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Abstract: The stability of soil aggregates is the basis for supporting ecosystem functions and related
services provided by the soil. In order to explore the mechanism of the influence of soil and vegetation
properties on the stability of soil aggregates in desert communities, the particle size distribution and
aggregate in different communities were compared, and the contribution of soil physical and chemical
properties (soil salinity, soil water content, soil pH, soil organic carbon, soil total phosphorus, soil
total nitrogen, etc.) and vegetation properties (species richness, phylogenetic richness, plant height
and coverage, etc.) to the stability of soil aggregates was determined by using a structural equation
model. The results show the following: Soil water content, organic carbon, and salt in river bank plant
communities have significant direct positive effects on the mean weight diameter of soil, with path
coefficients of 0.50, 0.11, and 0.24, respectively (p < 0.01). Water also indirectly affects soil stability
by affecting plant height, soil salt, and soil organic carbon; species richness and vegetation coverage
have significant direct positive effects on the soil stability index, with path coefficients of 0.13 and
0.11, respectively (p < 0.01). In the desert marginal plant community, the plant coverage and species
richness have significant positive effects on soil stability, with path coefficients of 0.43 (p < 0.001) and
0.35 (p < 0.001), respectively. Phylogenetic richness has a significant direct negative effect on soil
stability (p < 0.05), with an effect value of −0.27. Phylogenetic richness indirectly affects soil stability
by adjusting the coverage, with an indirect effect value of 0.23. Moisture, ammonium nitrogen, and
nitrate nitrogen have significant direct positive effects on soil stability, with effect values of 0.12, 0.09,
and 0.15, respectively. Our research shows that the process of soil stabilization is mainly controlled by
soil factors and vegetation characteristics, but its importance varies with different community types.

Keywords: soil aggregates; soil structure; soil properties; plant characteristics; arid desert region

1. Introduction

Soil is the main component of the terrestrial ecosystem, and soil degradation leads to
a decline in the ecosystem services provided by the soil. Soil degradation weakens the soil
structure and reduces soil productivity [1], thus aggravating soil desertification [2,3]. The
soil structure is considered to control many processes in soil, regulating water retention
and infiltration, gas exchange, the dynamics of soil organic matter and nutrients, root
infiltration, and sensitivity to erosion. The soil structure also constitutes the habitat of
countless species and the diversity of soil organisms, thus promoting their diversity and
regulating their activities [4]. The soil structure is actively shaped by these organisms, in
that they change the distribution of soil moisture and air [5–7]. Many processes have been
proved to be related to the soil structure. One of the most important indicators of soil
degradation is aggregate stability [8,9]. The stability of soil aggregates is closely related
to the soil structure and can affect some soil physical and biogeochemical processes, such
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as the ability of soil to resist erosion, soil atmospheric exchange, water permeability, and
nutrient availability [10–12].

Soil agglomeration is a complex process that involves the dynamic interaction between
soil organic matter and mineral components and assembles micro-aggregates into macro-
aggregates [13]. It is well known that soil stability is influenced by abiotic factors (e.g., soil
organic matter, soil water content) and biological factors (e.g., vegetation type, plant roots).
Previous studies have shown that soil properties closely related to the stability of soil
aggregates include soil texture, organic matter content, soil cations, pH, and microbial
activity [13–15]. SOM acts as the main binder of soil particles, while the mineralogy, cation
ratio, and binder are closely related to the stability of micro-aggregates [16,17]. In this
dynamic aggregation process, clay particles form an organic–mineral combination as a
binder during the interaction with soil organic matter, thus reducing the wettability of
aggregates and affecting the mechanical strength of soil aggregates [15,18]. However,
studies have found that biological factors also play an important role. Plant diversity
can buffer the influence of physical disturbances (such as raindrops) on soil aggregates,
which is due to the increase in aboveground biomass [19,20], and promote root activities
to enhance soil aggregation [21]. However, there are complex interactions between biotic
and abiotic factors that will affect soil stability. For example, plant communities with
a large number of species have a positive impact on the stability of soil aggregates by
affecting soil carbon dynamics, soil microbial activity, and plant growth [20]. Fine roots
can increase soil agglomeration by increasing the soil organic matter content and the soil
drying–wetting alternation effect [22]. The combination of root biomass and soil water
potential affects the production of microbial polysaccharides, and then plays an important
role in controlling the formation of water-stable aggregates [23]. Additionally, different
vegetation types have different effects on the soil structure [24,25]. On the one hand,
different vegetation types affect the chemical composition of soil organic carbon, while
SOC plays a key role in soil agglomeration [26–28]. On the other hand, the differences
in plant coverage and composition in different communities also affect the stability of
soil aggregates [29]. For example, soil aggregate stability under different rain conditions
showed the order: forest land > forest–grass land > grass land [25]. Dou et al. found
that the aggregate stability of natural shrub was significantly higher than that of natural
grass [30]. Although many studies have been carried out regarding the influence of abiotic
factors (soil organic carbon, soil water content) and biological factors (plant coverage, plant
richness, and root biomass) on soil stability, their relative contribution and mechanism of
interaction remain controversial and need to be discussed.

Arid and semi-arid areas are an important part of the global land area, accounting for
approximately 20–25 percent of the total global land area, with scarce precipitation and a
lack of water resources, and the areas are most sensitive to global climate change [31]. In
arid areas, the change in the soil structure has a particularly significant impact on the change
in the plant community, which can also improve the soil stability. Yang et al. [32] compared
the differences in soil aggregate under four typical halophyte communities (Karelinia caspia,
Bassia dasyphylla, Haloxylon ammodendron, and Tamarix ramosissim) in an arid area, and found
that the percentage of soil aggregate in the >0.25 mm fraction is significantly higher under
the H. ammodendron community. Abdi et al. [33] found that soil fixation and erosion are
controlled by Haloxylon persicum roots in arid lands. However, these studies only focused
on the percentage of aggregate under different communities and the contribution of roots to
soil fixation. There are relatively few studies on the stability of soil aggregates in arid areas,
and there are few reports on the relationship between soil aggregate stability and plant
community characteristics, structure, and function. Studying the relationship between soil
stability and plant distribution and composition and analyzing the mechanism of influence
to improve community resistance have become problems to be solved. Based on this,
we selected one plant community on the river bank and the desert margin in the Ebinur
Lake Wetland National Nature Reserve to compare the differences in soil physical and
chemical properties and vegetation properties under different community types, as well as
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the changes in the stability of aggregates with different community types. In this study, we
tried to clarify the direct and indirect roles of abiotic and biological factors in determining
the stability of soil aggregates under different vegetation types in arid areas (the plant
communities of the river bank and desert margin). In order to verify this hypothesis,
this study aimed to: (1) quantify the contribution of abiotic factors (soil physicochemical
properties) and biological factors (vegetation properties) to the stability of soil aggregates;
and (2) describe the complex interaction between these factors.

