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Abstract

Vegetation restoration is an effective measure to improve soil carbon storage in rocky
desertification areas. However, the underlying mechanisms driving differences in soil
carbon storage among different vegetation types remain unclear. In this study, we selected
four typical vegetation types (monospecific broadleaf plantation, mixed conifer–broadleaf
plantation, monospecific coniferous plantation, and natural shrubland) from the com-
prehensive control zone for moderately rocky desertification of Xuyong County in the
Chishui River Basin. We investigated the effects of vegetation patterns on soil carbon
storage through tree layer functional traits, tree diversity, shrub layer functional traits,
shrub diversity, and soil fungal/bacterial diversity. The results showed that soil carbon
storage was highest in monospecific broadleaf plantations, followed by mixed conifer–
broadleaf plantations, then natural shrubland, and it was lowest in monospecific coniferous
plantations. Significant differences were mainly observed in the 0–10 cm and 10–20 cm
soil layers, while no significant difference was found in the 20–30 cm layer. Tree layer
community-weighted mean of leaf nitrogen content, soil fungal Shannon–Wiener index,
and shrub layer community-weighted mean of specific leaf area were the core positive
drivers of soil carbon differentiation. Among these, tree layer community-weighted mean
of leaf nitrogen content was the most important factor, whereas the regulatory effect of
shrub layer community-weighted mean of specific leaf area intensified with increasing soil
depth. Furthermore, tree layer community-weighted mean of leaf nitrogen content and
shrub layer community-weighted mean of specific leaf area not only directly promoted soil
carbon accumulation but also indirectly promoted it by enhancing soil fungal diversity. In
contrast, the effects of tree and shrub layer diversity and soil bacterial diversity were negli-
gible. This study demonstrates that increasing soil carbon storage in rocky desertification
ecosystems depends on the direct effect of soil fungal diversity, as well as the direct effects
of tree and shrub layer functional traits and their indirect effects via regulating soil fungal
diversity. We recommend that in moderately rocky desertified areas, priority should be
given to tree species with high leaf nitrogen content; on sites unsuitable for afforestation,
promoting natural shrublands with high specific leaf area can effectively enhance carbon
sequestration capacity.
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1. Introduction
Currently, global ecological and environmental issues are becoming increasingly

severe. Problems such as climate change, biodiversity loss, and land degradation pose
serious threats to human survival and development [1,2]. As an extreme form of land
degradation, rocky desertification is characterized by reduced vegetation cover, simple
vegetation structure, severe soil erosion, and extensive bedrock exposure, which leads to
the degradation of ecosystem functions such as soil carbon cycling and storage [3,4]. Rocky
desertified lands cover millions of hectares across the region, with large areas already under
targeted ecological management. Although expansion trends have been curbed to some
extent, ecosystem restoration remains an urgent priority for affected areas [5,6].

Vegetation restoration is an effective measure to curb the deterioration of the ecological
environment, improve rocky desertification ecosystem function, and significantly increase
soil carbon storage [7,8]. In recent years, large-scale vegetation restoration has been carried
out in rocky desertification areas, playing an important role in promoting community
succession and increasing carbon storage [9,10]. However, variation in vegetation patterns
leads to differential effects on soil carbon storage. A large number of studies have found
that tree species diversity can promote key forest ecosystem functions, including soil
carbon storage [11–13]. Nevertheless, it is not the number of species itself that affects
ecosystem functions, but rather the tree species functional traits closely associated with
ecosystem functions [14,15]. To a large extent, tree species diversity influences ecosystem
functions through the compositional characteristics of tree species functional traits [16–18].
Functional traits refer to a series of plant attributes that potentially have significant impacts
on plant colonization, survival, growth, and mortality, and these attributes can exert
strong effects on ecosystem processes [19,20]. Plant community functional traits can be
quantified with community-weighted mean trait values [21], which are reformulated from
the “Mass Ratio Hypothesis” [22]: this hypothesis holds that different species have varying
competitive abilities for resources. Dominant species with stronger competitiveness can
acquire more resources, thereby exerting important impacts on the ecosystem functions.
Therefore, ecosystem functions are mainly determined by the functional traits of dominant
species [21,23–27]. Apart from the trait effects of dominant species, ecosystem function can
also be explained from the perspective of species diversity. However, the “Complementarity
Hypothesis” establishes functional diversity as a key driver of ecosystem function. It argues
that functional trait differences among co-existing species reduce competition by enabling
divergent resource-acquisition strategies, thereby facilitating complementary resource use
and enhancing ecosystem functions. Notably, previous studies have largely focused on
the tree layer, while the potential role of the shrub layer in soil carbon accumulation has
been largely overlooked. Shrubs are often considered to have low biomass and limited
contribution to ecosystem carbon pools. However, in rocky desertification ecosystems
where tree growth is constrained, shrubs may play a non-negligible role in soil carbon
dynamics. A recent meta-analysis showed that shrub restoration increased soil organic
carbon by 59.2% in karst rocky desertification areas [28]. Another meta-analysis comparing
different vegetation types found that shrubs exhibited the highest surface soil organic
carbon stock (2.66), even higher than that of trees (2.34) and grasses (1.37) in China [29].

