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Abstract: The establishment of protective forests plays a crucial role in mitigating soil erosion
on slopes within hilly and gully regions. However, in practical applications, the configuration of
protective forests on slopes is intricate and diverse, and the suitability and rationality of different
configuration patterns for various slope sections have not been thoroughly investigated. This study
focuses on a 40-year-old artificial protective forest, examining 16 different configuration patterns on
the top, middle, and lower slopes. It compares the growth conditions, community structure stability,
and characteristics of the saturated soil’s hydraulic conductivity. The findings indicate that the top
slope should be identified as a critical area for slope protection. The optimal configuration for this
area is the “tree + grass” pattern with a spacing of 5 m x 5 m, which promotes the optimal growth of
tree species and effectively reduces the surface runoff of gravel particles ranging from 1 cm to 3 cm
in diameter. On the middle slope, the “tree + shrub + grass” structure proves effective in slowing
down the erosive force of slope runoff. The recommended spacing for trees is 5m x 6 m, and for
understory shrubs, it is 1 m x 6 m. This configuration pattern results in the most stable structure for
the plant community and maximizes the water conservation potential of forest litter. By analyzing
the characteristics of the saturated soil’s hydraulic conductivity, we find that the complexity of the
plant configuration on the lower slopes is correlated with a greater coefficient of variation in the
saturated soil’s hydraulic conductivity. Nevertheless, there is no significant difference in the average
soil saturated hydraulic conductivity per unit area between the different configuration patterns.
Consequently, the lower slope can rely on the natural recovery of herbaceous plants. The results of
this research contribute valuable scientific and technical insights to the management of soil erosion in
hilly and gully areas, both in China and around the world.

Keywords: hilly gully regions; slope protection; plant configuration modes; quality improvement

and optimization

1. Introduction

Mountains and hilly regions cover at least two-thirds of China’s total land area and
are characterized by relatively complex geological conditions, with frequent natural land-
slides [1]. Various plant slope protection techniques have been developed since the 1960s to
maintain slope stability and reduce soil erosion. These techniques provide efficient hillside
protection and enhance the engineering environment, while also promoting a harmonious
natural setting [2]. Since the 1980s, the hilly gully region of Inner Mongolia’s Ordos has
been considered a typical area for the establishment of vast expanses of soil and water
conservation forests. These forests primarily consist of Pinus tabuliformis Carr., and have
significantly contributed to mitigating soil erosion, regulating climate, and reducing natural
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disasters. However, over time, these large-scale pure P. tabuliformis forests have encoun-
tered a series of ecological issues such as slow arbor growth, reduced ecological protective
functions, low biodiversity, and severe infestations of pests such as pine caterpillars due
to their homogeneity and suboptimal structure [3]. In recent years, the policy of closing
mountains and cultivating forests in the study area has significantly improved vegetation
coverage, increased surface roughness, and effectively reduced soil and water loss caused
by wind erosion. However, due to its water-soluble characteristics, the main rock type in
the study area is the arsenic sandstone which easily erodes during rainy periods and is
eventually transported into rivers by currents. Therefore, compared to wind erosion, water
erosion is a significant problem in the study area. The construction of slope protection
forests should fully utilize their function of intercepting flow and blocking sand.

Vegetation plays a crucial role in preventing and controlling soil and water loss. Higher
vegetation coverage can effectively inhibit soil and water loss, while damaged vegetation
can exacerbate such losses [4]. When rain hits the thick branches and leaves of vegetation,
most of the kinetic energy is absorbed by the branches and leaves. This greatly weakens the
energy of raindrops reaching the surface, thus reducing sputtering erosion [5]. Currently,
vegetation remains the primary means of ecological protection for slopes in mountainous
and hilly areas. Vegetation is the cornerstone of harmonious and coordinated ecosystem
structure and function. It acts as a green protective umbrella for the soil, playing a vital
role in preventing soil erosion, regulating the hydrological cycle, and conserving water
resources. Vegetation also lays a foundation for development projects that yield economic,
ecological, and social benefits [6]. The proliferation of plantation vegetation enhances
soil anti-scouring, permeability, and water storage capacity [7]. Vegetation also increases
infiltration, prevents erosion, and resists slope runoff movement. Most importantly, shrub
and grass vegetation can reduce excessive stream flow and decrease the erosive power of
runoff, thereby minimizing soil and water loss [8].

Chinese and international scholars have conducted extensive research on the impact
of vegetation on soil and water loss. According to Peng et al. (2012) [9], the shrub layer
can reduce the total kinetic energy of rainfall by 44%. In addition to partial evaporation,
the remaining rainwater trapped by branches and leaves falls slowly or flows into the
ground along the tree trunk, thereby slowing the runoff rate, reducing the volume of runoff,
and minimizing soil erosion and loss [10]. Andres and Jorba’s (2000) [11] experiments
in Spain have shown that when the vegetation coverage on a slope is less than 25%, the
erosion rate becomes too great to support slope stability. The slope meets the basic stability
requirements only when the vegetation coverage exceeds 50%. Using field vegetation
surveys, Feng et al. (2017) [12] found that Artemisia vegetation makes up a significant
proportion of slope vegetation in the loess hilly and gully regions. Liu et al. (2016) [13]
used Artemisia ordosica as the sole vegetation type and conducted erosion tests on slopes
planted with this species. They found that the shear strength of soil containing plant
roots before and after erosion was higher than that of rootless soil. In addition, Shen et al.
(2023) [14] focused on the Liuli River demonstration area and used simulated artificial
rainfall to study the effects of soil bioengineering measures on slope erosion reduction in
the following years.

