


The Role of Soil in Carbon Sequestration: Implications for Climate Change Mitigation
Abstract
Soil, as the Earth's largest terrestrial carbon reservoir, plays a pivotal role in the global carbon cycle and presents a significant opportunity for mitigating climate change. This review synthesizes current knowledge on soil carbon sequestration, exploring its mechanisms, influencing factors, and potential for offsetting greenhouse gas emissions. We delve into various land management practices that enhance carbon storage in soils, including afforestation, no-till farming, and rotational grazing, while also addressing the uncertainties surrounding soil carbon dynamics and their response to climate change. The paper further examines the limitations and challenges associated with relying on soil carbon sequestration as a climate change mitigation strategy, emphasizing the need for comprehensive and integrated approaches that consider both biophysical and socioeconomic factors. Soils, serving as the largest terrestrial carbon sink, possess the capacity to substantially influence the global carbon cycle and climate regulation. Terrestrial ecosystems, with soils as their major component, absorb atmospheric carbon dioxide through photosynthesis, converting it into plant biomass and subsequently transferring a portion of this carbon into the soil. This intricate process of carbon sequestration in soils involves a multitude of complex interactions between biotic and abiotic factors. Soil organic matter, a heterogeneous mixture of plant and animal residues, microbial biomass, and their decomposition products, constitutes the primary form of carbon storage in soils.  The dynamics of soil carbon are governed by the balance between carbon inputs from plant litter, root exudates, and organic amendments, and carbon outputs through decomposition, respiration, and erosion.
1.  Introduction
Soils represent a substantial reservoir of terrestrial carbon, exerting considerable control over climate regulation through the intricate processes of greenhouse gas emission and sequestration, biogenic volatile organic compound release, and aerosol dynamics (Lal et al., 2021). The pressing need to address escalating concentrations of atmospheric greenhouse gases has amplified the importance of understanding the role of terrestrial ecosystems, particularly soils, in the global carbon cycle (Bardgett et al., 2008). Small changes in the amount of carbon stored in soil may have significant effects on the global carbon cycle, which in turn has repercussions on global change (Léopold et al., 2021). The importance of agricultural practices in mitigating climate change has been brought to light, with an emphasis on how they can affect soil carbon sequestration (Zhang et al., 2024). The soil's ability to hold carbon is essential to maintaining soil structure, supporting agricultural output, and sequestering carbon (Yadav & Malanson, 2007). Soils' dual role as both a source and sink of greenhouse gases underscores the importance of sustainable soil management practices in climate change mitigation strategies (Brevik, 2013).



2.  Soil's Role in Carbon Sequestration: An Overview

The global carbon cycle is significantly influenced by the capacity of soils to sequester carbon, which highlights the significance of soils in the fight against climate change. Terrestrial ecosystems, particularly soils, have absorbed about 30% of the carbon released by human activities between 1960 and 2008, highlighting their crucial function in reducing atmospheric carbon dioxide (Yan et al., 2014). 
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Fig 1. Soil carbon sequestration cycle
Soil carbon sequestration is essential for preserving soil health, enhancing agricultural productivity, and reducing the effects of climate change. Soil carbon sequestration encompasses a range of processes, including the conversion of atmospheric carbon dioxide into plant biomass through photosynthesis, the transfer of carbon-rich organic matter into the soil, and the long-term storage of carbon in soil aggregates and mineral associations (Katti et al., 2020). The dynamics between carbon inputs, such as plant debris and root exudates, and carbon outputs, such as microbial respiration and decomposition, determine the soil's capacity to sequester carbon. Also, the rate of carbon sequestration can be significantly influenced by land use practices, climate, soil type, and management strategies. 
