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Abstract

Soil is a crucial nonrenewable resource for agriculture and has a direct impact on food security.
However, the decline in crop yield post-Green Revolution suggested soil health deterioration due
to soil degradation through harmful chemicals and anthropogenic activities. Therefore, restoring
the health of the land and the environment is very important. In the last ten years, there has been a
large increase in interest in soil health around the world. Many government, nongovernmental, and
private sector groups are working on developing monitoring and assessment techniques. The concept
of soil health is defined as the continuous capacity of soil to function as a vital ecosystem service
supporting plants, animals, and humans. Biofertilizers, vermicompost, farmyard and green manure,
and biopesticides are natural fertilizers that can be used instead of chemical fertilizers. This can help
crops grow well while also being good for the land and climate. This brief study focused on soil health
indicators such as soil biological, chemical, and physical properties and the urgent need for soil health
restoration through the adoption of regenerative agriculture management practices.
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1 INTRODUCTION

Soil is a complex system in which the atmosphere,
lithosphere, hydrosphere, and biosphere intersect each other,
soil plays an important role in food production and acts as a
cormerstone for Sustainability by providing essential societal
and ecosystem services'". Certainly, the soil ecosystem is the
essential foundation that fosters and supports life on Earth
for plants, animals, and humans. It serves as a habitat for
a variety of microorganisms, promoting their growth and
facilitating nutrient maintenance. The sustenance of plant

communities and the foundation of agriculture rely on soil
nutrients, forming the essential basis for livelihoods. Ensuring
the continued optimal functioning of soil and maintaining soil
health is crucial for achieving optimal performance outcomes.
In the past five decades, the combination of advancements in
agricultural technology and rising population demands has
heightened the strain on our soils. Globally, over 2 billion
hectares of land have already experienced adverse effects,
with current estimates from the FAO/UNEP indicating an
annual land degradation rate averaging approximately 8 to
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9 million hectares™. Land degradation stands out as a major

threat to humanity, diminishing ecosystem productivity and
exerting a broader impact on the climate™. The combined
effects of desertification and soil erosion have led to an
estimated 50% reduction in the productivity of certain lands.
For instance, historical data indicate that losses attributed to
soil erosion have varied from 2% to 40%, with a mean loss of
8.2% across major continents”. Similarly, the global yearly
depletion of 75 billion tons of soil leads to a global economic
loss of approximately US$400 billion per year, which equates
to approximately US$70 per person per year'”. Only 3% of
the Earth's land surface is classified as Class I (prime), with a
notable lack of such land in tropical regions”. Eight percent
of countries fall into Class II and III categories'. Hence,
efforts in research have focused on developing indicators
for soil health, aiming to establish tools for monitoring its
status and guiding effective management practices through
regenerative agriculture to prevent degradation. This has
sparked discussions surrounding the fundamental question:
'How can we define soil health? '. During the early 1990s,
the concept of soil health emerged in the literature, with
major contributions by Doran and Safely and Wienhold et
al. highlighting the linked well-being of humans, animals,
and the environment”. This concept was officially adopted
for the first time by the Soil Science Society of America
Ad Hoc Committee on Soil Quality (S-581)""". Soil health
is currently characterized as "the sustained ability of soil
to operate as a crucial living ecosystem that supports the
well-being of plants, animals, and humans" (source: https://
www.nres.usda.gov/wps/portal/nres/main/soils/health/).
This definition involves assessing soil conditions through
various indicators related to specific physical, chemical, and
biological properties'”. It hinges on the effective upkeep
of four key functions: carbon transformations, nutrient
cycles, soil structure maintenance, and the regulation of
pests and diseases. Over the last decade, there has been
a significant increase in coordinated activities aimed at
properly defining and evaluating soil health and soil health
assessment concepts. This surge includes comprehensive
literature reviews™”. The widespread acceptance of the soil
health concept post-2010 may be attributed, at least in part,
to its adaptability, allowing various stakeholders to interpret
and apply it in their contexts. The collective engagement in
these endeavors by government agencies, nongovernmental
organizations, foundations, institutes, colleges and
universities, public-private partnerships, and various other
entities reflects a growing awareness of the imperative for
global initiatives to safeguard and preserve the world's soil
resources. More recently, policymakers have endorsed this
concept, as evidenced by India's distribution of soil health
cards to 100 million farmers and major companies initiating
programs focused on soil health to enhance the sustainable
management of their supply chains!".

