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Abstract

Soil is a significant carbon reservoir with the capacity to store carbon twice as
much as the atmosphere or plants. Given the significant potential of soil to
capture and store atmospheric CO,, it presents a viable solution for mitigat-
ing the present and future impacts of climate change. However, due to its
high susceptibility to global environmental issues like land degradation, loss
of biodiversity, and climate change, monitoring and protecting soil carbon
pools is a complex challenge. Intensive agricultural operations have detri-
mental effects on the soil, including the rapid breakdown of soil organic car-
bon, which releases excess carbon into the air, causing increased atmospheric
CO, levels and a depletion of the soil carbon reserves. The diversity and ab-
undance of soil microbial communities play a crucial role in controlling es-
sential ecosystem processes, including the decomposition of organic matter
and nutrient cycling, including carbon. Heterotrophic soil microorganisms
facilitate the soil organic matter turnover to obtain the nutrients and energy
required for their growth and maintenance. Therefore, the microbial residues
and exudates have up to 80% carbon in the stable soil organic matter frac-
tions. This overview attempts to summarize the information on various car-
bon pools, soil carbon interaction with microbes, impacts on environmental
changes, and strategies to enhance the storage of belowground carbon.

Keywords
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Management

1. Introduction

Soil carbon dynamics are influenced by a myriad of factors, among which soil
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microorganisms play a central role. Although often unseen, these microorgan-
isms wield significant influence, orchestrating complex processes that govern
carbon cycling within terrestrial ecosystems. In this review, we explore the sym-
biotic relationship between soil microorganisms and the soil carbon pool and
how microbial communities actively drive carbon sequestration and decomposi-
tion, thus impacting the health and function of ecosystems.

The interaction between soil microorganisms and organic matter lies at the
core of comprehending soil carbon dynamics. These microorganisms, including
bacteria, fungi, archaea, and other microscopic life forms, act as primary de-
composers of organic materials. Enzymatic processes break down complex car-
bon compounds into simpler forms, releasing carbon dioxide (CO,) into the at-
mosphere—a crucial step in the carbon cycle.

However, soil microorganisms also play a significant role in stabilizing and
sequestering carbon. They contribute to forming stable organic carbon pools in
the soil by forming microbial biomass and producing extracellular substances
such as glomalin and humic substances. Moreover, microbial activities promote
soil aggregation, offering physical protection to organic matter against decom-
position. The diversity and composition of soil microbial communities pro-
foundly affect carbon turnover rates and soil carbon storage. Different microbial
groups possess distinct metabolic capabilities and substrate preferences, influen-
cing the efficiency of carbon decomposition and stabilization. Changes in mi-
crobial community composition, driven by environmental factors like soil mois-
ture, temperature, and nutrient availability, can significantly alter carbon cycling
processes.

Furthermore, microbial interactions with plant roots further influence soil
carbon dynamics. Mycorrhizal fungi facilitate nutrient uptake and carbon allo-
cation to the soil through rhizodeposition in mutualistic associations with plant
roots. This underground input of carbon fuels microbial activity and fosters soil
organic matter formation, contributing to long-term carbon sequestration. This
overview focuses on the diverse roles of soil microorganisms in shaping the soil
carbon pool. By synthesizing current research findings and elucidating microbial
mechanisms involved in carbon cycling, we aim to deepen our understanding of
soil carbon dynamics and provide insights for sustainable soil management and

carbon sequestration strategies.

2. Soil Carbon Pool

The balance between photosynthesis and respiration dominates the global car-
bon cycle. Photosynthesis is a single-step function, whereas respiration involves
a variety of processes. Slight disparities can contribute to considerable interan-
nual fluctuation in atmospheric CO,. Carbon is transported from the atmos-
phere to soil by autotrophic organisms that synthesize atmospheric carbon di-
oxide into organic material, primarily photosynthesizing plants, and photo- and

chemoautotrophic microorganisms. Carbon that is fixed is subsequently re-
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turned to the atmosphere through several routes that account for autotrophic
and heterotrophic species respiration. Decomposition of organic material by or-
ganic carbon-consuming heterotrophic bacteria uses carbon from either plant,
animal, or microbial origin as a metabolic substrate for metabolism, keeping
some carbon in their biomass while releasing the remainder as metabolites or
CO, back into the atmosphere. To achieve their primary objective of survival
through reproduction, soil microorganisms move carbon across environmental
compartments. As a result, microbes use various organic and inorganic carbon
forms as carbon and energy sources (Gougoulias et al., 2014).

