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Abstract: Accelerated land use and land cover changes affect regional landscape patterns and change
the ecological environment, including soil conservation capabilities. This is not conducive to the
sustainable development of human society. In this research, we explored the land use change pattern
and landscape change pattern in western Hubei from 2000 to 2020. Using the Chinese soil loss
equation and stepwise regression, we measure how landscape patterns affect soil erosion under land
use and cover changes in western Hubei Province. The results show that average soil erosion in
the mountainous areas of western Hubei tended to increase from 2000 to 2010 and decrease from
2010 to 2020; soil erosion was higher in the western than in the eastern part of the study area. The
land in areas with high-intensity and low-intensity soil erosion was mainly waterfront/grassland
and cropland/forestland, respectively, and the area of moderate to severe soil erosion was greatest
when the slope was 10-20°. When the slope exceeded 20°, the soil erosion area of each grade tended
to decrease; thus, 20° is the critical slope for soil erosion in the study area. The landscape pattern
in mountainous areas changed dramatically from 2000 to 2020. At the landscape level, landscape
fragmentation increased and connectivity decreased, but the area of landscape diversity was stable.
Soil erosion in western Hubei was positively correlated with the contiguity index, aggregation index
and largest patch index but negatively correlated with the Shannon evenness index. The higher the
landscape fragmentation and the greater the accumulation of single land-use types, the more severe
the soil erosion is, while the higher the landscape connectivity and the richer the landscape diversity,
the less severe the soil erosion is. The results can inform regional landscape management and soil
conservation research.

Keywords: soil erosion; landscape pattern; land use and land cover change; correlation analysis

1. Introduction

Soil erosion processes have been affected by human activities [1,2]. The increase in soil
erosion rates across landscapes can be observed around the world [3,4]. For over a century,
the scientific community has been analyzing the soil erosion process [5,6] and dealing
with the negative impacts that soil erosion has on the socioenvironment [7,8]. Research
on the mechanics of soil erosion has facilitated the study of developing quantitative soil
erosion prediction equations based on physical factors such as climate, soil characteristics,
vegetation type, and topography [9,10]. Traditional soil erosion prediction methods require
large investments in money, time, and field work [11]. The trend of soil erosion prediction
methods is to obtain soil erosion prediction results that meet the requirements within
a certain accuracy range and with limited data input. With the well-established use of
geospatial technologies such as geographic information systems (GIS), spatial interpolation
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techniques, and the ever-growing range of environmental data, today, research around the
world has proposed over 435 distinct soil erosion models, which are playing an increasingly
important role in the design and implementation of soil management and conservation
strategies [12,13]. Among these models, the universal soil loss equation (USLE) and the
revised universal soil loss equation (RUSLE) are the most widely applied models on a
global scale [14]. Compared to models based on physical processes (e.g., WEPP and
EUROSEM), the USLE has a simpler structure and requires fewer data, so it is widely used
for hydroerosion studies at different scales (e.g., intercontinental, national, and state) [14,15].
Therefore, the applications of models belonging to the (R)USLE family are growing [14,16].

In China, the unprecedented urban construction, road and railroad construction
and new agricultural and forestry development in the twenty-first century, along with
the increase in the intensity of human activities and unreasonable land use, has led to
changes in regional topographic conditions, the destruction of vegetation resources and
the deterioration of soil characteristics, in turn intensifying soil erosion [3,17,18]. Under
this background, the (R)USLE family is also widely used for soil erosion prediction in
China to provide scientific references for regional land use management [16]. Considering
the unique soil erosion characteristics and long-established erosion control measures of
China, Liu Baoyuan established the Chinese soil loss equation (CSLE) based on the revised
universal soil loss equation (RUSLE) [19,20]. To gain insight into regional soil erosion
characteristics and provide a better reference for regional soil management and land use
strategies, scholars applied the CSLE model with geospatial technologies to explore the
influence of land use change on soil erosion. Jing Liu and Honghu Liu (2020) calculated
the soil erosion modulus of sheet and rill erosion by the CSLE and estimated the amount
of gully erosion by gully volume based on a generalized inverted triangular pyramid
model multiplied by bulk density [21]. Lin et al. (2020) investigated the spatiotemporal
distribution of soil erosion by the CLSE and further quantified the factors influencing
soil erosion in the Three Gorges Reservoir Area by GeoDetector [22]. Huang et al. (2020)
explored the impact of land use and slope on soil erosion in the Jiuyuangou watershed by
using the CSLE [23]. Environmental patterns strongly influence ecological processes [24-26].
Anthropogenic activities (e.g., farming, timber harvest) can disrupt the structural integrity
of landscapes, which would influence ecological services, including soil conservation,
across the landscape [27-30]. Understanding the influence of landscape pattern change on
regional soil erosion could aid in the design of land development plans conducive to soil
and water conservation in regional land use layouts [31-33]. Although existing researchers
have investigated the relationship between land cover change and soil erosion [34-37], few
researchers have explored the relationship between landscape and soil erosion [26,38].

According to the 2019 Hubei Soil and Water Conservation Bulletin, the soil erosion
area in Hubei is 32,024.77 km?, the soil erosion type is mainly hydraulic erosion, the soil
erosion area accounts for 17.22% of the national land area of China, and the erosion intensity
is much higher than the allowable intensity [39]. In recent years, with the implementation
of the national project of returning farmland to forest and grass (Grain for Green) [40,41]
and the soil and water conservation project [42,43], the area of sloping and bare land has
been reduced. However, there is still a large amount of soil loss and a large area of loss.
Soil erosion leads to a decrease in cropland and thinning of the arable layer, which affects
food security [44]. Furthermore, soil erosion causes flash floods and mudslides [45], which
affect the economic and social development of mountainous areas [46].

Based on the existing research on the improvement of soil erosion prediction models,
the soil erosion problems faced in western Hubei Province, and the lack of research on
the relationship between regional landscape pattern change and soil erosion in western
Hubei. This study attempts to answer the following questions: (1) What are the spatial
characteristics of land use change and soil erosion change in western Hubei from 2000-2020?
(2) How did the overall landscape of western Hubei change from 2000-2020? How did
the landscape patterns of different land covers (cropland, forestland, grassland, water
bodies, built-up area, bare) in the study area change? (3) What kinds of landscape pattern
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characteristics are associated with soil erosion in each county of western Hubei? How
relevant is it? To answer question (1), we combined meteorological data, soil data and
remote sensing data, using Geo-information Tupu to derive regional land use and land
cover change characteristics and using CSLE to calculate regional soil erosion in 2000,
2005, 2010, 2015 and 2020. To answer (2), we used Fragstat 4.2 software to calculate
landscape indicators from four perspectives (area and edge, shape, aggregation, diversity
characteristics of landscape.). To answer question (3), we combined the results of the
soil erosion calculations and the landscape pattern indicator calculations with stepwise
regression analysis using SPSS 25 software. This study provides scientific guidance and
a decision-making basis for the optimal allocation of land resources and effective control
of soil erosion in the mountainous areas of western Hubei Province by understanding the
spatial and temporal layout of soil erosion and the relationship between land landscape
patterns and soil erosion in each county. The framework of this study is shown in Figure 1.
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Figure 1. Framework of this study.

2. Study Area and Data Sources
2.1. Study Area

Western Hubei Province is composed of eight cities: Xiangyang (X.Y.), Yichang (Y.C.),
Jingzhou (J.Z.), Jingmen (J.M.), Shiyan (S.Y.), Suizhou (S.Z.), Enshi (E.S.), and Shennongjia
(S.N.J.) (Figure 2). It includes two provincial subcenter cities, Xiangyang and Yichang, and
the only minority autonomous state in Hubei Province, Enshi Tujia and Miao Autonomous
Prefecture. The total population and area of the territory account for 50% and 70% of
those of Hubei Province, respectively. It is an area rich in ecological and cultural tourism
resources in Hubei Province. In the past two decades, urbanization and industrialization
have changed regional land cover rapidly. By overlaying China’s land use remote sensing
monitoring data in 2000 and 2020, we found that between 2000 and 2020, 26.27% of the
cropland in western Hubei Province was converted to forestland, and 5.03% of cropland
and 5.06% of the water area were converted to built-up areas, which shows that land use
and land cover have dramatically changed, in turn altering the regional ecosystem and
ecological services and affecting regional soil conservation.
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Figure 2. Topographic map of western Hubei Province.

2.2. Data Sources

The data in this research are summarized in Table 1. The land use and land cover
(LULC) dataset were derived by the human-computer interactive interpretation method of
remotely sensed land cover information to interpret the Landsat TM digital images (Landsat
5 TM (2000, 2005, 2010); Landsat 8 OLI (2015, 2020)) covering China. This dataset includes
6 classes and 25 subclasses of land use. The six classes of land use include cropland,
forestland, grassland, water bodies, built-up land, and unused land. The accuracy of
the 6 classes of land use was above 94.3% [47,48]. The meteorological dataset includes
daily wind direction, daily wind speed, daily precipitation, daily air pressure, and daily
temperature [49]. The soil data included the sand, silt, clay, and organic contents of
the soil (%) [50]. The annual normalized vegetation index (NDVI) dataset for China was
derived from the maximum value of the SPOT/VEGETATION PROBA-V 1 KM PRODUCTS
decadal NDVI dataset (http://www.vito-eodata.be (accessed on 10 January 2020)) [48].
ASTER Global Digital Elevation Model (ASTERGDEM) data from the Geospatial Data
Cloud (www.giscloud.cn (accessed on 10 January 2020)) [51]. The data were resampled to a
resolution of 1 km x 1 km.

