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ARTICLE INFO ABSTRACT

Keywords: Cropland soil organic carbon (SOC) is a vital component of the global carbon cycle. At the same time, the
Soil f’rga“ic Carb‘_)n expansion of adjacent planted forests, driven by their ecological benefits, further shapes regional carbon dy-
Particulate organic carbon namics. This offers a pivotal research opportunity to investigate divergences in SOC and its fractions, as well as

Mineral-associated organic carbon
Microbial-derived carbon
Croplands

Planted forests

carbon formation and stabilization mechanisms in croplands and planted forests converted from croplands.
Elucidating divergent influencing mechanisms of SOC and its fractions between croplands and planted forests is
critical to deciphering different land-use impacts on carbon storage and optimizing land-use-specific carbon
sequestration management under global warming. We collected 39 paired cropland-planted forest soil samples in
a major grain-producing region of Eastern China, and used piecewise structural equation modeling and random
forest modeling to quantify and compare the effects of physical carbon parameters, microbial-derived carbon
(MDC), and biotic-abiotic drivers on SOC and its fractions between croplands and adjacent planted forests.
Croplands exhibited significantly higher SOC, particulate organic carbon (POC), and mineral-associated organic
carbon (MAOC) contents than planted forests, exceeding forest levels by 34%, 68%, and 25%, respectively.
Compared to planted forests, croplands had a higher POC proportion but a lower MAOC proportion. Further-
more, the dominant drivers of SOC, POC, and MAOC shifted from biotic factors in croplands to abiotic factors in
planted forests. Dissolved organic carbon (DOC) exhibited a stronger positive contribution to SOC accumulation
in croplands than in planted forests. Fungal necromass carbon (FNC) contributed more to SOC, POC, and MAOC
than bacterial necromass carbon (BNC) in croplands, but the opposite was true in planted forests. Collectively,
planted forests exhibited lower but more stable SOC compared to croplands, demonstrating greater sensitivity to
abiotic drivers and stronger MAOC dominance (constituting 78.85% of total SOC). Conversely, cropland SOC was
primarily regulated by biotic drivers and MDC inputs. Therefore, land-use-specific management is essential to
maximize the complementary carbon sequestration potentials of croplands and planted forests, thereby
enhancing global SOC accumulation and stabilization.

Abbreviations: SOC, soil organic carbon; POC, particulate organic carbon; MAOC, mineral-associated organic carbon; POM, particulate organic matter; MAOM,
mineral-associated organic matter; MDC, microbial-derived carbon; DOC, dissolved organic carbon; BNC, bacterial necromass carbon; FNC, fungal necromass carbon;
MNC, microbial necromass carbon; NAC, microbial necromass accumulation coefficient; MAOC,.y, the theoretical maximum of MAOC; CSD, MAOC saturation
degree; MBC, microbial biomass carbon; PCP, soil physical carbon parameters; AMF, arbuscular mycorrhizal fungi; EcMF, ectomycorrhizal fungi; SWC, soil water
content; SBD, soil bulk density; EC, electrical conductivity; TN, total nitrogen; NHj-N, ammonium nitrogen; NO3-N, nitrate nitrogen; NO3-N, nitrite nitrogen; TP,
total phosphorus; AP, available phosphorus; TK, total potassium; AK, available potassium; MAT, mean annual temperature; MAP, mean annual precipitation; SWE,
snow water equivalent; TWI, topographic wetness index; SPI, stream power index; FVC, fractional vegetation cover; NPP, net primary production; SP, soil properties;
MKT, microbial key taxa (i.e., topl0 abundant taxa); MN, microbial network topology properties, containing microbial community structure properties; MD, mi-
crobial community taxonomic and functional diversity; Network.PC1, first principal component extracted using sub-network topology properties; Network.PC2,
second principal component extracted using sub-network topology properties.
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1. Introduction

Soil organic carbon (SOC) represents the largest terrestrial carbon
pool, playing critical roles in regulating the global carbon cycle and
mitigating climate change through carbon sequestration practices
(Batjes, 1996; Crowther et al., 2019). Among terrestrial ecosystems,
cropland soils constitute a pivotal carbon reservoir whose dynamics
directly influence atmospheric COy concentrations (Derrien et al.,
2023). In agricultural landscapes, particularly those dominated by
intensive cropping systems, planted forests are commonly established
along field margins or irrigation canals. Despite their relatively small
spatial extent compared to adjacent croplands, these planted forest
patches hold significant ecological value within agroecosystems. Plan-
ted forests have become one focus of current research as they have
emerged as a globally widespread significant climate mitigation initia-
tive, recognized for their carbon sequestration potential (Cheng et al.,
2024). Crucially, the distinct vegetation types and management prac-
tices between croplands and adjacent planted forests are likely to drive
fundamental differences in SOC formation and stabilization mecha-
nisms, leading to variations in SOC and its fraction contents (Wang et al.,
2025b). However, while existing studies have quantified contrasts in
SOC and its fractions between croplands and natural forests, the dif-
ferences in the content, formation, and stabilization pathways of SOC
and its fractions between croplands and adjacent planted forests are still
unclear.

Divergent hydro-nutrient regimes and associated carbon formation
and stabilization pathways drive contrasting contents of particulate
organic carbon (POC) and mineral-associated organic carbon (MAOC),
alongside their differential contributions to SOC pools, between crop-
land and planted forests (Derrien et al., 2023). POC originates primarily
from the fragmentation and translocation of litter residues and lacks
mineral association, whereas MAOC derives mainly from microbial
necromass complexed with mineral surfaces (Derrien et al., 2023; Li
et al., 2024). Distinguishing POC and MAOC provides essential mecha-
nistic insights into SOC cycling across land-use types (von Liitzow et al.,
2007; Angst et al., 2023). MAOC persists for centuries due to stabiliza-
tion via strong organo-mineral bonding and physical protection within
microaggregates. In contrast, POC, composed largely of partially
decomposed plant fragments, is inherently more labile and susceptible
to microbial decomposition (von Liitzow et al., 2007; Angst et al., 2023).
Consequently, unless physically occluded, POC exhibits a relatively
short soil residence time (Lavallee et al., 2020; Angst et al., 2023; Zhou
et al., 2024). Notably, soils with lower SOC content tend to store a
greater proportion of carbon as MAOC rather than POC (Derrien et al.,
2023). As such, POC or MAOC predominance varies characteristically
across land-use types (Derrien et al., 2023; Liu et al., 2025b).

