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Introduction

Soil organic carbon (SOC) plays a pivotal role in global carbon cycling, representing the largest terrestrial carbon reservoir and
significantly influencing atmospheric CO2 concentrations [l. The stability and dynamics of SOC are intrinsically linked to
microbial community structure and function, as microorganisms serve as both decomposers of organic matter and contributors
to soil carbon pools through necromass formation > 3. Under current climate change scenarios, rising temperatures, altered
precipitation patterns, and increased atmospheric CO: concentrations are fundamentally altering soil microbial communities,
with cascading effects on SOC stability * 51,

Microbial communities regulate SOC through multiple mechanisms including enzymatic decomposition, physical aggregate
formation, and biochemical transformations that determine carbon residence times 6. The composition of microbial
communities, particularly the balance between fungi and bacteria, influences the formation of different organic carbon pools
with varying degrees of stability [ 8. Fungal-dominated communities typically promote longer-term carbon storage through the
production of recalcitrant compounds and enhanced aggregate stability, while bacterial-dominated systems often exhibit higher
turnover rates (1,

Climate change impacts on microbial communities occur through direct effects of temperature and moisture on microbial
physiology, as well as indirect effects through changes in plant productivity, litter quality, and soil chemistry 1% 14, Rising
temperatures generally increase microbial metabolic rates, potentially accelerating SOC decomposition, while changes in
precipitation affect soil moisture regimes that control microbial activity and community composition [12 131, Additionally,
elevated atmospheric CO- can alter plant root exudation patterns, influencing rhizosphere microbial communities and their
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carbon processing capabilities 4],

Understanding these complex interactions is crucial for
predicting future soil carbon dynamics and developing
management strategies to maintain or enhance SOC under
changing climate conditions %1, This study aims to elucidate
the mechanisms by which microbial communities stabilize
SOC and their responses to climate perturbations, providing
insights for sustainable soil management practices.

Materials and Methods

Study Sites and Experimental Design

Soil samples were collected from six long-term experimental
sites across different climate zones: temperate grassland
(Minnesota, USA), boreal forest (Manitoba, Canada),
Mediterranean shrubland (California, USA), tropical
rainforest (Costa Rica), arid grassland (Arizona, USA), and
temperate deciduous forest (Pennsylvania, USA). Each site
included control plots and climate manipulation treatments
including warming (+2 °C and +4 °C), altered precipitation
(£30% of ambient), and elevated CO2 (550 ppm) 261,

Soil Sampling and Processing

Soil samples were collected from 0-20 cm depth using sterile
techniques during peak growing season. Samples were
immediately transported on ice and processed within 24
hours. Fresh soil was used for microbial community analysis,
while air-dried samples were used for chemical analyses [7],

Microbial Community Analysis

Microbial community structure was assessed using high-
throughput sequencing of 16S rRNA genes for bacteria and
ITS regions for fungi. DNA extraction was performed using
the PowerSoil DNA Isolation Kit (Qiagen). PCR
amplification used universal primers 515F/806R for bacteria
and ITS1F/ITS2 for fungi. Sequencing was conducted on an
Illumina MiSeq platform [28 191,
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Enzymatic Activity Measurements

Soil enzymatic activities were measured using fluorogenic
substrates for key enzymes involved in carbon cycling: B3-
glucosidase,  cellobiohydrolase, = p-xylosidase,  [B-N-
acetylglucosaminidase, leucine aminopeptidase, and phenol
oxidase. Activities were expressed as nmol substrate
hydrolyzed g soil h™' 291,

Soil Organic Carbon Fractionation

SOC was fractionated into different pools using density
separation and particle size fractionation. Light fraction
organic matter (LFOM), particulate organic matter (POM),
and mineral-associated organic matter (MAOM) were
separated and quantified for carbon content 222,

Statistical Analysis

Statistical analyses were performed using R software.
Community composition was analyzed using non-metric
multidimensional scaling (NMDS) and PERMANOVA.
Linear mixed-effects models were used to assess climate
treatment effects, with site as a random factor. Structural
equation modeling was employed to examine causal
relationships between microbial communities and SOC
stability (231,

Results

Microbial Community Response to Climate Treatments
Climate manipulations significantly altered microbial
community composition across all study sites (Table 1).
Warming treatments increased bacterial diversity by 8-15%
while reducing fungal diversity by 12-20%. The fungal-to-
bacterial ratio decreased from 0.85+0.12 in control plots to
0.62+0.09 under +4 °C warming treatment (p< 0.001).
Altered  precipitation  primarily  affected  bacterial
communities,  with  drought  conditions  favoring
Actinobacteria and Firmicutes, while increased precipitation
promoted Proteobacteria and Bacteroidetes 24,

Table 1: Microbial community metrics across climate treatments

Treatment Bacterial Richness Fungal Richness F:B Ratio Shannon Diversity
Control 1,245+89 45634 0.85+0.12 6.8+0.4
+2°C 1,312+95 398428 0.74+0.08 6.9+0.3
+4°C 1,387+102 367+31 0.62+0.09 7.1+0.5
-30% Precip 1,198+76 423+29 0.78+0.11 6.5+0.3
+30% Precip 1,298+88 47836 0.91+0.14 7.0£0.4

Enzymatic Activity Patterns

Enzymatic activities showed distinct responses to climate treatments.
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Fig 1: Enzymatic activity responses to climate treatments
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B-glucosidase activity increased by 25% under warming
treatments, indicating enhanced cellulose decomposition.
Phenol oxidase activity, crucial for lignin degradation,
decreased by 18% under drought conditions but increased by
12% with elevated precipitation. The ratio of hydrolytic to
oxidative enzyme activities increased under warming,
suggesting a shift toward more labile carbon processing 21,
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Soil Organic Carbon Pool Dynamics