Table 1. Data description.

Data Name Data Source Time Units/Resolution
Depth to bedrock map of China Scientific data [52] 2018 100 m x 100 m
. Harmonized World Soil
Soil data Database (HWSD) [50] 2012 1000 m x 1000 m
Land-use/land cover data Resource and Environment 30m x 30 m

2000; 2005; 2010; 2015; 2020

Normalized difference vegetation index

Science and Data Center [48] 1000 m x 1000 m

Meteorological Data Center of

Meteorological data China Meteorological 2000-2020 Daily
Administration [49]
Digital elevation model Geospatial Data Cloud [51] 2008 30m x 30 m
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3. Methods
3.1. Geo-Information Tupu

Geo-information Tupu is the visualization of “space and process” research. The map
unit codes of the land cover types of the previous two periods are overlayed to record the
evolution process of the land use pattern [53].

C=10xA+B 1)

where C is the map unit grid map that characterizes the evolution characteristics of the
land use pattern during the study period. A is the map unit grid attribute value of the land
use type of the study area in the previous period. B is the land use type of the study area in
the later period. Based on the remote sensing monitoring data of land cover status, this
paper assigns 6 land cover types as 1-6 based on arable land, forestland, grassland, water
area, building land and unused land and uses the raster calculator function of ArcGIS 10.7
software to calculate the land use change pattern mapping characteristics of western Hubei
Province from 2000-2005-2010-2015-2020.

3.2. Chord Diagram Analysis of Land Cover Change

The chord diagram is mainly used to show the relationship between multiple
objects [54,55]. The line segment connecting any two points on the circle is called the
chord, and the chord (the line between the two points) represents the relationship between
the two. The chord diagram can reflect the number of transitions and flow relationships
between different territorial spaces in the evolution of territorial space and visualize them.
The wider the width of the chord (connecting line), the higher the number of transitions
between different territorial spaces. This article uses Power BI software to visualize the
transition of different land cover types.

3.3. Chinese Soil Loss Equation (CSLE)

We used the CSLE:
A=R-K-L-S-B-E-T 2)

where A is the soil loss in t-ha~!-yr~1. The calculation steps for other factors in this formula
are as follows. R is the rainfall erosivity in MJ-mm-ha~!-yr~!. K is the soil erodibility in
t-h-MJ~!-mm~.-L and S are dimensionless topographic factors of slope length and slope
steepness. B is the dimensionless vegetation cover factor of biological practices for trees,
shrubs, and grasslands. E is the dimensionless factor of engineering practices. T is the
dimensionless factor of tillage practices. Details of the computational steps are given in Li
Qing (2021) et al. [56]. The western part of Hubei Province is a typical hydraulic erosion
area, and according to the Soil Erosion Classification and Grading Standard (SL190-2007)
issued by the Ministry of Water Resources of China, soil erosion is divided into six classes
(Table 2).

Table 2. The standard for soil erosion level.

Soil Erosion

Level Slight Light Moderate High Very High Severe
Soil erosion rate 8000-
(tha—l-yr-1) <200 200-2500  2500-5000  5000-8000 15,000 >15,000

3.4. Landscape Pattern Analysis

We calculated the landscape index to quantify the landscape change pattern from
2000 to 2020 using Fragstat 4.2 software (University of Massachusetts Amherst, Amherst,
MA, USA). There are three main types of landscape metrics, including patch-level metrics,
class-level metrics, and landscape-level metrics. Patch metrics are defined for individual
patches and characterize the spatial character and context of patches. Class metrics are
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integrated over all the patches of a given type (class). Landscape metrics are integrated
over all patch types or classes over the full extent of the data (i.e., the entire landscape) [57].
Our research questions were (1) how the whole landscape in western Hubei changed from
2000 to 2020, (2) how the landscape pattern of each land use and land cover type (cropland,
forestland, grassland, water bodies, bare land) changed from 2000 to 2020, and (3) which
landscape index had a significant relationship with the soil erosion of each county. Thus, we
performed the analysis at the landscape level and class level. The landscape metrics were
selected according to the aspect of landscape index measuring and the most commonly
used metrics in a previous study [26,58,59] (Table 3). See Appendix A for a brief description
of each index (Table A1) [57].

Table 3. Landscape index selected at class-level analysis, landscape-level analysis, and
regression analysis.

Landscape Metrics

The Aspect of Landscape-Level Metrics Class-Level Metrics Regression Analyze
Landscape Pattern
Measured
Area and edge AREA_MN CA; PLAND; ED; LPI LPI
SHAPE_MN; FRAC_MN;
Shape CONTIG_MN; CONTIG MN
FRAC_MN -
Aggregation NP AL PD Al PD; CONTAG,; LSI; NP
Diversity SHEI SHDI; SHEI

Note: AI—Aggregation Index; CA—Class Area; CONTIG—Contiguity Index; CONTAG—Contagion; ED—Edge
Density; FRAC—Fractal Dimension Index; LPI—Largest Patch Index; LSI—Landscape Shape Index; NP—Number
of Patches; PLAND—Percentage of Landscape; PD—Patch Density; SHDI—Shannon’s Diversity Index; SHEI—
Shannon’s Evenness Index.

3.5. Regression Analysis

Stepwise regression analysis of soil erosion and landscape patterns were conducted
by SPSS 25 software to investigate which landscape pattern index influences regional soil
erosion. Its essence is to establish the “optimal” multiple linear regression equation. The
basic idea of the stepwise regression analysis method is to automatically select the most
important variable from available variables to establish a prediction or explanation model
for regression analysis [60]. The steps are as follows: add the independent variables to
the regression one by one, and check whether the square of the partial regression of the
regression equation is significant. After each new independent variable is added, the
old independent variables are tested one by one, and the independent variables with
insignificant sum of squares of partial regression are eliminated. This continues to be added
and removed until neither the new variable is added nor the old variable is deleted.

4. Results
4.1. Land Cover Change from 2000 to 2020 in Western Hubei Province

From 2000 to 2020, there were 31 types of land use conversion units with temporal
heterogeneity (different land use types in different periods) in the study area (Figure 3).
The years with the most dramatic change were 20152020, with a total area of 9847.15 km?.
The 31 types of land use conversion units were sorted according to their size, and the
sum of the areas of the first 16 types of conversion units accounted for 97.32% of the total
conversion area (Figure 4). The most drastically changed land type from 2000 to 2005
was from arable land to water area (C—W in Figure 3), accounting for 29.48% of the total
converted area, mainly distributed in the plains of Jingzhou city. The second is from
forestland to farmland, which accounts for 20.37% of the total conversion area and is mainly
distributed in the sloping farmland around the northwest and southwest forest areas. Then,
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there is from cropland to built-up area (C-BU in Figure 3), which accounts for 7.03% of the

total converted area and is mainly distributed in the urban centers of various cities.
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Figure 3. Land cover change in western Hubei Province from (a) 2000-2010 and (b) 2010-2020 (C—
cropland, F—forestland, G—grassland, W—water basin, BU—built-up area, BA—bare; C-F means
land cover from cropland to forestland).
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Figure 4. Land cover transition from (a) 2000-2005, (b) 2010-2010, (c) 20102015, (d) 2015-2020.

The land use changes from 2000 to 2010 were not as drastic as the land cover changes
from 2010 to 2020, but the conversion of cropland to forestland, built-up area, water area,
and grassland took place in a large proportion. The 18 types of land use conversion
units are sorted by area, and the total area of the first 9 types of conversion accounted
for 90.72% of the total conversion area. The most obvious land type conversion is the
interchange of cropland and forestland, which accounts for 50.52% of the converted area
(Figure 4) and is distributed in the western mountainous area. “Cultivated land to built-
up area” (C-BU in Figure 3), which accounts for 11.97% of the total converted area, is
mainly distributed in the marginal area of the built-up area where land use changes are
relatively drastic. Under the policy of increasing built-up land, the urbanization of western
Hubei was fast. The decreased cropland was mainly used for built-up land. Before 2000,
driven by the benefits of commercial grains, large areas of ecological land in western Hubei
were reclaimed into cropland by local residents [61]. The national government has paid
attention to this phenomenon and launched the “Grain for Green” project after 2000. Due
to the implementation of the “Grain for Green” Project, in 2020, forestland increased by
6.7% (Figure 5). Among this increased forestland, 79.34% was transformed from cropland.
Overall, the land use in western Hubei has undergone major changes from 2000 to 2020,
which are mainly concentrated on the mutual conversion between cropland and forestland,
grassland, built-up area, and waters. The expansion of built-up land and the “Grain for
Green” project in ecologically fragile areas of central China exploited a large amount of
cropland [40,62].
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Figure 5. Changes in land cover in western Hubei Province from 2000 to 2020 (Note: The area of each
land cover type in 2000 is used as the standard.).

