological services that soils
perform. An assessment of soil health includes determining how well-suited the soil is to carry
out intended tasks as well as how resilient it is to deterioration [24]. Compacted soil, for
example, lacks structure, allows less air and water to penetrate, and stunts root:growth, all of
which make the soil less productive than well-structured, uncompacted soil.. Here, ‘the bulk
density and penetration resistance of the soil—two indices of soil health—can be used to assess
the appropriateness of the soil for healthy root development (soil function) [25]« Planting cover
crops with deep roots might aid in reversing soil compaction. The following qualities should be
found in a healthy soil: High soil biological activity, good soil tilth and structure, high water
infiltration and retention, resistance to compaction, high organic matter content, plant nutrient
availability and recycling, resistance to erosion, absence of harmful chemicals, and low weed and

disease pressures are just a few of the benefits of this type of soil [26].
3.2 Soil Health Indicators

In general, certain soil qualities are described by soil health indicators. In general, soil qualities
may be divided into two _categories: dynamic and stable [27]. Soil-forming elements including
topography, parent material, climate, and organisms have an impact on stable soil qualities; these
elements are not_greatly affected by management techniques. Soil type, soil depth, and soil
texture are a few.examples of stable features. Soil Organic Matter (SOM), bulk density, and pH
are examples of dynamic gualities that may alter quickly—typically within a human lifetime—in
response.to land-use and management decisions [28]. Thus, systems for evaluating the physical,
chemical, and biological characteristics of soil that react to modifications in management offer
insights into_soil processes (Table 1). On soil health indices that apply to all agroecosystems,
there is, however, disagreement. Indicators of soil health are site-specific and occasionally
temporally orientated.

Table 1: Potential commonly used soil properties to assess soil health

Physical | | Chemical | | Biological




» Soil colour » Organic Cand N » Soil respiration

» Aggregate stability » Particulate organic > Potential

» Water infiltration matter mineralizable

» Bulk density » Active carbon nitrogen

» Penetration resistance > pH » Microbial biomass

» Water holding » Cation exchange » Soil enzymes
capacity capacity and base » Earthworms

» Runoff and saturation » Crop condition, root

» erosion » Electric conductivity growth

» Rooting depth » Heavy metals » Weed and. disease

pressure

It has been demonstrated that healthy soil inhibits infections, supports biological activity, breaks
down organic matter, inactivates harmful substances, and recycles water, energy, and nutrients
[9]. Biological traits and their intimate relationship with chemical and-physical features make up
the idea of soil quality and health, which is gaining popularity [29]. Plant health, soil fertility,
and the biota of the soil are closely related [22]. An important tactic for achieving agricultural
sustainability is the function that soil biota plays in enhancing land productivity and soil fertility
through biological processes [23] and to understand the interrelationship of soil indicators (Table
2). In order to track the impact of past, present, and future land usage on agricultural
sustainability, two metrics. utilised to determine the state of the soil were soil health and soil
quality.

Table 2: Interrelationship of soil indicators [61]

Selected indicator Other soil quality indicators

Aggregation Organic matter, microbial (especially, fungal) activity, texture

Water holding capacity/ | Organic matter, aggregation, electrical conductivity, exchangeable

infiltration sodium percentage (ESP)

Bulk density Organic matter, aggregation, topsoil-depth, ESP, biological
activity

Microbial biomass Organic matter, aggregation, bulk density, pH, texture, ESP,

and/or respiration

Available nutrients Organic matter, pH, topsoil-depth, texture, microbial parameters




(mineralization and immobilization rates)

(Source: Laishram et al. [30])
4. Soil health indicators: Strategies and Management

The management of soil health indicators is contingent upon several factors, including location,
climate, soil type, and land use. However, a number of broad guidelines centred on sustainable
soil health management techniques may be appropriate in the majority of circumstances to result
in a notable improvement in soil health indicators. These include higher devels of organic matter,
lower levels of erosion, better water infiltration, greater water holding capacity, lower levels of
subsoil compaction, and lower levels of agrochemical leaching into groundwater [31]. The

detailed management strategies are listed in Table 3.