Understanding soil health is deeply rooted in the
principles of regenerative agriculture, emphasizing the vital
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need to ensure that agricultural practices do not compromise
other crucial ecosystem services essential for human well-
being. In this context, we define healthy agricultural soil
as one that can support the production of food and fiber at
levels and qualities sufficient to meet human requirements.
Simultaneously, essential ecosystem services that are crucial
for maintaining human quality of life and conserving
biodiversity must continue to be delivered. Our primary
objective is to foster discussions on effective methods
for assessing, monitoring, and, when necessary, restoring
soil health. Importantly, we aim to highlight the pivotal
role of soil health in guiding decisions related to both soil
and crop management. This approach seeks to integrate
sustainable agricultural practices, ensuring a balance
between meeting current human needs and safeguarding the
broader ecosystem for the well-being of present and future
generations.

2 CONCEPT OF SOIL HEALTH

Soil is a complex structure that provides critical
socioeconomic and ecological functions, plays a
fundamental role in food production, and is of utmost
importance for achieving Sustainability!'”. Sustainable
development goals can be defined by other concepts, such
as soil quality, soil fertility, and soil security. However, the
concept of soil health is more specific than soil security but
encompasses a wider scope than that of soil quality and soil
fertility!"'""'*!. Soil health is defined as "the ability of soil to
operate as an essential living system, supporting plant and
animal productivity, preserving or improving air and water
quality, and nurturing the health of plants and animals, all
within the boundaries of ecosystems and land uses". The
scientific framework relating to soil health encompasses
three main components: conceptual understanding, the
evaluation process, and management strategies. Soil health
can be conceptualized as the persistent ability of soil to
serve as a living ecosystem that supports the well-being
of each soil component. The different concepts of soil
health are given in Table 1. The presence of healthy soil
contributes to various environmental benefits, including
the supply of clean air and water, cultivation of abundant
crops and forests, maintenance of productive grazing lands,
promotion of diversified wildlife populations, and creation
of aesthetically pleasing landscapes.

In general, the terms "soil health" and "soil quality" are
often used synonymously. However, scientists have made
a key distinction between the two concepts. The concept
of soil quality can be described as the capacity of soil to
function within ecosystem and land use boundaries to
sustain productivity, maintain environmental quality, and
promote plant and animal health!"”. Soil quality covers
both inherent and dynamic aspects of soil. The inherent soil
quality of a given soil relates to its natural arrangement and
characteristics, including its texture. These characteristics
are influenced by long-term natural factors and processes
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Table 1. The Concept of Soil Health Explained by Various Scientists

SL. No. Remarks References

1 Soil health can be expressed as the ability of humus obtained from manure to perform many functions, suggesting its [13]
potential as a comprehensive solution for sustaining soil health.

2 The capacity of soil to sustain extensive and diverse microbial populations, inhibit the growth of harmful diseases, [14]
and facilitate the healthy development of crops can be termed soil health.

3 The author establishes a correlation between soil health and human health, suggesting that there exists a sequential [15-19]
relationship wherein human health is influenced by the quality of soil nourishment.

4 Development of a novel approach for accessing and monitoring soil quality through the integration of various soil
- . . . 2 [20-22]
indicators (visual, physical, chemical, and biological).