Given its physicochemical protection mechanisms, MAOC is widely
recognized as a stable, persistent SOC fraction (Lavallee et al., 2020;
Heckman et al., 2022). Consequently, a higher MAOC/SOC ratio serves
as a robust indicator of prolonged SOC turnover times at the ecosystem
scale (Sokol et al., 2022). Physical occlusion within aggregates also
protects POC by reducing microbial accessibility (Zhou et al., 2024).
When designing carbon-focused management strategies to enhance POC
and MAOC levels, the MAOC saturation degree (CSD) should be assessed
(Angst et al., 2023; Soinne et al., 2024). As MAOC approaches its satu-
ration limit, strategies targeting MAOC formation for SOC storage may
become ineffective or even promote priming losses (Cotrufo et al., 2022;
Li et al., 2024). The contrasting dynamics of POC and MAOC necessitate
their separation within a conceptual framework to evaluate carbon
sequestration potential accurately (Cotrufo et al., 2019). Therefore,
investigating POC and MAOC divergence in cropland-adjacent planted
forests provides a spatially explicit framework for optimizing carbon
management. Aligning strategies with the inherent complexity of SOC
pools is key to leveraging soils as sustainable carbon sinks, constituting
an essential step toward achieving climate mitigation targets (Angst
et al., 2023).
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Dissolved organic carbon (DOC) acts as a critical precursor regu-
lating SOC dynamics, particularly the formation pathways of POC and
MAOC. This regulation occurs through a sequential microbial pathway:
DOC assimilation into microbial biomass carbon (MBC), followed by
transformation into microbial necromass carbon (MNC). Crucially, mi-
crobial necromass forms the dominant carbon source for MAOC, stabi-
lized primarily through this DOC-microbial pathway (Sokol and
Bradford, 2019). Despite constituting less than 2% of SOC, DOC repre-
sents one of the most biogeochemically active and mobile carbon pools
in terrestrial systems (von Liitzow et al., 2007). As the most labile SOC
fraction, DOC exhibits rapid turnover, ranging from hours to months
(Deng et al., 2021). It serves as the primary substrate for microbial
metabolism, critically influences soil acid-base equilibria, and modu-
lates nutrient bioavailability via chelation and transport (Marschner and
Bredow, 2002). Molecular-level studies indicate that ambient tempera-
ture and soil water content (SWC) distinctly control microbial trans-
formation of DOC into POC or MAOC (Niu et al., 2024). Furthermore,
soil microbial diversity and network complexity significantly influence
MBC and MNC production, thereby governing SOC storage (Wang et al.,
2021; Wang et al., 2023). Notably, microbial community composition
often exerts a stronger control on SOC accumulation than clay miner-
alogy, with microbial-derived carbon (MDC) accumulation being most
pronounced in soils exhibiting higher fungal abundance and efficient
microbial biomass production (Kallenbach et al., 2016). A critical yet
poorly understood aspect of soil carbon cycling is the mechanistic
disconnection between microbial activity and the formation of stable
carbon fractions. To bridge this gap, we introduce DOC and MNC as key
carbon parameters that link microbial processes to carbon stabilization.
This establishes a continuous pathway from microbial assimilation of
DOC to the transformation of MBC into MNC and its subsequent
contribution to POC and MAOC formation. Using this framework, we
quantify the proportional contributions of these pathways to SOC
accumulation in croplands and adjacent planted forests.

The aforementioned processes are co-regulated by biotic and abiotic
drivers governing carbon formation and stabilization in croplands and
planted forests (Lehmann and Kleber, 2015; Wang et al., 2025b). Abiotic
drivers encompass soil properties, climate, topography, and vegetation
characteristics (Luo et al., 2017; Li et al., 2025b), with temperature,
precipitation, pH, nitrogen, and phosphorus significantly influencing
SOC, POC, and MAOC dynamics (Gao et al., 2024; Zhou et al., 2024).
Higher soil silt content and SWC further promote MAOC accumulation
(Niu et al., 2024). Biotic drivers—including the diversity, composition,
structure, and network complexity of bacterial, fungal, archaeal, and
mycorrhizal communities—exert pronounced control over SOC and its
fractions (Sokol et al., 2022; Wang et al., 2023). Mycorrhizal association
type represents a key biotic factor, influencing SOC dynamics through
variations in tissue degradability and organic matter decomposition
capacity (Cotrufo et al., 2019). Critically, the relative effects and in-
teractions of these diverse abiotic and biotic factors on SOC, POC,
MAOOC, and related carbon parameters remain systematically quantified
in croplands and adjacent planted forests.

Eastern China, such as the Yangtze River Delta—characterized by
intensive agriculture, urban expansion, and widespread affor-
estation—serves as an ideal area to investigate SOC and its fraction
divergence between croplands and adjacent planted forests. We propose
the following research hypotheses: (1) SOC in croplands exhibits higher
content than in adjacent planted forests; (2) SOC in adjacent planted
forests exhibits higher stability than in croplands; (3) the contribution of
DOC to SOC formation and stabilization may differ between croplands
and adjacent planted forests due to differences in hydro-nutrient re-
gimes; (4) the influencing mechanisms on SOC and its fractions in
croplands and adjacent planted forests may differ due to habitat-specific
soil microbe-plant-environment interactions. Based on the above hy-
potheses, the objectives of the study are: (1) to compare the differences
in soil carbon parameters and soil properties between croplands and
adjacent planted forests; (2) to quantify and compare the relative
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importance of abiotic factors (e.g., climatic factors, terrain factors,
vegetation factors, soil properties), biotic factors (e.g., soil microbial
composition, taxonomic and functional diversity, structure, network
complexity), MDC (e.g., MNC, MBC), or soil physical carbon parameters
(PCP) (e.g., CSD, DOC, POC, MAOC) for SOC and its fraction regulation
between croplands and adjacent planted forests; (3) to elucidate and
quantify the direct and indirect contributions of interactions among
distinct soil carbon parameters within the pathway through which DOC
is transformed into SOC and its fractions via the microbial carbon pump.
This study aims to provide targeted soil carbon management measures
for sustainable development and combating climate change, directly
contributing to global climate mitigation goals like the ‘4 per 1000 - soils
for food security and climate’ initiative.

2. Materials and methods
2.1. Study sites and soil sampling

The study area is situated in Jiangsu Province, Eastern China (Fig. 1),
within the warm-temperate to subtropical summer monsoon climate
zone, spanning semi-humid and humid regimes. Most of the region ex-
periences a subtropical humid climate. The terrain is predominantly
low-lying plains, with scattered low hills in the north and southwest.
Sampled croplands primarily comprised rice paddies and rice-wheat
rotation systems. Adjacent planted forests, established primarily on
former cropland 10-20 years prior, experience lower anthropogenic
disturbance than cropland soils. The planted forests in our sampling area
primarily consisted of Populus spp., Betula spp., Cunninghamia lanceolata,
and Zelkova serrata. The dominant tree species in these stands is the
Populus spp.

Soil was sampled at the depths of 0-20 cm in early October 2023
using a stainless-steel hand auger (inner diameter of 5 cm). The deter-
mination of sampling sites was mainly based on the Latin Hypercube
sampling method (Minasny and McBratney, 2006). We used a five-point
sampling method for sampling (Mao et al., 2020). The distance between
each pair of cropland and forest soils in the sampling point shall not
exceed 1 km. We collected a total of 78 samples (Fig. 1a) scattered across
typical cropland and adjacent planted forest soils (Fig. 1b) in the study
area (116°49’ E-121°39' E, 30°78' N-34°65' N). The sampling sites
experienced a mean annual temperature (MAT) between 14.28 and
16.65 °C (Fig. Sla) and a mean annual precipitation (MAP) from 730.91
to 1181.66 mm (Fig. S1b).

After collection, soil samples were transported to the laboratory
within 6 h in insulated boxes with ice packs. Upon arrival, subsamples
(10 g) of cropland and forest soils were placed in sterile 50 mL centrifuge
tubes and immediately stored at —80 °C for DNA extraction and sub-
sequent high-throughput sequencing. The remaining soil samples were
stored at 4 °C for the analysis of soil properties and carbon parameters.

The detailed methodologies for determining soil physicochemical
properties [e.g., SWC, soil bulk density (SBD), pH, electrical conduc-
tivity (EC), total nitrogen (TN), ammonium nitrogen (NH%-N), nitrate
nitrogen (NO3-N), nitrite nitrogen (NO3-N), total phosphorus (TP),
available phosphorus (AP), total potassium (TK), and available potas-
sium (AK)] and metallic elements (Ca, Mg, Mn, Cr, Cd, and Cu),
alongside the sources and collection procedures for climate [MAT, MAP,
and snow water equivalent (SWE)], terrain [elevation, topographic
wetness index (TWI), stream power index (SPI), and slope], and vege-
tation [fractional vegetation cover (FVC) and net primary production
(NPP)] data, are described in the Supplementary Material.

