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Abstract: In soils, high aggregate stability often represents higher quality and anti-erosion ability;
however, few studies have systematically analyzed how different forest stands affect soil aggregate
stability. We selected five typical mixed forest stands on Jinyun Mountain in Chongging, China,
as research sites to evaluate soil aggregate stability. Within these sites, we analyzed the factors
influencing soil aggregate stability in different stands by measuring soil characteristics and root
traits. Soil aggregation stability, plant root traits, and soil properties varied among the mixed forest
stands. The broadleaf tree mixed forest improved soil aggregate stability by 57%-103% over that of
the Pinus massoniana mixed forest. The soil organic carbon, cation exchange capacity, Fe-Al oxides,
and fine root proportion were positively correlated with soil aggregate stability. The specific root
length and very fine root proportion were negatively correlated with soil aggregate stability, whereas
the fine root proportion was positively correlated with this property. Specifically, we found that
arbuscular mycorrhizal fungi did not affect soil aggregate stability in acid rain areas. Structural
equation modeling indicated that soil aggregate stability was closely related to soil physicochemical
properties and plant root characteristics. Predictive factors accounted for 69% of the variation in mean
weight diameter, and plant root traits influenced soil aggregate stability by affecting soil organic
matter, texture, and Fe-Al oxides. This study elucidated the impact of soil physicochemical properties
and plant root characteristics on soil aggregate stability in different forest stand types, which has
crucial implications for optimizing the management of various forest types.
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1. Introduction

The stability of soil aggregates is a key factor affecting soil carbon storage and nutrient
availability as well as an important indicator of soil quality and plant growth [1,2]. Soil
aggregate stability also affects soil erosion processes, such as soil detachment, soil removal,
and crust and water infiltration [3]. Therefore, high aggregate stability helps to maintain soil
productivity and reduce soil erosion [4]. Many studies have investigated the mechanism of
soil aggregate formation and stabilization, owing to the importance of aggregate stability [5].
However, most of these studies focused on different land-use types (such as farmland,
orchard, grass, or forest) [6,7], tillage measures [8,9], and plant community levels [10,11]
to determine the factors that affect aggregate stability but often ignored the plant-soil
interactions of different tree species. Moreover, these focus areas cannot determine the
effects of tree species or forest type on soil aggregates.

The factors affecting aggregate stability are attributed to intrinsic soil properties, such
as soil type, soil organic carbon (SOC), clay mineralogy, Fe-Al oxides, and soil microbes,
as well as extrinsic factors, such as climate, pedogenic processes, biological factors, and
human land-use patterns [12,13]. In tropical and subtropical regions, Fe-Al oxides and
SOC are considered the most important cementing materials for soil aggregates [6,14].
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Regelink et al. [15] suggested that amorphous iron oxides (Fe,) have a large specific surface
area, which is conducive to the formation of stable aggregates. Duiker et al. [16] found
that Fe, were more effective at stabilizing aggregates than free iron oxides (Fe4). Another
study found that aluminum oxide cement aggregates have a greater effect at stabilizing
aggregates [17]. Arbuscular mycorrhizal fungi (AMF) also affect the formation and stability
of soil aggregates [18], mainly by producing extraradical hyphae and glomalin [19]. During
plant growth, mycelia form microaggregates around plant roots through entanglement,
and soil particles are aggregated and cemented with glomalin [20]. Although these studies
provide insight into the complexity of soil aggregate stability, there is an urgent need to
clarify the relationship between soil aggregate stability and soil properties.

Roots may improve aggregate stability through various physical, chemical, and bio-
logical methods, including winding fine particles into macroaggregates, releasing exudates
to cement soil particles together, stimulating rhizosphere microbial activities, providing
organic matter through metabolism, and absorbing water, which increases the frequency
of wetting—drying cycles [21,22]. A positive correlation exists between root density and
aggregate stability [23]. The fibrous root system is more effective in enhancing the state
of soil aggregates and its anti-erosion capabilities than the tap root system [24]. However,
the relationship between the root systems and aggregate stability at the community level
remains unclear. Scholars have proposed that the relationship between roots and aggregates
should be studied based on root morphological characteristics rather than root density [25].
Therefore, in this study, root morphology indicators will be used to explore the relationship
with soil aggregate stability, such as root average diameter, specific root length, very fine
roots, and fine roots.

