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Highlights

¢ A three-pool model coupled with 553-day incubation reveals carbon pool decomposition.
¢ Mineralization shifts from active to passive pools in enclosed and grazed soils.

¢ Similar mineralization mechanisms are shared, despite faster rates in enclosed soils.

¢ Microbial strategies and enzyme activities jointly regulate SOC mineralization.

Abstract

The mineralization dynamics of soil organic carbon (SOC) in grasslands are crucial to terrestrial biogeochemical cycles.
However, the regulatory mechanisms underlying extracellular enzyme metabolism and microbial community structure
during SOC mineralization across different carbon pools remain poorly understood. In this study, a 553-day incubation
experiment was conducted to examine temporal changes in CO, emissions, extracellular enzyme activities, microbial
biomass, and microbial community composition in soils from both enclosed and grazed grasslands. Using a three-pool
model, SOC dynamics were quantified within active, slow, and passive carbon pools, revealing a shift in the dominance of
mineralization from the active carbon pool to the passive carbon pool during the long-term carbon turnover, with differences
observed across grassland management strategies. Compared to grazed grasslands, enclosed grasslands exhibited an
approximately 110% larger active carbon pool and higher initial SOC mineralization rates (significantly higher during the first
113 days), yet long-term microbial and enzymatic regulatory mechanisms — particularly shifts in microbial strategies, enzyme
activity patterns, and their interactions with carbon pools — were similar across both management regimes. The observed
shifts in carbon pool dynamics were driven by enhanced microbial capacity to decompose passive carbon, associated with
substantially increased oxidative enzyme production (e.g., mass-specific oxidase activity increased by 190.6% in enclosed
soil and by 256.1% in grazed soil) and elevated nitrogen and phosphorus demands. Notably, microbial communities shifted
from fast-growing copiotrophic taxa (e.g., Proteobacteria, Bacteroidetes, Ascomycota) to slower-growing oligotrophic taxa
(e.g., Acidobacteria, Actinobacteria, Planctomycetes, Basidiomycota), with the oligotroph-to-copiotroph ratio increasing by
55.5-62.6% for bacteria and 96.9—247.5% for fungi. These changes were closely linked to shifts in enzyme activity profiles
and stoichiometric ratios. Overall, this study provides mechanistic insights into how microbial ecological strategies and
enzyme activities interact to regulate SOC mineralization across different pools under contrasting grassland management
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regimes. These findings advance our understanding of SOC turnover and improve predictive capabilities for carbon cycling,

with broader implications for global climate change feedbacks.

Keywords: soil organic carbon mineralization, soil respiration, three-pool model, microbial community, extracellular enzyme,

incubation experiment, grasslands

1. Introduction

Microbial respiration is a key driver of soil organic carbon
(SOC) mineralization and plays a critical role in regulating
global carbon cycles and climate feedbacks (Melillo et al.
2017). SOC is inherently heterogeneous, comprising various
components with distinct turnover times and decomposition
potentials, ranging from labile to recalcitrant forms (Trumbore
1997; Zhang et al. 2025). The three-pool model, which
classifies SOC into active, slow, and passive pools, is widely
used to explore SOC mineralization dynamics, integrating
data from long-term microbial respiration studies (Liang
et al. 2015; Guo et al. 2020; Schadel et al. 2020; Xiang et al.
2023). Although the model provides key insights into carbon
pool stability and turnover, it lacks integration of critical
biochemical and microbial processes, such as extracellular
enzyme activities and microbial community shifts. A
comprehensive understanding of three-pool dynamics, in
combination with the biochemical and microbial drivers of
SOC mineralization over long-term periods, is essential for
refining model predictions and advancing mechanistic insights
into SOC turnover. This, in turn, will improve forecasts of
ecosystem carbon cycling under changing conditions.

The mineralization of SOC is governed by a complex
interplay of abiotic and biotic factors. Abiotic factors, such
as substrate availability, pH, soil texture, and moisture,
influence microbial respiration by regulating microbial activity
and community composition (Luo and Zhou 2006; Kittredge
et al. 2016; Hu et al. 2025). In contrast, extracellular
enzymes are pivotal in SOC mineralization, with enzymatic
depolymerization often acting as the primary rate-limiting step
(Dominguez et al. 2017; Chen et al. 2018; Kittredge et al.
2018). As SOC mineralization progresses, labile carbon
fractions are rapidly consumed, prompting microorganisms
to upregulate oxidative enzyme activities to degrade more
recalcitrant carbon forms (Kittredge et al. 2018; Li et al. 2023).
While some studies suggest that changes in extracellular
enzyme categories and activities regulate the mineralization
of distinct carbon pools (Wang J et al. 2020b), others
argue that no such correlation exists, proposing that SOC
mineralization is not constrained by variations in enzyme
activity (Birge et al. 2015). These discrepancies likely arise
from differences in experimental conditions, such as carbon
substrate additions and study durations. Therefore, long-term
soil incubation experiments are essential for understanding
SOC decomposability, as they allow observation of microbial
carbon utilization in the absence of new organic inputs (Huo
et al. 2017; Ma et al. 2019). However, the specific roles
of enzymes, including oxidases and hydrolases, in SOC
turnover, and how their stoichiometry and activities change
during incubation remain unclear.

Microorganisms, as primary producers of soil extracellular
enzymes, are directly involved in SOC mineralization.
Changes in microbial community structure and biomass
have significant impacts on soil respiration (Rousk et al.
2012; Xiang et al. 2024). The rapid depletion of labile
carbon fractions during SOC mineralization forces microbial
communities to adopt diverse ecological strategies
(Delgado-Baquerizo et al. 2016). Among them, copiotrophic
(r-strategists) microbes thrive in carbon-rich environments,
grow rapidly, and promote fast carbon mineralization,
whereas oligotrophic (K-strategists) microorganisms grow
slowly but are more effective at degrading recalcitrant
carbon (Fierer et al. 2007; Ho et al. 2017). Shifts towards
oligotrophic fungi have been linked to reduced CO, emissions
due to a decrease in overall fungal abundance and increased
dominance of oligotrophic species (Qiu et al. 2023).
Additionally, enzyme production, an essential microbial
foraging strategy, is closely linked to microbial community
composition (Yang et al. 2021; Koranda et al. 2023).
Understanding the relationship between extracellular enzyme
activity and microbial community composition, especially
within ecological strategy frameworks, is crucial for assessing
microbially mediated turnover of carbon pools (Fierer 2017;
Yang et al. 2023).

