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Abstract Global grasslands can sequester soil organic carbon (SOC) while maintaining ecosystem function, thereby mitigating
climate change. SOC consists of components with varying stability and turnover rates, such as particulate organic carbon (POC)
and mineral-associated organic carbon (MAOC). While these components have been extensively studied in the surface layer
(0–30 cm), their distribution and controls in deeper layers remain poorly understood. This study combined precise measurements
of POC and MAOC across seven sequential depth layers down to 2 m at 17 Inner Mongolian grassland sites with a global dataset
to elucidate their vertical distribution patterns and underlying controls. Results showed that POC generally dominated MAOC in
Inner Mongolian grassland soils, albeit with regional variations in this dominance. Interestingly, the proportion of MAOC to total
SOC (MAOC:(MAOC+POC)), indicating SOC stability, increased with depth in the upper 0–50 cm but decreased below 50 cm,
suggesting that environmental factors at depth may constrain POC decomposition andMAOC formation. POC accumulation was
positively influenced by the mean annual precipitation in the top 30 cm and negatively affected by soil pH down to 50 cm.
Contrastingly, MAOC was coregulated by the clay and silt content (CS) and aluminum (Al) oxide in surface soils (0–30 cm),
whereas Al oxide dominated from 30 to 100 cm. Notably, MAOC:(MAOC+POC) correlated significantly with CS across all
depths, underscoring the persistent role of physical protection mechanisms in deeper layers. These findings highlight depth-
specific accumulation patterns and controls of POC and MAOC in the Inner Mongolian grasslands, indicating that optimizing
SOC sequestration under changing climate and management scenarios requires depth-specific strategies that target both short-
term POC enhancement and long-term MAOC stabilization.
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1. Introduction

Grasslands, the most widespread terrestrial ecosystem, play a
crucial role in the global carbon cycle (Bai and Cotrufo,
2022; Liu et al., 2023). They store substantial amounts of
carbon, of which approximately 90% is stored belowground
primarily as soil organic carbon (SOC), which is highly
susceptible to changes in climate and land use (Bai and
Cotrufo, 2022; Zheng et al., 2024a). Due to their vast extent,
global grasslands hold 343 Pg (1 Pg=1×1015 g) of organic
carbon within the top 1 m of soil, accounting for about one-
fifth of terrestrial SOC stocks (Dondini et al., 2023). While
most research has focused on surface soils up to a depth of
30 cm, deeper soil layers represent an important yet often
overlooked carbon pool (Jobbágy and Jackson, 2000; Hen-
neron et al., 2022). Although SOC concentrations are gen-
erally lower in subsoil layers compared with topsoil layers,
subsoils store considerable carbon due to their greater vo-
lume and exhibit much slower decomposition rates, implying
a greater potential for long-term carbon sequestration
(Schiedung et al., 2023). Therefore, revealing the behavior of
SOC accumulation at different soil depths and identifying
their controlling factors are vital for enhancing carbon se-
questration and sustaining the ecological services provided
by grasslands under changing climatic conditions.
SOC comprises numerous organic compounds with di-

verse origins, chemical structures, and persistence (Luo et
al., 2020; Sokol et al., 2022; Sun et al., 2023). These com-
pounds can be broadly categorized into two functionally
distinct fractions: particulate organic carbon (POC) and mi-
neral-associated organic carbon (MAOC) (Cotrufo et al.,
2019; Lavallee et al., 2020). POC primarily arises from the
fragmentation of plant and microbial residues and consists of
large polymers. In contrast, MAOC is derived from smaller
molecules leached from plant residues or exuded by plant
roots, which either directly associate with minerals (ex vivo)
or are incorporated into soil through microbial assimilation
(in vivo) as microbial necromass (Liang et al., 2017; Sokol et
al., 2019). Generally, MAOC has a longer transit time than
POC does and is less sensitive to climate change (Cotrufo et
al., 2019; Rocci et al., 2021), largely because of its strong
chemical bonds with soil minerals and physical protection by
fine aggregates (Tang et al., 2024). Consequently, the pro-
portion of MAOC to total SOC (MAOC:(MAOC+POC)) can
indicate the stability of SOC to climate change, making
MAOC a key component for long-term SOC sequestration
(Lavallee et al., 2020; Begill et al., 2023).
The accumulation dynamics of POC and MAOC in topsoil

(typically 0–30 cm depth) have been extensively studied
(Briedis et al., 2012; Rocci et al., 2021). Topsoil POC is
widely recognized to be predominantly controlled by carbon
inputs, increasing linearly or even exponentially with total
SOC, thereby making POC the dominant fraction in SOC-

rich soils (Cotrufo et al., 2019; Estop-Aragonés et al., 2020).
Conversely, MAOC accumulation requires binding sites,
which are primarily determined by the abundance of fine soil
particles (i.e., clay and silt). Once these binding sites become
saturated, additional organic carbon is less likely to be sta-
bilized as free MAOC, which is more readily utilized by
microbes (Cotrufo et al., 2019).
However, deeper soil layers exhibit biogeochemical char-