The extensive degradation of evergreen broadleaf forests and the emergence of mixed
coniferous forests in southern China have been primarily caused by human activities.
Chonggqing City is located in the Three Gorges Reservoir Area and exemplifies the sub-
tropical monsoon climate typical of southern China, where evergreen broadleaf and mixed
coniferous forests are key ecosystems. Forest lands are characterized as most erosion pro-
tected [26]. Although the factors influencing soil aggregate stability, such as soil mineral
composition and microbiology, have been explored, only limited studies have explored
the potential variations in soil aggregate stability among different forest stand types. This
study focused on various forest stand types within the subtropical forest ecosystem of
Jinyun Mountain in Chonggqing City and aimed to uncover the relationships between soil
characteristics and root properties with that of soil aggregate stability across these stand
types. Specifically, the objectives of this study were to address (1) whether substantial
differences in soil aggregate stability exist among different forest stand types and (2) which
factors, either root properties or soil characteristics, predominantly influence soil aggregate
stability. We hypothesized that (1) notable disparities in soil aggregate stability occur among
different forest stand types, potentially attributed to variations in tree species composition
and that (2) root properties play a pivotal role in governing soil aggregate stability within
diverse forest stands.

2. Materials and Methods
2.1. Study Area

The study site was located in the mid-latitude region in the Jinyun Mountain Nature
Reserve in Chongging, China (106°17'-106°24' E, 29°41'-29°52' N, 170-950 m), in the Three
Gorges Reservoir Area. The Chongqing Three Gorges Reservoir is situated at the confluence
of three major tectonic units: the Daba Mountain Fold, East Sichuan Fold Belt, and Sichuan—
Eastern Hunan-Guizhou Uplift Fold Belts. This site has a typical subtropical monsoon
climate with an average annual temperature of 13.6 °C and an annual precipitation of
1611.8 mm. The rainy season extends from April to September, during which precipitation
accounts for approximately 77.2% of the annual precipitation volume. The average annual
evaporation capacity is 777 mm, and the average annual sunshine time is 1293.9 h. The soil
of Jinyun Mountain is often called yellow soil (Figure 1) and is composed of thick quartz
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sandstone, gray shale, and argillaceous shale. According to the World Reference Base, the
soil type in the area is acrisol. The forested history of Jinyun Mountain is storied, with
documented forest coverage spanning an impressive two to three centuries. In addition,
Jinyun Mountain boasts numerous centenarian trees, with the arboreal denizens within
our sample plots averaging 60 years of age. Upon its designation as a national-level nature
reserve in China, the forests within Jinyun Mountain’s boundaries have enjoyed exceptional
preservation. Jinyun Mountain has a single soil type and abundant tree species, which
were key to the development of our experiment.
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Figure 1. Distribution of sampling sites and soil profiles. (A) Location of sample sites in China,
(B,D) soil profile excavated during sample collection, and (C) detailed distribution of sample plots.

2.2. Selection of Sample Plots and Vegetation Characteristics

Five typical stands in Jinyun Mountain were selected as the research objects (Table S1):
Gordonia axillaris and other broad-leaved tree mixed forest (GB), Cunninghamia lanceolata and
Lindera kwangtungensis mixed forest (CL), Phyllostachys pubescens mixed forest (PP), Pinus
massoniana and G. axillaris mixed forest (PG), and P. massoniana and Symplocos sumuntia
mixed forest (PS). Four plots were selected for sampling within each stand for a total of
20 plots (Figure 1). When selecting sample plots, we ensured that the soil types were
identical. The distance between plots was greater than 100 m, and the slope of the sample
plots was less than 30°. The elevation of the plots was 750-860 m above sea level. We first
conducted a stand investigation to obtain all the plant species in the plots, and then the
plant species in the plots were arranged using nonmetric multidimensional scaling analysis
to ensure that the four samples from the same forest stands could be used as replicates
(Figure 2).
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Figure 2. Ordination of the forest communities. Confidence ellipse p < 0.05. GB means Gorodnia

axillaris and other broad-leaved tree mixed forest, CL means Cunninghamina lanceolata and Lindera

kwangtungensis mixed forest, PP means Phyllostachys pubescens mixed forest, PG means Pinus massoni-

ana and G. axillaris mixed forest, and PS means P. massoniana and Symplocos sumuntia mixed forest.

2.3. Characterization of Soil Aggregate Stability

A cylindrical core (6.4 cm X 15 cm, diameter x length) was used to collect soil samples
from five sites in each of the four sample plots within each stand. We used surface soil
(0-15 cm) because it is the main soil layer affected by rainfall erosion. The selection of
sample sites was not randomized because we wanted to highlight the effects of the different
stands on soil properties. Therefore, we set all sample sites under the canopy of the
major tree species in the stand to increase the probability of rhizosphere soil collection.
The influence of different tree species on soil properties under the canopy sites is more
pronounced than that outside the canopy [27].