2.2. Soil carbon parameters analysis and calculation

Prior to analysis, air-dried soil was sieved through a 100-mesh (0.15
mm) sieve. SOC was then determined by the K>Cr,O7-H2SO4 oxidation
method (Mebius, 1960) and titrated with FeSO4 solution. DOC was
extracted with 0.5 M K3SO4 and analyzed by a TOC analyzer (TOC-L;
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Shimadzu, Tokyo, Japan). MBC was measured employing the chloro-
form fumigation-extraction method (Wu et al., 1990).

We separated soil fractions using a wet-sieving technique based on
Marriott and Wander (2006). In this procedure, 10 g of air-dried soil
(passed through a 2 mm sieve) was subjected to dispersion with 150 mL
of 5%o sodium hexametaphosphate on a shaker operating at 200 rpm for
18 h. The dispersed mixture was then passed through a 53 pm sieve
under a stream of deionized water, yielding two particle-size fractions:
particulate organic matter (POM, >53 pm) and mineral-associated
organic matter (MAOM, <53 pm). All fractions were oven-dried at
50 °C, weighed, and finally ground to pass a 100-mesh (0.15 mm) sieve
before their carbon content was determined by the same method applied
for SOC.

The contents of POC and MAOC in soil (in g/kg) were calculated
using the following formulas:

POC = Cpom X Wrom/Wsoil (@)

where Cpoy denotes the carbon content of the POM fraction (g/kg),
Wpowm is the weight of the POM fraction (g), and Wy, represents the
initial mass of the soil sample (g).

MAOC = Cpaom X Wnaom/Weoil 2

where Cyaom denotes the carbon content of the MAOM fraction (g/kg),
Wnaowm is the weight of the MAOM fraction (g), and Wi, represents the
initial mass of the soil sample (g).

The theoretical maximum of MAOC (MAOCax, 8/kg) was calculated
according to Six et al. (2002):

MAOCax = 0.26 x Pyaom + 5.5 3)

where Pyjaom denotes the proportion of 50 pm MAOM (%).
CSD (%) was estimated as follows:

CSD = MAOC/MAOCx x 100 (4)
2.3. Amino sugars analysis and calculation

Amino sugars were extracted and quantified to determine MNC
following the method of Zhang and Amelung (1996). Subsequently, the
extracts were analyzed using an Agilent 6890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a DB-5
column (30 m x 0.25 mm x 0.25 pm) and a flame-ionization detector
(FID). The amino sugars measured included glucosamine (GluN), man-
nosamine, galactosamine, and muramic acid (MurA).

Bacterial necromass carbon (BNC) and fungal necromass carbon
(FNC) were estimated based on the calculation model established by Hu
et al. (2024):

BNC = MurA x 31.3 5)
FNC = (GluN — 1.16 x MurA) x 10.8 6)

where muramic acid (mg/kg) serves as a specific biomarker for bacteria,
while glucosamine (mg/kg) is a common constituent of both fungal and
bacterial cell walls.

MNC (mg/kg) is the sum of BNC (mg/kg) and FNC (mg/kg).

MNC = BNC +FNC @

The microbial necromass accumulation coefficient (NAC) refers to
the net accumulation of microbial necromass per unit microbial
biomass. It was determined with the following equation (Zhang et al.,
2021):

NAC = MNC/MBC 8
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Fig. 1. Location of the study area, (a) the geographic distribution of sampling sites, and (b) general view of the croplands and adjacent planted forests.
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2.4. DNA extraction, Illumina sequencing, and sequence processing

Genomic DNA was extracted from cropland and forest soils with the
E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) according
to the manufacturer's instructions. Following extraction, DNA integrity
was assessed by 1% (w/v) agarose gel electrophoresis, and its purity and
concentration were quantified using a NanoDrop 2000 UV-Vis spec-
trophotometer. The DNA extracts were stored at —20 °C to preserve
stability for downstream analyses.

The bacterial V3-V4 and archaeal V4-V5 hypervariable regions of the
16S rRNA gene were amplified using primer pairs 341F/806R (5-
CCTAYGGGRBGCASCAG-3' and 5-GGACTACNNGGGTATCTAAT-3')
and Arch519F/Arch915R  (5-CAGCCGCCGCGGTAA-3' and 5-
GTGCTCCCCCGCCAATTCCT-3"), respectively. The fungal ITS1 region
was amplified with primers ITS1F/ITS2 (5-CTTGGTCATTTA-
GAGGAAGTAA-3' and 5-GCTGCGTTCTTCATCGATGC-3").

DNA samples were amplified in triplicate 20-pL reactions containing
4 pL of 5x FastPfu Buffer, 2 pL of 2.5 mM dNTPs, 0.8 pL of each primer
(5 pM), 0.4 pL of FastPfu Polymerase, and 10 ng of template DNA. The
resulting amplicons were visualized on agarose gels, and bands of the
expected size were excised and purified with the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA). Purified
products were subjected to paired-end sequencing (2 x 250 bp) on an
[llumina NovaSeq PE250 platform (Shanghai BIOZERON Co., Ltd).

Raw sequencing reads were subjected to stringent quality filtering,
discarding sequences shorter than 50 bp, with average quality scores
below 20, containing ambiguous bases, or with incorrect primer and
barcode matches. Subsequent denoising and inference of amplicon
sequence variants (ASVs) were performed using the DADA2 pipeline
(Callahan et al., 2016), with paired-end reads trimmed and filtered
under a maximum expected error threshold of two. To ensure data
quality, singleton ASVs and those assigned to mitochondria or chloro-
plasts were removed. Bacterial and archaeal ASVs were taxonomically
classified against the SILVA database (version SSU138.1) (http://www.
arb-silva.de), and fungal ASVs were taxonomically classified against the
NCBI-NT database (https://ftp.ncbi.nlm.nih.gov/blast/db/), using the
UCLUST algorithm with an 80% confidence threshold. All raw sequences
are publicly accessible in the NCBI SRA (http://www.ncbi.nlm.nih.
gov/) under BioProject accession numbers PRJINA1280032 (bacteria),
PRJNA1280037 (fungi), and PRJNA1280060 (archaea).

2.5. Piecewise structural equation modeling

Piecewise structural equation modeling (piecewiseSEM) was used to
discern the direct and indirect effects of PCP (POC, MAOC, DOC) and
MDC (MBC, MNC) on SOC in croplands and adjacent planted forests.
This method was selected owing to its capacity to deconstruct complex
causal networks in correlative data, thereby separating the direct and
indirect influences of multiple predictors (Lefcheck, 2016; Liu et al.,
2022; Liu et al., 2025a).

We built an a priori model informed by current theory. Its fit was
judged via Fisher's C test (with 0.05 < P < 1.00 indicating a good fit),
and we subsequently modified the model by incorporating significant
pathways (P < 0.05) to improve its overall goodness (Delgado-Baquerizo
et al., 2020; Liu et al., 2025a). For all variables included in the final
piecewiseSEM, the variance inflation factor (VIF) was confirmed to be
below 7.0 (O'brien, 2007). We conducted these analyses using the
“piecewiseSEM” package (Lefcheck, 2016) in R.