A single plant root is home to a wide variety of microbes, including bacteria
and fungi. Plant underground production is frequently equal to, if not greater,
aboveground plants (McCulley et al., 2005). The roots of many kinds of grass,
shrubs, and tree roots grow to 1 m or even deeper (Craine et al., 2003). Decom-
poser organisms specialize in specific microhabitats and C pools (Kogel-Knabner
et al., 2008). According to Poll et al. (2008), bacteria and fungi display various
resource-use methods. Fungi directly absorb substrates from the litter layer,
whereas bacteria absorb substrates from the soil under the litter layer. Microbial
mineralization is the primary cause of soil organic matter degradation; thus, it is
critical to research microbial degradation ecology in agricultural contexts where
management and edaphic variables influence microbial activity and, as a result,
the turnover rates of soil organic pools (Schjgnning et al., 2004).

Several biotic and abiotic elements are responsible for the influence of micro-
bial diversity and biomass in the soil. Furthermore, there is an increasing interest
in comprehending the impact on soil microbial diversity and biomass (Bastida et
al., 2021). Carbon trading brings the storage capacity and quantification of car-

bon in soils into the picture (Serrano et al., 2016).

3. Soil Microbiome

Soil, often overlooked, harbors a vast and diverse microbial community, with
billions of microorganisms present per gram of soil. This microbial diversity
encompasses various taxa, including bacteria, fungi, archaea, and other micro-
scopic organisms, each adapted to thrive in different soil environments (Delga-
do-Baquerizo et al., 2018; Fierer & Jackson, 2006). The composition and abun-
dance of soil microorganisms are influenced by factors like soil type, pH, mois-
ture content, temperature, and organic matter content (Fierer & Jackson, 2006;
Lauber et al., 2008). Microbial communities form intricate networks of interac-
tions that drive essential ecosystem processes, including nutrient cycling, carbon
dynamics, and plant-microbe interactions (DeAngelis et al., 2009; Philippot et
al., 2010).

Soil microorganisms play a crucial role in carbon cycling, mediating the de-
composition of organic matter and the stabilization of soil carbon pools (Schi-
mel & Schaeffer, 2012). Through enzymatic processes, microorganisms break

down complex carbon compounds in organic matter, releasing CO, into the at-
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mosphere as a byproduct (Spaccini et al., 2002). Microbial activities also contri-
bute to carbon sequestration by forming microbial biomass and synthesizing
organic compounds, which can be stabilized in soil aggregates (Six et al., 2000).
The microbial decomposition of organic matter is a fundamental process in soil
carbon dynamics, influencing soil fertility, nutrient availability, and greenhouse
gas emissions (Fontaine et al., 2007; Wieder et al., 2013).

Microorganisms are key players in nutrient cycling, facilitating the transfor-
mation and recycling of essential nutrients such as nitrogen (N), phosphorus
(P), and sulfur (S) (Falkowski et al., 2008). Soil microorganisms drive processes
such as N fixation, nitrification, denitrification, and mineralization, which are
critical for soil fertility and plant productivity (Singh et al., 2010). For example,
nitrogen-fixing bacteria convert atmospheric nitrogen into ammonia, making it
available for plant uptake, while nitrifying bacteria oxidize ammonia to nitrate, a
form of N that plants can utilize (Giller et al., 1998). Microbial-mediated nu-
trient cycling is essential for maintaining ecosystem health and productivity,
particularly in nutrient-limited environments (Cleveland & Liptzin, 2007).

Soil microorganisms form symbiotic relationships with plant roots, influen-
cing plant nutrient uptake, disease resistance, and stress tolerance (Van Der
Heijden et al., 2008). Mycorrhizal fungi, for example, establish mutualistic asso-
ciations with plant roots, facilitating the exchange of nutrients (such as phos-
phorus) between plants and soil (Smith & Read, 2010). Additionally, rhizos-
phere microorganisms can produce phytohormones and secondary metabolites
that enhance plant growth and defense mechanisms (Berendsen et al., 2012).
Plant-microbe interactions are vital for ecosystem functioning, contributing to

soil health, biodiversity, and resilience (Vandenkoornhuyse et al., 2015).