Regarding soil carbon storage, soil microbial communities, particularly fungi, are key
regulators of organic matter decomposition and carbon cycling [30,31]. More labile plant
litter can be decomposed by a wider range of microorganisms, whereas lignin is recalcitrant
to bacterial decomposition and is primarily broken down by fungal heterotrophs. Growing
evidence indicates that aboveground vegetation not only directly affects soil carbon storage
but also indirectly influences it by modulating soil microbial diversity [32]. However,
how aboveground vegetation and belowground soil microbes jointly regulate soil carbon
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storage across different vegetation patterns in rocky desertification ecosystems remains
poorly understood.

Therefore, this study selected four typical vegetation types (monospecific broadleaf
plantation, mixed conifer–broadleaf plantation, monospecific coniferous plantation, and
natural shrubland) in the comprehensive rocky desertification management area of the
Chishui River Basin. The objectives of this study were to (1) compare the differences
in soil carbon storage among different vegetation restoration patterns and their vertical
distribution characteristics; (2) elucidate the direct and indirect regulatory mechanisms of
tree and shrub layer functional traits, species/functional diversity, and soil fungal/bacterial
diversity on soil carbon storage; and (3) identify the core driving factors of soil carbon
differentiation, thereby providing scientific guidance for optimizing vegetation restoration
strategies and enhancing carbon sequestration capacity in rocky desertification areas.

2. Materials and Methods
2.1. Study Area

This study was conducted in the comprehensive rocky desertification control zone
of Xuyong County, Chishui River Basin (Figure 1). It spans geographic coordinates of
105◦28′47′′–105◦28′49′′ E and 28◦3′43′′–28◦3′45′′ N, with an elevation range of 538–561 m.
The area has a subtropical humid monsoon climate, characterized by abundant precipitation,
relatively low sunshine hours, an annual sunshine of 1127 h, a mean annual temperature
of 17.4 ◦C, and an annual precipitation of 1072.2 mm. The bedrock consists mainly of
limestone, while the soil is dominated by yellow soil.

Figure 1. Survey map of study area.

2.2. Experimental Design

In summer 2024, a total of 21 plots from 3 typical plantations and one control group
of natural shrublands were selected in study area (Table 1). All plots had similar slope
position, aspect, gradient, stand density, elevation, and stand age. The stand density of
all arbor forest plots was approximately 1300 trees per hectare. A total of 3 sample plots
(20 m × 20 m each) were set up for each plantation type, and 3 sample plots (10 m × 10 m
each) were established in the shrubland.
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Table 1. Main features of sampling.

Vegetation Pattern Tree Species
Composition

Degree of Rocky
Desertification Slope Elevation Aspect Slope Position Stand Age Number

of Plots

monospecific
coniferous plantation Cunninghamia lanceolata moderate 15◦ 538 m Southwest Middle-Upper Middle-Aged 3

monospecific
coniferous plantation Cryptomeria japonica moderate 15◦ 538 m Southwest Middle-Upper Middle-Aged 3

monospecific
broadleaf plantation Choerospondias axillaris moderate 13◦ 549 m Southwest Middle-Upper Middle-Aged 3

monospecific
broadleaf plantation Toona sinensis moderate 15◦ 561 m Southwest Middle-Upper Middle-Aged 3

mixed
conifer–broadleaf

plantation

Cunninghamia lanceolata,
Choerospondias axillaris moderate 15◦ 552 m Southwest Middle-Upper Middle-Aged 3