5 Soil health encompasses the inherent potential of a soil ecosystem to demonstrate self-regulation, stability, resilience, [23,24]
and the lack of any indicators of stress. §

6 The significance of agroforestry and organic cultivation in preserving and improving soil health over the long term. [25,26]

7 Healthy soil is a dynamic living system that regulates the soil nutrient cycle, promotes decomposition, maintains [27,28]
water quality and plant productivity, and absorbs greenhouse gases. g

8 The idea of soil health is closely associated with soil fertility, as well as the role of microorganisms in facilitating the [29]
enhancement of soil nutrient levels and promoting plant growth.

9 Soil security, including soil health and soil condition, characterizes manageable soil properties. [10,11,30,31]

of soil formation and are generally beyond human control.
Dynamic soil quality, which is equivalent to soil health,
refers to soil properties that change as a result of human
activities and management practices within a relatively
short time frame. The concept of soil health encompasses
the notion that soil is a complex ecosystem packed with
diverse forms of life, demanding careful management to
restore and sustain its optimal functioning capacity. Farmers
generally prefer the term "soil health", whereas scientists
generally prefer the term "soil quality". Both of these phases
establish a connection between soil and several dimensions
of health, including environmental health, human health,
plant health, and animal health. Soils perform a range of
functions through their inherent properties and processes,
comprising five fundamental functions (Figure 1)">*":

Regulation of water resources: Soil has a crucial role in
regulating the direction and distribution of precipitation,
including rain, snow, and irrigation water. The movement
of water occurs either over the Earth's surface or via the soil
medium.

Nutrient cycling: Soil serves as a reservoir and promotes
the transformation and cycling of several nutrients,
including nitrogen, phosphorus, carbon, etc.

Providing support and physical stability: The arrangement
of soil particles contributes to the formation of a suitable
environment for plant root growth. In addition to their
primary function in supporting plant growth, soils also serve
as a crucial foundation for human settlements and play a vital
role in safeguarding valuable archaeological artifacts.

Filtering and buffering of contaminants: The minerals
and microorganisms present in soil play a crucial role
in the processes of filtration, buffering, degradation,
immobilization, and detoxification of both organic and
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inorganic substances. These substances encompass a
wide range of pollutants, such as industrial and municipal
byproducts, as well as atmospheric deposits.

Preservation of plant and animal life: The diversity and
efficiency of organisms are dependent upon the quality of
the soil.

The health condition of agricultural soil can be assessed
by comparing its actual capacity to that of inhabitants of
similar soils in the same region. This assessment is based
on the ability of soil to sustain satisfactory crop productivity
through the maintenance of nutrient cycling, soil
biodiversity, carbon transformation, and the regulation of
pests and diseases”". Agricultural soils that are considered
healthy typically exhibit several key characteristics,
including increased crop productivity, an optimum supply
of nutrients, appropriate organic matter content, proper tilth
and drainage, a greater prevalence of beneficial organisms
than harmful pathogens, the ability to resist erosion and
degradation, and freedom from contamination””. In
contrast to soils that are less healthy, healthier soils typically
exhibit a broader operational range and greater efficiency in
converting inputs to outputs”™**".

3 SOIL HEALTH INDICATORS

Soil health can be defined in terms of the physical,
chemical, and biological health of the soil, which serves as
an indicator of soil health. Physically healthy soil can provide
water, oxygen, and strength to plants and ecosystems over
time and can withstand and recover from processes that could
reduce these qualities™”. The biological health of the soil is
defined as its capacity to harbor a wide variety of microbial
communities, inhibit diseases, and healthily promote the
growth of crops™”. However, chemically healthy soil contains
optimal amounts of plant nutrients in available form without

interference from other chemical compounds or qualities™.
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Figure 1. Several Functions of Soil in Agroecosystems.

A set of physical, chemical, and biological characteristics that
act as indicators of soil health were examined to assess how
well agricultural soils support crop production. The selection
criteria for soil health indicators include the capacity to show
changes in soil function, ease of sampling and measurement,
general user accessibility and interpretability, appropriate
field conditions, and sensitivity to climatic and management
variables*’.