2.6. Statistical analysis

All data analysis and figure generation were carried out in R software
(version 4.5.0) (R Core Team, 2025). We examined differences in soil
carbon parameters and properties between croplands and adjacent
planted forests using the Wilcoxon test, subsequent to testing for vari-
ance homogeneity (Levene's test) and residual normality (Shapiro-Wilk
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test). Associations between soil microbial communities [bacteria, fungi,
archaea, arbuscular mycorrhizal fungi (AMF), and ectomycorrhizal
fungi (EcMF)] and carbon parameters were assessed with Mantel tests.
Prior to these analyses, soil carbon parameter data were standardized
using a Z-score for Euclidean distance computation, while microbial
community data were Hellinger-transformed for Bray-Curtis distance
calculation.

The Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2) based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) was used to extrapolate bacterial and
archaeal community functions (Langille et al., 2013). The FungalTraits
database was employed to predict fungal functional traits, from which
AMF and EcMF were identified based on trait classifications for subse-
quent analysis (Polme et al., 2020). NMDS1 and NMDS2 were the first
and second axis scores of non-metric multi-dimensional scaling (NMDS)
ordination, respectively. In our study, the microbial key taxa (MKT) are
the topl0 abundant taxa of bacteria (phylum), fungi (class), archaea
(class), AMF (genus), and EcMF (genus).

To elucidate complex microbial interaction patterns, we established
co-occurrence networks for bacteria, fungi, archaea, AMF, and EcMF.
Topological attributes of the resulting sub-networks were subsequently
extracted to quantify soil microbial network complexity. Prior to
network construction, microbial phylotypes exhibiting relative abun-
dances below 0.005% were filtered out. Pairwise associations between
ASVs were assessed using Spearman correlation, and the P-values were
adjusted by the Benjamini-Hochberg false discovery rate (FDR) test. A
significance threshold of FDR-adjusted P < 0.05 was applied. Subse-
quently, only correlations meeting the criteria for robustness (|r| > 0.50)
and statistical significance were incorporated into the network analysis.
We characterized co-occurrence networks using six key topological
properties: number of nodes, average weight degree, mean distance,
betweenness centralization, network density, and clustering coefficient.
Due to significant multicollinearity among these indices, network
complexity was quantified using the scores of the first two principal
components (Network.PC1 and Network.PC2) derived from a PCA per-
formed on the six properties, following established methodologies
(Wang et al., 2023; Liu et al., 2025a).

To assess the influence of various factors on SOC, POC, and MAOC
across the different land-use types, we utilized a random forest
approach. The models were built with 1000 decision trees (ntree), and
their robustness was evaluated through 15-fold cross-validation. The
analysis was conducted using the “randomForest” (Liaw and Wiener,
2002) and “rfPermute” (Archer, 2023) packages in R.

3. Results

3.1. Comparative analysis of soil carbon parameters and soil properties in
croplands versus adjacent planted forests

Comparative analysis revealed significant differences (Wilcoxon test,
P < 0.05) in multiple soil carbon parameters between croplands and
adjacent planted forests (Fig. 2). SOC, POC, MAOC, MBC, and CSD were
significantly higher in croplands. Conversely, DOC/SOC, BNC/SOC,
FNC/SOC, and MNC/SOC ratios were elevated in adjacent planted for-
ests. While POC/SOC was higher in croplands and MAOC/SOC was
higher in adjacent planted forests, these differences were non-significant
(Fig. S2; P > 0.05). Crucially, adjacent planted forests exhibited signif-
icantly lower CSD than croplands (31.41 4+ 10.39% vs. 41.51 + 16.59%;
P < 0.01), indicating superior MAOC formation and storage potential in
adjacent planted forest soils.

Pronounced contrasts were also observed in soil properties: TP, AP,
SWC, NO3-N, and EC were significantly higher in croplands (Fig. 2; P <
0.05). These divergent hydro-nutrient regimes—driven by agricultural
irrigation and fertilization—critically modulated soil microbial activity,
community composition, and diversity. This regulation directly influ-
enced DOC bioavailability, thereby governed SOC and its fraction
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Fig. 2. Differences in soil carbon parameters and soil properties between croplands and adjacent planted forests. DOC/SOC, DOC to SOC ratio; BNC/SOC, BNC to
SOC ratio; FNC/SOC, FNC to SOC ratio; MNC/SOC, MNC to SOC ratio. The differences were tested using Wilcoxon test (*: P < 0.05, **: P < 0.01, ***: P < 0.001).

contents. The lower bioavailability of DOC in adjacent planted forests
also contributed to their significantly higher DOC/SOC ratio compared
to croplands (Fig. 2).

3.2. Linkages between soil carbon parameters and microbial communities

We conducted Mantel tests to examine the linkages between soil
carbon parameters and microbial communities. Overall, SOC, POC,
MAOC, and CSD were positively correlated with the community
composition of bacteria, fungi, archaea, and EcMF in croplands (Fig. 3a;
p < 0.05). POC/SOC and MAOC/SOC were positively correlated with the
community composition of AMF and EcMF in croplands (Fig. 3a; Man-
tel's r = 0.1-0.4, p < 0.05). DOC and DOC/SOC were positively corre-
lated with the community composition of bacteria and fungi in
croplands (Fig. 3a; Mantel's r > 0.2, p < 0.01). In contrast, DOC and
DOC/SOC were correlated with microbial community composition to a
lesser degree in adjacent planted forests (Fig. 3b; Mantel's r < 0.1, p >

0.05).

SOC, MAOC, and CSD were positively correlated with the community
composition of bacteria, fungi, archaea, and AMF in adjacent planted
forests (Fig. 3b; Mantel's r = 0.1-0.4, p < 0.01). Notably, POC, MAOC-
max, and MBC were correlated with microbial community composition to
a lesser degree in adjacent planted forests (p > 0.05). NAC was positively
correlated with the microbial community composition in adjacent
planted forests (Fig. 3b; Mantel's r = 0.1-0.4, p < 0.01).

MKT showed significant positive correlations (P < 0.05) with SOC,
POC, and MAOC across different land-use types. In croplands, these
correlations occurred with Tremellomycetes (fungal class), Nano-
archaeia (archaeal class), Paraglomus (AMF's genus), and Tarzetta
(EcMF's genus) (Fig. S3a), while adjacent planted forests exhibited
correlations with Firmicutes (bacterial phylum), Glomeromycetes
(fungal class), Archaeorhizomycetes (fungal class), and Paraglomus
(AMF's genus) (Fig. S3b).

We also examined the linkages in soil carbon parameters and found
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Fig. 3. Associations of soil carbon parameters with soil microbial communities (bacteria, fungi, archaea, AMF, and EcMF) in (a) croplands and (b) adjacent planted
forests. Pairwise comparisons of soil carbon parameters are shown at the upper-right, with a color gradient representing Spearman's correlation coefficients. Soil
microbial community composition was correlated to each carbon parameters by partial Mantel tests. The line width represents the partial Mantel's r statistic for the
corresponding correlation, and line color means that significances are tested based on 999 permutations. The solid line represents positive correlation, and dashed
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SOC, MNC to SOC ratio; DOC/SOC, DOC to SOC ratio; MBC/SOC, MBC to SOC ratio. *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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that SOC, POC, and MAOC were markedly positively correlated with
BNC, FNC, MNC, BNC/SOC, FNC/SOC, MNC/SOC, CSD, MBC, and NAC
in croplands (Fig. 3a; Spearman's P < 0.05). However, SOC, POC, and
MAOC were markedly positively correlated only with BNC, FNC, MNC,
CSD, and NAC in adjacent planted forests (Fig. 3b; Spearman's P < 0.05).
Furthermore, SOC, POC, and MAOC demonstrated significant positive
associations with bacterial sub-network topology properties in crop-
lands (Fig. S4a), but correlated more strongly with fungal and archaeal
sub-network properties in adjacent planted forests (Fig. S4b).