mixed
conifer–broadleaf

plantation

Cryptomeria japonica,
Toona sinensis moderate 13◦ 549 m Southwest Middle-Upper Middle-Aged 3

natural shrubland
Viburnum dilatatum,
Coriaria nepalensis,

Rosa rubus
moderate 12◦ 554 m Southwest Middle-Upper Middle-Aged 3

2.3. Selection and Measurement of Plant Functional Traits

We measured the plant functional traits of the tree layer and the shrub layer (including
forest plots and the natural shrubland plots). On each plot, five healthy individuals per
species were randomly selected from both the tree layer and the shrub layer, and their
healthy leaves were collected to measure the following functional traits: specific leaf area,
leaf nitrogen content, leaf phosphorus content, wood density, and leaf dry matter content.
These functional traits correlate with plant relative growth rate, nutrient acquisition and
utilization [33], and competitiveness [34,35]. We measured the plant functional traits
of the tree layer and the shrub layer. Leaf phosphorus content was determined by the
molybdenum-antimony anti-colorimetric method. Leaf nitrogen content was measured
using an ECS4010/4024 elemental analyzer (NC Technologies S.R.L., Bussero, Italy). Wood
density was obtained via the water displacement method.

2.4. Calculation of Tree Diversity and Community Functional Traits

Tree diversity was calculated from two dimensions: species classification and func-
tional traits. Species classification diversity was quantified using species richness and
Shannon–Wiener diversity index. Functional diversity (FD) was quantified using the func-
tional dispersion index, and five functional traits were used to calculate functional diversity.
Plant community functional traits are typically quantified using the community-weighted
mean (CWM), and the calculation formula is as follows:

CWM =
n

∑
i=1

pi × traiti

n refers to the number of species with a specific trait in the community, pi denotes the
relative abundance of species i within the community, and traiti represents the functional
trait value of species i for that specific trait. FD and CWM were calculated separately using
the FD package [36] in R 4.4.1.

2.5. Soil Microbial Diversity and Soil Carbon Content

This study primarily focuses on the diversity of soil fungi and bacteria, employing
the Shannon–Wiener diversity index to characterize the alpha diversity of soil bacteria and
fungi. High-quality sequences were clustered into operational taxonomic units (OTUs) at
a 97% similarity threshold using Usearch (v12) software. Based on the OTUs’ clustering
results, multiple diversity indices of OTUs were analyzed. The Shannon–Wiener indices
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for soil bacteria and fungi were calculated using QIIME (Version 1.7.0) software, utilizing
the OTU abundance information from the sample libraries.

Soil carbon storage was represented by the soil total carbon content in the 1–10 cm,
10–20 cm, and 20–30 cm layers. Total soil carbon content was measured with a Vario ELIII
elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany).

2.6. Statistical Analysis

We employed one-way ANOVA with Tukey’s HSD test to compare differences in
soil total carbon content among different vegetation types in the 0–10 cm, 10–20 cm, and
20–30 cm soil layers. Stepwise regression analysis was used to examine whether and
how tree species richness, functional diversity of the tree layer (FD_T), functional diver-
sity of the shrub layer (FD_S), tree layer community-weighted mean of specific leaf area
(CWM_SLA_T), tree layer community-weighted mean of wood density (CWM_WD_T), tree
layer community-weighted mean of leaf nitrogen content in the tree layer (CWM_LN_T),
tree layer community-weighted mean leaf of phosphorus content (CWM_LP_T), tree layer
community-weighted mean of leaf dry matter content (CWM_LDCM_T), shrub layer
community-weighted mean of specific leaf area (CWM_SLA_S), shrub layer community-
weighted mean of wood density (CWM_WD_S), shrub layer community-weighted mean of
leaf nitrogen content (CWM_LN_S), shrub layer community-weighted mean of leaf phos-
phorus content (CWM_LP_S), shrub layer community-weighted mean of leaf dry matter
content (CWM_LDCM_S), and belowground microbial diversity influence soil total carbon
content in the 0–10 cm, 10–20 cm, and 20–30 cm layers. The Akaike Information Criterion
was applied for optimal model selection. Variance partitioning was used to quantify the
proportion of total variation explained by soil carbon content in the optimal model. Finally,
piecewise structural equation modeling was employed to test direct and indirect causal
relationships between factors and soil total carbon. All data were standardized prior to
modeling. All statistical analyses were performed in R 4.4.1 using the ‘vegan’, ‘MASS’,
‘ggplot2’, ‘car’, ‘relaimpo’, and ‘piecewiseSEM’ packages.