Grasslands, which cover approximately 40.5% of the
Earth’s land surface (White et al. 2000), are essential
components of terrestrial ecosystems and play a key role in
both regional and global carbon cycles (Bai and Cotrufo 2022;
Liu L et al. 2023). Enclosure, a widely used management
practice for restoring degraded grasslands, is generally
believed to enhance soil carbon sequestration (Wang et al.
2023; Qu et al. 2024). However, studies in alpine meadows
on the northeastern Tibetan Plateau showed that enclosure
significantly increased soil microbial respiration (Wang J
et al. 2020a), indicating that the effects of enclosure can vary
across ecosystems. Enclosure alters vegetation composition
(Xu et al. 2015; Liu et al. 2025), restructures carbon and
nutrient pools (Feyisa et al. 2017), shifts soil microbial
community (Wu et al. 2022; Tang et al. 2025), and modifies
soil physical and chemical properties (Wang L et al. 2020).
These changes lead to distinct differences in carbon pool
composition and microbial communities between enclosed
and grazed grasslands. Investigating the long-term dynamics
of SOC mineralization and its driving factors across different
grassland management regimes is essential for enhancing
our understanding of SOC turnover mechanisms and
informing optimized grassland management strategies.

This study employs a long-term (553-day) soil incubation
experiment, high-resolution soil respiration measurements,
and the three-pool model to examine the long-term
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mineralization dynamics of SOC pools and their driving
mechanisms in grasslands under contrasting management
regimes (enclosure vs. grazing). The study aims to: (I)
quantify the mineralization dynamics of three distinct SOC
pools; (ll) elucidate the microbial mechanisms driving SOC
pool mineralization under different management practices.
We hypothesize that: (I) As incubations progress and the
labile C pool is depleted, microorganisms will increase
oxidative enzyme production to degrade the recalcitrant
carbon pool; (II) microbial communities will shift towards
oligotrophic species, reducing the dominance of copiotrophic
species; and (Ill) the mineralization dynamics of SOC pools
and the associated microbial mechanisms will converge
across different grassland management regimes, despite
initial differences in carbon pool composition (Fig. 1).

2. Materials and methods
2.1. Study site

This study was conducted in the Yunwushan National Nature
Reserve (36°10°-36°17'N, 106°21'-106°27'E, 1,800-2,100 m
a.s.l.) on the Loess Plateau, China, which hosts the region’s
largest and best-preserved typical grassland. The region
has a semiarid climate, with an average annual precipitation
of 425 mm, over 60% of which falls between July and
September. The mean annual temperature is 7.0°C, with
an average minimum of —8.2°C in January and an average
maximum of 25.2°C in August. The soil in the area is
classified as montane gray-cinnamon soil. The dominant
vegetation includes Stipa bungeana, Stipa grandis, Thymus
mongolicus, Artemisia sacrorum, and Potentilla acaulis
(Appendix A; Liu X et al. 2023).
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2.2. Experimental design and soil sampling

In August 2017, soil samples were collected from two sites
with contrasting management regimes: one that had been
enclosed for 10 years, and the other subjected to continuous
grazing at a density of four sheep per hectare. Both sites
had similar soil types, elevations, slopes, and aspects
(Appendix A). At each site, three plots (50 mx100 m) were
established, spaced 80-100 m apart. Soil samples were
collected from the top 20 cm of the soil profile using a 5 cm
diameter auger, following the removal of surface litter (Fig. 2).
Ten soil cores were collected along an S-shaped transect in
each plot and combined into one composite sample. The
composite samples were sieved to remove roots, stones, and
debris, then divided into two subsamples: one air-dried for
physicochemical analysis, and the other temporarily stored at
4°C for soil incubation experiments.

The soil incubation experiment proceeded as follows:
approximately 500 g of fresh soil was collected from both
enclosed and grazed sites and placed in transparent glass
bottles (Fig. 2). Soil moisture content was adjusted to 60%
of field capacity using distilled water. Six replicates were
prepared for each management regime, divided into two
groups: one for CO, emissions monitoring and the other for
soil property analysis (Fig. 2). All samples were incubated at
a controlled temperature of 25°C for 553 days (~1.5 years).
The extended incubation duration (553 days) was specifically
designed to capture, to the greatest extend, the full
trajectory of SOC mineralization, including both the rapid
depletion of labile carbon and the subsequent turnover of
more recalcitrant carbon pools. This approach facilitated
a comprehensive investigation of microbial and enzymatic
mechanisms extending beyond the initial active carbon
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Fig. 1 Conceptual model of microbial and enzyme-mediated soil organic carbon (SOC) dynamics during long-term incubation
of enclosed and grazed grassland soils. It is hypothesized that enclosed soils should exhibit higher carbon mineralization rates than
grazed soils; however, the key drivers of SOC mineralization dynamics may share similar characteristics across both management regimes.
Shifts in microbial ecological strategies, particularly between oligotrophic and copiotrophic species, can influence SOC dynamics either
directly or indirectly by affecting the allocation of extracellular enzymes. Oligo:Cop, the ratio of oligotrophic to copiotrophic microorganisms;

C-Oxi:Hyd, the ratio of carbon oxidase to carbon hydrolase activities.
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Fig. 2 Sampling and experimental design in this study. BG, 3-1,4-glucosidase; BXYL, 3-1,4-xylosidase; CBH, B-D-cellulosic biohydrolase;
PPO, polyphenol oxidase; PER, peroxidase; NAG, B-1,4-N-acetyl-glucosaminidase; AKP, alkaline phosphatase; Ecological strategies,

copiotrophs vs. oligotrophs (r-strategists vs. K-strategists).

phase. In the CO, emissions monitoring group, microbial
respiration rates were recorded daily during the first 14 days
using an automated soil carbon flux measurement system
(LI-8100, LI-COR, Inc., Lincoln, NE, USA). Thereafter,
measurements were taken every 3 days until day 150, and
then biweekly until the end of the incubation period (day 553).
Soil moisture was regularly adjusted using the gravimetric
method throughout the experiment. Meanwhile, samples from
the soil property analysis group were collected at predefined
intervals to assess microbial biomass carbon (MBC), soil
enzyme activities, and soil microbial community composition.
These intervals occurred at 30 days (one month), 185 days
(0.5 year), 366 days (1 year), and 553 days (end of the
incubation period) (Fig. 2).