The properties of the soil that were chosen as possible
indicators of soil health were categorized into three groups
based on their simplicity in use and relative relevance to
soil functions: Tier 1 indicators have gained widespread
acceptance; Tier 2 indicators require further research to
enhance adoption; and Tier 3 indicators show promise in
reflecting soil health; however, more research is necessary
to improve measurement, interpretation, and utilization'”.
To date, only Tier 1 indicators, which are listed in Table 2,
are used in agricultural soil health assessments.

4 FACTORS AFFECTING SOIL HEALTH
INDICATORS
4.1 Vegetative Cover

Vegetative cover, as indicated by the NDVI, had clear
positive effects on two biological indicators—carbon
mineralization (Cmin) and potential mineralized nitrogen
(PMN). The NDVI, which is derived from satellite remote
sensing, is utilized to predict soil organic carbon (SOC) and
total soil nitrogen (TSN) at various levels since it captures
plant growth and biomass accumulation*"’. The strong
correlation between the NDVI and the soil-labile C and N
pools can be attributed to the substantial biomass yield from
these fields!*”.

4.2 Aridity
Aridity is a critical determinant of most soil health
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indicators, except POXC and PMN. In particular, aridity
had a positive correlation with Cmin and a negative
correlation with SOC, TSN, Ca, P, and wet aggregate
stability (WAS). The findings on the major effects of aridity
on soil health are expected, as research has long established
the impact of aridity on soil physical conditions and
biological activities, given its link to water availability and
geochemical processes'. The detrimental effects of aridity
on SOC and TSN are consistent with the findings of many
studies™*", which showed how low water availability can
restrict plant growth and biomass accumulation. Physical
weathering may be more influenced by aridity than by
biological solubilization processes, which affect the amount
of available P, Therefore, physical weathering may
enhance available P in dryland areas. In addition, aridity
primarily affects the physical processes of soil, with its
effects only being observed for one biological property—
Cmin. Specifically, it was concluded that there was a
positive correlation between aridity and Cmin, as CO, in

soil respiration was adversely correlated with aridity'*”.

4.3 Soil Clay Content

One further important factor affecting soil health is
the amount of clay in the soil. Most soil health indices,
such as SOC, TSN, Ca, POXC (permanganate oxidizable
carbon), and Cmin, are positively impacted by soil clay
concentration, but available P is negatively impacted. Clay
with a large surface area and high content of organometal
complexes facilitates SOC stabilization***". Thus, the
presence of clay in the soil serves as a cementing agent,
facilitating the binding of nutrients and fostering the
formation of aggregates that enhance soil stability'*".
Surprisingly, WAS was not influenced by the clay content;
this may be related to the effect of crop residue quality on
WAS on field crop farms. While fine-textured soils may be
susceptible to soil compaction”’, numerous studies have

J Mod Agric Biotechnol 2024; 3: 11
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Table 2. Types of soil health indicators considering the simplicity of use and proportional relevance to soil

functions

Soil health indicators Criteria

Examples

Tire1 Widely accepted to indicate soil health

Soil texture

Sensitive to management and land use strategies for enhancing  Soil bulk density

soil function

Tire 2 Proved to be pertinent to soil health

Required strategic improvement

More investigation is required for additional validation

Tire 3

Possesses the ability to serve as a soil health indicator

Soil aggregate stability

Available water-holding capacity
Saturated hydraulic conductivity

Soil pH

Soil electrical conductivity

Cation exchange capacity

Base saturation

Extractable P, Ca, Mg, K, Fe, Mn, Cu, Zn
Extractable Al, As, B, Ba, Cd, Co, Cr, Mo, Ni, Pb, Si, Sr
Soil total nitrogen content

Nitrogen mineralization rate

Soil organic carbon content

Short-term carbon mineralization

Crop yield

Soil sodium adsorption ratio
Macroaggregate stability

Soil stability index

Soil active carbon

Soil protein index

Soil N-acetyl-_-D glucosaminidase

Soil phosphomonoesterase

Soil arylsulfatase

Soil phospholipid fatty acid (PLFA) profile
Soil fatty acid methyl ester (FAME) profile
Soil microbial genomics