The protective forest system combines various forest types with multiple functions
and benefits to form a regional, multispecies, high-benefit, and organically integrated
protective entity [15]. The present study focused on the protective forests in the upper
reaches of the 10 major tributaries of the Yellow River basin and aimed to address the issue
that current slope ecological protection often relies on the designer’s experience for plant
selection, resulting in somewhat arbitrary and simplistic vegetation configurations. By
integrating ecological, soil, and plant science, and soil and water conservation theories,
the synchronized, comprehensive monitoring of the vegetation-water—soil interactions
across multiple scales was conducted. This allowed for the quantitative comparison of the
vegetation composition and growth conditions, soil saturated hydraulic conductivity (Ks)
differences, and gravel coverage characteristics per unit area under different configura-
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tions. The present study evaluated the adaptability and protective capabilities of different
configurations of mountain slopes to identify the optimal vegetation configuration for
slope protection. This study aimed to provide scientific guidance for the construction of
protective forests on slopes in hilly and gully regions. Therefore, the establishment of the
optimal vegetation allocation model should ensure maximum reduction in gravel exposure
and promote stand growth, benefiting plant community structure stability, increasing soil
saturated water conductivity and litter water retention. Additionally, during subsequent
research processes, we will continue to investigate carbon sink capacity, water quality,
and wind erosion in stands with different configuration modes to provide more scientific
guidance for slope protection forest construction in hilly and gully regions.

2. Materials and Methods
2.1. Overview of the Study Area

The research area is located in the Dongsheng mountainous and hilly regions of Ordos,
Inner Mongolia (Figure 1). This area has a unique geographical position, so its topography
exhibits zonal characteristics. The primary soil type in this basin is chestnut calcium, which
covers approximately 75% of the basin. The nutrient content of the soil is relatively low, and
the dominant rock type is arsenic sandstone [16]. Arsenic sandstone accounts for 51% of the
total basin area. The bedrock in the vast majority of the region exhibits poor rock-forming
properties and coarse granulation, and is subject to intense mechanical weathering and
exfoliation, making it highly susceptible to erosion and surface runoff. The region exhibits a
continental monsoon climate, with annual precipitation ranging from 309.5 mm to 414.9 mm.
More than 70% of the annual rainfall occurs between July and September, predominantly
in the form of torrential downpours. The winter and spring seasons are characterized by
drought and frequent winds. The region experiences an average of 28.5 days of strong
winds annually, with a maximum of 50 days. The average wind speed during these windy
days is 19 m/s, with peak speeds of 24 m/s. The average annual temperature for the entire
basin is between 6.2 °C and 7.2 °C, with January averaging —12 °C and July averaging
23 °C[17].
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Figure 1. Overview of the research area.

2.2. Research Methodology
2.2.1. Plot Layout and Vegetation Survey

Eight typical protective areas were selected for the plant community survey between
June and August 2020-2022. A survey point with evenly distributed vegetation was selected
within each area to ensure that the sampling was representative. A 100 m x 100 m plot was
designated at each selected survey point (Figure 2). Using the 5-point quadrat sampling
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method, 5 20 m x 20 m quadrats and 9 1 m x 1 m herbaceous quadrats were established
within each plot [18]. Within the quadrats, information on the arbor and shrub species, the
number of stems (density), the diameter at breast height (DBH), the height, and the canopy
width were recorded. Additionally, the species and number of dead arbors and shrubs were
recorded. The herbaceous quadrats were surveyed to determine the community species
composition, density, height, and coverage. Plant height refers to the vertical distance from
the highest point of a plant in its natural state to the ground. Canopy width is defined
as the product of widths in the north—south and east-west directions of the sapling. The
height, growth rate, and canopy width were measured using a steel tape. Ground diameter
refers to the diameter of the sapling stem close to the ground, and it was measured using
digital calipers [19]. The survey results are shown in Table 1.

Gl G2
10m
(<]
G5
G4 G3
100m

Figure 2. Schematic of quadrat layout and quadrat survey. Note: (C1-C9: herbaceous quadrats;
G1-G5: arbor quadrats).

Table 1. Overview of community structure in the eight configuration modes.

Different Slope Position Configuration Structure

Pattern  Altitude/m  Slope/°  Aspect of Slope -
Slope Top Slope Middle Slope Bottom
1 1439 15 NW Grass arbor + Shrub + Grass Grass
2 1418 13 NW arbor + Grass arbor + Shrub + Grass Shrub + Grass
3 1416 16 NW arbor + Grass Shrub + Grass arbor + Grass
4 1426 14 NW arbor + Grass arbor + Shrub + Grass arbor + Shrub + Grass
5 1420 14 NW Grass Grass Grass
6 1431 13 NW Grass Shrub + Grass Shrub + Grass
7 1425 15 NW Shrub + Grass Grass Shrub + Grass
8 1427 15 NW Shrub + Grass Grass Grass

Note: all the trees in the plant community in this study were Pinus tabuliformis, and the shrub species were
Caragana korshinskii Kom. Both trees and herbs were planted in the 1980s, and the herb species were mainly Stipa
spp., Leymus chinensis, and other plants.

2.2.2. Determination of the Surface Gravel Coverage

Three 1 m x 1 m gravel quadrats were uniformly selected at each sampling point.
Surface weeds were removed, and the top 0-5 cm of the soil within the quadrat was
collected. After an initial field screening, the gravel retained on each sieve layer was
gathered, sorted based on particle size, stored in sealed plastic bags, and labeled for
identification (Figure 3).
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Figure 3. Collection of exposed surface gravel.

The collected gravel samples were air-dried in the laboratory. They were then rinsed
several times with clean water until all adhering substances were completely removed.
Once dried, gravel pieces were stained with ink and air-dried in a cool place for 12 h until
they turned completely black. The stained gravel pieces were then randomly scattered on a
square wooden board with a white background (side length, 100 cm) [20]. A digital camera
was used to capture three sets of photographs of the gravel, which were then stored, labeled,
and processed using Image] 2018 software to determine the gravel coverage (Figure 4).

Figure 4. Scanned image processing results of surface gravel.

2.2.3. M. Godron’s Method for Determining Community Structural Stability

The stability of the plant community structure was assessed using M. Godron’s method
of stability determination [21]. First, the measured plant coverage was sorted in descending
order and then converted to the relative coverage. Subsequently, these relative coverages
were cumulatively added in descending order to calculate the cumulative relative coverage,
represented by (y). The inverse of the total herbaceous plant coverage within the plot was
calculated and cumulatively summed based on the number of plant species, termed as the
species cumulative percentage, represented as (x) [22].

The results were fitted using a curve equation, with the intersection of the straight line
(y = 100 — x) and smoothed curve serving as the reference point for plant community stability.