3.3. Quantifying the importance of major drivers for SOC, POC, and
MAOC in croplands and adjacent planted forests

Random forest analyses revealed fundamental divergence in driver
dominance between croplands and adjacent planted forests. In crop-
lands, PCP (summed relative importance value = 41.05%) dominated
SOC regulation, markedly surpassing biotic drivers (24.80%) and MDC
(22.76%), while abiotic factors showed minimal contributions (Fig. 4a).
In adjacent planted forests, abiotic drivers (30.98%) outweighed biotic
drivers (19.16%) for SOC, with MDC (15.04%) being marginal (Fig. 4b).
Furthermore, CSD (16.32%) among PCP, soil properties (SP) (22.12%)
among abiotic drivers, and microbial network topology properties (MN,
containing microbial community structure properties) (10.63%) among
biotic drivers showed high relative importance for SOC in adjacent
planted forests (Fig. 4b).

CSD, MAOC, POC, BNC, MNC, and TN exhibited markedly high
relative importance for SOC in croplands and adjacent planted forests
within the top 35 drivers (Fig. 4a and b; P < 0.01). Notably, FNC
exhibited markedly higher relative importance for SOC in croplands
(Fig. 4a) than in adjacent planted forests (Fig. 4b). Moreover, MAOC/
SOC, MAOCax, EcMF Jimgerdemannia, POC/SOC, and Archaea Ther-
moplasmata also exhibited high relative importance for SOC in crop-
lands (Fig. 4a; all relative importance value >3.50%). Contrastingly, silt
and NO; exhibited markedly high relative importance for SOC in adja-
cent planted forests (Fig. 4b).

In croplands, MDC (29.74%) and PCP (29.66%) collectively showed
markedly high and similar relative importance for MAOC, both
exceeding biotic (21.19%) and abiotic drivers (19.41%) (Fig. 4c).
Notably, biotic drivers outweighed abiotic drivers for MAOC. Further-
more, CSDx (19.50%) among PCP, SP (14.56%) among abiotic drivers,
and MN (11.59%) among biotic drivers showed high relative importance
for MAOC in croplands (Fig. 4c). In adjacent planted forests, abiotic
drivers (42.56%) dominated MAOC regulation, markedly surpassing
biotic drivers (20.44%) and MDC (19.96%), while PCP showed minimal
contributions (17.04%), indicating fundamental divergence in carbon
stabilization mechanisms between land-use types (Fig. 4d). Further-
more, SP (29.42%) among abiotic drivers, MN (9.75%) among biotic
drivers, MNCx (7.76%) among MDC, and CSD (17.04%) among PCP
showed high relative importance for MAOC in adjacent planted forests
(Fig. 4d).

CSD, MNC, BNC, FNC, and TN exhibited markedly high relative
importance for MAOC in croplands and adjacent planted forests within
the top 35 drivers (Fig. 4c and d; all P-values less than 0.05). Notably,
POC exhibited markedly higher relative importance for MAOC in crop-
lands (Fig. 4c) than in adjacent planted forests (Fig. 4d). Moreover, TWI,
POC/SOC, MAOCp., and POC/SOC also exhibited high relative
importance for MAOC in croplands (Fig. 4c; all relative importance
value >3.48%). Contrastingly, silt, NOg, Cu, average weight degree of
archaea, MAT, elevation, and pH exhibited markedly highe relative
importance for MAOC in adjacent planted forests (Fig. 4d). The highest
relative importance of CSD for SOC and MAOC indicates that mineral
association is the primary pathway for stabilizing SOC, yet its capacity is
finite. In soils approaching or reaching saturation, the mineral sorption
capacity becomes the prime constraint on SOC accumulation and
stability.

Land-use dictated the driver hierarchy, with biotic drivers
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collectively exhibiting higher relative importance for POC than abiotic
drivers in croplands, while adjacent planted forests displayed the
reverse dominance pattern (Fig. S5). In croplands, biotic drivers
(33.71%) and MDC (32.40%) collectively dominated POC regulation,
surpassing abiotic drivers (30.89%), while PCP (i.e., DOC) showed
minimal contributions (Fig. S5a). In adjacent planted forests, abiotic
drivers (45.91%) dominated POC regulation, markedly surpassing biotic
drivers (34.49%) and MDC (17.65%), while PCP (i.e., DOC) also showed
minimal contributions (Fig. S5b). Furthermore, it showed that FNC and
MNC were the most important variables of POC in croplands (Fig. S5a)
and TN was the most important variable of POC in adjacent planted
forests (Fig. S5b).

Further analysis revealed that SOC, MAOC, and POC in croplands
increased significantly with the increase of TN, TN/TP, SWC, and NO,
(Figs. 5 and S6; P < 0.05). While in adjacent planted forests, SOC and
MAOC increased significantly with the increase of TN, NO,, Cu, and Silt
(Fig. 5; P < 0.01). Conversely, SOC, MAOC, and POC in croplands
decreased significantly with the increase of pH and SBD (Figs. 5 and S6;
P < 0.01). While in adjacent planted forests, SOC and MAOC only
decreased significantly with the increase of pH (Fig. 5; P < 0.01).

3.4. Exploration of direct and indirect effects of PCP and MDC on SOC in
croplands and adjacent planted forests

PiecewiseSEM results showed that SOC was directly significantly
influenced by POC (path coefficient was 0.45, R?= 0.67, P < 0.001) and
MAOC (path coefficient was 0.59, R%? = 0.83, P < 0.001) in croplands
(Fig. 6a). DOC, MBC, and MNC had positive indirect effects on SOC.
Notably, the positive effects of POC and MAOC on SOC were similar in
croplands (Fig. 6a). The total positive effect of MNC (standardized effect
was 0.89) on SOC was the largest, followed by POC (standardized effect
was 0.67) in croplands (Fig. 6¢). The total positive effects of MAOC
(standardized effect was 0.59) and MBC (standardized effect was 0.43)
on SOC were also high (Fig. 6¢).

SOC was also directly significantly influenced by POC (path coeffi-
cient was 0.28, R? = 0.19, P < 0.001) and MAOC (path coefficient was
0.81, R? = 0.57, P < 0.001) in adjacent planted forests (Fig. 6b).
Notably, MNC exerted a 27.27% stronger promotion on MAOC than on
POC in adjacent planted forests, and this MAOC increment subsequently
reinforced SOC accrual with a 2.89-fold higher contribution than POC-
derived pathways. The total positive effect of MAOC (standardized ef-
fect was 0.81) on SOC was the largest, followed by MNC (standardized
effect was 0.69) in adjacent planted forests (Fig. 6d). The total positive
effect of POC (standardized effect was 0.54) on SOC was also high. MBC
and DOC had less of a total positive effect on SOC (Fig. 6d; total effect
<0.01).

Crucially, DOC exerted 40.74% stronger promotion on MBC in
croplands than in adjacent planted forests, and DOC exerted a 71.37-fold
stronger promotion on SOC accrual in croplands than in planted forests
(Fig. 6), establishing DOC as the keystone driver of cropland carbon
sequestration. This divergence primarily stemmed from the superior
hydro-nutrient conditions in croplands, which enhanced microbial ac-
tivity and carbon sequestration capacity. Consequently, elevated DOC
bioavailability fueled more efficient microbial processing—notably via
higher microbial carbon pump efficiency—ultimately establishing
divergent SOC formation and stabilization pathways relative to adjacent
planted forests.