4.2. Soil Erosion Analysis
4.2.1. Spatial and Temporal Variation in Soil Erosion in Western Hubei Province

Based on this classification standard, the soil erosion maps for 2000, 2005, 2010, 2015
and 2020 were created (Figure 6). The average soil erosion in western Hubei Province
showed a trend of increasing and then decreasing between 2000 and 2020. Specifically, the
soil erosion in western Hubei Province was 3262.52 t ha~! yr~! in 2000, significantly
increased in the following 10 years, and gradually reached a peak of 6894.22 t ha™!
yr~! in 2010. Thereafter, the soil erosion began to decline, and by 2020, it was only
3140.35 tha=! yr~1. The spatial distribution of soil erosion was consistent from 2000 to
2020, showing an overall pattern of high in the west and low in the east, with the high-value
areas mainly located in Shiyan city, the Shenlongjia Forest Area, Yichang city, Enshi Tujia
and Miao Autonomous Prefecture and other areas with higher elevations. The soil erosion
intensity in western Hubei Province from 2000 to 2020 was mainly slight and mild, but
from 2005 to 2010, the areas of intense erosion, very intense erosion and severe erosion were
mainly in Shiyan city, Xiangyang city, Jingmen city and other areas with low topography.
The Shenlongjia Forest Area and Enshi Tujia and Miao Autonomous Prefecture, with the
most significant erosion in the Danjiangkou Reservoir area, showed a decreasing trend after
2010. This was closely related to the construction of the South-to-North Water Diversion
Project in China [63]. The Danjiangkou Reservoir of the South-to-North Water Diversion
Project was built in 2000, and high-intensity project implementation was not conducive
to the regional ecological environment and soil conservation [63]. As a result, erosion
expanded in some areas, such as Danjiangkou city. In 2010, when the South-to-North
Water Diversion Project was officially completed, China took a series of measures to restore
the ecological environment in areas along the route. In 2013, the Hubei Provincial Party
Committee proposed actively promoting the Yangtze River Ecological and Economic Belt
and the Han River Ecological and Economic Belt; the ecological environment in the western
part of Hubei Province improved, and soil erosion was subsequently reduced [64].
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Figure 6. Soil erosion map of western Hubei Province in (a) 2000, (b) 2005, (c) 2010, (d) 2015, (e) 2020
(tha=l.yr1).

Between 2000 and 2020, the percentage of land with a light grade becoming a slight
erosion grade was the highest in the area of land with a change in soil erosion grade, 37.55%
for the years 2000-2005, 18.75% for the years 2005-2010, 35.11% for 2010-2015, and 36.73%
for 2015-2020. This is followed by a larger area of land with light grade becoming slight
erosion grade with 7.9%, 18.75%, 25.23%, and 20.93%, respectively. The increase in soil
erosion areas between 2005 and 2010 is reflected in the increase in land change from slight
to severe, accounting for 5.51% of the total. Between 2015 and 2020, soil erosion increased,
as evidenced by more land eroding from moderate to high levels of soil erosion, accounting
for 4.77% of all (Figure 7).

4.2.2. Land Cover and Soil Erosion

The land cover type in the high-intensity soil erosion area is mainly waterfront and
grassland, while that in the low-intensity soil erosion area is mainly cropland and forestland.
Grassland areas are mainly grazing areas with poor vegetation cover, weak vegetation
interception and infiltration ability, serious soil erosion and high soil erosion intensity.
Waterfront areas are affected by river erosion and soil erosion, coupled with poor vegetation
growth environments along rivers, poor soil and water conservation abilities and high soil
erosion. The soil erosion intensity is lower because forestland is densely vegetated and
has high coverage and good soil and water conservation abilities, while cropland has been
impacted by soil and water protection projects and is generally located in areas with low
terrain, resulting in less rainwater scouring [65] (Figure 8).
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Since the built-up area and water area have soil erosion values of 0 and are considered
slightly eroded, cropland, forestland and grassland are selected as the objects to analyze the
relationship between soil erosion and land use (Figure 9). From 2000-2020, the soil of each
land use type in western Hubei Province mainly experienced light erosion, and the area
of light erosion accounted for more than 55% of all of the land area. In cropland, the area
of very strong erosion was smallest, while that of slight erosion was largest and showed
a significant decrease from 92.4% in 2000 to 72.22% in 2020. The areas of light, moderate,
strong, very strong and severe erosion showed an overall increase, with the area of light
erosion expanding the most: a total increase of 15.9% from 2000 to 2020.
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Figure 9. Proportion of area of different soil erosion classes in different land types (cropland, forest-
land, grassland).

The areas of soil erosion at different levels showed fluctuating decreases during
2000-2020, while the area of strong erosion showed a trend of first increasing and then
decreasing. The areas of strong, intensive, and severe erosion all reached their peaks in 2010,
with proportions of 2.40%, 3.02% and 4.29%, respectively, indicating that the soil erosion of
forestland improved. Grassland covers a smaller area than cropland and forestland and is
dominated by slight and mild erosion, and the area of slight erosion decreased by as much
as 40.67%, while the areas of other erosion types showed an increasing trend, with mild
erosion showing the fastest growth rate of 95.56%. In 2010, the proportions of very strong
erosion and severe erosion in grassland were relatively large, reaching a peak in 20 years,
at 4.52% and 8.47%, respectively.

4.2.3. Soil Erosion Analysis at Different Slope Levels

Topographic factors are among the important factors affecting the intensity of soil
erosion, and slope, as the main topographic factor, also has an important influence on soil
erosion intensity. In this research, the slope map of western Hubei Province was extracted
from the DEM, the slope range was divided into 10° intervals, and the area and proportion
of each soil erosion class in different slope ranges were calculated (Figure 10).

The effect of slope differs among soil erosion levels; slight and light soil erosion are
the main soil erosion classes at each slope level, and the area of land with slight and light
soil erosion shows a decreasing trend with an increase in slope. The area of the other soil
erosion levels tends to increase and then decrease with increasing slope, and all of them
reach a peak at 10-20°. In the range of 0-10°, soil erosion is mainly slight erosion with an
area proportion of 44.90%, followed by light erosion (5.77%). The combined representation
of the other soil erosion intensity levels is less than 1%, while the area of moderate to severe
soil erosion reaches the maximum when the slope is 10-20°. The area of severe soil erosion
is the largest, with a proportion of 0.94%. However, light and slight erosion still dominate
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in the slope range of 10-20°. When the slope is greater than 20°, the soil erosion area of
all grades shows a decreasing trend, which indicates that 20° is the critical slope value
for soil erosion in western Hubei Province. When the slope is greater than 50°, high-level
soil erosion disappears, and the representation of a low-intensity soil erosion area is less
than 0.1%.

100%

80%
60%
40%
20%

0%

Slight Light  Moderate High  Very High Severe

level at different slope class

Percentage of different soil erosion

Soil erosion level

Slope ™ 0-10 ™ 10-20 = 20-30 © 30-40 M 40-50 ® 50-60

Figure 10. Percentage of soil erosion area in different slope classes in western Hubei Province from
2000-2020.

4.3. Analysis of Landscape Patterns in Western Hubei Province
4.3.1. Landscape Pattern Index Analysis

NP and AREA_MN characterize the degree of regional fragmentation; the larger
the NP value or the smaller the AREA_MN value is, the greater the regional landscape
fragmentation. The NP value of western Hubei Province significantly increased from
91,977 in 2000 to 102,373 in 2020, and the AREA_MN value showed an overall decrease
of 9.88%, indicating that the landscape fragmentation of western Hubei Province has
increased. SHAPE_MN and FRAC_MN indicate the shape of the patches, and these two
values showed a slight increase in western Hubei Province from 2000 to 2020, indicating
that the overall change in the shape of landscape patches in western Hubei Province was
small. The FRAC_MN value is greater than 1, which means that the regional landscape is
influenced more by humans, but the influence shows a decreasing trend. CONTIG_MN
shows a decreasing trend, and the degree of connectivity between regional landscape
patches decreases, which indicates that the landscape in western Hubei Province was more
dispersed and patchily distributed during 2000-2020 (Figure 11).

The SHEI is used to measure the heterogeneity of the landscape in the region, with the
magnitude of the SHEI value indicating the uniformity of landscape types in the region.
The SHEI value fluctuated during 2000-2020, showing an increase from 2000 to 2015 and a
decrease thereafter, but the changes in the value did not exceed 0.004. Moreover, the SHEI
values were all greater than 0.57, indicating that in western Hubei Province, the overall
distribution of landscape patches was relatively uniform, and landscape diversity tended
to be stable, but there were still some changes in different periods.
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Figure 11. Landscape Pattern Index for Western Hubei Province in 2000, 2005, 2010, 2015, 2020.
(CONTIG—Contiguity Index; FRAC—Fractal Dimension Index; NP—Number of Patches; SHEI—

Shannon’s Evenness Index).

