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Abstract

Soil carbon sequestration is a pivotal process in the battle against global climate change, serving as a mechanism to extract
CO, from the atmosphere and securely store it in terrestrial ecosystems. In India, with its diverse landscapes and extensive
agricultural practices emerges as a promising candidate for effective carbon sequestration in soil. In this comprehensive
review, we aim to consolidate the existing body of knowledge concerning carbon sequestration in Indian soils. This review
commences by illuminating the critical role of soil carbon sequestration in the context of climate change mitigation
specifically focusing on the distinctive challenges and opportunities prevailing in India. Within this review, we delve into an
exploration of the myriad factors influencing soil carbon dynamics. These factors encompass land use patterns, soil types,
climate conditions and the practices adopted for soil management. We also assess the consequences of these factors on the
storage of carbon in the soil. Additionally, we investigate the contributions of India's varied ecosystems, spanning forests,
grasslands, wetlands and croplands in the context of carbon sequestration. Furthermore, we consider the potential impact of
afforestation and reforestation initiatives in the restoration of degraded lands, reinforcing efforts to store carbon. Furthermore,
we emphasize the pivotal role of policy frameworks and incentives in promoting sustainable soil management practices,
underlining the necessity for a holistic approach that effectively integrates scientific, socioeconomic, and environmental
perspectives. Our review extends to the insights provided by ongoing research and projects dedicated to quantifying and
monitoring soil carbon within the Indian context. Our review concludes by underscoring the paramount importance of
advancing research, policy development, and collaborative endeavours which are keys to unlocking the full potential of Indian
soils in sequestering carbon. This, in turn, contributes to the dual objectives of ensuring local food security and aiding in the
achievement of global climate change mitigation goals.
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Introduction estimated that around 30 per cent of all arable land is
Due to anthropogenic activities and greenhouse gas significantly degraded by soil-and wind erosion (Kendall &
emissions, the temperature of the Earth has been rising Pimentel, 1994) and 10 million hectares of arable land was
every year and have been projected to reach more than 1.5 lost annually due to accelerated soil erosion worldwide
degrees Celsius (3.7 degrees Fahrenheit) by 2060 (Pachauri (Pimentel & Burgess, 2013) %1, Global warming driven by
et al., 2014) 9, Due to the effects of global warming, large- anthropogenic emissions of greenhouse gases (GHG’s) has
scale changes in climatic conditions may have an impact on increased Earth’s temperature and is likely to exceed 1.5 °C
the storage of C on land. Net primary production (NPP) C by the end of this century (Pachauri et al., 2014 [?%; Baker et
inputs to soils and soil C degradation rates are significantly al., 2018) ™, Due to global warming effect, large-scale shifts
influenced by changes in temperature, precipitation, and in weather patterns may affect terrestrial C storage. The net
CO; concentrations. Changing climatic conditions may also primary production C inputs to the soils and soil C
speed up land-use changes and alter the terrestrial C fluxes decomposition rates are significantly affected by the change
(Zeng et al., 2019) B2, However, agricultural intensification in temperature, precipitation, and CO; concentration.
is an indicator of successful agricultural development. Changing climatic patterns may also accelerate land-use
Continuous monoculture and large-scale farming practices, change and, thus, alters the terrestrial C fluxes (Zeng et al.,

the lack of high-quality seed, inadequate crop rotation and a 2019) =2
variety of environmental factors have caused soil

degradation and other natural resources to deteriorate, which Causes of soil organic carbon depletion
has a negative impact on global food security and livelihood Generally, soil organic carbon (SOC) is mainly influenced
opportunities for small family farmers (Vermeulen et al., by climatic conditions, soil structure, hydrology, soil

2012) B9, Traditional tillage practices (including deep topography and vegetation.
ploughing) are extremely damaging to agricultural soils and

account for 24 per cent of global soil degradation (Bai et al., 1. Climatic condition

2008) M, Soil carbon cycling is affected by a variety of factors,
Agricultural soils are particularly vulnerable to erosion including biotic controls (i.e., the amount and rate of C
because most of the vegetation is removed in a traditional added by plants to soils and their resistance to decay),
tillage system. Lal in 2000 4, examined the yield levels physical controls (e.g., the area and chemical composition of
under various erosion conditions and reported that surfaces for stabilizing organic matter), and the availability
accelerated soil erosion has decreased yield by 29 per cent (e.g., oxidants) of decomposers (i.e., decomposers of
in 25 years of under-fed agriculture (1995-2020). It is organic matter). These mechanisms work on very different
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timescales. For example, plant productivity and microbial
communities in soil respond to changing climate conditions
in as little as an hour (Linn & Doran, 1984) [*°1, while annual
changes in production or respiration are associated with
inter-annual variations in climate (Harte et al., 1992) [€],