3. Results
3.1. Variations in Soil Carbon Storage

According to the results, soil carbon content differed significantly among different
vegetation types. These differences were most pronounced in the surface (0–10 cm) and
middle (10–20 cm) soil layers, and weakened in the deeper (20–30 cm) soil layer. In the
0–10 cm surface soil layer, monospecific broadleaf plantations had the highest soil total
carbon content, which was significantly higher than that of all other vegetation types
(p < 0.05) (Figure 2a). Mixed conifer–broadleaf plantations ranked second, with carbon
content significantly higher than that of monospecific coniferous plantations and natural
shrubland (p < 0.05) (Figure 2a). Monospecific coniferous plantations and natural shrub-
land had the lowest carbon contents, and there was no significant difference between
them (p > 0.05) (Figure 2a). In the 10–20 cm middle soil layer, monospecific broadleaf
plantations still had the highest carbon content, which was significantly higher than that of
monospecific coniferous plantations and natural shrubland (p < 0.05) (Figure 2b). Mixed
conifer–broadleaf plantations showed intermediate levels, with no significant difference
compared to monospecific broadleaf plantations or natural shrubland (p > 0.05), but signifi-
cantly higher than monospecific coniferous plantations (p < 0.05) (Figure 2b). Monospecific
coniferous plantations remained the lowest in carbon content in this layer (Figure 2b). In
the 20–30 cm deep soil layer, the differences among vegetation types were no longer statis-
tically significant (p > 0.05) (Figure 2c). Although monospecific broadleaf plantations and
mixed conifer–broadleaf plantations had relatively higher carbon contents, while natural
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shrubland and monospecific coniferous plantations had lower values, the carbon levels of
the four vegetation types tended to be consistent in this layer (Figure 2c).

 
(a) 

 
(b) 

(c) 

Figure 2. Differences in soil total carbon content among different vegetation patterns at depths of
(a) 0–10 cm, (b) 10–20 cm, and (c) 20–30 cm. Different lowercase letters (a, b, c) indicate statistically
significant differences between groups (p < 0.05). In the boxplot, the horizontal line inside each box
represents the median, and the red dot represents the mean.
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Overall, monospecific broadleaf plantations showed the strongest soil carbon seques-
tration potential throughout the soil profile, followed by mixed conifer–broadleaf plan-
tations, while monospecific coniferous plantations and natural shrubland had relatively
weak carbon storage capacity.

3.2. Key Factors Regulating Soil Carbon Storage

Stepwise regression analysis revealed that community-weighted plant functional
traits of the tree and shrub layers, together with soil fungal diversity, jointly regulated the
variation in soil total carbon content among vegetation types.

In the 0–10 cm soil layer, the soil fungal Shannon–Wiener index, CWM_LN_T,
CWM_LP_T, and CWM_SLA_S all exerted significant positive effects on soil total car-
bon content (p < 0.05) (Figure 3a). Among these, CWM_LN_T was the primary driving
factor, explaining 12% of the variation in soil total carbon content among vegetation types,
followed by the soil fungal Shannon–Wiener index, which accounted for 9% of the total
variation. CWM_SLA_S and CWM_LP_T showed relatively low contribution rates of only
5% and 3%, respectively (Figure 3b). Both CWM_LDMC_T and the tree layer Shannon–
Wiener index exhibited non-significant negative correlations with the differences in soil
total carbon content among vegetation types (p > 0.05) (Figure 3a), each explaining less
than 3% of the total variation (Figure 3b).