2.3. Soil respiration model — Three-pool model

Model description We used a modified first-order kinetic
model, adapted from Andren and Paustian (1987), to partition
observed CO, emissions into active (A,C), slow (A,C), and
passive (A;C) SOC pools. The model is expressed by the
following equations (Liang et al. 2015; Guo et al. 2017):

3
Reaun= 2 ACo(1-6™) M
A=C/Cyy (2)
R=Cke ™" (3)
P=Ce™" (4)

where R,,,(mg C g™ soil) represents cumulative carbon
mineralization after incubation time t. A; (i=1, 2, 3), the

partitioning coefficient, denotes the initial fractions of the
active, slow, and passive SOC pools, respectively, subject to
the constraint A,+A,+A,=1. C,, (mg C g™' soil) represents the
initial SOC content. k; (d™") is the decay rate constant for the
ith pool. C,(mg C g”' soil) indicates the initial content of each
carbon pool. R, (mg C g soil d”') represents soil respiration
rate from each SOC pool after incubation time t. P;,(mg C g™’
soil) reflects the remaining content of each carbon pool after
incubation time t. The key parameters estimated in this study
were the partitioning coefficients (A;) and the carbon decay
rates (k).
Data assimilation We applied a Bayesian probabilistic
inversion approach (Xu et al. 2006) to estimate the model
parameters A and k:

p(61Z) o< p(Z|6)p(6) (5)

The posterior probability density function (PDF) of the
parameters 6, denoted as p(6|Z), can be derived from prior
knowledge of the parameters, represented by the prior
PDF — p(68), and the information contained in the soil
incubation data, represented by the likelihood function
p(Z|6). The likelihood function (Z|6) was calculated under the
assumption that the errors between observed and modeled
values are independent, with a multivariate Gaussian
distribution and a mean of zero:

: [Z(t-X()F

p(Z]6) o< exp {—21 ,Eozbs(z,, 202(1) } (6)
where Z(t) and X(t) represent the observed and modeled
cumulative respiration values, respectively, and o(t) is the
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standard deviation of observations. We used the Metropolis-
Hastings (M-H) algorithm to generate posterior PDFs of
parameters (Metropolis et al. 1953; Hastings 1970). The M-H
algorithm involves two repeating steps: the proposing step
and the moving step (Xu et al. 2006). In each proposal step,
the algorithm generates a new parameter 6" on the basis
of the previously accepted parameter 6°“ with a proposal
distribution p(6™"|6°“):

6= 90/d+ r( emax_emin)/ D (7)
where 6,,,, and 6,,, are the upper and lower bounds of the
prior range for the given parameter; r is a random variable
between —0.5 and 0.5 with a uniform distribution, and D
controls the proposing step size and was set to 10 in this
study (Liang et al. 2015). In the moving step, the algorithm
determines whether 6, should be accepted or rejected.
Data from the long-term laboratory incubation experiment
(Rsum), combined with the SOC mineralization multi-pool
model, were used to optimize the model parameters (A; and
k). The Gelman-Rubin diagnostic was employed to check
parameter convergence and ensure the stability of posterior
distributions (Gelman and Rubin 1992).

2.4. Analysis of soil properties and enzyme activities

This study assessed key soil properties, including soil organic
carbon (SOC), nitrogen and phosphorus-related variables,
soil pH and moisture, microbial biomass carbon (MBC), and
enzyme activities. SOC was determined using dichromate
oxidation, and total nitrogen was measured using an automatic
Kjeldahl analyzer (Kjeltec 8400, FOSS Corporation, Denmark).
Available phosphorus was determined using the Olsen
method, while ammonium nitrogen and nitrate nitrogen were
assessed using a continuous-flow auto-analyzer (Alpkem, Ol
Analytical, USA). Soil pH was determined in a 1:2.5 soil-to-
water suspension, and soil moisture content was measured
by oven-drying method. For detailed procedures, refer to Liu
X et al. (2023). MBC was analyzed via fumigation extraction
(Vance et al. 1987). Extracellular enzyme activities essential
for C, N, and P cycling were also evaluated. Specifically,
activities of two key oxidases — polyphenol oxidase (PPO)
and peroxidase (PER) — which degrade recalcitrant carbon —
were measured. The activities of three hydrolases involved
in C metabolism — (-1,4-glucosidase (BG), 3-1,4-xylosidase
(BXYL), and B-D-cellulosic biohydrolase (CBH), which break
down labile carbon compounds, were quantified. Furthermore,
two hydrolases related to N and P metabolism — (3-1,4-N-
acetyl-glucosaminidase (NAG) and alkaline phosphatase
(AKP) — were evaluated. Hydrolase activities (BG, BXYL,
CBH, AKP, and NAG) were quantified using a fluorescence
microplate assay with 4-methylumbelliferone (MUB) linked
model substrates (Marx et al. 2001). Briefly, fresh soil (1 g)
was mixed with 125 mL deionized water, agitated at 25°C for
2 h, and 1 mL of the suspension was incubated with 250 pL
substrate solution at 25°C for 4 h in the dark. The reaction
was stopped with 50 yL NaOH, and 250 L of the mixture was
transferred to a black 96-well plate for fluorescence reading
(excitation: 365 nm, emission: 450 nm) using a microplate
reader (SpectraMax M2, Molecular Devices, USA). Controls
included negative, blank, quench, and reference standard.

The results were expressed in units of nmol substrate
converted per mL of sample, with units of nmol h™ g™, Six
replicate wells were tested for each sample. Oxidase activities
(PPO and PER) were measured spectrophotometrically using
L-3,4-dihydroxy-phenylalanine as the substrate (German et al.
2011), and absorbance was measured at 450 nm. The unit of
enzyme activity was expressed as the rate of catalytic reaction,
i.e., milligrams of substrate transformed per gram of dry sail
per hour. All measured activities significantly exceeded the
background blank values, therefore ensuring the robustness
of the quantification process. Cumulative activity of C-related
hydrolase (C-Hydrolase) was calculated as the sum of BG,
BXYL, and CBH activities, while C-related oxidase (C-Oxidase)
activity was the sum of PPO and PER activities. The ratio
of C-Oxidase to C-Hydrolase was used to evaluate the
balance between oxidative and hydrolytic processes in carbon
metabolism, indicating the relative importance of recalcitrant
versus labile carbon decomposition (Li et al. 2018; Chen et al.
2020). Additionally, mass-specific enzyme activity normalized
to MBC was used to assess enzyme efficiency relative to
changes in enzyme production and degradation (Steinweg
etal. 2013; Yu et al. 2019).

