
Citation: Zheng, J.; Yan, J.; Chen, Q.;

Hu, W.; Zhao, P.; Hou, G.; Wang, Y.

Change Characteristics of Soil

Erodibility during Natural

Restoration in an Earthquake

Landslide of Southwestern China.

Forests 2024, 15, 1352.

https://doi.org/10.3390/

f15081352

Academic Editor: Filippo

Giadrossich

Received: 4 July 2024

Revised: 27 July 2024

Accepted: 1 August 2024

Published: 2 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Change Characteristics of Soil Erodibility during Natural
Restoration in an Earthquake Landslide of Southwestern China
Jiangkun Zheng 1,† , Junxia Yan 2,†, Qiyang Chen 1, Wangyang Hu 1, Peng Zhao 1, Guirong Hou 1

and Yong Wang 1,*

1 National Forestry and Grassland Administration Key Laboratory of Forest Resources Conservation and
Ecological Safety on the Upper Reaches of the Yangtze River, Sichuan Province Key Laboratory of Ecological
Forestry Engineering on the Upper Reaches of the Yangtze River, College of Forestry, Sichuan Agricultural
University, Chengdu 611130, China; 13943@sicau.edu.cn (J.Z.); cqy0114a@163.com (Q.C.);
huwangyang2024@sina.com (W.H.); zach_zhao@163.com (P.Z.); hgralex@sicau.edu.cn (G.H.)

2 Department of Geography, Handan University, Handan 056005, China; yjx_junxia@126.com
* Correspondence: wangyong2015@sicau.edu.cn; Tel.: +86-028-86291456
† These authors contributed equally to this work.

Abstract: Landslides caused by earthquakes bring about dramatic changes in soil erodibility. In order
to understand the change characteristics of soil erodibility during a vegetation restoration period
after the 5.12 Wenchuan earthquake, a non-landslide area, landslide area, and transition area in Leigu
Town, Beichuan County were selected as research areas. Field soil sampling, geostatistics, and spatial
interpolation were used to explore the spatiotemporal changes in soil physicochemical properties and
soil erodibility during a natural restoration in 2013 (5 years after the earthquake) and in 2022 (14 years
after the earthquake). The results showed that the comprehensive soil erodibility index (CSEI) was
mainly composed of five soil factors, which were soil pH, soil total nitrogen (TN), mean weight
diameter of soil aggregates (MWD), fractal dimension of soil water stable aggregates (D), and soil
erodibility (Kepic). The CSEI of the landslide area was slightly lower than that of the non-landslide
area. The CSEI was gradually increasing during the process of natural restoration after earthquake.
From 2013 to 2022, the increase rates of the CSEI were 6.9%, 10.0%, and 41.5% for the landslide area,
non-landslide area, and transition area, respectively. Along attitude segments, the spatial distribution
of soil erodibility in 2022 is more uniform than that in 2013. The higher value of CSEI was located in
the upper part of research areas. The spatial distribution of the CSEI in 2013 and 2022 appeared as a
moderate autocorrelation. The variable ranges of CSEI in 2013 and 2022 were about 20 m. In the early
stage of vegetation restoration, soil and water conservation engineering was recommended in the
landslide area.

Keywords: landslide; vegetation restoration; soil erodibility; spatial heterogeneity; Cupressus fune-
bris forest

1. Introduction

The Wenchuan earthquake in 12 May 2008, which had a magnitude of 8.0, caused about
20,000 landslides [1]. The landslides damaged and destroyed a large area of vegetation,
seriously damaged biodiversity, led to a sharp decline in vegetation coverage, and also
caused significant changes in the vegetation succession process [2]. Simultaneously, the
landslides caused the soil structure to be damaged, bedrock exposed, and soil fertility
reduced, as well as surface soil loss, and an extremely reduced soil water retention capacity
and corrosion resistance [3–5]. The earthquakes caused a large number of forest land
damage, a large number of loose gravel covered the surface, aggravated soil erosion after
initializing precipitation; soil erosion was serious, and it was difficult to restore vegetation
in landslide sites [6]. Therefore, the premise of post-earthquake vegetation restoration is to
study the change in physical and chemical soil properties post-landslide and to use it as a
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special tracer to monitor the natural succession process of vegetation over a long period,
which will help us to fully understand the relationship between soil and vegetation in the
process of vegetation restoration [7].