Equation (1):

RC; = Ci/Cr, 1)

where RC; is the relative canopy cover of the ith species, C; is the canopy cover of the ith
species, and Cr is the total canopy cover of species in the sample plot.
Equation (2):

X=Y3 ®
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where X is the cumulative percentage of species, i is the ith species, and S is the total
number of species.
Equation (3):

S
Y=Y RC, G)

where Y is the cumulative relative canopy cover, RC; is the relative canopy cover of the ith
species, and S is the total number of species.
The linear equation is
Y =100 — x, (4)

When the smoothed curve is fitted to the system of linear equations and combined
with the linear equation, the resulting value of x should be selected such that both x and Y
are real numbers greater than 0 and represent where the curve intersects. The coordinates
(%, Y) of this intersection point and the Euclidean distance to the stability point (20, 80)
determine the level of stability. A shorter distance from the intersection to the reference
point implies a more stable community, whereas a longer distance indicates an unstable
community [23].

2.2.4. Investigation of the Water Retention Function of Litterfall
Measurement of Litterfall Water-Holding Capacity

Three 0.5 m x 0.5 m plots were set up diagonally in each sample site. Although the
natural state of the litterfall was maintained, the species composition, thickness, and cover
of the litterfall within the plot were measured using both the ruler and grid collection meth-
ods. After recording the measurements, litterfall was collected from the undecomposed and
semi-decomposed layers separately, placed in sealed plastic bags, labeled, and weighed to
obtain the fresh weight (Figure 5).

Figure 5. Measurement and collection of understory litterfall.

The litterfall samples were dried in a constant-temperature oven (80 °C) until a con-
stant weight was reached. The dry weight per unit area was measured to determine the
litterfall accumulation. The water-holding capacity and absorption rate of the litterfall
were measured using a fixed-time soaking method. At intervals of 0.08 h (5 min), 0.17 h
(10 min), 0.25h,1h,1.5h,2.5h, 4.5 h, 12 h, and 24 h, the soaked litterfall was removed, left
to allow the weight to stabilize, and then weighed to record the water retention process
and to calculate the water-holding capacity and absorption rate for each soaking time. The
maximum retention capacity of litterfall occurred when the maximum retention capability
was reached. However, under actual rainfall, due to the influence of factors such as gravity
and the slope, the actual retention amount was only 0.85 times the maximum, known as
the effective retention amount. The calculation formulae are as follows [24].
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The natural moisture content of litterfall (Ry%):

(W1 — W)
Rop = ~————=% x 100%
0 A x 100%, (5)
where W is the wet weight of the litterfall (g) and W is the dry weight of the litterfall (g).
Dry accumulation of litterfall per unit area:

1 —6
_ W <1077 ©)
25x%x10->
Maximum water-holding rate of the litterfall:
W3 — W,
Rppax = W, x 100, (7)
where W3 is the water content of litter after 24 h immersion in water (g).
Maximum water-holding capacity of litterfall:
R X M
Whmnx = %/ (8)
Maximum retention rate of litterfall:
Rsmax - Rhmax - RO/ (9)
Maximum retention amount of litterfall:
Rsmax X M
W, = 1
smax 100 7 ( 0)
Effective retention rate of litterfall:
Rsy = (0.85Rpax — Ro) x 100, (11)
Effective retention amount of litterfall:
Ry x M
We, = 22—~ 12
o= 2 (12)

Evaluation of Water Retention Function of Litterfall

This study used a coordinate comprehensive evaluation method to investigate the
water retention function of litterfall in P. tabuliformis forests under four different modes [25].
The evaluation criteria were based on the following six indicators (n = 6): thickness of litter-
fall, maximum water-holding rate, effective retention rate, accumulation amount, maximum
water-holding amount, and effective retention amount. First, each indicator is standard-
ized, where i denotes different densities of P. tabuliformis forests and j represents different
indicators. The original data are denoted as Xij, and Xj signifies the maximum value of
each indicator. Based on Formula (13), the relative value d matrix coordinates are obtained.
Then, according to Formula (14), the distance of the j indicator of the P. tabuliformis forest
of density to the standard point is calculated. Finally, based on Formula (15), the sum Si of
the distances of each indicator of the P. tabuliformis forest of density i to the standard point
can be obtained. A smaller evaluation value indicates a relatively higher water retention
function [26].

dij = Xii/ X, (13)

Pi= [y (1—dy)’, (14)

1
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n
Si=) Py (15)
j=1

2.2.5. Saturated Hydraulic Conductivity of Soil

The saturated hydraulic conductivity refers to the amount of water that flows through
a unit area of soil under a unit hydraulic gradient over a unit time when the soil is saturated.
A ring knife was used to collect undisturbed soil samples, and a filter paper of the same
size as the ring knife was placed with its bottom facing upwards. A piece of gauze was
wrapped around the bottom of the ring knife using a rubber band. The gauzed end of the
ring knife was immersed in a container filled with standing water until the water level was
approximately 1 mm from the top of the ring knife. After the ring knife was saturated, it was
weighed. The water content at this point represented the saturated water content of the soil.
A saturated weighed ring knife was placed in a funnel with a plastic cup underneath. An
empty ring knife was fitted over each saturated ring knife, and the junction was sealed with
glue, tape, or rubber bands to ensure that no water leaked. The ring knife was connected to
a Mariotte bottle, and the water head was adjusted to approximately 2 cm. Timing began
once the water began to infiltrate the ring-knife sample. The infiltration volumes were
recorded at intervals of 1, 2, 5, 10, 20, and 30 min. Each interval was measured 10 times
until a steady infiltration rate was achieved. The stable infiltration rate was calculated
based on the infiltration volume and time [27] using the following formula:

Ko = (10QL)/Atn(H + L), (16)

where K represents the measured saturated hydraulic conductivity of the soil (mm/min),
Q is the flow volume of water in the ring knife over the measurement time (cm?), L is the
height of the ring knife (5 cm in this study), A is the cross-sectional area of the ring knife
(20 cm?), t is the measured time (min), and H is the height of the water head (cm).