2.5. Composition of microbial communities and clas-
sification of oligotrophic and copiotrophic species

DNA was extracted from 0.5 g of soil samples using the
FastDNA Spin Kit (MP Biomedicals, Cleveland, USA). DNA
quality was assessed via 1% agarose gel electrophoresis, and
quantity was measured using a spectrophotometer (ND1000,
NanoDrop Technologies, Wilmington, USA). The V4-V5 region
of the bacterial 16S rRNA gene was amplified by PCR using
primers 515F (5'-GTGCCAGCMGCCGCGG TAA-3") and
907R (5-CCGTCAATTCCTTTGAGT TT-3"). The ITS1 region
was amplified for fungal analysis using primers ITS5-1737F
(5"-GGAAGTAAAAGTCGTAACAAGG-37) and ITS2-2043R
(5"-GCTGCGT TCTTCATCGATGC-3"). The PCR conditions
included an initial denaturation at 98°C for 60 s, followed by
30 cycles of 98°C for 10 s, 50°C for 30 s, and 72°C for 30 s,
and a final extension at 72°C for 5 min. PCR products were
pooled, purified with a Qiagen Gel Extraction Kit (Qiagen Co.,
Ltd., Germany), and sequenced on the lllumina MiSeq PE300
platform (lllumina Corporation, San Diego, USA). The average
sequencing depths for the 16S and ITS were 17,123 and
81,071 reads per sample, respectively. Sequencing data were
analyzed using the EasyAmplicon pipeline (Guo et al. 2023).
The bacterial oligotroph-to-copiotroph ratio was calculated
based on the relative abundances of oligotrophic taxa (e.g.,
Acidobacteria, Actinobacteria, Planctomycetes; Li et al. 2021)
and copiotrophic taxa (e.g., proteobacteria, Bacteroidetes;
Fierer et al. 2007). The fungal oligotroph-to-copiotroph ratio
was calculated from the relative abundances of Basidiomycota
(oligotrophs) and Ascomycota (copiotrophs), representing
typical fungal ecological strategies (Li et al. 2023).

2.6. Statistical analysis

We used MATLAB 2023a for data assimilation of cumulative
carbon emissions, where SOC was partitioned into three
distinct carbon pools. Estimated parameters included A
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(carbon pool partitioning coefficient), k (carbon decay rate), fR
(fraction of each carbon pool’s respiration to total respiration,
representing the contribution of different carbon pools to
overall carbon mineralization), and fP (fraction of each carbon
pool to total carbon).

Repeated measures ANOVA was used to assess the
effects of different management regimes, incubation duration,
and their interaction on soil properties, including extracellular
enzyme activities, microbial biomass, and microbial diversity,
after testing the normality of the data. Post-hoc pairwise
comparisons with the least significant difference (LSD)
test were used to evaluate significant differences among
treatments. Principal coordinates analysis (PCoA) was
employed to visualize variations in bacterial and fungal
community structures across treatments. Non-parametric
multivariate analysis of variance (Adonis) was applied using
the vegan package to statistically assess differences in
microbial communities across management regimes and
incubation durations. Linear regression was used to evaluate
trends in soil microbial ecological strategies (oligotrophic vs.
copiotrophic) in response to cumulative carbon emissions.
To explore whether these relationships vary under different
management practices, standardized major axis (SMA)
regression was applied using the smatr package (Yu et al.
2024). Stepwise regression was used to separately analyze
the relationships between various respiration variables and
potential predictors, including MBC, C-Oxidases, C-Hydrolases,
NAG, and AKP.

To understand how microbial communities interact with the
dynamics of enzyme activities, Mantel tests, conducted via the
linkET package, were used to examine the correlation between
extracellular enzyme activities and community structure during
the long-term incubation. Correlation analyses were performed
to investigate the relationships between extracellular enzyme
activities and ecological strategies over time. Finally, we used
partial least squares path modeling (PLS-PM) to assess the
direct and indirect effects of microbial community structure,
ecological strategies, and extracellular enzyme activities on
the mineralization dynamics of the SOC pools (i.e., changes in
SOC quantity and quality). The models were constructed using
the “plspm” package (Tian et al. 2021). This model accounted
for all plausible pathways, and the goodness-of-fit index (GoF)
was used to evaluate the overall model fit, with a GoF value of
0.70 or higher indicating a good fit. Unless otherwise specified,
all statistical analyses were conducted using R (https://www.
r-project.org).

3. Results

3.1. Mineralization dynamics of soil carbon pools
during long-term incubation in grassland soils under
different management regimes

Soil microbial respiration rates and cumulative carbon
emissions showed similar trends in both enclosed and
grazed grassland soils throughout the incubation period. Soil
respiration rates progressively declined, while cumulative
carbon emissions steadily increased (Fig. 3-A and D). The
three-pool model applied to the cumulative carbon emissions
data demonstrated an excellent fit (R°=0.999; Fig. 3-D),

accurately capturing the mineralization dynamics of the
three carbon pools. The contribution of the active (fR1),
slow (fR2), and passive (fR3) carbon pool to total respiration
changed over time, but displayed similar trends across both
management regimes (Fig. 3-B and C). The fR1 decreased
rapidly at first, then stabilized, while the fR3 continuously
increased. The fR2 gained increasing important as fR1
declined, ultimately becoming the dominant contributor to soil
respiration until later in the incubation, when fR3 increased
and became the dominant contributor. The proportions of
different carbon pools relative to the total carbon pool also
shifted during incubation (Fig. 3-E and F), with the active
pool (fP1) declining rapidly and the fP3 gradually increasing.
Enclosed grasslands showed higher respiration rates and
greater cumulative carbon emissions than grazed grasslands
(Fig. 3; Appendix B). Notably, respiration rates in enclosed
grasslands were significantly higher during the first 113 days
(Fig. 3-A; P<0.05) but later converged with those in grazed
grasslands. Additionally, enclosed grassland soils had
higher proportions of both active carbon pools relative to total
carbon compared to grazed soils. The active carbon pool
in enclosed soils accounted for 5.74% of the total carbon,
approximately 110% greater than the 2.73% in grazed soils
(Appendix C).

