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INTRODUCTION 

Soil is not just a plant growth medium it is a dynamic, living 

ecosystem that is the very foundation of sustainable 

agriculture and global environmental health. As one of the 

world's most essential natural resources, soil is an extremely 

important contributor to supporting food security, cycling 

water, enhancing biodiversity, and playing a vital role in 

acting as a global carbon sink. Soil health is directly 

connected to the productivity and resilience of 

agroecosystems. 

Yet, over the last few decades, soil has widely suffered from 

anthropogenic activities like intensive monocultures, 

indiscriminate use of chemicals, deforestation, excessive 

grazing, and poor land management. These activities have 

resulted in soil organic matter depletion, microbial 

communities disturbance, elevated rates of erosion, and a 

remarkable decrease in the quantity of soil organic carbon 

(SOC) levels a major parameter of soil fertility and 

sustainability. The degradation of SOC not only reduces 

agricultural productivity but also adds to elevated atmospheric 

carbon dioxide (CO₂) levels, hence climate change. 

To meet these challenges, the time has come to recover and 

preserve soil fertility while utilizing the capacity of soils to 

store carbon. Soil carbon sequestration is the trapping of 

atmospheric CO₂ and storage in soil as a stable form through 

biological means. This two-in-one strategy improving soil 

fertility and reducing climate change comes in handy in 

constructing sustainable agriculture systems and attaining 

long-term environmental sustainability. 

Soil health can be promoted by integrating various soil 

management practices, like organic amendments, conservation 

tillage, cover crops, agroforestry, and crop rotation, to 

enhance soil structure, increase microbial activity, and 

increase the ability of the soil to sequester carbon. These 

actions not only restore the degraded land but also enhance 

water holding capacity, limit nutrient losses, and promote 

ecosystem services. 
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While the world strives to achieve climate action 

targets and sustainable development objectives, 

soil health and carbon sequestration have become 

important areas of attention in agricultural 

research, policy, and land planning. It is essential 

to comprehend the complex interlinkages among 

soil characteristics, land management, and 

carbon to design efficient strategies that are both 

beneficial for farmers and the environment. 

A variety of established land 

management practices like conservation tillage, 

cover cropping, agroforestry, integrated nutrient 

management, and organic amendments are 

considered for their potential to enhance soil 

structure, microbial function, water holding 

capacity, and sequestration of carbon on the long 

term. The article further describes primary 

indicators and new technologies applied to track 

soil health and SOC dynamics and policy 

frameworks such as India's National Mission on 

Sustainable Agriculture (NMSA) and the global 

"4 per 1000" initiative that encourage sustainable 

land management. 

Understanding Soil Health 

Soil health is often used interchangeably with 

soil quality is the indicator of a soil's capacity to 

be adapted as a living, dynamic system that 

supports biological productivity, environmental 

quality, and plant, animal, and human well-

being. In contrast to soil fertility, which is 

primarily concerned with plant nutrient 

availability, soil health addresses the physical, 

chemical, and biological health of the overall soil 

system. Healthy soils provide a variety of 

ecosystem functions, such as: 

 Assisting plant growth through delivery of 

necessary nutrients, water, and support to 

roots 

 Removing and balancing contaminants to 

safeguard water quality 

 Storage and recirculation of nutrients like 

nitrogen, phosphorus, and potassium 

 Habitat support for a variety of organisms 

such as bacteria, fungi, earthworms, and 

insects 

 Climate regulation by the Earth by serving 

as a carbon sink 

Major indicators of soil health are: 

High Organic Matter Content: Organic matter 

enhances soil fertility, increases water holding 

capacity, and maintains microbial diversity. It 

acts as an energy source and structural 

component that enhances soil aggregation. 

Optimal pH and Nutrient Availability: The 

right pH level (usually 6.0 to 7.5 for many crops) 

provides availability of macro- and 

micronutrients and restricts toxic element 

solubility. Balanced nutrients optimize crop 

development and microbial activities in the soil. 

Sufficient Microbial Activity: An active 

microbial soil community aids in nutrient 

cycling, breakdown of organic material, 

suppression of disease, and mutually beneficial 

plant relationships like mycorrhizal associations. 

