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Abstract 

Soil carbon sequestration has garnered attention as a pivotal strategy in mitigating climate change. Its 

relevance is accentuated by the soil's dual role in both storing carbon and supporting agriculture, thereby 

contributing to both environmental and food security. The purpose of this review is to analyze the various 

facets of soil carbon sequestration in the Indian context, specifically focusing on case studies that 

highlight both successes and failures in this realm. Key findings indicate that multifaceted approaches, 

such as agroforestry models in Tamil Nadu and community-led natural farming in Andhra Pradesh, have 

been effective in enhancing soil carbon stocks. These approaches are not only beneficial for carbon 

sequestration but also demonstrate positive implications for farm yield and biodiversity. However, the 

study also uncovers shortcomings in soil management practices, evident in the decline of soil carbon 

levels in regions such as Punjab due to monoculture and excessive fertilizer use. The consequences of 

such practices manifest in reduced soil fertility, emphasizing the urgent need for sustainable agricultural 

methods. In fragile ecosystems like the Himalayan region, soil erosion has further reduced the soil's 

ability to act as a carbon sink, indicating the necessity for immediate conservation efforts. These findings 

imply that an integrated approach, coupling agricultural innovation with policy support, can substantially 

improve the effectiveness of soil as a carbon sequester. Moreover, it is essential for policies to be adaptive 

and region-specific, accounting for the diverse geographical and climatic conditions across India. This 

review aims to serve as a comprehensive guide for policymakers, researchers, and agricultural 

practitioners, emphasizing that soil carbon sequestration is not an isolated goal but must be integrated into 

broader environmental and agricultural objectives. 
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Introduction 

The issue of climate change is one that has moved from the periphery of scientific discussions to the 

forefront of global policy dialogues. Climate change presents a range of detrimental impacts, including 

rising sea levels, more frequent and severe weather events, and widespread ecosystem disruptions [1]. 

One of the major drivers of climate change is the exponential increase in greenhouse gas concentrations in 

the Earth's atmosphere, primarily carbon dioxide (CO2). The Earth's climate is rapidly changing due in 

large part to human activities, primarily the burning of fossil fuels and deforestation, resulting in the 

increase of greenhouse gases in the atmosphere [2]. The Intergovernmental Panel on Climate Change 

(IPCC) notes that global temperatures could rise by 1.5°C as early as 2030 if immediate action is not 

taken, leading to irreversible damage to ecosystems and human societies [3]. Soil plays an invaluable role 

in the Earth's carbon cycle. It acts as both a source and a sink for carbon, thus providing a potential 

solution for mitigating climate change [4]. Soil can store carbon in the form of organic matter and soil 

aggregates, thereby locking it away from the atmosphere [5]. The practice of enhancing this natural 

capacity of soil to absorb CO2 from the atmosphere is known as soil carbon sequestration [6]. Although 

several studies have highlighted the importance of soil as a carbon sink and outlined various techniques 
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for soil carbon sequestration, a consolidated review that encompasses advancements in research 

methodologies, emerging technologies, and policy interventions is lacking. Furthermore, there is a need 

for a comprehensive overview that can serve as a reference for researchers, policymakers, and 

stakeholders invested in the climate change mitigation efforts [7]. The primary objective of this review is 

to furnish a holistic understanding of soil's role in carbon sequestration amid the ongoing climate crisis. 

Specifically, the study sets out to dissect the mechanisms that enable soil to capture and store carbon, 

scrutinize the various factors influencing its sequestration capacity, assess the available methodologies for 

measuring soil carbon, spotlight recent advancements and innovations in the field, and delve into the 

policy ramifications while proposing avenues for future research and action.Methodology A systematic 

literature review was conducted to form the basis of this article, employing a multi-database approach that 

included PubMed, Scopus, and Web of Science. The search was confined to papers published within the 

last two decades and used specific keywords such as "soil carbon sequestration," "climate change 

mitigation," "carbon sink," and "agricultural practices." The inclusion criteria for the selected studies were 

as follows: they had to be published in peer-reviewed journals, focus explicitly on soil carbon 

sequestration, provide either quantitative or qualitative data, and be published in English. Conversely, 

studies were excluded from the review if they were not peer-reviewed, lacked a specific focus on soil as a 

carbon sink, or failed to offer empirical evidence. 