Agricultural soils, which make up a sizable portion of the world's land surface, are particularly well-suited to sequestering carbon and reducing greenhouse gas emissions. Altering land and soil management techniques can significantly lessen the detrimental effects of agriculture on soils and the environment (Keenor et al., 2021). Important advantages of adopting sustainable agricultural practices that increase carbon sequestration include increased soil fertility, better water retention, and decreased erosion. Agroforestry, which strategically integrates trees into agricultural landscapes, is becoming increasingly recognized for its potential to sequester carbon and provide additional environmental benefits (Zomer et al., 2016). Furthermore, afforestation initiatives on low-productivity agricultural lands have been suggested as a way to offset the rising concentration of atmospheric CO2, as the expansion of tree root systems, deposition of leaf litter, canopy shading, and discontinuation of nitrogen fertilizer application can all have an impact on the biogeochemical and hydrological characteristics of the soil. 
3. Opportunities for Climate Change Mitigation
Several strategies can be implemented to enhance soil carbon sequestration and mitigate climate change. Agricultural practices such as no-till farming, cover cropping, and crop rotation can significantly increase carbon inputs into the soil while reducing carbon losses through erosion and decomposition. Furthermore, the adoption of integrated nutrient management strategies, including the use of organic amendments and biochar, can enhance soil fertility, promote plant growth, and sequester carbon in the soil (Alcántara et al., 2020). In addition to agricultural practices, land restoration and afforestation efforts can play a crucial role in sequestering carbon and restoring degraded ecosystems. 
Peatlands, despite covering only a small fraction of the Earth's land surface, store a disproportionately large amount of soil carbon, underscoring their importance as carbon reservoirs. However, drainage of organic soils for agriculture and peat extraction has resulted in significant greenhouse gas emissions, highlighting the need for sustainable management practices to mitigate carbon losses (Tubiello et al., 2016). Modified agricultural practices, such as reduced tillage and the maintenance of soil cover, hold substantial promise for mitigating greenhouse gas emissions (Sanz-Cobeña et al., 2016). Furthermore, the implementation of strategies aimed at restoring degraded lands and promoting afforestation can contribute to carbon sequestration and biodiversity conservation. 
4. Mechanisms of Soil Carbon Sequestration
The mechanisms governing soil carbon sequestration are multifaceted, encompassing physical, chemical, and biological processes that influence the stabilization and persistence of organic matter in soil (Peichl et al., 2014). One primary mechanism involves the formation of stable soil aggregates, where organic matter becomes physically protected from decomposition within the aggregate structure (Bhayal et al., 2018). The interactions between organic matter and soil minerals, such as clay minerals and iron oxides, also play a crucial role in carbon sequestration by forming organo-mineral complexes that are less susceptible to microbial degradation (Amundson & Biardeau, 2018).  Furthermore, microbial communities in the soil contribute to carbon sequestration through the synthesis of recalcitrant organic compounds, such as humic substances, which resist decomposition and can persist in the soil for extended periods.
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Chart 1. Soil carbon sequestration factors
 Land use change has a substantial impact on carbon dynamics in soil, where converting peatland to agricultural land is expected to alter organic matter and C-biomass population (Munawaroh et al., 2022). Specifically, the conversion of natural ecosystems to agricultural land often results in a decline in soil carbon stocks due to the disruption of soil structure, increased soil erosion, and reduced inputs of organic matter. Conversely, the implementation of sustainable land management practices, such as reforestation and conservation tillage, can enhance soil carbon sequestration and restore degraded soils. Moreover, climate change, including alterations in temperature and precipitation patterns, can influence soil carbon dynamics by affecting decomposition rates, plant productivity, and microbial activity. 