4.3.2. Landscape Pattern Index Analysis for Each Land Use Cover Type

Figure 12 shows the landscape pattern indices at the class level in western Hubei
Province, and the trends of different indices vary among years and land types. In terms of
class area (CA), the areas of cropland, forestland, grassland, and unused land decreased,
with that of forestland decreasing the most, while only the area of built-up land showed an
increasing trend, with an increase rate of 64.07%. The percentage of landscape (PLAND)
and largest patch index (LPI) are consistent with the temporal change trend of CA for
different land use types. The PLAND and LPI values of cropland and forestland are the
largest, while those of unused land and built-up area are relatively low, which indicates that
cropland and forestland are the dominant land types in the region and that the dominance
of unused land and built-up area is lower (Figure 12). The detailed value of Landscape

pattern index analysis for each land cover type is in Appendix A, Table A2.

PD refers to the number of patches per unit area, and its magnitude characterizes
the fragmentation of the landscape in the region. The PD value of cropland is higher,
approximately 0.38, than that of other land types due to the influence of human production
and living behavior and rapid urbanization, and the fragmentation degree is higher. In
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addition, the changes in the PD values of each land use type from 2000 to 2020 were small,
indicating that the landscape patches in the region were relatively stable. Among all land
use types, except for unused land, the edge density (ED) and landscape shape index (LSI)
showed fluctuating increases, and the LSI value was higher, indicating an increase in
landscape edge heterogeneity in the region. The patches of all land types except unused
land show a complex shape with high boundary fragmentation, but the LSI of the built-up
area increases significantly, while the LSI values of other land types show small temporal
changes. The aggregation index (Al) reflects the degree of aggregation of the landscape
patches in a region. The Al values of each land use type have small changes and high
values, indicating that the landscape distribution areas in the region are stable and have a
high degree of aggregation (Figure 12).
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Figure 12. Landscape pattern index analysis for cropland, forestland, grassland, water bodies, bare
land (CA—Class area; PLAND—Percent of landscape; LPI—Largest patch index; PD—Patch density;
ED—Edge density; LSI—Landscape shape index; Al—Agglomeration index).

The CONTIG_MN, LPI and SHEI passed the significance test at p < 0.1, and the Al
and PD passed the significance test at p < 0.05 (Table 4). Soil erosion in western Hubei
Province shows a positive correlation with CONTIG_MN, Al, and LPI. When the average
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connectivity of the landscape in the region increases, the similarity between patches is
stronger, the landscape diversity decreases, and the ability to maintain regional soil and
water is low. Similarly, the increases in the aggregation index and the maximum patch index
indicate that the dominance and aggregation of patches increase. This leads to an increase
in the proportion of a single landscape in the region; a single landscape has a weaker ability
to maintain soil, and soil erosion is therefore high. In addition, soil erosion in western
Hubei Province showed a negative correlation with the SHEI, which is an important index
for comparing changes in diversity across landscapes or in the same landscape over time.
When the SHEI value is high, the higher the landscape heterogeneity is, the stronger the
soil and water conservation abilities, and the higher the ability to effectively prevent the
intensification of soil erosion. Conversely, the landscape dominance is relatively high, the
landscape abundance is reduced, the soil conservation ability is weaker, and the soil erosion
is high.

Table 4. Regression model parameters of the landscape pattern index and soil erosion.

Landscape Pattern Index Standard Coefficient Significant Coefficient
CONTIG_MN 0.325 0.071
Al 1.021 0.001
LPI 0.245 0.072
SHEI —-0.411 0.092

Note: Al—Aggregation Index; CONTIG_MN — Mean value of Contiguity Index; LPI—Largest Patch Index;
SHEI—Shannon’s Evenness Index.

5. Discussion
5.1. Possible Reasons for Soil Erosion Changes in Western Hubei

The western region of Hubei Province is at the confluence of Daba Mountain and
Wushan Mountain, and soil erosion has become one of the main ecological problems
restricting the development of local cities. This is consistent with the conclusion of scholars
who have investigated soil erosion in Hubei Province [66]. Rainfall is one of the main
reasons for the fluctuation in soil erosion in western Hubei. Due to the natural geography
of western Hubei Province, soil erosion in the region is mainly hydraulic and gravity
erosion, which has been explained in Wang et al.’s (2016) research [67]. In this study, we
used the formula of daily rainfall erosion force to analyze the regional rainfall erosion
force in western Hubei Province (Figure 13). The lowest rainfall erosion force in 2020
was approximately 1 time lower than that in 2000, indicating that the soil loss caused
by precipitation erosion in some areas has improved. In terms of spatial distribution,
during 20002005, the high values of rainfall erosion force were mainly distributed in the
northeastern and southwestern parts of western Hubei Province, mainly in Suizhou city and
Enshi Tujia and Miao Autonomous Prefecture, and the low values were mainly distributed
in the central part of western Hubei Province, while from 2010, the high values of rainfall
erosion force in western Hubei Province gradually shifted to the south, especially in the
Danjiangkou Reservoir area, where the rainfall was significantly reduced. In conclusion,
the spatial and temporal variation in the rainfall erosion force in western Hubei Province is
generally consistent with the variation in the soil erosion rate, which indicates that rainfall
is one of the main factors causing soil loss in western Hubei Province.

Land cover is also one of the main factors affecting the amount of soil erosion. As
the source of material transport related to human activities and the natural environment,
the erosion of soil is influenced not only by natural factors but also by human activities.
The area of cropland, grassland, forestland, and unused land in western Hubei Province
decreased from 2000 to 2020 (Figures 3 and 4), while the area of watershed and built-up area
showed different degrees of increase. Moreover, the rate of change in land use types was
relatively large from 2005 to 2010 and from 2015 to 2020 (Figure 13), which was related to
the completion of the South-to-North Water Diversion Project, the Hanjiang Ecological and
Economic Belt and the Yangtze Ecological and Economic Belt. Importantly, this was related
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to the completion of the South-to-North Water Diversion Project [63], the construction
of the Han River Ecological and Economic Zone and the Yangtze River Ecological and
Economic Zone [68], as well as the rapid development of the Yijing-Jing’en City Cluster
and the Xiangshi-Shuishen City Cluster [69]. This finding is consistent with the research of
Liu et al. (2014) and Ning et al. (2018) [47,61]. The lost cropland was mainly transformed
into forestland and built-up areas, while forestland was mainly transformed into cropland
and grassland (Figures 3 and 4). The transfer-in transfer-out rate of cropland was high, and
its ED and LSI were the highest among all categories with high landscape fragmentation.
However, the cropland area plays a protective role against soil erosion through human
implementation of various soil and water conservation measures, and the amount of soil
erosion is relatively small, while the CA, LPI and PLAND are all at high levels, with good
vegetation cover, high landscape integrity and less soil erosion (Figure 11). This finding
is similar to the finding of Mirghaed et al. (2018) [58]. In Mirghaed et al.’s (2018) study,
cropland with high values of LPI and PLAND had low soil erosion.

(2)2000 ™ (b)2005 (€)2010
o 124,139 C e 104123 — 324,535
B 62,235 M 45,054 — 79,621
N
A0 100 km
(d)2015 Y (£)2020

. 105,967 97 o 159,601

Figure 13. Rainfall erosivity map for western Hubei Province in (a) 2000, (b) 2005, (c) 2010, (d) 2015,
(e) 2020.

In addition, changes in national policies are among the important reasons for the
spatial and temporal changes in soil erosion, especially during the construction period of
the South-to-North Water Diversion Project. When ecological damage was severe, veg-
etation cover was reduced, soil and water conservation capacities decreased, and soil
erosion increased dramatically [63]. With the completion of the project and the restora-
tion of ecological functions, the ecological environment improved, and the soil erosion
problem decreased, which is consistent with the findings of this paper for western Hubei
Province [65]. Soil erosion peaked in approximately 2010. In 2018, the National Develop-
ment and Reform Commission of the People’s Republic of China released the Development
Plan for the Han River Ecological and Economic Belt [64]. The ecological environment in
western Hubei Province has improved, the stability of the ecosystem has been enhanced,
and soil erosion has been reduced. As Hancock et al. (2019) mentioned, if grass cover
is reduced under trees, it will leave soil exposed and increase erosion risk. In addition,
Ruiz-Colmenero et al. (2013) found that planting vegetative cover crops between rows of
vines in sloping vineyards can reduce losses from erosion and improve the infiltration of
water [70]. It is necessary to adopt reasonable grazing methods in grasslands to prevent
soil erosion caused by overgrazing [71,72] and take measures to increase vegetation cover
and strengthen soil and water conservation projects in western Hubei Province.

5.2. Comparison with Existing Research

Due to the lack of field erosion data in the region, the soil erosion results estimated
by the CSLE model in this study were analyzed using the observation data of river sand
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transport monitoring stations at the outlet of each watershed of typical rivers (3 river sand
transport monitoring stations in 2010 and 2015, 4 river sand transport monitoring stations
in 2020) from the Hubei Soil and Water Conservation Bulletin for correlation analysis. The
results showed that the overall correlation coefficient was 0.98, 0.99, 0.99 in 2010, 2015 and
2020 (Figure 14), respectively, indicating that the soil erosion estimation results for these
3 years were satisfactory.
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Figure 14. Correlation analysis between simulated value (10° t) and observed value (10° t) in (a) 2010,
(b) 2015 and (c) 2020.