Historical Overview 

The field of soil carbon sequestration has a rich historical backdrop that has seen it evolve from 

rudimentary observations to cutting-edge scientific inquiry. Understanding this development is crucial not 

just for academics but also for policymakers, farmers, and environmentalists who are dealing with the 

challenges posed by climate change.The study of soil as a carbon reservoir dates back to the late 19th and 

early 20th centuries. Initially, these studies were not focused on climate change but aimed at 

understanding soil fertility. Early agricultural scientists like Justus von Liebig and Fritz Haber were 

among the first to recognize the importance of soil organic matter, although they were primarily 

concerned with its role in plant nutrition [8]. Soil organic matter was identified as a complex mixture of 

decomposing plant and animal residues, microbes, and stable organic matter [9]. However, it wasn't until 

the latter half of the 20th century that the broader implications of soil organic matter for carbon 

sequestration began to be acknowledged [10].As the 20th century progressed, the paradigm started 

shifting from soil fertility to global carbon cycles, largely in response to rising awareness of climate 

change. The breakthrough came in the late 1970s when it was observed that land use changes, particularly 

deforestation and soil erosion, had a substantial impact on the atmospheric carbon dioxide levels [11]. 

During the 1980s and 1990s, research flourished, spurred by advancements in technology. Remote 

sensing provided scientists with new tools for large-scale observation, and mathematical modeling began 

to offer more accurate predictions of carbon flux [12].With the advent of molecular biology techniques in 

the late 1990s and early 21st century, the mechanisms underlying soil carbon sequestration began to be 

elucidated at a cellular and molecular level [13]. This period also saw an increase in interdisciplinary 

research, with scientists from fields like ecology, agronomy, and geochemistry contributing to a more 

comprehensive understanding of soil carbon dynamics [14].Several key milestones stand out in the 

timeline of soil carbon sequestration research. The Kyoto Protocol in 1997 was a landmark event, as it 

was the first international agreement to recognize soil carbon sequestration as a legitimate mitigation 

strategy for reducing greenhouse gas emissions [15]. Research was also catalyzed by significant funding 

opportunities, such as the U.S. Department of Agriculture's Soil Carbon Research Program, initiated in 



 

 

2002, which provided grants for advanced studies on soil carbon sequestration [16].The development of 

standardized methods for soil carbon measurement was another pivotal advancement. Before these 

methods, studies often used inconsistent measurement techniques, making it difficult to compare results 

across different research efforts [17]. The publication of meta-analyses and review papers that synthesized 

decades of research represented another milestone, offering an overarching view of the field and pointing 

out directions for future research [18].As we move further into the 2
1st

 century, the field of soil carbon 

sequestration is continuously evolving. Innovations in technology, from machine learning algorithms to 

high-throughput sequencing techniques, are opening up new avenues for research [19]. Similarly, the 

growing awareness of the significance of soil health in global policy circles indicates a promising future 

for soil carbon sequestration studies [20]. 

Table 1 :Historical Overview of Key Milestones in Carbon Sequestration Research and Policy 

Time Period Developments and Milestones Key 

Researchers/Publications 

19
th
 Century Initial understanding of the Greenhouse Effect Svante Arrhenius 

Early 20
th
 

Century 

Discovery of photosynthesis' role in carbon capture C.B. Van Niel, Samuel 

Ruben 

1950s Oceanic carbon sinks recognized Roger Revelle 

1970s Introduction of afforestation projects for carbon sinks Eville Gorham 

1992 Earth Summit, focus on sustainable land management United Nations 

Late 1990s Kyoto Protocol, promotion of carbon offset projects International Community 

Early 2000s Advances in measurement technologies Multiple Researchers 

2010s Integration of carbon sequestration into climate policy IPCC Reports 

2020s Focus on technological solutions and policy 

interventions 

Ongoing Research 

 

Mechanisms of Soil Carbon Sequestration 

Understanding the mechanisms underlying soil carbon sequestration requires a multi-faceted approach 

that integrates biological, physical, and chemical processes. These mechanisms have been studied 

extensively in the past few decades, providing valuable insights into how soil functions as a carbon sink. 

Biological Processes 

Biological processes play a pivotal role in the sequestration of carbon in soils. These processes are 

generally driven by plants and soil organisms, creating a network of interactions that contribute to carbon 

storage.One of the primary mechanisms through which soil captures and retains carbon is photosynthesis. 



 

 

Plants absorb atmospheric CO2 and convert it into organic compounds during this process [21]. 