The role of soil in carbon sequestration is influenced by various soil types, each possessing unique physical, chemical, and biological properties that affect carbon storage capacity and dynamics. For instance, soils with high clay content tend to have greater potential for carbon sequestration due to the formation of stable organo-mineral complexes and the physical protection of organic matter within soil aggregates. Similarly, soils rich in iron and aluminum oxides can also enhance carbon sequestration through the formation of strong bonds with organic matter, reducing its susceptibility to decomposition. Additionally, soil pH plays a crucial role in regulating carbon cycling, with acidic soils generally exhibiting lower decomposition rates and greater carbon accumulation compared to alkaline soils. Vegetation cover plays a vital role in influencing soil organic carbon levels, contingent on the quantity, arrangement, and biodegradability of plant residues reintroduced into the soil (Saljnikov et al., 2013). Soil organic carbon serves as a crucial indicator of soil quality, impacting productivity in ecosystems. 
6.  Factors Influencing Soil Carbon Sequestration
1. Land Management and Agricultural Practices:
 Land management practices, including tillage, crop rotation, and fertilization, significantly influence soil carbon sequestration rates. Reduced tillage practices, such as no-till farming, can minimize soil disturbance, reduce erosion, and enhance carbon accumulation in the topsoil (Chan et al., 1992). Similarly, crop rotation and cover cropping can increase carbon inputs into the soil, improve soil structure, and promote microbial activity, leading to enhanced carbon sequestration. Furthermore, the application of organic amendments, such as compost and manure, can enhance soil fertility, increase carbon inputs, and improve soil physical properties, thereby promoting carbon sequestration (Yadav & Malanson, 2007). Incorporating plant litter into the soil can substantially affect its fertility, impacting the accessibility of nutrients and, consequently, influencing plant growth, variety, makeup, framework, and output (Hassan et al., 2021). Also, the carbon stored in the soil may face increased degradation due to global climate change (Rajan et al., 2019). 
The ability of soil to function sustainably relies on various interacting factors, including its capacity to support plant life, facilitate the cycling of essential elements, and regulate the flow of water and energy (Badha et al., 2017). 
7.  Impact of Climate Change on Soil Carbon Sequestration
Climate change has the potential to significantly impact soil carbon sequestration processes, with rising temperatures and altered precipitation patterns affecting the balance between carbon inputs and outputs in soils. Changes in temperature and moisture regimes can influence the rate of decomposition of organic matter in soils, potentially leading to a release of stored carbon into the atmosphere. Land use change, such as agricultural expansion and deforestation, can exacerbate the impact of climate change on soil erosion, while reforestation, agricultural land abandonment, and soil conservation practices can potentially offset these effects (Eekhout & Vente, 2022).  Moreover, soil management techniques, including conservation tillage, residue management, and crop rotation, play a crucial role in enhancing carbon sequestration while improving soil health and productivity.
Rising temperatures can accelerate the decomposition of soil organic matter, releasing carbon dioxide into the atmosphere and reducing the soil's capacity to store carbon. Changes in precipitation patterns, such as increased drought frequency or intensity, can also affect soil carbon sequestration by limiting plant growth and reducing the input of organic matter into the soil (Muchane et al., 2020). Climate change may influence soil aggregation and stability, which directly affects carbon storage, protection, and other soil functions, either directly or indirectly. Alterations in temperature and precipitation patterns can have a cascading effect on plant productivity, decomposition rates, and microbial activity, all of which influence the dynamics of soil carbon sequestration.
 Land use changes, such as deforestation and agricultural expansion, can further exacerbate the impact of climate change on soil carbon sequestration. Deforestation, in particular, can result in a significant loss of soil carbon, as forests store large amounts of carbon in their biomass and soils (Mukhopadhyay et al., 2020). The replacement of rainforest with grasslands, for example, has been shown to increase surface temperature, decrease evapotranspiration and precipitation, and lead to a more prevalent dry season (Guo et al., 2021). Agricultural expansion can also lead to soil carbon loss, especially when intensive tillage practices are employed, which disrupt soil structure and accelerate organic matter decomposition. Soil erosion, exacerbated by climate change and unsustainable land management practices, further contributes to the depletion of soil carbon stocks. The impact of rainfall greatly contributes to soil erosion which leads to soil damage, where the eroded soil, especially on cropland, causes decreasing quality of physical, chemical, and biological properties of the soil (Herawati et al., 2018).