Figure 3. Effects of various factors on soil total carbon content at depths of (a) 0–10 cm and (b) 10–20 cm.
CWM_LN_T: tree layer community-weighted mean of leaf nitrogen content; CWM_LDMC_T: tree
layer community-weighted mean of leaf dry matter content; CWM_LP_T: tree layer community-
weighted mean of leaf phosphorus content; CWM_SLA_S: shrub layer community-weighted mean of
specific leaf area. Dashed grey line indicates a coefficient of zero.
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In the 10–20 cm middle soil layer, the relative importance and contribution of each fac-
tor to the differences in soil carbon among vegetation types changed markedly. CWM_LN_T
retained a significant positive dominant effect (p < 0.05) (Figure 4a), with a contribution rate
of 7% (Figure 4b). Compared with the surface layer, the influence and explanatory power of
CWM_SLA_S increased (Figure 4a), and its contribution rate rose to 6% (Figure 4b), making
it the second most important factor regulating the variation in soil total carbon content
among vegetation types in this layer. The soil fungal Shannon–Wiener index still exhibited
a significant positive regulatory effect on the differences in soil total carbon content in the
10–20 cm layer (p < 0.05) (Figure 4a), whereas CWM_LP_T no longer showed a significant
effect in this layer (p > 0.05).

(a) 

 
(b) 

Figure 4. Importance of various factors on soil total carbon content at depths of (a) 0–10 cm
and (b) 10–20 cm. CWM_LN_T: tree layer community-weighted mean of leaf nitrogen content;
CWM_LDMC_T: tree layer community-weighted mean of leaf dry matter content; CWM_LP_T: tree
layer community-weighted mean of leaf phosphorus content; CWM_SLA_S: shrub layer community-
weighted mean of specific leaf area.

Overall, CWM_LN_T served as the core factor driving the differentiation of soil total
carbon content among vegetation types. With increasing soil depth, the contribution pro-
portion of CWM_SLA_S increased obviously and became a key dominant factor controlling
soil carbon variation among vegetation types in the middle layer, while the soil fungal
Shannon–Wiener index maintained significant regulatory effects in both the 0–10 cm and
10–20 cm soil layers.
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3.3. The Direct and Indirect Effects of Various Factors on Soil Carbon Storage

The piecewise structural equation model explained 62% and 43% of the variance in
soil total carbon content among different vegetation types for the 0–10 cm and 10–20 cm
soil layers, respectively, and all models achieved good fitting performance (0–10 cm:
Fisher’s C = 9.515, p = 0.301, AIC = 146.17 Figure 5a; 10–20 cm: Fisher’s C = 8.891, p = 0.272,
AIC = 103.28 Figure 5c).

In the 0–10 cm surface soil layer, plant functional traits and soil microbial diversity
collectively regulated the differentiation of soil total carbon across vegetation types via both
direct and indirect pathways. Among these factors, CWM_LN_T showed the strongest
positive direct effect on inter-vegetation differences in soil total carbon content (β = 0.46,
p < 0.05) (Figure 5a,b). It also significantly increased the Shannon–Wiener indices of soil
fungi (β = 0.69, p < 0.01) and bacteria (β = 0.56, p < 0.01), thereby indirectly enlarging the
divergence of soil carbon accumulation among vegetation types through regulating soil
microbial diversity. Similarly, CWM_SLA_S exerted a significant positive direct effect on
inter-vegetation variation in soil carbon content (β = 0.22, p < 0.05) and further widened
such differences by promoting soil fungal diversity (β = 0.39, p < 0.05) (Figure 5a,b). The
soil fungal Shannon–Wiener index presented a significant positive direct control over
inter-vegetation heterogeneity of soil total carbon (β = 0.49, p < 0.05), whereas soil bac-
terial diversity exhibited a weak and non-significant direct influence (β = 0.09, p > 0.05)
(Figure 5a,b). Tree layer functional diversity (FD_T) had a non-significant negative di-
rect effect on soil carbon differentiation among vegetation types (β = −0.17, p > 0.05)
(Figure 5a,b).

In the 10–20 cm middle soil layer, the dominant drivers and regulatory pathways gov-
erning inter-vegetation variation in soil total carbon displayed clear vertical stratification.
CWM_LN_T still maintained a significant positive direct effect (β = 0.35, p < 0.05) and indi-
rectly mediated inter-vegetation differences in soil carbon accumulation by enhancing soil
fungal diversity (β = 0.43, p < 0.05) (Figure 5c,d). CWM_SLA_S also retained a significant
positive direct impact on soil carbon divergence among vegetation types (β = 0.27, p < 0.05)
and further regulated such differences by modulating soil fungal community composition
(β = 0.33, p < 0.05) (Figure 5c,d). Likewise, the soil fungal Shannon–Wiener index continued
to impose a significant positive direct effect on the spatial differentiation of soil total carbon
among vegetation types in the middle soil layer (β = 0.25, p < 0.05) (Figure 5c,d).