Vegetation has always been a positive factor in the prevention and control of soil
erosion and an important factor affecting soil erodibility [8]. For one thing, it can intercept
rainfall, reduce raindrop splash, slow down surface runoff, and at the same time prevent
soil erosion [9,10]. For another, vegetation also improves soil nutrient content through de-
composition of litter and root turnover [11,12]. Vegetation also contributes to the formation
and accumulation of soil aggregates, effectively preventing soil erosion. On steeper slopes,
soil erosion occurs even without surface runoff [13]. Post-earthquake landslides not only
cause changes in soil structure, but also change soil erodibility [14]. Therefore, quantita-
tive research on soil erosion can effectively prevent soil erosion especially in geological
hazard-prone areas such as landslides.

Soil erodibility is the sensitivity to soil erosion, and it is a comprehensive index that can
reflect soil performance [15–17]. At present, there are few studies on the correlation between
soil erodibility and vegetation restoration in landslide areas [18,19]. Due to continuous
change in soil erosion process and soil properties with time and space, the existing concept
of soil erodibility has certain uncertainties [20–22]. Olson and Wischmeier defined soil
erodibility as the amount of soil erosion that occurs under the rainfall kinetic energy per unit
area [23]. This definition not only allows different climate zones to compare erodibility, but
also contributes to the establishment of soil erosion predictions. However, the standard plot
in different regions is not uniform, which makes it impossible to compare soil erodibility in
different regions [24,25].

It has been found that soil erodibility cannot be expressed by any single physical
and chemical soil properties but needs to be evaluated by combining a series of soil
indicators [26]. The ratio of silicon, aluminum, and iron was used to judge the degree of soil
erodibility [27]. Some scholars believed the heat of soil leaching, the ratio of soil silt content
to clay content, soil permeability, and soil particles suspension rate as evaluation indicators
for erodibility [28–31]. Other scholars believe that soil aggregates are an important factor in
the study of soil erodibility [32,33]. After a large number of analyses, a simple nomograph
was established to evaluate soil erodibility with five soil parameters, which included
percent silt, percent sand, organic matter content, soil structure, and soil permeability [34].

Due to the difference in the vegetation condition and soil structure between the land-
slide area and non-landslide area, to study the influence of natural vegetation restoration on
soil erodibility in the landslide sites, it is helpful to understand the changing characteristics
of soil erodibility in the landslide areas. Landslide sites in Fenghuang Mountain in Leigu
Town, Beichuan county were used as research areas. Soil erodibility was investigated and
compared in different stages of vegetation restoration. Furthermore, spatial variation of
soil erodibility was geostatistically analyzed. It can provide an effective basis for the pre-
vention of soil erosion in landslide areas in the future, biological measures, and engineering
measures. Meanwhile, soil erodibility evaluation standards suitable for landslide sites can
be established.

2. Materials and Methods
2.1. Study Area

The research area is located in Leigu Town, Beichuan Qiang Autonomous County,
Mianyang City, Sichuan Province (103◦44′–104◦44′ E, 31◦41′–32◦14′ N). It has a subtropical
humid monsoon climate with 16.6 ◦C of average annual temperature and 1399 mm of
average annual rainfall. And rainfall is concentrated in June–September, which account
for above 70% of annual rainfall. The Subao river runs across the research area; its length
is 33 km, and its catchment area is 147 km2. Rock type and soil texture are mainly lime-
stone and gravel soil, respectively. And soil types include yellow loam, yellow-brown soil,
dark-brown soil, and subalpine meadow soil [35]. The vegetation coverage is 76%, and the
vegetation is distributed in bands, mainly including evergreen broad-leaved forests, ever-
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green deciduous mixed forests, and coniferous-broad-leaved mixed forests. The landslide
area is located in Fenghuang mountain along the Beichuan–Yingxiu fault zone. After the
Wenchuan earthquake, Fenghuang mountains slipped and deformed forward. Landslide
bulges were formed, resulting in a steep slope (30–38◦). Due to the relatively steep slope
and loose rock formations, the vegetation and surface soil of the landslide area are almost
completely lost, and surface rock layers were exposed (Figure 1).
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Figure 1. Research areas and soil sampling points (The photo taken in 2013).