acteristics that differ markedly from those of topsoil, in-
cluding lower oxygen availability, reduced microbial
activity, and shifts in organic matter input sources (Bernal et
al., 2016). These unique conditions may support distinct
accumulation and transformation mechanisms of POC and
MAOC, potentially leading to depth-specific carbon stabi-
lization pathways. In a recent global analysis of soils at
0–100 cm depth, Zhou et al. (2024) found that POC exhibits
a shallower vertical distribution than MAOC, and that
warming significantly accelerates the decomposition of both
fractions in deeper soil layers. These results are consistent
with other studies showing that deep soil carbon is as sen-
sitive-or even more sensitive-to warming than topsoil carbon
(Hicks Pries et al., 2017; Button et al., 2022). Despite these
advances, field observation data directly measuring different
carbon components in deep soil remain scarce, limiting our
ability to generalize findings or predict deep soil carbon re-
sponse to global change. To elucidate the mechanisms con-
trolling the vertical distribution and accumulation of these
SOC fractions, comprehensive datasets spanning the entire
soil profile are essential. Such data will improve mechanistic
understanding of SOC dynamics and inform strategies for
whole-profile carbon sequestration.
In this study, we sampled soil profiles down to 2 m at 17

sites across the Inner Mongolian grasslands, which are a
major component of the Eurasian Steppe (Figure 1), and we
measured MAOC and POC across seven sequential depths.
We tested the hypothesis that MAOC is more dominant in
deeper soil layers because deep soil receives carbon pri-
marily through root deposition, dissolved carbon from upper
layers, and microbial necromass, which can directly con-
tribute to MAOC formation (Sokol et al., 2019; Hicks Pries
et al., 2023). For this reason, deeper soil layers should pre-
sent higher MAOC:(MAOC+POC) ratios, with MAOC in-
creasing more rapidly in deeper layers as the SOC content
increases. In addition, we measured and collected a com-
prehensive set of environmental covariates, including bio-
climatic conditions, edaphic properties, terrain conditions,
livestock density, and vegetation dynamics. We aimed to
address the following questions: (1) What are the vertical
distribution patterns of POC and MAOC across the whole
soil profile in the Inner Mongolian grasslands? (2) How do
the effects of climatic and edaphic variables vary with soil
depth? Answering these questions is crucial for advancing
our understanding of SOC accumulation and stabilization
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mechanisms across soil depths, and for informing the de-
velopment of whole-profile strategies to optimize SOC se-
questration under changing climate conditions and land
management regimes.

2. Materials and methods

2.1 Whole-soil profile sampling across the Inner
Mongolian grasslands

The Inner Mongolian grasslands are characterized primarily
by a temperate climate. On average, the mean annual tem-
perature (MAT) increases from northeast to southwest, ran-
ging from −1.8°C to 7.7°C, while mean annual precipitation
(MAP) decreases along the same gradient, ranging from 415
to 179 mm (Wang et al., 2022a). These grasslands can be
broadly classified into three major types: meadow steppe,
typical steppe, and desert steppe (Wang G C et al., 2021,
2022b). The meadow steppe is predominantly distributed in
the eastern areas, the typical steppe is mainly located in
central Inner Mongolia, and the desert steppe is found pri-
marily to the west of the typical steppe (Figure 1).
During July–August 2020, soil cores were collected at 17

sites, which extended from northeast to southwest and cov-
ered the three main grassland types (Figure 1). The soil
cores, which were collected down to a depth of 2 m, com-
prised seven layers (0–10, 10–20, 20–30, 30–50, 50–100,
100–150, and 150–200 cm). Three 10 m×10 m sampling
quadrats were established at each site as three replicates.
Five randomized soil profiles were collected and combined
within each quadrat to form a composite sample on the basis
of depth. These soil samples were stored in airtight poly-
propylene bags and transported to the laboratory in a cooler
with ice cubes. The soil samples were sieved to 2 mm in the
laboratory to remove stones and visible roots.

2.2 Measurements of soil C, its components, and other
physical and chemical properties

SOC was analyzed using an elemental analyzer (EA 3000,
Euro Vector, Italy). Prior to the analysis, air-dried soil sam-
ples were treated with 0.1 mol L−1 hydrochloric acid to re-
move carbonates, rinsed with deionized water, air-dried, and
passed through a 0.149 μm sieve (Harris et al., 2001). The
soil pH was measured in a 1:2.5 soil-to-water suspension
using a pH electrode (Mettler-Toledo, Switzerland). The soil
texture was analyzed using a laser particle size analyzer (LS-
CWM, OMEC, China) after full dispersion of the air-dried
soil sample with hydrochloric acid and then hydrogen per-
oxide to remove carbonate and organic matter (Minasny and
McBratney, 2001). Free iron (Fe) and aluminum (Al) oxides
in soil were extracted using the dithionite-citrate-bicarbonate
(DCB) method (Collignon et al., 2012). The soil exchange-
able calcium (Ca) and magnesium (Mg) were extracted at a
1:25 soil-to-solution ratio with 50 mL of 1 mol L−1 ammo-
nium acetate solution (Ciesielski et al., 1997). The extracts
were analyzed for Fe, Al, Ca, and Mg contents using in-
ductively coupled plasma-optical emission spectrometry
(ICP-OES) (Perkin Elmer, Optima 7000 DV, USA). The soil
bulk density was measured by drying a 100 cm3 cutting ring
at 105°C for 48 h.
POC and MAOC were separated from bulk soil using the

wet sieving and fractionation methods (Six et al., 2001).
Briefly, 10 g of bulk soil was dispersed in 50 mL of 5 g L−1

sodium hexametaphosphate solution by shaking for 18 h.
Next, the soil samples were completely washed on a sieve
(53 μm) with deionized water. The carbon in soil particles
retained on the 53 μm sieve (>53 μm) was considered POC,
and the carbon in material that passed through the sieve
(<53 μm) was considered MAOC. Both the POC and MAOC
samples were dried at 60°C. Afterward, the organic carbon

