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Carbon Sequestration in a Changing Climate:
Management Techniques and Strategic
Solutions

ABSTRACT

Carbon sequestration in agriculture plays a critical role in mitigating climate change by
capturing and storing atmospheric carbon dioxide (COZ2) in soil and biomass. This process
involves various strategies and management practices aimed at enhancing soil organic
carbon (SOC) levels while maintaining or improving agricultural productivity. Key strategies
include no-tillage or reduced tillage, which minimizes soil disturbance and promotes residue
retention, thus slowing down decomposition and enhancing carbon storage. Crop rotation
and the use of cover crops further contribute to carbon sequestration by diversifying root
structures and improving soil health. Organic farming practices, such as applying farmyard
manure and compost, provide essential organic matter that enriches soil quality and
increases carbon retention. Additionally, the incorporation of deep-rooted plants and biochar
enhances carbon storage in deeper soil layers, making them more resilient to climate
variability. The integration of these practices not only sequesters carbon but also improves
soil fertility, water retention, and overall ecosystem health.

Effective management of carbon sequestration in agricultural systems requires a holistic
approach that considers local conditions, crop diversity, and sustainable land use practices.
By adopting these strategies, agriculture can become a significant carbon sink, contributing
to global efforts to reduce atmospheric CO2 concentrations while ensuring food security and
environmental sustainability.

Keywords: Agriculture, Biochar, Carbon sequestration, Conservation tillage, Crop rotation,
Organic farming.

1. INTRODUCTION

The Earth's atmosphere consists of approximately 78.09% nitrogen, 20.95%
oxygen, and 0.04% carbon dioxide, along with trace amounts of other gases. Carbon
is an essential element in all living organisms and forms the foundation of life on
Earth. It exists in various forms, such as carbon dioxide, carbonates, and organic
compounds, and is continuously cycled between the atmosphere, oceans, land, and
living organisms. This cycle is driven by natural processes like photosynthesis,
respiration, and the dissolution and precipitation of carbonates (Grace, 2001).

However, human activities have significantly disrupted this balance,
contributing to global warming and climate change. According to the
Intergovernmental Panel on Climate Change (IPCC), the global mean surface
temperature has increased by 0.87°C, while the land surface air temperature has risen
by 1.53°C between 1850 and 2015 (IPCC, 2014). The melting of polar ice caps and




glaciers has accelerated sea-level rise, which has increased by about 20 cm over the
past 170 years and is now growing at a rate of 0.8 mm per year per decade (Nerem et
al., 2018; Siegert et al., 2020).

Anthropogenic emissions, particularly over the last 70 years, are largely
responsible for this rapid increase in global temperatures. Greenhouse gases (GHGS)
like carbon dioxide (CO2), methane (CH4), and nitrous oxide (N20) are the primary
drivers. CO2 levels, in particular, have soared from around 280 ppm during pre-
industrial times to 416 ppm by 2021 (CO2 Earth, 2021). As CO2 can remain in the
atmosphere for 3—10 centuries (Archer et al., 2009; UNFCCC, 2015), it is crucial to
both drastically reduce emissions and apply carbon sequestration techniques. This
requires immediate action to cut CO2 emissions and implement "negative emission"
technologies to meet the goal of a decarbonized global economy by 2050 (Lal,
2008).

2. CARBON SEQUESTRATION

Carbon sequestration refers to the long-term storage of carbon dioxide or
other carbon forms in oceans, soils, vegetation (especially forests), and geological
formations to mitigate or delay global warming. lzaurralde et al. (2007) defined
carbon sequestration as the adoption of land management practices that enhance net
primary productivity, reduce the rate of heterotrophic respiration, or achieve both,
leading to increased carbon storage in ecosystems. Practices like planting trees,
reducing tillage intensity on cropland, and restoring degraded grasslands can boost
carbon storage in plants, soils, or both.