2.2. The Research Areas Setup and Vegetation Survey

Three research areas were set up in 2013, namely landslide area, transition area, and
non-landslide area. The landslide area was set within the range of the landslide body after
the earthquake, and the landslide surface was mostly covered by gravel and scattered
by shrubs and herbals whose vegetation coverages were below 20%. The non-landslide
area was not affected by the landslide and remained a secondary cypress forest. The
transition area was set at the junction of the landslide area and the non-landslide area,
with a number of gullies (Figure 1). The three sample plots were all secondary cypress
forests with similar vegetation coverages before the occurrence of the landslides. In 2022,
the vegetation coverages of the three sample plots were similar, exceeding 70%. Three
arbor quadrats (20 m × 20 m) were arranged in each research area along altitude. And the
species names, tree numbers, plant heights, and crown widths of individual trees, with
diameter more than 3 cm at breast height of the tree, were recorded. At the same time,
6 shrub quadrats (5 m × 5 m) and 12 herb quadrats (1 m × 1 m) were set in each arbor
quadrat, and the species names, plant numbers, plant heights, and plant coverage were
recorded. Species diversity indicators, including Shannon–Wiener diversity index (H),
Simpson dominance index (H’), Pielou evenness index (Jsw), and Richness index (S) were
calculated based on survey records and general methods [36–39].

During the process of vegetation restoration, the number of species in the landslide
area increased from 40 in 2013 to 119 in 2022. The species richness of the shrub layer
in the three sample plots of the landslide area increased with the increase in vegetation
restoration years. The Shannon–Wiener index of the tree layer in the non-landslide area
showed a downward trend. Compared with those in 2013, the Shannon–Wiener diversity
index, Simpson dominance index, and Pielou evenness index of the herbaceous layer all
increased in 2022 (Table 1).
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Table 1. Changes in diversity index of plant communities in research areas.

Research Areas Year Vegetable Layer H H′ Jsw S

Landslide area

2013
Arbor 0.000 0.000 0.000 0
Shrub 1.475 0.718 0.823 6

herbaceous 2.365 0.833 0.671 34

2022
Arbor 1.277 0.644 0.614 8
Shrub 3.382 0.947 0.816 63

herbaceous 2.885 0.903 0.745 48

Transition area

2013
Arbor 1.196 0.671 0.863 4
Shrub 1.777 0.785 0.854 8

herbaceous 2.517 0.818 0.661 45

2022
Arbor 1.318 0.744 0.807 8
Shrub 3.122 0.929 0.763 60

herbaceous 2.712 0.882 0.708 45

Non-landslide
area

2013
Arbor 1.533 0.662 0.698 9
Shrub 2.529 0.880 0.807 23

herbaceous 2.437 0.778 0.623 50

2022
Arbor 0.336 0.117 0.161 8
Shrub 3.264 0.941 0.834 50

herbaceous 2.990 0.900 0.736 58
Note: H, H′, Jsw, and S refer to Shannon–Wiener diversity index, Simpson dominance index, Pielou evenness
index, and Richness index, respectively.