Table 3. Strategies of soil health management as per NRCS-USDA (2016) [32]

Management strategies

What does it do?

How does it do?

Conservation crop rotation

Growing a diverse number
of crops in a planned
sequence in order to
increase soil organic matter

and biodiversity in the soil

Increases nutrient cycling
Manages plant pests
(weeds, insects, and
diseases)

Reduces sheet, rill, and
wind erosion and holds
soil moisture

Adds diversity so soil

microbes can thrive

v Improves nutrient use
efficiency

v" Decreases use of
pesticides

v Improves water quality

v' Conserves water
improves plant

production

Cover.crop

An un-harvested crop grown
as part of planned rotation
to provide conservation

benefits to the soil

Increases soil organic
matter
Prevents soil erosion and

conserves soil moisture

v"Increases nutrient cycling

v Improves water quality
and crop production

v Conserves water and
improves nutrient use

efficiency




v" Provides nitrogen for plant
use, suppresses weeds,

and reduces compaction

v Decreases use of
pesticides
v Improves water

efficiency

No till

A way of growing crops
without disturbing the soil
through tillage

v"Increases organic matter

and improves water holding

capacity of soils

v" Reduces soil erosion and

energy use

v" Decreases soil compaction

v Conserves water and
improves water quality
and efficiency

v Improves.air quality and
crop production

v, Saves renewable resources

v Increases productivity
Mulch tillage
Using tillage methods where |v* Reduces soil erosion from-. | v"> Improves water quality
the soil surface is disturbed wind and-rain v Conserves water
but maintains a high level of |v" Increases soilorganic v’ Saves renewable resources
crop residue on the surface matter, moisture and v Improves air quality and

reduces energy use

crop production

Mulching

Applying plant residues or
other suitable materials to
the soil surface to
compensate for loss of
residue due to excessive

tillage

v :Reduces erosion from wind

and rain and moderates soil

temperatures

v Increases soil organic

matter and conserve soil

moisture

v" Reduces dust and control

weeds

v Conserves water,
improves air and water
quality

v Improves crop
productivity

v Increases crop production

v Reduces pesticide usage

Nutrient management

Managing soil nutrients to
meet crop needs while

minimizing the impact on

v" Increases plant nutrient

uptake

v Improves physical,

v Improves water quality

<

Improves plant production

v Improves air quality




the environment and the soil chemical, and biological
properties of soil

v Budgets, supplies, and
conserves nutrients for plant

production

4. Soil as a dynamic interface for soil health and quality

The lithosphere (rock), atmosphere (air), hydrosphere (water), and biosphere (living organisms)
all interact dynamically with soil. It is the area where interactions occur between rocks and living
things as well as the air and water that pass through and “around them. In addition to its
constituent physical components, soil is also the result of dynamic interactions between these
constituent physical, biological, and chemical components [33]. The properties of a soil define
how that soil, whether natural or artificially cultivated, works as the basis of the ecosystem to
which it belongs. The interacting mechanisms involved in this functioning and how human
management affects these processes are our main concerns when we talk about soil health.
Sustainable agriculture requires healthy soils: which are vital components for environment

sustainability.

Farmers frequently use the sight, feel, smell, and taste of the soil to convey its health. Soil health
may be monitored by visual ‘and morphological assessments of plant development and soil
physical conditions. These observations frequently direct later evaluations of soil health. Some
possible visible ‘markers include changes in soil colour, the creation of soil crusts, ephemeral
gullies, runoff, physical structure and aggregation, soil depth, root growth, crop emergence, and
weed density. Reduced aggregation, surface sealing, and crusting of the soil are signs of surface
compaction ‘and SOM loss. Good soil health and management are shown by uniform crop
emergence.and healthy growth. Deep soils support root development, SOM, nutrients, and water

retention.
4.1 Characteristics of a Healthy Soil

Good soil tilth and depth: Suitability for crop production is determined by the general physical

characteristics of the soil, which are referred to as good soil tilth and depth.