Soil aggregate stability was determined by following the ISO 10930 [28] method
derived from Le Bissonnais [29], which can be used to determine aggregate stability under
different breakdown mechanisms. We used the fast-wetting disruptive test to determine
the ability of aggregates to resist slaking, because slaking is the best representative of
the mechanism of aggregate breakdown under heavy rainfall in areas with a subtropical
monsoon climate. Soil samples from the five sample points in each plot were mixed and
dried in the laboratory for 1 week at room temperature in the air. Thereafter, approximately
20 g of soil aggregates (5 g from each site repeated three times), 3-5 mm in thickness,
was gently isolated using tweezers and subjected to a fast-wetting disruptive test. The
remaining soil samples were used for further characterization. The selected soil aggregates
were placed in an oven and dried at 40 °C for 24 h. Approximately 5 g of each sample was
weighed and immersed in a beaker (250 mL) containing 50 mL of deionized water for 10
min. The water in the beaker was then extracted using a pipette, and the remaining soil
aggregates were filtered using a 0.05 mm sieve that had been cleaned with 95% alcohol. The
sieve was gently stirred by hand in a circular motion five times (amplitude 4 cm, frequency
1's, once), and the remaining aggregates on the sieve were collected and dried at 40 °C
for 48 h. A column with six sieves (2.00, 1.00, 0.50, 0.20, 0.10, and 0.05 mm) was used for
drying the aggregates. The mean weight diameter (MWD) was calculated to determine
aggregate stability as follows:

Yi=7 M; x D;

MWD = —
Y1 M;

)

where D; is the mean diameter of each size class within each of the seven diameter classes
(i = 1-7), with D¢ (minimum) = 0.025 mm and Dy (maximum) = 3.50 mm, and M; (g) is the
mass of stable aggregates within the corresponding size class. The accuracy of the data was
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assessed as follows: “Stable aggregates” above the 2 mm sieve were broken down, and
the remaining coarse material (gravel > 2 mm) that was retained in the sieve was weighed.
My was corrected by removing the mass of the gravel. When the weight of the stones
was greater than 2 g (40% of 5 g), the data were considered invalid, and the samples were
measured again.

Soil texture (e.g., sand, silt, and clay percentage) was determined via laser diffraction
using a Bettersize 2600 (Bettersize Instruments, Dandong, China). Soil organic matter
(SOM) was determined via oxidation with potassium dichromate in a heated oil bath.
Cation exchange capacity (CEC) was assessed by treating the sample with ammonium
acetate buffer (pH 7.0), as previously described [30]. Soil pH was measured in 1:2.5 m /v
soil:water samples using a glass electrode after shaking the samples for ~30 min [31]. Free
(Feq and Aly) and amorphous (Fe, and Al,) iron and aluminum were extracted via citrate
bicarbonate-dithionite treatment [32] and ammonium oxalate treatment, respectively. The
Fe and Al concentrations in the extracts were determined using inductively coupled plasma
optical emission spectrometry after dilution. Each index test was repeated three times.

2.4. Measurements of Root Traits

To characterize root traits, six sampling points were selected within each plot. Two of
the six samples were randomly selected for one replicate (soil volume, 966 cm?), with three
such replicates per sample plot. The samples were washed using 4 and 1 mm sieves, and
roots < 2 mm in diameter were carefully collected. The collected fine roots were stored in
distilled water at 4 °C and warmed to room temperature (approximately 20 °C) before being
stained with methyl blue (0.5 g L~!) for 2 min to evaluate root morphological characteristics.
The roots were placed on a transparent plate without overlap and scanned at 400 DPI using
a root scanner (Epson Expression 10000XL; Epson, Tokyo, Japan). Multiple batches were
scanned when the root samples were complex and they interfered with the imaging. The
resulting images were processed using image analysis software (Winrhizo, version 2020 Pro,
Regent Instrument, Quebec, Canada) to determine total root length (cm), fine (diameter
0.21-1.0 mm) and very fine (diameter < 0.2 mm) root length, and root average diameter
(mm). After scanning, the roots were oven-dried at 60 °C and weighed to determine dry
mass (mg). Root mass density, root length density, specific root length, percentage of very
fine roots, and percentage of fine roots were calculated using the following formulae [33]:

— My
RMD = v ()
RLD = v 3)
J— Lr
SRL = M (4)
L
VER = 7 (5)
T
L
_ bfr
FR = I (6)

where M, denotes root dry mass (mg), L, is the total root length (mm), V is the soil volume
(cm™3),and L, #r and Lg, denote very fine and fine root length (mm), respectively. RMD is
root mass density (kg m~2), RLD is root length density (km m~2), SRL is specific root length
(m g~1), VER is percentage of very fine roots (%), and FR is percentage of fine roots (%).