2.3. Soil Sample Collection

The research areas are divided into 5 altitude segments, of which 3 sample points were
selected in each altitude segment. A total of 45 sample points were laid (Figure 1). The
undisturbed soil samples were collected by the grid method in 2013 and 2022. The sampling
spots were evenly distributed over the whole field and taken representatively. Around
every sample point, after removing the litter, rock fragment cover, and surface crusts, when
present, five soil samples were randomly collected from the surface layer (0–10 cm). The
soil samples were collected with a depth not exceeding 10 cm and cumulative weight of
approximately 2 kg. These samples were then packed into rigid plastic boxes to keep them
undisturbed and brought back to the laboratory. Furthermore, soil structure destruction
was avoided as much as possible during the collection and transport process. All soil
samples were left to dry in the laboratory. A detailed description of the sample collection
can be found in Lan (2021) and Wu et al. (2023) [11,32].

2.4. Construction and Determination of Comprehensive Soil Erodibility Index

There are many kinds of indicators to evaluate soil erodibility, such as soil silicon–
aluminum–iron rate, soil particle composition and aggregate characteristics, soil infiltration
performance, etc. According to the previous classification of soil erodibility-influencing
factors, five soil indicators related to soil erodibility were screened out using the principal
component analysis and empirical discrimination methods. Soil indicators included soil
pH, soil total nitrogen (TN), soil mean weight diameter of soil dry aggregates (MWD),
fractal dimension of soil water stable aggregates (D), and soil erodibility (Kepic). Soil particle
composition was determined via a Malvern Master size 3000 laser particle size analyzer.
The TN was determined using a flame spectrophotometer method [40]. The soil pH was
measured in a soil–water suspension (1:2.5 v/v) using a digital pH meter [41]. The MWD,
D, and Kepic were calculated by Le Bissonnais (1996) [42], Xia (2017) [43], and Parysow et al.
(2003) [44], respectively.

The “S” curve function represents that each factor is positively correlated with soil
erodibility. The Kepic and D are described by the “S” curve function. While the inverse “S”
curve function represents that each factor is negatively correlated with soil erodibility. The
MWD, TN, and pH are described by the inverse “S” curve function. When D increases, the
soil particle structure becomes less stable and may be more susceptible to erosion. Therefore,
the higher the D, the lower the stability of soil aggregate structure. The soil erodibility
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index selected in the “S” curve function is positively correlated with Kepic. However, as
the soil parent material, when more limestone was exposed on the land surface, the soil
pH value increased, which resulted in lower soil erodibility. An increase in TN often leads
to higher plant growth, which increases the content of MWD. The MWD was negatively
correlated with the soil erodible fraction. The comprehensive soil erodibility index (CSEI)
was obtained by using the weighted sum method [45]:

CSEI =
n

∑
i

Ki × Ci (1)

K(x) =


1 x ≥ b

(x−a)
(b−a) a < x < b

0 x ≤ a
(2)

K(x) =


0 x ≥ b

(x−b)
(a−b) a < x < b

1 x ≤ a
(3)

where CSEI is the comprehensive soil erodibility index, with a numerical range between
0 and 1. Ki is the membership value of the i-th evaluation index; i is the number of soil
erodibility indicators; Ci is the weight of the i-th evaluation index, reflecting the contribution
of this index to soil erodibility; n is the number of evaluation indicators. K(x) in formula
2 and in formula 3 are the membership values of the “S” curve function and inverse “S”
curve function, respectively. a and b refer to the upper and the lower critical values of soil
index, respectively (Table 2).

Table 2. Index systems and weight distributions of CSEI.

Index Membership Function Types C a b

Kepic S-Curve 0.38 0.01 0.03
MWD Anti S-Curve 0.27 1.77 4.32

D S-Curve 0.19 2.20 3.51
TN Anti S-Curve 0.11 1.84 5.54
pH Anti S-Curve 0.05 7.33 8.25

Note: C is the weight of the evaluation index. a and b refer to the upper and the lower critical values of soil
index, respectively.