4. Interactions between Soil Microbes and SOC

Soil microbiome, with at least 25% of all species on earth, is the most diverse
community in the biosphere (Sokol et al., 2022). The complex network of inte-
ractions between soil microorganisms and SOC serves as the fundamental basis
for the ecosystem’s functioning and the soil’s overall health. Therefore, the inte-
ractions between soil microbes and SOC substantially impact the belowground
carbon transfer and overall carbon cycling (Schimel & Schaeffer, 2012). The soil
microbiota, which includes a wide range of bacteria, fungi, archaea, and other
microorganisms, exert significant control on the development and characteris-
tics of SOC through several mechanisms, including decomposition, mineraliza-
tion and immobilization, stabilization, physical protection, aggregation, and sym-

biotic relationships (Ramesh et al., 2019).

4.1. Decomposition and Mineralization

Decomposition is a biological phenomenon characterized by the physical disin-
tegration and biochemical conversion of complex organic compounds from dead

material into more basic organic and inorganic compounds carried by microbes.
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The major source for microbial biological activity and the carbon cycling process
is continuously adding decaying plant residues to the soil surface (Khatoon et al.,
2017). The primary purpose of microbes in decomposing organic material is to
1) derive energy for growth, 2) supply carbon for cellular component formation,
and 3) extract other nutrients for cell growth. The enzymatic processes heavily
drive organic matter decomposition. Intracellular enzymes metabolize simple
compounds like monosaccharides (glucose and fructose). Extracellular enzymes
are essential in breaking down polysaccharides, as the microbial cell wall is im-
penetrable to complex compounds. Therefore, when organic residues are added
to soil, they are primarily acted upon by extracellular enzymes to be broken
down into their basic components and subsequently proceeded by intracellular
enzymes (Wallenstein & Burns, 2011). The availability of SOC for microbial
breakdown is essential for several processes in carbon cycling as it regulates the
rate of CO, released into the atmosphere, defines the origins of soil CO,, impacts
the microbial activity and composition, and indicates the amount of carbon
stored in the soil (Bardgett et al., 2008). Soil organic carbon comprises several
pools that exhibit variations in stability and availability and are distinguished by
specific turnover rates. The decomposability of older, more resistant carbon
pools is comparatively lower when compared to that of younger carbon pools.
The soil microbes respiring retain a fraction of C into their biomass and release
the rest into the soil, which is further cycled back to the atmosphere as CO,. Mi-
neralization, specifically, is converting the organic form of carbon into an inor-
ganic form that plants and microbes readily absorb. Soil organic carbon minera-
lization results in the emission of CO,, accounting for about 60% of total green-
house impacts (Hossain et al., 2017). Therefore, detailed knowledge of the car-
bon mineralization of organic materials added to soil is vital for predicting CO,
emissions and thus helps determine necessary management practices. When the
mineralization rate exceeds organic matter input, it produces net CO, emissions.
However, several factors discussed in the previous sections determine the mine-
ralization rate, including the quality of residues. The portion of plant biomass
added to the soil forms more stable humic substances. It contributes to various
organo-mineral complexes and micro aggregates that stabilize soil carbon and
promote increased carbon sequestration (Lal, 2016).

Meanwhile, the light fraction of organic matter is generally more soluble. It
possesses more superficial structures than stable SOC fractions, thus making
them more susceptible to microbial breakdown through enzymatic activity. Be-
cause the microbial breakdown of organic materials releases 99% of CO, of the
total emission, the belowground soil organic pool decreases. Therefore, below-
ground carbon capture is the key mechanism that helps to make the soil a sink

rather than a source of atmospheric CO,.