Figure 1 Locations of sampled grassland soil profiles globally (a) and in the study area (b). Blue circles represent data from soils sampled and measured in
the study area. Red circles denote data of global temperate grasslands sourced from a data synthesis study reported by Georgiou et al. (2022).
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content of the dried samples was analyzed via an elemental
analyzer (EA 3000, Euro Vector, Italy) according to the
method of SOC measurement described above. The final
POC and MAOC contents were calculated on the basis of the
recovered mass. The final soil mass recovery rate was greater
than 97% for all samples. In addition to individual POC and
MAOC, we calculated the ratio of MAOC to SOC, i.e.,
MAOC:(MAOC+POC), to indicate SOC stability.

2.3 Environmental and anthropogenic covariates

Focusing on POC, MAOC, and MAOC:(MAOC+POC), we
aimed to investigate their depth and spatial distributions and
evaluate how they correlate with various environmental
drivers. In addition to the measured soil properties (see
Sections 2.1 and 2.2), we compiled an additional set of en-
vironmental and anthropogenic variables. These variables
include the mean climate variables, terrain variables, remote
sensing variables, vegetation variables, and human dis-
turbance variables (Table S1). Further details are elaborated
below.
The mean climate data, with a spatial resolution of 30 arc

seconds, were sourced from WorldClim2 (www.worldclim.
org). The dataset includes eleven temperature-related and
eight precipitation-related variables (Bio1–Bio19; Table S2)
that quantify biologically meaningful variables using
monthly maximum and minimum temperature and pre-
cipitation (Fick and Hijmans, 2017). We acquired 16 terrain
variables from a global gridded dataset with a spatial re-
solution of 30 arc seconds (Amatulli et al., 2018). This
comprehensive set of terrain variables includes elevation,
roughness, the terrain ruggedness index, the topographic
position index, the vector ruggedness measure, aspect,
landform, slope, indices indicating both east-west and north-
facing aspects of a site, profile curvature, tangential curva-
ture, and first- and second-order partial derivatives for both
east-west and north-south slopes, providing a detailed re-
presentation of the terrain conditions.
We extracted the Moderate Resolution Imaging Spectro-

radiometer (MODIS) net primary productivity (NPP) from a
global gridded dataset with a spatial resolution of 500 m
(Zhao et al., 2005). Following Wang G C et al. (2021),
grazing intensity was quantified based on the population of
three key livestock species (cattle, goats, and sheep), as they
constitute the majority of livestock in the Inner Mongolian
grasslands (Table S1). The grazing intensity data at a 10 km
spatial resolution were obtained from Gilbert et al. (2018).

2.4 Landsat-based seasonality amplitude

We retrieved multispectral seasonality amplitudes (Table S3)
from Landsat-based time series to capture vegetation dy-
namics in historical periods. All available Landsat 5, 7, 8,

and 9 observations were downloaded from the Google Earth
Engine platform on a per-sample basis. We screened out the
cloud, shadow, and snow pixels indicated by the Landsat
quality assessment bands generated by the Fmask algorithm
(Zhu and Woodcock, 2012). Then, we applied continuous
change detection and classification (CCDC, Zhu et al., 2020)
to segment each sample-based time series by detecting its
spectral breaks. Each segment represents a historical period
during which the land cover has stable spectral character-
istics. For each sample, we selected the temporal segment in
which the fieldwork date occurred and then used the har-
monic model to fit all Landsat observations for the selected
segment. The harmonic model was denoted as follows:

{ }c a kx T c x= + cos(2 / + ) + ,i x i k k i i, 0, =1

3
, 1,

where x is the Julian date, i is the ith Landsat band (i=1, 2, …,
7), k is the temporal frequency of the harmonic component,T
is the number of days per year (T=365.25), c i0, is the inter-
cept, c i1, is the slope, is the phase, and ak j, is the seasonality
amplitude (k=1, 2, and 3). Three amplitude coefficients were
extracted for each Landsat band, forming 21 amplitude
coefficients, representing a comprehensive set of vegetation
properties.

