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Abstract

Soil organic carbon (SOC) is the largest reservoir of terrestrial organic carbon and plays
a pivotal role in regulating global climate dynamics. And there are some differences in
SOC stocks under different forest stand types. But it is unclear whether this phenomenon
is related to SOC stability, especially stable components of SOC. Therefore, coniferous
(Pinus tabuliformis), broad-leaved (Quercus aliena), and mixed forests were selected to
explore the distributions and chemical structures of SOC components, as well as SOC
stabilization mechanisms. Higher SOC contents but lower stability were observed under
Quercus aliena forests. Contents of SOC and its components were lowest under Pinus
tabuliformis forests. Yet the highest relative abundances of alkyl and aromatic carbon
in mineral-associated organic carbon (MAOC) were found at 1040 cm soil layers, with
the highest MAOC/SOC. In contrast, MAOC/SOC was highest under mixed forests at
0-10 cm layer. Total nitrogen (TN), lignin, and silt contents were identified as key drivers
of SOC stability. These findings indicated that mixed forest contributes more to en-
hancing SOC stability in topsoil, whereas coniferous forest promotes greater stability
in subsurface layers. These results suggested that the functional complementarity among
forest stand types may enhance carbon sequestration and promote the sustainability of
forest management.

Keywords: particulate organic carbon; mineral-associated organic carbon; chemical
structure; forestland; Qinling mountains

1. Introduction

Soil, as the largest terrestrial carbon pool on earth, holds approximately 2.3 to 2.5 times
carbon more than the atmosphere [1]. In this context, soil organic carbon (SOC) can act as a
carbon sink, mitigating climate change through long-term carbon sequestration. But if soil
was disturbed, it may also release substantial amounts of CO,, thereby accelerating climate
deterioration [2—4]. Forest ecosystems are the major contributors to terrestrial carbon
storage, containing approximately 52% of the global soil carbon pool in the topsoil [5,6].
And SOC stocks are related to its stability. Therefore, understanding the mechanisms
governing SOC formation and stabilization in forest soils is essential for assessing and
enhancing the functionality of terrestrial carbon sinks [7]. Particulate organic carbon (POC)
and mineral-associated organic carbon (MAQOC) are physical components of SOC [4,7]. This
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classification based on physical accessibility provides a more accurate assessment of SOC
persistence [2]. POC is considered an active organic carbon fraction and primarily consists
of structurally complex plant residues that rely on biochemical recalcitrance and aggregate
formation for protection. Due to its high physical accessibility, microorganisms can readily
colonize POC, resulting in rapid turnover and a short residence time in soil [5]. In contrast,
MAOQC is stabilized mainly through chemical bonds or pore sorption to soil mineral
surfaces and occlusion in aggregates [2], making it more difficult for microorganisms and
enzymes to utilize. Hence, the accumulation of MAOC is beneficial for enhancing SOC
stability [2,8]. Furthermore, the chemical structure of SOC is also an important indicator
of its stability [9,10]. Aromatic carbon derived from lignin and alkyl carbon derived from
lipids, waxes, and aliphatic components of plant represent the easily recalcitrant carbon
difficultly utilized by microorganisms [11]. In contrast, alkoxy carbon is mainly derived
from carbohydrates, which exhibit higher degradability [12]. Therefore, the accumulation
of aromatic carbon and alkyl carbon is more conducive to improving SOC stability [9].
MAOC represents the recalcitrant component of SOC, implying that relative abundances of
chemical functional groups in MAOC are strongly associated with the long-term storage
and stability of SOC [13]. While current research primarily assesses SOC stability through
the lens of SOC chemical structural resistance [11], limited studies have specifically focused
on the chemical structural stability of MAOC itself.

Variations in composition of tree species, with distinct sources of litter, root exudates,
mycorrhizal fungal, hyphal exudates, and microbial composition [3,14,15], lead to the
different accumulation and chemical structure of POC and MAOC, which further affects
SOC stability under different stand types [11,16]. Just as Xu et al. (2024) [17] have found
that the relative abundance of alkyl carbon was the highest under mixed forests, increased
litter diversity may enhance stability of SOC due to increased metabolic cost of microbial
decomposition and diversified bond strength between soil organic matter and minerals.
Conversely, some studies have shown that relative abundance of aromatic carbon and
the value of (alkyl carbon)/(alkoxy carbon) under coniferous forests were higher [11]. In
coniferous forests dominated by ectomycorrhizal (ECM) fungi, the widespread mycorrhizal
symbionts form a reciprocal relationship with their host trees [18]: ECM fungi acquire
photosynthetic carbon from their host plants while facilitating the uptake of water and
soil-derived nutrients for the plants [19]. A portion of this assimilated carbon is utilized
by the fungi for biosynthesis of their own biomass, which ultimately converted into mi-
crobial residues enriched in recalcitrant compounds, including chitin and melanin, which
serve as persistent precursors for the formation of MAOC [18]. The remaining carbon is
released into the rhizosphere as mycelial exudates, including organic acids and extracellular
enzymes [20]. These exudates play a critical role in decomposing organic matter and weath-
ering mineral particles to mobilize limited nutrients such as nitrogen. This efficient nutrient
acquisition strategy supports robust growth of ECM fungi, thereby indirectly enhancing
the accumulation of fungal residues and promoting MAOC formation [21]. Moreover,
the dense mycelial network and its secreted adhesives (extracellular polysaccharides and
glycoproteins) promote soil aggregate formation and stability via a hybrid mechanism of
physical entanglement and chemical binding [14,18]. However, we still have little knowl-
edge on whether the chemical structures of MAOC could also affect SOC stability under
different stand types [16].