Subsequently, a portion of this carbon is transferred to the soil through root exudation, which is the 

release of organic compounds into the rhizosphere, the soil zone surrounding plant roots [22]. These 

compounds include sugars, amino acids, and other organic substances that serve as a food source for soil 

organisms [23].Soil microorganisms, including bacteria and fungi, contribute significantly to carbon 

sequestration. They decompose organic materials, converting them into stable forms of soil organic 

matter (SOM), thereby preventing the release of carbon back into the atmosphere [24]. Additionally, 

certain microbial communities, such as mycorrhizal fungi, form symbiotic relationships with plants and 

assist in the stable storage of carbon in soil aggregates [25]. 

Physical and Chemical Processes 

Beyond biological mechanisms, physical and chemical processes are also crucial for soil carbon 

sequestration. These include the structure and composition of the soil, as well as chemical interactions 

that occur within it.Soil structure plays a vital role in its ability to store carbon. Soil aggregates, which are 

clumps of soil particles bound together, provide a physical mechanism for carbon sequestration [26]. 

Aggregates protect organic matter from microbial decomposition, thereby prolonging its residence time in 

the soil [27]. Various factors, including soil texture, moisture, and biological activity, influence the 

formation and stability of soil aggregates [28].Chemical processes, including adsorption and chemical 

bonding, also contribute to carbon sequestration in soils. Organic matter can bind to soil minerals like 

clay and form stable complexes, protecting them from decomposition [29]. Additionally, certain chemical 

reactions can transform organic carbon into forms that are resistant to microbial breakdown [30]. 

Factors Affecting Soil Carbon Sequestration 

Soil carbon sequestration is a complex process influenced by a multitude of factors. Among the intrinsic 

characteristics of the soil itself, soil type plays a vital role in determining the carbon storage capacity [31]. 

Variables such as soil texture, including the proportion of sand, silt, and clay, have been found to 

significantly affect carbon retention [32]. The soil's pH level also serves as a modulator for microbial 

activity, which in turn impacts organic matter decomposition and stabilization [33]. Moving beyond the 

soil's innate characteristics, land use, and land cover stand as significant determinants in soil carbon 

sequestration. Studies have shown that deforestation invariably leads to a decrease in soil carbon levels, 

primarily due to the loss of vegetation capable of capturing atmospheric carbon dioxide [34]. Conversely, 

urban development has its own set of repercussions on soil carbon storage, often leading to soil 

degradation and compromised soil structure [34]. Climate variables, including temperature and 

precipitation, have been found to affect microbial decomposition rates. Warmer temperatures usually fast-

track microbial activities, consequently reducing soil carbon levels [36]. On the other hand, optimal levels 

of precipitation have been shown to be conducive for carbon sequestration by creating an environment 

that favors microbial activity, leading to organic matter stabilization [37]. Agricultural practices are yet 

another dimension affecting soil carbon sequestration. For instance, tillage methods have been studied 

extensively for their role in influencing soil carbon levels. Traditional tillage techniques often disturb soil 

structure, resulting in the release of stored carbon into the atmosphere [38]. Additionally, the kind of 

crops being rotated can also influence carbon storage, as different crops have varying impacts on soil's 

organic matter content and microbial communities [39]. Lastly, human interventions like afforestation and 

reforestation activities have shown promise in enhancing the soil's carbon sequestration potential over the 



 

 

long term [40]. Similarly, the use of fertilizers can also significantly sway soil carbon levels, although the 

long-term effects are still a subject of ongoing research [41]. 

Methodologies for Measuring Soil Carbon 

Laboratory Techniques 

The cornerstone of understanding soil carbon sequestration lies in reliable measurement techniques. 

Laboratory approaches offer precision but often at the cost of extensive labor and time. Elemental 

analysis is one such technique commonly used for determining the total organic carbon in soil samples 

[42]. This approach usually involves the combustion of soil samples and measuring the CO2 produced to 

gauge the carbon content [43]. Mass spectrometry is another sophisticated laboratory method for 

analyzing soil carbon. It provides not just the quantity but also isotopic information which can be 

invaluable for tracing the origin of the soil carbon [44]. While highly accurate, both these methods can be 

cost-prohibitive and demand specialized skill sets [45]. 

Field-Based Approaches 

Field-based methods aim for a more holistic understanding and are generally more feasible for large-scale 

studies. The Eddy Covariance technique is widely adopted for this purpose [46]. This method measures 

the vertical turbulent fluxes and is beneficial for evaluating gaseous exchange between the soil and the 

atmosphere over large areas [47]. Remote sensing is another field-based technique growing in popularity 

due to its non-intrusive nature and ability to cover large tracts of land. Various satellites and sensors are 

now capable of measuring soil properties, including its carbon content, although this method often 

requires ground-truthing for validation [48]. 