4. Discussion

4.1. Divergent SOC patterns and their underlying abiotic drivers between
croplands and adjacent planted forests

We found significantly higher SOC in croplands than in adjacent
planted forests, supporting the concept of elevated SOC storage potential
in agricultural systems mediated by stoichiometry and microbial
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Fig. 4. Relative importance of physical carbon parameters, biotic-abiotic drivers, and microbial-derived carbon for SOC and MAOC in (a, c) croplands and (b, d)
adjacent planted forests. MSE, percentage of increase of mean square error (%). Bars marked with “*”, “**” and “***” represent variables that are significant at the
<0.05, <0.01 and <0.001 level, respectively. R and P values are the variance explained (i.e., goodness of fit) and significance of the random forest model. PCP,
physical carbon parameters; SP, soil properties; O, Others (e.g., climate, terrain, vegetation factors, etc.); MDC, microbial-derived carbon; MKT, microbial key taxa (i.
e., topl0 abundant taxa); MN, microbial network topology properties, containing microbial community structure properties; MD, microbial community taxonomic
and functional diversity; NMDS1, first axis scores of NMDS; NMDS2, second axis scores of NMDS; Network.PC1, first principal component extracted using sub-
network topology properties; Network.PC2, second principal component extracted using sub-network topology properties; Func., functional; POC/SOC, POC to
SOC ratio; MAOC/SOC, MAOC to SOC ratio; BNC/SOC, BNC to SOC ratio; FNC/SOC, FNC to SOC ratio; MNC/SOC, MNC to SOC ratio; MBC/SOC, MBC to SOC ratio;
TN/TP, TN to TP ratio; CSDx, CSD and/or MAOC,,x; MAOCx, MAOC and/or MAOC/SOC; POCx, POC and/or POC/SOC; BNCx, BNC and/or BNC/SOC; FNCx, FNC
alnd/or FNC/SOC; MNCx, MNC and/or MNC/SOC; MBCx, MBC and/or MBC/SOC.
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Fig. 5. Differential responses of (a) SOC and (b) MAOC contents to major abiotic drivers in croplands versus adjacent planted forests. The solid line represents the
trends, and the shaded area represents the standard error of the estimate. TN/TP, TN to TP ratio. *: P < 0.05, **: P < 0.01.
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metabolism (Wang et al., 2024a). This divergence is driven by con-
trasting mechanisms: croplands benefit from nutrient inputs and straw
retention, while forests experience carbon loss from limited litter inputs
and high C:N residues. A key factor was SWC, which significantly
correlated with SOC in croplands (Fig. 5a; R = 0.48, P < 0.01) but not in
forests. This is consistent with established SWC-SOC coupling mecha-
nisms in agriculture (Wang et al., 2023; Liu et al., 2025a). This con-
trasting role of SWC may stem from fundamental differences in
ecosystem functioning. In croplands, frequent irrigation and fertilization
maintained optimal and relatively stable SWC. This not only increased
nutrient availability but also promoted continuous root growth and
exudation, providing a steady flow of labile carbon substrates (e.g.,
sugars, organic acids) that fueled the microbial carbon pump and
facilitated SOC formation (Sokol and Bradford, 2019; Wang et al., 2021).
Therefore, SWC acted as an integrator, regulating the entire chain of
biotic processes from substrate availability to microbial efficiency that
underpinned SOC accrual. This was supported by previous research,
which identified SWC as having significant relative importance for SOC
storage in paddy fields (Liu et al., 2025a). In contrast, the adjacent
planted forests experienced more variable natural precipitation and lack
irrigation. More importantly, their lower disturbance and different litter
quality likely led to a microbial community with different physiological
strategies and a greater dependence on sporadic, recalcitrant carbon
inputs. Under these conditions, SWC might have become a less limiting
factor compared to carbon substrate quality and microbial community
composition, shifting the dominant controls toward abiotic stabilization
pathways (e.g., mineral association) and explaining its weaker predic-
tive power for SOC in planted forests.

Different with our findings, Li et al. (2025b) reported higher SOC
content in forest ecosystems compared to cropland ecosystems within
the 0-20 cm soil layer. This divergence can be attributed to distinct
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environmental contexts and management histories. Their study was
conducted in a semi-humid continental monsoon climate zone of
Northern China (MAP = 641 mm, MAT = 6.9 °C), focusing on contin-
uous rainfed maize systems and adjacent poplar forests. In contrast, our
regional-scale investigation spanned the subtropical humid monsoon
climate of Eastern China (MAP = 989.9 + 103.54 mm, MAT = 15.78 &
0.63 °C), where croplands were dominated by paddy rice or rice-wheat
rotations with a long history of intensive management including irri-
gation and fertilization. Moreover, the dominant tree species of the
adjacent planted forests in our study is the Populus spp. (stand age
approximately 15 + 5 years). Furthermore, differential soil textural
compositions likely contribute to these contrasts. Their study area dis-
played mean sand/silt/clay ratios of 21.7%/51.7%/26.7%, dominated
by silt, while both cropland and forest soils in our regional analysis
exhibited a more balanced texture averaging 36.6%/28.2%/35.2%
(sand/silt/clay, respectively). Our random forest analysis confirmed silt
content as a significant SOC driver in adjacent planted forests (third-
ranked variable, P < 0.01), underscoring soil texture coupled with the
contrasting climate and cropping systems (rainfed maize systems vs. rice
paddies), can fundamentally alter the relative SOC storage potential of
croplands versus forests. Notably, the soils in the study by Li et al.
(2025b) were classified as Mollisols, dominated by 2:1 expanding clay
minerals (particularly montmorillonite). In contrast, the soils in our
study have a long-term land-use history as paddy fields, dating back to at
least the 1980s. Although located within a transitional clay mineral zone
(illite-vermiculite-kaolinite), these soils are mainly characterized by 1:1
clay minerals and active iron oxides as their dominant components (Wei
et al., 2021). Meanwhile, the minor 2:1 clay minerals have been either
transformed into 1:1 clay minerals or degraded due to prolonged intense
leaching and paddy management.

Although croplands are often reported to contain less SOC than
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forests, especially natural forests (Dor et al., 2025; Gong et al., 2025),
our research in a subtropical floodplain ecosystem revealed the opposite
pattern. We proposed that this was primarily due to the high inherent
SOC capacity of rice-based systems (Wei et al., 2021; Li et al., 2022; Wu
et al., 2024), which fundamentally differ from the rainfed grain systems
of comparative studies. Whereas SOC recovery in planted forests was
described as a gradual process driven by litter accumulation (Zhang
et al., 2023), the croplands in our study benefited from optimized hydro-
nutrient conditions and substantial carbon inputs from straw and root
exudates. This management combination effectively created a regime of
productive disturbance and favorable biogeochemistry, thereby sup-
porting higher SOC storage in croplands than in the less-disturbed but
potentially nutrient- or water-limited adjacent planted forests. This
finding confirms our first hypothesis.