Healthy Soil Structure and Porosity: A well-

aggregated soil has enough pore space that 

permits root penetration, exchange of air and 

water, and prevents surface crusting and 

compaction, hence promoting root health. 

Compaction and Erosion Resistance: Ground 

cover and stable soils are less prone to water and 

wind erosion. Compaction resistance helps 

maintain air and water channels necessary for 

microbial and root processes. 

The preservation and development of 

these characteristics keep soils productive and 

resistant. Healthy soils offer increased buffering 

capacity in the event of rising climate 

uncertainty, with the ability to better resist 

droughts, floods, and temperature fluctuations. 

They are also better able to capture carbon and 

emit fewer greenhouse gases and thus contribute 

directly to the mitigation of climate change. Soil 

health promotion is thus not only an integral part 

of sustainable agriculture but a tactical measure 

to securing long-term environmental and 

economic returns. 

What is Soil Carbon Sequestration? 

Sequestration of soil carbon is a term used for the 

long-term storage of carbon in the soil via natural 

processes and enhanced land management. It 

includes the sequestering of atmospheric carbon 

dioxide (CO₂), a powerful greenhouse gas, and 

integrating it into the soil's organic matter and to 

a lesser degree into soil inorganic carbon stocks. 

This converts the carbon from an atmospheric 

pollutant to a beneficial component of the soil 
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resource, which tackles both climate change and 

soil degradation issues at once. 

The main process of soil carbon 

sequestration is the transformation of plant-based 

carbon—by means of photosynthesis into organic 

molecules that are sequestered in the soil. In 

taking CO₂ from the air, plants convert it into 

leaves, stems, and roots. When decomposing or 

via root exudates, this biomass enters the soil 

organic matter pool, adding to soil organic 

carbon (SOC). 

As time passes, SOC stabilizes in the soil 

by interacting with soil minerals, microbial 

processes, and aggregation. With good 

management, this stored carbon can be held in 

the soil for decades to centuries. 

Advantages of Soil Carbon Sequestration: 

Improved Fertility of Soils: Carbon-rich soils 

promote microbial growth and nutrient cycling, 

leading to increased soil fertility and improved 

crop yields. 

Enhanced Water-Holding Capacity: Increased 

organic matter in the soil boosts its water-holding 

capacity, decreasing irrigation requirements and 

increasing drought resistance. 

Increased Biological Activity: Sequestered 

carbon sustains beneficial soil microbes, 

producing a healthier and more robust soil 

ecosystem. 

Climate Change Reduction: By pulling CO₂ out 

of the atmosphere, soil carbon sequestration 

serves as a natural climate control mechanism 

that aids in the fight to decelerate global 

warming. 

Erosion and Degradation Control: Carbon-rich 

soils are more structured, stable in aggregates, 

and more resistant to wind and water erosion. 

Soil Carbon Forms 

Soil Organic Carbon (SOC): Obtained from 

living things and plant residues; the most active 

and important pool for soil well-being and 

sequestration activities. 

Soil Inorganic Carbon (SIC): Carbonates 

resulting from weathering or introduced via 

irrigation water; less active but also sequester 

carbon long-term in dry and subdry areas. 

Factors Affecting Soil Carbon Sequestration 

Climate: Temperature and precipitation 

influence decomposition and carbon inputs. 

Soil Type: Soils with high clay content tend to 

have greater sequestration potential because of 

more effective stabilization of organic material. 

Land Management and Use: Conservation 

tillage, cover crops, agroforestry, use of organic 

amendments, and crop rotation are practices that 

increase SOC accumulation. 

Vegetation Cover: Perennials and 

heterogeneous cropping systems deliver more 

organic matter than annual monocultures. 
Soil carbon sequestration is a win-win 

approach boosting farm productivity and acting 

as a nature-based solution to the climate 

emergency. It is a low-cost, scalable, and 

sustainable way to decrease net greenhouse gas 

emissions and rehabilitate degraded soils, and it 

is a critical column of regenerative agriculture 

and climate-smart agriculture. 