4.2. Aggregation, Physical Protection, and Stabilization

The degree of SOM decomposition is a vital factor in developing and stabilizing
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the aggregate structure for SOC sequestration. Hence, the role of SOM in soil
aggregation is paramount in SOC sequestration. Microbial processes acting on
plant residues control the aggregation of soil particles. By breaking down fine
and coarse organic residues, microbes are responsible for producing a binding
material from organic materials for aggregation (Blanco-Canqui & Lal, 2004).
Microbial polysaccharides stabilize macroaggregates, whereas humic substances
stabilize microaggregates. The size, strength, and configuration of aggregates
depend on the type of organic binding agent (temporary, transient, and persis-
tent). Temporary agents are mostly plant roots, fungal and mycorrhizal hyphae,
and algae that grow simultaneously with the plant roots and generate a visible
organic skeleton to entangle the mineral particles by adsorption from macro ag-
gregates. However, due to their larger constituents, the temporary agents are
easily affected by tillage operations. Polysaccharides and organic mucilages are
the primary constituents of transient agents. High molecular weight, non-humic
polysaccharides are easily liberated from organic residues and break down
quickly in microbial processes. Typically, 10 - 50 um aggregates are bound to-
gether by polymer bridges made of polysaccharides, which are more easily ab-
sorbed by clay particles than fulvic or humic acids. Polysaccharides remain
temporarily undecomposed while combining clay particles into macroaggregates
due to their decreased immobility being negatively charged. Persistent agents
comprise highly degraded organic molecules, including polymers, polyvalent ca-
tions, and humic substances. The persistent agents are crucial because they are
associated with microaggregation and long-term SOC sequestration. The inabil-
ity of SOC to be accessed spatially for microbial decomposition within soil ag-
gregates is a significant factor for stability. As discussed above, the formation of
soil structure is an essential mechanism that ensures physical protection. One of
the critical factors for soil carbon stock in yop layers is the soil aggregates re-
taining at least 90% of organic carbon. The nature and characteristics of aggre-
gates determine the accumulation pattern of SOC (Yu et al., 2015). However, the
size ranges of aggregates formed have a significant role in the physical protection
of SOC. Extensive studies have reported that most labile organic carbon is stored
in macroaggregates (>0.25 mm) than in microaggregates (<0.25 mm), indicating
the significance of soil physical structure (different aggregate size fractions) in
the process of SOC cycling. For example, Wu et al. (2023) reported that soil mi-
croaggregates of 30 - 250 um are crucial in SOC protection due to the spatial in-
accessibility of organic carbon to microbes and extracellular enzymes. Similarly,
Omar et al. (2023), in their study of soil respiration, concluded that aggre-
gate-associated SOC fractions were most significant in the 50 - 250 pm size frac-
tion. Few studies have also reported the importance of macroaggregates in SOC
accumulation. The mechanism behind the SOC accumulation in macroaggre-
gates is that they harbor internal microaggregates (<0.25 mm) to offer more sta-
ble long-term storage for SOC (Zhang et al., 2014). According to Guo et al.
(2020), soil aggregates with a diameter ranging from 1 to 2 mm exhibit a high
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degree of sensitivity to short-term disturbances. Macroaggregates are commonly
employed as sensitivity indicators to assess the impact of land use change on or-
ganic carbon turnover because of their notable sensitivity and rapid turnover.
The uncertainty surrounding the fate of SOC trapped by soil structure and ag-
gregates across various land use types is of utmost importance in understanding
anthropogenic climate change. The impacts of land management on structural
stability and further SOC accumulation belowground are discussed in subse-

quent sections.