4.2. Higher SOC stability in adjacent planted forests mediated by MAOC,
while DOC, MDC, and biotic factors dominated in croplands

We found that SOC accumulation involved a substantial dual
contribution from POC and MAOC in croplands, whereas MAOC domi-
nated in planted forests. This divergence can be explained by the lower
CSD in adjacent planted forests, which favors the progressive stabiliza-
tion of MAOC (Cotrufo and Lavallee, 2022; Breure et al., 2025). Addi-
tionally, substantial input from crop residue return and green manure in
croplands may have led to a higher proportion of POC (Cotrufo et al.,
2022). Concurrently, the reduced litter input in forests results in a
smaller relative contribution of POC to SOC. Consistently, the higher
MAOC/SOC ratio in planted forests (Fig. S2) indicates enhanced SOC
stability (Liu et al., 2025b), aligning with global observations that
MAOC dominates in lower-carbon forest soils (Cotrufo et al., 2019) and
in subtropical forests specifically (Chen et al., 2023). Previous studies
have found that a higher proportion of SOC in paddy soils is stored as
microaggregate-protected POM (Denef et al., 2007; Wei et al., 2021).
This storage mechanism leads to lower stability of SOC in paddy fields
relative to adjacent planted forests, thereby confirming our second
hypothesis.

Furthermore, our analyses revealed that DOC and MBC significantly
mediated the formation of POC, MAOC, and SOC in croplands. This
likely stems from the fact that DOC in croplands is predominantly
derived from labile root exudates, easily decomposable residues, or
farmyard manure, green manure, and compost, which, under optimized
hydro-nutrient conditions, are efficiently utilized by microorganisms to
drive the microbial carbon pump (Cotrufo et al., 2013; Cotrufo and
Lavallee, 2022; Wang et al., 2025a). This is consistent with the under-
standing that DOC serves as an efficient precursor for SOC, entering both
MAOC and POC pools through microbial processing (Cotrufo and Lav-
allee, 2022; Si et al., 2024). Previous research has also found that the
altered soil microenvironment in paddy fields significantly promotes
microbial activity, leading to the release of DOC from microbial cells
into the soil (Wang et al., 2025a). In contrast, these pathways were less
pronounced in planted forests. Here, DOC originates more from the
leaching of recalcitrant, high C:N litter (e.g., leaves), which provides
sporadic, less bioavailable carbon substrates (Magill and Aber, 2000;
Michalzik et al., 2001). Coupled with lower SWC, N and P availability,
and reduced microbial activity, the transformation of this litter-derived
DOC into microbial biomass and stable carbon pools is strongly con-
strained, explaining its weaker contribution to SOC formation in planted
forests (Xiao et al., 2023; Huang et al., 2024). This confirms our third
hypothesis that the contribution of DOC to SOC formation and stabili-
zation differs between croplands and adjacent planted forests.

We found that biotic factors (e.g., MKT) and MDC (e.g., MNC, BNC,
FNC) had a higher influence on SOC in croplands than in planted forests,
with specific taxa (e.g., Jimgerdemannia, Thermoplasmata, Glomer-
omycetes) being particularly influential. This likely results from inten-
sified microbial growth and decomposition processes in croplands,
fueled by rhizodeposits and litter inputs (Wang et al., 2021).
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Fertilization may further enhance microbial carbon use efficiency while
reducing extracellular enzyme activity and respiration (Sun et al.,
2025), whereas nutrient limitation in forests constrains microbial effi-
ciency and carbon accumulation (Wang et al., 2024a). The consistent
positive MBC-SOC correlation confirms the critical microbial pathway in
croplands (Xu et al., 2013; Crowther et al., 2019; Li et al., 2024). The
observed divergence in FNC and BNC contributions between croplands
and planted forests likely stems from fundamental differences in mi-
crobial life history strategies, mortality pathways, and environmental
stress regimes. In croplands, the dominance of FNC can be attributed to a
synergy of factors. Abundant and labile carbon inputs from rhizodepo-
sits and residues, coupled with stable hydro-nutrient conditions from
irrigation and fertilization, support vigorous fungal growth and high
turnover rates of their extensive hyphal networks (Sokol and Bradford,
2019; Kan et al., 2025). Fungal mortality, through processes such as
hyphal fragmentation, provides a continuous stream of necromass. This
necromass is inherently recalcitrant due to chemical composition, rich in
chitin and melanin, and is further stabilized through physical protection
within soil aggregates promoted by the hyphal networks themselves
(Kan et al., 2025). Previous studies on agriculture also demonstrated
that the contribution of FNC to SOC was significantly greater than that of
BNC (Tian et al., 2024; Kan et al., 2025). Another study focusing on
global cropland topsoils also reported a higher contribution of FNC to
SOC (Liu et al., 2024), which supports our findings.

Conversely, the greater relative importance of BNC in adjacent
planted forests may be driven by a contrasting set of conditions. Lower
substrate quality from high C:N litter, coupled with poor hydro-nutrient
conditions and periodic moisture stress from variable precipitation,
constrains fungal hyphal development and activity (Wang et al., 2024b).
In this context, bacteria, with their rapid response to sporadic labile
carbon pulses, may become more prominent. A previous study revealed
that, compared to fungi, which preferentially utilize plant-derived
compounds, a broader range of bacteria may possess the ability to
decompose fungal biomass (Lopez-Mondéjar et al., 2018). Crucially, the
stabilization pathway in forests shifts toward stronger mineral-organic
associations. Bacterial necromass, rich in peptidoglycan and amine
groups, has a high affinity for mineral surfaces such as clays and iron
oxides. In mineral-dominated pathways, this efficient chemical stabili-
zation, coupled with a greater abundance of macroaggregate-occluded
microaggregates, likely enhances the relative contribution of BNC to
the persistent SOC pool in forest soils (Denef et al., 2007; Zhao et al.,
2025a). A previous study on subtropical forests found that drought re-
duces the contribution of FNC to MNC while increasing the contribution
of BNC, thereby making BNC more important than FNC in SOC accu-
mulation (Wang et al., 2024b). This shift in contribution aligns with our
finding that BNC contributes more to SOC in planted forest soils with
lower soil water content.

4.3. MAOC dominated by abiotic factors in adjacent planted forests
versus POC and MAOC influenced by MDC and biotic factors in croplands

We observed a clear pattern of higher POC and MAOC in croplands
compared to adjacent planted forests. Environmental stresses (e.g.,
hypoxia) caused by seasonal flooding inhibit the ability of microor-
ganisms to decompose organic matter, leading to incomplete decom-
position and accumulation of plant residues, which can result in higher
POC levels in rice paddies (Chen et al., 2021). Moreover, flooding leads
to less stable agglomerates (e.g., frequent wet/dry interchanges
destroying large agglomerates), and the released organic residues are
more likely to be stored temporarily as POC. Forest soils are drier than
cropland soils, and the higher oxygen content of their soils promotes
rapid decomposition of plant residues by microorganisms, which are
then converted more to MAOC or mineralised to CO, through microbial
metabolism, with less accumulation of POC (Chen et al., 2021). We also
found a significant correlation between MNC and POC in croplands and
adjacent planted forests, and that MNC had a greater effect on POC in
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croplands than in adjacent planted forests. This finding is supported by a
previous study, which reports that MNC may be more effective at
enhancing POC compared to MAOC (Yang et al., 2025). CSD and MDC
(e.g., MNC) exhibited high relative importance for MAOC in both
croplands and planted forests. Furthermore, in croplands, POC also
showed a strong influence on MAOC, likely because POM surfaces act as
hotspots for microbial activity and the formation of MAOC, thereby
regulating SOC persistence (Witzgall et al., 2021). A previous study
demonstrated a significant positive correlation between MAOC and
MNC (Li et al., 2024). King and Sokol (2025) showed that CSD deficit
increases new MAOC formation. Their study further established that the
concentration or flux rate of DOC inputs regulates MAOC formation
efficiency by modulating the partitioning between microbial assimila-
tion and direct mineral sorption pathways.