The measured values were converted to those at 10 °C using the following formula [28]:

Ks = Ko/ (0.7 +0.03ty), (17)

where K; is the saturated hydraulic conductivity of the soil at 10 °C (mm/min) and ¢ is the
temperature (°C) at which the saturated hydraulic conductivity of the soil was measured.

2.2.6. Calculation of Species Diversity

Plant diversity serves as a foundational tool for studying the organizational level and
functional status of communities, and acts as a prime indicator of the state of soil and water
conservation in the research area. The quantitative characteristics of plant communities
can be analyzed by surveying and recording the types, canopy coverage, and frequency of
plants in the study area [29]. Species diversity indices include the species richness index,
Shannon-Wiener diversity index, and Pielou’s evenness index. The diversity index D is
calculated based on its importance [30]:

ImportanceValue = (CR+ HR + DR) /3, (18)

where CR is the relative canopy coverage, HR is the relative height, and DR is the relative
density.

Relative Density (%) = (number of individuals of a species/total number of species) x 100% (19)

Relative Canopy Coverage (%) = (Canopy coverage of a species/Total canopy coverage of all species) x 100% (20)

Relative Height (%) = (Average height of a species/Sum of average heights of all species) x 100% (21)

Species Richness Index:
R=5, (22)
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where S represents the number of species in each sample plot.
Shannon-Wiener Diversity Index:
D = ) _DinP;, (23)
Pielou’s Evenness Index:
J=D/InS (24)

where P; = N;/N, N; is the importance value of the i species, and N is the sum of the
importance values of all species in the community.

2.2.7. Data Processing

Data were summarized and statistical analyses were performed using Excel software
2020. Vegetation canopy cover and diversity indices were calculated. The M. Godron
community structure stability graph was plotted using Origin 2021 software. The surface
gravel coverage was computed after scanning with Image] software. Schematic diagrams
of the plant layout were generated using Figdraw 2019 software. The research process is
shown in Figure 6.
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Figure 6. Research technology roadmap.

3. Results and Analysis
3.1. Characteristics of Plant Communities in the Study Area
Analysis of Plant Diversity Indices under Different Configuration Modes

Plant diversity is a vital indicator of ecosystem stability that plays a pivotal role in
preventing soil erosion, sustaining soil productivity, and other aspects [31]. Indices such as
the Margalef richness index, Simpson index, and Pielou evenness index can directly reflect
the stability of ecosystems and have been widely applied in the field of ecology.

From Figure 7, a comprehensive analysis incorporating the Margalef richness index,
Simpson index, Pielou evenness index, and Shannon-Wiener index revealed that plant
diversity varied under different configuration modes. At the slope top and middle, the
species diversity in the arbor + grass and arbor + shrub + grass configurations was higher
than in the shrub + grass and pure natural herb configurations. Thus, in the hilly slope tops
and middle areas, the arbor + grass and arbor + shrub + grass composite configurations
dominated. However, species diversity at the slope base was not significantly affected by
forest structure. Studies have shown that soil from the top and middle of a slope erodes and
accumulates at the slope base, resulting in a thicker soil layer. In hilly areas, soil influences
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plant growth more than forest structure, leading to a lack of significant differences in species
diversity at the slope base among the various configuration modes.

4

- 7
= Do

I

Margalef Richness Index

- T W
° L

Shannon~Wiener Index Simpson Index

Figure 7. Comparison of species diversity across different slope positions for the eight configuration
modes. Note: P-1 through P-8 represent different configuration modes.

Considering species diversity, four arbor + shrub + grass configuration types that
exhibited higher diversity among the existing eight protective modes were selected for
comparative analysis. For different slope positions, the soil and water conservation perfor-
mances were assessed based on different evaluation indices. The best protective mode for
soil and water conservation in hilly areas was established based on the excellence of these
indices. The simulation diagrams of the four selected protective modes shown in Figure 8
are based on field investigations.

For detailed investigation, the slope was divided into three parts based on the forestry
classification standards for slopes: the top, the middle, and the bottom. The specific
configuration modes are presented in Table 2.
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Figure 8. Schematic of the four protective modes. Note: P-1 through P-4 represent different configu-
ration modes.

Table 2. Plant configurations of the four protective modes.

I, . Configuration Structure Quantity
Pattern Position Species of Arbors (Plant Space x Row Space) (Strain/hm?)
Slope top Herbal —_— —_—
. P. tabuliformis 5mx 6m 333
P-1 Slope middle Caragana korshinskii 6m x 1m 1667
Slope bottom Herbal e —_—
Slope top C. korshinskii Imx5m 2000
. P. tabuliformis 5m x 3m 667
P-2 Slope middle C. korshinskii 1mx5m 2000
Slope bottom C. korshinskii Imx5m 2000
Slope top P. tabuliformis 3m X 3m 1111
P-3 Slope middle C. korshinskii Imx3m 3333
Slope bottom P. tabuliformis 3m x3m 1111
Slope top P. tabuliformis 5mx5m 400
. P. tabuliformis 5m x 10 m 200
P-4 Slope middle C. korshinskii 1mx10m 1000
P. tabuliformis 5mx5m 400
Slope bottom C. korshinskii 1m x 5m 2000

Note: P-(1-4) represent different configuration modes.
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3.2. Protective Forest Configuration Effects at the Slope Top
3.2.1. Analysis of Surface Gravel Coverage under the Canopy

The goal of slope treatment is to reduce the runoff time and intensity on the slope
surface to prevent soil erosion. As the highest part of the mountain, the slope top has
infertile soil and high gravel coverage. This makes the slope top highly susceptible to wind
and water erosion, leading to substantial nutrient loss. Therefore, the treatment of the top
slope is of paramount importance [32].

The primary protective modes at the top of the study area were natural grass recovery,
shrub—grass protection, arbor-shrub-grass protection, and arbor—grass protection. To
compare the effects of different configuration modes, Image] software was used to analyze
the characteristics of the exposed surface gravel at the top of the slope (Figure 4). Based on
gravel particle size classification standards, the gravel particle size ranged from 1 cm to
8.4 cm. In this study, gravel particles of size D were categorized into the following three
size ranges for analysis: 1-3 cm, 3-5 cm, and >5 cm.