2.5. Measurement of Arbuscular Mycorrhizal Fungi

Small portions of fresh soil samples, which were used to determine aggregate stability,
were randomly selected after collection and storage at —80 °C to determine the soil AMF
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content. The abundance of AMF was determined using the phospholipid fatty acid (PLFA)
method, adopted from Frostegard et al. [34], using the PLFA module of the Sherlock MIDI
Microbial Identification System Platform. Hydrogen was used as the carrier gas. An Agilent
7890 meteorological chromatogram and flame ionization detector were used as hardware
platforms. An Agilent 19091B-102E (25 m x 200 m x 0.33 m) chromatographic column was
used with a 2 L sample volume. According to the MIDI platform specifications, all tests
were calibrated using 0.5 mg mL~! methyl nonadecanoate fatty acid (19:0). Fatty acids
were quantitatively characterized by peak area and internal standard curves (nmol/g). The
AMF were characterized using the phospholipid fatty acid 16:1w5c [35].

2.6. Data Analysis

Data analysis used the mean values for each plot. One-way analysis of variance
(ANOVA) and Tukey HSD post hoc tests were used to analyze the differences in soil
characteristics, root traits, and AMF in the five forest stands. When the data did not
meet normal distribution or homogeneity of variance, log-transformation was performed.
Principal component analysis (PCA) was used to analyze the relationships between soil
characteristics, root traits, and AMF abundance in the different plots (1 = 20). The effects of
soil physical and chemical properties, root traits, and AMF abundance on aggregate stability
were analyzed using single linear regression. We then selected factors that significantly
affected MWD to construct a piecewise structural equation model (SEM) for evaluating the
direct and indirect effects of plant roots, SOC, soil texture, and soil colloids on MWD. We
performed a PCA to reduce collinearity among multiple variables. Plant roots included
specific root length, fine roots, and very fine roots. The first component (PC1) explained
65.72%-98.37% of the total variance in each group (Tables S2 and S3), suggesting that it is
credible to use PC1 as a new variable to represent combined attributes in the SEM analysis.
SEM images was constructed using the “piecewise SEM” software package (version 2.3.0).
All data analyses were performed using the R software (version 4.0.2).

3. Results
3.1. Soil Characteristics, Root Traits, and AMF Abundance in Different Forest Stands

Based on the MWD classification described [29], the GB aggregates were considered
very stable, the CL aggregates were stable, and the aggregates of the other three stand
types were moderately stable (Figure 3), indicating that the aggregate stability differed
significantly among stands (p < 0.05). The soil aggregate stability of GB was improved by
57% and 103% compared to PG and PS, respectively. The SOC concentrations in all stands
were very high; PS had the lowest SOC concentration, whereas CL had the highest, and
the difference between them was significant (p < 0.05). An ANOVA revealed significant
differences in Fe,, Alg, and Al, content among the different plots. The Fe, content in PS
was significantly lower than that in the other stands, while the Aly content of PP and PS
was significantly lower than that of CL. The difference in Al, content among the stands
was similar to that of the SOC concentration. The difference in the CEC among the stands
was significant (p < 0.05), with that in GB and CL being significantly higher than that in
PP and PS. Within the study region, the soil texture of each forest differed significantly
(p < 0.05); GB had the highest silt and sand content, whereas those of PS were the lowest.

The root characteristics also differed among the stands. The root mass density and root
length density were significantly higher in PP than in the other stands (Figure 4), except for
the root mass density in PS, which was only 1.1 + 0.1 kg m~3, significantly lower than that
of the other stands. No significant differences in specific root length were observed among
the stands, except for PS. The very fine roots in PS and PP were significantly higher than
those in the other stands, while the fine roots in PS were significantly lower than those in
the other three stands. The standard deviation of AMF in each stand was relatively large,
and no differences in AMF were observed among the stands.
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Figure 3. Soil indicators for the different forest stand types. Values represent the mean + SD (1 = 4).
The letters indicate significant differences among different forests for the same index based on the
Tukey HSD post hoc test (p < 0.05). MWD, mean weight diameter; SOC, soil organic carbon; Fey, free
iron; Fe,, amorphous iron; Aly, free aluminum; Al,, amorphous aluminum; CEC, cation exchange
capacity; sand, 2-0.05 mm; silt, 0.05-0.002 mm; clay, <0.002 mm. GB means Gorodnia axillaris and other
broad-leaved tree mixed forest, CL means Cunninghamina lanceolata and Lindera kwangtungensis mixed
forest, PP means Phyllostachys pubescens mixed forest, PG means Pinus massoniana and G. axillaris
mixed forest, and PS means P. massoniana and Symplocos sumuntia mixed forest.