3.2. Dynamics of extracellular enzyme activities
during long-term incubation in grassland soils under
different management regimes

Extracellular enzyme activities in both enclosed and grazed
grassland soils followed similar trends during the incubation
period (Fig. 4; Appendix D). C-Hydrolase activity exhibited
a gradual decline, in enclosed soils, decreasing from
443.7 nmol h™ g™ on day 30 to 345.6 nmol h™' g™ on day
553, representing a 22.1% reduction. In grazed soils, activity
declined from 365.5 to 339.5 nmol h™ g™, a 7.1% reduction
(Fig. 4-A). In contrast, C-Oxidase activity increased initially,
then decreased but remained significantly higher at later
stages compared to day 30 (Fig. 4-B; P<0.05). For example,
in enclosed soils, C-Oxidase levels increased from a baseline
of 1.83 mg h™ g™ on day 30 to 3.60, 2.45, and 2.30 mg h™’
g on days 185, 366, and 553, corresponding to increases of
96.9, 34.1, and 25.9%, respectively.

Mass-specific hydrolase (MC-Hydrolase) and MC-Oxidase
activities steadily increased throughout the incubation in both
soil types. By day 553, MC-Oxidase activity increased by
190.6% (from 0.0023 to 0.0066 mg h™ ug™ MBC) in enclosed
soils and 256.1% (from 0.0023 to 0.0083 mg h™' ug™ MBC)
in grazed soils, while MC-Hydrolase activity increased by
80.6% (from 0.55 to 1.00 nmol h™ ug™ MBC) and 138.3%
(from 0.54 to 1.29 nmol h™" pg™ MBC) in enclosed and grazed
soils, respectively (Fig. 4-C and D). The ratio of C-Oxidase
to C-Hydrolase initially increased and then decreased, but
remained significantly higher in later stages than on day 30
(Fig. 4-E; P<0.05). For example, in grazed soils, the ratio
increased by 131.8, 135.9, and 51.4% (to 0.0101, 0.0103,
0.0066 mg nmol'1) on days 185, 366, and 553, respectively,
compared to day 30 (0.0044 mg nmol™). Additionally, the
ratios of C-Hydrolase activity to both N- and P-related enzyme
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Fig. 4 Changes in potential enzyme activities, mass-specific enzyme activities, and enzyme stoichiometry during long-term
incubation of enclosed and grazed grassland soils. MC, mass-specific; MBC, microbial biomass carbon. Management regimes,
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(NAG and AKP) activities decreased over time (Fig. 4-F and G). activities and microbial biomass, while grazed soils had higher
Overall, enclosed soils showed higher hydrolytic enzyme oxidative enzyme activities and mass-specific enzyme activity
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throughout the incubation (Fig. 4; Appendix D). Despite
these differences, most enzyme activities and stoichiometric
ratios exhibited similar temporal patterns across management
regimes, and the interaction effects between management and
incubation time were not significant (Appendix E; P>0.05).

3.3. Shifts in microbial community composition during
long-term incubation in grassland soils under different
management regimes

Soil sample analysis identified a total of 5,299 unique
bacterial amplicon sequence variants (ASVs) and 1,304
fungal ASVs, which were classified into 23 bacterial and 9
fungal phyla. The Shannon diversity index (based on ASV
counts) for bacterial communities significantly decreased in
both enclosed and grazed grasslands over the incubation
period (Appendix F; P<0.05). In contrast, the Shannon index
for fungal community remained relatively stable, showing no
significant changes over time (Appendix F). PCoA based on
Bray-Curtis distances demonstrated distinct shifts in bacterial
and fungal community structures under different management
regimes over the incubation period (Fig. 5-A and B). Bacterial
and fungal communities were distinctly separated in the PCoA
plots according to the management regimes. The positions
of bacterial and fungal community structures at different
incubation times shifted progressively along the PCoA axes,
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indicating temporal succession. These observations were
further supported by Adonis tests (Fig. 5-A and B). For
bacterial communities, both management regime (R°=0.09,
P=0.001) and incubation time (R*=0.57, P=0.001) accounted
for significant portions of the variation in community structure.
Similarly, for fungal communities, both management
(R*=0.26, P=0.001) and incubation time (R*=0.39, P=0.001)
had significant effects. However, no significant interaction
effect between management regimes and incubation time
was observed for bacterial communities. Notably, PCoA
analysis showed similar trends in the dynamics of microbial
community composition dynamics for both enclosed and
grazed grasslands throughout the long-term incubation period
(Fig. 5-A and B).

At the phylum level, the dominant bacterial taxa (relative
abundance>5%) were Proteobacteria, Acidobacteria,
Actinobacteria, Bacteroidetes, and Planctomycetes, while the
dominant fungi groups were Ascomycota, Basidiomycota, and
Mortierellomycota (Fig. 5-C and D). To evaluate the balance
between oligotrophic and copiotrophic microorganisms, the
ratio of relative abundances of oligotrophic Basidiomycota
to copiotrophic Ascomycota was calculated for fungi. For
bacteria, the same approach was applied, comparing
oligotrophic taxa like Acidobacteria, Actinobacteria,
and Planctomycetes with copiotrophic groups such as
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Fig. 5 Changes in microbial community composition in enclosed and grazed grassland soils during long-term incubation. PCoA
based on Bray-Curtis distances was used to analyze the soil bacterial (A) and fungal (B) community compositions at the ASV level. The
significant effects of management regimes, incubation times, and their interaction on microbial beta diversity were detected by Adonis test.
Changes in the relative abundance of different bacterial (C) and fungal (D) phyla under different management regimes and incubation

times were also analyzed.
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Proteobacteria and Bacteroidetes. Throughout incubation,
the relative abundance of oligotrophic bacteria and fungi
increased with SOC mineralization (Fig. 6-A and D), while
copiotrophic bacteria and fungi decreased (Fig. 6-B and
E). By the end of the incubation (day 553), the oligotroph-
to-copiotroph ratios in enclosed grasslands had increased
by 55.5% for bacteria and 96.9% for fungi compared to
the early stage (day 30) (Fig. 6-C and F; Appendix G). In
grazed grasslands, these ratios increased by 62.6% for
bacteria and 247.5% for fungi (Fig. 6-C and F; Appendix G).
The oligotroph-to-copiotroph ratios were lower in enclosed
grasslands compared to grazed grasslands (Fig. 6-C and
F), with reductions of 16.0% for bacteria and 36.0% for
fungi. Standardized major axis (SMA) results indicated no
significant differences in the oligotroph-to-copiotroph ratios
of bacteria and fungi related to cumulative carbon emissions
between management regimes (Fig. 6; P,;>0.05).