4.3. Symbiotic Relationship

Symbiosis is referred to as the close and long-term interaction between different
biological species in which at least one associate of the pair benefits from the re-
lationship. Nearly 80% of the land plants established a symbiotic relationship
with fungi of the phylum Glomeromycota. Therefore, symbiotic interaction is a
critical factor in SOC dynamics. The interactions between plants and microbes
in the rhizosphere are crucial in determining plant growth and development and
soil fertility. The symbiotic association between plant roots and (Arbuscular
Mycorrhizae) AM fungi is ubiquitous in terrestrial ecosystems. The fungi pene-
trate the cells of plant roots and supply the plant with essential phosphates and
other nutrients by extending its hyphae from the depletion zone of the soil. AM
fungi primarily benefit from sugars produced by the plant through photosynthe-
sis, which is the primary energy source for AMF. Several studies reported the
importance of AMF interactions by concluding that higher amounts of SOM
could be linked to fungal abundance and microbial biomass (Buckeridge et al.,
2020; Kallenbach et al., 2016; Xu et al., 2018). Different pathways are involved in
AMF, contributing to carbon fluxes between plants and the atmosphere (Fell-
baum et al., 2012). One well-established mechanism via which AM) fungi cap-
ture carbon in soil involves the transfer of photosynthates from the host plants
to the intraradical hyphae of the AM fungus and then to the extraradical hyphae
before being released into the soil matrix (Parniske, 2008). However, the poten-
tial impact of AM fungi on soil carbon sequestration is contingent upon several
factors, including the quantity of hyphal biomass generated, the duration of hy-
phal biomass turnover, and the involvement of these fungi in stabilizing soil ag-
gregate formation. Fungal hyphae are composed of recalcitrant compounds that
have a role in the deceleration of soil organic carbon cycle, and the lion’s share
of carbon transferred from plants to AMF is incorporated into extraradical hy-
phal biomass (Olsson & Johnson, 2005). Chitin is the primary cell wall compo-
nent of the extraradical hyphae and is recalcitrant to decomposition. This sym-
biotic relationship can potentially improve belowground carbon accumulation
by increasing net primary production, especially in conditions limited by nu-
trients. The stimulation of AM fungi by increased atmospheric CO, was assumed
to be the primary mechanism that enhances soil carbon sequestration by aug-

menting the amount of carbon inputs to the soil and protecting organic carbon
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from degradation through aggregation. Numerous studies have demonstrated
that a mycorrhizal connection substantially induces an extra carbon flux of 3-8%
of gross photosynthesis into the soil (Gloor et al., 2012; Grimoldi et al., 2006).
The rhizodeposition is another essential component of the terrestrial ecosystem
that significantly influences plant-microbe interactions and subsequent carbon
sequestration. Plant roots release a substantial amount of carbon absorbed dur-
ing photosynthesis into the soil, often ranging from 5% to 30% (Philippot et al.,
2010). Rhizodeposition can occur through several means, such as root exudates,
mucilage, deceased root cells, and the transfer of rhizobacteria (Badri & Vivanco,
2009). The turnover of the mycorrhizal hyphae network is widely believed to be
a primary and rapid mechanism for incorporating carbon into the soil organic
matter pool, perhaps surpassing the inputs of shoot or root litter (Godbold et al.,
2006). Plant species have different timescale ranges for transfer of photosynthet-
ic carbon from plants to soil. Kuzyakov and Gavrichkova (2010), in their study
of the time lag between photosynthesis and CO, efflux from the soil, concluded
that the time scale can range from a few hours in grasses to a few days for trees.
Most root exudate carbon is believed to be lost passively due to the significant
difference in carbon content between the root cytoplasm and the apoplast/soil
solution (Jones et al., 2009). Therefore, not all the carbon that is exuded into the
soil comes from the roots; some of the carbon is allocated according to the size
of the AM fungal hyphal network. Fungal hyphae produce the glycoprotein
called glomalin that correlates with the hyphal length and stability of soil aggre-
gates. Thus, glomalin protein, a significant factor in soil aggregate formation, is
involved in carbon dynamics through physical protection and aggregate stabili-

zation, as discussed in the previous section.

5. Impacts of Environmental Changes

The impacts of environmental changes on soil carbon dynamics, mediated by
microbial activity, are multifaceted and interconnected. Climate change, partic-
ularly temperature and precipitation changes, directly influence soil microbial
communities and their metabolic activities (Allison & Treseder, 2008). Shifts in
microbial composition and activity affect organic matter decomposition rates
and soil carbon sequestration (Rousk et al., 2009). Changes in temperature and
moisture regimes can also impact the physical protection of soil organic carbon
(SOC) within aggregates, influencing its stability and vulnerability to decompo-
sition (Crowther et al., 2016).

Land use change, such as deforestation, urbanization, and agricultural expan-
sion, dramatically alters soil microbial communities and their interactions with
SOC (Foley et al., 2005). Conversion of natural ecosystems disrupts soil microbi-
al habitats, leading to changes in microbial diversity, biomass, and activity
(Bardgett et al., 2008). Consequently, organic matter decomposition and carbon
sequestration rates may affect soil fertility, ecosystem functioning, and carbon

storage capacity (Six et al., 2002).
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Elevated atmospheric nitrogen deposition from human activities can impact
soil microbial communities and functioning (Zhou et al., 2017). Changes in ni-
trogen cycling processes, including mineralization, nitrification, and denitrifica-
tion, influence soil carbon dynamics (Liu et al., 2018). Shifts in nitrogen availa-
bility can affect the balance between carbon sequestration and greenhouse gas

emissions in soils (Liu et al., 2018).