As shown in Figure 9, there were significant differences in the surface gravel coverage
at the top of the slope under the four configuration modes. The percentages of surface
gravel coverage per unit area for modes 1-4 were 46.7%, 40.5%, 7.6%, and 6.3%, respectively.
The gravel coverage at the slope top without vegetation measures and under pure shrub
configurations was similar, and significantly higher than that under pure arbor forests and
arbor-shrub mixed forests at six to seven times their coverage.
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Figure 9. Proportions of gravel particles of different sizes at the slope top in four modes. Note: different
letters indicate significant differences (p < 0.05). P-1 through P-4 represent different configuration modes.

The size of the exposed gravel at the top of the slope was further analyzed using
sieving and measuring methods. As shown in Figure 10, different protective modes
influenced surface gravel of different sizes to varying extents. For gravel sizes in the ranges
of 1cm <D <3 cm and 3 cm < D < 5 cm, the surface gravel coverage under the bare
land and pure shrub modes was significantly higher than that under the pure arbor and
arbor—shrub modes. However, this difference was not pronounced for D > 5 cm. In this
study, it was observed that smaller gravel particles were mainly composed of arsenopyrite,
which quickly dissolves upon contact with water, supplying the flow with substantial
sandy material. Given that the slope top is the highest point of the mountain, providing
ample force for water flow directly leads to mudslides, posing a significant threat to
local ecological safety. Hence, arbor-grass or arbor-shrub-grass configurations should
be applied for protection at the slope top, essentially opting for Mode 3 or Mode 4 to
effectively reduce the amount of soil carried away by water erosion and minimize soil and
water losses. This approach is termed the “cap on the mountaintop” strategy.
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Figure 10. Comparison of different gravel coverage particle sizes at the slope top for the four modes.
Note: (D: gravel size).

3.2.2. Comparison of Growth Conditions between the Two Configuration Modes

The cap on the mountaintop configuration mode had a noticeable effect on intercepting
flow and reducing sediment on the slope top. However, in practical applications, it is crucial
to focus on the survival and growth conditions of the protective forests. The survival
rate and growth directly affect the ecological benefits of forests. Hence, the ecological
methodology of “three dimensions, one quantity” was used to compare the growth index
characteristics of the arbor layer at the slope top for Mode 3 and Mode 4 to identify the
optimal configuration mode for slope top protection.

The most significant difference between the two modes was in the spacing between
arbor plants. In Mode 3, the plant spacing was 5 m x 5 m, whereas in Mode 4, it was
3m x 3 m. As shown in Figure 11, after comparing the growth indices of the arbor layers
for the two configurations, it was observed that the average height, average DBH, and
average timber volume of the Mode 3 arbor layer were all higher than those of Mode 4. The
average coverage per unit area was similar in both groups. A comprehensive comparison
indicated that Mode 3 was superior to Mode 4. The main reason for this is that in Mode 4,
the interplant distance is shorter. Although this initially leads to a denser forest canopy,
as time progresses, the adverse effects of excessive planting density become more evident.
This is mainly reflected in greater competition between species, which results in slower
plant growth. The overall development and stability of such forests deteriorate over time,
increasing their susceptibility to pests and diseases. This can cause the death of many
plants. Therefore, when the arbor plant spacing at the top of the slope was 5 m x 5 m, this
spacing offered the best long-term protective effect for the slope top.
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Figure 11. Comparison of growth indices of arbor layer at the slope top for two configuration modes.
Note: DBH: Diameter at breast height.
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3.3. Protective Forest Configuration Mode Effect on the Slope Middle
3.3.1. Analysis of Forest Stand Community Structural Stability

The mid-slope area is crucial for maintaining slope stability. This area effectively
slows slope runoff erosion and reduces the chances of flash floods, making it a primary
protective area in hilly regions. This study adopted the modified M. Godron stability
measurement method and employed Origin 2021 software to simulate the curves for the
four slope-protection modes (Figure 12). According to the principle of M. Godron stability
and the intersection coordinates of the smooth curve and the straight line, the closer the
intersection coordinate values are to the equilibrium point (20, 80), the more stable the
community structure [33]. The Euclidean squared distance between the intersection and
equilibrium points was used as the evaluation standard to intuitively express the difference
in distance between the intersection and equilibrium coordinates. The smaller the distance,
the greater the stability. The results are presented in Table 3.
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Figure 12. M. Godron stability fitting curves for different configuration modes.

Table 3. Impact of different configuration modes on plant community stability.

oy Intersection Euclidean Square
2
Pattern Fit Line R Coordinates Distance Judgment Results
P-1 y = —0.0055x2 + 0.9421x — 58.8068 0.97 (22.65, 77.35) 14.05 Stabilize
P-2 y = —0.00943x2 + 1.3931x — 50.5464 0.93 (22.69,77.31) 14.52 Stabilize
P-3 y = —0.00922x2 + 1.3884x — 49.7916 0.94 (24.08, 75.92) 25.94 Instabilize
P-4 y = —0.0102x2 + 1.5875x — 40.7730 0.99 (25.44,74.56) 59.21 Instability

From Figure 13 and Table 3, the results of the community structure stability assessment
for the four configuration modes are as follows:
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Figure 13. Water conservation characteristics of understory litter under different configuration modes.
Note: P-(1-4) represents the four configuration modes; lowercase letters a, b, and c indicate significant
differences (p < 0.05).

The Mode 1 community stability fitting equation is y = —0.0055x% + 0.9421x — 58.8068,
with intersection coordinates at (22.65, 77.35) and a Euclidean squared distance of 14.05 from
the equilibrium point. Among the four modes, this distance was the smallest.

The Mode 2 vegetation community stability fitting equation is y = —0.00943x? + 1.3931x
— 50.5464, with intersection coordinates at (22.69, 77.31) and a Euclidean squared distance
of 14.52 from the equilibrium point. This distance was slightly less than that of Mode 1.
However, the difference between the two modes was not significant, and the vegetation
community stability was similar.

The Mode 3 vegetation community stability fitting equation is y = —0.00922x? + 1.3884x
— 49.7916, with intersection coordinates at (24.08, 75.92) and a Euclidean squared distance
of 25.94 from the equilibrium point, which was higher than in Mode 1 and Mode 2.

