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&gwfw lobal warming is no longer a distant threat it's affecting our daily lives through rising
&% temperatures, unpredictable weather, and growing risks to our food, health, and safety.
=t While much of the focus has been on cutting emissions from factories and vehicles, nature
2% also holds powerful tools to help us. One of the most surprising is right beneath our feet: soil
K microbes. These tiny organisms quietly work to capture and store carbon in the soil through a
280 process known as the soil microbial carbon pump. By locking away carbon for years, even
940 centuries, they support healthier soils, more resilient farming, and a more stable climate.
@fb@ Tapping into this natural process could make a real difference for communities worldwide—
%2 and for future generations.
o258y
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é}»ﬁ; Introduction
z E The carbon cycle plays a vital role in maintaining Earth’s temperature by regulating the levels
022550 of greenhouse gases such as carbon dioxide (CO:) and methane (CH4) in the atmosphere. It
Z; functions as a natural recycling system, moving carbon through the Earth's spheres i.e., land,
-2 water, air, and living organisms. Among these, terrestrial ecosystems are especially
& important, as they store nearly twice as much carbon as the atmosphere. This means that even
%@i minor changes in land ecosystems can significantly influence atmospheric CO: levels and,
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consequently, the global climate. Soil microbes are central to this process. They drive key
functions such as nutrient cycling, energy flow, and the transformation of organic matter.
Because of their sensitivity to environmental changes, their responses to climate change can
greatly affect the amount of carbon stored in the soil. Gaining a clear understanding of how
microbial communities change under different conditions is essential for predicting how the
carbon cycle might respond to global warming.

Plants play a crucial role by absorbing atmospheric CO. through photosynthesis,
converting it into organic matter as part of their growth. When plants die, a portion of this
carbon becomes soil organic carbon, and it is here that microbes take over. These tiny
organisms decompose plant residues and contribute to long-term carbon storage in the soil
(Yu et al., 2019). Remarkably, soils store more carbon than is present in both the atmosphere
and all plant biomass combined. For many years, scientists believed that most stable soil
organic matter (SOM) was derived from plant residues. Early theories—Ilike the lignin,
polyphenol, and sugar-amine condensation models highlighted plant-based materials as the
primary source. However, recent advances in molecular research and analytical tools have
revealed a different story: microbial-derived carbon actually makes up a large share of stable
SOM (Zheng et al., 2020). This shift in understanding has led to growing interest in the
concept of the Soil Microbial Carbon Pump (SMCP) a process by which microbes transform
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and stabilize carbon in the soil over long periods. Recognizing and enhancing this natural
mechanism is now seen as a promising strategy for climate change mitigation and sustainable
soil management.

Concept of SNCP

A mechanism for carbon sequestration through microbial growth was originally introduced
by marine scientists. In the context of soil, the Soil Microbial Carbon Pump refers to the
process by which microbes transform easily degradable carbon into more stable organic
compounds, effectively “pumping” it into long-term storage after it passes through their
biomass. Although soil scientists have long recognized the microbial transformation of
organic matter into stable carbon pools, it is only in recent years that this process has gained
prominence as a central pathway for the formation of soil organic matter (SOM), supported
by growing scientific evidence. Historically, the direct contribution of microbes to long-term
carbon storage was considered minimal, as active microbial biomass makes up less than 5%
of SOM, and microbial biomass carbon represents less than 4 per cent of total soil organic
carbon (SOC). However, advanced techniques like Nuclear Magnetic Resonance (NMR) and
molecular analyses have revealed that microbial by-products often resemble humic
substances are highly stable components of SOM, indicating a much larger microbial role
than previously thought. While plants serve as the primary source of carbon input to soils
through litter and root exudates, the majority of stabilized SOC is now understood to
originate from microbial processing of plant materials. These stabilized carbon forms carry
molecular signatures that align more closely with microbial metabolites than with plant
compounds. As a result, there is growing recognition that the accumulation of soil organic
carbon in ecosystems is largely driven by microbial anabolic processes, including the
continuous cycle of microbial growth, transformation, and death.