Fig 2.
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 Conversely, reforestation, agricultural land abandonment, and soil conservation practices can potentially offset the negative impacts of climate change on soil carbon sequestration. Reforestation involves planting trees on degraded or deforested land, which can increase carbon sequestration in both the aboveground biomass and the soil. Soil conservation practices, such as reduced tillage, cover cropping, and contour farming, can help to improve soil structure, reduce erosion, and enhance carbon sequestration. These practices not only help to sequester carbon in soils but also provide a range of other benefits, such as improved water quality, enhanced biodiversity, and increased crop yields. These alternative pathways for climate change adaptation can also encourage adoption of conservation agriculture and reduce greenhouse gas emissions from agricultural activities while potentially improving yield.
The combined climate and carbon-cycle effects of large-scale deforestation have implications for climate change mitigation strategies (Bala et al., 2007). While reforestation and afforestation projects are often proposed as a means of sequestering carbon dioxide from the atmosphere, the biogeophysical effects of these projects, such as changes in albedo and evapotranspiration, can influence regional and global climate patterns (Portmann et al., 2022). Changes in land-use practices, like the conversion of forests to pastures, can also affect soil carbon levels, with some studies even showing an increase in soil carbon after the conversion from forest to pasture (Paul et al., 2010). The role of grazing land management in carbon sequestration is also a key consideration, as improved grazing practices can lead to increased carbon stocks in grazing land soils (Conant et al., 2016). 
8. Soil Carbon Sequestration and Climate Change Mitigation
Soil carbon sequestration plays a crucial role in mitigating climate change by removing carbon dioxide from the atmosphere and storing it in the soil (Schwartz et al., 2020). Carbon sequestration is the process of capturing CO2 from the atmosphere or capturing anthropogenic CO2 from large-scale stationary sources like power plants before it is released to the atmosphere (Maiti et al., 2016). Soils have the potential to store vast amounts of carbon, making them a significant carbon sink that can help to offset greenhouse gas emissions from human activities. Increasing soil organic carbon stocks can improve soil health, enhance agricultural productivity, and reduce the concentration of greenhouse gases in the atmosphere (Lal, 2007). Carbon sequestration in soil is a method of removing carbon dioxide from the atmosphere and storing it in the soil. The soil's capacity to act as a carbon sink depends on various factors, including soil type, climate, land management practices, and vegetation cover. Certain ecosystems, like forests and wetland ecosystems, play a role in buffering extreme storms and flooding related to climate change (Cullman et al., 2003).
The ability of soils to sequester and store carbon is greatly influenced by land management practices, as agricultural lands in particular have often lost significant amounts of their original soil carbon due to intensive cultivation and other unsustainable practices. Strategies such as conservation tillage, cover cropping, crop rotation, and the application of organic amendments can promote carbon sequestration in agricultural soils and enhance their overall health and productivity (Carey et al., 2020). Peatland ecosystems, with their waterlogged conditions and slow decomposition rates, accumulate substantial amounts of organic matter over time, forming deep peat layers that act as long-term carbon stores (Hikmat et al., 2022). However, the carbon sequestration function of peatland ecosystems is threatened by drainage and land use change, which leads to the oxidation of organic matter and increased emission of greenhouse gases (Jaenicke et al., 2008). Restoring degraded peatlands can help reinstate their carbon sequestration capacity and mitigate climate change (Harenda et al., 2017) (Amesbury et al., 2019). In intact peatland ecosystems, oxygen deficiency resulting from high-water tables causes the formation of organic soils (Leifeld & Menichetti, 2018). Plant productivity exceeds decomposition in these ecosystems, leading to a slow, steady accumulation of carbon-rich organic matter (Amesbury et al., 2019). Peatlands, covering only about 3% of the Earth's land surface, store approximately twice the amount of carbon found in all forests (Mrotzek et al., 2020). When peatlands are drained for agriculture, forestry, or peat extraction, the organic matter decomposes, releasing large quantities of carbon dioxide into the atmosphere (Harenda et al., 2017).