Serving as a crucial dividing line between the northern and southern climate and a
key ecological barrier, the Qinling Mountains also play a significant role in the carbon
cycle of terrestrial ecosystems both nationally and globally [3]. While numerous studies
of forest soil in this region have focused on the spatial variation of SOC storage and
mineralization [22,23], the mechanism of SOC stabilization remains poorly understood with
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respect to chemical structures of SOC fractions, particularly POC and MAOC. Furthermore,
forest stand type is widely recognized as a major driving factor affecting the stability of
SOC [24]. The Huoditang forest region in the Qinling Mountains, which features long-term
monitoring plots across diverse forest stand types and is characterized by a substantial
capacity for carbon sequestration [1,25], provides an ideal setting to investigate the effects
of stand types on SOC stability [3].

Hence this research aimed to 1. quantify SOC components and semi-quantify relative
abundances of functional groups in MAOC chemical structure at different depths and in
three stand types. 2. Identify the soil and litter properties that drive the regulation of SOC
stabilization. 3. Assess how different stand types contribute to SOC stability in the topsoil
and subsurface soil layers. These results will provide a theoretical foundation and data
support for studying the carbon sink function of forest ecosystems and sustainable forest
management. And this is of great significance for optimizing carbon sequestration and
achieving the goals of carbon peaking and carbon neutrality in the Qinling Mountains.

2. Materials and Methods
2.1. Study Area

This study took Huoditang Teaching Experimental Forestry Station in Ningshan
County, Shaanxi Province, as the study area, which covers a total area of 2037 ha, with
a forest coverage of 91.8%. The station is situated in the Qinling Mountains, a transition
zone between northern subtropical and warm temperate, characterized by a humid warm
temperate mountainous climate. The annual precipitation averages 1023 mm, with the
majority occurring in July and August. The average annual temperature is 12 °C, with
an annual sunshine duration of 1327.5 h and a growing season of six months. The soil is
classified as mountain-brown soil (Luvisol in the World Reference Base for Soil Resources),
with approximately 60 cm in thickness. The mountain-brown soil is usually slightly acidic
and sticky. The predominant tree species include Pinus tabuliformis, Quercus aliena, Pinus
armandii, Abies fabri, Picea asperata, and Betula albosinensis, etc. [3,25].

2.2. Experimental Design

At the end of July 2023, three stand types were selected in the study area: broad-leaved
forests (Quercus aliena), coniferous forests (Pinus tabuliformis), coniferous and broad-leaved
mixed forests (Pinus tabuliformis and Quercus aliena). Three plots measuring 20 m x 20 m
were randomly established for each stand type. Within each plot, five shrub quadrants
(2m x 2 m) were positioned at each of the four corners and the center of plot. Additionally,
within each shrub quadrant, five herb quadrants (1 m x 1 m) were set up. A vegetation
survey was conducted first, followed by the collection of soil and litter samples. The basic
information of sample plots is shown in Table S1.

2.3. Soil Sample Collection and Processing

Collection and processing of soil samples: Soil samples were collected separately from
0to 10 cm, 10 to 20 cm, and 20 to 40 cm soil layers using an auger (length of 1 m) according
to the “S-type” method, and the samples from the same layer were mixed together. A total
of 27 soil samples were obtained, representing three stand types with three replicate plots
per type, and three samples collected from each plot. The soil samples were thoroughly
mixed in sterile plastic containers and transferred into sterile self-sealing bags. Upon
transport to the laboratory, visible debris and plant roots were removed from the soil
samples. All soil samples were sieved through a 2 mm sieve. A portion of the samples was
further air-dried naturally and sieved through a 2 mm and 0.15 mm sieve for the analysis of
SOC and its components, the chemical structure of MAOC, as well as soil physicochemical
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properties. Additionally, soil samples were collected with a cutting ring from 0 to 10 cm,
10 to 20 cm, and 20 to 40 cm soil layers, respectively, to dry for the determination of soil
bulk density (BD).