This study found that the land use types in the high-intensity soil erosion area are
mainly waterfront and grassland, which is consistent with the findings of Wang et al.
(2016) [67] and Xu et al. (2017) [73]. However, this finding contrasts with Ouyang et al.’s
(2010) finding [26]. In Ouyang et al.’s (2010) study, the erosion intensity of grassland
was generally lower than that of cropland. Studies have shown that when grassland is
degraded and desertified, its soil erosion rate will be higher than that of crops. The reasons
for the different study conclusions may be the different study areas, study years, and
soil erosion models. The study area is in the Longliu watershed, which is located at the
conjunction of the Qinghai-Tibet and Loess Plateau. The soil physicochemical properties
in the Loess Plateau region are different from those in the soil of mountainous regions in
the middle reaches of the Yangtze River, and the precipitation characteristics are different.
Ouyang et al.’s (2010) study focused on 1977 to 2006. This research was conducted from
2000 to 2020, and the national development policies in those years were different, so the
land use activities were different. This study used the CSLE model, while the study of
Ouyang et al. used the SWAT model, employing different model parameters and calculation
methods to calculate regional soil erosion. In addition, the findings of this study show
that the soil erosion intensity in Hubei from 2000 to 2020 was dominated by slight light
(Figure 4), which is consistent with Wang et al.’s (2016) [67] research on soil erosion in China.

The results of this study show that the soil erosion intensity in the mountainous
areas of western Hubei is positively correlated with CONTIG_MN, Al, and LPI and neg-
atively correlated with SHEI that is, the fragmentation, diversity, and aggregation of
the landscape are closely related to regional soil erosion. These findings are consistent
with Ouyang et al.’s (2010) findings [26]. We also compared our research findings with
Mirghaed et al.’s (2018) research [58]. Mirghaed et al. (2018) explored the relationship
between soil erosion and landscape metrics of different land use types in the Gorgan Water-
shed in northern Iran. In the results of their study, the trends of the NP and LSI metrics
for all land uses can affect the sediment retention and sediment yield. However, in our
study, no such correlation was found. Due to different evaluation units, research scales,
land cover, and regional natural conditions, there are differences in the correlation between
landscape patterns and soil erosion. Our study only took counties as the evaluation unit,
calculated the land landscape pattern index and soil erosion amount of each county, and
explored the correlation between these two factors. Mirghaed et al. (2018) focused on the
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relationship of the landscape pattern of each land cover with soil erosion. Since there are
still few studies on the correlation between landscape patterns and soil erosion, especially
in central China, there are few research results we could compare.

5.3. Strengths and Limitations

This study used meteorological station data, soil data and remote sensing data with
high data credibility and fills a knowledge gap in the study of the relationship between
landscape patterns and soil erosion in western Hubei Province by using the generally
accepted method [15,60,74]. In addition, we explored the influence of changing landscape
patterns on soil erosion in the western region of Hubei Province from the perspective of
the joint influence of natural and human social systems, which is scientific and can be
replicated in other regions for comparison.

However, there are still some limitations. First, although landscape factors and external
influences such as rainfall, slope, vegetation cover and land use type are considered, the
heterogeneity of each factor is not taken into account in the evaluation [15]. In addition,
the correlation between landscape patterns and soil erosion at different scales was not
examined; for example, the relationship between landscape patterns and soil erosion at the
municipal or village level was not investigated. The soil erosion process is a multiscale
nonlinear and complex process [75]. In the future, researchers could focus on not only
improving evaluation accuracy by modifying the evaluation method of landscape indices
and by enhancing the resolution of data but also exploring the scale effects of landscapes
on soil erosion. The correlation between landscape patterns and soil erosion at multiple
scales can be analyzed in subsequent studies to provide a scientific basis for administrative
land use management at different levels.

6. Conclusions

In this research, we found that (1) the landscape pattern in mountainous areas dra-
matically changed from 2000 to 2020. The years with the most dramatic change were
2015-2020, with a total area of 9847.15 km?. The most obvious land type conversion is the
interchange in cropland and forestland, which accounts for 50.52% of the converted area.
(2) The average soil erosion in western Hubei Province showed a trend of increasing from
2000 to 2010, with a peak value of 6894.22 t-ha~!-yr~! in 2010, and then decreasing from
2010-2020, with the lowest soil erosion value, 3140.35 t~ha*1~yr*1, in 2020. Soil erosion
was higher in the western than in the eastern part of the study area. The land in areas
with high-intensity and low-intensity soil erosion was mainly waterfront/grassland and
cropland /forestland, respectively, and the area of moderate to severe soil erosion was
greatest when the slope was 10-20°. 20° is the critical slope for soil erosion in the study
area because when the slope exceeded 20°, the soil erosion area of each grade tended to
decrease. (3) At the landscape level, landscape fragmentation increased and connectivity
decreased, but the area of landscape diversity was stable. Soil erosion in western Hubei
was positively correlated with the contiguity index, aggregation index and largest patch
index but negatively correlated with the Shannon evenness index. The higher the landscape
fragmentation and the greater the accumulation of single land-use types, the more severe
the soil erosion is, while the higher the landscape connectivity and the richer the landscape
diversity, the less severe the soil erosion is. We suggest that future land management in
each county of western Hubei should place greater emphasis on landscape connectivity
and landscape diversity to reduce land fragmentation and thus soil erosion.
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Appendix A

Table A1l. Brief description of landscape index in this research (refer Fragstat 4.2 help document [57]).
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Table Al. Cont.

Metrics Index Formula Range Comments
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Table Al. Cont.
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gii = number of Given any P;, Al
like adjacencies v
. equals 0 when the
(joins) between
. focal patch type
pixels of patch is maximally
type (clgss) i based disaggregated; Al
on the singlecount .
increases as the
. method. .
Aggregation B g 1 Max-e = maximum focal patch type is
Index (AI) Al = [max%gii ] (100) 8ii = . increasingly
number of like
. . aggregated and
adjacencies (joins)
. equals 100 when
between pixels of
. the patch type
patch type (class) i is maximall
based on the Y
. aggregated into
) single-count a sinele
Aggregation method. &
metrics compact patch.
e}y = total length
(m) of edge LSI>1,
in landscape without limit. The Landscape
between patch LSI =1 when the shape index (LSI)
types(classes) iand  landscape consists  index measures the
k; includes the of a single square perimeter-to
Landscape Shape 025y e entire landscape patch of the area ratio for the
Index (LST) LSI = \/'% boundary and corresponding landscape as a
some or all type; LSl increases ~ whole. The greater
background without limit the value of LSI,
edge segments as landscape the more dispersed
involving class i. shape becomes are the patch types.

A = total landscape
area (m).

more irregular.
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Metrics Index Formula Range Comments
Groups
P; = proportion of
the landscape
occupied by patch
type (class) i.
gik = number of CONTAG
adjacencies (joins)  approaches 0 when
between pixels of the patch types
patch types are maximally
Contagion i CONTAG = (classes) i and k disaggregated and
(CONTAG) {g r {Pi — } . [ln (P;’ kg;k} } based on the interspersed.
14 8k X ik (100) double-count CONTAG =100
2In(m) method. when all patch
m = number of types are
patch types maximally
(classes) present in aggregated.
the landscape,
including the
landscape border
if present.
Number of patches
often has limited
NP > 1, interpretive value
Number of N = total number without limit. by itself because it
Patches (NP) NP =n; of patches in NP = 1 when the conveys no
the landscape. landscape contains  information about
only 1 patch. area, distribution,
or density
of patches.
Patch density has
the same basic
utility as number
of patches as an
N = total number index, except that
. of patches in PD >0, it expresses
PatchP%en51ty PD = %(10,000)(100) theliandscape. constrained by numberpof patches
(PD) A = total landscape cell size. on a per unit area
area (m?). basis that
facilitates
comparisons
among landscapes
of varying size.
Shannon’s
diversity index is a
popular measure
SHDI > 0, of diversity
, P; = proportion of without limit in communi
. . .Shar.mon S i=1 thg larlljdscape SHDI = 0 when the  ecology, applitgd
Dlver.sny Diversity Index SHDI = — ¥ (PiInP;) occupied by patch  landscape contains  here to landscapes.
metrics (SHDD) m type (class) i. only 1 patch (i.e.,  Shannon’s index is

no diversity).

more sensitive to
rare patch types
than Simpson’s

diversity index.
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Table Al. Cont.