2. Materials and Methods
2.1. Study Area, Sample Layout, and Plant Sample Collection

The study area is located in the Ebinur Lake Wetland National Nature Reserve in the
northwest of Jinghe County, Xinjiang and the southwest of Junggar Basin (Figure 1). It is
the lowest depression and the center of water and salt collection in the southwest margin
of Junggar Basin. The basin has a typical temperate continental arid climate [34], with an
annual evaporation of over 1600 mm, an annual rainfall of approximately 100 mm, annual
sunshine of approximately 2800 h, an extreme maximum temperature of 44 ◦C, and an
extreme minimum temperature of −33 ◦C [35]. There are various types of sandy vegetation,
mesophytic vegetation, and aquatic vegetation in the area. The main dominant plants in
the sample plot were Populus euphratica, Haloxylon ammodendron, Halimodendron halodendron,
Alhagi sparsifolia, Reaumuria soongarica, Nitraria roborowskii, Apocynum venetum, Seriphidium
terrae-albae, Phragmites australis, Halocnemum strobilaceum, Salsola collina, and Suaeda glauca.

Figure 1. The study area and location of the plots. Note: R and D represent the plant communities of
the river bank and desert margin, respectively.

Two large sample plots of 1 hm2 (100 m × 100 m) (Figure 1) were set up on the
river bank and in the desert margin to the north of Aqiksu River near the East Bridge
Management and Protection Station in the reserve. Based on a scale of 5 m × 5 m, we
studied the community, and each sample plot had 400 quadrats (totaling 800 quadrats).
After the establishment of the quadrats, we investigated plant community characteristics
in each quadrat, including species composition, species abundance, plant crown, and
plant height.

2.2. Collection and Measurement of Soil Samples

Within each sample plot of 5 m × 5 m, the diagonal method was used to select the
center point, and 0–20 cm of topsoil was taken in two soil samples. Each soil sample was
collected in an aluminum box (the quality of the aluminum box was determined in advance).
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The aluminum box was numbered after the sample was collected, and the sample’s fresh
weight was measured. Then, the sample was taken back to the laboratory and dried in
an oven in order to calculate the soil water content (SWC). In addition, undisturbed soil
samples were taken and brought back to the laboratory. The soil samples were peeled into
small clods with a diameter of about 1 cm, and the visible pebbles and animal and plant
residues were picked out. Each sample was then air-dried indoors and, after being mixed
evenly, one part (kept the same) was classified as aggregate, and the other part was ground
with a 100-mesh nylon sieve and naturally air-dried for later soil index determination.

The collected soil samples were measured in the laboratory, and SWC was determined
by the drying method at 105 ◦C for 48 h to a constant quality [36]. Soil salinity content (SA)
was determined by the weight method, soil pH value was determined by potentiometry,
soil organic carbon (SOC) was determined by the potassium dichromate dilution heat
method, and AN was determined by indophenol blue colorimetry [37]. NN was determined
by dual-wavelength ultraviolet spectrophotometry [38]. Total nitrogen (TN) in the soil
was determined by the Kjeldahl digestion method [39]. The soil’s total phosphorus (TP)
and available phosphorus (AP) were determined by the Mo-Sb anti-spectrophotography
method [40]. The particle size distribution and stability of soil aggregates were measured
by the dry screening method and the wet screening method, respectively [41].

2.3. Calculations for Soil Aggregates and Plant Diversity
2.3.1. Calculations for Soil Aggregates

The following formulas were used to calculate the mean weight diameter (MWD),
the percentage of soil aggregates with a particle size larger than 0.25 mm (WSR), and the
percentage of aggregate destruction (PAD).

The formula for the mass percentage of aggregate content at all levels is as fol-
lows [42,43]:

The mass percentage of aggregates in each grade = the mass of aggregates in this
grade/the total mass of soil samples × 100%.

The average mass diameter was calculated using the formula:

MWD =
∑n

i=1 XiWi

∑n
i=1 Wi

where n is the number of particle size groupings; Xi is the average diameter of this particle
size component; and Wi is the mass fraction of this size aggregate.

The percentage of soil aggregates with a grain size greater than 0.25 mm was calculated
using the formula:

WSR =
Mr>0.25

Mt

where WSR is the percentage of soil aggregates with a particle size greater than 0.25 mm,
Mr > 0.25 is the cumulative mass of aggregates with a particle size greater than 0.25 mm,
and Mt is the sum of the masses of aggregates with different particle sizes.

We used the following formula to calculate the aggregate failure rate:

PAD = (W d − Ww)/Wd

where PAD is the aggregate failure rate, Wd is the sum of the mass percentages of ag-
gregates with particle sizes larger than 0.25 mm in the dry screening method, and Ww is
the sum of the mass percentages of aggregates with sizes larger than 0.25 mm in the wet
screening method.
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2.3.2. Calculation of Plant Diversity

The vegan package was used to calculate the weighted average of the plant community
species diversity index and plant height. The picante package was used to calculate the
phylogenetic richness index. The above-mentioned index calculations were all performed
in R version 4.1.1.

2.4. Data Analysis

In R version 4.1.1, the t-test was used to analyze the differences in the proportion and
stability of soil aggregates in different vegetation communities, and the cor.test function
was used to analyze the correlation between vegetation and soil characteristics and soil
stability. In SPSS Amos version 24.0, the structural equation model was used to analyze the
relative effects of soil factors (soil water content, salt content, organic carbon, pH, and total
nitrogen) and plant characteristics (species richness, phylogenetic richness, plant height,
and plant coverage) on the stability of soil aggregates in different plant communities.

3. Results
3.1. Differences in the Proportion and Stability of Soil Aggregates in Different Community Types

A t-test showed that the percentages of soil water-stable large aggregate (>2 mm) and
middle aggregate (2–0.25 mm) fractions in the river bank were larger than those in the
desert margin, and the percentage of micro-aggregate fractions (<0.25 mm) on the river
bank was lower than that on the desert margin (Figure 2). The MWD of the soil and the
WSR in the desert margin plant community were significantly smaller than those in the
river bank plant community. However, the river bank plant community had a significantly
lower aggregate destruction rate than the desert margin plant community (Figure 3).

Figure 2. The difference in the soil water-stable aggregate proportion of different communities.
Note: Mac, Mid, and Mic represent soil macro-aggregates, intermediate aggregates, and micro-
aggregates, respectively.
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Figure 3. The difference in the soil aggregate stability of different community types. Note: MWD,
mean weight diameter; WSR, the percentage of soil aggregates with a particle size larger than 0.25
mm; PAD, the percentage of aggregate destruction. The different letters (A and B) indicate statistically
significant differences between the two communities (p < 0.05).

3.2. Influencing Factors of Soil Aggregates

Soil physicochemical and vegetation properties (species richness, phylogenetic rich-
ness, plant height, etc.) varied in the different communities (Table 1). There were 14 species
in the river bank community, with a height range of 4–1350 cm, and 10 species in the desert
margin community, with a height range of 3.5–420 cm. The Maglef species richness index
of the river bank plant community was significantly larger than that of the desert margin
plant community, while the Simpson and Shannon–Weiner indices showed no significant
differences. The plant phylogenetic richness was significantly larger in the river bank plant
community than in the desert margin plant community. The soil pH, water content, salt
content, organic carbon, total nitrogen, total phosphorus, available phosphorus, nitrate
nitrogen, and ammonium nitrogen of the river bank plant community were significantly
higher than those of the desert margin plant community.

Table 1. The vegetation and soil characteristics.