Collection and processing of litter samples: Litter was collected from a quarter of
1 m x 1 m herb quadrant’s area, and litter from the same plot was mixed together and
placed into preservation bags separately. These samples were then dried at 65 °C until a
constant weight was reached and subsequently smashed by a pulverizer to passed through
a 0.15 mm sieve. The prepared samples were then placed into self-sealing sterile bags for
analysis of cellulose, hemicellulose, and lignin contents.

2.4. Soil Samples Determinations

Determination of POC and MAOC: POC and MAOC were separated by the sodium
hexametaphosphate dispersion method [9,15]. A total of 20 g of air-dried soil samples
was passed through a 2 mm sieve and placed into a 100 mL plastic bottle. Next, 60 mL
of sodium hexametaphosphate (mass/volume = 5%) was added, and the mixture was
manually stirred before being placed on a shaking table for 18 h. The resulting turbid liquid
was then filtered through a 53 um sieve and rinsed repeatedly with deionized water until
the effluent ran clear. The coarse material retained on the sieve was POC (>53 um), while
the fine material that passed through was classified as MAOC (<53 pm). Both components
were collected using a 500 mL beaker, dried at 60 °C, weighed, and recorded, which allowed
for the calculation of ratios of the upper and lower components to total soil mass. The
dried soil in the beaker was then ground through a 0.15 mm sieve, and SOC content was
determined using the potassium dichromate external heating method [26]. Additionally, to
analyze chemical structures of MAOC, 1 g of desiccated soil was taken from the beaker.

Determination of MAOC chemical structure: The infrared spectra of soil were de-
termined using a Fourier transform infrared spectrometer (FTIR) (Nicolet iS5, Thermo
Fisher Scientific, Waltham, MA, USA). The mineral-bonded soil sample (<53 pm) weighing
0.005 g was combined with dried, spectral-grade potassium bromide (KBr) at a ratio of
1:100. Subsequently, these samples were uniformly pulverized using an infrared lamp,
compressed into semi-transparent flakes, and then analyzed with the spectrometer. The
spectral determination range was 4000400 cm~! [27]. The infrared data were processed
using OMNIC 9.2 to quantify characteristic peak areas and relative abundances of different
functional groups. A semi-quantitative analysis of changing characteristics of the chemical
structure of MAOC was performed, with (alkyl carbon)/(alkoxy carbon) reflecting the
stability of MAOC [9].

Determination of soil physicochemical properties: Soil water content and BD were
measured by oven-drying and weighing method [28]. Total nitrogen (TN) content was
assessed using the semi-micro Kjeldahl method [29], while total phosphorus (TP) content
was determined through the potassium hydroxide alkali fusion molybdenum-antimony
anti-colorimetric method [28]. The sedimentation and hydrometer methods were used to
classify soil texture, with the corresponding particle size distributions calculated according
to classification for sand (0.02-2 mm), silt (0.02-0.002 mm), and clay (<0.002 mm) [28].

Determination of cellulose, hemicellulose, and lignin in litter: The acid-detergent
method was used to quantify contents of these components [30].

The chemical properties of litter in each sampled site are presented in Table 1, and the
physicochemical properties of soil are detailed in Table S2.
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Table 1. Chemical properties of the litter under different stand types. Different capital letters indicate
the significant differences in cellulose, hemicellulose, and lignin contents between different stand
types (p < 0.05) (n = 3).

Chemical Properties of the Litter
Cellulose/% Hemicellulose/% Lignin/%

Quercus aliena forests litter 8.07 £ 0.41A 5.87 £ 1.93A 40.12 + 4.15A
Pinus tabuliformis forests litter ~ 10.74 £ 2.25A 5.65 £ 0.43A 46.11 = 7.31A
Mixed forests litter 8.55 £ 0.74A 492 + 0.29A 36.89 & 3.06A

Litter Types

2.5. Data Analysis

Excel 2021 was used to perform preliminary statistical analyses on the original data,
and Duncan’s method within one-way ANOVA in SPSS 27.0 was used to compare signifi-
cant differences in contents of SOC, POC, MAOC, and values of the (alkyl carbon)/(alkoxy
carbon) between different stand types and soil layers (p < 0.05). Origin 2023 was used to
generate visualizations of these changes. The relationships among soil physicochemical
properties, litter chemical properties, SOC, POC, MAOC contents, and MAOC chemical
structure were analyzed by Spearman’s correlation (p < 0.05). The “ggplot” package in
R 4.3.0 (https:/ /cran.r-project.org/, accessed on 15 March 2024) was used to generate the
correlation heatmap (p < 0.05). The “vegan” and the “rdacca.hp” package were employed
to perform redundancy analysis (RDA) and hierarchical partitioning analysis [31], as well
as to visualize these results, in order to explore the correlations among them.