3.4. Microbial and enzymatic mechanisms driving
mineralization of three soil carbon pools

MBC and key extracellular enzymes involved in SOC
mineralization were incorporated into a stepwise regression
model to identify the main factors influencing total soil
respiration, the respiration rates of the three carbon pools,
and their contributions to total respiration. The results
indicated that C-Oxidase activity and MBC were the most
significant predictors of these variables (Table 1). MBC was
significantly positively correlated with total soil respiration,
particularly influencing the respiration of the active carbon

pool (R1) and its contribution to total respiration (fR1, P<0.05).
In contrast, C-Oxidase activity was negatively correlated with
total soil respiration, the respiration rates of the active and
slow carbon pools (R1 and R2), and the contribution of the
active pool to total respiration (fR1). Furthermore, C-Oxidase
activity, along with NAG, was positively correlated with the
contributions of the slow and passive carbon pools to total
respiration (fR2 and fR3).

PLS-PM of microbial community composition, microbial
ecological strategies (bacterial and fungal oligotroph-to-
copiotroph ratios), and extracellular enzyme activities
(C-Hydrolase, C-Oxidase, NAG, AKP) explained 86% of
the variance in carbon pools during long-term incubation,
indicating a robust model fit (GoF=0.70; Fig. 7). Enclosure
treatments significantly increased the proportion of
copiotrophic microorganisms, while long-term incubation
significantly raised the proportion of oligotrophic
microorganisms (P<0.05). Among the variables, extracellular
enzyme activities had the largest direct effect on carbon pool
variance, with a path coefficient of 0.52. Microbial ecological
strategies also had a direct positive effect on carbon
pool variance (path coefficient=0.30). Shifts in microbial
ecological strategies indirectly influenced carbon pool
mineralization by modulating extracellular enzyme activities.
Mantel and correlation analyses further indicated close
associations between microbial community composition,
ecological strategies, and extracellular enzyme activities,
as well as their stoichiometric ratios (Appendices H and ).
The bacterial and fungal oligotroph-to-copiotroph ratios were
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Fig. 6 Shifts in microbial ecological strategies during long-term carbon mineralization in enclosed and grazed grassland soils. A—C,
changes in the relative abundance of bacterial oligotrophs (A), copiotrophs (B), and their ratio (C) during long-term carbon mineralization.
D-F, changes in the relative abundance of fungal oligotrophs (D), copiotrophs (E), and their ratio (F). Statistical analysis was performed
using a linear regression model with two-sided tests, and adjusted R? values were reported. Significance levels for the linear regression
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with significant differences indicated by P _<0.03.
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Table 1 Stepwise regression models predicting various respiration variables, including total respiration, respiration rates of the
three carbon pools (R), and their relative contribution to total respiration (fR)

Regression equation® R? P-value

Soil respiration SR=-5.314C-Oxidase+0.025MBC+16.953 0.706 <0.0001
R R1=—4.066x10-3C-Oxidase+1.801x10MBC+4.267x102 0.667 <0.0001
R2=-4.986x10-*C-Oxidase—7.360%10°°"NAG+5.862x10°MBC+3.721x103 0.942 <0.0001
R3=3.500%10-°NAG+1.860x%10°AKP+2.169%x10°MBC-1.677x10* 0.722 <0.0001

R fR1=-0.1162C-Oxidase-6.944x10°NAG+4.363x10*MBC+0.504 0.777 <0.0001
fR2=6.765x%10-2C-Oxidase+0.328 0.554 <0.0001

fR3=5.535x10-2C-Oxidase+7.633x10°NAG -3.053x10“MBC+7.117x102 0.901 <0.0001

"SR, total respiration rate; R1, respiration rate of the active carbon pool; R2, respiration rate of the slow carbon pool; R3, respiration rate of the
passive carbon pool; fR1, contribution of the active carbon pool to total respiration; fR2, contribution of the slow carbon pool to total respiration;
fR3, contribution of the passive carbon pool to total respiration; MBC, microbial biomass carbon; C-oxidase, carbon oxidase; C-hydrolase,
carbon hydrolase; NAG, N-acetylglucosaminidase; AKP, alkaline phosphatase. Potential predictors include MBC, C-oxidase, C-hydrolase,
NAG and AKP. The analysis spanned a 553-day incubation period, with carbon pools categorized as active, slow, and passive.

significantly negatively correlated with soil respiration (P<0.05)
and positively correlated with soil C-Oxidase:Hydrolase,
MC-Hydrolase, MC-Oxidase, and NAG activities (P<0.05).
Furthermore, MC-Hydrolase and MC-Oxidase activities
were significantly negatively correlated with NAG activity
(Appendix H; P<0.05).

4. Discussion
4.1. Changes in soil carbon pools and mineralization
rates during long-term incubation of grassland soils

This 553-day incubation study provided valuable insights
into the long-term dynamics of soil carbon pools, highlighting
the critical transition from the rapid mineralization of active
carbon to the slower breakdown of stable carbon fractions —
processes that are often overlooked in shorter-term studies.
By monitoring high-resolution soil respiration and applying
the three-pool model, this study offers a comprehensive
understanding of how soil carbon processes evolve under
different grassland management regimes over extended
periods.