Excellent microbial population:Numerous beneficial soil organisms contribute to the
decomposition of organic matter, cycling of nutrients, preservation of soil structure, biological
control of plant pests, and other processes. A robust, well-aggregated soil that is home to a wide
variety of living things is more resilient and resistant [34, 53, 54]. A healthy soil will recover

from adverse events more rapidly and develop resilience when unfavourable conditions arise.
4.2 Soil Health an Integral Approach

Without a doubt, soil is a tremendously complicated system. It is defined:as a multifunctional
system with several constituent parts, distinct working boundaries, @and a distinctive spatial
arrangement that establishes the predominate physical and chemical characteristics. Agricultural
interventions have, however, frequently changed this. Most of the internal processes of the
agricultural soil system, which is a subsystem of the agro-ecosystem, interact in different ways at
different geographical and temporal scales [35]. Biological. fertilisers, composts, ground
coverings, mulches, and biological inoculants are examples of:management techniques that are
used to improve and control soil ecological processes. Recycled organic matter is highly
encouraged in “"alternative" agricultural production.and is a crucial component of sustainable
agricultural systems. This lessens the deterioration of the land, improves food safety, and

undermines the trust that people have in “conventional” agricultural methods.
5. Enhancing the Soil Health

A growing number of people around:the world are becoming interested in organic farming as the
most sustainable agricultural system because it not only improves soil nutrient mineralisation,
microbial activity, abundance, and diversity, as well as physical, biological, and environmental
resources like groundwater quality (lower nitrate concentrations), yield, and product quality [36—
38]. When compared to mineral fertilisation, it has been shown that legume crops, such as
lucerne.and Sesbania spp., may increase soil organic matter by about 50% and improve soil N
supply capability and sequestration [39]. Organic farming can improve soil's chemical and
physical properties. For example, in a clay soil, organic systems increased soil water content
(15%) and retention capacity (10%) and decreased soil bulk density (8%) in the top 20 cm soil
layer compared to conventional systems [40]. Moreover, organic farming offers a superior source
of macronutrients. For example, in a long-term (18-year) study using chemical and organic
fertilisation regimes, the N storage of soil treated with organic manure was much larger (by 50%)



in the 20 cm topsoil than that of normal chemical fertilisers [41]. Thus it is evident that organic
farming improves soil health and enhance sustainability. In vrikshayurveda,herbal based
kunapajala is used to enhance the bio-logical efficiency of crop as well as soil. The liquidmanure
kunapajala (jala=water) or kunapambu, isderived from the Sanskrit word ‘kunapa’
meaning“stinking” and it is a fermentedorgani liquid manures prepared from flesh, animal urine,
marrow to enhance crop and soil health[58]. Farmers today mostly rely on outside inputs for
their farming operations, which seriously harms theenvironment. Using “locally available
resources, this subject led the current inquiry to concentrate on old (ortraditional) methods that
improve agricultural growth and development without harming the environment [59].“Soil can
be supplemented with microbial inoculums like Panchagavya, Beejamruth, Jeevamruthand
Kunapajala to hasten the soil micro flora propagation and as soil.enrichment. These indigenous
concoctions are very significant to nurture the growth of seil microorganisms without adding
external inputs.Researchers found that seed priming with either 0% or 25% organickunapajala
is an effective method to bring about improvement in germination of wheat and predictits field
performance” [57].“Natural farming is an environmentally friendly practice similar to organic
farming, developed in Japan during 1935. Unlike conventional farming, natural farming improve

soil health by altering soil microbial diversity and also act as defence to plant pathogens” [55].

“It has been demonstrated. that tillage practices affect the chemical and physical
properties of the soil” [42]. “Adopting efficient tillage techniques is necessary to maintain the
health of the soil” [43]. “It has been demonstrated that the conservation tillage methods (no-
tillage, reduced, ‘and strip) increase soil microbial activity, soil moisture, organic matter,
aggregate stability, cation exchange capacity, and crop production while simultaneously
significantly.lowering:soil macro- and micro-aggregate stability” [44—46]. “Conservation tillage
approaches increased soil accessible P in the topsoil (0-20 cm) by 3.8%, K by 13.6%, and soil

organic matter by 0.17% when compared to conventional tillage methods” [47].