3. Results
3.1. Distribution of SOC, POC, and MAOC Under Different Stand Types

In the 0-10 cm soil layer, the contents of SOC, MAOC, and POC followed the order
of Quercus aliena forests > mixed forests > Pinus tabuliformis forests. In the 10-20 cm layer,
the trend shifted to mixed forests > Quercus aliena forests > Pinus tabuliformis forests. At
0-40 cm soil layers, contents of SOC, POC, and MAOC were lowest under Pinus tabuliformis
forests. Quercus aliena forests promoted the accumulation of SOC and its components at
0-10 cm and 20-40 cm soil layers, while higher levels of these components were found
under the mixed forests at the 10-20 cm soil layer (Figure 1). As the soil layer deep-
ened, SOC, POC, and MAOC contents decreased by 17.89%—48.84%, 27.58%—-55.54%, and
0.59%-29.75% under three stand types, respectively (Figure 1), which represented that
variations in MAOC content were more stable with the increasing of soil layers. The POC
content exceeded that of MAOC in 040 cm soil layers under three stand types (Figure 1b,c).
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Figure 1. Distributed characterization of SOC (a), MAOC (b), and POC (c) contents under different
stand types. Different capital letters indicate significant differences in SOC, POC, and MAOC contents
under different stand types at the same soil layer, and different lowercase letters indicate significant
differences in SOC, POC, and MAOC contents at different soil layers under the same stand type.
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Under different stand types, POC/SOC was higher than MAOC/SOC at the same
soil layer. As soil layers deepened, POC/SOC decreased, while MAOC/SOC increased
significantly (p < 0.05) (Figure 2). This trend might imply an increase in SOC stability
with the increase in soil layer under three stand types. At 0-10 cm soil layer, values of
MAOC/SOC represented mixed forests (27.9%) > Pinus tabuliformis forests > Quercus aliena
forests (24.8%) (Figure 2b), while values of POC/SOC exhibited the trend of Quercus aliena
forests > Pinus tabuliformis forests > mixed forests (Figure 2a). At the same time, the highest
MAOC/SOC was observed under Quercus aliena forests (37.4% and 46.4%, respectively)
at 1020 cm and 2040 cm soil layers, while the lowest MAOC/SOC was found under
mixed forests (33.6% and 38.4%, respectively) (Figure 2b). Conversely, POC/SOC exhibited
the opposite trend to MAOC/SOC at 10-20 cm and 2040 cm soil layers (Figure 2a).
These results suggested that the mixed forest enhanced SOC stability in topsoil, while
pure coniferous forest and broad-leaved forest resulted in an increase in SOC stability in
subsurface layers.

60

(a) {0 - Pinus tabuliformis forest (b)
Quercus aliena forest
0F  Aa Mixed forest
Aa
Aa
50 -
3 Ab S Aa
< 60 S Qi
g ! 2
] Al ANab 2 ol
g IS Aab, A MAa
€ sl QAa ; a
miAb Ab
30 Ac
Aby
40 Ab
L L L 20 I L L
0-10 10-20 2040 0-10 10-20 20-40

Soil layers (cm) Soil layers (cm)

Figure 2. Ratios of POC to SOC (a) and MAOC to SOC (b) under different stand types. Different
capital letters indicate significant differences in SOC, POC, and MAOC contents under different stand
types at the same soil layer, and different lowercase letters indicate significant differences in SOC,
POC, and MAOC contents at different soil layers under the same stand type.

3.2. Characteristics of the Chemical Structure of MAOC Under Different Stand Types

Shapes of FTIR spectra and wavenumbers of absorption peaks of MAOC chemi-
cal structure were generally similar at different soil layers under three stand types, and
seven primary absorption peaks corresponding to five main functional groups were
observed: 1032 cm~! (C-O in alcohols and carbohydrates), 1425 cm~! (C-H in alkyl),
1542 cm~! and 1649 cm~! (C=C in aromatics), 2932 cm~! (C-H in aliphatic methyl and
methylene groups), 3363 cm ™! and 3452 cm~! (O-H in alcohols, phenols, and carboxyl
groups) (Figure 3).
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Figure 3. FTIR spectra of MAOC under different stand types. (a) FTIR spectra of MAOC under mixed
forests; (b) FTIR spectra of MAOC under Quercus aliena forests; (c) FTIR spectra of MAOC under
Pinus tabuliformis forests.
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Among three stand types, it was observed that relative abundances of five functional
groups in MAOC showed: alkoxy carbon > phenolic alcohol components carbon > aliphatic
carbon > aromatic carbon > alkyl carbon (Figure 4), indicating that MAOC was primarily
dominated by easily decomposed substances (such as alkoxy carbon). With increasing
soil depth, relative abundances of alkyl carbon and aromatic carbon in MAOC decreased
under both Quercus aliena forests and the mixed forests (Figure 4d-i), while those of Pinus
tabuliformis forests increased first but still showed an decreasing trend overall (Figure 4a—c),
suggesting that chemical structural stability of MAOC did decrease with the deepening of
soil layers.
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Figure 4. Relative abundances of chemical functional groups of MAOC under different stand
types. (a—c) Relative abundances of MAOC functional groups under Pinus tabuliformis forest across
three soil layers; (d—f) Relative abundances of MAOC functional groups under Quercus aliena forest
across three ssoil layers; (g—i) Relative abundances of MAOC functional groups under mixed forest
across three soil layers.