Soil reflectance

Soil microbial community structure

More research is required before users can feel enough Soil microbial DNA extraction and sequencing
confident in its measurement, application and interpretation

Notes: Reprinted (Adapted) from Ref.[40] with Permission from Soil Systems.

found low penetration resistance with high soil clay content.
Therefore, soil texture may not be the only factor limiting
WAS in managed fields; there may also be an interaction
effect between clay content and tillage practices on soil
compaction.

4.4 Mean Annual Temperature

Temperature can influence soil health indicators because
it affects the freeze-thaw cycle, rate of decomposition,
and biomass production from crops'™*”. Generally, there
is a negative correlation between temperature and SOC
and TSN due to declining decomposition rates because
lower temperatures protect stable SOC and TSN pools
from mineralization™”. According to some research, Mean
annual temperature (MAT) did not influence the spatial
variance in the SOC or TSN values in farmed fields”"**. In
contrast to SOC and TSN, POXC and PMN are soil health
indicators that are significantly affected by temperature
variation*”!. More precisely, many studies revealed a
negative correlation between MAT PMN and POXC,
indicating that farmers in the warmest regions must closely
monitor organic inputs to develop labile pools of C and N.

4.5 Soil pH

Soil pH controls a variety of soil characteristics and plays
a vital role in supplying soil nutrients in agroecosystems[5 342,
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SOC and TSN pool degradation was greater under slightly
acidic conditions, as previously shown by Dlamini et al.
in their meta-analysis of SOC in semiarid soils™". Tu et al.
confirmed that the pH of the soil increases SOC and TSN.
It also affects P availability, which is minimal in extremely
alkaline or highly acidic soil*”.

4.6 Crop Diversity

According to a meta-analysis by McDaniel et al.,
rotational fields had considerably greater SOC values than
did monoculture fields™. In contrast, rotationally diverse
corn fields and monoculture corn fields did not differ
significantly in terms of SOC and TSN levels™. Culman
et al. observed higher Cmin and PMN during the rotation
of corn, soybeans, and wheat than under continuous
corn””. Similarly, Balota et al. noted higher Cmin and
PMN during soybean cycles because soybean residue has a
lower C:N ratio than corn residue™. In a long-term study,
Diederich et al. reported significantly greater POXC in
perennial cropping systems””. The aggregate stability was
significantly greater in fields with a variable crop history,
which is consistent with the high WAS in grass and mixed
perennial-annual systems'®”. Extensive field research has
demonstrated that rotational diversity and cover crops
improve soil aggregate stability because the biochemical
diversity of residues and varied root system architectures

J Mod Agric Biotechnol 2024; 3: 11



enhance soil biological processes"*"’. Fields with high crop
diversity, which typically includes cover crops, have great
[42]

aggregate stability .

4.7 Tillage Intensity

High tillage intensity results in the disintegration of
soil macro aggregates and elevated oxidization'®”. POXC
was significantly greater in shallow tillage and no-till
systems on loam soil than in conventional tillage systems
in an 11-year long-term wheat monocropping system'*”.
POXC was greater under reduced tillage than under natural
treatment in a three-year field experiment in two silty
loam soils, including a cover crop-soybean—corn system,
which is shifting to organic systems®. The most important
fraction of N for crop growth, i.e., PMN, was found to
be moderately enhanced by tillage intensity. PMNs are
regulated by factors such as temperature and water content,
two variables through which tillage can change through
physical disturbance.

5 Principle and Management to Rejuvenate Soil Health

Soil health is a critical component of sustainable
agriculture and environmental stewardship. Healthy soils
are essential for supporting plant growth, nutrient cycling,
water filtration, and overall ecosystem resilience. The
principles and management of soil health involve a holistic
approach that integrates various practices to enhance and
maintain the vitality of the soil.