Soil carbon sequestration, as reported by Sundermeier et al. (2005a), involves
transferring carbon dioxide from the atmosphere into soils via crop residues and
other organic materials in a stable form that is not immediately reemitted. This
process helps offset carbon emissions from fossil fuel use and other sources while
improving soil quality and promoting long-term agronomic productivity. Plants
capture carbon through photosynthesis and release some of it back into the
atmosphere via respiration. The carbon retained in plant tissue is eventually added to
the soil when plants die and decompose, or consumed by animals. In soils, carbon
primarily exists as soil organic matter (SOM), a complex mix of decomposing plant
and animal tissues, microorganisms (like fungi and bacteria), and carbon bound to
soil minerals. Depending on climatic conditions, vegetation types, soil texture, and
drainage, carbon can either remain stored in the soil for thousands of years or be
released back into the atmosphere relatively quickly.

In India, the potential for soil carbon sequestration is estimated at 39-52
million tonnes of carbon per year. Of this, 7.2-9.8 million tonnes could come from
restoring degraded soils, 5-7 Tg per year from controlling erosion, 6-7 million tonnes
from adopting improved agricultural management practices, and 22-26 million
tonnes from the formation of secondary carbonates (Lal, 2004). According to the
Indian Council of Agricultural Research (ICAR) and the National Academy of
Agricultural Sciences (NAAS), around 121 million hectares of land in India are



degraded, including salt-affected wastelands (Maji et al., 2010). Lal (2004)
suggested that reclaiming salt-affected soils could sequester up to 2 billion tonnes of
carbon. Globally, the potential for soil carbon sequestration ranges from 0.4 to 1.2
gigatonnes of carbon per year, with cropland contributing 0.4-0.8 GtClyear,
degraded and desertified soil restoration contributing 0.2-0.85 GtClyear, irrigated
soils contributing 0.01-0.03 GtC/year, and grasslands 0.01-0.3 GtC/year.

3. SEQUESTRATION STRATEGIES

Carbon sequestration strategies can be broadly classified into two categories:
biological and non-biological. Non-biological sequestration is attained through
physical and chemical reactions (Lal, 2008a). It includes oceanic sequestration,
geological sequestration, and chemical sequestration by mineral carbonation. These
methods, however, have limitations concerning their efficiency and the cost involved
(Nogia et al., 2016). Biological sequestration refers to the capture and storage of
CO2 through natural processes. In comparison to non-biological methods, biotic
techniques are cost-effective and immediately applicable.

4. BENEFITS OF CARBON SEQUESTRATION IN SOILS

Soils are the largest carbon reservoir in the terrestrial carbon cycle, storing
substantial amounts of soil organic carbon (SOC) derived from plant and animal
matter at various stages of decomposition. The balance between the input of plant
materials (like leaf and root litter) and losses from decomposition and mineralization
processes determines the amount of carbon stored in soils. Carbon sequestration in
soils occurs both directly and indirectly (Soil Science Society of America, 2001).
Direct sequestration happens through chemical reactions that convert CO2 into
inorganic carbon compounds, such as calcium and magnesium carbonates. Indirect
sequestration occurs when plants capture atmospheric CO2 through photosynthesis
and some of that carbon is stored as SOC during the decomposition of plant biomass.

Sequestering carbon in soils offers several benefits beyond reducing
atmospheric CO2. These include improving soil quality by enhancing fertility,
structure, and stability, increasing water retention, decreasing nutrient loss, reducing
soil erosion, and increasing crop yields. Additionally, soils with higher carbon
content can better mitigate toxic elements. However, research shows that elevated
CO2 levels affect soil microbes, leading to more carbon release in nitrogen-rich
soils, while nitrogen-limited soils under trees sequester more carbon. Nitrogen-based
fertilizers, often used to boost tree growth, can exacerbate CO2 loss from soils
(Lagomarsino, 2007).



5. MANAGEMENT TECHNIQUES FOR CARBON SEQUESTRATION IN
SOILS

The stored soil carbon is vulnerable to loss through both land management
change and climate change. The important strategies of soil C sequestration include
the restoration of degraded soils, and the adoption of improved management
practices (IMPs) of agricultural and forestry soils. Management techniques, that are
successful in providing a net carbon sink in soils, include the following:

5.1 Conservation agriculture: Conservation agriculture, as defined by the Food and
Agriculture Organization (FAQ), is a resource-saving approach to crop production
that aims to achieve sustainable, high yields while protecting the environment.
Unlike traditional farming methods that often prioritize yields at the expense of the
environment, conservation agriculture utilizes modern technology to enhance
productivity while maintaining the ecosystem's health and integrity (Dumanski et al.,
2006).