Figure 5. Cont.
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Figure 5. Direct and indirect effects of various factors on soil total carbon content at depths of
(a,b) 0–10 cm and (c,d) 10–20 cm. Solid blue arrows indicate positive relationships (p < 0.05), and
dashed arrows represent negative relationships. Standardized total effects in the structural equation
model. * and ** indicate significant relationships between variables at the p = 0.05 and p = 0.01
levels, respectively. CWM_LN_T: tree layer community-weighted mean of leaf nitrogen content;
CWM_SLA_S: shrub layer community-weighted mean of specific leaf area; FD_T: functional diversity
of tree layer. Green represents ‘Not significant’. Red represents ‘Significant’. Dashed grey line
indicates a coefficient of zero.
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4. Discussion
4.1. Effects of CWM_LN_T, CWM_SLA_S and Soil Fungal_Shannon–Wiener Index on Soil
Carbon Storage

The results showed that soil total carbon content in both the 0–10 cm surface layer and
the 10–20 cm subsurface layer was significantly and positively correlated with CWM_LN_T,
CWM_SLA_S, and the soil fungal Shannon–Wiener index (p < 0.05). These three factors
collectively constituted the core drivers regulating the spatial variation of soil total carbon
content across different vegetation types. Notably, compared with the surface soil, the
explanatory power and contribution of CWM_SLA_S to soil carbon storage in the 10–20 cm
subsurface layer increased markedly, occupying a more dominant position in deep-soil
carbon variation. Our results support the Mass Ratio Hypothesis, which states that ecosys-
tem functioning is primarily determined by the functional traits of dominant species in
the community [22]. CWM_LN_T was a key factor affecting soil carbon accumulation.
Global multi-site studies have confirmed that community-weighted leaf nitrogen content
significantly promotes litter decomposition and soil organic carbon inputs, maintaining a
stable positive association with soil carbon storage [37]. Forest communities with higher
leaf nitrogen content exhibit faster material turnover and are more likely to sustain greater
soil carbon sequestration capacity [18,38]. Studies on the conversion of subtropical forest
plantations further verify that tree assemblages with high leaf nitrogen traits effectively
enhance soil carbon sequestration potential in forestlands [39–41]. This is because leaf ni-
trogen content is closely related to litter decomposition rate; species with high leaf nitrogen
produce more easily decomposable litter, which facilitates the input of exogenous carbon
sources into the soil [42,43]. In addition, plants with high leaf nitrogen content usually
possess stronger resource capture capacity and faster growth rates, producing abundant
litter that continuously supplies organic carbon to the soil, thereby increasing soil carbon
storage [44,45].

Beyond tree functional traits, this study further demonstrates that CWM_SLA_S is an
indispensable key factor regulating soil carbon storage, and its influence gradually strength-
ens with soil depth. Previous studies have suggested that shrubs with high specific leaf area
may generally adopt a resource-acquisitive strategy characterized by rapid growth, low
photosynthetic cost, and relatively fast tissue turnover [19,33]. Such shrubs may produce
labile litter and potentially exhibit higher fine-root turnover, which could contribute to
organic matter inputs and root exudation into deeper soil layers [46]. Surface soil organic
matter is more dominated by tree canopy litter, with relatively limited contributions from
shrub litter and fine roots. However, in the 10–20 cm subsurface layer, the downward input
of tree litter gradually declines. According to previous studies, the proportion of shrub
fine-root distribution, the contribution of root exudates, and the leaching of understory litter
may become important carbon sources for the subsurface soil [47,48]. It is worth pointing
out that we did not measure root-related indicators in the current study. Accordingly, the
explanations here are inferred from previous studies. To make up for this deficiency, our
subsequent research will systematically investigate fine-root distribution, root turnover
rate and root exudation characteristics, so as to more accurately confirm the mechanisms
driving soil carbon storage. Shrublands with high specific leaf area can improve under-
story microenvironments and soil physicochemical properties, optimize fungal community
structure and diversity, and amplify the promotion of organic carbon accumulation in the
subsurface soil. This is also an important reason why the regulatory effect of CWM_SLA_S
on soil carbon storage gradually strengthens with increasing soil depth.