Our study found that AMF and EcMF had nonnegligible effects on
POC and MAOC in croplands, but their influence was comparatively
limited in adjacent planted forests (Tables S1 and S2). Notably, although
both AMF and EcMF jointly influenced the storage of POC and MAOC in
croplands, AMF contributed more to MAOC, and EcMF contributed more
to POC. Under the anaerobic stress of paddy field flooding, EcMF
dispersing from adjacent planted forests may mediate the decomposition
of recalcitrant residues by secreting enzymes that function under low-
oxygen conditions. This allows them to preferentially utilize the abun-
dant fresh or partially decomposed POM that accumulates during
flooding, thereby securing early access to POC precursor resources.
Thus, this relatively inefficient anaerobic process probably promotes
both the accumulation and turnover of POC (Li et al., 2025a). In
contrast, AMF may contribute to the MAOC pool through two principal
mechanisms. First, their hyphal networks and secreted compounds (e.g.,
glomalin) serve as key biological agents for forming and stabilizing soil
macro-aggregates (Wilson et al., 2009; de Goede et al., 2025; Zhao et al.,
2025b). The physical encapsulation of organic matter within these ag-
gregates represents a core mechanism for long-term MAOC stabilization,
although frequent tillage can partially diminish this benefit. Further-
more, the rapid turnover of AMF hyphae generates substantial necro-
mass (Raffa et al., 2025). This necromass is inherently chemically stable
and probably binds to clay mineral surfaces via hydrogen bonding and
ionic interactions, facilitating its direct integration and stabilization
within the MAOC pool.

In contrast, abiotic factors—including silt, TN, NO3-N, Cu, MAT,
elevation, and pH—collectively contributed 42.56% to MAOC variation
in planted forests. This aligns with global patterns where fine particles
(clay+silt), pH, and elevation are key predictors of MAOC (Zhou et al.,
2024), as higher silt and clay content provides more mineral surfaces for
organo-mineral bonding (Six et al., 2002; Haddix et al., 2020).
Furthermore, significant positive associations between MAOC and both
atmospheric nitrogen deposition (consistent with a meta-analysis by
Tang et al., 2023) and MAT (relative importance: 3.76%) were observed.
The positive effect of MAT is corroborated by studies showing increased
MAOC under warming conditions (Zhang et al., 2025). The integrated
results and above discussions confirm our fourth hypothesis that SOC
and its fractions are influenced by distinct mechanisms in croplands
versus adjacent planted forests, driven by habitat-specific soil-microbe-
plant-environment interactions.

4.4. Implications, limitations, and future directions

Our study establishes land-use-specific mechanisms in regional soil
carbon regulation. Croplands, with higher CSD, maintain MAOC pools
near saturation, while adjacent planted forests (lower CSD) possess
greater residual MAOC capacity. The greater reliance on POC for SOC
accumulation in croplands results in a larger but less stable carbon stock,
exhibiting heightened vulnerability to environmental perturbations
such as warming and tillage due to POC's faster turnover (Fig. 7),
highlighting a critical trade-off between SOC content and stability.

Our findings call for land-use-specific management frameworks. In
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croplands, management strategies should aim to enhance the POC pool
by increasing external carbon inputs and minimizing soil disturbance
(Angst et al., 2023; Li et al., 2024). Effective measures include deep
straw incorporation, combined application of biochar and inorganic
fertilizers, cultivation of green manures, and adoption of conservation
tillage such as reduced- or no-tillage (Cotrufo and Lavallee, 2022; Kan
et al., 2025; Mi et al., 2025; Zhou et al., 2025). For adjacent planted
forests, management should aim to rapidly build the MAOC pool by
creating optimized hydro-nutrient conditions (Castellano et al., 2015;
Craig et al., 2021; Li et al., 2024). Practical measures include ensuring
supplemental irrigation during the early establishment phase and dry
seasons to secure survival and growth, applying organic-inorganic
compound fertilizers, and planting diverse tree species (including
nitrogen-fixing varieties) to improve soil health (He et al., 2025). In the
socio-economic context of densely populated Eastern China with limited
land resources, implementing these measures requires acknowledging
trade-offs, such as balancing short-term input costs against long-term
ecological benefits. Therefore, appropriate policy incentives are
crucial to encourage adoption. Ultimately, integrated accounting of both
above- and below-ground carbon pools remains essential for accurate
ecosystem carbon assessment and management, particularly as soil
carbon dynamics may not parallel the increases in aboveground carbon
stocks following afforestation (Cheng et al., 2024).

Several limitations warrant acknowledgment. First, our study area is
situated within a transitional clay mineral zone (illite-vermiculite-
kaolinite), but these soils are mainly characterized by 1:1 clay minerals.
Therefore, depending on soil texture and mineral characteristics, the
MAOCax or CSD calculated based on previous empirical equations may
be overestimated or underestimated with uncertainty. The conventional
view posits a lower MAOC,x for soils rich in low-surface-area 1:1 clay
minerals like kaolinite, compared to those dominated by high-surface-
area 2:1 clay minerals such as montmorillonite and illite (Kleber et al.,
2021; Georgiou et al., 2022; Song et al., 2025). However, this apparent
limitation of 1:1 clay minerals can be offset by the presence of Fe- and
Al-oxides on their surfaces, which provide reactive sites that foster
strong organo-mineral bonding and enhance microaggregate stability
(Kaiser and Guggenberger, 2003). Consequently, the MAOCpax of 1:1
clay-dominated systems may rival or surpass that of their 2:1 counter-
parts under specific conditions (Kleber et al., 2007). While the MAOCax
estimated based on 1:1 clay mineralogy may be underestimated (i.e.,
CSD is overestimated), it shows an overall trend consistent with esti-
mates derived from 2:1 clay mineralogy. This consistency underscores
the robustness of our analytical findings and indicates that they do not
affect the interpretation of the underlying mechanisms influencing SOC
and its fractions. Future work incorporating direct characterization of
soil mineralogy into CSD models will be crucial for precisely estimating
the MAOC stabilization potential at the site scale. Second, as exemplified
in our study, mechanistic experiments should be synergistically inte-
grated with large-scale surveys. For instance, controlled experiments
focusing on mycorrhizal fungi are needed further to elucidate their
specific effects on SOC and its fractions. The integration of approaches
will deepen the mechanistic understanding of soil carbon sequestration
processes in both croplands and adjacent planted forests. Third,
although this study specifically examined ecological-functional planted
forests, it should be recognized that other planted forest types exist (e.g.,
erosion-control planted forests in ecologically fragile areas). The appli-
cability of these findings to other planted forest types necessitates
further investigation.

5. Conclusions

This study elucidates the distinct mechanisms influencing SOC
storage in croplands and adjacent planted forests in Eastern China. Our
results reveal a fundamental divergence in both the pathways of accu-
mulation and the drivers of stabilization between the two land-use
systems. In cropland soils, SOC accumulation involved a substantial
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dual contribution from POC and MAOC, with the microbial carbon pump
playing a central role in transforming DOC into persistent MNC. SOC and
its fractions in croplands were primarily mediated by biotic drivers,
including the integrated activity of AMF and EcMF. Conversely, in
adjacent planted forests, SOC storage was dominated by MAOC and
affected predominantly by abiotic factors, leading to higher overall SOC
stability. Collectively, these findings demonstrate a critical trade-off
between the active, biotically-driven carbon cycling (higher input,
lower stability) of croplands and the abiotically-stabilized, stable carbon
pools of planted forests. This study demonstrates that the conversion of
croplands to planted forests can enhance SOC stability despite a po-
tential decline in its content, offers novel insights into the mechanisms of
SOC accumulation and stabilization, and provides valuable guidance for
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managing carbon sequestration in such land-use transitions.
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