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Abstract: The dry valley is a unique geographic phenomenon in Southwest China with severe water
erosion. However, little is known regarding its dominant controls and the discrepancies between
dry valley subtypes, leading to the poor management of water erosion. To solve these problems,
the revised universal soil loss equation (RUSLE) and Geodetector method were used in a dry
temperate (DT), dry warm (DW), and dry hot (DH) valley. Results indicated that dry valleys suffer
severe water erosion with a value of 64.78, 43.85, and 33.81 t·ha−1·yr−1. The Geodetector method is
proven to be an efficient tool to quantify the dominant factor of water erosion. It was established that
land use types (LUT) have the closest relationship with water erosion. The controls for water erosion
could be better explained by multi-factor interactions analysis, particularly for the combination
of slope and LUT in DW (q = 0.71) and DH (q = 0.66). Additionally, regions at high risk of water
erosion were characterized by steep slope (>30◦) and low vegetation coverage (<50%) in DT, while the
opposite is shown in DH. These findings could provide insight for guiding soil erosion management
and ecological restoration strategies that balance economic and environmental sustainability.

Keywords: water erosion; dry valley; dominant controls; high-risk region; Geodetector; RUSLE

1. Introduction

Water erosion caused primarily by anthropogenic disturbances and related land use
changes is a critical environmental problem that has substantially influenced ecosystem
deterioration, diminished the productivity of cultivated land, and caused detrimental
economic impact [1,2]. The global area of water erosion is 11 million km2 and it can be
manifested on various scales from a slowly developing process to a flash flood disaster [3–5].
Throughout the world, the fight against water erosion has represented a core and frontier
topic and is reflected in numerous global initiatives [6,7]. To assess water erosion correctly
and precisely at different spatial and temporal scales, 435 distinct models and model
variants have been developed (e.g., Water Erosion Prediction Project, WEPP; Chinese Soil
Loss Equation, CSLE; European Soil Erosion Model, EUROSEM), of which the empirical
revised universal soil loss equation (RUSLE) model is by far the most widely used [8,9].
According to previous studies, it has been estimated that soil losses in Mediterranean
regions exceed 50 t·ha−1·yr−1 because of steep slopes and fragile soils [10]. The European
Union Environment Directorate estimated that the mean annual soil loss across northern
and southern Europe was 8 and 30 t·ha−1·yr−1 in 2000, respectively [11]. In China, the total
area of water erosion exceeded 1.29 × 106 km2, of which 17.32% was in Southwest China
(Sichuan and Yunnan Province) and the average rate of water erosion across the country
was 5.02 t·ha−1·yr−1 according to the fourth national formal scientific survey [12]. The high
erosion intensity hotspot was mainly concentrated in Southwest China and the water
erosion rate was 25.77 t·ha−1·yr−1.
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The dry valley area, located in the first and second step transition belt of South-
west China, represents a unique physiographical region [13,14]. This area is considered
a typical monsoon climate zone owing to the complex interplay between the topography
and atmospheric circulation [15]. The dry valley is a unique geographic phenomenon in
the Himalayan Mountains, where a dry and hot environment at the bottom of a valley
is surrounded by a humid environment owing to the deeply incised alpine gorge land-
forms. Warm deciduous broadleaved thicket is the most representative vegetation in this
area [16,17]. In general, the dry valley has low annual precipitation (500–900 mm), high
temperature (mean annual temperature > 10 ◦C), and high evapotranspiration (precipita-
tion less than evapotranspiration). Additionally, 90% of annual total precipitation falls in
the wet season (from mid-May to mid-October). The dry valley area is the most serious
area of water erosion in the southwest due to the dense population (23.6 people per km2),
sparse vegetation, unique climate and fragmented topography. Lin et al. [18] and Duan
et al. [19] determined the relationship between water erosion and vegetation succession
and soil productivity in dry valleys. He et al. [20] estimated that the water erosion rate
was 45.06 t·ha−1·yr−1 in dry valley conditions using a runoff plot positioning observation
method. Xin et al. [21] and Jiang et al. [22] established the water erosion rate as 48.89 and
22.75 t·ha−1·yr−1 in upper reaches of Min River and Dadu River catchment using RUSLE.
However, the formation of dry valleys is generally complex, leading to various subtypes
such as dry–temperate (DT), dry–warm (DW), and dry–hot (DH) valleys. Understanding
the water erosion process of this unique geographic zone in relation to the regional climatic
background has been severely hindered.