5.1 Principles of Soil Health

The principles underpinning soil health delineate a
paradigm for sustainable soil stewardship, elevated fertility,
structure, and overarching ecological robustness. These six
fundamental tenets are paramount:

5.1.1 Maintaining Soil Cover

Cover crops are cultivated botanicals designed to
provide both soil coverage and enhancement'®. They can
function as living or decomposed mulch on the soil surface,
or alternatively, they may be incorporated into the soil as
green manure'™*”, According to the Soil Science Society of
America, cover crops are characterized as "close-growing
crops that confer soil protection and augmentation during
intervals between typical crop production or in spaces
between trees in orchards and vines in vineyards"*”. Cover
crops can alter soil properties by amplifying organic matter,
particularly in scenarios involving mixtures with a high C:N
ratio. This subsequently increases soil nutrients available
for succeeding crops'®”. Furthermore, cover crops augment
nitrogen availability through biological N fixation and retain
surplus soil N for the subsequent growing season'®’. The
heightened levels of soil carbon and nitrogen resulting from
cover crops play a pivotal role in mitigating the adverse
impacts of global warming by fostering the sequestration
of atmospheric CO, and N,0". When integrated with
conservation tillage practices, cover crops constitute a
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comprehensive system that optimizes both soil quality and
crop production®’.

5.1.2. Minimize Soil Perturbation

The judicious restriction of soil disturbance, particularly
through the adoption of reduced tillage or no-till
methodologies, serves to safeguard soil architecture while
mitigating disruptions to the habitats of soil-dwelling
organisms' . Excessive or unwarranted tillage practices can
cause soil compaction, erosive tendencies, and a decrease
in overall soil vitality. Restraining disturbance augments
water infiltration promotes root development, and increases

nutrient cycling efficacy!".

5.1.3 Foster Plant Biodiversity

The augmentation of plant diversity within agricultural
systems via practices such as crop rotation and the integration
of cover crops cultivates a heterogeneous environment.
Distinct crops possess unique root structures, nutrient
requirements, and interactions with soil microorganisms. This
diversity underpins a harmonized and resilient ecosystem,
diminishing susceptibility to pestilence and malady
outbreaks. Moreover, it enhances nutrient cycling intricacies,
fortifying the fabric of soil health™.

5.1.4 Sustaining the Presence of Continuous Roots
Prolonged sustenance of living plant roots within the soil
throughout the year assumes pivotal importance for soil
health. The perpetuity of root growth perpetuates the vitality
of the soil microbial community, generating organic matter
through root exudates. This dynamic principle buttresses
the vibrancy and diversification of microbial populations,
which are pivotal for effective nutrient cycling, disease

suppression, and amelioration of soil structure!””.

5.1.5 Optimize Nutrient and Water Management
Efficient nutrient management entails the judicious
application of fertilizers calibrated against soil test
outcomes and the specific demands of crops”*. Prudent
nutrient management mitigates the perils associated with
overapplication, circumventing nutrient imbalances and
environmental contamination. Concomitantly, astute water
management, encompassing practices that curtail water
usage and runoff during irrigation, constitutes a pivotal
safeguard against soil waterlogging and drought-induced

5.1.6 Incorporate Organic Residues

The assimilation of organic matter originating from plant
and animal residues, encompassing crop remnants, cover
crop biomass, and animal manure, assumes a foundational
role in nurturing and sustaining soil organic matter”’®.
Organic matter enrichment serves to ameliorate soil structure,
augment water retention capacities, and enhance nutrient
accessibility. Furthermore, it functions as a nutritive substrate,

fostering the vigor and diversity of soil microorganisms' .

J Mod Agric Biotechnol 2024; 3: 11
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Figure 2. Soil Health for Sustainable Productivity.