2.5 Assessment of drivers of POC, MAOC, and
MAOC:(MAOC+POC)

We hypothesized that the two dependent variables (POC and
MAOC) could be influenced by various environmental and
anthropogenic factors (Liu M L et al., 2025). These factors
include the mean climate variables, soil properties, terrain
attributes, Landsat-based time-series coefficients of vegeta-
tion dynamics, vegetation and human disturbance variables
(Table S1), and soil depth. To facilitate interpretation, we
utilized redundancy analysis (RDA) to explore the connec-
tions between the variables and the three response variables
(POC, MAOC, and MAOC:(MAOC+POC)) (Legendre and
Legendre, 1988; Wagner, 2004). Prior to RDA, we con-
ducted detrended correspondence analysis (DCA) on the
response variable matrix, which yielded a compositional
gradient length of 1.76, indicating that RDAwas appropriate
for the dataset since this value is less than 3 (Ter Braak and
Prentice, 1988). All the variables were standardized to
eliminate unit arbitrariness, ensuring comparability among
the canonical coefficients (González et al., 1998). To avoid
multicollinearity, variables were selected by the variance
inflation factor (VIF), which quantifies the severity of mul-
ticollinearity in regression analysis, and those with VIF ex-
ceeding 10 were excluded (Akinwande et al., 2015). The
final selected variables are listed in Table S4. Furthermore, a
hierarchical partitioning (HP) method was used to identify
the relative contributions of a variable to the explained var-
iance of the three SOC variables (Lai et al., 2022). The RDA
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and HP were conducted using the vegan and rdacca.hp R
packages within the R environment (R Core Team, 2024).
We further explored the direct and indirect effects of ex-

ternal factors on POC, MAOC, and MAOC:(MAOC+POC)
by implementing a path model (i.e., structural equation
model). Five latent variables and their corresponding man-
ifest variables were incorporated into the path model: climate
(represented by mean annual precipitation (MAP)), terrain
(represented by altitude), human disturbance (represented by
grazing intensity (GI), with all animals, including sheep,
goats, and cattle, converted to animal units), edaphic attri-
butes (represented by clay and silt content (CS), soil pH, and
soil Al oxide), and soil depth. Notably, remote sensing
variables were excluded from the model because of their
small contributions to model performance. We explored the
following potential pathways in a hypothesis-driven path
model. First, we assumed that all five latent variables have
direct impacts on the POC, MAOC, and MAOC:(MAOC
+POC). Second, we postulated that terrain indirectly influ-
ences the three dependent variables through its influence on
the remaining latent variables, except for soil depth. Third,
we proposed that climate indirectly affects the three depen-
dent variables through its influence on other latent variables,
except for terrain and soil depth. Four, we assumed that
human disturbance indirectly affects the three dependent
variables through its influence on edaphic attributes. Finally,
we asserted that soil depth indirectly affects the three de-
pendent variables through its impact on edaphic attributes.
The partial least squares approach was used to fit the path
model, and all the indicators were standardized. Path ana-
lyses were conducted using the plspm package in R (R Core

Team, 2024).
We also employed Bayesian linear mixed-effects models

(BLMMs) to assess the individual responses of the three
dependent variables to the major driving factors identified in
the RDAwith relatively high contributions via the R package
brms (R Core Team, 2024). Soil depth was used as a random
effect in all the models. Four sampling chains were run for
2,000 iterations, with a warm-up period of 1,000 iterations,
resulting in 4,000 total postwarm-up draws. We used the
default priors of the brms package, namely, a Student’s t
distribution for the intercept and weakly informative normal
priors for other regression coefficients. Model convergence
was assessed using the Rhat statistic implemented in the
pp_check function. An Rhat value closer to 1 indicates better
convergence of the fitted model. The coefficient of de-
termination (R2) was calculated based on the posterior pre-
dictive distribution using the bayes_R2 function.

3. Results

Averaged across the 17 sites, both the POC and MAOC
concentrations decreased with depth, although MAOC pre-
sented a much slower rate of decrease (Figure 2a). The
average POC concentrations were 10.90, 7.09, 4.95, 2.93,
1.90, 1.06, and 0.95 g C kg−1 in the 0–10, 10–20, 20–30, 30–
50, 50–100, 100–150, and 150–200 cm depth intervals, re-
spectively (Figure 2a). Across the sites, POC varied widely,
particularly in the upper layers. In the 0–10 cm depth inter-
val, for example, POC values ranged from 0.76 to
32.80 g C kg−1, while its range narrowed to 0.04–

Figure 2 Depth distributions of particulate organic carbon (POC) and mineral-associated organic carbon (MAOC) (a), and the proportion of MAOC to total
soil organic carbon (MAOC:(MAOC+POC)) (b) among different soil layers in the grasslands of the study area. The number of samples for each soil depth is
as follows: 17 for 0–10, 10–20, 20–30, 30–50, and 50–100 cm; 16 for 100–150 cm; and 14 for 150–200 cm. Box plots represent the 1st and 3rd quartiles
(box), medians (central horizontal line), means (red diamond), largest value smaller than 1.5 times the interquartile range (upper vertical line), and smallest
value larger than 1.5 times the interquartile range (lower vertical line). Nonparametric paired Wilcoxon signed-rank tests were employed. Significance levels:
*, p<0.05; **, p<0.01; ***, p<0.001; no label means no significance. p-values for two-tailed tests.