Keeping crop leftovers on the top layer of the soil (full cover, no till; partial cover, strip tillage)
is another way to decrease soil erosion and increase soil moisture content [48]. Conservation
tillage boosts the number of earthworms, nematodes, gram-positive bacteria, and bacteria and
fungus in comparison to traditional approaches [49,50]. The goal of cultivating cover crops is to

improve soil quality, nutrient availability, water retention, protection and enrichment of the soil,



and soil fertility. Cover crops have the potential to promote and preserve soil microbial
biodiversity and sustainable agriculture [51,52]. The primary goal of cover crop planting is to
lessen soil erosion. Crop rotation offers a number of benefits, both economic and ecological.
More specifically, it aids in soil management and long-term agriculture. Crop rotation affects the
formation and spread of biopores, the cycling of nutrients in the soil, and the proliferation of
beneficial bacteria in various types of soil. These practices reduce compaction and improve the
condition of the soil. Even in highland areas, crop rotation planning and the<use of a range of
perennial grass species can assist minimise erosion. The following agricultural practices are

some of the essential approaches for maintaining soil health.
6. Future perspectives and directions

By highlighting the importance of soil in contemporary society, the soil-health concept addresses
a critical stakeholder demand in sustainable development and is.growing into a compelling and
useful tool for farmers, land managers, communities, and legislators. Because of the concept's
adaptability, a wide range of stakeholders may embrace soil health and make it work for them.
Soil health is widely accepted as a goal to strive for by the public since it offers an illustrative
connection to more general sustainability objectives. that can inspire creative soil management.
Researchers are coming to a consensus on what constitutes healthy soil and are creating or
improving techniques to measure itS:many aspects, but primarily in relation to its role in crop
yield and with insufficient attention to biotic and abiotic variety. Rather than viewing soil health
as only a measurable attribute, researchers should embrace it as an underlying concept to which
they may add information. This.would strengthen the case for soil health as a scientific subject to
which a wide range of disciplines may contribute. One method to do this would be to put each
discipline’s research under the term "soil health™ among other fields. All parties engaged must be
involved in.order for the soil-health concept to fully realise its potential as a unifying idea that
combines soil functions. In particular, stakeholders and scientists must have a common
understanding. Given the many roles that soil plays in the environment and in society, soil health
need to be officially acknowledged as a common benefit. Governmental or intergovernmental
organisations like the Global Soil Partnership should take the lead in developing soil health
measurement criteria. It is necessary to create international standards for the right kinds of

indicators, their methodological specifications, and how they should be included into indexes.



Then, in order to support sustainability goals, local, regional, or national jurisdictions and
organisations should refer to such a thorough soil-health index when making choices that affect
the soil and its functions.

7. Conclusion

This review evaluated the function of soil health and found variables to take into account when
evaluating soil health elements in sustainable farming systems. The soil biota, which includes
microbial variety, activity, abundance, and community stability, is a factor. in soil health. The
indicators of soil health are dynamic in nature; some, such the biological and chemical ones, are
more likely to change quickly, while the physical ones may take longer to alter as a result of
management activities. Optimising sustainable crop production. may. be achieved by creating
sustainable soil health indicators management techniques using a methodical approach that
incorporates physical, chemical, and biological principles of the soil. Critical values must be
established for several of the soil health indicators for which there is insufficient data. To
investigate soil health indicators for diversity of edaphic, climatic, and management situations,
systematic research is required. Conservation agriculture techniques have been demonstrated to
enhance soil health indicators. These techniques.include zero tillage, residue recycling, managing
soil cover, implementing suitable crop rotations, and adding organic amendments. To further
improve our understanding.of how production strategies and environmental factors affect the
physical, biological, and chemical stability and dynamics of the soil-rhizosphere-plant systems
and their impact to short- or. long-term sustainability, improved assessment of soil health

indicators is required.
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