Quantitative clarification of the influence of these factors on water erosion is essential
to guide soil erosion management and ecological restoration. Several recent studies have
shown that land use type (LUT) is the principal influencing parameter of erosion via
its impact on soil properties [23,24]. Apollonio et al. [25] demonstrated that perennial
herbaceous plants have a significant effect on reducing water erosion and runoff coefficients.
Stanchi et al. [26] studied the effects of different soil management approaches on water
erosion and fertility loss in a sloping vineyard, on which permanent grassing and buffering
strips reduced water erosion considerably with respect to weeding. Rainfall has also
been found to be another parameter that directly triggers water erosion [27,28]. However,
traditional management of soil and water control has little effect on this region owing to
the lack of clarity regarding the dominant influencing factors.

The Geodetector method, which includes four detectors, was developed to quantita-
tively calculate a coefficient value representing the strength of the relationship between
potential impact factors and an event, based on statistical principles [29]. Chu et al. [30]
established the individual dominant control factors and the interactive dominant control
factors in the Three Gorges Reservoir Area. Liang et al. [31] evaluated the contribution of
six impact factors to water erosion using the Geodetector method, which suggested that
vegetation coverage and the interaction between vegetation coverage and slope has a close
relationship with water erosion in the Qiantang River catchment, respectively. Yu et al. [32]
explored the relationship between water erosion and four natural factors (vegetation cover-
age, slope, elevation, and annual precipitation) in Central Yunnan Province. Zhao et al. [33]
showed that the effect size of interaction between two impact factors was higher than that
of a single factor and cultivated land was recognized as a high-risk zone. Although many
studies have been conducted to determine the dominant factor affecting water erosion,
the relative contribution of each erosion factor in dry valley area remains unclear.

Previous studies on water erosion have primarily been conducted at the small wa-
tershed scale. However, few studies have performed comparative assessment of water
erosion in different valley subtypes and quantitative assessment of the contributions of
the influencing factors of water erosion in ecologically fragile landscapes, especially the
dry valley region of Southwest China. Accordingly, the objectives of our study were as
follows: (1) to determine and compare the water erosion rate in the three typical dry valley
subtypes, (2) to quantify the contributions and interacting influences of each dominant
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factor on water erosion using the Geodetector method, and (3) to predict regions at high
risk of water erosion. The findings provide insight into the water erosion process and
represent scientific reference for policy makers regarding soil and water management in
the dry valley region of China.

2. Materials and Methods
2.1. Study Area

The dry valley region includes three valley subtypes (dry–temperate (DT), dry–warm
(DW), and dry–hot (DH) valleys) arranged from south to north according to variations in
physical and anthropogenic factors [34]. This study on the dry valley region of Southwest
China focused on DT, DW, and DH valley subtypes located in Mao County (31◦14′–32◦27′ N,
102◦53′–104◦13′ E), Hanyuan County (29◦05′–29◦43′ N, 102◦16′–103◦00′ E), and Yuanmou
County (25◦23′–26◦06′ N, 101◦35′–102◦06′ E), respectively (Figures 1 and 2). Geographical
information on the three counties can be seen in Table 1.
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Figure 1. (a) Map showing location of the study area, and three Landsat images showing (b) dry–temperate (DT) valley in
Mao County, (c) dry–warm (DW) valley in Hanyuan County, and (d) dry–hot (DH) valley in Yuanmou County.
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Figure 2. Typical landscapes of water erosion in the dry valley area of Southwest China:
(a) a dry–temperate valley (DT) in Mao County, (b) a dry–warm valley (DW) in Hanyuan County,
and (c) a dry–hot valley (DH) in Yuanmou County.
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Mao County covers an area of 3896.65 km2 on the southeastern edge of the Qinghai–
Tibet Plateau. The mean annual temperature is 11.20 ◦C and the mean annual precipitation
is 486.30 mm. The mean steepness is 34.08◦ and the watershed average slope length is
20.20 m. It is a typical V-shaped valley with a mean bottom width of 0.41 km. Geologically,
Mao County is controlled by the Jiaochang arc structure, Minjiang Fault, and Minshan Block.
The main outcropping rock formations belong to the Triassic Zagunao Group, comprising
metamorphic sandstone interbedded with slate and partial limestone and phyllite [35].
Soil types show obvious vertical distribution in Mao County, comprising cinnamon soils
(1370–3840 m), brown soils (1270–4700 m), and dark-brown soils (1640–4490 m). The yellow-
brown soils (910–2640 m) and subalpine meadow soil (2620–4980 m) are distributed mainly
in eastern and western parts of the study area, respectively.