Soil Health Improvement and Carbon 

Sequestration Techniques 

Soil health improvement and soil carbon 

sequestration need to be addressed through an 

integrated approach that addresses biological, 

physical, and chemical means. The following 

sustainable land management techniques have 

been identified as being effective for this 

purpose: 

Conservation Tillage 

Conservation tillage, such as reduced tillage and 

no-till systems, reduces soil disturbance by 

skipping or eliminating the conventional 

plowing. The practice aids in maintaining soil 

structure, avoiding erosion, conserving moisture, 

and shielding soil organic matter from oxidation. 

Consequently, it greatly helps to build up soil 

organic carbon in the long term. 

Cover Cropping 

Cover cropping is the production of non-cash 

crops like legumes, grasses, or brassicas off-

season or intercash crop seasons. The crops 

inhibit soil erosion, inhibit weeds, improve the 

structure of the soil, and nitrogen fixation in the 

soil from atmospheric nitrogen in the instance of 

legumes. The cover crop biomass brings organic 

content to the soil, thus improving microbial 

processes as well as carbon sequestration. 

Crop Rotation and Diversification 

Rotating various crop species over a period, 

particularly those with varying root systems and 

nutrient requirements, enhances soil health and 

breaks pest and disease cycles. Diversified 

cropping systems also add to increased root 

biomass and diversified organic inputs, which 

assist in soil organic carbon accumulation and 

stabilization. 

Use of Organic Amendments 

Use of organic materials like compost, farmyard 

manure, green manure, and biochar adds stable 

organic carbon to the soil. These resources 
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increase microbial diversity, soil texture, nutrient 

and water-holding capacity, and pH buffering. 

Biochar specifically provides a long-term carbon 

sink because it is stable in structure. 

Agroforestry Systems 

Agroforestry is the intercropping of trees and 

shrubs with crop and/or livestock production 

systems. Trees supply deep-rooted perennial 

biomass and leaf litter, which enhance soil 

organic matter, mitigate erosion, and improve 

microclimatic conditions. Agroforestry systems 

also enhance biodiversity and nutrient cycling, 

thereby increasing carbon sequestration potential. 

Integrated Nutrient Management (INM) 

INM encourages the rational application of 

chemical fertilizers along with organic manures 

and biofertilizers. This strategy increases the 

efficiency of nutrient use, enhances positive 

microbial populations, and minimizes the 

leaching of nutrients. Through a sustainable 

increase in soil fertility, INM helps in 

accumulating soil organic carbon over time. 

Reduction in Chemical Inputs 

By avoiding excessive application of synthetic 

fertilizers and pesticides, beneficial organisms in 

the soil are conserved as well as organic matter 

degradation avoided. Overuse of chemicals 

commonly results in acidification of the soil, 

microbial imbalance, and loss of carbon; 

therefore, their reduction provides both soil 

health and carbon sequestration support. 

Effective Water Management 

Implementing water-saving irrigation techniques 

such as drip and sprinkler systems, along with 

practices like mulching and rainwater harvesting, 

improves water-use efficiency and reduces 

erosion. Moisture-conserving practices promote 

microbial activity and organic matter 

decomposition, indirectly supporting soil carbon 

sequestration. Additionally, avoiding over-

irrigation helps prevent soil salinization and 

nutrient leaching. 

Measuring Soil Carbon and Health 

Measurement of soil health and soil organic 

carbon is important in assessing the efficiency of 

carbon sequestration management. The use of 

recent analytical equipment like remote sensing, 

near-infrared (NIR) and mid-infrared (MIR) 

spectrometry, and laboratory analysis of soils is 

employed to estimate SOC content. The long-

term carbon evolution under different 

management options is simulated using modeling 

tools like RothC, CENTURY, and COMET-

Farm. 

 In addition, biological indicators of soil 

biological health, such as microbial biomass 

carbon, enzymatic activity, and soil respiration, 

are also extensively used. Physical indicators 

such as aggregate stability, bulk density, and 

infiltration rate also contribute to evaluating land 

management impacts on soil structure and 

porosity improvements. 