3068 Zheng H, et al. Sci China Earth Sci September (2025) Vol.68 No.9



2.63 g C kg−1 in the 150–200 cm depth interval. Compared
with those of POC, MAOC concentrations were generally
less variable across the 17 sites (Figure 2a). On average, the
MAOC concentrations were 3.87, 2.96, 2.93, 2.66, 1.45,
0.78, and 0.48 g C kg−1 at the seven soil depths, respectively
(Figure 2a). For the proportion of MAOC to SOC (i.e.,
MAOC:(MAOC+POC)), which is an indicator of SOC sta-
bility, no apparent vertical gradients were observed along the
soil profile (Figure 2b). In the 0–10, 10–20, and 20–30 cm
layers, for example, it ranged from 0.30 to 0.35, on average.
At depths of 30–50 and 50–100 cm, the values increased to
averages of 0.40 and 0.41, respectively. In the 100–150 and
150–200 cm layers, the values decreased to averages of 0.32
and 0.35, respectively. Despite these vertical variations,
MAOC:(MAOC+POC) was not significantly different
(p>0.05) among the depth layers.
Averaged across the soil depths, both POC and MAOC

increased with SOC, but the slope was steeper for POC in the
grasslands of the study area (Figure 3a, 3b). This indicates

that more carbon was stored as POC for a unit increase in
SOC. Consequently, POC became more dominant than
MAOC as total SOC increased in the Inner Mongolian
grasslands. This pattern contrasts with the results based on
data from the 0–30 cm depth interval in global temperate
grasslands (Figure 3c, 3d). Among the soil depths, the slope
of the increase in POC was much steeper in the upper layers,
such as the 0–10 and 10–20 cm layers, whereas in the middle
layers (e.g., 30–50 cm), the slope was gentler (Figure 3a). As
a result, more carbon was stored as POC in the upper layers
per unit increase in SOC. The increasing slope for MAOC
showed the opposite pattern to that of POC (Figure 3b). This
pattern is generally consistent with the results based on the
global grassland dataset (Figure 3d). Interestingly, the con-
tribution of MAOC to SOC per unit increase in SOC did not
linearly increase with soil depth, but reached a tipping point
in the 30–50 cm depth interval (Figure 3b). Beyond this
tipping point, the contribution of MAOC decreased again.
RDA revealed nine primary factors explaining 58% of the

Figure 3 Linear mixed-effects modeling of the relationships between particulate organic carbon (POC) and soil organic carbon (SOC), and mineral-
associated organic carbon (MAOC) and SOC, across depths in the study area grasslands (a, b) and global grasslands (c, d), with depth as a random effect. The
inset figures display the fixed and random coefficients of the effects. R2 indicates the total variance explained by the fixed and random effects. Data presented
in (a, b) are sampled and measured in the study area, while those in (c, d) are from global temperate grasslands derived from Georgiou et al. (2022).
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total variance in POC, MAOC, and MAOC:(MAOC+POC)
(Figure 4). The first two canonical axes, RDA1 and RDA2,
contributed 39.43% and 18.35%, respectively, to the ex-
plained variance. Regarding individual SOC components,
POC was closely positively associated with MAP (the angle
of the arrows representing POC and MAP was close to 0°)
but negatively associated with soil pH and depth (the angle
of the arrows was close to 180°), whereas MAOC was clo-
sely positively associated with Al but negatively associated
with altitude (Figure 4). MAOC:(MAOC+POC) had the
strongest positive association with CS but was negatively
associated with GI and thermal_c34 (Figure 4). Furthermore,
HP quantified the relative importance of each factor (Table
S4). The results identified CS, Al, soil pH, MAP, and soil
depth as the five most dominant variables determining the
partitioning of SOC components, with respective relative
contributions of 26.27%, 17.72%, 17.36%, 10.09%, and
8.90% (Table S4).
Path modeling further identified the direct and indirect

effects of the key driving factors identified by RDA, which
explained 57%, 67%, and 56% of the variance in POC,
MAOC, and MAOC:(MAOC+POC), respectively (Figure
5). For POC, all five latent variables except terrain had
significant direct effects (p<0.05), with edaphic attributes
indicated by Al, pH, and CS exhibiting the strongest direct
effects (path coefficient ρ=0.40), followed by soil depth (ρ=
−0.37), climate (ρ=0.22), and human disturbance (ρ=0.20).
For MAOC, edaphic attributes also had the strongest direct
effect (ρ=0.58), followed by climate (ρ=0.29) and soil depth
(ρ=−0.22), and only the influences of these three variables
were significant (p<0.05). Regarding MAOC:(MAOC
+POC), only edaphic attributes (ρ=0.56), soil depth (ρ=0.23),
and human disturbance (ρ=−0.29) had significant and direct
influences among all variables. Additionally, climate and
human disturbance indirectly influenced the three carbon
variables through their effects on edaphic attributes (Figure
5).
To further investigate the impacts of the four most im-

portant factors (CS, Al, pH, and MAP) identified by RDA on
POC, MAOC, and MAOC:(MAOC+POC) along the soil
profile, BLMMs were fitted with these factors as fixed ef-
fects and soil depth as a random effect (Figure 6). In parti-
cular, the influence of MAP on POC weakened with
increasing soil depth, and the coefficients of the effects de-
creased from 0.96 (0.45–1.45, with the 95% credible inter-
val) in the 0–10 cm layer to 0.02 (−0.23–0.26) in the
150–200 cm layer. Additionally, CS content showed a sig-
nificant positive effect on POC accumulation only in the
0–20 cm layer, while soil pH exhibited a significant negative
effect in the 0–50 cm layer. In contrast, Al had no significant
influence on POC across all soil layers. For MAOC, the
driving mechanism was distinctly different from that of
POC, being almost entirely dominated by soil properties. For

example, the effects of both Al and CS on MAOC were
generally stronger in the 0–30 cm layer. However, only Al
maintained a significant effect on MAOC in the 30–100 cm
layer. In comparison, soil pH exerted only a weak negative
effect throughout the profile, while MAP had almost no in-
fluence. For MAOC:(MAOC+POC), the direction of the
influence of the assessed variables did not change but varied
across depths. Notably, among all factors, only CS demon-
strated a significant and relatively stable positive influence
across all soil layers, with coefficients of the effects ranging
from 0.67 (0.23–0.99) to 0.82 (0.47–1.29).