2.5. Spatial Heterogeneity Analysis

The spatial distribution map of the CSEI was drawn through an inverse distance
weighting method using ArcMap 10.6 [24,44]. Based on the analysis of the semi-variance
function of GS+Version 9.0, the spatial heterogeneity of the CSEI is affected by structural
factors and random factors. Spatial structural characteristic parameters, including nugget
(C0), silt (C), and variable range (A), are the basis for spatial analysis. C0 represents random
variation caused by measurement error and spatial variation; C represents the constant in
which the variation function gradually increases from the initial nugget to the relatively
stable direction; A represents the spatial autocorrelation range of variables, and there is
no relationship beyond this range. C0/(C + C0) represents the degree of spatial variation,
which is the ratio of the spatial variability of random factors to the total variation. A higher
ratio indicates that the variation is caused by random factors. When C0/(C + C0) is lower
than 25%, the variable has a strong spatial correlation. When C0/(C + C0) is in the range
of 25% to 75%, the variable has a medium spatial correlation. And when C0/(C + C0) is
higher than 75%, the spatial correlation of the variable is very weak. At the same time, the
smaller the residual (RSS) of the semi-variogram function, and the larger the determination
coefficient (R2), the better the fitting degree of the function [46].
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2.6. Statistical Analysis

One-way analysis of variance (ANOVA) and Student–Newman–Keuls (S–N–K) test
were conducted to examine the effect of altitude segments and research areas on the CSEI
and related indices, and significance was established at p < 0.05. A principal component
analysis was performed to extract the representative soil indicators for CSEI. All of the
statistical analyses were performed using SPSS 18.0 software (SPSS Incorporation, Chicago,
IL, USA), and the graphics were plotted using OriginPro 2021.

3. Results
3.1. Change Characteristics of Main Soil Indicators Related to CSEI
3.1.1. Change Characteristics of D

Compared with the D value in the research areas in 2013, the D value in 2022 was
significantly higher (p < 0.05). With the increase in altitude, the D value increased gradually
in landslide areas; whereas, the D value decreased gradually in the transition area and
non-landslide area. For the D value of the three research areas in 2013 and 2022, there were
not significantly different among different altitude segments (Figure 2).
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research areas (n = 15), and different lowercase letters indicate significant differences among different
altitude segments for each research area (n = 3) at p < 0.05.

3.1.2. Change Characteristics of MWD

The MWD in 2022 was significantly higher than that in 2013, while the MWD values
in the transitional areas showed significant differences in different years. Comparing the
MWD values of different altitude segments, there was a significant difference in the MWD
of the H1 and H2 altitude ranges in the landslide area compared to the H5 altitude segments.
There was no significant difference in the MWD values of different altitude segments in the
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transition area, while there was a significant difference in the MWD values of the H1 and H2
altitude segments compared to the H3, H4, and H5 altitude segments in the non-landslide
area. There was a significant difference in the MWD values between the H3 and H4 in
the landslide area. There was a significant difference in the MWD values between the H1
altitude segments and other altitude segments in the transition area. There was a significant
difference in the MWD values between the H4 altitude gradient and the H1, H3, and H5
altitude segments in the non-landslide area. In 2022, there was no significant difference in
the altitude segments among the three areas. Comparing different years, it was found that
in the landslide area, except for the H4 altitude gradient, the MWD values of other altitude
segments in 2022 showed significant differences compared to the same altitude gradient
in 2013. The MWD values of H1, H3, and H4 altitude segments in the transitional zone
in 2022, as well as the H1 altitude gradient in the non-landslide zone, were significantly
different from those in 2013 (Figure 3).
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3.1.3. Change Characteristics of Soil pH

The soil pH values of the three plots showed a decreasing trend and tended to be
neutral with the increase in the restoration years. The soil pH values of the three plots
in 2013 were significantly higher than those in 2022. The average decline rate from 2013
to 2022 was 7.1%, with a maximum decline rate of 8.2% in the non-landslide area. There
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are no significant differences in pH values among the three research areas in the same
year. Compared to the soil pH values in 2013, the soil pH values in 2022 of most altitude
segments have significantly decreased in the non-landslide area. The decline rates of the
soil pH value in H5 were 7.7% and 9.4% in the landslide area and non-landslide area,
respectively, which is the highest value, followed by 7.1% and 9.1% in H1 (Figure 4).
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3.1.4. Change Characteristics of TN

The TN in the three research areas shows an overall increasing trend with vegetation
restoration time. There is a significant difference in the TN in the landslide areas in different
vegetation restoration years. Compared with the mean value of the TN of the non-landslide
area in 2013 and 2022, the TN of the landslide area decreased 69.1% and 36.7%, respectively
(Figure 5).