Our results showed a significant decline in microbial
respiration rates in both enclosed and grazed grassland
soils as the incubation progressed, particularly during the
first 113 days (Fig. 3). This reduction was primarily driven
by the rapid depletion of active carbon, as confirmed by
the three-pool model (Fig. 3). This finding aligns with our
first hypothesis, which predicted that the active carbon pool
would be quickly exhausted, leading to the development of
a more complex SOC structure. The decreased substrate
availability also resulted in a reduction in microbial biomass
(Appendix D), which further contributed to the overall decline
in total soil respiration, particularly from the active carbon pool
(Table 1). This shift is consistent with previous incubation
studies (Feng et al. 2017; Zhang and Zhou 2018), which
emphasize the growing importance of stable SOC fractions,
such as mineral-associated and aggregate-protected carbon,
in regulating total respiration during the later stages of long-
term mineralization (Plante and McGill 2002; Giannetta et al.
2018).

During the early stages of incubation, enclosed soils
exhibited higher respiration rates and carbon emissions
compared to grazed grasslands (Fig. 3; Appendix B),
indicating differences in carbon pool composition between the
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Fig. 7 Mechanisms regulating soil carbon pool dynamics in
grazed and enclosed grasslands during long-term incubation.
Partial least squares path modeling (PLS-PM) indicating the
relationships between soil microbial community structure,
extracellular enzyme activities, and carbon pools. GoF, goodness of
fit of the model. Blue and red arrows indicate positive and negative
relationships, with the thickness of the line and the numbers
indicating the magnitude of the standardized coefficients. *, P<0.05,
”, P<0.01,™, P<0.001. Oligo:Cop, oligotroph to copiotroph ratio of
bacteria and fungi. fP2 and fP3 represent the fraction of slow and
passive carbon pools relative to total carbon pool, respectively.

two management regimes. This disparity can be attributed
to reduced disturbance, increased plant residue inputs,
and enhanced microbial activity in enclosed grasslands
(Xiong et al. 2016; Bai et al. 2021). Enclosed soils also
showed higher microbial biomass, elevated hydrolytic
enzyme activities, and a greater abundance of copiotrophic
microorganisms (Figs. 4 and 6), which collectively contributed
to increased carbon substrate availability in these systems.
However, as the incubation progressed, differences in
respiration rates between the two regimes diminished (Fig. 3),
supporting our third hypothesis that mineralization dynamics
would converge over time. This convergence is likely driven
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by the gradual depletion of labile carbon pools, which reduces
the differences in substrate complexity between enclosed and
grazed soils.

4.2. Microbial communities drive soil carbon three
pool mineralization dynamics by regulating extracellu-
lar enzymes

While similar trends in the variation of the three carbon pools
and converging microbial respiration patterns were observed
between enclosed and grazed soils during incubation (Fig. 3),
the parallel shifts in enzyme activity, microbial community
composition, and ecological strategies (Figs. 4—6) suggest
that both grassland systems share common underlying
mechanisms driving SOC mineralization. Our findings
demonstrated that over time, the microbial community
transitioned from a copiotrophic to an oligotrophic strategy,
accompanied by significant changes in enzyme activity —
specifically, an increase in C-Oxidase activity and a decrease
in C-Hydrolase activity. These microbial and enzymatic shifts
are strongly correlated with changes in carbon pool fractions
(Fig. 6), indicating that they serve as the primary drivers
of SOC mineralization under both management regimes,
supporting our second and third hypotheses.

Microorganisms adopt distinct ecological strategies, such
as copiotroph and oligotroph, to decompose different carbon
substrates and meet their metabolic and energy demands.
Copiotrophic microbes (r-strategists) thrive in carbon-rich
environments, driving rapid mineralization, while oligotrophic
microbes (K-strategists) are more efficient at degrading
recalcitrant carbon over extended periods (Fierer et al. 2007;
Ho et al. 2017; Peng et al. 2025). These microbial strategies
not only affect substrate properties but are also shaped by
them (Bernhardt et al. 2022), creating a feedback loop that
influences soil respiration and broader ecosystem processes.
In our study, we assessed the transition in microbial
ecological strategies during incubation by examining the
ratio of oligotrophs to copiotrophs within bacterial and fungal
communities. The increase in oligotroph-to-copiotroph ratios
(Fig. 6), combined with the negative correlation between
these ratios and soil respiration (Appendix 1), indicates
that shifts in microbial strategies significantly influence
SOC mineralization rates. A higher relative abundance of
oligotrophic microorganisms is associated with lower soil
respiration (Qiu et al. 2023). This pattern may also explain
why grazed grassland soils exhibited lower soil respiration
and carbon emissions compared to enclosed soils, as grazed
soils maintained a higher oligotroph-to-copiotroph ratio
(Fig. 6).

In the PLS-PM analysis, extracellular enzyme activities
had the strongest direct effect on carbon pool variance, with
a path coefficient of 0.52, compared to the effect of microbial
ecological strategies, which had a direct path coefficient of
0.30 (Fig. 7). This finding is consistent with previous studies
showing that microbial-derived enzymes contribute to nearly
half of CO, emissions from decomposing SOC, even under
soil sterilization conditions, emphasizing the critical role of
enzymes in soil respiration (Maire et al. 2013). Throughout
the incubation, we observed a significant increase in

C-Oxidase activity (Fig. 4) and a positive correlation between
C-Oxidase and the contribution of slow and passive carbon
pools to total respiration (Table 1). Additionally, the positive
correlation between the C-Oxidase:Hydrolase and the
oligotroph-to-copiotroph ratio (Appendix I) suggests that shifts
in microbial ecological strategies are tightly linked to changes
in enzyme activity, driving the utilization of different carbon
pools. Copiotrophic microorganisms thrive in environments
rich in labile carbon, whereas oligotrophic microorganisms
excel at utilizing recalcitrant carbon (Fierer et al. 2007).
During the early incubation phase, copiotrophic taxa, such
as Proteobacteria, might upregulated the secretion of
hydrolytic enzymes (e.g., BG, BXYL) to rapidly mineralize the
active carbon pool, aligning with their preference for readily
degradable substrates. As the incubation progressed and
the labile carbon pool became depleted, oligotrophic lineages
such as, Actinobacteria, gradually became dominant. These
taxa enhanced the production of oxidative enzymes (e.g.,
PPO, PER), thereby facilitating the decomposition of complex
substrates — such as lignin and aromatic compounds —
within the slow and passive carbon pools (Chen et al.
2018; Peng et al. 2025). Notably, the fungal oligotroph-
to-copiotroph ratio showed a stronger positive correlation
with both C-Oxidase activity and the C-Oxidase:Hydrolase
compared to bacteria, further supporting the notion that
fungi are more efficient at decomposing recalcitrant carbon
and are the primary producers of oxidases (Navarro et al.
2014; Treseder and Lennon 2015; Schalk et al. 2021). For
example, fungi, particularly white-rot fungi, utilize enzymes
such as peroxidases to degrade complex and persistent lignin
compounds (Gatazka et al. 2025).

