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Abstract 

Soil microbial communities serve as the primary biological drivers of carbon sequestration and 

nutrient cycling in terrestrial ecosystems, where soil organic carbon (SOC) stocks represent the 

largest terrestrial carbon reservoir approximately three times the atmospheric pool. This review 

synthesizes recent advances in understanding how land-use changes (conversion of 

forests/grasslands to cropland, urbanization, intensive agriculture, and restoration practices) alter 

microbial community composition, functional guilds, and biogeochemical processes. Key 

mechanisms include the soil microbial carbon pump (MCP), whereby labile plant inputs are 

transformed into stable microbial necromass and by-products that contribute disproportionately to 

persistent SOC, as well as shifts in fungal:bacterial ratios, extracellular enzyme activities, and 

microbial efficiency under varying management. Land conversion typically reduces microbial 

biomass, diversity, and carbon-use efficiency, accelerating SOC mineralization and nutrient loss, 

while conservation practices (no-till, cover cropping, agroforestry, organic amendments) enhance 

microbial necromass accumulation, mycorrhizal networks, and nutrient retention. Emerging 

evidence highlights the role of microbial residues in long-term stabilization, the sensitivity of 

keystone taxa to disturbance, and interactive effects with climate factors (warming, drought). The 

synthesis underscores that preserving or restoring microbial functional diversity is essential for 

enhancing SOC storage, improving nutrient-use efficiency, and building climate-resilient 

agroecosystems amid ongoing land-use intensification. 
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Introduction 

The terrestrial ecosystem serves as a fundamental regulator of the global climate, primarily through 

the storage of organic carbon within soil profiles. Current estimates indicate that global soil organic 

carbon (SOC) stocks are equivalent to at least three times the amount of carbon stored in the 

atmosphere, making soil the largest terrestrial reservoir of organic matter (Lal, 2004). The 

persistence and turnover of this reservoir are not merely functions of physical burial but are 
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governed by the metabolic activities of soil microbial communities. These microorganisms, 

including bacteria, fungi, archaea, and viruses, act as the primary biological engine of the Earth, 

driving the biogeochemical cycles of carbon, nitrogen, phosphorus, and sulfur (Yadav et al., 2025). 

However, the functional stability of these communities is increasingly disrupted by shifting land 

use patterns ranging from agricultural intensification and deforestation to rapid urbanization which 

alter the input, transformation, and stabilization of organic matter (Cole et al., 2024). 

 

1. Theoretical Frameworks of Microbial Carbon Sequestration 

The conceptual understanding of soil organic matter (SOM) formation has undergone a paradigm 

shift. Traditional models emphasized the role of recalcitrant plant-derived compounds, such as 

lignin, as the primary precursors of stable SOC. Modern research, however, identifies microbial 

residues, or necromass, as the dominant component of persistent soil carbon (Liang et al., 2017).  

 

1.1 The Soil Microbial Carbon Pump and In Vivo Turnover 

The MCP describes the process by which microorganisms transform labile, plant-derived organic 

carbon into stable forms through anabolic and catabolic activities. Through catabolism, microbes 

break down complex molecules for energy, releasing a portion of the carbon as CO2 through 

respiration. Conversely, through anabolism, they synthesize complex cellular components, 

effectively moving carbon from the environment into their biomass (Khan et al., 2025). A critical 

part of this pump is the "in vivo turnover" process, where microorganisms metabolically process 

plant materials to generate biomass (Meena et al., 2025). When these microbes die, their residues 

are far more likely to become "entombed" or stabilized by intimate physical and chemical 

associations with soil minerals than the original plant residues (Janzen, 2024). This "entombing 

effect" highlights that the persistence of SOC is less about the chemical recalcitrance of the input 

and more about the microbial processing and subsequent mineral protection (Warren-Rhodes et 

al., 2022). Soil microorganisms mediate the transformation of plant-derived carbon into stable soil 

organic matter through a series of biological and physicochemical processes. The conceptual 

framework of these processes is illustrated in Figure 1, highlighting the pathways through which 

microbial metabolism contributes to long-term carbon sequestration. 