The TN of the landslide area and non-landslide area first showed an increasing trend
and then a decreasing trend from H1 to H5 along the altitude gradient; whereas, in the
transition zone, the TN first decreased and then increased in 2013 and 2022. There were
significant differences in the TN between H1 or H5 and other altitude segments in same
year (Figure 5).
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3.1.5. Change Characteristics of Kepic

As shown in Figure 6, the Kepic in the landslide area varies from 0.0059 t·hm2·h/(MJ·mm·hm2)
in 2013 to 0.0291 t·hm2·h/(MJ·mm·hm2) in 2022. The Kepic in the landslide area increases with
the increase in altitude. While in the transition area, the Kepic shows a trend of first increas-
ing and then decreasing. There is significant difference in 2013 and no significant difference
in 2022 between the landslide area and non-landslide area, respectively.

For the Kepic at different altitudes, it was found that there was a significant difference
between the H1 and H2 in the research areas in 2013 and 2022. Meanwhile, there was no
significant difference among other altitude segments. It was found that except for the H2
and H4 in the landslide area, Kepic in 2022 was significantly higher than Kepic in 2013. The
Kepic at various altitude segments in the transition area showed a trend of first increasing
and then decreasing. The Kepic at various altitude segments in the landslide area and
non-landslide area showed no obvious monotonic change trend (Figure 6).



Forests 2024, 15, 1352 10 of 16
Forests 2024, 15, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 6. Comparisons of Kepic among different research areas (a) and Kepic among different altitude 
segments in landslide area (b), transition area (c), and non-landslide area (d). Data are expressed as 
means ± standard error. Different uppercase letters indicate significant differences among different 
research areas (n = 15), and different lowercase letters indicate significant differences among differ-
ent altitude segments for each research area (n = 3) at p < 0.05. 

3.2. Change Characteristics of Comprehensive Soil Erodibility Index 
3.2.1. Temporal Variation Characteristics of CSEI 

As shown in Figure 7a, the mean value of the CSEI in the landslide area and non-
landslide area in 2022 increased 6.9% and 10.0% higher than that in 2013, respectively. 
Meanwhile, the mean value of the CSEI of transition area in 2022 was significantly higher 
than that in 2013. 

In the landslide area, the mean value of the CSEI showed a downward trend from H1 
to H5 along the altitude. At H1 and H2, the CSEI in 2013 was higher than that in 2022. 
However, the CSEI in 2013 was lower than that in 2022 at H3, H4, and H5 (Figure 7b). In 
the transition area and non-landslide area, the mean value of the CSEI showed an uptrend 
from H1 to H5 along the altitude. At all altitude segments, the CSEI in 2022 was higher 
than that in 2013, which reached to no significant differences. 

Comparing the CSEI of different altitude segments in the same year, it was found 
that there is no significant difference in the transition area and non-landslide area (Figure 
7c,d). Nevertheless, in the landslide area, the CSEI at H1 was significantly higher than that 
at H5 in 2013, and no significant difference was observed in 2022 (Figure 7b). 

Figure 6. Comparisons of Kepic among different research areas (a) and Kepic among different altitude
segments in landslide area (b), transition area (c), and non-landslide area (d). Data are expressed as
means ± standard error. Different uppercase letters indicate significant differences among different
research areas (n = 15), and different lowercase letters indicate significant differences among different
altitude segments for each research area (n = 3) at p < 0.05.

3.2. Change Characteristics of Comprehensive Soil Erodibility Index
3.2.1. Temporal Variation Characteristics of CSEI

As shown in Figure 7a, the mean value of the CSEI in the landslide area and non-
landslide area in 2022 increased 6.9% and 10.0% higher than that in 2013, respectively.
Meanwhile, the mean value of the CSEI of transition area in 2022 was significantly higher
than that in 2013.