2. Deforestation and over grazing

Clearing forests or converting natural ecosystems into
agricultural land can result in the loss of organic matter in
the soil. The removal of vegetation reduces the input of
organic material through leaf litter and root exudates.
Moreover, excessive grazing by livestock can lead to the
removal of vegetation cover, soil compaction, and erosion,
all of which can accelerate SOC loss. Overall, overgrazing
can contribute to a decline in soil organic carbon levels,
which can have long-term negative consequences for soil
health, fertility, and ecosystem sustainability. Sustainable
grazing management practices, such as rotational grazing
and maintaining appropriate stocking rates, can help
mitigate the impacts of overgrazing and promote soil carbon
preservation (Change, 2014).

3. Improper agricultural Practices

Intensive agricultural practices such as excessive tilling,
mono-cropping, and the use of synthetic fertilizers and
pesticides can reduce organic matter input into the soil and
increase the decomposition of existing organic matter.
Removing crop residues from fields for industrial purposes
or as animal feed can deprive the soil of organic matter that
would otherwise contribute to soil carbon. Inadequate
irrigation practices can lead to water logging or soil salinity,
which can negatively impact soil microbial activity and
organic matter decomposition (Lal, 2004 %I, Shubham et
al., 2021) [261,

4. Rapid industrialization and urbanization

Urban development can lead to the sealing of soils with
impermeable surfaces like concrete and asphalt, preventing
organic matter from accumulating in the soil. It's important
to note that the extent of soil carbon depletion due to
urbanization can vary depending on factors such as the
density of development, urban planning practices, and
efforts to mitigate the environmental impacts of urban
growth. Sustainable urban planning and design can help
reduce the negative effects of urbanization on soil carbon by
incorporating green infrastructure, urban forests, and
measures to protect and enhance soil quality (Lal, 2007) (61,

5. Soil Erosion

Erosion can wash away the topsoil, which is typically rich in
organic matter, leading to the depletion of SOC. Soil erosion
is the process by which topsoil is detached, transported, and
eventually deposited in another location, often as sediment
in rivers or streams. During this process, valuable organic
matter, which is rich in carbon, can be lost from the soil.
Inadequate land management practices, such as improper
crop residue management, can result in the loss of valuable
organic material that could otherwise enrich the soil.

6. Environmental pollution:

Pollution from industrial and agricultural sources can have
detrimental effects on soil microorganisms, reducing their
ability to decompose organic matter and contribute to SOC.
Industrial pollution, such as the release of heavy metals,
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pesticides, herbicides, and other toxic chemicals, can harm
soil microorganisms responsible for organic matter
decomposition. When these microorganisms are disrupted or
killed, the breakdown of organic matter, including carbon-
rich material, can slow down, leading to carbon
accumulation or loss, depending on the specific
circumstances. Acid rain, which results from the release of
sulphur dioxide (SO2) and nitrogen oxides (NOy) into the
atmosphere, can lower soil pH levels. Highly acidic soils
can inhibit microbial activity, which may reduce the
decomposition of organic matter, including soil carbon (Lal,
2004) 1251,

7. Soil Compaction

Compaction from heavy machinery and intensive
agricultural practices can reduce soil aeration, limiting the
activity of soil organisms responsible for organic matter
decomposition. Soil compaction reduces pore space and
limits air circulation in the soil. This restricted aeration can
affect soil microbial activity, slowing down the
decomposition of organic matter and carbon cycling in the
soil. It may also promote anaerobic conditions that alter
carbon decomposition pathways (Lal, 1999) [*1. Compacted
soils can inhibit root growth and penetration, making it
challenging for plants to establish deep root systems. As a
result, the input of organic carbon through root exudates and
the decomposition of root biomass may be reduced in
compacted soils (Eitel et al., 2006) (1.