This approach has the potential to transform soils from carbon sources to
carbon sinks by sequestering atmospheric carbon into the soil (Lal et al., 1998).
Conservation agriculture benefits include reduced soil erosion, improved water
infiltration, enhanced soil structure, and increased organic matter. It promotes
biological tillage, moderates soil temperature, and suppresses weeds, all while
lowering production costs and saving time. Additionally, it improves yields through
timely planting, reduces diseases and pests by encouraging biodiversity, and helps
lower greenhouse gas emissions (Hobbs, 2007).

5.2 Minimum/zero tillage: The primary purpose of tillage is to create a favorable
soil environment for plant growth. However, it is a major factor contributing to the
reduction of soil carbon stocks. When soil is tilled, the bare surface becomes
vulnerable to the breakdown of soil aggregates due to the impact of raindrops. This
leads to clogged soil pores, reduced water infiltration, and increased runoff, which in
turn causes soil erosion. As the surface dries, it forms a crust, acting as a barrier to
plant emergence (Hobbs, 2007).

The use of mouldboard plows and disc harrows is a significant cause of
carbon loss from the soil, as they destroy soil aggregates and speed up the
decomposition of plant residues. Shifting tillage practices can help sequester carbon
in agricultural soils. Conservation tillage methods, including no-tillage, reduced
tillage, and mulch tillage, can retain crop residues on the soil surface and reduce soil
disturbance (Uger, 1990). Govaerts et al. (2009) noted that conservation tillage
technologies aim to reduce tillage for both pre-plant and in-season operations,
improving soil carbon levels, reducing soil erosion, and lowering fossil fuel
consumption in farming activities.



5.3 Cover crops: Cover crops, such as legumes and small grains, are grown between
regular crop production to protect and improve the soil. They enhance carbon
sequestration by improving soil structure and adding organic matter. Legumes, in
particular, contribute significantly to soil organic carbon due to their ability to fix
atmospheric nitrogen, shed leaves, and develop substantial below-ground biomass
(Ganeshamurthy, 2009). Research by McCalla (1958) demonstrated that fields with
residue mulch have higher populations of beneficial organisms like bacteria, fungi,
and earthworms compared to fields where residues are incorporated. Cover crops
promote biological tillage through their roots, and the surface mulch provides
nutrients and energy for soil organisms that help aerate and till the soil naturally.

5.4 Crop rotations or crop sequencing: Crop rotation enhances soil structure and
fertility by alternating deep-rooted and shallow-rooted plants. This practice allows
different crops to utilize and replenish various nutrients. For instance, a crop that
depletes specific nutrients is followed by one that either returns those nutrients to the
soil or uses them in different proportions. This variation in crops, helps increase soil
organic matter. However, the effectiveness of crop rotation depends on the types of
crops used and the rotation frequency. A key component of crop rotation is nitrogen
replenishment, often achieved by incorporating green manure crops in sequence with
cereals and other plants.

Organic crop rotations typically include deep-rooted legumes, which enrich
the soil with nitrogen through rhizo-deposition and deep root biomass, enhancing
carbon storage in deeper soil layers. This method also optimizes nitrogen use and
supports integrated livestock production (Gregorich et al., 2001). Including legumes
in crop rotations boosts in-situ nitrogen availability, reducing the need for synthetic
nitrogen fertilizers while depositing significant carbon into the soil through root
exudation.

The carbon sequestered through crop rotations primarily accumulates in the
mineral-associated organic matter fraction, likely due to stabilization mechanisms
involving organic matter and soil minerals, which help retain carbon over time.