Compared to pure coniferous forests and broad-leaved forests, relative abundances
of alkyl carbon and aromatic carbon in MAOC were lower under the mixed forests, while
alkoxy carbon reached a higher level (Figure 4). Conversely, Pinus tabuliformis forests
contributed more to the improvement of relative abundance of alkyl carbon (with the
exception of 10-20 cm soil layer) and aromatic carbon, whereas relative abundance of
alkoxy carbon was the lowest (Figure 4). These results showed that coniferous forest
exhibited the strongest stability in chemical structure of MAOC at 0—40 cm soil layers, while
the mixed forest demonstrated the weakest one.

(Alkyl carbon)/(alkoxy carbon) can indicate the humification level of SOC. The larger
the ratio, the greater stability of SOC. Values of (alkyl carbon)/(alkoxy carbon) at 0-40 cm
soil layers were as follows: Pinus tabuliformis forests > Quercus aliena forests > mixed forests
(Figure 5), indicating that coniferous forests were conducive to promoting MAOC stability.



Forests 2025, 16, 1585

8 of 16

Pinus tabuliformis forest
Quercus aliena forest

_ 12k Mixed forest

<

g 1

2 Aa

bt

2 8t Aa

e Aa

= oL Aa

= Aa

E T Aa

2 Aa

§ 4| 1

E __Aab Ab

< 1

0 1 1 1
0-10 10-20 20-40

Soil layers (cm)

Figure 5. The chemical structural stability of MAOC under different stand types. Different capital
letters indicate significant differences in SOC, POC, and MAOC contents under different stand types
at the same soil layer, and different lowercase letters indicate significant differences in SOC, POC,
and MAOC contents at different soil layers under the same stand type.

3.3. Correlation of SOC, POC, MAOC, and the Chemical Structure of MAOC with Properties of
Soil and Litter

Under Pinus tabuliformis forests, SOC, POC, and POC/SOC were significantly posi-
tively correlated with TN, whereas MAOC/SOC showed a negative correlation with TN
(p < 0.05). Furthermore, alkoxy carbon exhibited a significantly positive relationship with
silt, but negatively correlated with sand. There was also a positive correlation between alkyl
carbon and silt (p < 0.05). At the same time, significant positive correlations were observed
between TN, TP, WRC, and silt with MAOC, alkyl carbon, aromatic carbon, and (alkyl
carbon)/(alkoxy carbon) under Quercus aliena forests, whereas these properties showed
negative correlations with alkyl carbon (p < 0.05). Additionally, MAOC/SOC was positively
correlated with pH (p < 0.05). Under the mixed forests, alkyl carbon, aromatic carbon, (alkyl
carbon)/ (alkoxy carbon), SOC and its components were significantly positively correlated
with TN (p < 0.05), while MAOC/SOC showed an opposite relationship with TN. Moreover,
alkoxy carbon was positively correlated with silt, but exhibited a negative correlation with
pH. Significant positive correlations were also observed between alkyl carbon and (alkyl
carbon)/(alkoxy carbon) with TP (p < 0.05) (Figure 6).

Spearman Correlation Plot
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Figure 6. Spearman correlation analysis of SOC, POOC, MAOC contents, and the chemical structure of
MAOC with soil properties under three stand types. Correlation coefficients are marked with asterisks:
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*** p <0.001, ** p <0.01, * p < 0.05. The “carbon” in the name of the chemical structure functional
group is replaced with a capital letter “C”. BD: Soil bulk density; WRC: Soil water relative content;
TP: Total phosphorus; TN: Total nitrogen; Y: Pinus tabuliformis forests; R: Quercus aliena forests;
M: Mixed forests (Pinus tabuliformis and Quercus aliena), the same below.

RDA showed that soil and litter properties explained 82.38% of variations in distributions
of SOC, POC, MAOC, and the chemical structure of MAOC. TN, lignin, and silt contents
accounted for 45.09%, 13.54%, and 8.8% of the total variables, respectively (Figure 7b).
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Figure 7. Redundancy analysis of SOC, POOC, MAOC contents, and the chemical structure of MAOC
with soil and litter properties (a,b).