lélfotlr:;z Index Formula Range Comments
Pi= proportion of
the landscape ,
occupied by patch Shannpn -
type (class) i. evenness index is
Shannon’s 2 PP, m = number of eiﬁis;ji\f;fh
— Z Pi n Pi < <
Evenness Index SHEI — it patch types ' 0 < PLAND < 100 distribution of area
(SHEI) Inm (classes) present in
the landscape among patch types
excluding the’ results in maxi-
landscape border T EVEnness.
if present.
Table A2. Landscape pattern index analysis for each land use cover types.
CA PLAND LPI PD ED LSI Al
2000 4,521,294 33.5139 10.185 0.3903 19.9131 317.138 95.5389
2005 4,479,107 33.1142 9.4578 0.373 20.5887 330.249 95.332
Cropland 2010 4,345,691 32.2123 7.4388 0.3737 20.4054 331.397 95.2444
2015 4,305,303 31.8294 7.1532 0.3974 20.2421 331.096 95.2266
2020 4,273,271 31.5771 3.5793 0.3859 21.4548 351.825 94.9076
2000 7,522,174 55.7578 23.3248 0.0688 18.0137 223.423 97.5667
2005 7,525,235 55.6343 23.2101 0.0695 18.4972 229.705 97.4985
Forest land 2010 7,510,385 55.6704 23.2349 0.0722 18.3296 227.517 97.5199
2015 7,504,276 55.4797 22.6986 0.0809 18.1418 225.682 97.5391
2020 7,476,049 55.2438 22.618 0.0809 19.2024 238.594 97.3927
2000 563,287 4.1753 0.1258 0.0402 3.5096 159.475 93.6622
2005 567,447 4.1952 0.1245 0.04 3.6098 163.97 93.507
Grassland 2010 552,914 4.0985 0.1091 0.0393 3.5068 160.654 93.5551
2015 555,256 4.105 0.103 0.0416 3.4987 160.553 93.5734
2020 548,622 4.054 0.1047 0.0406 3.6392 166.92 93.277
2000 285,397 2.1155 0.024 0.1193 2.9705 187.701 89.5083
2005 296,981 2.1956 0.0253 0.1207 3.1102 193.191 89.4113
Built-up area 2010 366,518 2.7168 0.0463 0.1276 3.5906 200.237 90.1199
2015 437,021 3.2309 0.0737 0.1331 4.2058 215.339 90.267
2020 468,242 3.46 0.0794 0.1356 4.6674 230.916 89.9154
2000 19,756.2 0.1464 0.0208 0.0013 0.0946 23.4168 95.2003
2005 19,816.8 0.1465 0.0207 0.0014 0.0996 24.7945 94.9155
Bare 2010 19,717.5 0.1462 0.0207 0.0011 0.0903 22.3863 95.4168
2015 19,894.1 0.1471 0.0208 0.0012 0.0899 22.5558 95.402
2020 19,284.5 0.1425 0.016 0.0012 0.0923 23.0756 95.2196
Note: CA—Class area; PLAND—Percent of landscape; LPI—Largest patch index; PD—Patch density; ED—Edge
density; LSI—Landscape shape index; Al—Agglomeration index.
References

1.  Poesen, ]. Soil Erosion in the Anthropocene: Research Needs. Earth Surf. Process. Landf. 2018, 43, 64-84. [CrossRef]

2. Amundson, R.; Berhe, A.A.; Hopmans, ].W.; Olson, C.; Sztein, A.E.; Sparks, D.L. Soil and Human Security in the 21st Century.

Science 2015, 348, 1261071. [CrossRef] [PubMed]

Wauepper, D.; Borrelli, P.; Finger, R. Countries and the Global Rate of Soil Erosion. Nat. Sustain. 2020, 3, 51-55. [CrossRef]

4. Borrelli, P; Robinson, D.A ; Panagos, P; Lugato, E.; Yang, ].E.; Alewell, C.; Wuepper, D.; Montanarella, L.; Ballabio, C. Land Use
and Climate Change Impacts on Global Soil Erosion by Water (2015-2070). Proc. Natl. Acad. Sci. USA 2020, 117, 21994-22001.
[CrossRef]

5. Boardman, J. Soil Erosion Science: Reflections on the Limitations of Current Approaches. Catena 2006, 68, 73-86. [CrossRef]

b


http://doi.org/10.1002/esp.4250
http://doi.org/10.1126/science.1261071
http://www.ncbi.nlm.nih.gov/pubmed/25954014
http://doi.org/10.1038/s41893-019-0438-4
http://doi.org/10.1073/pnas.2001403117
http://doi.org/10.1016/j.catena.2006.03.007

Int. |. Environ. Res. Public Health 2022, 19, 1571 25 of 27

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Panagos, P.; Katsoyiannis, A. Soil Erosion Modelling: The New Challenges as the Result of Policy Developments in Europe.
Environ. Res. 2019, 172, 470-474. [CrossRef]

Prosdocimi, M.; Tarolli, P.; Cerda, A. Mulching Practices for Reducing Soil Water Erosion: A Review. EARTH-Sci. Rev. 2016, 161,
191-203. [CrossRef]

Ding, Y.; Liu, Y;; Liu, S.; Li, Z.; Tan, X.; Huang, X.; Zeng, G.; Zhou, L.; Zheng, B. Biochar to Improve Soil Fertility. A Review. Agron.
Sustain. Dev. 2016, 36, 36. [CrossRef]

Meyer, L.D.; Wischmeier, W.H. Mathematical Simulation of the Process of Soil Erosion by Water. Trans. ASAE 1969, 12, 754-0758.
Gholami, V.; Sahour, H.; Hadian Amri, M.A. Soil Erosion Modeling Using Erosion Pins and Artificial Neural Networks. CATENA
2021, 196, 104902. [CrossRef]

De Vente, J.; Poesen, J. Predicting Soil Erosion and Sediment Yield at the Basin Scale: Scale Issues and Semi-Quantitative Models.
Earth-Sci. Rev. 2005, 71, 95-125. [CrossRef]

Batista, P.V.G.; Davies, J.; Silva, M.L.N.; Quinton, ].N. On the Evaluation of Soil Erosion Models: Are We Doing Enough?
Earth-Sci. Rev. 2019, 197, 102898. [CrossRef]

Alewell, C.; Borrelli, P.; Meusburger, K.; Panagos, P. Using the USLE: Chances, Challenges and Limitations of Soil Erosion
Modelling. Int. Soil Water Conserv. Res. 2019, 7, 203-225. [CrossRef]

Benavidez, R.; Jackson, B.; Maxwell, D.; Norton, K. A Review of the (Revised) Universal Soil Loss Equation ((R)USLE): With
a View to Increasing Its Global Applicability and Improving Soil Loss Estimates. Hydrol. Earth Syst. Sci. 2018, 22, 6059—-6086.
[CrossRef]

Borrelli, P.; Alewell, C.; Alvarez, P.; Anache, J.A.A.; Baartman, J.; Ballabio, C.; Bezak, N.; Biddoccu, M.; Cerda, A.; Chalise, D.; et al.
Soil Erosion Modelling: A Global Review and Statistical Analysis. Sci. Total Environ. 2021, 780, 146494. [CrossRef]

Ghosal, K.; Bhattacharya, S.D. A Review of RUSLE Model. . Indian Soc. Remote Sens. 2020, 48, 689-707. [CrossRef]

Fang, J.; Yu, G,; Liu, L.; Hu, S.; Chapin, ES. Climate Change, Human Impacts, and Carbon Sequestration in China. Proc. Natl.
Acad. Sci. USA 2018, 115, 4015-4020. [CrossRef]

Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schuett, B.; Ferro, V.;
et al. An Assessment of the Global Impact of 21st Century Land Use Change on Soil Erosion. Nat. Commun. 2017, 8, 2013.
[CrossRef]

Liu, B.; Zhang, K.; Yun, X. An Empirical Soil Loss Equation. In Proceedings of the 12th ISCO Conference, Beijing, China,
26-31 May 2002.

Li, A.; Zhang, X.C,; Liu, B. Effects of DEM Resolutions on Soil Erosion Prediction Using Chinese Soil Loss Equation. Geomorphology
2021, 384, 107706. [CrossRef]

Liu, J.; Liu, H. Soil Erosion Changes during the Last 30 Years and Contributions of Gully Erosion to Sediment Yield in a Small
Catchment, Southern China. Geomorphology 2020, 368, 107357. [CrossRef]

Chu, L.; Sun, T.; Wang, T.; Li, Z.; Cai, C. Temporal and Spatial Heterogeneity of Soil Erosion and a Quantitative Analysis of Its
Determinants in the Three Gorges Reservoir Area, China. Int. |. Environ. Res. Public Health 2020, 17, 8486. [CrossRef] [PubMed]
Huang, C.; Yang, Q.; Cao, X.; Li, Y. Assessment of the Soil Erosion Response to Land Use and Slope in the Loess Plateau—A Case
Study of Jiuyuangou. Water 2020, 12, 529. [CrossRef]

Foster, D.R.; Knight, D.H.; Franklin, ].F. Landscape Patterns and Legacies Resulting from Large, Infrequent Forest Disturbances.
Ecosystems 1998, 1, 497-510. [CrossRef]

Yohannes, H.; Soromessa, T.; Argaw, M.; Dewan, A. Impact of Landscape Pattern Changes on Hydrological Ecosystem Services in
the Beressa Watershed of the Blue Nile Basin in Ethiopia. Sci. Total Environ. 2021, 793, 148559. [CrossRef] [PubMed]

Ouyang, W.; Skidmore, A.K.; Hao, F.; Wang, T. Soil Erosion Dynamics Response to Landscape Pattern. Sci. Total Environ. 2010,
408, 1358-1366. [CrossRef] [PubMed]

Bakker, M.M.; Govers, G.; van Doorn, A.; Quetier, F; Chouvardas, D.; Rounsevell, M. The Response of Soil Erosion and Sediment
Export to Land-Use Change in Four Areas of Europe: The Importance of Landscape Pattern. Hum. Clim. Impacts Fluv. Hillslope
Morphol. 2008, 98, 213-226. [CrossRef]

Garcia-Ruiz, .M. The Effects of Land Uses on Soil Erosion in Spain: A Review. CATENA 2010, 81, 1-11. [CrossRef]

Devaty, ].; Dostdl, T.; Hosl, R.; Krasa, J.; Strauss, P. Effects of Historical Land Use and Land Pattern Changes on Soil Erosion—Case
Studies from Lower Austria and Central Bohemia. Land Use Policy 2019, 82, 674—685. [CrossRef]

OECD; European Commission. Policy Brief on Making the Most of the Social Economy’s Contribution to the Circular Economy; OECD
Publishing: Paris, France, 2022; ISBN 20794797.