SOC fractionation revealed differential responses of carbon
pools to climate treatments (Table 2). LFOM decreased by
22% under warming treatments, while MAOM showed
smaller decreases (8-12%). The proportion of microbial
necromass-derived carbon in the MAOM fraction ranged
from 52% in control soils to 67% in soils under elevated CO2
conditions [26. 271,

Table 2: Soil organic carbon pools under different climate treatments (mg C g' soil)

Treatment LFOM POM MAOM Total SOC Necromass-C
Control 2.8+0.3 8.4+0.9 15.2+1.2 26.4+1.8 7.9+0.8
+2°C 2.4+0.2 7.9+0.8 14.1+1.1 24.4+1.6 8.2+0.7
+4°C 2.2+0.3 7.3x0.7 13.4+1.0 22.9+1.5 8.7+0.9
Elevated CO2 3.1+0.4 9.2+1.0 16.8+1.3 29.1+1.9 11.2+1.1

Relationships Between Microbial Communities and SOC
Stability

Structural equation modeling revealed that microbial
community composition directly influenced SOC stability
through multiple pathways (Figure 2). Fungal abundance
positively correlated with MAOM formation (r = 0.67, p <

0.001), while bacterial diversity was associated with
enhanced enzymatic activity and faster carbon turnover. The
indirect effects of climate variables on SOC occurred

primarily through changes in microbial community structure
28]
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Fig 2: Structural equation model of microbial-SOC relationships

Discussion

Microbial Mechanisms of SOC Stabilization

Our results demonstrate that microbial communities play a
central role in SOC stabilization through several key
mechanisms. The strong positive relationship between fungal
abundance and MAOM formation supports the hypothesis
that fungal necromass is a primary source of stable soil
carbon 2°1, Fungal cell walls contain chitin and other complex
polysaccharides that resist decomposition and readily form
associations with soil minerals, contributing to long-term
carbon storage 2%,

The observed decrease in fungal-to-bacterial ratios under
warming treatments has significant implications for SOC
stability. Bacterial-dominated communities typically exhibit
higher metabolic rates and produce less chemically
recalcitrant compounds compared to fungal communities 34,
This shift may lead to faster carbon turnover and reduced

SOC accumulation under future warming scenarios,
consistent with predictions from ecosystem models 2,

Climate Change Impacts on Microbial Carbon
Processing

Temperature increases enhanced overall microbial activity,
as evidenced by increased B-glucosidase activity under
warming treatments. This enhanced enzymatic activity likely
contributed to the observed decreases in LFOM and POM
pools, which represent more labile carbon fractions [,
However, the relatively smaller impacts on MAOM suggest
that mineral-associated carbon may be more resilient to
temperature-induced decomposition, possibly due to physical
protection mechanisms 34,

Precipitation changes had complex effects on microbial
communities and carbon processing. Drought conditions
favored drought-tolerant bacterial taxa but reduced overall
microbial activity, leading to accumulation of organic matter.
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Conversely, increased precipitation enhanced microbial
activity but also promoted the growth of fungal communities
that contribute to stable carbon formation %, These findings
highlight the importance of water availability in regulating
microbial-mediated carbon dynamics.

Implications for Ecosystem Management

The strong links between microbial community composition
and SOC stability have important implications for ecosystem
management under climate change. Management practices
that promote fungal communities, such as reduced tillage,
diverse crop rotations, and organic amendments, may
enhance soil carbon sequestration potential [6 7],
Additionally, maintaining plant diversity can support diverse
microbial communities through varied root exudation
patterns and litter inputs (38,

Model Limitations and Future Research

While our study provides valuable insights into microbial-
SOC relationships, several limitations should be
acknowledged. The experimental treatments represent
simplified climate scenarios, and real-world climate change
involves  complex interactions  between  multiple
environmental factors %1, Additionally, our study focused on
near-surface soils, while deeper soil horizons may respond
differently to climate perturbations (41,

Future research should examine microbial-SOC dynamics
across longer time scales and broader spatial scales to better
understand ecosystem-level responses. Integration of
molecular techniques with isotopic approaches could provide
deeper insights into carbon flow pathways and residence
times 4. Furthermore, incorporation of plant-soil-microbe
interactions in process-based models is needed to improve
predictions of soil carbon dynamics under climate change 2.

Conclusion

This study demonstrates that microbial communities are
critical regulators of SOC stability under changing climate
conditions. The composition and function of microbial
communities directly influence carbon processing pathways,
with fungal-dominated systems promoting longer-term
carbon storage through enhanced formation of mineral-
associated organic matter. Climate change impacts on SOC
occur primarily through alterations in microbial community
structure and activity, with warming favoring bacterial
communities and faster carbon turnover.

The observed relationships between microbial communities
and SOC pools highlight the importance of maintaining
microbial diversity and function for soil carbon sequestration.
Management strategies that promote fungal communities and
enhance soil aggregate stability may help mitigate climate
change impacts on soil carbon storage. However, the
complex interactions between climate variables, microbial
communities, and soil carbon dynamics require continued
research to develop effective adaptation and mitigation
strategies.

Understanding these microbial mechanisms is essential for
predicting future soil carbon dynamics and developing
sustainable land management practices that maintain or
enhance soil carbon storage under changing climate
conditions. The integration of microbial ecology principles
into soil carbon management represents a promising
approach for addressing climate change challenges while
maintaining soil health and ecosystem services.
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