4. Discussion

4.1. Characteristics of SOC Stability Under Different Stand Types
4.1.1. Contents and Proportions of SOC Components

At 0-40 cm soil layers, it was found that SOC, POC, and MAOC contents were lowest
under Pinus tabuliformis forests, indicating that broad-leaved forest and mixed forest were
more conducive to the accumulation of SOC than coniferous forest, which aligns with
the previous study [24]. This may be attributed to the variations in quantity and quality
of organic matter input from different vegetation, producing distinct litter types, which
result in different accumulation of SOC [7,15]. The carbon-to-nitrogen ratio of coniferous
litter is high, which limits microbial activity due to nitrogen scarcity [32]. To mitigate this
constraint, microorganisms employ a “high-cost, high-consumption” strategy for nitrogen
acquisition [14,18]. As a substantial portion of nitrogen is sequestered in lignin—protein com-
plexes, the activities of lignin-degrading enzymes, such as lignin peroxidase, manganese
peroxidase, and laccase, are upregulated [33]. However, the synthesis and secretion of these
enzymes demand considerable energy. Concurrently, microbial carbon use efficiency (CUE)
declines significantly during the decomposition of such low-quality, nitrogen-poor sub-
strates [34]. This implies that during energy acquisition, a greater proportion of assimilated
carbon is respired as CO, rather than allocated to microbial biomass synthesis, thereby
reducing the accumulation of microbial residues. As a result, the potential for MAOC
formation is diminished [21,34]. Therefore, the overall efficiency of converting litter into
stable MAOC is limited, ultimately leading to a lower SOC content under coniferous forests.
Conversely, under broad-leaved and mixed forests, litters contain relatively high contents
of high-quality compounds that allow for easier decomposition and utilization by soil
microorganisms, thereby accelerating the breakdown rate of plant residues and increasing
inputs of organic carbon sources into soil [6]. Under these conditions, the input of new
carbon may exceed the loss from SOC decomposition induced by priming effects [14],
resulting in a net enhancement of SOC accumulation [35].

MAOC/SOC is an indicator of the stability of SOC, and a high MAOC/SOC value
suggests relatively greater SOC stability [2,4]. In this study, MAOC/SOC increased with soil
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depth under three stand types, implying that SOC stability was enhanced with the increase
in soil layer, consistent with results of existing studies [8]. With the deepening of soil
layers, soil nutrient contents gradually decrease, which limits the availability of carbon and
nitrogen sources for soil microorganisms to grow and reproduce. Extracellular enzymes are
typically produced by microorganisms to degrade recalcitrant organic substrates such as
lignin and cellulose, particularly when labile carbon is depleted; this process facilitates the
breakdown of complex polymers into usable forms, while the incomplete decomposition of
these resistant compounds contributes to the relative accumulation of refractory carbon [2].
Moreover, subsurface layers lead to lower soil temperature and permeability, which inhibit
respiratory intensity and decomposition rate of microorganisms, resulting in increased
accumulation of microbial residue carbon and refractory carbon [15], which is more likely
to combine with minerals to form MAOC. At the same time, an increase in soil depth more
strongly inhibits the decomposition of MAOC, as total mineral surface area is the primary
limiting factor for MAOC formation [4]. The greater carbon saturation deficit in subsurface
soil layers enhances MAOC stability and promotes the transfer efficiency of POC to MAOC,
thereby enhancing the stability of SOC [36].

In topsoil, mixed forests demonstrated relatively stronger SOC stability but Quercus
aliena forests showed the weakest one, which is similar to the findings of Qin et al. [24].
Enhanced stability of SOC under the mixed forest may be attributed to the accumula-
tion of MAOC, which is facilitated by improved soil nutrient availability. In contrast,
the litter contains a higher content of easily decomposed hemicellulose with a larger leaf
area under Quercus aliena forest, making it more susceptible to being decomposed by
contact with microorganisms [37]. This process can result in the increased formation of
POC and a corresponding decrease in SOC stability. At the same time, we found that
Pinus tabuliformis forests contributed more to enhancing SOC stability in subsurface layers,
whereas the stability under mixed forests was weaker, contrasting with the findings of
Yu et al. [23]. This discrepancy may be due to the high carbon-to-nitrogen ratio of litter
under coniferous forest, coupled with the predominant role of fungi among soil microor-
ganisms under Pinus tabuliformis forest [38], leading to an increased production of fungal
residue carbon. Compared to coniferous forest, the higher quality litter provides more
available sources of carbon and nitrogen for soil bacteria under the mixed forest, facili-
tating the accumulation of bacterial residue carbon [24]. At the same time, hyphae and
extracellular enzymes produced by fungi can serve as cementing agents that promote the
formation of micro-aggregates more effectively, thereby improving physical protection
for SOC [21]. Consequently, the increased accumulation of fungal residue carbon is more
beneficial for enhancing the stability of SOC. Moreover, the close connection between
the mycelial network in coniferous forests and soil minerals helps to combine exogenous
mycelial residues with strong anti-decomposition ability and root secretions with complex
chemical structures [20], thereby promoting the formation of MAOC.