6. Strategies for Enhancing SOC through Microbial Activity
and Land Use Management

Enhancing SOC through microbial activity involves fostering the conditions that
promote the growth and sustain of soil microbes responsible for organic matter
decomposition and carbon accumulation. Thus, land use practices and optimum
microbial functioning are entangled, and management strategies determine the
type, abundance, and activity of microbes in the soil (Ferndndez-Romero et al.,
2014). However, the spatial distribution of SOC is majorly regulated by envi-
ronmental and microclimatic conditions (Sattler et al., 2014). Two primary me-
chanisms of agricultural management improving carbon storage are increasing
carbon inputs via high-yielding crops and decelerating the carbon released into
the atmosphere (Smith & Read, 2010). Several agricultural management practic-
es, such as fertilization, irrigation, mechanization, cover cropping, biochar ap-
plication, crop diversification, and tilling practices, are general and widely fol-
lowed, and a few of the strategies influencing SOC dynamics are discussed in the

following sections.

6.1. Tillage Practices

It is a well-established fact that reduced or no-tillage mitigates SOC losses com-
pared to more intensive plowing (Haddaway et al., 2017; Thotakuri et al., 2024;
Varvel & Wilhelm, 2010). Soil tilling stimulates decomposition processes by di-
rect physical disturbance due to plowing and indirectly through soil exposure to
wet-dry and freeze-thaw cycles at the soil surface, dynamics in soil microclimate,
and microbial community. However, mixed views are reported on the intensity
of plowing influencing SOC storage. For example, Pan et al. (2010) reported an
increase in the overall rate of 25.5 Tg carbon-yr™' in SOC storage in the top 0 - 20
cm soil layer in their long-term study from 1985 to 2006. However, Blan-
co-Canqui et al. (2021), in their long-term study of tillage systems (39 yrs), con-
cluded that no-till has limited potential in accumulating SOC near the soil sur-
face but can enhance SOC stock for the soil profile compared to plow. Tillage
has been done historically because of several benefits associated with the prac-
tice. These advantages include mechanically eliminating weeds, loosening, and
aerating topsoil to facilitate planting and seedbed preparation, and mixing crop
residues into the soil.

Conventional tillage, however, may lead to increased soil compaction below

the plowing depth (i.e., creating a plow pan), increased vulnerability to wind and
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water erosion, and increased energy expenditures for the mechanical processes
(Lal et al., 2007). No-till leaves the organic residues at the soil surface, reducing
the surface runoff, increasing SOM, and promoting greater aggregate stability
for mitigating erosion. The undisturbed residues serve as a readily available car-
bon source for the microbes residing on the surface layers of soil. The easily ac-
cessible food supply stimulates the growth and activity of microbial communities
in the no-till system compared to conventional tilled soils. Microbes convert
complex organic matter to simpler forms during decomposition.

Nonetheless, a fraction of the decomposed material undergoes humification,
thus making it least susceptible to further decomposition and can endure for a
more extended period. As discussed in the stability and mineralization section,
microbes produce polysaccharides and other adhesive materials that bind soil
particles together, forming stronger aggregates. These aggregates trap SOC and
physically protect them from further decomposition by other microbes. There-
fore, reduced secondary decomposition leads to a decrease in the CO, release
back into the atmosphere, contributing to climate change mitigation. Although
there are several advantages to no-till methods for sequestering SOC, it is im-
portant to consider other factors like soil type, climate, and location that can af-
fect efficiency. Compared to tilled systems, long-term no-till systems may exhibit
a decline in SOC deeper in the soil profile (Blanco-Canqui et al., 2021). Under-
standing these nuances is essential for improving no-till strategies at a regional

scale, and it is a field of study being conducted.