3.2. Relationships among Soil Characteristics, Root Traits, and AMF Abundance in Different
Forest Stands

PCA revealed that the variability rates that explained the first and second principal
components were 39.28% and 17.43%, respectively (Figure 5). Axis 1 was positively corre-
lated with fine roots, CEC, MWD, SOC, Fe-Al oxide, and sand but negatively correlated
with very fine roots, specific root length, and silt. Axis 2 was positively correlated with root
mass density, sand, RLD, and pH but negatively correlated with clay and silt. PS and PP
were distributed on the right side of Axis 1 because their fine roots, CEC, MWD, SOC, and
Fe-Al oxide content were lower, whereas their very fine roots and specific root length were
higher than those of the other stands. PP was characterized by a high pH and large root
mass density and root length density. Hence, it was mainly distributed on the upper left
side of the PCA chart. In comparison, PS was characterized by high silt and clay content
but low sand content. Thus, it was distributed on the lower left side of the PCA chart.
The soil chemical properties and root characteristics in GB and CL were similar, but there
were substantial differences in soil texture between these stands, with the sand content of
GB considerably higher than that of CL. In contrast, the clay and silt contents of CL were
higher than those of GB. These results placed GB on the upper right side and CL on the
lower right side of the PCA chart. No prominent index was found in PG, positioning it
closer than the other stands to the origin of the chart.
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roots; AMEF, arbuscular mycorrhizal fungi. GB means Gorodnia axillaris and other broad-leaved tree

mixed forest, CL means Cunninghamina lanceolata and Lindera kwangtungensis mixed forest, PP means
Phyllostachys pubescens mixed forest, PG means Pinus massoniana and G. axillaris mixed forest, and PS

means P. massoniana and Symplocos sumuntia mixed forest.
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Figure 5. Principal component analysis of soil characteristics and root traits for the different forest
stand types. MWD, mean weight diameter; SOC, soil organic carbon; Fey, free iron; Fe,, amorphous
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iron; Aly, free aluminum; Al,, amorphous aluminum; CEC, cation exchange capacity; sand, 2-0.05
mm,; silt, 0.05-0.002 mm; clay, <0.002 mm. RMD, root mass density; RLD, root length density; SRL,
specific root length; AD, root average diameter; FR, fine roots; VFR, very fine roots; AMEF, arbuscular
myecorrhizal fungi. GB means Gorodnia axillaris and other broad-leaved tree mixed forest, CL means
Cunninghamina lanceolata and Lindera kwangtungensis mixed forest, PP means Phyllostachys pubescens
mixed forest, PG means Pinus massoniana and G. axillaris mixed forest, and PS means P. massoniana

and Symplocos sumuntia mixed forest.

3.3. Influence of Soil Characteristics, Root Traits, and AMF on Soil Aggregate Stability

The results of the general linear regression analysis showed that the chemical proper-
ties of the soil, including the CEC, SOC, Fe,, Aly, and Feq, influenced aggregate stability
(p <0.05; Figure 6). The sand content was positively correlated with aggregate stabil-
ity (p < 0.01), whereas the silt content was negatively correlated with aggregate stability
(p <0.001).
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Figure 6. Influence of soil characteristics on aggregate stability in the different forest stand types.
* p < 0.05; **: p <0.01; ***: p <0.001. The blue linear line symbolizes a linear fitting, while the grey area
delineates the 95% confidence interval. MWD, mean weight diameter; SOC, soil organic carbon; Fey,
free iron; Fe,, amorphous iron; Aly, free aluminum; CEC, cation exchange capacity; sand, 2-0.05 mm;
silt, 0.05-0.002 mm; GB means Gorodnia axillaris and other broad-leaved tree mixed forest, CL means
Cunninghamina lanceolata and Lindera kwangtungensis mixed forest, PP means Phyllostachys pubescens
mixed forest, PG means Pinus massoniana and G. axillaris mixed forest, and PS means P. massoniana

and Symplocos sumuntia mixed forest.
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The root density indices, root mass density and root length density, did not correlate
with aggregate stability; however, root morphology was closely associated with aggregate
stability (Figure 7). The specific root length (p < 0.01) and very fine roots (p < 0.05) were sig-
nificantly negatively correlated with aggregate stability, while fine roots were significantly
positively correlated with aggregate stability (p < 0.01). No relationship was observed
between the other indicators measured and aggregate stability (Figures S1 and S2).
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Figure 7. Influence of root traits on aggregate stability in the different forest stand types. *: p < 0.05;
**: p < 0.01. The blue linear line symbolizes a linear fitting, while the grey area delineates the 95%
confidence interval. MWD, mean weight diameter; SRL, specific root length; FR, fine roots; VFR,
very fine roots; GB means Gorodnia axillaris and other broad-leaved tree mixed forest, CL means
Cunninghamina lanceolata and Lindera kwangtungensis mixed forest, PP means Phyllostachys pubescens
mixed forest, PG means Pinus massoniana and G. axillaris mixed forest, and PS means P. massoniana
and Symplocos sumuntia mixed forest.