Soil microorganisms are the core mediators of nutrient cycling and organic matter
decomposition in terrestrial ecosystems, sustaining key ecological functions such as veg-
etation productivity maintenance, soil carbon and nitrogen cycling, and organic matter
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degradation [30]. Our study found that soil total carbon content in both the 0–10 cm
and 10–20 cm layers increased significantly with the soil fungal Shannon–Wiener index
(p < 0.05), indicating that fungal diversity exhibits a stable positive regulatory effect across
different soil layers. This finding indicates that fungal communities can optimize their over-
all functions through interspecific niche differentiation and complementary resource utiliza-
tion, thereby improving soil carbon accumulation and sequestration capacity. Large-scale
European forest plot surveys have similarly confirmed that fungal community composition
and diversity are highly coupled with soil carbon storage [49]. Higher fungal diversity
may improve microbial carbon use efficiency, accelerate the processes of organic matter de-
composition and humification, and promote the retention and accumulation of soil organic
carbon [50–52]. This is mainly because fungi are more capable of decomposing lignin-rich
low-quality litter, which is difficult for bacteria to break down. Spatial differences in fungal
community structure are also an important biological mechanism explaining the variation
in soil carbon storage across different vegetation types [53–55]. Additionally, we found that
the regulatory strength of fungal diversity on soil total carbon tended to increase along the
soil depth gradient. This may be because soils at different depths differ in temperature,
moisture, oxygen content, substrate composition and physicochemical properties. Such
environmental differences could alter the living conditions and interspecific interaction
patterns of fungal communities, which might lead to variations in the diversity-driven soil
carbon cycling across the vertical scale [56–58].

Contrary to most previous findings, functional diversity and species richness had no
significant effect on soil total carbon content in this study. Most studies have reported
that tree species diversity positively promotes soil carbon sequestration [18,59]. This
discrepancy is mainly attributed to the relatively simple tree species composition of our
study sites, which are mostly two-species mixed stands; previous studies often included
multi-species mixtures and higher diversity gradients. This also reflects certain limitations
of the present study; future research should incorporate a broader range of vegetation types
and tree diversity patterns.

4.2. CWM_SLA_S and CWM_LN_T Regulate Soil Carbon Stock Through Microbial Diversity

In recent years, the interactions between aboveground and underground ecosys-
tems [60–63] as well as the mutual feedback between plants and soil microorganisms [33,64–66]
have been extensively explored in ecological research. Among these interactions, the syner-
gistic effect of aboveground plant functional traits and soil microbial diversity has been
identified as a core link in regulating the spatial variation of soil carbon storage.

In the surface soil layer, plant functional traits and soil microbial diversity work
together to regulate the differentiation of soil carbon content among different vegetation
types through both direct and indirect synergistic effects, which is consistent with the
close coupling relationship between aboveground plant traits and underground microbial
communities reported in numerous previous studies [27,66]. CWM_LN_T is recognized
as a core direct driver of carbon accumulation in the surface soil. It not only exerts a
direct regulatory effect on soil carbon storage but also indirectly influences the process
of carbon accumulation by modulating the diversity of soil microbial communities. As a
key indicator reflecting plant leaf economic strategies, CWM_LN_T directly determines
the nutritional quality and decomposability of leaf litter [33,42]. Specifically, litter derived
from plants with high leaf nitrogen content is more easily decomposable, which can supply
sufficient nutrients for soil microorganisms, effectively increase microbial diversity, and
further accelerate the accumulation of soil organic carbon [67–70]. This process ultimately
forms a clear cascading regulatory pathway of “plant functional traits—soil microbial
diversity—soil carbon storage”.
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CWM_SLA_S also plays an important role in regulating the differentiation of surface
soil carbon content. Its direct regulatory effect and indirect effect (by promoting soil fungal
diversity) jointly amplify the differences in soil carbon content among different vegetation
types. Shrublands with high specific leaf area typically adopt a typical resource-acquisition
growth strategy [71], which is characterized by rapid growth rate, short tissue turnover
cycle, and efficient fine-root renewal [72–74]. Moreover, their larger leaf area can shade
the soil surface, which may increase soil moisture and further affect soil carbon turnover.
This growth strategy enables them to continuously input organic matter and root exudates
into the soil environment, creating favorable conditions for the growth and reproduction of
soil fungi [75–77], thereby increasing microbial diversity and significantly enhancing soil
organic carbon content [78,79].