Management of Soil Organic Carbon

Managing soil organic carbon (SOC) is critical for
improving soil health, increasing agricultural productivity,
and mitigating climate change. SOC refers to the organic
matter in soil, including plant and animal residues which are
crucial for soil structure, fertility, and carbon sequestration.
Conservation tillage practices, such as no-till or reduced
tillage, help to minimize soil disturbance, which can prevent
the oxidation and loss of SOC (Lal, 1997) 4. Low carbon
agriculture is a sustainable way to help protect the
environment, increase crop Yields, and reduce the impact of
global warming. By increasing the organic matter in the soil,
the main nutrients are more available for crops to grow and
be more productive. Low C agricultural practices reduce
emissions of greenhouse gases, like CO2, and store SOC
and vegetation. It's all about using the best management
practices to protect the environment, natural resources, and
crops. It's one of the best ways to reduce greenhouse gas
emissions (Gouvello, 2010) . It is essential to consider
local conditions and adapt these strategies to specific soil
types and climates. Additionally, ongoing research and
experimentation are keys to refining SOC management
practices and their impacts on soil health and carbon
sequestration. Raising awareness and providing education to
farmers and landowners about the importance of SOC
management is crucial for its widespread adoption (Wander
& Bollero, 1999 BY; Shubham et al., 2022) 271,

By implementing practices such as conservation tillage,
cover cropping, organic matter amendments, and crop
rotation farmers can enhance soil organic carbon (SOC)
levels. These strategies improve soil structure, fertility, and
resilience while simultaneously sequestering carbon in the
soil, reducing carbon emissions, and contributing to climate
change mitigation. Agro-forestry and forest preservation
further play a significant role in SOC management. In
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addition to increasing SOC levels, soil testing and
monitoring are essential for evaluating the effectiveness of
these practices. Carbon farming, which encompasses a range
of carbon-enhancing agricultural techniques, holds promise
for achieving both agricultural and environmental goals.
Government policies, incentives, and educational outreach
are key drivers for widespread adoption of SOC
management practices. As sustainable agriculture gains
momentum, the potential for SOC management to mitigate
climate change and promote soil health remains substantial
(Paustian et al., 2016 ?2; Shubham et al., 2023) [ 251,

Conventional Tillage and Soil Carbon Stocks
Conventional tillage practices, which involve intensive
ploughing, can have a significant impact on soil carbon
stocks (CS). These practices can accelerate the
decomposition of organic matter, leading to a decrease in
CS and increased carbon dioxide emissions. The disruption
of soil structure through conventional tillage can expose
SOC to microbial decomposition, resulting in carbon loss
(Sweet et al., 2021) 1. Conventional tillage practices can
have a substantial impact on soil carbon stocks (CS). These
practices typically involve frequent and intensive soil
disturbance through ploughing and other mechanical
operations, which can lead to increased decomposition of
soil organic carbon (SOC). This results in reduced CS and
contributes to elevated carbon dioxide emissions into the
atmosphere (Blanco-Canqui & Lal, 2008) %1,

Conventional tillage practices, characterized by frequent and
deep soil disturbance, often result in a reduction of soil
carbon stocks (CS). These practices accelerate the
decomposition of soil organic matter and expose it to
microbial activity, leading to increased carbon dioxide
emissions. Research has shown that conventional tillage can
deplete CS, which may have negative consequences for soil
health and long-term agricultural sustainability (Sommer et
al., 2016; Shubham et al., 2023) 4 21, Tillage practices can
cause a lot of damage to the roots of plants and the soil. The
heavy mechanical cultivation can cause the roots to break
down quickly, which can cause the soil's organic matter to
be lost. Plus, it can lead to a decrease in the amount of
oxygen in the air and an increase in the amount of organic
matter in the soil. Agricultural practices that rely on
intensive tillage have been linked to an increase in
greenhouse gas emissions, which adds to the problem of
global warming (Gupta et al., 2015) I'],

Relation of conservation agriculture and no tillage with
soil organic carbon

Conservation agriculture (CA) and no-tillage (NT) are
sustainable farming practices that play a significant role in
preserving and increasing soil organic carbon (SOC). These
practices aim to reduce soil disturbance, minimize erosion,
and enhance carbon sequestration in agricultural soils.
Here's how CA and NT can impact SOC:

1. Reduced Soil Disturbance: Conservation agriculture
involves minimal soil disturbance, which includes practices
like reduced or no-tillage, maintaining crop residues on the
field, and crop rotation. By reducing soil disruption, CA
helps protect existing SOC from accelerated decomposition,
as is often the case with conventional tillage.
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2. Crop Residue Management: CA practices encourage
the retention of crop residues on the field surface. These
residues add organic matter to the soil, gradually
contributing to SOC. The organic matter serves as a carbon
source for soil microorganisms, promoting the sequestration
of carbon in the soil.