6.2. Cover Diversification and Cover Crops

Crop diversification is adding more crops into existing crop rotation, or inter-
cropping, annuals and perennials. Cover crops are defined as the crops ground
to cover the ground, to protect the soil, from erosion and loss of nutrients to
leaching and runoff, rather than for harvesting purposes. The two management
strategies are promising in mitigating climate change and climate change and
land degradation through soil and carbon sequestration while maintaining the
ecosystem balance to ensure food security (Ebbisa, 2022; Francaviglia et al,,
2017; Sanz et al., 2017). Monoculture farming, where a single crop is grown year
after year, favors specific microbial populations adapted to utilizing the root ex-
udates. This lack of diversity can limit organic matter decomposition and SOC
sequestration efficiency. Crop diversification encourages microbial abundance
and diversity in the population, promoting higher efficiency of SOM decomposi-
tion. Since crop diversification introduces a variety of plant species to the agri-
cultural ecosystem, each plant species releases unique root exudates, fostering a
more diverse microbial community. This diversity encourages microbes with a
broader range of functionalities, allowing for the breakdown of complex organic
matter from various sources. More specifically, increased plant-derived carbon
inputs to soils in terms of quality, quantity, and chemical diversity lead to in-

creased accumulation of SOC in agroecosystems with more diverse crop types.
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This, in turn, promotes the development and diversity of soil microbial com-
munities, improving SOC formation and storage (Zhang et al., 2021).
Additionally, different plant species have diverse root structures and depths.
Crop rotations that include species with deep roots and those with shallow roots
provide different soil layers access to a greater range of organic matter, encour-
aging more evenly distributed SOC storage across the profile. Cover crops,
planted during fallow periods between main crop cycles, provide an additional
and readily available carbon source for microbes. This stimulates their growth
and activity, leading to increased decomposition of cover crop biomass and sta-
ble humic substances forming extended carbon storage. Cover crops cultivated
in autumn and winter can also remove excess N from the soil and reduce N
leaching. Cover crop roots provide pathways for air and water infiltration, while
their decomposition products serve as soil particle binders, thus maintaining and
improving soil structure by promoting aggregation. This enhanced structure
supports microbial activity and protects SOC inside aggregates. However, cli-
matic conditions (temperature and precipitation) impact the efficiency of cover
crops in sequestering soil. For example, soils in cold temperate regions of the
United States with high initial SOC levels tend to respond slower to cover crops
than those in tropical environments (Blanco-Canqui, 2022). Implementing cover
crops and crop diversification looks promising in promoting SOC sequestration,
contributing to climate change mitigation, and improving water infiltration, fer-

tility, and overall soil health, creating a more sustainable agriculture ecosystem.

6.3. Biochar Application

Biochar is a carbon-enriched and porous byproduct produced thermochemically
by pyrolysis (heating in the absence of oxygen) of organic matter, which has
emerged as a potential approach for enhancing SOC sequestration (Weng et al.,
2017). The use of biochar in agriculture is still controversial because of its ad-
verse priming effects, leading to a net carbon loss and emission potential of ~0.7
Pg C Eq-yr . Although biochar is considered a reasonably stable component of
SOC, soil biochar cannot be regarded as typically inert. Biochar application has a
higher potential for SOC sequestration in the long term because of its high sta-
bility, but its decomposition pathways remain unclear (Schmidt et al., 2011). In
addition, biochar has the ability to improve nutrient availability, soil water
availability, microbial biomass, and soil microbial diversity, thus contributing to
overall soil health and climate change mitigation (Glaser et al., 2015; Jeffery et
al., 2017; Rogovska et al., 2014). The porous structure of biochar provides a har-
bor for existing SOC and physically shields SOC from further microbes, imped-
ing their access to readily degradable organic matter. This protection is especial-
ly beneficial for labile carbon, encouraging its long-term storage. In addition,
biochar’s large surface area promotes adsorbing dissolved organic matter re-
leased by plant roots and microbial functioning, making the dissolved organic