5.5 Crop residue: Crop residues in India vary significantly depending on the crops
grown, cropping intensity, and regional productivity. The problem of on-farm
burning of residues has become more severe due to the widespread use of combined
harvesters and the high cost of manual labor for residue removal (NAAS, 2012).
Burning residues releases harmful gases like CO, CH4, N20O, NOx, and SO2
(Anonymous, 2012), which contribute to air pollution and disturb the soil’s microbial
balance. Additionally, burning causes moisture loss and raises soil pH by producing
ash rich in calcium, magnesium, and potassium ions. Instead of burning, converting
crop residues to biochar could offer a sustainable alternative for soil improvement
and carbon sequestration.



Leaving crop residues on the field also plays a crucial role in enhancing soil
organic carbon storage. The amount of residue returned to the soil depends on the
crop type, growing conditions, and agricultural practices. Using crop residues as
mulch has proven beneficial, as it lowers soil temperatures and conserves water. A
good agronomic practice for wheat is direct drilling into rice residue using the happy
seeder. This zero-tillage method conserves soil organic matter, improves soil health,
reduces tillage costs, and eliminates the need for burning, thus promoting
sustainability (Singh and Sidhu, 2014).

5.6 Organic agriculture: Organic agriculture offers an environmentally sustainable
approach to farming by using low external inputs while ensuring food production. In
India, organic farming has a long tradition, and its practices vary across the country
due to the diverse climates. Organic agriculture avoids the use of synthetic
chemicals, relying instead on natural methods to enhance soil fertility and manage
crops.

A major source of greenhouse gas (GHG) emissions in India comes from
livestock, accounting for 64.15% of total emissions due to enteric fermentation and
improper manure management (Anonymous, 2007). Traditionally, cow dung is used
as fuel or collected in heaps, where anaerobic fermentation leads to methane release.
This can be mitigated by converting dung and farm waste into manure. Farmyard
manure (FYM) is a valuable organic input that improves soil fertility. Studies by Li
et al. (1994) and Gregorich et al. (1998) have shown that manure application leads to
substantial carbon sequestration, especially in clay soils, and helps retain carbon for
longer periods.

Organic farming plays a key role in climate change mitigation by
sequestering carbon in soils and reducing GHG emissions, as it avoids burning
biomass and reduces the need for synthetic nitrogen fertilizers. Additionally, organic
practices improve soil quality and resilience, making soils less vulnerable to extreme
weather events while conserving energy by eliminating the use of chemical
fertilizers.

5.7 Grasses and forages: Deep-rooted grasses enhance carbon sequestration by
assimilating atmospheric CO2 through photosynthesis and transporting the carbon to
deeper soil layers. Their fast-growing, fibrous root systems penetrate larger soil
volumes, making them more efficient at trapping carbon compared to leguminous
cover crops (Lal et al., 1999a). The high root production in grasses not only
replenishes soil organic carbon (SOC) but also increases soil organic matter (SOM)
in pastures and fallows. Additionally, grassroot debris decomposes more slowly than
shoots due to its higher lignin content, contributing to long-term carbon storage
(Woomer et al., 1994).



5.8 Rotational grazing: Rotational grazing can significantly enhance soil carbon
stocks, contrary to the common perception that grazing reduces residue availability
for carbon sequestration. When managed properly, this practice positively influences
soil carbon levels. By introducing more productive grass species and legumes,
improved grasslands can achieve high rates of carbon sequestration. Additionally,
optimizing nutrient management and implementing irrigation can further boost
productivity and carbon storage (Verchot and Singh, 2009).

Rotational grazing involves subdividing pastureland into distinct grazing
units, allowing livestock to graze in a controlled manner throughout the season. This
method keeps pastures in a lush vegetative state, improves grass quality, and
decreases carbon dioxide emissions by enhancing the soil's carbon storage capacity.
Concentrating livestock in smaller paddocks for short durations promotes even
grazing, enabling roots to penetrate deeper into the soil. As a result, this practice not
only enhances soil health but also contributes to effective carbon sequestration over
time.

5.9 Biochar or Black carbon: Biochar, a solid material produced from the
carbonization of biomass, is emerging as a promising strategy for permanent carbon
storage. According to Lehmann et al. (2006), the concept of biochar has gained
traction alongside growing concerns about soil management and carbon
sequestration. Unlike charcoal, which is primarily used as fuel, biochar is
specifically designed for atmospheric carbon capture and soil application.