Modelling Approaches 

In addition to empirical methods, modeling approaches provide a way to estimate and predict soil carbon 

levels. Static models offer a snapshot view based on current soil conditions but may not account for 

temporal variations [49]. These are often simpler and easier to implement, serving as a good starting point 

for soil carbon estimation. Dynamic models, on the other hand, incorporate time-dependent variables and 

are more intricate [50]. These models simulate how soil carbon levels may change over time under 

varying conditions and thus, are more suitable for long-term predictions [51]. 

Advances in Soil Carbon Sequestration 

Emerging Technologies 

Advances in technology have fundamentally altered our approach to soil carbon sequestration. As we 

delve into the era of precision agriculture, sensor technology has emerged as a game-changer. Sensors can 

now measure various soil attributes in real-time, including moisture content, pH, and most importantly, 

carbon levels, thereby facilitating more targeted sequestration efforts [52]. Similarly, drone technology 

has enabled high-resolution aerial imaging for monitoring vast stretches of land, thereby providing a more 

extensive overview of soil carbon levels [53].Bioengineering is another frontier in emerging technologies 

related to soil carbon sequestration. Scientists are now able to manipulate plant genomes to enhance their 



 

 

carbon-absorbing capabilities [54]. This bioengineering approach aims to augment natural processes for a 

more effective carbon capture and storage strategy [55]. 

Integration with Other Environmental Goals 

The practice of soil carbon sequestration is increasingly being integrated with other environmental 

objectives such as biodiversity conservation, water purification, and land rehabilitation [56]. For instance, 

the reforestation of degraded lands not only helps in carbon sequestration but also contributes to habitat 

restoration [57]. Similarly, agroforestry systems, where crops and trees coexist, have shown promise in 

both carbon capture and in enhancing soil fertility [58].By integrating soil carbon sequestration with other 

environmental goals, a more holistic and sustainable approach to land management can be achieved. This 

integrated approach is becoming more prevalent as policy-makers recognize the interconnected nature of 

environmental challenges [59]. 

Case Studies 

The Green Revolution's Unintended Benefits 

While the Green Revolution in India primarily aimed at food security, some of its aspects also contributed 

to soil carbon sequestration. Newer crop varieties, coupled with improved irrigation techniques, 

inadvertently led to an increase in organic matter in the soil [60]. However, it is crucial to note that these 

benefits were partly offset by the excessive use of fertilizers and pesticides, requiring a nuanced 

understanding of its overall impact on soil carbon levels [61]. 

Agroforestry in Tamil Nadu 

Tamil Nadu has been at the forefront of integrating forestry with agriculture. This agroforestry model has 

not only resulted in increased farm productivity but has also significantly enhanced the soil carbon levels 

[62]. 

Community-Led Soil Management in Andhra Pradesh 

Andhra Pradesh's community-led natural farming initiatives, involving zero-budget natural farming, have 

significantly increased soil organic matter, thus improving the soil's capacity for carbon sequestration 

[63]. 

Failures 

Over-Reliance on Monoculture in Punjab 

Punjab, India's 'breadbasket,' experienced a decline in soil carbon levels due to prolonged monoculture 

practices and excessive fertilizer use [64]. This case illustrates the need for crop diversification and 

sustainable farming practices as essential elements in maintaining and enhancing soil carbon levels [64]. 

Soil Erosion in the Himalayan Region 

In the fragile ecosystems of the Himalayan region, deforestation and unsustainable agricultural practices 

have led to severe soil erosion, thereby reducing the soil's ability to act as a carbon sink [66]. Restoration 
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efforts have not yet succeeded in reversing this trend, providing a cautionary tale for other sensitive 

ecosystems (67). 

Conclusion  

This review provides a comprehensive analysis of soil carbon sequestration within the Indian context, 

shedding light on both effective and flawed practices. Successful models like agroforestry in Tamil Nadu 

and community-led initiatives in Andhra Pradesh exemplify how integrated approaches can yield multiple 

benefits, including higher soil carbon levels, improved farm yields, and enhanced biodiversity. 

Conversely, monoculture and excessive fertilizer use in regions like Punjab caution against unsustainable 

agricultural practices that compromise soil health. The review underscores the need for adaptive, region-

specific policies to support sustainable soil management. As climate change continues to impose urgent 

challenges, it is imperative to align soil carbon sequestration efforts with broader agricultural and 

environmental goals, creating a resilient and sustainable framework for the future. 
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