5.2 Management to Improve Soil Health
5.2.1 Soil organic Matter

One foundational principle of soil health management
revolves around the importance of soil organic matter. OM
derived from plant and animal residues plays a crucial role
in soil structure, water retention, and nutrient availability"*.
Management practices that enhance organic matter include
cover cropping, the incorporation of crop residues, and
the application of compost and manure””. These practices
contribute to improved soil structure, moisture retention,

and microbial activity'’".

5.2.2 Conservation Tillage and Soil Structure

Conservation tillage practices are integral to maintaining
soil structure and preventing erosion. Excessive or improper
tillage can disrupt soil aggregates, leading to the degradation
of soil structure™”. Reduced tillage or no-till practices help
preserve soil integrity by minimizing disturbance. This
approach promotes water infiltration, reduces soil erosion,
and enhances the habitat for soil organisms. Farmers
adopting conservation tillage contribute to the long-term
health of their soils™".

5.2.3 Crop Rotation and Nutrient Management

Crop rotation is a fundamental principle for sustainable
soil management. Growing a variety of crops in a sequence
helps break pest and disease cycles and prevents the
depletion of specific nutrients™. Nutrient management
is closely linked to crop rotation, as different crops have
varying nutrient requirements. Soil testing is a key tool in
nutrient management, allowing farmers to apply fertilizers
judiciously and avoid nutrient imbalances™". This principle
ensures optimal plant nutrition and reduces the risk of
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nutrient runoff into water bodies.

5.2.4 Water Management and Soil Health

Effective water management is critical for maintaining
soil health, especially in regions prone to water scarcity
or excess. Efficient irrigation practices, such as drip or
precision irrigation, help conserve water and prevent
soil compaction. Improper water management can lead
to waterlogging or drought stress, both of which can
negatively impact soil structure and microbial activity.
Integrating water conservation practices into overall soil
health management contributes to sustainable agricultural

systems[84].

5.2.5 Continuous Monitoring and Adaptive Management

Soil health is dynamic and influenced by various
factors, such as climate, land use practices, and biological
interactions. Continuous monitoring of soil health indicators
(Figure 2), including soil moisture, nutrient levels,
and microbial activity, is crucial for making informed
management decisions. Adopting an adaptive management
approach allows farmers to respond to changing conditions

and optimize soil health over time™”.

6 FUTURE DIRECTIONS IN SOIL HEALTH
RESEARCH

The Sustainability of future agriculture relies on
how efficaciously we assess soil health today and how
convincingly we practice the approaches that are essential
for improving soil health in the long run®. Soil health is
inclusively and exclusively interlinked with three major
aspects, i.e., food security, human health, and environmental
impacts. There is still a knowledge gap in soil health

J Mod Agric Biotechnol 2024; 3: 11



research and in terms of the adoption of management
strategies by growers. One of the major setbacks for farmers
to adopt something sustainable is the lack of knowledge
of the possible outcome in terms of yield, savings on the
use of costly fertilizers, and overall farm economy. In
reality, farmers are interested in the economic returns from
their farms, both immediate and long-term benefits™*”.
Concerning the probable financial benefits that one may
gain by adopting nature-friendly management approaches,
only a very small proportion of farmers will come forward
to take risks. Future directions for soil health research are
discussed below.

Quantifying soil health is still a challenge for soil
analyzers. Despite tremendous discussion on soil
biodiversity and biological indicators, the majority of soil
health measurements still rely on the analysis of chemical
indicators. Biological indicators account for less than 20%
of all indicators. A key reason behind the reduced use
of biological indicators and other ecosystem services as
indicators of soil health assessment is the lack of proper
understanding of soil biota and soil functions and the
difficulty in quantifying these properties. Hence, future
research should focus on including an increasing number of
these potential indicators in soil health assessments.

Improving our understanding of soil health, ecosystem
services, and multifunctionality is essential®”. Standardizing
effective but easily measurable indicators, integrating the
most effective indicators into indices, and finally embedding
them into suitable replicable models to extract user-friendly
outcomes are needed.