3. Erosion Prevention: Both CA and NT practices help
reduce soil erosion. Soil erosion not only leads to the loss of
fertile topsoil but also the carbon contained within it. By
minimizing erosion, CA and NT preserve SOC in the
topsoil.

4. Improved Soil Structure: Reduced soil disturbance and
enhanced organic matter content resulting from CA
practices improve soil structure. This benefits SOC
preservation as well, as well-structured soils are less prone
to carbon loss through erosion and microbial decomposition.

5. Carbon Sequestration: CA and NT practices, especially
when combined with cover cropping, can lead to an overall
increase in SOC. As organic matter accumulates in the soil
over time, it contributes to carbon sequestration. The
increased SOC can help mitigate climate change by locking
up carbon in the soil.

6. Microbial Activity: CA and NT practices can create
conditions in the soil that favor mycorrhizal fungi and other
soil organisms that promote the stabilization of organic

carbon. This, in turn, can enhance SOC levels [Lal, 2009]
[17]

Conservation
agriculture
-

Maximum
soil cover

-

Potential soil health benefits and SOC increase

=~ -
Minimal soil
disturbance

Crop
diversification

- Increased soil structural stability, decreased
erosion

- Increased water infiltration and soil water
storage

- Increased soil nutrient stores

- Increased soil biologicalabundance and
diversity

- Increased yields and profitability

-

Future needs
- Identify locally appropriate crop rotations,
management and machinery to deal with
agronomic challenges

- Identify and remove social, culturaland
institutional barriers for adoption of CA
- Improve system profitability and remove

structural barriers to production
- Availability and supply of balanced plant
nutrition

Fig 1: Principles of conservation agriculture, benefits of increasing
SOC (Page et al., 2020) [21

Mechanism of Soil Carbon Sequestration

Soil carbon sequestration is the process of transferring
atmospheric CO; to the soil of a soil unit via its plants. Soil
C sequestration has the following co-benefits: improving
food and nutrition security improving renewability and
water quality improving biodiversity  strengthening
elemental recycling Soil organic CO, in the soil root zone
has a threshold level of 1.5-2.0 per cent SOC is affected by
land use soil management soil systems soil is degraded soil
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is depleted of its SOC stock soil quality needs to be restored
soil SOC concentration needs to be increased by adopting
good management practices (e.g. conservation agriculture)
soil C budget needs to be increased globally by 4 per 1000
per year to mitigate climate change to advance food security
soil C pool contains over 50% of the total C pool (0.3-m
depth) (Lal et al., 2015) ['8],

Earth land ecosystems contain the third largest C pool in the
world at 2.344 Pg C up to 3 m. SOC (soil organic carbon) in
soils is about 1015 g (1 Peta gram). SOC in tropical soils
accounts for about 30 per cent of the total global pool.
Abiotic factors that moderate soil C sequestration include
soil clay content, soil mineralogy, soil structural stability,
soil landscape position, soil moisture and temperature
regime, etc. On the other hand, soil biotic factors are
responsible for soil C sequestration. However, models do
not account for the formation, stabilization, and lifespan of
soil aggregates, including roots. This is not only because
there are few studies on this topic, but also because soil
organisms play an important role in soil aggregation. There
is also a lack of in-depth knowledge on the processes that
regulate dissolved organic carbon fluxes (DOC) in soils and
its part in the global budget for C sequestration (Jimenez &
Lal, 2006) 91,

Conclusions and Future Perspectives

Carbon capture and storage is becoming more and more
popular as a way to help mitigate climate change. But it also
has other benefits like improving soil health, water retention
and fertility. It's a great idea in theory, but it's hard to make
it work in practice because of a few things. Some of the
biggest challenges are measuring soil carbon stocks, how
long they last, how many carbon pools have different
timescales, how they're separated, and how the soil can
reach saturation when the maximum amount of carbon it can
capture is reached. We've made progress on some of these
issues, but there's still a lot of work to be done to get more
people and policy makers on board. Overall objective is to
develop an insight on how the soils can capture and store
atmospheric CO, and ultimately helps in reducing the
environmental pollution. Researchers should be working
hard to find solutions to the problems that make it hard to
make this happen.
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