The Mode 4 community stability fitting equation is y = —0.0102x? + 1.5875x — 40.7730,
with intersection coordinates at (25.44, 74.56) and a Euclidean squared distance of 59.21 from
the equilibrium point. This was significantly higher than that of the first three modes. The
main reason was that the Mode 4 mid-slope configuration of the P. tabuliformis forest had
a spacing of 3 m x 3 m, resulting in a larger canopy closure per unit area. This limited
the photosynthesis of plants underneath, leading to poor growth conditions. As a result,
the vegetation community stability was the worst. In Mode 3, the spacing between arbor
species was larger, leading to weaker soil and water conservation effects as well as soil
erosion, which caused the loss of nutrients necessary for plant growth.

In general, an appropriate configuration mode is the key factor for maximizing the
soil and water conservation role of a forest stand, minimizing soil nutrient loss, benefit-
ing vegetation growth and recovery, and playing a decisive role in the stability of the
plant community.
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3.3.2. Hydrological Benefits of Understory Litter under Different Configuration Modes

The litter layer, which acts as the second functional layer in forests for water con-
servation, possesses robust runoff interception and water-retention properties. Its water
retention capacity is two to five times its dry weight and plays an extremely vital role in
the hydrological processes of the forest ecosystem [34].

As shown in Figure 13, a comprehensive comparison of six indicators (the litter
thickness, accumulation, maximum water retention rate, effective water retention volume,
effective interception rate, and effective interception volume under different configuration
modes) revealed that the accumulation of the semi-decomposed litter layer was two to
four times that of the undecomposed layer, and its thickness was doubled. The water reten-
tion and interception rates of the semi-decomposed layer were also higher, indicating their
key roles in water conservation. Among the four configuration modes, the indicators of
litter thickness, accumulation, water retention, and interception rate in Mode 1 were signifi-
cantly higher than those in the other three modes, suggesting that the water conservation
function of understory litter in P-1 was superior to that in the other three modes.

Analyzing the water retention capability indicators of understory litter under different
configuration modes revealed varying patterns, making it challenging to evaluate the water
conservation function of litter under different modes. The comprehensive coordinated
evaluation method adopted in this study can address this issue effectively.

The results of the evaluation of the water conservation function of understory litter
under the four configuration modes are shown in Table 4. The understory litter water
conservation function in Mode 1 was significantly better than those of the other modes.
Therefore, based on a comparative analysis of the stability of the plant community structure
and the water conservation function of litter under different configuration modes, it is
recommended that a protection mode of arbors + shrubs + herbs be adopted in the mid-
slope area during actual slope protection processes. In this mode, the arbor stand spacing
should be 5 m x 6 m, the understory Caragana korshinskii spacing should be 1 m x 6 m, and
the herbaceous layer should primarily consist of naturally regenerated plants.

Table 4. Evaluation of water conservation function of P. fabuliformis litter at different densities in
Ziwuling, Loess Plateau.

. Max. Water Effective Standing = Max. Water  Effective Storage
Pattern  Thickness Retention  Retention Rate Volume Capacity Capacity Evaluate Sort
P-1 0.00 0.02 0.14 0.00 0.00 0.00 0.16 1
pP-2 0.17 0.00 0.00 0.33 0.25 0.07 0.82 2
P-3 0.25 0.02 0.01 0.28 0.35 0.25 1.16 3
P-4 0.21 0.15 0.14 0.23 0.21 0.17 1.11 4

3.4. Protective Effect of Slope Bottom Configuration Modes
3.4.1. Analysis of Ks

The Ks refers to the flow rate of water through a fixed area of soil when the soil is
saturated and under a unit hydraulic gradient [28]. The Ks, as an essential indicator of soil
permeability, is conducive to the infiltration of rainfall into the soil, reducing surface runoff
and thereby achieving the objectives of disaster mitigation and water conservation. In the
slope bottom areas, where the soil layer is relatively thick, a higher Ks can effectively slow
the flow of water, thus reducing soil and water erosion.

As shown in Figure 14, research on the saturated hydraulic conductivity of the 0-60 cm
soil layer under the 4 slope bottom vegetation configuration modes revealed the following;:

For the 0-20 cm soil layer, the Ks ranged from 0.17 to 3.87 mm/min, with an average Ks
of 1.38-1.47 mm/min. For the 2040 cm soil layer, the Ks ranged from 0.43 to 1.73 mm/min,
with an average Ks of 0.74-0.79 mm/min. For the 40-60 cm soil layer, the Ks ranged from
0.23 to 0.69 mm/min, with an average Ks of 0.42-0.45 mm/min.
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Figure 14. Characteristics of soil saturated hydraulic conductivity under different protective modes
at the slope bottom.

Overall, the trend revealed higher values in the topsoil that gradually decreased with
depth. This pattern corresponded to the changes in the saturated hydraulic conductivity
values along the soil profile. However, no significant differences were observed in the
average saturated hydraulic conductivity of the soil within the same soil layer. This phe-
nomenon was primarily influenced by the soil texture. The soil in the study area consists
mainly of antimony shale, which dissolves upon contact with water. The distribution char-
acteristics of the arbors and shrub roots also affected the saturated hydraulic conductivity.
During the research, it was found that within a 0-50 cm radius under the arbor or shrub
canopy, the Ks was relatively high. When the radius exceeded 50 cm, the conductivity
gradually decreased. This phenomenon was mainly due to the fact that the herbaceous
cover beneath the arbor canopy at the slope bottom was less than that without arbors.
Therefore, although arbors and shrubs increased the Ks within a certain range, there was
no difference in the average conductivity when calculated over the entire plot. This was
also a significant factor contributing to the observed variability in the Ks within the same
configuration mode (Figure 15).
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Figure 15. Schematic of under-canopy soil saturated hydraulic conductivity.
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3.4.2. Variation Coefficient of Ks

In classical statistics, the coefficient of variation (Cv) is used to analyze the variability
characteristics. Based on the degree of variation, a Cv of <0.1 indicates weak variability,
0.1 < Cv < 1 indicates moderate variability, and Cv > 1 signifies strong variability [35].