A mathematical model was proposed by Liang et al., (2021) named Absorbing
Markov Chain to assess relative amounts of microbial living biomass, microbial necromass
and atmosphere (CO2 in air) in aerobic terrestrial environments suggesting that microbial
necromass C could be about 40 times greater than living biomass C. If we consider microbial
living biomass C is 2 per cent of the total SOC, the C in the necromass would account for 80
per cent of the organic C in soils. Soil MCP demonstrates that microbial necromass and
metabolites can be the precursor for persistent soil organic matter, which highlights the
importance of microbial anabolism in soil carbon storage.Microbes also play an important
role in maintaining the carbon flux in the atmosphere as well as in the terrestrial ecosystem,
as they not only liberate carbon as CO2 in the atmosphere on decomposition of soil organic
matter but also utilize the atmospheric carbon to build up their bodies i.e. anabolism.

Mechanism of soil microbial carbon pump

The Soil Microbial Carbon Pump (SMCP) operates through two main pathways: ex-vivo
modification and in-vivo turnover. In the ex-vivo pathway, microbes act as decomposers,
breaking down complex plant materials into smaller compounds using extracellular enzymes,
leading to the accumulation of plant-derived carbon without direct microbial assimilation. In
contrast, the in-vivo pathway involves microbial assimilation of small, labile carbon
compounds—mainly plant-derived—into their own biomass, contributing microbial-derived
carbon to the soil. Here, microbes function as contributors, and the process is influenced by
the composition and activity of soil microbial communities.

The core of the MCP concept lies in this in-vivo turnover, where microbial growth
and death result in the continuous production of microbial residues (necromass and
metabolites). These residues are relatively stable and gradually accumulate in the soil,
enriching the soil organic carbon (SOC) pool. Over time, as microbial communities
repeatedly grow, reproduce, and die, the formation of stable microbial-derived carbon
increases, making a significant long-term contribution to carbon sequestration in soils.
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Factors affecting soil carbon sequestration driven by soil microbial carbon
pump

Soil carbon sequestration driven by soil MCP mainly depends on two processes. One is the
generation of soil microbial-derived carbon, and the other is the stabilization of soil
microbial-derived carbon. Therefore, microbial physiology and the stabilization mechanisms
of soil microbial-derived carbon are the internal factors that have direct effects. Moreover,
microbes are sensitive to external disturbances and also affect soil MCP products and their
stabilities by influencing soil abiotic and biotic properties.

Internal Factors: The soil microbial community has distinct physiological traits such as
growth rate, carbon use efficiency (CUE), turnover time, and chemical composition. Growth
rate indicates how quickly microbial cells are produced, while CUE reflects a microbe’s
ability to convert available substrates into biomass. The stability of microbial-derived soil
carbon is influenced by both internal microbial factors and external soil conditions.
Internally, stability depends on the chemical structure of organic compounds which has high
molecular weight, low polarity, and strong chemical bonds tend to resist decomposition,
while low molecular weight compounds are more easily broken down. Externally, soil
properties play a key role. Physical protection by soil aggregates and chemical interactions
with minerals help preserve soil organic carbon (SOC). Micro-aggregates, in particular, offer
greater protection than larger ones by shielding organic matter from microbial attack and
facilitating mineral associations, which enhance carbon stability.

External factors: Abiotic soil factors including moisture, pH, temperature, organic matter
content, and other physicochemical properties significantly influence microbial metabolic
activity, carbon use efficiency (CUE), biomass composition, and community structure. These
microbial responses directly impact the formation, accumulation, and stabilization of
microbial-derived carbon in the soil. For example, excessive soil moisture and low oxygen
levels can reduce microbial growth efficiency and lower CUE, limiting microbial biomass
production and the accumulation of microbial residues (necromass). Conversely, higher soil
organic carbon (SOC) content often correlates with greater microbial necromass buildup. Soil
temperature and clay content also affect microbial turnover rates. Additionally, soil fauna
contribute to SOC dynamics by directly decomposing organic matter or indirectly influencing
microbial communities through predation. Their movement can enhance soil mixing,
improving microbial access to organic matter and accelerating its decomposition. Climate
change through warming, altered rainfall patterns, and increased atmospheric CO.—affects
plant productivity and carbon inputs to the soil, particularly from roots. These shifts alter
microbial structure and function, thereby influencing the effectiveness of the Soil Microbial
Carbon Pump (MCP). Likewise, land-use changes and agricultural management practices
affect both plant productivity and belowground biological processes, altering the microbially
mediated cycling of key elements.