9.  Opportunities and Challenges
Enhancing soil carbon sequestration offers a multifaceted approach to climate change mitigation, presenting both opportunities and challenges that require careful consideration and strategic implementation. One of the most promising opportunities lies in the adoption of sustainable land management practices in agriculture. These practices can not only increase carbon sequestration but also improve soil health, enhance biodiversity, and increase crop yields. Implementing conservation tillage, cover cropping, and crop rotation can significantly enhance carbon sequestration in agricultural soils. Peatland restoration also presents a significant opportunity for climate change mitigation. By re-establishing water-saturated conditions, peatland restoration can promote the accumulation of new peat and restore the climate cooling carbon sink function.
 Despite the potential benefits, enhancing soil carbon sequestration also faces a number of challenges. One major challenge is the complexity of soil carbon dynamics. Soil carbon sequestration is influenced by various factors, including soil type, climate, land management practices, and vegetation cover, making it difficult to accurately predict and measure carbon sequestration rates. 
Fig 3.
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Additionally, the long-term stability of soil carbon is not always guaranteed. Changes in land use, climate, or management practices can lead to the release of previously sequestered carbon back into the atmosphere (Salim et al., 2021). Understanding how management practices influence soil aggregation, which is the binding of soil particles into stable clusters, is crucial for maximizing carbon storage potential. Furthermore, the implementation of soil carbon sequestration strategies often requires significant investments in new technologies, infrastructure, and training. Policy and economic incentives can play a crucial role in promoting the adoption of soil carbon sequestration practices. The process of carbon dioxide sequestration involves isolating carbon dioxide from the atmosphere for extended periods using physical, chemical, biological, or engineered processes (Pawde & Parekh, 2013). 
To promote blue carbon sequestration, it is important to implement management strategies that consider the environmental variables that influence this process (Macreadie et al., 2017). It is also crucial to have precise measurement of changes in carbon stocks in coastal habitats through remote sensing techniques and machine learning algorithms. Biochar, a carbon-rich product derived from the pyrolysis of organic materials, has emerged as a promising tool for carbon sequestration and soil amendment (Senadheera et al., 2023). Integrating biochar into soil can enhance its capacity to store carbon, improve its physical and chemical properties, and promote plant growth (Resnik & Vallero, 2013). 
Conclusion
 The soil has great potential for carbon sequestration, which is a crucial component of global climate change mitigation strategies. Soils have the ability to absorb carbon dioxide from the atmosphere, which reduces the amount of greenhouse gases and improves soil health and fertility. To fully realize this potential, it is essential to implement integrated strategies that combine sustainable land management practices, technological advancements, and supportive policies.
 Increasing carbon storage in soils through strategies like conservation tillage and cover cropping can mitigate climate change and improve soil health and agricultural productivity. The ocean, geological formations, and terrestrial ecosystems are viable places for carbon sequestration (Lal, 2009). Carbon sequestration technology is still not fully understood, and there is a dearth of thorough literature reviews on the various carbon sequestration choices. Therefore, policy and research priorities are developed without a thorough understanding of the state of scientific knowledge, effects, and policy trade-offs. Further research is needed to optimize carbon sequestration strategies and understand their long-term impacts on soil health, ecosystem function, and climate change mitigation. Also, attention should be given to the possible negative effects of carbon sequestration projects, such as land use change and the emission of other greenhouse gases. Furthermore, standardization of measurement, reporting, and verification protocols is essential to track progress and ensure the effectiveness of carbon sequestration efforts. Finally, carbon sequestration is a crucial strategy for mitigating climate change, and soils play a key role in this process. By implementing integrated strategies and investing in research and innovation, we can unlock the full potential of soil carbon sequestration and create a more sustainable and resilient future for all.
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