As shown in Figure 16, significant differences were observed in the Cv for saturated
hydraulic conductivity across different soil layers. Overall, the variation was moder-
ate. Ranked in order of the Cv magnitude, the sequence was arbor + shrub + grass
mode > arbor + grass mode > shrub + grass mode > pure herbaceous mode. This indicates
that the more complex the vegetation configuration mode, the greater the Cv for the Ks.
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Figure 16. Coefficient of variation of soil saturated hydraulic conductivity in different soil layers.
Note: different letters indicate significant differences (p < 0.05).

Considering both the average Ks per unit area and the Cv and adhering to the prin-
ciples of scientific protection and cost efficiency, the protective mode at the slope bottom
should mainly consist of naturally recovered herbaceous plants, supplemented with ar-
tificial maintenance and grazing prohibition measures to ensure the stable growth of the
herbaceous community.

4. Discussion
4.1. Diversity of Different Forest Stand Structures

Species diversity is fundamental for the functioning and maintenance of ecological sys-
tems. Most forests experience varying degrees of human activity. Plant paracommunities
are influenced by fragmentation and climate change, leading to the formation of micro-
habitats within these regions [36]. There is limited understanding of how environmental
heterogeneity affects community composition, structure, and function. Environmental
heterogeneity is a crucial factor in the development of biodiversity conservation plans [37].
Different forest types have different species compositions, resulting in distinct structures.
Secondary forests exhibit structures formed through long-term interactions between forest
plants and the environment. In contrast, plantations often display inferior spatial structures
because of their regeneration methods. Species diversity determines the complexity of com-
munity structure and function, reflecting multifaceted differences in the community [38].

Vegetation restoration directly manifests itself as the recovery of plant diversity. Stud-
ies of plant diversity beneath various forest stand structures have revealed significant
differences in the Shannon-Weiner diversity index, Simpson diversity index, and Pielou’s
evenness within the herbaceous layer among different stand structures. Species diversity
and dominance in the arbor + shrub + grass mode were markedly higher than in the shrub
+ grass and sole herbaceous modes. The arbor + shrub + grass mode exhibited the most
uniform distribution with the highest species diversity and richness. This indicates that
compound structural stands can effectively enhance plant diversity in hilly and gully areas,
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thereby improving the regional environment [39]. However, when the spacing between
arbors was too small, the richness of the interspecies plants significantly diminished. Al-
though such communities approach climax communities and become almost entirely closed
canopies, the growth and renewal capabilities of understory plants decline. Consequently,
the herbaceous layer has diminished species richness and shows a notable lack of resilience
and adaptability to environmental change. Density plays a significant role in seedling
survival rates and the maintenance of species diversity. Competition for resources such as
sunlight and soil nutrients also affects the persistence of species diversity [40].

4.2. Community Structure Stability
4.2.1. Relationship between Plant Diversity and Community Structure Stability

Community stability refers to the ability of a community to maintain interspecies
interactions and achieve relative equilibrium, as well as its capacity to recover to a stable
state when subjected to external disturbances [41]. It is commonly believed that the more
complex the community structure and the higher its species diversity, the more stable the
community. Thus, community diversity is an essential metric for stability [42]. In this study,
the stability of the herbaceous communities beneath various vegetation configurations
mirrored the trend in plant diversity. A study by Zhang et al. (2023) [43] found that
species diversity can enhance community productivity, optimize ecosystem functions, and
bolster community stability. Meanwhile, Keersmaecker et al. (2014) [44] reported on the
relationship between biodiversity and ecosystem stability. They posited that plant diversity
serves as a critical barrier to sustaining ecosystem functions when plant communities
face severe external disturbances. This is an indispensable condition for maintaining
community stability. An increase in plant diversity tends to enhance community stability.
This aligns with the findings of the present study that when the total community density is
held constant, the species density variability diminishes with increased species diversity,
subsequently enhancing community stability. However, some researchers have argued that
species diversity does not correlate linearly with stability. The driving force behind the
stability introduced by species diversity is not the diversity itself, but the community’s
ability to include species or functional groups. Gu et al. (2020) [45], in their analysis of
community diversity and stability in mining areas, found no significant correlation between
the two.

The study area, which is characterized as a hilly gully region, has a fragile environment.
The primary vegetation type in natural succession in this area consists of herbaceous plants,
and the study area is currently in an early succession stage, with limited plant species
and no mature functional groups. In artificial forests, the native species combination of
P. tabuliformis and C. korshinskii was found to have the highest species diversity. However,
the community stability varied depending on the configuration mode. This finding indi-
cates that community stability is closely associated with multiple factors. The sole use
of species diversity to explain community stability has limitations, particularly during
the initial phase of community construction. Birmele et al.’s (2015) [46] research suggests
that as community succession progresses, the structural units with strong and very strong
interspecies combinations increase, the species richness grows, and the forest stability
strengthens. Hu et al. (2016) [47] research also indicates that the community succession
trend progresses from instability to stability. The aim of this study was to enhance the eco-
logical quality of the mixed P. tabuliformis forest in the study area, including both artificially
planted and naturally occurring forest stands. Given its simple arbor species composition
and structure, only appropriate configuration methods can increase the community stability.
Therefore, selective logging and replanting can be performed in relatively unstable forests
to increase the species richness and promote positive succession in artificial forests.

4.2.2. Community Stability Research

The stability of the vegetation community in hilly gully regions presents an intricate
issue. To date, there is no unified understanding or methodological framework regarding
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community stability, its influencing mechanisms, and measurement approaches [48]. Re-
search on community stability is generally based on a linear regression succession. The
M. Godron method has been widely adopted for stability measurements. This offers a
systematic and comprehensive approach to gauging the stability of vegetation communities.
This method, which is based on the overall characteristics of the vegetation community,
effectively mirrors the developmental trajectory and evolving trends of the community.
Given that the present study focused on the hilly gully region of China, which is character-
ized by complex geographical features, topography, and soil, among other environmental
factors, the M. Godron method was modified. In the revised approach, plant species
were substituted for vegetation cover. Combined with mathematical modeling, this made
the M. Godron stability measurement method more quantitative, thereby enhancing its
credibility. This approach provided a more intuitive representation of the stability of
vegetation communities. By eliminating subjective human influence, this approach more
accurately represented the stability of vegetation communities, aligning with the principles
of ecological development [49].