 

Figure 1: Conceptual Framework of Soil Microbial Carbon Sequestration 

 

 
The efficiency of this pump is quantified by microbial carbon use efficiency (CUE), the ratio of 

carbon used for growth to the total carbon uptake (Hu et al., 2025). High CUE values indicate that 

a larger fraction of carbon is committed to biomass synthesis, promoting necromass buildup and 

long-term stabilization. Conversely, low CUE reflects a strategy where more carbon is lost to the 

atmosphere as CO2, accelerating turnover and reducing sequestration potential (Beyer et al., 

2025). 
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Table 1: Key Microbial Mechanisms for Soil Organic Carbon Sequestration 

Sequestration 

Mechanism 

Primary Driver Key Product Stability 

Outcome 

In Vivo Turnover Microbial Anabolism Microbial Biomass Precursor to 

stable SOC 

Entombing Effect Mineral Association Mineral-Associated 

Organic Matter (MAOM) 

High long-term 

persistence 

Humification Biochemical 

Transformation 

Humus High chemical 

stability 

Aggregation Exopolysaccharides/Hyphae Protected 

Microenvironments 

Physical 

protection from 

decay 

 

1.2 The Priming Effect and Carbon Loss 

While microbes facilitate carbon storage, they also mediate carbon loss through the "priming 

effect." This phenomenon occurs when the input of fresh, easily decomposable organic matter 

stimulates the catabolic activities of microbes, leading to the accelerated decomposition of older, 

more stable SOM pools (Smart et al., 2025). The balance between the entombing effect 

(sequestration) and the priming effect (mineralization) determines the net carbon balance of the 

soil. In nutrient-limited environments, microbes may "mine" stable SOM to acquire nitrogen or 

phosphorus, further exacerbating carbon loss (Yu et al., 2023). 

 

2. Functional Guilds in the Plant-Soil-Microbe Continuum 

The soil microbiome is not a monolithic entity but a complex network of functional guilds, each 

playing distinct roles in carbon and nutrient dynamics. Microbial communities act as "invisible 

architects" (Iqbal et al., 2025, p. 1) that profoundly influence soil health and structural stability. 

 

2.1 Fungal Communities and Glomalin Production 

Fungi, particularly arbuscular mycorrhizal fungi (AMF), are critical for carbon sequestration due 

to their symbiotic relationships with plants. AMF colonize plant roots and extend vast hyphal 

networks into the soil, receiving up to 20% of the plant's photosynthetically fixed carbon 

(Universal Microbes, 2024). A major contribution of AMF is the production of glomalin-related 

soil protein (GRSP), a recalcitrant glycoprotein that acts as a biological "glue" (Hossain, 2021).  

 

Table 2: Functional Traits of Fungi in the Sequestration Process 

Fungal Trait Mechanism Impact on Sequestration 

Hyphal Network Nutrient/Carbon 

Transport 

Extends the spatial reach of SOC input 

Glomalin Secretion Aggregate Formation Creates physical barriers to oxygen and 

enzymes 

Necromass 

Chemistry 

Chitin/Melanin Content More resistant to decay than bacterial 

residues 

Symbiosis Rhizodeposition Direct transfer of atmospheric C to deep soil 

Glomalin is exceptionally stable, with a lifespan estimated between 7 and 42 years, and it can 

account for nearly 27% of total soil carbon in certain ecosystems, far exceeding the contribution 

of humic acids (Wright, 2002). The N-glycosylation of GRSP facilitates its binding to mineral 

surfaces, creating a hydrophobic layer that further stabilizes soil aggregates (Gadkar & Rillig, 

2024). 
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2.2 Bacterial Diversity and Life History Strategies 

Soil bacteria exhibit a wide range of life history strategies, often categorized within the Yield-

Acquisition-Stress (Y-A-S) framework. "Yield" strategists focus on high CUE and efficient 

biomass production, typically dominating in undisturbed, resource-rich environments. 

"Acquisition" strategists prioritize the secretion of extracellular enzymes to scavenge nutrients, 

often at the cost of lower CUE. "Stress" tolerators allocate energy to survival mechanisms, which 

also reduces sequestration efficiency. The dominance of specific bacterial phyla, such as 

Proteobacteria, Actinobacteriota, and Acidobacteriota, is often dictated by land use and nutrient 

availability (Byers et al., 2025). 

 

2.3 Archaea and Viral Shunts  

Archaea are now recognized as abundant and active participants in soil nutrient cycles. 

Methanogenic archaea drive the carbon cycle in anaerobic conditions, such as wetlands and rice 

paddies, by converting inorganic carbon to methane (CH4) (Offre et al., 2013). Ammonia-

oxidizing archaea (AOA) play a dual role in coupling nitrogen oxidation to carbon fixation, 

directly contributing to autotrophic carbon sequestration (Stockmann et al., 2013). 

Furthermore, the role of soil viruses is emerging as a critical factor in microbial population 

dynamics. Through the "viral shunt," viruses infect and lyse microbial hosts, releasing cellular 

contents back into the labile organic matter pool. This process can promote nitrogen turnover and 

influence the amount of carbon available for stabilization versus mineralization (Jansson & Wu, 

2023). 

 

3. Coupled Biogeochemical Cycles: Nitrogen, Phosphorus, and Sulfur 

Microbial carbon sequestration is fundamentally constrained by the availability and cycling of 

other essential elements, particularly nitrogen, phosphorus, and sulfur (Mim et al., 2025). 