Soil health indicators need to be concise and as detailed
as possible. For example, more comprehensive parameters,
such as C and N fractions, earthworm population,
aggregation stability, infiltration, heavy metals, nitrogen-
mineralizing enzymes, and microbial activity, can be
explored as potential soil health indicators.

The set of parameters to be used as soil health indicators
must be based on soil health goals, viz., crop production,
human health, water quality, and environmental impacts.
Thus, there is a need to revise and comprehensively outline
the soil health indicators for specific purposes.

Indicators that are relevant to nonagricultural soil
services such as water quality, greenhouse gas emissions,
and human health also need to be measured as a part of
soil health assessments. For example, mobile toxins, heavy
metals, parasites, pathogens, etc., are relevant for human
health. Similarly, the amount of different greenhouse gas
emissions and the carbon sequestration potential of soils are
key indicators of the impacts of climate change.

Quantitative estimations of several soil properties,
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including soil biota diversity and molecular, structural,
and genetic diversity, are still lacking. Hence, advanced
analytical and conceptual techniques such as rapid infrared
assays, detector technologies, electrochemistry, genomics,
biosensors, remote sensing, and other sensor-based
assessments must be employed for accurate and quick
assessments of soil health indicators™®”. Moreover, new-
age data analysis techniques such as machine learning, data
mining, and deep learning need to be employed to analyze
complex linear and nonlinear datasets.

Instead of soil health indicators, increasingly holistic
soil health indices involving a comprehensive soil-health
framework need to be standardized for easy interpretation,
analysis, and recommendation concerning improving soil
health.

Standardization with scientific validation of soil health
indicators or indices for specific goals, methodological
approaches, and their interpretation guidelines at different
levels, such as regional, national, and international levels,
is essential for taking up soil health-based research at the
next level. Moreover, it must be taken into consideration
that interpretations differ across uncontrollable factors
such as soil type and climate variability™. Hence, specific
guidelines for interpretations that consider the above factors
will have to be designed.

Large-scale discussions, meetings among stakeholders
(such as land managers, farmers, agribusiness entrepreneurs,
researchers, and policymakers), and training scientists
regarding soil health research will help bridge the research
gaps in the coming years.

Identifying and analyzing the true barriers to the
adoption of research knowledge, innovation, and
technologies by growers is essential for facilitating better
acquisition of practices favorable for soil health. Industry-
academia collaboration is needed alongside discussion, and
feedback from growers is necessary to make real-world
recommendations concerning soil health-based practices.

Education and outreach are the keys to local adoption
of soil health management"”. Therefore, strong extension
activities such as soil health workshops and surveys,
which can showcase easily adaptable sustainable ways to
enhance soil health and quantify the corresponding short-
and long-term benefits, are needed. Establishing clear-cut
broader Sustainability goals will help motivate agricultural
practitioners to follow soil health management approaches.

7 CONCLUSION

This chapter focuses on the integral role of soil in
supporting ecosystem services for humans. This chapter
argues that soil health should be viewed as the capacity of
soil to deliver a range of ecosystem functions and services,
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surpassing conventional notions of agriculture as solely
a source of food production. Conventional agricultural
practices, such as pesticide use and tillage, along with
androgenic activity, can impact the soil biological
community, disrupting its functions. With this in mind,
monitoring soil health using suitable indicators such as
organic carbon, bulk density, pH, soil depth, water holding
capacity, and electrical conductivity with modern tools and
technologies is essential for sustainable soil management.
The authors suggested emphasizing regenerative agriculture
management for better ecosystem functions and balancing
food production with soil conservation, water quality, and
greenhouse gas emissions. The chapter acknowledges that
sustainable solutions depend on local circumstances and the
willingness of society to invest in soil maintenance. This
study concludes by advocating for a globally acceptable
concept of regenerative agriculture that accommodates
diverse practices and aligns with both excess-resource and
inadequate-resource trajectories of change for better soil
health.
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