4. Discussion

4.1 Depth distribution of SOC, POC, and MAOC

Our results indicate that both POC and MAOC contents in
the Inner Mongolian grasslands decreased rapidly with in-
creasing soil depth (Figure 2), which largely mirrored the
decreasing inputs of exogenous organic matter with depth
associated with root biomass. Indeed, Ma et al. (2008) re-
ported that in the Inner Mongolian grasslands, 47% of the
root biomass is concentrated in the top 0–10 cm of soil,
suggesting that deep soil layers receive less carbon from
roots. In addition to plant residue inputs, dissolved organic

Figure 4 Redundancy analysis revealing relationships of particulate or-
ganic carbon (POC), mineral-associated organic carbon (MAOC), and the
proportion of MAOC to total soil organic carbon (MAOC:(MAOC+POC))
with various variables in the grasslands of the study area. The first and
second RDA axes account for 39.43% and 18.35% of the variance in the
soil carbon fraction metrics, respectively. For the top five variables con-
tributing to the SOC components, the order from highest to lowest is CS,
Al, pH, MAP, and depth, with contribution rates of 26.27%, 17.72%,
17.36%, 10.09%, and 8.90%, respectively. Refer to Table S4 for explana-
tions of the abbreviations.
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matter (DOM) represents a significant source of both POC
and MAOC (Dubeux Jr et al., 2024; Si et al., 2024). How-
ever, the arid and semiarid conditions in the Inner Mongolian
grasslands, which are characterized by low precipitation and
high evapotranspiration, likely constrain the downward
movement of DOM and its contribution to carbon accumu-
lation in deep soil layers (Begill et al., 2023; Zhou et al.,
2023).
MAOC to total SOC ratio typically increased with depth

due to enhanced physical protection in deeper soil layers and
the accumulation of finer carbon components transported
downward from the topsoil (Sokol et al., 2019; Lavallee et
al., 2020; Hicks Pries et al., 2023). However, our results
revealed nonlinear changes in the MAOC to total SOC ratio
in the Inner Mongolian grasslands. In the 0–50 cm soil layer,
as expected, the ratio increased with depth, which is con-
sistent with observations from Australian temperate grass-
lands in similar depth ranges of 0–30 cm (Román Dobarco et
al., 2023). This increase in the fraction of MAOC in total
SOC could be attributed to the increasing contribution of
microbial necromass to total SOC with depth, as demon-
strated by several studies (Ma et al., 2018; Wang B R et al.,
2021; Sokol et al., 2022; Liang et al., 2024). More interest-
ingly, we found that the proportion of MAOC to total SOC
consistently decreased with depth in the 50–200 cm layer.
Initially, we considered the possibility of carbon saturation in
deep layers, hypothesizing that the mineral surfaces may
have reached their upper capacity for carbon adsorption (Six
et al., 2002; Stewart et al., 2007). However, fitting a suite of
models (including linear, logarithmic, saturation, S-curve,
and inverse models) to describe the MAOC-SOC relation-

ships, we found that the linear model consistently out-
performed all nonlinear alternatives across all depth layers
(Table S5). This pattern suggests that carbon accumulation in
MAOC remains proportional to SOC, and that mineral sur-
faces in our study region have not yet reached saturation
thresholds. We therefore propose that the declining MAOC:
SOC ratio in deeper layers reflects increasing environmental
constraints on microbial activity rather than mineral satura-
tion. Specifically, subsoil microbes face strong limitations in
acquiring high-quality substrates for energy and nutrient
assimilation (Fontaine et al., 2007), compounded by reduced
oxygen availability (Rumpel and Kögel-Knabner, 2011).
These constraints can inhibit microbial growth and meta-
bolism (Bernal et al., 2016), thereby limiting the production
of microbial necromass—a major precursor of MAOC for-
mation (Liang et al., 2019). Additionally, POC decomposi-
tion may be much slower in deeper soil layers, promoting its
accumulation and thus diluting the fraction of MAOC in total
SOC. Taken together, these results suggest that physiological
and resource-based constraints on microbial processing, ra-
ther than mineral saturation, are key bottlenecks for MAOC
accumulation in deep soil layers. These findings highlight
the importance of considering deeper soil layers in carbon
sequestration, as they may have a significant impact on the
long-term stability of soil carbon pools. For example, prac-
tices like optimizing plant community composition to in-
clude deeper-rooted perennial grasses, diversifying species
to enhance root system complementarity, and improving
grazing management have been recommended to effectively
enhance carbon accumulation in deep layers (Li et al., 2019;
Luo et al., 2024).