Variables with a significant effect on the MWD in the linear regression were selected
as predictors to generate segmented SEMs and identify key drivers of MWD. The results
showed that the predictors explained 69% (R?) of the variation in MWD (Figure 8A). Plant
roots, SOC, and soil texture directly contributed to soil colloids, and plant roots were also
indirectly related to soil colloids and MWD through SOC and soil texture. Negative values
on the SEM path indicated negative effects; for example, the path coefficient between
SOC and MWD was 0.32, which indicated that an increase in SOC directly increased the
MWD. The histogram shows the direct, indirect, and total effects of each factor on MWD
(Figure 8B). The total effect of plant roots on the MWD was —0.49. In addition, stand
type directly and indirectly affected the MWD through plant roots, SOC, soil texture, and
soil colloids.
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Figure 8. Piecewise structural equation model describing soil chemical properties and characteristics
versus mean weight diameter for a typical forest stand. (A) Path coefficients between indicators.
(B) Standardized effect of indicators on MWD. The numbers on the arrows are the path coefficients
that indicate the strength of influence one index (inside the box) has on the other. Numbers on
arrows indicate significant normalized path coefficients. The R? values represent the variance in the
dependent variable explained using the internal model. SOC, soil organic carbon; plant root includes
specific root length, fine roots, and very fine roots; soil texture includes sand and silt. Soil inorganic
colloids include cation exchange capacity, free iron, amorphous iron, and free aluminum. ** p < 0.01.

4. Discussion
4.1. Stability Characteristics of Soil Aggregates in Different Forest Stands

We observed that soil aggregate stability differed significantly between broadleaf
mixed forest (GB) and coniferous and broadleaf mixed forest (CL, PS, and PG), and PS
and PG were significantly different from CL in aggregate stability. This verifies our first
hypothesis. This divergence arose from the varying proportions of broad- and needle-
leaved trees in the forests. Broadleaf trees constituted only 30% of the trees in PG and PS,
whereas in CL, broadleaf trees accounted for as much as 60% (Table S1). Evidently, as the
proportion of broadleaf trees within a stand increases, soil aggregate stability also rises [36].
This phenomenon can be attributed to substances found in needle-leaved forest litter that
inhibit bacterial activity, resulting in fewer fungal hyphae in the soil [37] and less promotion
of the formation of large soil aggregates by the action of fungal hyphae [38]. Additionally,
P. massoniana litter, which is primarily composed of pine needles rich in tannins, resins,
lignin, and other recalcitrant compounds, restricts the release of nutrients from the litter
into the soil [39]. These known actions most likely contributed to the relatively low SOC
content in the PG and PS forest soils. The binding of organic matter plays a significant
role in aggregate formation [40]. Through long-term interactions between trees and soil,
distinct soil aggregate differences ultimately manifest among different forest stand types.

Significant differences were observed in soil properties and root characteristics among
the different forest stands; however, no notable differences in AMF were observed among
the tested forest stand types (Figure 4). The soil of the evergreen broadleaf forests was char-
acterized by increased levels of sand, Fe-Al oxide concentration, CEC, and fine roots indices
but lower specific root length and very fine root indices. In contrast, the mixed coniferous
forests demonstrated contrasting soil properties with respect to these parameters. The
impact of vegetation on intrinsic soil properties is complex; litter fall and the decomposition
processes of different plant species can lead to discrepancies in the SOC, pH, Fe-Al oxides,
and soil water content [41,42]. Correlation analysis revealed that the specific root length
was significantly negatively correlated with the CEC in the tested forest stands. In addition,
very fine roots and fine roots were strongly correlated with the SOC, Feg, Aly, and CEC in
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our forest stand samples (Figure 3). This phenomenon was caused by differences in the
nutrient absorption and utilization patterns of vegetation roots that affect soil aggregate
stability. The root system also affects soil properties to a certain extent, causing differences
in the SOM content, CEC, and Fe—Al oxides in the rhizosphere of different species [22].
Plant associations can also affect the amount and chemical composition of throughfall and
stemflow [43], which have been shown to change soil properties [44,45].