4.1.2. Chemical Structure of MAOC

The FTIR spectra of chemical structures of MAOC were similar under different stand
types. Specifically, the relative abundance of alkoxy carbon was the highest, while relative
abundances of alkyl carbon and aromatic carbon were lower, which is consistent with
previous studies [9,12,16]. According to the “initial litter” theory, differences in initial
properties of the litter may have a lasting impact on decomposition and accumulation
of organic matter. Forest litter with a higher carbohydrate content is one of the primary
sources of SOC, thus it can promote the enrichment of alkoxy carbon in MAOC [9,39]. In
addition, hemicellulose and cellulose are regarded as easily decomposed compounds in
plant residues and litters, which can rapidly disappear during the decomposition process
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and be utilized by soil microorganisms to form alkoxy carbon, thereby resulting in higher
alkoxy carbon levels [40]. At the 20-40 cm soil layer, relative abundances of alkyl carbon,
aromatic carbon, and (alkyl carbon)/(alkoxy carbon) in MAOC were the lowest under dif-
ferent stand types, suggesting that the chemical structural stability of MAOC in subsurface
layer is weaker. This is different from the findings of Chen et al. [41], which is probably
due to the fact that soil microorganisms are severely limited by nutrients and energy in
the subsurface layer. As a result, some relatively stable organic matter is decomposed to
support the growth and reproduction of microorganisms [42], leading to the reduction in
MAOC stability at the 20-40 cm soil layer.

Variations in the chemical structure of SOC exist among different vegetation types [12],
with the research indicating a significantly higher alkyl carbon content under coniferous
forest than that of the two other forests [43]. It was observed that at 0-40 cm soil layers,
Pinus tabuliformis forests could inhibit the accumulation of alkoxy carbon in MAOC but
was conducive to promoting relative abundances of alkyl carbon, aromatic carbon, and
(alkyl carbon)/(alkoxy carbon), while mixed forests exhibited the totally contrary func-
tions, suggesting a higher chemical structural stability of MAOC under Pinus tabuliformis
forests and a lower stability under mixed forests [9]. The reason could be that, compared
to broad-leaved forest, the litter of coniferous forest contains higher keratin and lignin
contents along with lower hemicellulose contents [27]. Consequently, the litter inputs more
lignin-derived carbon into soil, which leads to easier integration with minerals following
decomposition by fungi, contributing to the accumulation of alkyl carbon and aromatic
carbon in MAOC, thereby enhancing its chemical structural stability [37]. Elevated litter
levels under mixed forest could enhance the biomass and activity of soil microorganisms,
which release additional extracellular enzymes that can break down lignin and cellulose,
thereby decreasing the relative abundance of aromatic carbon in MAOC [44]. In addition,
the formation of larger aggregates could be improved due to increased inputs of organic
matter under the mixed forest, which could protect alkoxy carbon through physical barriers
and consequently diminish its interactions with soil microorganisms [27]. This results in a
higher accumulation of alkoxy carbon and lower stability of MAOC.

4.2. Main Influencing Factors of SOC Stability Under Different Stand Types

Existing studies have shown that SOC, POC, and MAOC contents were significantly
positively correlated with TN contents (p < 0.001) [45], and our study demonstrates similar
result under different stand types (p < 0.05). In addition, there was a significant posi-
tive correlation between TN and POC/SOC, and a significant negative correlation with
MAOC/SOC (p < 0.05), which contrasts with the findings of Xu et al. [46]. Firstly, nitrogen
serves not only as the substrate for synthesizing organic matter in plant growth, but also as
a primary component of microbial cells. Therefore, the increase in soil TN can enhance litter
input, improve biomass and activity of microorganisms, and accelerate the decomposition
of plant residues, thereby promoting POC synthesis [47,48]. Secondly, contents of MAOC
and SOC decreased with the decrease in TN, but reduction in MAOC is less pronounced
compared to that of SOC, leading to an increase in MAOC/SOC as TN decreases. In
addition, as MAOC and POC are primary components of SOC, a significant positive corre-
lation between POC/SOC and TN, along with a significant negative correlation between
MAOC/SOC and TN (p < 0.05), further supports these results.

At the same time, this study demonstrated that MAOC/SOC was significantly posi-
tively correlated with pH (p < 0.05), which was different from the results of some studies [7].
This may be attributed to higher soil bacterial biomass under acidic conditions, leading to
an accelerated decomposition rate of litter and the generation of bacterial residue carbon
with lower stability. Conversely, the increase in pH facilitates fungal proliferation, resulting
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in greater formation of fungal residue carbon, which is relatively stable and more likely to
combine with minerals to form MAOC, thus promoting the accumulation of MAOC [10,49].