Figure 5 Schematic representation of the path analyses used to identify the controls on soil particulate organic carbon (POC), mineral-associated organic
carbon (MAOC), and the proportion of MAOC to total soil organic carbon (MAOC:(MAOC+POC)) in the grasslands of the study area. The arrows indicate
the direction of the effects, whereas the blue and red paths represent positive and negative effects, respectively. The numbers and the line width both represent
path coefficients obtained from path analysis, indicating the direct and indirect effects of the variables. The relevant latent variables are the same as those in
Figure 4. The R2 value within the box represents the coefficient of determination for the corresponding variable (i.e., POC, MAOC, and MAOC:(MAOC
+POC)), whereas that outside the circular panel represents the coefficient of determination for the whole path model.
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While numerous studies have reported a dominance of
MAOC in global grassland soils, exceeding 60% of total
SOC, particularly in surface soils (Cotrufo et al., 2019; Bai
and Cotrufo, 2022; Hansen et al., 2023), our findings from
the Inner Mongolian grasslands present a contrasting pattern,
where POC dominates over MAOC. This discrepancy may
be attributed to the post-degradation recovery phase of these
grasslands. During grassland restoration, vegetation pro-
ductivity typically recovers faster than soil physicochemical
properties, particularly those related to texture and miner-
alogy. For instance, Liao et al. (2023) found that POC is
more sensitive to vegetation recovery during grassland re-
storation in the Loess Plateau. This faster accumulation of
plant-derived carbon inputs likely contributes to the rela-
tively high POC:SOC ratio observed in our study region. In

contrast, the formation and stabilization of MAOC are
strongly influenced by soil texture, particularly the abun-
dance of fine particles (i.e., clay and silt content), which
enhances microbial habitat quality, water retention, and the
potential for organo-mineral associations (Mao et al., 2024).
However, historical overgrazing and degradation across In-
ner Mongolia have led to widespread soil coarsening, with
losses of clay and silt content and increases in sand content—
a process often associated with desertification (Zhang et al.,
2020; Zheng et al., 2024b). Consistent with this, our study
area exhibits a coarser soil texture (Table S6), with an
average clay and silt content of 28%, compared to 56% in
global grasslands (Hansen et al., 2023). The recovery of fine
mineral fractions is a slow and long-term process, typically
requiring several decades or more (Liu M et al., 2025).
Therefore, despite increasing carbon inputs from recovering
vegetation, the limited mineral surface area and physical
protection associated with coarser soils likely constrain the
microbial transformation of POC into MAOC and reduce
MAOC stability (Mao et al., 2024). Together, these findings
suggest that the current dominance of labile POC over stable
MAOC in the Inner Mongolian grasslands would reflect an
early stage of ecosystem recovery, in which carbon inputs are
increasing, but stabilization mechanisms remain under-
developed. This implies a higher vulnerability of SOC to
disturbance or loss, and highlights the need for continued
ecological restoration and sustainable land management
practices to enhance long-term carbon stabilization through
both biotic and abiotic pathways.

4.2 Depth-dependent influence of environmental fac-
tors on SOC fractions

Our study revealed depth-dependent controls on SOC frac-
tions (Figure 6). Topsoil POC is regulated primarily by the
balance between plant litter inputs and microbial decom-
position. A higher MAP generally leads to greater plant
productivity, especially in water-limited ecosystems, con-
tributing to increased litter inputs and, consequently, higher
POC contents (Wiesmeier et al., 2019). This finding aligns
with the study by Díaz-Martínez et al. (2024), who reported a
positive correlation between precipitation and topsoil POC in
global drylands. Similarly, clay and silt, with their relatively
high water-holding capacities, create favorable environments
for plant growth and microbial activity, indirectly con-
tributing to POC accumulation (Mao et al., 2024), as evi-
denced by the positive correlation between CS and POC
(Figure 6). However, this correlation becomes insignificant
in deeper layers. One potential explanation is that in deeper
soil layers, POC derived from plant roots and root exudates is
relatively limited, and most POC in these deeper layers may
originate from downward transport from upper soil layers,
thereby attenuating the direct influence of CS on POC ac-

Figure 6 Bayesian linear mixed-effects modeling of relationships be-
tween particulate organic carbon (POC) (a), mineral-associated organic
carbon (MAOC) (b), and the proportion of MAOC to total soil organic
carbon (MAOC:(MAOC+POC)) (c), and the most important drivers derived
by redundancy analysis in the grasslands of the study area. The color grids
show the coefficients of linear mixed-effects regression models for POC,
MAOC, and MAOC:(MAOC+POC), with depth treated as a random effect.
Bold italic values indicate significant relationships (95% credible interval
does not include zero).
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cumulation (Rumpel and Kögel-Knabner, 2011). Soil pH
generally negatively affects POC across the entire soil pro-
file. A lower pH has been reported to influence microbial
community composition and activity, leading to slower POC
decomposition, especially at cooler temperatures (Nedwell,
1999; Rousk et al., 2009). As most root-derived carbon in-
puts are concentrated in surface soils (Wang et al., 2023), the
impacts of climatic and edaphic attributes on POC decrease
with increasing soil depth (Figure 6).
The factors influencing MAOC varied with soil depth,