In the landslide area, the mean value of the CSEI showed a downward trend from
H1 to H5 along the altitude. At H1 and H2, the CSEI in 2013 was higher than that in 2022.
However, the CSEI in 2013 was lower than that in 2022 at H3, H4, and H5 (Figure 7b). In
the transition area and non-landslide area, the mean value of the CSEI showed an uptrend
from H1 to H5 along the altitude. At all altitude segments, the CSEI in 2022 was higher
than that in 2013, which reached to no significant differences.

Comparing the CSEI of different altitude segments in the same year, it was found that
there is no significant difference in the transition area and non-landslide area (Figure 7c,d).
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Nevertheless, in the landslide area, the CSEI at H1 was significantly higher than that at H5
in 2013, and no significant difference was observed in 2022 (Figure 7b).
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3.2.2. Spatial Variation Characteristics of CSEI

The CSEI in different years showed a patchy distribution pattern. In 2013, the CSEI
generally was higher in the landslide areas and non-landslide areas, and relatively lower
in the transition areas. The high CSEI value appeared in lower parts of the landslide
area, the right and upper parts of the transition area, and the right and lower parts of the
non-landslide area. Compared to 2013, the CSEI in 2022 distributed more uniformly. The
high CSEI value appeared in the upper part of the transition area and non-landslide area.
And the low CSEI value appeared in the upper part of the landslide area and the lower
part of the non-landslide area (Figure 8).
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3.2.3. Geostatistical Characteristics of CSEI

The semi-variance function model and related parameters of the CSEI in different years
are shown in Table 3. The optimal fit models in 2013 and 2022 were Gaussian function and
exponential function, respectively. However, the R2 values in 2013 and 2022 were very
small, indicating that the fitting degrees were not good. The nugget values in different years
are small, indicating that the random variation caused by the experimental sampling error
was small. The variable ranges of CSEI were 19 m in 2013 and 23 m in 2022, respectively,
indicating that spatial continuity in 2022 is better than that in 2013. The C0/(C+C0) in 2013
and 2022 was between 25% and 75% indicating moderate spatial autocorrelation.
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Table 3. A semi variance function model and related parameters of comprehensive soil erodibility index.

Year Function C0 C + C0 C0/(C0 + C) A(m) R2 RSS

2013 Gaussian 1.85 × 10−2 2.55 × 10−2 72.5% 19 0.158 4.78 × 10−4

2022 exponential 8.31 × 10−3 1.67 × 10−2 49.70% 23 0.105 2.16 × 10−4

Note: C0, C + C0, C0/(C0 + C), A, R2, and RSS refer to nugget, silt, ratio of nugget to silt, variable range,
determination coefficient, and residual, respectively.

4. Discussion

The soil pH of the research areas decreased towards acidity. The landslide area and
transition area may be due to the accumulation of litter generated by plant growth and
development on the soil surface, which is decomposed by microorganisms to form humus.
Humus was rich in humic acid and fulvic acid, causing the soil to turn from alkaline to
acidic [47,48]. The non-landslide area may be due to the high demand for soil nutrients
during the natural vegetation restoration process, continuous consumption of nutrients,
and intensified leaching caused by concentrated rainfall during the rainy season, leading to
the loss in alkaline base salts such as calcium and magnesium, resulting in a decrease in the
soil pH value with the increase in the vegetation restoration years. Research has shown
that natural vegetation restoration after returning farmland leads to a continuous increase
in soil organic carbon and total nitrogen [49]. There is a negative correlation (p < 0.05)
between the soil pH value and soil organic carbon content. It indicated that afforestation
has a significant neutralizing effect on soil pH, making alkaline soil closer to neutral [50].