Importantly, the application of organic fertilizers rich in nitrogen can significantly
enhance microbial contribution to soil carbon stabilization, especially in agricultural systems,
by supporting microbial growth and promoting the formation of stable microbial-derived
carbon. Soil carbon sequestration driven by soil MCP is comprehensively controlled by the
internal factors such as physiological characteristics of soil microbial communities, the
stability of soil microbial-derived carbon, and many external factors such as soil biotic and
abiotic factors, climate change, an  d human interferences. There are complex interactions
between the influencing factors. Although microbes are affected by several factors they are
still important as they shows two critical, contrasting roles in controlling terrestrial C fluxes,
either by promoting release of C to the atmosphere through their catabolic activities, or
preventing release by stabilizing C into a form that is not easily decomposed, i.e., priming
effect and entombing effect. “Priming Effect” refers to the phenomenon where addition of
exogenous carbon leads to the increase of microbial decomposition of stable SOC and the
increase of CO2 emissions. It is basically a catabolic process whereas “Entombing Effect”
refers to the phenomenon that microbial residues tend to stabilize in the soil. This concept
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focused on the accumulation and stabilization of microbial-derived carbon in the soil
following the continuous production of microbial biomass and necromass. It is an anabolic
process. It is mainly proposed based on the physical protection of microbial residues in soil
and it can be done by various methods such as physical protection of microbial residues by
soil aggregates, own chemical structure, occluded within inaccessible pore spaces at the
submicron scale, formation of organic-inorganic complexes. The net effect on the stable soil
C pool by microbial priming and entombing can be negative (C loss) at different temporal
scales, Zero (no change) or Positive (C gain). Dynamic changes of soil stable carbon pool can
be evaluated by comparing the relative contribution of PE (priming effect) and EE
(entombing effect) Liang et al. (2017)

» If ratio of entombing and priming effect is < one, EE/PE < 1; Soil stable C pool decreases

« If ratio of entombing and priming effect is = one, EE/PE = 1 ; Soil stable C pool unchanged
» If ratio of entombing and priming effect is > one, EE/PE > 1; Soil stable C pool increases

Limitations to Concept of SMCP

With all the knowledge provided by the concept of soil MCP, there are still few lacunas such
as:

* Lack of accurate quantification of microbial-derived Carbon,

* Soil is a heterogenous mixture apart from amino sugars, many non-amino sugar compounds
interfere with soil amino sugar determination,

* Scarce knowledge about the faunal impacts on microbial-derived carbon transformation and
sequestration,

 Uncertainties regarding distribution pattern of belowground carbon and prediction of the
carbon cycle under global climate change.

Conclusion
Studies on necromass stabilization or soil microbial carbon pump are imperative to
understand soil C stabilization, advance current C cycling models, and help craft climate
policy. The mechanism and capability on measuring microbial necromass is yet far from
being fully satisfactory, Therefore, new investigations to obtain empirical data in soil
microbial necromass research area to enrich studies related to C cycle and climate change is
much needed.

At the same time, to cope with climate change (Global warming) and regulate soil
MCP efficiency, it is also important to explore the influence of biotic and abiotic factors on
soil MCP and clarify the environmental adaptation mechanism and response strategy of soil
MCP. In addition, we could analyze the biogeochemical process of soil MCP under climate
change via modellings, and evaluate the ecological effects of soil MCP on the ecosystem
scale. Those multi-level analysis and considerations from small to large scales would be
beneficial to providing technical support and scientific reference for the proposal and
evaluation of terrestrial carbon sequestration strategies.
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