River Bank Desert Margin

Vegetation

Plant height/cm 4–1350 3.5–420
Species number 14 10

Simpson 1.52 ± 0.03 a 1.54 ± 0.03 a

Maglef 0.59 ± 0.02 a 0.53 ± 0.02 b

Shannon–Weiner 0.52 ± 0.02 a 0.50 ± 0.02 a

Phylogenetic richness 384.24 ± 0.09 a 187.82 ± 0.11 b

Soil

pH 8.07 ± 0.02 a 7.38 ± 0.02 b

SWC % 13.12 ± 0.19 a 1.04 ± 0.02 b

SA (g/kg) 5.58 ± 0.12 a 1 ± 0.02 b

SOC (g/kg) 9.57 ± 0.28 a 1.35 ± 0.03 b

TN (g/kg) 1.31 ± 0.01 a 0.59 ± 0.01 b

AP (g/kg) 38.19 ± 0.75 a 7.96 ± 0.18 b

TP (mg/kg) 2.05 ± 0.04 a 0.63 ± 0.01 b

AN (mg/kg) 2.47 ± 0.06 a 1.39 ± 0.03 b

NN (mg/kg) 12.51 ± 0.36 a 2.76 ± 0.06 b

Note: The different letters indicate statistically significant differences between the two plant communities (p <
0.05). SWC, SA, SOC, TN, AP, TP, AN, and NN represent soil water content, soil salinity content, soil organic
carbon, soil total nitrogen, soil available phosphorus, soil total phosphorus, soil ammonium nitrogen, and soil
nitrate nitrogen, respectively.

Correlation analysis showed that the factors that determine the stability of soil ag-
gregates were significantly different among the different vegetation types (Figure 4). Soil



Forests 2022, 13, 368 7 of 15

aggregates in the river bank community were jointly influenced by soil physical and chemi-
cal properties (SWC, salinity, organic matter, total nitrogen, nitrate nitrogen, and soil pH),
plant coverage, and plant diversity (plant species richness, plant height, and phylogenetic
richness). The intermediate aggregates were not significantly affected by ammonium ni-
trogen, water, total phosphorus, and soil pH, while soil water, salt, organic matter, total
nitrogen, nitrate nitrogen, plant coverage, species richness, plant height, and phylogenetic
richness were negatively correlated with micro-aggregate content and aggregate destruc-
tion rate and positively correlated with the mass fraction of soil aggregates with a particle
size larger than 0.25 mm. The mean weight diameter of soil had no significant correlation
with ammonium nitrogen, available phosphorus, total phosphorus, or soil pH. Soil macro-
aggregates in desert margin plant communities were significantly positively correlated
with soil nitrate nitrogen and vegetation coverage, while soil moisture, total nitrogen,
ammonium nitrogen, nitrate nitrogen, plant coverage, species richness, plant height, and
phylogenetic richness were significantly positively correlated with the mass fraction of
intermediate aggregates and soil aggregates with a particle size >0.25 mm, and significantly
negatively correlated with the content of micro-aggregates. The destruction rate of soil
aggregates was negatively correlated with species richness, phylogenetic richness, and soil
available phosphorus.

Figure 4. The correlation between vegetation and soil characteristics and soil stability in different
communities. Note: MWD, PAD, and WSR represent mean weight diameter, the percentage of soil
aggregates with a particle size larger than 0.25 mm, and the percentage of aggregate destruction,
respectively. Mac, Mid, and Mic represent soil macro-aggregates, intermediate aggregates, and micro-
aggregates, respectively. Ric, SA, AN, SWC, cov, H, SOC, TP, AP, TN, NN, pH, and PD represent
species richness, soil salinity, ammonium nitrogen, soil water content, plant coverage, plant height,
organic carbon, total phosphorus, available phosphorus, total nitrogen, nitrate nitrogen, soil acidity
and alkalinity, and plant phylogenetic richness, respectively. * and ** represent p < 0.05 and p < 0.01,
respectively. The blue grid represents a positive correlation and the red grid represents a negative
correlation.

3.3. Effects of Soil Factors and Plant Characteristics on the Stability of Soil Aggregates

The results of the structural equation model show that under different vegetation
types, the effects and mechanisms of soil factors and plant characteristics on the stability of
soil aggregates were different (Figures 5 and 6). Soil water content, organic carbon, and
salt in the river bank community had significant direct positive effects on the mean weight
diameter of soil, with path coefficients of 0.50, 0.11, and 0.24, respectively (p < 0.01). Water
also indirectly affected soil stability by affecting plant height, soil salt, and soil organic
carbon. Species richness and vegetation coverage had significant direct positive effects
on MWD, with path coefficients of 0.13 and 0.11, respectively (p < 0.01). However, the
effect of vegetation height on soil stability was not significant. The effect of soil factors on
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the soil stability of the river bank plant community was significantly greater than that of
plant characteristics. In the desert margin plant community, compared with the river bank
plant community, the effect of soil factors on soil stability was weaker, and the effect of
vegetation characteristics was stronger. Plant coverage and species richness had significant
positive effects on soil stability, with path coefficients of 0.43 (p < 0.001) and 0.35 (p < 0.001),
respectively. Phylogenetic richness had a significant direct negative effect on soil stability (p
< 0.05), with an effect value of −0.27. Phylogenetic richness indirectly affected soil stability
by adjusting the plant coverage, with an indirect effect value of 0.23. Moisture, ammonium
nitrogen, and nitrate nitrogen all had significant direct positive effects on soil stability, with
effect values of 0.12, 0.09, and 0.15, respectively.

Figure 5. Effects of plant characteristics and soil factors on soil aggregate stability in the river bank.
Note: SWC, SA, SOC, Height, Richness, and cover represent soil water content, soil salinity, soil
organic carbon, plant height, species richness, and plant coverage, respectively. Black solid lines
indicate a positive effect and red dashed lines indicate a negative effect. Values on lines denote the
standardized effect size and significance (* p < 0.05; ** p < 0.01; *** p < 0.001).

Figure 6. Effects of plant characteristics and soil factors on soil aggregate stability in the desert margin.
Note: SWC, AN, NN, Richness, PD, and cover represent soil water content, soil ammonium nitrogen,
soil nitrate nitrogen, species richness, phylogenetic richness, and plant coverage, respectively. Black
solid lines indicate a positive effect and red dashed lines indicate a negative effect. Values on lines
denote the standardized effect size and significance (* p < 0.05; ** p < 0.01; *** p < 0.001).

4. Discussion
4.1. Differences in the Proportion and Stability of Soil Aggregates in Different Community Types

Soil structure stability is an important foundation for the maintenance of soil functions
and the growth of animals and plants, and the water stability of soil aggregates is an
important index that reflects the stability of the soil structure [26]. Macro-aggregates are
the basis for maintaining the stability of the soil structure, and their content can reflect the
quality of the soil structure to a certain extent. MWD has been widely used to measure the
stability of aggregates, and it is acknowledged that a larger MWD value indicates higher
aggregate stability [28]. In this study, the percentage of water-stable aggregates with a
particle size >0.25 mm in the river bank was found to be significantly higher than that in
the desert margin, and the aggregate destruction rate was lower than that in the desert
margin. Although the MWD values in both locations were small, the soil of the river bank
showed higher water stability. The reason for this result may be that the soil of the river
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bank had high soil water content and a large amount of organic matter. Higher soil water
content can increase the content of large aggregates that improve the soil stability [10],
so the soil stability in the river bank is higher. The reason for this result may be the high
degree of vegetation coverage on the river bank, which may promote soil agglomeration by
increasing the input of organic matter above and below the ground, reducing the erosion
due to wind and rain, and protecting the stability of soil aggregates [44]. It can be seen
that the different vegetation types will significantly change the aggregate content, but
the particle size and stability of soil aggregates are affected by many factors, such as soil
physical and chemical properties, plant characteristics, and climate factors, and show
different distribution characteristics. Therefore, further research is needed on the influence
of different soil conditions on aggregate properties.