Berihun, M.L.; Tsunekawa, A.; Haregeweyn, N.; Dile, Y.T.; Tsubo, M.; Fenta, A.A.; Meshesha, D.T.; Ebabu, K.; Sultan, D.;
Srinivasan, R. Evaluating Runoff and Sediment Responses to Soil and Water Conservation Practices by Employing Alternative
Modeling Approaches. Sci. Total Environ. 2020, 747, 141118. [CrossRef] [PubMed]

Belachew, A.; Mekuria, W.; Nachimuthu, K. Factors Influencing Adoption of Soil and Water Conservation Practices in the
Northwest Ethiopian Highlands. Int. Soil Water Conserv. Res. 2020, 8, 80-89. [CrossRef]

Jiang, C.; Zhang, H.; Wang, X.; Feng, Y.; Labzovskii, L. Challenging the Land Degradation in China’s Loess Plateau: Benefits,
Limitations, Sustainability, and Adaptive Strategies of Soil and Water Conservation. Ecol. Eng. 2019, 127, 135-150. [CrossRef]
Aneseyee, A.B,; Elias, E.; Soromessa, T.; Feyisa, G.L. Land Use/Land Cover Change Effect on Soil Erosion and Sediment Delivery
in the Winike Watershed, Omo Gibe Basin, Ethiopia. Sci. Total Environ. 2020, 728, 138776. [CrossRef] [PubMed]


http://doi.org/10.1016/j.envres.2019.02.043
http://doi.org/10.1016/j.earscirev.2016.08.006
http://doi.org/10.1007/s13593-016-0372-z
http://doi.org/10.1016/j.catena.2020.104902
http://doi.org/10.1016/j.earscirev.2005.02.002
http://doi.org/10.1016/j.earscirev.2019.102898
http://doi.org/10.1016/j.iswcr.2019.05.004
http://doi.org/10.5194/hess-22-6059-2018
http://doi.org/10.1016/j.scitotenv.2021.146494
http://doi.org/10.1007/s12524-019-01097-0
http://doi.org/10.1073/pnas.1700304115
http://doi.org/10.1038/s41467-017-02142-7
http://doi.org/10.1016/j.geomorph.2021.107706
http://doi.org/10.1016/j.geomorph.2020.107357
http://doi.org/10.3390/ijerph17228486
http://www.ncbi.nlm.nih.gov/pubmed/33207748
http://doi.org/10.3390/w12020529
http://doi.org/10.1007/s100219900046
http://doi.org/10.1016/j.scitotenv.2021.148559
http://www.ncbi.nlm.nih.gov/pubmed/34328959
http://doi.org/10.1016/j.scitotenv.2009.10.062
http://www.ncbi.nlm.nih.gov/pubmed/19922979
http://doi.org/10.1016/j.geomorph.2006.12.027
http://doi.org/10.1016/j.catena.2010.01.001
http://doi.org/10.1016/j.landusepol.2018.11.058
http://doi.org/10.1016/j.scitotenv.2020.141118
http://www.ncbi.nlm.nih.gov/pubmed/32771781
http://doi.org/10.1016/j.iswcr.2020.01.005
http://doi.org/10.1016/j.ecoleng.2018.11.018
http://doi.org/10.1016/j.scitotenv.2020.138776
http://www.ncbi.nlm.nih.gov/pubmed/32353799

Int. |. Environ. Res. Public Health 2022, 19, 1571 26 of 27

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Chen, Z.; Wang, L.; Wei, A_; Gao, J.; Lu, Y.; Zhou, J. Land-Use Change from Arable Lands to Orchards Reduced Soil Erosion and
Increased Nutrient Loss in a Small Catchment. Sci. Total Environ. 2019, 648, 1097-1104. [CrossRef] [PubMed]

Jiu, J.; Wu, H; Li, S. The Implication of Land-Use/Land-Cover Change for the Declining Soil Erosion Risk in the Three Gorges
Reservoir Region, China. Int. |. Environ. Res. Public. Health 2019, 16, 1856. [CrossRef]

Saravanan, S.; Jennifer, J.J.; Singh, L.; Thiyagarajan, S.; Sankaralingam, S. Impact of Land-Use Change on Soil Erosion in the
Coonoor Watershed, Nilgiris Mountain Range, Tamil Nadu, India. Arab. J. Geosci. 2021, 14, 407. [CrossRef]

Van Oost, K.; Govers, G.; Desmet, P. Evaluating the Effects of Changes in Landscape Structure on Soil Erosion by Water and
Tillage. Landsc. Ecol. 2000, 15, 577-589. [CrossRef]

Department of Water Resources in Hubei Province. Hubei Soil and Water Conservation Bulletin; Department of Water Resources in
Hubei Province: Wuhan, China, 2019.

Deng, L.; Kim, D.-G.; Li, M.; Huang, C.; Liu, Q.; Cheng, M.; Shangguan, Z.; Peng, C. Land-Use Changes Driven by ‘Grain for
Green’ Program Reduced Carbon Loss Induced by Soil Erosion on the Loess Plateau of China. Glob. Planet. Chang. 2019, 177,
101-115. [CrossRef]

DENG, L.; SHANGGUAN, Z.; LI, R. Effects of the Grain-for-Green Program on Soil Erosion in China. Int. |. Sediment Res. 2012,
27,120-127. [CrossRef]

Sun, D.; Yang, H.; Guan, D.; Yang, M.; Wu, J; Yuan, F; Jin, C.; Wang, A.; Zhang, Y. The Effects of Land Use Change on Soil
Infiltration Capacity in China: A Meta-Analysis. Sci. Total Environ. 2018, 626, 1394-1401. [CrossRef]

Zhao, ].; Yang, Z.; Govers, G. Soil and Water Conservation Measures Reduce Soil and Water Losses in China but Not down to
Background Levels: Evidence from Erosion Plot Data. Geoderma 2019, 337, 729-741. [CrossRef]

Panagos, P,; Borrelli, P.; Robinson, D. FAO Calls for Actions to Reduce Global Soil Erosion. Mitig. Adapt. Strateg. Glob. Chang.
2020, 25, 789-790. [CrossRef]

Chinnasamy, P.; Honap, V.U.; Maske, A.B. Impact of 2018 Kerala Floods on Soil Erosion: Need for Post-Disaster Soil Management.
J. Indian Soc. Remote Sens. 2020, 48, 1373-1388. [CrossRef]

Tian, P; Zhu, Z.; Yue, Q.; He, Y.; Zhang, Z.; Hao, F; Guo, W.; Chen, L.; Liu, M. Soil Erosion Assessment by RUSLE with Improved
P Factor and Its Validation: Case Study on Mountainous and Hilly Areas of Hubei Province, China. Int. Soil Water Conserv. Res.
2021, 9, 433-444. [CrossRef]

Ning, J.; Liu, J.; Kuang, W.; Xu, X.; Zhang, S.; Yan, C,; Li, R;; Wu, S.; Hu, Y,; Du, G,; et al. Spatiotemporal Patterns and
Characteristics of Land-Use Change in China during 2010-2015. J. Geogr. Sci. 2018, 28, 547-562. [CrossRef]

Resources and Environmental Science Data Center. Available online: https:/ /www.resdc.cn (accessed on 10 January 2022).
Meteorological Data Center of China Meteorological Administration. 2021. Available online: http://data.cma.cn/ (accessed on
10 October 2021).

Harmonized World Soil Database v1.2 | FAO SOILS PORTAL | Food and Agriculture Organization of the United Nations.
Available online: http:/ /www.fao.org/soils-portal /data-hub/soil-maps-and-databases /harmonized-world-soil-database-v1
2/en/ (accessed on 6 August 2021).

Geospatial Data Cloud. Available online: www.gscloud.cn (accessed on 10 October 2021).

Scientific Data. Available online: https://www.nature.com/sdata/ (accessed on 10 October 2021).