4.2. Relationship among Plant Root Traits and Soil Aggregate Stability

The SEM showed that plant root traits influenced soil aggregate stability by affecting
the SOM, texture, and Fe-Al oxides. This also validates our second hypothesis. The shape
of the plant root system is a crucial driving factor that influences soil aggregate stability.
The specific root length and very fine roots were negatively correlated with aggregate
stability, whereas fine roots were positively correlated with aggregate stability, consistent
with results from the literature [37]. Plant root systems exhibit both direct and indirect
influences on the stability of soil aggregates. This is exemplified by the impact of extremely
fine roots on soil aggregate stability, a phenomenon predominantly facilitated through
indirect modulation involving mycorrhizal fungi [46]. Mycorrhizal fungi form a mutualistic
relationship with plant roots, where the fungi help the plant acquire nutrients from the
soil while receiving carbohydrates from the plant in return. This fungal network can
enhance soil structure and stability in several ways [11]. Root exudates from fine roots
can directly act as binding agents of soil particles, decompose SOM, enhance the nutrient
supply, and stimulate the stability of soil aggregates through interactions with the soil
microbial community [36,47]. In this study, the specific root length and very fine roots
of the PP and PS forest stands were significantly higher than those of the other stands,
which could be attributed to the lower proportions of shrubs and herbaceous plants in
these stands. No significant correlations were found among root mass density, root length
density, and soil aggregate stability. The PP stand exhibited the highest root mass density
and root length density, whereas the PS group exhibited the lowest values. The differences
in MWD between the two stand types were not statistically significant (Figure 3). The
relative importance of root density to soil aggregate stability varied in the different stands.
When the soil aggregate stability was relatively high (MWD > 2.5), the contribution of
organic carbon provided by root metabolism appeared to be less significant. In this study,
although soil aggregate stability was not high, the overall SOM content was relatively high,
which might have mitigated the impact of root-derived organic carbon on soil aggregate
stability. In mature broadleaf mixed forests, plants allocate less carbon to transport roots
and direct a relatively higher proportion of carbon to absorptive roots in response to higher
nutrient availability [48,49]. Six et al. [50] reported that the decomposition of dead roots
affected aggregate stability; however, the amount of root exudates and the stimulation of
soil microorganisms are related to the plant species [51]. This also explains the significant
differences in soil aggregate stability observed among different forest stand types.

Plant root characteristics are closely related to soil properties. The SEM results demon-
strated that plant roots significantly influenced the SOC, soil texture, CEC, and Fe-Al oxide
content (Figure 8). A high diversity in the shape of the plant root system is associated with
differences in tissue chemistry and decomposition rates, which provide a wide range of
ecological niches for root-associated microorganisms [52]. Through their activities, these
microorganisms modify soil physicochemical properties [53]. In different forest stand
types, the continual mechanical and chemical interactions of the roots with soil properties
ultimately lead to variations in soil characteristics among distinct forest stands [54,55].
AMF are closely associated with roots [42], making it difficult to distinguish the effects
of roots on aggregate stability from those of arbuscular fungi [56,57]. Accordingly, we at-
tempted to directly measure the amount of AMF to determine their influence on aggregate
stability. Unfortunately, the experimental results had a high amount of variation, which
made it difficult to interpret. A meta-analysis revealed that the impact of arbuscular fungi
on aggregate stability depends on the environmental and experimental conditions [58].
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Compared with flowerpot experiments that use sterilized experimental soil and set the
soil pH to neutral, field experiments use natural soil that is generally more acidic. Hence,
measuring the effects of AMF on aggregate stability in the field is difficult.

4.3. Relationship between Soil Characteristics and Soil Aggregate Stability

The SEM showed that the physical and chemical properties of soil directly affect the
stability of soil aggregates. Mineral particles cemented to the SOC enhance aggregate
stability, and the SOC may also reduce the wettability of aggregates, thereby reducing
damage caused by slaking [56]. Adding organic matter to soils with low organic carbon
content can considerably improve the aggregate stability [40]. Although organic matter was
found to influence aggregate stability in the present study, it was not the most important
factor affecting this property (Figure 8), similar to a previous study [6]. Our research
focus was forest soil with a high SOM content, and the difference among the stands was
relatively small. Moreover, under high organic matter conditions, the effect of organic
matter on aggregate stability is not obvious [59]. Furthermore, owing to differences in
the formation of various aggregate components, the combination of organic matter, clay
minerals, and structure can vary, as can the microbial-mediated decomposition of organic
carbon within different aggregate fractions [60]. Hence, the relationships between soil
aggregate stability and factors such as organic carbon content often change with regional
and forest stand variations.