The correlation between SOC content and MWD, WSA, and PAD was significant in the
plant community of the river bank, indicating that soil organic carbon content affects the
stability of soil aggregates in the river bank (Figure 4). This finding is consistent with the
research results of Zhao et al. (2018) and Wang (2019) on soil aggregates and their stability
in different plant communities [45,46]. The correlation between SOC content and WSR
showed that the soil organic carbon content had a significant influence on the formation
of soil aggregates in the river bank, which promoted the formation of large aggregates as
SOC is the main cementing material of large aggregates. This is because, in general, large
aggregates (>2 mm) can accumulate more carbon than micro-aggregates (<0.25 mm) [1].
Micro-aggregates form large aggregates through organic matter bonding, and an increase in
the soil organic carbon content creates favorable conditions for smaller particles in the soil
to bond into larger aggregates [13]. The content of intermediate aggregates and MWD were
significantly correlated with pH, SWC, NN, TN, and AP, indicating that soil water content,
nutrient content, and acid–base level had an important influence on the formation of large
aggregates and the stability of the soil structure in the river bank. The relationship observed
between soil water-stable aggregates and soil total nitrogen content was consistent with
the research results of An et al. This is because the addition of N aided the chemical
reaction inside the aggregates to form a stable soil structure, and the smaller aggregates
re-cemented to form larger aggregates [47]. The pH mainly affected the decomposition of
soil organic matter by affecting the type, quantity, and activity of soil microorganisms [48],
and changed the content of soil aggregates. In alkaline soil, with an increase in the pH
value, the mineralization intensity gradually weakened, while the nitrification intensity
gradually strengthened, which led to a decrease in the amount of ammonium nitrogen
generated by mineralization in the soil, and, at the same time, more ammonium nitrogen
was converted into nitrate nitrogen. Finally, under alkaline conditions, the amount of
ammonium nitrogen in the soil decreased [49], which led to ammonium nitrogen having an
insignificant effect on aggregates in the alkaline soil, while the effect of nitrate nitrogen was
more significant. Soil available phosphorus in the river bank had a significant effect on the
stability of soil aggregates, while soil phosphorus in the desert margin had no significant
effect on the soil stability. This may be because a high pH value can enhance the fixation of
soil phosphorus, and more phosphorus can promote the aggregation of soil particles [50].
Plant species richness had a significant positive impact on the stability of soil aggregates;
for example, a Robinia pseudoacacia community with an abundance of species was found to
be beneficial for the stability of soil aggregates [51].

4.2. Influence of Soil Factors on the Stability of Soil Aggregates

Water is an important factor affecting soil aggregates. Water can better promote the
formation of soil aggregates, while less or excess soil water will destroy the formation
of aggregates. At the same time, the formation of aggregates is also beneficial to the
maintenance of soil moisture [52]. The results of the two structural equation models show
that water had a significant impact on soil aggregates (Figures 5 and 6), but the mechanisms
and sizes of action were different, which may have been caused by different water and
nutrient levels and microbial environments under different vegetation types. Water is an
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important factor affecting the soil structure and function in arid areas. A change in soil
moisture will also cause a series of changes in plants and microorganisms [53]. Plants
and microorganisms are important factors affecting soil aggregates. The effects of various
factors on soil aggregates are superimposed, and it is often difficult to distinguish the effects
of water alone. Soil water content had a significant direct positive effect on the MWD of
soil in the two communities, with path coefficients of 0.50 and 0.12, respectively. In the
river bank, soil water also indirectly affected soil stability by affecting soil organic carbon,
because water addition can increase the content of soil organic carbon. SOC can enhance the
agglomeration of aggregates and promote the formation of an aggregate structure [54,55],
which led to the increase in large soil aggregates. Soil moisture in the desert margin affected
the soil stability by adjusting the nitrogen content. This may be because soil moisture is also
an important factor affecting soil nitrogen mineralization. Soil moisture can regulate the
population of nitrifying bacteria. Moreover, in a certain range of soil moisture values, an
increase in soil moisture is beneficial to the growth of nitrifying bacteria, but not conducive
to the growth of denitrifying bacteria, which makes the amount of ammonium nitrogen
that is retained less than the amount of nitrification that occurs, and then increases the
content of nitrate nitrogen [56] and promotes the stability of soil aggregates.

In the river bank, salt had significant direct and indirect effects on soil aggregates.
The direct mechanism may be that the river bank had relatively high soil salt, and its soil
contains more calcium ions and magnesium ions. Ca2+ has a strong ion bridge function,
which is beneficial to the combination of soil clay and organic matter [57]. The soil salinity
had an indirect effect on the soil stability. This may be because the river bank had higher
soil salinity, which slowed down the decomposition rate, improved the accumulation and
storage of soil organic carbon [58], and promoted the adsorption of more soil particles [58]
as the accumulation of organic carbon content promotes the adsorption of soil particles.
These two aspects jointly promote the formation and stability of aggregates, so the content
of soil aggregates in a riparian forest is significantly positively correlated with salt. Yu et al.
(2016) also pointed out that the content of water-stable aggregates in salinized soil increased
significantly [59]. Soil salinity is also one of the important factors that control the changes in
plant diversity in arid areas, and plant diversity is closely related to the accumulation of soil
organic carbon. Therefore, soil salinity can indirectly affect soil aggregates by controlling
the decomposition rate of soil organic carbon, vegetation distribution, and plant diversity.

4.3. Effects of Plant Characteristics on the Stability of Soil Aggregates

Soil aggregates are the basic units of the soil structure and an important factor in the
maintenance of soil fertility. A stable soil aggregate is beneficial to the balance between
soil nutrient retention and release, while the stability of a soil aggregate is positively in-
fluenced by the characteristics of plant communities. Plant characteristics are particularly
important for soil aggregation in ecosystems that have been seriously disturbed by the
external environment [51,60]. Some studies that have reported on how plant characteristics
influence soil aggregation emphasized the important roles of root traits, shoot biomass,
and niche complementarity [61–63]. In this study, we found that species richness has a
positive effect on soil stability. This finding is in line with the insurance hypothesis. Higher
biodiversity ensures that the ecosystem is protected from environmental fluctuations and
maintains its functions [64]. However, in this study, plant diversity, including species
richness and phylogenetic richness, was found to have different impacts on soil stability
(Figures 5 and 6). In the correlation analysis, the species richness and phylogenetic richness
in the plant communities of the river bank and desert margin had significant impacts on
the soil stability; however, in the comprehensive analysis of soil factors and plant character-
istics, phylogenetic richness did not enter into the structural equation model. However,
phylogenetic richness had a negative effect on soil stability in the desert margin plant
community, which may be due to the fact that when soil factors and plant characteristics
were integrated, the influence of genealogy on plants was genetically different from the
level of conservation of plant characteristics [65], which means that when plants and soil
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are combined, genealogy may not play a significant role, or it may play an opposing role.
Phylogenetic richness in the desert margin plant community had a negative effect on soil
stability, which shows that the closer the phylogenetic distance between species is, the more
stable the soil structure can be. This means that plants belonging to the same family and
genus can promote soil stability to a greater degree than a diversity of plant families and
genera. For example, Leguminosae plants have higher rhizosphere microbial biomass than
non-Leguminosae plants, thus improving soil stability [66], and the glommycin-related
proteins secreted by arbuscular mycorrhizal fungi (AMF) have a 3–10 times stronger abil-
ity to adhere soil particles than other sugar substances [67]. Inoculation with rhizobia
and mycorrhizal fungi can significantly increase the proportion of macro-aggregates [66].
Studies have also shown that the mechanism by which plants increase the stability of soil
aggregates may be their roots [68]. Roots play a key role in soil aggregation because they
transform loose soil particles into stable aggregates through root exudates. The fine roots of
plants affect soil aggregation through the entanglement of fine root hyphae. The growth of
fine roots and hyphae can stimulate microbial activity and promote the formation of large
soil aggregates [69].