Notably, there is a significant difference in the regulatory roles of soil fungi and
bacteria in surface soil carbon cycling: compared with bacteria, fungal diversity plays a
more prominent direct role in carbon regulation, which further confirms the core position of
fungi in the global soil carbon cycle [80,81]. In addition, tree layer functional diversity has
no significant regulatory effect on the differentiation of surface soil carbon content, which
is consistent with the overall conclusion of this study that tree diversity has no significant
impact on soil carbon storage [82].

In the subsurface soil layer, the regulatory patterns of various factors on soil carbon
storage show obvious vertical stratification characteristics. This stratification is mainly
derived from the vertical heterogeneity of carbon source distribution and microbial com-
munity structure in the soil profile [83]. Compared with the surface soil layer, the direct reg-
ulatory effect of CWM_LN_T on soil carbon content is weakened, but it can still indirectly
participate in the process of carbon accumulation by regulating soil fungal diversity [84].
This phenomenon indicates that the regulatory effect of CWM_LN_T on soil carbon storage
is stable across different soil layers, and only the intensity of its regulatory effect changes
adaptively with the increase in soil depth [84]. Importantly, this difference in regulatory
intensity also provides sufficient space for the subsequent enhancement of the regulatory
effect of CWM_SLA_S in the subsurface soil.

Unlike CWM_LN_T, the regulatory effect of CWM_SLA_S is enhanced in the sub-
surface soil layer, which may render it an important driver of subsurface soil carbon
differentiation, second only to CWM_LN_T [85]. As a core indicator of shrub community
functional traits, CWM_SLA_S may mediate the transformation of soil carbon source sup-
ply patterns by effectively characterizing the growth strategies of shrub communities [33].
Specifically, the downward input of tree canopy litter in the subsurface soil layer decreases,
which could trigger a distinct shift in the carbon source supply pattern that was originally
dominated by tree litter [83]. As a core characterization index of shrub layer community
functional traits, CWM_SLA_S can directly reflect the resource-acquisition capacity and
growth characteristics of shrublands. Shrubs with high specific leaf area may generally
exhibit faster growth rates, shorter tissue turnover cycles, and higher fine-root turnover
potential [86,87]. This unique growth strategy enables shrubs to indirectly increase the
input of soil organic carbon through fine-root renewal and litter return, thereby possibly
reducing the carbon source contribution of tree litter in the subsurface soil [87]. At the same
time, shrublands with high specific leaf area may also help improve the understory mi-
croenvironment and soil physicochemical properties, optimize the structure and diversity
of soil fungal communities, and further potentially amplify the promotion effect on the
accumulation of subsurface soil organic carbon [85,88]. Ultimately, these comprehensive
effects might account for the finding that the regulatory effect of CWM_SLA_S increases
with soil depth. In addition, soil fungal diversity still has a significant regulatory effect
on carbon differentiation in the subsurface soil layer, but its effect intensity is lower than
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that in the surface soil layer. This may be related to the relatively low nutrient availability
and microbial activity in the subsurface soil environment [89], which possibly reflects the
restrictive effect of the soil environment on the regulatory function of microorganisms.

5. Conclusions
This study investigated different vegetation restoration patterns in the rocky desertifi-

cation area of the Chishui River Basin, aiming to clarify the differences in soil total carbon
content and the underlying regulatory mechanisms. The results showed that monospecific
broadleaf plantations exhibited the highest soil total carbon content, followed by mixed
conifer–broadleaf plantations, then natural shrubland, and, lastly, monospecific coniferous
plantation, with the differences mainly occurring in the 0–20 cm soil layer. CWM_LN_T, soil
fungal diversity, and CWM_SLA_S were the core factors driving soil carbon differentiation,
and the regulatory effect of CWM_SLA_S intensified with increasing soil depth. Further
analysis revealed that CWM_LN_T and CWM_SLA_S not only directly promoted soil
carbon accumulation but also indirectly amplified carbon differentiation by enhancing soil
fungal diversity. Accordingly, our findings suggest that in moderately rocky desertified
ecosystems, priority should be given to tree species with high leaf nitrogen content to
maximize soil carbon sequestration. For sites where poor conditions preclude afforestation,
promoting natural shrublands with high specific leaf area can effectively enhance carbon
sequestration capacity.
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