Soil particle size distribution is also related to soil aggregate stability. We found that
silt content was negatively correlated with aggregate stability, which was consistent with
a previous report [11]. Although clay content was not correlated with aggregate stability,
sand content was positively correlated. These results were inconsistent with those of
previous studies that reported that clay content was positively correlated and sand content
was negatively correlated with aggregate stability [4,61]. This difference may be related
to the clay content of the forest plots used between studies (Figure 3). The significant
correlations among sand, silt, and soil aggregate stability (Figure 6) could be associated
with variations in the composition of tree species among the different forest stand types. In
broadleaf mixed forests, higher sand and lower silt content were indicative of more stable
and developed vegetation cover, which was linked to higher soil aggregation stability. In
coarse sandy soils, fine roots can grow into pores and bind sand grains as the primary
stabilization mechanism. Barthes et al. [17] highlighted that the relationship between
clay content and aggregate stability is usually established over a small area, which was
similar to the findings in this study. However, no relationship was observed between the
clay content and aggregate stability. Another study found that clay content can reduce
aggregate stability [62]; therefore, we speculate that the relationship between clay particles
and aggregate stability is determined by their content and type. Erktan et al. [11] evaluated
the stability of aggregates under different succession gradients and found that this property
was positively correlated with fine sand (0.05-1 mm), similar to our observations. The
frequent dry—wet alternations on Jinyun Mountain reduced the ability of aggregates to
resist slaking [63]. Sand particles are insensitive to changes in the external environment [64],
indicating that the sand content has a positive correlation with aggregate stability.

Inorganic soil colloids [1,5] were also investigated, which revealed that Feg4, Fe,, and
Al4 were positively correlated with aggregate stability. Numerous studies have demon-
strated that Fe-Al oxides are important factors affecting aggregate stability. The inner-sphere
complexes between Fe-Al oxides and phosphates or silicates introduce a net negative charge
to the surface of Fe-Al oxides, stimulating their aggregation in some oxide soils [65]. Ad-
ditionally, poorly crystalline silicates act as bridges between Fe-Al oxides and the quartz
surfaces of sandy particles, facilitating the formation of inner-sphere complexes by organic
ions on the surface of Fe-Al oxides that alter their charge [16,66]. Polyvalent cations in the
soil can form ionic bond bridges, helping to polymerize clay particles and organic matter
and improving aggregate stability.
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5. Conclusions

In this study, five representative mixed forest stands at the end of the Three Gorges
Reservoir Area were used to investigate the relationships between soil physicochemical
properties, plant root system shape, and soil aggregate stability. Unfortunately, the re-
sults did not provide evidence of a connection between AMF and soil aggregate stability;
however, through an analysis of soil aggregate stability in five typical forest stands, we
discovered that among the different stand characteristics, the plant root system shape
indirectly influenced soil aggregate stability by affecting soil properties. Given the strategic
geographical importance of the Three Gorges Reservoir Area in China and the complex
human-environment interactions in this region, a scientific understanding of the driving
factors behind soil aggregate stability is very important for the region’s ecological health in
the context of climate change.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/£14122402/s1, Table S1: Dominant tree species in the tested forest
stands and sample site base information. Table S2: Total variance interpretation of soil and plant
root indicators. Table S3: First principal component factor score coefficients for soil and plant root
indicators. Figure S1: Influence of soil characteristics on aggregate stability in the different forest
stand types. MWD, mean weight diameter; clay, <0.002 mm. Alo, amorphous aluminum; clay,
<0.002 mm; AFM, arbuscular mycorrhizal fungi. GB mean Gorodnia axillaris and other broad-leaved
tree mixed forest, CL mean Cunninghamina lanceolata and Lindera kwangtungensis mixed forest, PP
mean Phyllostachys pubescens pure forest, PG mean Pinus massoniana and G. axillaris mixed forest,
PS mean P. massoniana and Symplocos sumuntia mixed forest. Figure S2: Influence of root traits on
aggregate stability in the different forest stand types. MWD, mean weight diameter; RMD, root mass
density; RLD, root length density; AD, Root average diameter; GB mean Gorodnia axillaris and other
broad-leaved tree mixed forest, CL mean Cunninghamina lanceolata and Lindera kwangtungensis mixed
forest, PP mean Phyllostachys pubescens pure forest, PG mean Pinus massoniana and G. axillaris mixed
forest, PS mean P. massoniana and Symplocos sumuntia mixed forest.
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