Most studies regard plant coverage as the key factor in soil stability [70]. A dense
plant canopy will increase the surface roughness, act as a windbreak net and sediment
trap, intercept raindrops, and reduce the evaporation of soil moisture [71]. In this study,
we found that the coverage of plant communities can promote the stability of soil, and the
intensity of the effect varies with different communities. This may be due to the increase in
the surface vegetation coverage, which can reduce the damage to the soil epidermis and
the loss of surface soil and nutrients, increase the organic matter input into the soil by litter,
underground roots, and root exudates, and significantly increase the soil organic carbon
and total nitrogen content [72–74], which in turn leads to an increase in the number of large
soil aggregates. However, our findings indicate that, besides plant coverage, biodiversity
may play a key role in the stability of soil aggregates. However, it is difficult to distinguish
causality among these correlations. It is hard to say whether soil with high aggregate
stability supports more species, or vice versa.

Wind-blown sand deposition is a common phenomenon in arid and semi-arid ecosys-
tems. A large number of field observations and indoor simulation experiments have proved
that plants are a necessary condition for wind-blown sand deposition. It has been shown
that tufted plants can effectively influence the near-surface airflow and cause sedimentable
particles carried in the wind-blown sand flow to be deposited among the plants [75,76].
The main component of the sedimentable particles carried by the wind-blown sand flow
is soil clay particles [77]. Plants will lose water during transpiration and other processes,
and some of the water may be dispersed among the soil clay particles at the base of plants,
where it will act as an adhesive to bind the clay particles together and gradually form
large-particle aggregates.

We preliminarily explored the mechanism of the influence of soil and vegetation
properties on the stability of soil aggregates in desert plant communities. However, we
did not include some of the important factors in this research. Vegetation roots contribute
to soil fixation and reinforcement in arid areas, thus improving the soil’s resistance to
erosion [33]. Studies have shown that microbial diversity can promote soil stability [66,67].
Soil microbial diversity and plant roots also jointly influence soil aggregates. Our future
studies on soil aggregates in arid regions will incorporate these two factors, helping us to
better understand the plant–soil–microbe relationship.

5. Conclusions

The proportion and stability of soil aggregates in different plant communities were
found to be obviously different. Soil physicochemical properties and vegetation properties
varied in the different plant communities. Soil water content in the river bank and desert
margin had a significant and direct positive effect on the MWD of the soil. The soil moisture
also indirectly affected the soil stability by affecting the plant height, soil salinity, and
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organic carbon in the river bank. Salt and organic carbon had significant direct effects on
soil aggregates, and soil salinity was found to indirectly affect soil aggregates by controlling
the decomposition rate of soil organic carbon, vegetation distribution, and plant diversity.
Phylogenetic richness had a negative effect on soil stability in the desert margin plant
community, and plant community coverage had a positive effect on soil stability. The
effect’s intensity varied with the different communities, and the coverage of the plant
communities had a greater effect on the soil stability in the desert margin plant community.
In short, both soil properties and plant diversity had a significant impact on the soil stability
of desert margin plant communities, but the mechanism of action changed with the type of
plant community.

Author Contributions: Conceptualization, L.J. and G.L.; methodology, L.J.; software, L.J. and D.H.;
writing—original draft preparation, L.J.; writing—review and editing, L.J.; supervision, G.L. funding
acquisition, G.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(42171026) and the Xinjiang Uygur Autonomous Region Graduate Research and Innovation Project
(XJ2020G011).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not available.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

References
1. Yılmaz, E.; Çanakcı, M.; Topakcı, M.; Sönmez, S. Effect of vineyard pruning residue application on soil aggregate formation,

aggregate stability and carbon content in different aggregate sizes. Catena 2019, 183, 104219. [CrossRef]
2. Fialho, R.C.; Zinn, Y.L. Changes in soil organic carbon under eucalyptus plantations in Brazil: A comparative analysis. Land

Degrad. Dev. 2014, 25, 428–437. [CrossRef]
3. Parras-Alcántara, L.; Díaz-Jaimes, L.; Lozano-García, B. Management effects on soil organic carbon stock in Mediterranean open

rangelands-treeless grasslands. Land Degrad. Dev. 2015, 26, 22–34. [CrossRef]
4. Elliott, E.T.; Coleman, D.C. Let the soil work for us. Ecol. Bull. 1988, 39, 23–32.
5. Feeney, D.S.; Crawford, J.W.; Daniell, T.; Hallett, P.D.; Nunan, N.; Ritz, K.; Rivers, M.; Young, I.M. Three-dimensional microorgani-

zation of the soil-root-microbe system. Microbic. Ecol. 2006, 52, 151–158. [CrossRef] [PubMed]
6. Young, I.M.; Crawford, J.W.; Rappoldt, C. New methods and models for characterizing structural heterogeneity of soil. Soil Tillage

Res. 2001, 61, 33–45. [CrossRef]
7. Bottinelli, N.; Jouquet, P.; Capowiez, Y.; Podwojewski, P.; Grimaldi, M.; Peng, X. Why is the influence of soil macrofauna on soil

structure only considered by soil ecologists? Soil Tillage Res. 2015, 146, 118–124. [CrossRef]
8. An, S.; Mentler, A.; Mayer, H.; Blum, W.E.H. Soil aggregation, aggregate stability, organic carbon and nitrogen in different soil

aggregate fractions under forest and shrub vegetation on the Loess Plateau, China. Catena 2010, 81, 226–233. [CrossRef]
9. Deviren, S.S.; Cornelis, W.M.; Erpul, G.; Gabriels, D. Comparison of different aggregate stability approaches for loamy sand soils.

Appl. Soil Ecol. 2012, 54, 1–6. [CrossRef]
10. Blankinship, J.C.; Fonte, S.J.; Six, J.; Schimela, J.D. Plant versus microbial controls on soil aggregate stability in a seasonally dry

ecosystem. Geoderma 2016, 272, 39–50. [CrossRef]
11. Bedel, L.; Legout, A.; Poszwa, A.; Heijden, G.V.D.; Court, M.; Goutal-Pousse, N.; Montarges-Pelletier, E.; Ranger, J. Soil aggregation

may be a relevant indicator of nutrient cation availability. Ann. For. Sci. 2018, 75, 103. [CrossRef]
12. Egan, G.; Crawley, M.J.; Fornara, D.A. Effects of long-term grassland management on the carbon and nitrogen pools of different

soil aggregate fractions. Sci. Total Environ. 2018, 613, 810–819. [CrossRef]
13. Six, J. A history of research on the link between (micro) aggregates, soil biota, and soil organic matter dynamics. Soil Tillage Res.