With the restoration of vegetation, exposed rocks undergo disintegration and frag-
mentation into gravel, causing the gravel to undergo chemical weathering, resulting in the
overall development of soil particles into fine particles, and the soil texture changing from
coarse to fine [51]. In this study, the aggregate characteristics of the three sample plots in the
landslide site were improved, and the soil erodibility of the landslide area was enhanced.
The average weight and diameter of water-stable aggregates in this study increased with
the vegetation restoration. The possible reason for this result may be that the increase in
soil clay content and organic carbon content improved the soil nutrient conditions and soil
properties [5]. In addition, the increase in tall vegetation in the landslide site can improve
the site conditions of the forest [2].

At the same time, the TN in the landslide area also showed increase trend, indicating
that the number of arbor forests in the landslide area increased with vegetation restoration,
forming mixed forests, and the TN was significantly higher than that in 2013. And vegeta-
tion restoration may improve the TN to some extent; mixed forests have a higher TN than
pure forests, which is more conducive to stand stability [7,52]. The stability of the soil’s
water-stable aggregates affects soil erodibility and is also an important indicator reflecting
soil erodibility [53]. In this study, Kepic in the landslide area was significantly higher in
2022 than in 2013. The reason may be that the quality of surface soil in the landslide area
after the earthquake is relatively poor, and the exposed area of bedrock results in little clay
particles [54,55]. With vegetation restoration, the increase in the understory vegetation
and litter and the increase in topsoil from the upper part of the landslide area led to the
significant increase in Kepic.

Soil aggregate stability is also affected by soil moisture and soil temperature [56,57].
Therefore, soil erodibility also has obvious seasonal changes and zonal differences [11,32,58].
Since the physicochemical soil properties also have obvious spatial differences, even under
the same soil conditions, the soil properties and vegetation cover are both factors that affect
soil erodibility [59]. And uncertainty in either factor can lead to changes in soil erodibility.
In 2022, the CSEI gradually increased from the landslide areas to non-landslide areas. This
may be due to the fact that in the early stage of the landslide after the earthquake, the
unstable topsoil in the upper part of the landslide area accumulated in the lower part of
landslide area. Due to water erosion, the original fine particles of covered topsoil were lost,
resulting in coarse soil particles exposure, resulting in a decrease in soil erodibility. With the
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restoration of vegetation, the improvement effect of vegetation roots on soil and chemical
weathering, the proportion of fine soil particles or fine soil aggregates increased [60] resulted
in the increase in CSEI.

Due to the many factors affecting soil erodibility, this study only collected the surface
soil samples for experiments and used five soil indicators to analyze soil erodibility. How-
ever, unmeasured soil indicators such as soil bulk density, porosity, saturated hydraulic
conductivity, and vegetation root distribution characteristics all affect soil erodibility. Fur-
thermore, local soil loss driven by rainstorm resulted to uneven spatial distribution of soil
erodibility. Therefore, more factors need to be considered to study the role of vegetation
restoration in soil properties and soil erodibility changes.

5. Conclusions

During the process of vegetation restoration (5 years and 14 years after Wenchuan
earthquake), the D, MWD, TN, and Kepic turned to higher significantly, whereas soil pH
changed from alkaline to neutral. Compared with the non-landslide area, the MWD, TN,
Kepic, and soil pH of the landslide area were significantly lower in 2013. However, there
was no significant difference between the non-landslide area and landslide area in 2022.
The gaps in the soil indicators related to soil erodibility between the landslide and non-
landslide areas decreased with an increase in the vegetation restoration time. The values
of the CSEI in 2022 were higher than those in 2013. The CSEI of the landslide area was
lower than that of the non-landslide area. And the gaps in the CSEI between the landslide
area and non-landslide area increased slightly from 2013 to 2022. Spatial autocorrelation
was moderate, and the spatial distribution of soil erodibility in 2022 is more uniform than
that in 2013. The higher value of CSEI was transferred from the middle and lower parts in
2013 to the upper part of research areas in 2022, and the variable range was between 19 m
and 23 m. In the early stage of vegetation restoration after earthquake/landslide, such as
5–14 years, soil erodibility became even higher in similar areas. Accordingly, the issue of
soil erosion during this period should be given more attention. And structural measures,
such as stone barriers, retaining walls, and ditches, are recommended to reduce soil loss.
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