 

3.1 Nitrogen Fixation and Mineralization 

Nitrogen is a primary limiting factor for both plant growth and microbial activity. Diazotrophic 

microbes, such as Rhizobium and Azotobacter, facilitate nitrogen fixation, converting N2 into 

NH4+, thereby enhancing primary productivity and subsequent carbon input into the soil (Liu et 

al., 2025). Conversely, denitrification processes by anaerobic bacteria can lead to the loss of 

nitrogen as N2O, a potent greenhouse gas that can offset the climate benefits of carbon 

sequestration (Kshatriya et al., 2025). 

 

3.2 Phosphorus Availability and Microbial Stress 

Phosphorus (P) cycling is driven by microbial solubilization of inorganic minerals and the 

mineralization of organic phosphorus compounds via phosphatase enzymes. Land use 

intensification, such as the conversion of primary forests into citrus monocultures, alters these 

dynamics (Tian et al., 2021). In high-intensity systems, mineral fertilization may suppress 

microbial phosphatase activity, shifting the community toward "P-compound synthesis" rather 

than acquisition (Azene et al., 2023). 

 

3.3 Sulfur Redox Dynamics 

Sulfur cycling involves a complex interplay between sulfur-oxidizing bacteria (SOB) and sulfate-

reducing bacteria (SRB). Sulfur directly modulates carbon dynamics because of its high-amplitude 

oxidation-reduction potential (Gao & Fan, 2023). In aerobic habitats, microbes engage in 

assimilatory sulfate reduction to incorporate sulfur into biomass, while in anaerobic conditions, 
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dissimilatory reduction is coupled with the decomposition of organic carbon, influencing 

greenhouse gas emissions (Li et al., 2026). 

 

4. Impacts of Land Use Change on Microbial Functional Stability 

Land use change (LUC) acts as a pervasive driver of soil degradation and microbial community 

shifts, often leading to significant losses in carbon storage capacity (Mandal & Banik, 2025). Soil 

microorganisms mediate the transformation of plant-derived carbon into stable soil organic matter 

through a series of biological and physicochemical processes. The conceptual framework of these 

processes is illustrated in Figure 1, highlighting the pathways through which microbial metabolism 

contributes to long-term carbon sequestration. 

 

 
 

4.1 Agricultural Intensification and Regenerative Restoration 

Modern industrial agriculture significantly alters the soil microenvironment. Tillage physically 

disrupts fungal networks, leading to a shift from fungal-dominated to bacterial-dominated 

communities (Qiu et al., 2025). Regenerative practices, such as no-tillage and organic 

amendments, aim to reverse these trends. Organic fertilizers have been shown to support more 

diverse microbial communities with anabolic-biased carbon cycling, leading to higher CUE 

compared to mineral fertilizers (Williams et al., 2020). 

 

Table 3: Impact of Land Management Practices on Soil Microbial Carbon Storage 

Practice Microbial Impact Sequestration Result 

Conventional 

Tillage 

Destroys hyphae; exposes OM SOC loss via mineralization 

No-Till Farming Protects fungal networks Higher GRSP; aggregate 

stability 

Cover Cropping Continuous C input; rhizosphere 

bloom 

Increased necromass formation 

Biochar 

Amendment 

Improves porosity; niche diversity Long-term carbon stabilization 
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Mineral 

Fertilization 

Suppresses specific enzyme groups Potential microbial CUE 

reduction 

 

4.2 Urbanization and Soil Sealing 

Urbanization involves the replacement of natural vegetation with impermeable surfaces. High-

intensity urbanization significantly reduces SOC content and stocks, particularly within the 0.25–

1 mm aggregate size class (SoilOptix, 2024). This is driven by a decline in the biomass of gram-

positive bacteria and Actinobacteriota. Soil sealing restricts the flow of oxygen and water, favoring 

methane-producing bacteria (Ihenetu et al., 2024). 

 

4.3 Grassland Management and Shrub Expansion 

Changes in grassland management disrupt the plant-soil-microbe interaction. Abandoning 

grasslands has been found to accelerate microbial carbon metabolism, leading to a 32.1% loss in 

SOC compared to natural grazing systems (Yuan et al., 2025). Furthermore, shrub expansion into 

marsh wetlands alters exogenous carbon input patterns, significantly impacting communities 

associated with nitrogen and sulfur cycles (Wang et al., 2025). 

 

5. Climate Change Interactions and Microbial Feedbacks 

The response of soil microbes to land use change is increasingly exacerbated by global climate 

change, particularly warming and altered precipitation patterns (Chatterjee & Saha, 2018). 