2004, 79, 7–31. [CrossRef]
14. Dimoyiannis, D. Wet aggregate stability as affected by excess carbonate and other soil properties. Land Degrad. Dev. 2012, 23,

450–455. [CrossRef]
15. Regelink, I.C.; Stoof, C.R.; Rousseva, S.; Weng, L.P.; Lairef, G.J.; Kramg, P.; Nikolaos, P.; Nikolaidish, N.P.; Kerchevaf, M.;

Banwartgi, S.; et al. Linkages between aggregate formation, porosity and soil chemical properties. Geoderma 2015, 247, 24–37.
[CrossRef]

16. Duchicela, J.; Sullivan, T.; Bontti, E.; Bever, J.D. Soil aggregate stability increase is strongly related to fungal community succession
along an abandoned agricultural field chronosequence in the Bolivian Altiplano. J. Appl. Ecol. 2013, 50, 1266–1273. [CrossRef]

http://doi.org/10.1016/j.catena.2019.104219
http://doi.org/10.1002/ldr.2158
http://doi.org/10.1002/ldr.2269
http://doi.org/10.1007/s00248-006-9062-8
http://www.ncbi.nlm.nih.gov/pubmed/16680511
http://doi.org/10.1016/S0167-1987(01)00188-X
http://doi.org/10.1016/j.still.2014.01.007
http://doi.org/10.1016/j.catena.2010.04.002
http://doi.org/10.1016/j.apsoil.2011.11.012
http://doi.org/10.1016/j.geoderma.2016.03.008
http://doi.org/10.1007/s13595-018-0782-y
http://doi.org/10.1016/j.scitotenv.2017.09.165
http://doi.org/10.1016/j.still.2004.03.008
http://doi.org/10.1002/ldr.1085
http://doi.org/10.1016/j.geoderma.2015.01.022
http://doi.org/10.1111/1365-2664.12130


Forests 2022, 13, 368 13 of 15

17. Paul, B.K.; Vanlauwe, B.; Ayuke, F.; Gassner, A.; Hoogmoed, M.; Hurisso, T.T.; Koala, S.; Lelei, D.; Ndabamenye, T.; Six, J.; et al.
Medium-term impact of tillage and residue management on soil aggregate stability, soil carbon and crop productivity. Agric.
Ecosyst. Environ. 2013, 164, 14–22. [CrossRef]

18. Onweremadu, E.U.; Onyia, V.N.; Anikwe, M. Carbon and nitrogen distribution in water-stable aggregates under two tillage
techniques in Fluvisols of Owerri area, southeastern Nigeria. Soil Tillage Res. 2007, 97, 195–206. [CrossRef]

19. Reich, P.B.; Tilman, D.; Isbell, F.; Mueller, K.; Hobbie, S.E.; Flynn, D.F.B.; Eisenhauer, N. Impacts of biodiversity loss escalate
through time as redundancy fades. Science 2012, 336, 589–592. [CrossRef]

20. Peres, G.; Cluzeau, D.; Menasseri, S.; Soussana, J.F.; Bessler, H.; Engels, C.; Habekost, M.; Gleixner, G.; Weigelt, A.; Weisser,
W.W.; et al. Mechanisms linking plant community properties to soil aggregate stability in an experimental grassland plant
diversity gradient. Plant Soil 2013, 373, 285–299. [CrossRef]

21. Eisenhauer, N.; Lanoue, A.; Strecker, T.; Scheu, S.; Steinauer, K.; Thakur, M.P.; Mommer, L. Root biomass and exudates link plant
diversity with soil bacterial and fungal biomass. Sci. Rep. 2017, 7, 44641. [CrossRef]

22. Stokes, A.; Atger, C.; Bengough, A.G.; Fourcaud, T.; Sidle, R.C. Desirable plant root traits for protecting natural and engineered
slopes against landslides. Plant Soil 2009, 324, 1–30. [CrossRef]

23. Sher, Y.; Baker, N.R.; Herman, D.; Fossum, C.; Hale, L.; Zhang, X.X.; Nuccio, E.; Saha, M.; Zhou, J.H.; Pett-Ridge, J. Microbial
extracellular polysaccharide production and aggregate stability controlled by switchgrass (Panicum virgatum) root biomass and
soil water potential. Soil Biol. Biochem. 2020, 143, 107742. [CrossRef]

24. Zhao, D.; Xu, M.; Liu, G.; Ma, L.; Zhang, S.; Xiao, T.; Peng, G. Effect of vegetation type on microstructure of soil aggregates on the
Loess Plateau, China. Agric. Ecosyst. Environ. 2017, 242, 1–8. [CrossRef]

25. Zeng, Q.; Darboux, F.; Man, C.; Zhu, Z.; An, S. Soil aggregate stability under different rain conditions for three vegetation types
on the Loess Plateau, China. Catena 2018, 167, 276–283. [CrossRef]

26. Bronick, C.J.; Lal, R. Soil Structure and Management: A Review. Geoderma. 2005, 124, 3–22. [CrossRef]
27. Liang, C.; Schimel, J.P.; Jastrow, J.D. The importance of anabolism in microbial control over soil carbon storage. Nat. Microbiol.

2017, 2, 17105. [CrossRef] [PubMed]
28. Sarker, T.C.; Incerti, G.; Spaccini, R.O.; Piccolo, A.; Mazzoleni, S.; Bonanomi, G. Linking organic matter chemistry with soil

aggregate stability: Insight from 13 C NMR spectroscopy. Soil Biol. Biochem. 2018, 117, 175–184. [CrossRef]
29. Demenois, J.; Carriconde, F.; Rey, F.; Stokes, A. Tropical plant communities modify soil aggregate stability along a successional

vegetation gradient on a Ferralsol. Ecol. Eng. 2017, 109, 161–168. [CrossRef]
30. Dou, Y.; Yang, Y.; An, S.; Zhu, Z. Effects of different vegetation restoration measures on soil aggregate stability and erodibility on

the Loess Plateau, China. Catena 2019, 185, 104294. [CrossRef]
31. Whitford, W.G. Ecology Desert Systems; Academic Press: San Diego, CA, USA, 2002.
32. Yang, H.; Wang, J.; Zhang, F. Soil aggregation and aggregate-associated carbon under four typical halophyte communities in an

arid area. Environ. Sci. Pollut. Res. 2016, 23, 1–10. [CrossRef]
33. Abdi, E.; Saleh, H.R.; Majnonian, B.; Deljouei, A. Soil fixation and erosion control by Haloxylon persicum roots in arid lands, Iran. J.