Chen, W.; Zhao, H.; Li, J.; Zhu, L.; Wang, Z.; Zeng, ]. Land Use Transitions and the Associated Impacts on Ecosystem Services in
the Middle Reaches of the Yangtze River Economic Belt in China Based on the Geo-Informatic Tupu Method. Sci. Total Environ.
2020, 701, 134690. [CrossRef]

Vinatier, F; Arnaiz, A.G. Using High-Resolution Multitemporal Imagery to Highlight Severe Land Management Changes in
Mediterranean Vineyards. Appl. Geogr. 2018, 90, 115-122. [CrossRef]

Koochaksaraei, R.H.; Meneghini, I.R.; Coelho, V.N.; Guimaraes, EG. A New Visualization Method in Many-Objective Optimization
with Chord Diagram and Angular Mapping. Knowl.-Based Syst. 2017, 138, 134-154. [CrossRef]

Li, Q.; Zhou, Y.; Wang, L.; Zuo, Q.; Yi, S,; Liu, J.; Su, X.; Xu, T; Jiang, Y. The Link between Landscape Characteristics and Soil
Losses Rates over a Range of Spatiotemporal Scales: Hubei Province, China. Int. J. Environ. Res. Public Health 2021, 18, 11044.
[CrossRef]

Kevin, M. Fragstats Help; University of Massachusetts: Amherst, MA, USA, 2015.

Mirghaed, F.A.; Souri, B.; Mohammadzadeh, M.; Salmanmahiny, A.; Mirkarimi, S.H. Evaluation of the Relationship between Soil
Erosion and Landscape Metrics across Gorgan Watershed in Northern Iran. Environ. Monit. Assess. 2018, 190, 643. [CrossRef]
Brini, I.; Alexakis, D.D.; Kalaitzidis, C. Linking Soil Erosion Modeling to Landscape Patterns and Geomorphometry:
An Application in Crete, Greece. Appl. Sci. 2021, 11, 5684. [CrossRef]

Whittingham, M.; Stephens, P.; Bradbury, R.; Freckleton, R. Why Do We Still Use Stepwise Modeling in Ecology and Behaviour?
J. Anim. Ecol. 2006, 75, 1182-1189. [CrossRef] [PubMed]

Liu, J.; Kuang, W.; Zhang, Z.; Xu, X,; Qin, Y,; Ning, J.; Zhou, W.; Zhang, S.; Rendong, L.; Yan, C.Z,; et al. Spatiotemporal
Characteristics, Patterns, and Causes of Land-Use Changes in China since the Late 1980s. J. Geogr. Sci. 2014, 24, 195-210.
[CrossRef]

Qiu, B,; Li, H,; Tang, Z.; Chen, C.; Berry, ]. How Cropland Losses Shaped by Unbalanced Urbanization Process? Land Use Policy
2020, 96, 104715. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2018.08.141
http://www.ncbi.nlm.nih.gov/pubmed/30340256
http://doi.org/10.3390/ijerph16101856
http://doi.org/10.1007/s12517-021-06817-w
http://doi.org/10.1023/A:1008198215674
http://doi.org/10.1016/j.gloplacha.2019.03.017
http://doi.org/10.1016/S1001-6279(12)60021-3
http://doi.org/10.1016/j.scitotenv.2018.01.104
http://doi.org/10.1016/j.geoderma.2018.10.023
http://doi.org/10.1007/s11027-019-09892-3
http://doi.org/10.1007/s12524-020-01162-z
http://doi.org/10.1016/j.iswcr.2021.04.007
http://doi.org/10.1007/s11442-018-1490-0
https://www.resdc.cn
http://data.cma.cn/
http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
http://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v12/en/
www.gscloud.cn
https://www.nature.com/sdata/
http://doi.org/10.1016/j.scitotenv.2019.134690
http://doi.org/10.1016/j.apgeog.2017.12.003
http://doi.org/10.1016/j.knosys.2017.09.035
http://doi.org/10.3390/ijerph182111044
http://doi.org/10.1007/s10661-018-7040-5
http://doi.org/10.3390/app11125684
http://doi.org/10.1111/j.1365-2656.2006.01141.x
http://www.ncbi.nlm.nih.gov/pubmed/16922854
http://doi.org/10.1007/s11442-014-1082-6
http://doi.org/10.1016/j.landusepol.2020.104715

Int. |. Environ. Res. Public Health 2022, 19, 1571 27 of 27

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

Office of the South-to-North Water Diversion Project Construction Committee, State Council, PRC The South-to-North Water
Diversion Project. Engineering 2016, 2, 265-267. [CrossRef]

National Development and Reform Commission of China. Han River Ecological and Economic Belt Development Plan; National
Development and Reform Commission of China: Beijing, China, 2018.

Qiu, B;; Zou, E; Chen, C; Tang, Z.; Zhong, J.; Yan, X. Automatic Mapping Afforestation, Cropland Reclamation and Variations in
Cropping Intensity in Central East China during 2001-2016. Ecol. Indic. 2018, 91, 490-502. [CrossRef]

Zeng, S. Soil erosion characteristics and its prevention in Hubei Province. Soil Water Conserv. 1981, 1, 4-8. [CrossRef]

Wang, X.; Zhao, X.; Zhang, Z.; Yi, L.; Zuo, L.; Wen, Q.; Liu, F; Xu, J.; Hu, S; Liu, B. Assessment of Soil Erosion Change and Its
Relationships with Land Use/Cover Change in China from the End of the 1980s to 2010. Catena 2016, 137, 256-268. [CrossRef]
Jiang, Y.; Lin, L.; Chen, L.; Ni, H.; Ge, W.; Cheng, H.; Zhai, G.; Wang, G.; Ban, Y.; Li, Y,; et al. An Overview of the Resources
and Environment Conditions and Major Geological Problems in the Yangtze River Economic Zone, China. China Geol. 2018, 1,
435-449. [CrossRef]

Xiao, P.; Zhao, C.; Zhou, Y.; Feng, H.; Li, X.; Jiang, J. Study on Land Consolidation Zoning in Hubei Province Based on the
Coupling of Neural Network and Cluster Analysis. Land 2021, 10, 756. [CrossRef]

Ruiz-Colmenero, M.; Bienes, R.; Eldridge, D.J.; Marques, M.]. Vegetation Cover Reduces Erosion and Enhances Soil Organic
Carbon in a Vineyard in the Central Spain. CATENA 2013, 104, 153-160. [CrossRef]

Hancock, G.R.; Ovenden, M.; Sharma, K.; Rowlands, W.; Gibson, A.; Wells, T. Soil Erosion—The Impact of Grazing and Regrowth
Trees. Geoderma 2020, 361, 114102. [CrossRef]

Oba, G.; Post, E.; Syvertsen, P.O.; Stenseth, N.C. Bush Cover and Range Condition Assessments in Relation to Landscape and
Grazing in Southern Ethiopia. Landsc. Ecol. 2000, 15, 535-546. [CrossRef]

Xu, Y,; Tang, H.; Wang, B.; Chen, J. Effects of Landscape Patterns on Soil Erosion Processes in a Mountain—-Basin System in the
North China. Nat. Hazards 2017, 87, 1567-1585. [CrossRef]

Zhang, H.; Zhang, R.; Qi, F; Liu, X;; Niu, Y;; Fan, Z.; Zhang, Q.; Li, J.; Yuan, L.; Song, Y.; et al. The CSLE Model Based Soil Erosion
Prediction: Comparisons of Sampling Density and Extrapolation Method at the County Level. CATENA 2018, 165, 465-472.
[CrossRef]

Guo, L.; Liu, R;; Men, C.; Wang, Q.; Miao, Y.; Shoaib, M.; Wang, Y.; Jiao, L.; Zhang, Y. Multiscale Spatiotemporal Characteristics of
Landscape Patterns, Hotspots, and Influencing Factors for Soil Erosion. Sci. Total Environ. 2021, 779, 146474. [CrossRef] [PubMed]


http://doi.org/10.1016/J.ENG.2016.03.022
http://doi.org/10.1016/j.ecolind.2018.04.010
http://doi.org/10.14123/j.cnki.swcc.1981.01.002
http://doi.org/10.1016/j.catena.2015.10.004
http://doi.org/10.31035/cg2018040
http://doi.org/10.3390/land10070756
http://doi.org/10.1016/j.catena.2012.11.007
http://doi.org/10.1016/j.geoderma.2019.114102
http://doi.org/10.1023/A:1008106625096
http://doi.org/10.1007/s11069-017-2833-3
http://doi.org/10.1016/j.catena.2018.02.007
http://doi.org/10.1016/j.scitotenv.2021.146474
http://www.ncbi.nlm.nih.gov/pubmed/34030279

	Introduction 
	Study Area and Data Sources 
	Study Area 
	Data Sources 

	Methods 
	Geo-Information Tupu 
	Chord Diagram Analysis of Land Cover Change 
	Chinese Soil Loss Equation (CSLE) 
	Landscape Pattern Analysis 
	Regression Analysis 

	Results 
	Land Cover Change from 2000 to 2020 in Western Hubei Province 
	Soil Erosion Analysis 
	Spatial and Temporal Variation in Soil Erosion in Western Hubei Province 
	Land Cover and Soil Erosion 
	Soil Erosion Analysis at Different Slope Levels 

	Analysis of Landscape Patterns in Western Hubei Province 
	Landscape Pattern Index Analysis 
	Landscape Pattern Index Analysis for Each Land Use Cover Type 


	Discussion 
	Possible Reasons for Soil Erosion Changes in Western Hubei 
	Comparison with Existing Research 
	Strengths and Limitations 

	Conclusions 
	Appendix A
	References