Durenkamp et al. (2010) define biochar as charcoal derived from the
pyrolysis of biomass feedstock, including plant materials, crop residues, and non-
stem logging residues. This process creates an excellent soil amendment that serves
as a cost-effective source of organic carbon while enhancing water retention and
providing a habitat for beneficial microbes.

Research by Zimmerman (2010) and Roberts et al. (2010) indicates that
applying biochar to soil can significantly increase soil organic carbon (SOC) levels.
The conversion of biomass to biochar retains approximately 50% of the initial
carbon, compared to a mere 3% retention from burning and less than 10-20% from
biological decomposition over 5-10 years (Lehmann et al., 2006).

The advantages of biochar include:

1. Reduced fertilizer use, leading to lower greenhouse gas emissions during

fertilizer production.

Enhanced soil microbial populations, promoting further carbon sequestration.

Nitrogen retention, which helps decrease nitrous oxide emissions.

4. Conversion of agricultural waste into biochar, thereby minimizing methane
emissions.

wmn



Overall, biochar presents a multifaceted approach to improving soil health
while combating climate change.

5.10 Land use change and soil amendments: Land use patterns in India are
primarily dominated by cropland, followed by forestland. According to Lal (2001),
converting degraded agricultural soils and other land uses into forests or perennial
land uses can significantly enhance the soil organic carbon (SOC) pool. The
effectiveness and rate of SOC sequestration through afforestation are influenced by
various factors, including climate, soil type, species selection, and nutrient
management practices. Mann (1986) estimated that converting non-cropland areas,
such as grasslands or forests, to cropland could release approximately 750 kg of
carbon per hectare annually during the first 20 years, emphasizing the carbon
emissions associated with changes in land use.

Soil amendments, which consist of leftover residues from various processes,
offer numerous benefits when incorporated into the soil. Common amendments
include municipal biosolids, animal manures, wood ash, composted food scraps, and
agricultural by-products. These amendments help restore soil quality by balancing
pH levels, adding organic matter, improving water retention, and reestablishing
microbial communities, while also reducing soil compaction. Additionally, the
application of soil amendments can mitigate CO2 and methane emissions that would
typically occur if industrial byproducts, like biosolids, were disposed of improperly.
Effective land use change and soil amendments are vital for enhancing carbon
sequestration and improving soil health.

5.11 Inorganic fertilizer: Fertilization is crucial for enhancing crop production and
increasing plant biomass, ultimately boosting carbon sequestration. Lal et al. (1999)
highlighted fertilizer application as an effective method for carbon sequestration.
However, the CO2 emissions from fossil fuel combustion during nitrogen fertilizer
production and application can offset its benefits, and excess nitrogen can run off
into waterways, causing ecological harm.

6. DISCUSSION

The study on carbon sequestration in agriculture highlights the importance of
soil management techniques in mitigating climate change by enhancing soil organic
carbon (SOC) levels. This research is especially relevant to agricultural territories in
Latin America, such as Panama (Montenegro et al. 2021; Pitti et al. 2021), Colombia
(Rodriguez et al. 2023a), and Venezuela (Olivares, 2016; Olivares et al. 2022a;
2022b), where carbon sequestration practices can help address both climate impacts
(Zingaretti et al. 2016; Viloria et al. 2023; Paredes-Trejo et al. 2023) and soil
degradation (Olivares et al. 2011). No-tillage and reduced tillage, for example, are
essential practices that minimize soil disturbance and increase carbon retention
(Araya-Alman et al. 2020; Lobo et al. 2023). In Colombia, similar conservation



tillage practices have been shown to improve carbon storage in banana and maize
systems (Rodriguez et al. 2023b), while also enhancing soil health and reducing
erosion (Olivares et al. 2022c). Such comparisons demonstrate that techniques
highlighted in the study can be adapted to local contexts in Latin America to promote
sustainable agricultural development while addressing climate challenges (Campos
et al. 2023; Campos, 2023).