Arid. Land 2019, 11, 86–96. [CrossRef]
34. Gong, Y.; Lv, G.H.; Guo, Z.J.; Chen, Y. Influence of aridity and salinity on plant nutrient s scales up from species to community

level in a desert ecosystem. Sci. Rep. 2017, 7, 6811. [CrossRef]
35. Yang, X.D.; Zhang, X.N.; Lv, G.H.; Arshad, A. Linking Populus euphratica hydraulic redistribution to diversity assembly in the arid

desert zone of Xin jiang, China. PLoS ONE 2014, 9, e109071.
36. Zhang, Z.S.; Dong, X.J.; Xu, B.X.; Dong, X.J.; Zhang, Z.S.; Gao, Y.H.; Hu, Y.G.; Huang, L. Soil respiration sensitivities to water and

temperature in a revegetated desert. J. Geophys. Res. Biogeosci. 2015, 120, 773–787. [CrossRef]
37. Bao, S.D. Soil and Agricultural Chemistry Analysis, 3rd ed.; China Agriculture Press: Beijing, China, 2000.
38. Norman, R.; Edberg, J.; Stucki, J. Determination of Nitrate in Soil Extracts by Dual-wavelength Ultraviolet Spectrophotometry.

Soil Sci. Soc. Am. J. 1985, 49, 1182–1185. [CrossRef]
39. Dalai, R.C.; Sahrawat, K.L.; Myers, R.J.K. Inclusion of nitrate and nitrite in the Kjeldahl nitrogen determination of soils and plant

materials using sodium thiosulphate. Commun. Soil Sci. Plant Anal. 1984, 15, 1453–1461. [CrossRef]
40. Li, Q.; Song, X.; Chang, S.X.; Peng, C.G.; Xiao, W.F.; Zhang, G.B.; Xiang, W.H.; Li, Y.; Wang, W.F. Nitrogen depositions increase

soil respiration and decrease temperature sensitivity in a Moso bamboo forest. Agric. For. Meteorol. 2019, 268, 48–54. [CrossRef]
41. Zhao, Q.G. Nanjing Institute of Soil, Chinese Academy of Sciences Soil Physical and Chemical Analysis; Shanghai Science and Technology

Press: Shanghai, China, 1983; pp. 62–126.
42. Zhao, J.; Chen, S.; Hu, R.; Li, Y. Aggregate stability and size distribution of red soils under different land uses integrally regulated

by soil organic matter, and iron and aluminum oxides. Soil Tillage Res. 2017, 167, 73–79. [CrossRef]
43. Mengke, Z.; Siqian, Y.; Shenghao, A.; Xiaoyan, A.; Xue, J.; Jiao, C.; Ruirui, L.; Yingwei, A. Artificial soil nutrient, aggregate stability

and soil quality index of restored cut slopes along altitude gradient in southwest China. Chemosphere 2020, 246, 125687. [CrossRef]
44. Mulumba, L.N.; Lal, R. Mulching effects on selected soil physical properties. Soil Tillage Res. 2008, 98, 106–111. [CrossRef]
45. Zhao, Y.P.; Meng, M.J.; Zhang, J.C.; Ma, J.Y.; Liu, S.L. Study on the composition and stability of soil aggregates of the main forest

stands in Fengyang Mountain, Zhejiang Province. J. Nanjing For. Univ. 2018, 42, 84–90.
46. Wang, X.Y.; Zhou, C.; Feng, W.H.; Zhang, Y.; Cheng, J.L.; Jiang, X.H. Changes of soil aggregates and organic carbon in Chinese Fir

Plantation with different forest ages. J. Soil Water Conserv. 2019, 33, 126–131.

http://doi.org/10.1016/j.agee.2012.10.003
http://doi.org/10.1016/j.still.2007.09.011
http://doi.org/10.1126/science.1217909
http://doi.org/10.1007/s11104-013-1791-0
http://doi.org/10.1038/srep44641
http://doi.org/10.1007/s11104-009-0159-y
http://doi.org/10.1016/j.soilbio.2020.107742
http://doi.org/10.1016/j.agee.2017.03.014
http://doi.org/10.1016/j.catena.2018.05.009
http://doi.org/10.1016/j.geoderma.2004.03.005
http://doi.org/10.1038/nmicrobiol.2017.105
http://www.ncbi.nlm.nih.gov/pubmed/28741607
http://doi.org/10.1016/j.soilbio.2017.11.011
http://doi.org/10.1016/j.ecoleng.2017.07.027
http://doi.org/10.1016/j.catena.2019.104294
http://doi.org/10.1007/s11356-016-7583-3
http://doi.org/10.1007/s40333-018-0021-2
http://doi.org/10.1038/s41598-017-07240-6
http://doi.org/10.1002/2014JG002805
http://doi.org/10.2136/sssaj1985.03615995004900050022x
http://doi.org/10.1080/00103628409367572
http://doi.org/10.1016/j.agrformet.2019.01.012
http://doi.org/10.1016/j.still.2016.11.007
http://doi.org/10.1016/j.chemosphere.2019.125687
http://doi.org/10.1016/j.still.2007.10.011


Forests 2022, 13, 368 14 of 15

47. Chen, H.; Ma, W.M.; Zhou, Q.P.; Yang, Y.; Liu, C.W.; Liu, J.Q.; Du, Z.M. Shrub encroachement effects on the stability of soil
aggregates and the differeneiation of Fe and Al oxides in Qinghai-Tibet alpine grassland. Acta Pratacult. Sin. 2020, 29, 73–84.

48. Dai, W.H.; Huang, Y.; Wu, L.; Yu, J. Relationship between soil organic matter content and pH in topsoil of zone soils in China.
Acta Pedol. Sin. 2009, 46, 851–860.

49. Wang, X.X.; Dong, S.K.; Gao, Q.Z.; Zhang, Y.; Hu, G.Z.; Luo, W.R. The rate of soil nitrogen transformation decreased by the
degradation of alpine grassland in Qinghai Tibet Plateau. Acta Pratacult. Sin. 2018, 27, 1–9.

50. Liao, J.J.; Huang, B.; Sun, W.X.; Zou, Z.; Su, J.P.; Ding, F.; Huang, Y. Spatio-Temporal variation of soil available phosphorus and its
influencing factors—Acasestudy of rugao county, Jiangsu province. Acta Pedol. Sin. 2007, 4, 620–628.

51. Pohl, M.; Stroude, R.; Buttler, A.; Rixen, C. Functional traits and root morphology of alpine plants. Ann. Bot. 2011, 108, 537–545.
[CrossRef]

52. Leffelaar, P.A. Water movement, oxygen supply and biological processes on the aggregate scale. Geoderma 1993, 57, 143–165.
[CrossRef]

53. He, X.L.; Gao, L.; Zhao, L. Effects of AM fungi on the growth and drought resistance of Seriphidium minchünense under water
stress. Acta Ecol. Sin. 2011, 31, 1029–1037.

54. Pulleman, M.M.; Marinissen, J. Physical protection of mineralizable C in aggregates from long-term pasture and arable soil.
Geoderma 2004, 120, 273–282. [CrossRef]

55. Liu, W.T.; Wang, T.L.; Zhang, S.; Ding, L.J.; Lv, S.J.; Wei, Z.J. Effects of grazing on edificators and soil aggregate characteristics in
Stipa breviflora desert steppe. Ecol. Environ. Sci. 2017, 26, 978–984.