matter less susceptible to decomposition and contributing to SOC accumulation.
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Soil aggregate development and stability can be aided by biochar. These aggre-
gates, bound together by organic matter, including biochar and microbial by-
products, physically protect SOC from microbial decomposition. Liu et al.
(2020), in their study of microbial carbon use, reported higher carbon sequestra-
tion potential with biochar amendment compared to straw. Biochar’s decreased
accessibility in organo-mineral interactions may contribute to soil stability.
Chemical interactions with soil minerals and subsequent physical sealing in or-
gano-mineral fractions can stabilize biochar, thus limiting its spatial availability
to soil microbes (Fang et al., 2014). However, biochar mineralization can be in-
creased by adding organic matter content to the soil. Though biochar is a recal-
citrant carbon source, it may encumber N and P uptake by plants since biochar
has a high affinity for these nutrients. Nutrient immobilization, eventually lead-
ing to limited plant growth and root exudation (critical carbon source for SOC
formation), indirectly affects the SOC dynamics. In addition to interactions be-
tween biochar and soil, the stability of biochar-associated carbon in soil can be
significantly impacted by soil environmental factors, such as temperature.
Nguyen et al. (2010) reported a decline of biochar-associated carbon in their
1-year incubation study when temperature increased from 4°C to 60°C. Hence,
it is crucial to consider the abiotic factors in biochar application to employ the
full potential of biochar for mitigating climate change through enhanced carbon
storage in the soil. Further investigation is still required to fully comprehend the
long-term effects of biochar application on different soil types and microbial

populations.

7. Future Work

A holistic understanding of the soil carbon pools and their interactions with bio-
tic and abiotic factors helps arrive at more efficient strategies for managing soil
health. Microbial carbon use efficiency (CUE) is the fraction of carbon uptake by
microbes and retained as biomass and is an important factor in driving shifts in
the diversity and structure of microbial communities. Previous works on the
CUE followed multiple approaches, such as “C and 'O labeling, calorespirome-
try, metabolic flux analysis, and stoichiometric modeling, reflecting methodo-
logical variability and limiting the ability to cross-compare published CUE val-
ues (Domeignoz-Horta et al., 2020; Sinsabaugh et al., 2016; Spohn et al., 2016).
Therefore, accurately predicting soil carbon dynamics in different settings re-
mains a major challenge. Further work on modeling accounting for abiotic fac-
tors such as temperature, moisture, oxygen limitation, and mineralogical inte-
ractions that have significant effects on the CUE can help reduce the methodo-
logical variability and arrive at congruence. However, interdisciplinary ap-
proaches must be applied to gain a broader understanding of soil carbon and
microbe interactions. Advancements and collaborations with metagenomics
help analyze and identify the key functional groups and metabolic pathways

within the soil microbiome in carbon cycling. Inoculating soil with beneficial
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microbes like mycorrhizal fungi shows promise for better plant growth and po-
tentially improving SOC sequestration. However, More research is needed on
large-scale implementation and the ideal selection of effective microbial strains.

Additionally, developing integrated models with the holistic combination of
soil physics, chemistry, and microbial biology aids in forecasting the long-term
dynamics of soil carbon under various management strategies, thus helping to
monitor the changes in SOC levels. The microbial carbon limitation is another
key concept defining carbon cycling and ecosystem functioning with potential
future research. The component pool sizes determine the amount of carbon in
an ecosystem at any moment, and the carbon fluxes into and out of terrestrial
ecosystems are regulated by the rates of processes like photosynthesis, respira-
tion, and growth, which may be sensitive to environmental change. These
processes are limited by the pace of the slowest factor, carbon uptake. Under-
standing how the carbon limitation of soil decomposers drives the ecological
processes might help resolve the diverse belowground reactions to non-steady
state conditions. The advent of new molecular techniques allows better monitoring
of growth responses of microbial communities, even individual taxa, which allows
decomposer’s limitations to be better tested and quantified.

8. Summary

This overview highlighted the complex relationship between soil carbon and
microbes. The activity of microorganisms substantially influences soil organic
carbon through processes such as aggregation, decomposition, and symbiotic
interactions. Gaining a comprehensive understanding of these interactions is es-
sential for developing successful techniques to improve the sequestration of
SOC. Land-use management strategies such as reduced tillage, cover cropping,
and biochar application have been proven to enhance advantageous microbial
populations and eventually increase the storage of SOC. Channeling the power
of soil microbes through optimal land-use practices and fostering their resilience
helps mitigate the climatic changes and their subsequent effect on soil health to
an extent. Given the potential threat to soil health from many abiotic factors, it is
imperative to do further study to comprehend microbial adaptability and devel-
op methods to promote robust microbial populations in response to a changing

climate.
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