Long-term field experiments and soil 

monitoring networks play an essential role in 

testing these tools and determining region-

specific responses to land management 

interventions. 

Policy and Institutional Support 

Policy measures and institutional practices are 

crucial to supporting soil well-being and carbon 

sequestration. Under the National Action Plan on 

Climate Change (NAPCC) in India, the National 

Mission on Sustainable Agriculture (NMSA) 

supports climate-resilient agriculture that 

increases soil organic carbon through methods 

such as composting, mulching, and agroforestry. 

Globally, efforts like the "4 per 1000" 

Initiative, launched during the 2015 Paris 

Climate Conference, promote the accumulation 

of global soil carbon reserves by 0.4% per annum 

through the adoption of sustainable land use 

management practices. This initiative emphasizes 

the contribution of agriculture in climate change 

mitigation and ensuring food security. 

Financial mechanisms like carbon credit 

markets and payment for ecosystem services 

(PES) are new instruments that have the potential 

to encourage farmers to implement carbon-

friendly farming practices. Further, eco-labeling 

and certification for sustainably produced 

commodities can provide market-based 

incentives for soil conservation practices. 

In order to achieve scalability, capacity-

building initiatives, extension programs, and 

farmer training on regenerative agriculture and 

soil management are required. Joint action by 

researchers, policymakers, institutions, and 
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farmers is critical to unlock the potential of soil 

as a climate solution. 

 

Challenges in Adoption 

In spite of the established advantages of soil 

health enhancement and carbon sequestration 

practice, various constraints impede large-scale 

adoption in farm settings: 

 

Lack of Awareness and Technical Knowledge: 

Most farmers, particularly smallholders, do not 

know about soil carbon sequestration advantages 

or do not possess the technical knowledge 

required to follow suggested practices. Limited 

extension service availability, scientific 

information, and training materials hinder this 

knowledge gap. 

High Initial Costs and Resource Constraints: 

Certain sustainable practices, like agroforestry 

systems or precision irrigation, require hefty 

initial investments in infrastructure, equipment, 

or planting materials. Such expenditures may be 

out of reach for poor farmers, particularly when 

it is not clear that short-term rewards will follow 

immediately. 

Insufficient Incentives and Inadequate Policy 

Support 

In most areas, subsidies and policies still favor 

the continuation of conventional, high-input 

agriculture over regenerative and soil-conserving 

methods. The lack of economic incentives, 

including carbon credits or eco-certifications, 

demotivates farmers from converting to 

sustainable agriculture. 

 

Trouble with Measuring and Verifying Soil 

Carbon Sequestration: 

Precisely measuring shifts in soil carbon is 

technically demanding, time-consuming, and 

involves the use of sophisticated equipment or 

modeling software. Monitoring the effect of 

practices and validating them to participate in 

carbon markets or policy reporting becomes a 

challenge. 

 

Socioeconomic and Institutional Barriers 

Fragmented land ownership, insecure tenure, 

absence of farmer cooperatives, and poor 

institutional coordination tend to constrain 

adoption scale and duration. Women farmers and 

other marginalized groups can also have social 

limitations to access information and resources. 

CONCLUSION 

Restoration and preservation of soil quality using 

effective carbon sequestration methods are a 

pillar of environmentally friendly agriculture, 

stewardship of the environment, and reduction of 

climate change. Healthy soils are not only vital 

for food production security but also for 

increasing ecosystem functions, biodiversity, and 

water management. 

It takes a concerted and synergistic effort 

to upscale soil-beneficial practices. It involves 

working together by farmers, scientists, 

extension agents, policymakers, non-

governmental organizations, and consumers that 

can trigger the remaking of degraded lands into 

healthy, fertile, and carbon-rich ecosystems. 

Strategic investments in education of 

farmers, capacity development, research, and 

infrastructure coupled with supportive policies, 

incentives, and carbon financing mechanisms can 

make soils a source of long-term carbon sink 

rather than a greenhouse gas emissions source. 

By elevating the understanding of soil as a living 

asset and folding its management into national 

and international climate initiatives, we can 

create pathways to a more green, more resilient, 

and more food-secure future for generations to 

come. 
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