The relative abundances of alkyl carbon and aromatic carbon also exhibited significant
positive correlations with TN (p < 0.05), which is consistent with previous research [16].
The underlying mechanism could be attributed to two aspects. Firstly, an increase in soil
nitrogen levels leads to a decrease in the level of lignin-degrading enzymes secreted by
white-rot fungi, which in turn reduces decomposition of lignin, consequently promoting
the accumulation of lignin-derived aromatic carbon. Secondly, nitrogen can conjugate
with aromatic carbon and form a more recalcitrant complex, thereby enhancing the decom-
position resistance of the complex [27]. Meanwhile, alkoxy carbon exhibited significant
negative correlations with TP (p < 0.05). Elevated TP mainly promotes accumulation of
chemically stable substances such as lignin and keratin by enhancing the input of plant
biomass and litter carbon, thereby increasing the relative abundance of alkoxy carbon [41].

Soil particles of varying sizes exhibit distinct surface areas and chemical characteris-
tics, and the stability of organic matter combined with soil minerals is also significantly
different [12]. In our study, alkoxy carbon was positively correlated with silt and clay
contents, while negatively correlated with sand content (p < 0.001). Nonetheless, different
correlations between relative abundances of functional groups with soil particle size were
observed among three stand types. Under Quercus aliena forests, alkyl carbon and aro-
matic carbon were significantly positively related to silt content, aligning with the study of
Mao et al. [50], which demonstrated that higher contents of silt could improve the stability
of SOC. This is probably because the silt tends to form a granular structure, which can
physically protect SOC from decomposition by preventing it from direct contact with soil
microorganisms [4]. Conversely, alkyl carbon and aromatic carbon exhibited a negative
correlation with silt under Pinus tabuliformis forests. A possible explanation is that silt
content was considerably lower than those of the other two stand types, but higher lignin
and keratin contents in its litter entered soil through microbial decomposition, contributing
to the accumulation of stable chemical components such as alkyl carbon. Furthermore,
mycorrhizal fungi exhibit a high infection rate under coniferous forest [51], which possess a
strong ability to generate binding agents and a lower secretion of soil enzymes responsible
for decomposition aggregates [52]. Consequently, new organic matter (such as organic
matter with a high relative abundance of alkyl carbon) tends to adhere to existing organic
mineral clusters, creating bigger aggregates instead of merging with minerals to create
micro-aggregates [14]. The phenomenon of “organic-organic interactions” might be preva-
lent in study area, causing deviations in the relationship between alkyl carbon, aromatic
carbon, and soil texture from previous results [50].

Furthermore, aromatic carbon, alkyl carbon, and (alkyl carbon)/(alkoxy carbon)
showed significant positive correlations with lignin (p < 0.05), which differs from pre-
vious findings [53]. This could be due to elevated lignin content in litter restricting the
extracellular enzymatic decomposition of cell wall polysaccharides, leading to decreased lit-
ter decomposition rates and transformation efficiency [14,33]. Under this nutrient-deficient
condition, lignin may directly participate in the formation of MAOC, thereby enhancing
the stability of its chemical structure [53]. Conversely, high-quality litter primarily fosters
the formation of MAOC through microbial metabolism and the subsequent accumulation
of microbial residues [14]. But aromatic and alkyl carbon in MAOC are predominantly
derived from direct plant residues, such as lignin and waxes [11,12]. Consequently, lower
relative abundances of these stable chemical functional groups were observed under forests
with low-lignin litter.

In conclusion, this study demonstrates that mixed forests are more effective in stabi-
lizing SOC compared to monospecific stands, primarily due to the combined influence of
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litter quality diversity, soil texture heterogeneity, and nitrogen availability. Notably, the
MAOC/SOC in mixed forests remains higher, with reduced decomposition risks, under-
scoring their potential as a key strategy for long-term carbon sequestration and climate
change mitigation. These findings suggest that integrating mixed forest management into
ecological restoration and carbon policy frameworks could optimize SOC stability under
variable environmental conditions by leveraging the interplay between aboveground litter
diversity and subsurface mineral-microbe interactions. Given the critical role of SOC
in global carbon cycling and climate regulation [54], such management strategies may
contribute to climate change mitigation by enhancing long-term carbon sequestration in
forest ecosystems worldwide.

5. Conclusions

Mixed forests can promote the relative accumulation of mineral-associated organic car-
bon in topsoil, potentially reflecting that mixed forests could enhanced soil organic carbon
stability. Conversely, in subsurface layers, Pinus tabuliformis forests could increase the rela-
tive content of mineral-associated organic carbon and relative abundances of recalcitrant
chemical functional groups in mineral-associated organic carbon, suggesting greater soil
organic carbon stability in deeper layers under coniferous forests. These differences were
primarily driven by nitrogen availability, litter quality (especially lignin content), and soil
texture. These findings are important to soil carbon sink management of forest ecosystems
and provide practical insights for designing management strategies that enhance carbon
sequestration and long-term soil resilience in temperate mountain ecosystems. Maybe
future research can refine this relatively single method for assessing SOC stability and
extend it to deeper soil profiles and species combinations of different microbial, as well as
the analysis of root secretions, rhizosphere microorganisms, and mycorrhizal secretions.
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