56. Chen, F.S.; Yu, K.; Gan, L.; Liu, Y.; Hu, X.F.; Ge, G. Effects of temperature moisture and forests succession on nitrogen mineralization
in hillside red soils in mid-subtropical region China. Chin. J. Appl. Ecol. 2009, 20, 1529–1535.

57. Totsche, K.U.; Amelung, W.; Gerzabek, M.H.; Guggenberger, G.; Klumpp, E.; Knief, C.; Lehndorff, E.; Mikutta, R.; Peth, S.;
Prechtel, A. Microaggregates in soils. J. Plant Nutr. Soil Sci. 2018, 181, 104–136. [CrossRef]

58. Chambers, L.G.; Osborne, T.Z.; Reddy, K.R. Effect of salinity-altering pulsing events on soil organic carbon loss along an intertidal
wetland gradient: A laboratory experiment. Biogeochemistry 2013, 115, 363–383. [CrossRef]

59. Yu, H.Y.; Li, T.X.; Zhou, J.M. Secondary Salinization of Greenhouse Soil and Its Effects on Soil Properties. Soils 2005, 6, 581–586.
60. Erktan, A.L.; Cécillon, L.; Graf, F.; Roumet, C.; Legout, C.; Rey, F. Increase in soil aggregate stability along a Mediterranean

successional gradient in severely eroded gully bed ecosystems: Combined effects of soil, root traits and plant community
characteristics. Plant Soil 2016, 398, 121–137. [CrossRef]

61. Bardgett, R.D.; Mommer, L.; Vries, F. Going underground: Root traits as drivers of ecosystem processes. Trends Ecol. Evol. 2014,
29, 692–699. [CrossRef]

62. Gould, I.J.; Quinton, J.N.; Weigelt, A.; Deyn, G.B.D.; Bardgett, R.D.; Seabloom, E. Plant diversity and root traits benefit physical
properties key to soil function in grasslands. Ecol. Lett. 2016, 19, 1140–1149. [CrossRef]

63. Liu, R.; Zhou, X.; Wang, J.; Shao, J.; Fu, Y.; Liang, C.; Yan, E.; Chen, X.; Wang, X.; Bai, S.H. Differential magnitude of rhizosphere
effects on soil aggregation at three stages of subtropical secondary forest successions. Plant Soil 2019, 436, 365–380. [CrossRef]

64. Yachi, S.; Loreau, M. Biodiversity and ecosystem productivity in a fluctuating environment: The insurance hypothesis. Proc. Natl.
Acad. Sci. USA 1999, 96, 1463–1468. [CrossRef]

65. Winter, M.; Devictor, V.; Schweiger, O. Phylogenetic diversity and nature conservation: Where are we? Trends Ecol. Evol. 2013, 28,
199–204. [CrossRef]

66. Haynes, R.J.; Beare, M.H. Influence of six crop species on aggregate stability and some labile organic matter fractions. Soil Biol.
Biochem. 1997, 29, 1647–1653. [CrossRef]

67. Wright, S.F.; Upadhyaya, A. Extraction of an abundant and unusual protein from soil and comparison with hyphal protein of
Arbuscular Mycorrhizal Fungi. Soil Sci. 1996, 161, 575–586. [CrossRef]

68. Pohl, M.; Alig, D.; Krner, C.; Rixen, C. Higher plant diversity enhances soil stability in disturbed alpine ecosystems. Plant Soil
2009, 324, 91–102. [CrossRef]

69. Liu, J.Y.; Zhou, Z.C.; Su, X.M. Review of the mechanism of root systems on the formation of soil aggregate. J. Soil Water Conserv.
2020, 34, 267–273, 298.

70. Bird, S.B.; Herrick, J.E.; Wander, M.M.; Murray, L. Multi-scale variability in soil aggregate stability: Implications for understanding
and predicting semi-arid grassland degradation. Geoderma 2007, 140, 106–118. [CrossRef]

71. Zuazo, V.H.D.; Pleguezuelo, C.R.R. Soil-erosion and run off prevention by plant covers. A review. Agron. Sustain. Dev. 2008, 28,
65–86. [CrossRef]

72. Agata, K.; Renée, M.B.; Rudy, V.D.; Kotowski, W. Species trait shifts in vegetation and soil seed bank during fen degradation.
Plant Ecol. 2010, 206, 59–82.

73. Lu, Q.; Ma, H.; Yu, H.; Wang, L.; Shen, Y.; Xu, D.M.; Xie, Y.Z. Effects of rotational grazing methods on soil aggregates and organic
carbon characteristics in desert steppe. Chin. J. Appl. Ecol. 2019, 30, 3028–3038.

74. Zhang, S.J.; He, X.B.; Bao, Y.H.; Tang, Q. Change characteristics of soil aggregates at different water levels in the water-level
fluctuation zone of the three Gorges reservoir. Res. Soil Water Conserv. 2021, 28, 25–30.

75. Du, H.D.; Jiao, J.Y.; Jia, Y.F.; Wang, N.; Wang, D.L. Phytogenic mounds of four typical shoot architecture species at different slope
gradients on the Loess Plateau of China. Geomorphology 2013, 193, 57–64. [CrossRef]

http://doi.org/10.1093/aob/mcr169
http://doi.org/10.1016/0016-7061(93)90152-B
http://doi.org/10.1016/j.geoderma.2003.09.009
http://doi.org/10.1002/jpln.201600451
http://doi.org/10.1007/s10533-013-9841-5
http://doi.org/10.1007/s11104-015-2647-6
http://doi.org/10.1016/j.tree.2014.10.006
http://doi.org/10.1111/ele.12652
http://doi.org/10.1007/s11104-019-03935-z
http://doi.org/10.1073/pnas.96.4.1463
http://doi.org/10.1016/j.tree.2012.10.015
http://doi.org/10.1016/S0038-0717(97)00078-3
http://doi.org/10.1097/00010694-199609000-00003
http://doi.org/10.1007/s11104-009-9906-3
http://doi.org/10.1016/j.geoderma.2007.03.010
http://doi.org/10.1051/agro:2007062
http://doi.org/10.1016/j.geomorph.2013.04.002


Forests 2022, 13, 368 15 of 15

76. Pastrán, G.; Carretero, E.M. Phytogenic Mounds (Nebkhas): Effect of Tricomaria usillo on Sand Entrapment in Central-West of
Argentina. J. Geogr. Inf. Syst. 2016, 8, 429–437.

77. Xiao, H.L.; Zhang, J.X.; Li, J.H. Dustfall Particle size and sedimentation rate at the Souther edge of Tengger Desert. J. Desert Res.
1997, 17, 127–132.


	Introduction 
	Materials and Methods 
	Study Area, Sample Layout, and Plant Sample Collection 
	Collection and Measurement of Soil Samples 
	Calculations for Soil Aggregates and Plant Diversity 
	Calculations for Soil Aggregates 
	Calculation of Plant Diversity 

	Data Analysis 

	Results 
	Differences in the Proportion and Stability of Soil Aggregates in Different Community Types 
	Influencing Factors of Soil Aggregates 
	Effects of Soil Factors and Plant Characteristics on the Stability of Soil Aggregates 

	Discussion 
	Differences in the Proportion and Stability of Soil Aggregates in Different Community Types 
	Influence of Soil Factors on the Stability of Soil Aggregates 
	Effects of Plant Characteristics on the Stability of Soil Aggregates 

	Conclusions 
	References