with MAOC being coregulated by CS and Al oxide in sur-
face layers but predominantly controlled by Al oxide at in-
termediate depths (Figure 6). This vertical shift in dominant
controlling mechanisms can be attributed to the changing
nature and availability of organic matter, as well as the
varying importance of different stabilization processes
across soil layers. In topsoil, the abundant input of fresh,
partially decomposed organic matter leads to complex in-
teractions between organic compounds and various soil mi-
nerals. Clay and silt particles play crucial roles in this
context, as their large specific surface area facilitates the
adsorption and occlusion of organic matter into stable ag-
gregates (Kleber et al., 2015). In addition, the binding of
organic compounds with metal ions, oxides, and minerals,
such as Al, also contributes to the stabilization of MAOC in
surface layers (Rowley et al., 2018; Kang et al., 2024).
However, as soil depth increases, the supply of fresh organic
matter decreases, and biological activity becomes more
limited. This results in slower decomposition rates of organic
matter in deeper layers. Under these conditions, the higher
surface area-to-volume ratio and greater number of bonding
sites of Al oxide make them the dominant mineral phase
controlling MAOC stabilization compared with the other
phases, overshadowing the role of clay minerals (Lalonde et
al., 2012). In addition, MAOC:(MAOC+POC), an indicator
of SOC stability, was significantly correlated with CS across
the entire soil profile, with its correlation strengthening with
depth. This finding highlights the growing importance of
physical protection mechanisms in deeper soil layers where
biological decomposition is limited in the Inner Mongolian
grasslands (Henneron et al., 2022; Hicks Pries et al., 2023).

4.3 Implications for SOC sequestration in the Inner
Mongolian grasslands

On the basis of the findings of this study, we propose two
strategies for SOC sequestration in Inner Mongolian or si-
milar grasslands, focusing on short-term and long-term car-
bon sequestration, respectively. In the short term, increasing
topsoil POC should be prioritized. Compared with MAOC,
POC has a faster accumulation rate and greater sensitivity to
management practices (Liao et al., 2023). Given the plant
litter-derived origin of POC, strategies aimed at increasing

plant carbon input, such as re-establishing native vegetation
(Török et al., 2021) and increasing plant diversity (Lange et
al., 2015), are particularly effective, especially in water-
limited regions. While greater carbon inputs may also sti-
mulate priming effects that enhance microbial decomposi-
tion of existing SOC, emerging evidence suggests that the
net direction of SOC change following vegetation restoration
depends on the initial soil carbon content (Hong et al., 2020).
Specifically, in low-carbon soils such as those found in de-
graded Inner Mongolian grasslands, vegetation restoration is
highly likely to result in net carbon gains (Hong et al., 2020).
Furthermore, our recent study (Zheng et al., 2024b) under-
scores the significant role of ecological protection measures
in areas with low rainfall and severe degradation, where
these strategies can yield substantial benefits for SOC se-
questration. Hence, priority regions for enhancing plant
growth and POC sequestration might often coincide with
areas where limiting factors, such as water availability, nu-
trient status, soil health, and climate resilience, can be ef-
fectively addressed through targeted management practices.
While increasing POC is a crucial step for short-term

carbon sequestration, its inherent instability necessitates a
focus on long-term stabilization. To ensure sustained carbon
storage, promoting the sequestration of MAOC is essential.
MAOC, which is relatively resistant to decomposition, can
potentially contribute to long-term soil carbon sequestration.
Therefore, a comprehensive approach that combines strate-
gies to increase POC inputs and promote MAOC formation
is necessary for effective carbon management in grassland
ecosystems (Poeplau et al., 2018). While CS and Al oxide
play significant roles in stabilizing MAOC, directly altering
their abundance in vast natural grasslands such as Inner
Mongolia is impractical because of their geological origins
and long-term weathering processes. However, we can in-
directly influence soil properties and the organic matter
content to increase carbon sequestration. The implementa-
tion of sustainable grazing practices, such as rotational
grazing and rest periods, can reduce soil degradation and
promote plant growth (Bai and Cotrufo, 2022). Nutrient
management strategies, including balanced fertilization and
manure application, can optimize plant growth and carbon
uptake. Additionally, adopting climate-resilient grass species
and efficient irrigation systems can mitigate climate change
impacts and increase long-term carbon storage. By in-
tegrating these strategies, we can maximize the potential of
grassland ecosystems to sequester both POC and MAOC.

5. Conclusion

This study provides a detailed analysis of the vertical dis-
tribution and controlling factors of SOC fractions in the Inner
Mongolian grasslands, based on soil profile measurements
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extending to a depth of 2 m. The results revealed that POC
generally dominated over MAOC across all soil layers. The
driving mechanisms of climate and soil attributes varied for
different components and depths of SOC. In the topsoil
(0–0.3 m), POC was primarily regulated by climate variables
(e.g., mean annual precipitation) and soil properties (e.g.,
clay and silt content and soil pH). These influences on POC
generally diminished in deeper soil layers. In contrast,
MAOC at all depths was mainly governed by soil properties
(e.g., clay and silt content and Al oxide), with climatic fac-
tors showing no significant impact. These findings under-
score the importance of depth-specific strategies for SOC
sequestration, emphasizing the enhancement of POC for
rapid SOC accumulation and stabilization of MAOC for
long-term carbon storage.
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