4.3. Factors Affecting the Water-Holding and Retention Abilities of Litter

The water-holding capacity of litter is a crucial indicator of its ability to retain moisture
and its role in water conservation. This can be quantified through metrics such as the
maximum water-holding capacity and the maximum water-holding rate. Research by
Song et al. (2012) [50] and others on three forest types in the southwestern mountainous
region found no significant difference between the maximum water-holding capacities of
partially decomposed and undecomposed litter layers. This suggested that the degree of
litter decomposition did not significantly influence the maximum water-holding capacity.
In contrast, the present study found that the maximum water-holding capacity of partially
decomposed litter was significantly higher than that of undecomposed litter. This could be
because litter storage in different forest types was positively correlated with the maximum
water-holding capacity, and there was no significant difference in litter storage among the
different decomposition layers, making the difference in their maximum water-holding
capacities insignificant.

The effective retention volume and rate of litter are estimates of how litter intercepts
rainfall, factoring in its natural moisture content, and reflecting the actual water conser-
vation function of the litter. Liu et al. (2016) [13] study on the typical forest litter storage
and water-holding ability in the southwestern mountain region found that there were no
significant differences in the effective retention volume and rate between different forest
types, whether in the partially decomposed or undecomposed litter layers. Moreover, the
maximum water-holding capacity and effective retention volume of litter under different
forest configurations were positively correlated. However, the magnitude of the correlation
showed no evident patterns across different forest types or decomposition layers. Con-
versely, Hu et al. (2021) [15] study of the litter of seven artificial forests in the plains and lake
region of the middle Yangtze River found that the effective retention volume of the partially
decomposed layer was higher than that of the undecomposed layer, whereas the effective
retention rate of the undecomposed layer surpassed that of the partially decomposed layer.
However, the present study observed that both the effective retention volume and rate were
higher in partially decomposed litter than in the undecomposed layer. These discrepancies
might arise from the insignificant differences in litter storage among the decomposition
layers and the litter’s natural moisture content, where the high spatiotemporal variability
of the natural moisture content significantly affects its retention rates.

4.4. Factors Influencing the Ks

Existing studies have shown that the factors affecting the Ks vary across different
research areas. Furthermore, the interactions between various basic soil properties add
to the complexity, resulting in distinct mechanisms affecting the Ks across different re-
gions. The present study revealed that on average, the Ks decreased vertically downward,
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with the highest values appearing in the topsoil. This phenomenon is primarily due to
gravel components in the surface layer and the extensive distribution of plant roots, which
leads to higher soil porosity and improved soil water infiltration properties. There was
significant variance in the Ks Cv across different plant configurations in the study area,
with more complex plant community structures leading to larger variances. Research by
Yao et al. (2022) [51] on the Ks of erosion-prone areas in the Loess Plateau showed that the
Ks varied to a low degree. Research by Cao (2011) [52] indicated that the Ks of different
sandy soils in the Horqin region also had low variability. This suggests that compared with
other regions, hill and gully areas exhibit greater variability in terms of the Ks, which is
primarily related to sampling locations. The Ks values in the present study were higher
closer to arbors or shrubs and lower otherwise.

Of course, many factors affect the Ks. Horn et al. (2020) [53] found that grasslands sub-
jected to heavy trampling exhibited higher variability in topsoil Ks than those not subjected
to trampling. The development of root systems in different vegetation types also uniquely
affects the soil porosity and bulk density. In a study on the soils of various subtropical
vegetation types by Hao et al. (2019) [54], the vegetation type was found to be a crucial
factor affecting the Ks. This was mainly because of the varied effects of different vegetation
roots on soil porosity and the improvement of water-stable aggregates. In addition, differ-
ences in the composition and decomposition states of litter from different vegetation types
can change the soil organic matter content to varying extents. As indicated by Gao et al.’s
(2023) [55] research, there is a continuous increase in the Ks with the succession of plant
communities from grasslands to shrubs and then to forests. Arbors provided the best effects
in improving the soil Ks, a conclusion consistent with the findings of the present study. Shi
et al. (2023) [56] focused on the Loess Plateau area and analyzed 12 types of vegetation
cover, concluding that variations in factors such as the soil litter biomass, capillary porosity,
and soil bulk density all significantly influence the Ks. Wang et al. (2023) [57] study on the
hydrophysical properties of soils from five land-use types in the Luoyugou basin elabo-
rated on the interrelationships of various factors, revealing significant differences in the Ks
across different vegetation types. Evidently, different types of vegetation cover significantly
impact soil infiltration abilities, which is in line with the present research findings.

5. Conclusions

In practical work, the primary goal of soil and water conservation is to maximize the
ecological functions of vegetation. This study integrated soil hydrological characteristics,
plant community structural stability, and litter water-retention capabilities. After analyzing
various indicators, including the species diversity in forest structures with different slope
positions, the surface gravel coverage, the community structure stability, and the Ks, it
was found that composite forest structures with appropriate permeability could effectively
enhance species diversity, favoring the stable development of plant communities. The top
of the slope, which is the highest point on the mountain, is crucial for soil erosion and
is a key area for protection. The capping the mountaintop approach should therefore be
adopted. Thus, for the top slope regions, an arbor + grass configuration is recommended,
with an arbor spacing of 5 m x 5 m. At this spacing, the surface gravel exposure was
minimal, and all arbor species showed optimal growth in the present study. For mid-slope
regions, an arbor + shrub + grass structure is recommended, with an arbor spacing of
5m x 6 m and an underbrush shrub spacing of 1 m x 6 m. In this configuration, the
plant community structure was the most stable and the water-retention capability of the
underbrush litter was optimal. Further research on the average saturation rate in the
lower slope soil revealed that there was no difference in the Ks per unit area between the
different configurations. Therefore, the natural restoration of herbaceous plants is suitable
for the bottom slope, complemented by conservation measures to prevent disturbances
and damage caused by human activities.
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