 

5.1 Thermal Sensitivity and Diversity Loss 

Global warming is projected to cause a profound decline in microbial diversity. Under a worst-

case climate warming scenario (a 3.4 degree Celsius increase), soil bacterial and fungal diversity 

could reduce by 56% and 81%, respectively, over the next 60 years. Fungi, being more thermally 

sensitive, are particularly vulnerable. This diversity loss can impair multiple ecosystem functions, 

including carbon storage (Bahram et al., 2025). 

 

5.2 Drought Resilience and Niche Construction 

Drought conditions limit resource availability and can lead to microbial dormancy. However, 

certain microbial groups exhibit resilience through niche construction. Fungi, for example, 

produce hydrophobic substances that hinder water entry into aggregates (Kshatriya et al., 2025). 

The interplay between warming-induced carbon loss and drought-induced inactivity creates 

complex feedback loops (Xiao et al., 2025). 

 

6. Advanced Methodologies in Soil Microbiome Research 

The ability to manage soil microbial communities depends on our capacity to characterize their 

diversity and function accurately. The field has transitioned from basic community inventories to 

genome-resolved functional analysis (Leff et al., 2028). 

 

6.1 Metagenomics and MAG Catalogues 

Shotgun metagenomics allows for the reconstruction of metagenome-assembled genomes 

(MAGs). The gcMeta platform integrates over 2.7 million MAGs, enabling the identification of 

keystone taxa central to biogeochemical cycling. These tools reveal "microbial dark matter" taxa 

with novel metabolic pathways for carbon sequestration (gcMeta, 2025). 

 

6.2 Stable Isotope Probing (SIP) and qSIP 

Stable isotope probing (SIP) coupled with metagenomics enables researchers to link specific  
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identities to nutrient flows. Quantitative SIP (qSIP) allows for the measurement of taxon-specific 

growth and nutrient assimilation rates in the field, providing a detailed look at microbial life history 

traits (Kamboj et al., 2025). 

 

Table 4: Advanced Methodological Approaches in Soil Microbiome Research 

Method Resolution Primary Application 

16S rRNA/ITS Taxonomic Community composition and richness 

Metagenomics Genomic Functional potential and metabolic pathways 

DNA/RNA-SIP Functional Identifies active nutrient consumers 

Metaproteomics Expression Direct observation of enzyme activities 

Biolog-ECO Metabolic Broad carbon source utilization patterns 

 

7. Integrated Strategies for Restoration and Climate Mitigation 

Addressing the challenges of land use change requires stewardship and innovative technological 

interventions. Direct interventions involve the introduction of microbial strains, consortia, or soil 

transplants (metaFun, 2025). Indirect interventions manage soil conditions through biochar or 

improved agricultural practices. The rhizosphere remains a primary leverage point for enhancing 

soil carbon stocks through pathways like root system engineering (Asghar et al., 2024). 

 

8. Synthesis and Future Directions 

The role of soil microbial communities in carbon sequestration and nutrient cycling is foundational 

but fragile. Future research must focus on the "chemical language" of the rhizosphere and the 

mechanisms that allow microbial communities to resist climate extremes (Arellano-Caicedo et al., 

2024). Integrating microbial ecological processes into global carbon models is essential for 

reducing biases in climate projections and achieving carbon neutrality. The recovery of active 

microbial communities in older urban yards suggests that even disturbed soils have potential for 

ecological restoration given sufficient time and appropriate management (Pries, 2023). 

 

Conclusion 

Soil microbial communities are not passive participants but active architects of terrestrial carbon 

and nutrient cycles, with microbial necromass and by-products now recognized as the dominant 

contributors to stable soil organic carbon pools. Land-use changes particularly conversion to 

intensive agriculture and urbanization consistently degrade microbial biomass, diversity, and 

functional efficiency, accelerating SOC loss, reducing nutrient retention, and weakening 

ecosystem resilience. Conversely, regenerative practices that promote microbial habitat (reduced 

tillage, diverse rotations, organic inputs, perennial cover) foster carbon-efficient communities, 

enhance necromass accrual, and strengthen nutrient cycling loops, offering measurable increases 

in SOC stocks and system stability. The reviewed evidence emphasizes that microbial-mediated 

processes represent a critical leverage point for climate mitigation and sustainable land 

management. Moving forward, integrating high-resolution multi-omics with long-term field 

experiments, microbial trait-based modeling, and landscape-scale monitoring will be essential to 

predict tipping points in microbial functioning and to design targeted interventions that maximize 

carbon storage and nutrient retention under future land-use and climatic scenarios. Protecting and 

actively restoring soil microbial diversity is therefore not merely an ecological goal but a strategic 

imperative for global food security, climate resilience, and biogeochemical stability in the 

Anthropocene. 
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