The integration of crop rotation and the use of cover crops as outlined in the
study also aligns with Latin American agricultural strategies aimed at improving soil
quality and resilience to climate variability (Campos, 2014b; 2014c). In Venezuela
and Panama, where soil degradation is often exacerbated by monoculture and
intensive farming practices (Lopez and Olivares, 2019), crop diversification and the
use of cover crops can improve soil structure (Lopez et al. 2019), boost nutrient
cycling, and enhance moisture retention (Montenegro et al. 2020). This mirrors
findings from studies in Colombia’s highland areas, where the inclusion of cover
crops and diversified rotations has significantly improved soil organic carbon levels
and water retention, particularly in coffee and vegetable production systems
(Campos, 2014a). These practices not only contribute to carbon sequestration but
also support the water-soil-plant relationship, which is critical for maintaining
agricultural productivity under changing climate conditions (Olivares et al. 2015;
Olivares et al. 2017a; Olivares and Zingaretti, 2019).

Organic farming practices, such as the use of manure and compost, are
particularly effective in increasing carbon sequestration and improving soil fertility.
In Panama and Venezuela (Hernandez et al. 2020; Hernandez and Olivares, 2020),
where organic matter depletion is a concern due to deforestation and overuse of
synthetic inputs, the application of farmyard manure and compost can restore soil
organic carbon levels, as indicated by the study. Similarly, the incorporation of
biochar and deep-rooted plants has been identified as a promising technique for
sequestering carbon in deeper soil layers in Latin America (Hernandez and Olivares,
2019). In Colombia, biochar use has shown positive outcomes in enhancing soil
fertility and increasing carbon retention, supporting both climate mitigation and soil
restoration goals (Hernandez et al. 2018a; 2018b). Overall, the study’s findings
resonate strongly with ongoing efforts in Latin America to enhance soil quality and
resilience, providing a blueprint for scaling carbon sequestration practices in the
region (Olivares et al. 2017D).

6. CONCLUSION

Carbon sequestration is intricately linked to soil management practices. Zero
or no-tillage, combined with the retention of crop residues on the soil surface,
effectively enhances carbon storage while increasing water use efficiency and
reducing fossil fuel consumption. When crop residues are left on the surface, only a
small portion contacts the soil and microbes, resulting in slower decomposition due



to limited oxygen availability. In contrast, incorporating crop residues into the soil
accelerates decomposition and CO2 release, making residue retention a preferable
strategy for carbon sequestration.

Crop rotation is another beneficial practice that promotes carbon
sequestration. By alternating different crops, the rate of soil organic carbon (SOC)
accumulation can increase at various depths, as each crop species possesses distinct
root systems that explore different soil layers. Additionally, applying manures serves
as an effective means of enhancing organic matter in the soil, leading to a greater
carbon pool. Manures are generally more resistant to microbial decompaosition than
plant residues, resulting in higher carbon storage for the same carbon input.

Organic agriculture prioritizes the health of soils and ecosystems by utilizing
ecological processes and biodiversity, minimizing reliance on harmful inputs.
Utilizing farmyard manure (FYM) is a valuable practice for enhancing soil fertility,
while also promoting aggregate formation and stabilization, which aids long-term
carbon storage. However, a notable drawback of manure use is carbon loss due to the
respiration and growth needs of livestock, which can also produce significant
methane emissions, a potent greenhouse gas.

To mitigate these emissions, balanced fertilization with nitrogen, phosphorus,
potassium (NPK), and micronutrients can be integrated into organic farming
practices. Moreover, developing deep-rooted crops and grasses through hybridization
can enhance carbon storage in deeper soil layers. Remarkably, 30-50% of the carbon
fixed during photosynthesis in many plants is translocated below ground, where it
contributes to root growth and is lost to the surrounding soil through rhizo-
deposition.

Additionally, biochar is a promising carbon storage solution, capable of
retaining carbon in the soil for hundreds to thousands of years. Its application not
only improves soil fertility but also stimulates plant growth, ultimately leading to
increased biomass and enhanced carbon dioxide consumption.
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