Moreover, variations in mass-specific enzyme (MC-
Oxidase and MC-Hydrolase) activities, as well as N- and
P-acquisition enzymes (NAG and AKP), also help explain
carbon pool variance. We observed progressively increasing
MC-Oxidase and MC-Hydrolase activities throughout the
incubation (Fig. 4-C and D), along with a significant positive
correlation between these activities and the oligotroph-to-
copiotroph ratio (Appendix ). These findings are consistent
with microbial economic theories, which suggest that
microorganisms may allocate more resources to enzyme
production in response to the low availability and quality of
soil substrates (Zhang et al. 2023). Notably, MC-Oxidase
activity displayed the highest sensitivity during incubation
(Fig. 4-D), underscoring the critical role of C-Oxidative
enzymes in driving the mineralization of soil carbon pools
during extended incubation periods. Interestingly, N- and
P-related enzymes activities and demand also increased
over time (Fig. 4; Appendix D), and a positive correlation
was observed between these enzyme activities and the
mineralization of passive carbon pools (Table 1). This
suggests that N- and P-related enzymes also play a role in
passive carbon mineralization. The underlying reason may
be twofold: first, to meet the increasing demand for enzyme
synthesis, as enzymes are protein-based and require
nitrogen; second, to adapt to the accumulation of nitrogen
and phosphorus in soil organic matter over time (Hilscher
et al. 2009; Chen et al. 2024). Some studies support this,
showing that while NAG and LAP are primarily involved in



Junhao Feng et al. / Journal of Integrative Agriculture 2026, 25(7): 3044-3057 3055

nitrogen acquisition, they can also contribute to C acquisition
when protein, chitin, and peptidoglycan become dominant
carbon sources (Mori 2020). In summary, our study suggests
that both enclosed and grazed grassland soils share similar
mechanisms driving carbon mineralization. Microbial
communities adapt their ecological strategies by reallocating
resources and investing in enzyme production, enabling them
to efficiently extract energy and nutrients from increasingly
recalcitrant carbon substrates during long-term incubation.

4.3. Limitations and future directions

The integration of a three-pool model with analyses of soil
microbial community and enzyme activities during long-
term incubation offers valuable insights into the dynamics
of soil carbon pool mineralization and the underlying
mechanisms. While our findings advance the understanding
of these processes, several important limitations must be
acknowledged. Firstly, the three-pool model, which widely
used in soil respiration research, has inherent simplifications.
It assumes discrete carbon pools and first-order decay
kinetics, which may not fully capture the continuum nature
of SOC decomposition. In addition, the model does not
explicitly account for microbial physiology, enzyme kinetics,
or interactions with soil structure, meaning that certain
microbially driven processes may be underrepresented
(Guan et al. 2022; Guo et al. 2022). Secondly, the controlled
laboratory conditions do not accurately replicate the
environmental variability observed in natural ecosystems. In
field settings, temperature and moisture fluctuate seasonally
and with weather changes, leading to significant variations
in microbial activity and SOC mineralization rates. While
our incubation approach was ideal for isolating microbial
mechanisms without confounding environmental factors (Huo
et al. 2017; Ma et al. 2019), caution should be exercised
when extrapolating the absolute mineralization rates reported
here to field conditions. Moreover, the ecological complexity
of natural systems — including interactions among plant roots,
soil fauna, and microbial communities — plays a critical role
in SOC mineralization (Bardgett and van der Putten 2014;
Kuzyakov and Blagodatskaya 2015; Wang B et al. 2020).
This complexity can obscure or even reverse the observed
relationships between microbial community composition and
extracellular enzyme activity in natural field conditions (Li
et al. 2024).

To address these limitations, several approaches can be
considered. Firstly, the application of functional genomics
and metabolomics would help investigate the dynamics
of key genes and metabolic pathways involved in carbon
catabolism, offering deeper mechanistic insights into
microbial responses to different carbon pools (Delgado-
Baquerizo et al. 2018). Secondly, a more in-depth exploration
of microbial physiological traits — such as carbon use
efficiency, growth rates, and adaptability in utilizing various
carbon substrates (Tao ef al. 2023) — would provide a better
understanding of microbial allocation and competitiveness
in diverse environments. Thirdly, future research should
incorporate long-term field experiments to validate and
extend the applicability of laboratory findings (Smith et al.

2016). Finally, collecting high-resolution temporal and spatial
data on microbial activity, enzyme kinetics, and SOC fractions
will significantly improve model calibration and validation.
This will not only enhance our understanding of SOC
mineralization mechanisms but also improve carbon cycle
predictions (Jian et al. 2020).

5. Conclusion

In this study, we investigated the mineralization dynamics
of the three pools of SOC in grasslands under different
management regimes, with a focus on the roles of microbial
communities and extracellular enzyme activities. Our findings
underscored the critical role of extracellular enzyme patterns,
which are driven by shifts in microbial ecological strategies in
the mineralization of SOC pools — particularly the transition
from copiotrophic to oligotrophic microbial communities
during long-term incubation. While enclosure accelerated
initial SOC mineralization rates (significantly higher during the
first 113 days), the management regimes did not significantly
alter the long-term mineralization mechanisms of the soil
carbon pool. The study further highlighted that, in addition
to oxidative enzymes, mass-specific enzyme activities and
N and P-Hydrolase are essential for sustaining microbial
metabolism and facilitating the mineralization of recalcitrant
carbon pools as nutrient demands increase during labile
carbon depletion. These insights deepen our understanding
of the microbially-driven mechanisms underlying SOC
decomposition and provide valuable guidance for optimizing
grassland management practices — for example, by
prioritizing policies that protect and stabilize carbon in slow
and passive pools through practices such as minimizing
soil disturbance and promoting plant diversity — thereby
enhancing carbon sequestration and mitigating climate
change.
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