Hanyuan County, which is located in the middle of the Dadu River Basin and on
the eastern edge of the Hengduan Mountain Region, has a total area of 2214.80 km2.
The topography is high in the northwest and low in the southeast. The mean annual
temperature is 17.90 ◦C and the mean annual precipitation is 741.80 mm. The mean
steepness is 29.98◦ and the watershed average slope length is 18.60 m. It is a typical
U-shaped valley with a mean bottom width of 1.89 km. Geologically, Hanyuan County
is located at the intersection of the Central Sichuan Block, Sichuan–Qinghai Block and
Sichuan–Yunnan Block. The geological structure in this region is extremely complex,
consisting of a series of northwest–southeast folds and fractures, among which the Jinping
Fault, Hanyuan–Ganluo Fault, Liusha River Hidden Fault, and Yiping–Wanping Fault
are active fractures, although activity has been weak since the Holocene [36]. The soil-
forming parent material in Hanyuan County can be divided into four categories: purple
rock, magmatic rock, limestone, and quaternary new/old alluvial deposits, and the soil
types can be divided into six areas: purplish soils in Yidong, limestone soils, brown soils,
and yellow-brown soils on the southwest slopes of Daxiangling, red soils, limestone soils,
and paddy soils in Dadu valley, brown soils, limestone soils, and mountain meadow soils
in Huangmu, yellow-brown soils and limestone soils in Shaijing, and dark-brown soils and
podzolic soils in Feiyueling.

Yuanmou County is in the center of the Yunnan–Guizhou Plateau on the lower reaches
of the Jinsha River. The elevation of the terrain is lower in the central area and higher in
the border regions, with a general south–north incline. The elevation ranges from 898 to
2835.5 m (a.s.l.) but fluctuates widely, with a relative height difference of 1937.5 m [37].
The mean annual temperature is 21.90 ◦C and the mean annual precipitation is 613.80 mm.
The mean steepness is 20.64◦ and the watershed average slope length is 14.50 m. It is
a basin with a mean bottom width of 5.97 km. The mean annual potential evaporation
in Yuanmou County is ca. 3900 mm, which is 6.4 times greater than the amount of
precipitation. Along the eastern margin of the Yuanmou Basin, the Yuanmou–Dongshan
Fault (fracture zone) extends in a north–south direction and borders the Jurassic Fengjiahe
and Cretaceous Matoushan formations [38]. The soil in Yuanmou County is classified into
a group composed of nine soil types, 14 soil subgroups, 25 soil genera, and 51 species,
and purplish soil is distributed mainly in the hilly area [37].

2.2. Data and Methods

The dataset used in this study comprised a high-resolution digital elevation model
derived from topographic maps (1:50,000), normalized difference vegetation index and
fractional vegetation coverage (FVC) data derived from cloud-free Landsat-8 Operational
Land Imager images taken during the growing season in 2017, soil property data from
the Harmonized World Soil Database (version 1.1, 1-km resolution; Table 2), daily rainfall
data recorded at 12 national meteorological stations in 2017 and obtained from the China
Meteorological Data Service Center (http://data.cma.cn/, accessed on 15 August 2020),
dry valley boundaries taken from Fan et al. [39], and LUT data from the second national
land survey that were revised according to the Landsat-8 Operational Land Imager images
acquired in the same year (Figure 3).

http://data.cma.cn/
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Table 1. Geographical information for the three counties.

County Mao Hanyuan Yuanmou

Area (km2) 3896.65 2214.80 2021.69

Vegetation
Warm needle-leaved
forest and deciduous

broadleaved forest

Warm deciduous
broadleaved thicket,

evergreen
sclerophyllous forest

and evergreen
broadleaved thicket

Savanna and
succulent thicket

Watershed Upper Reaches of
Min River Dadu River Catchment Jinsha River Catchment

Annual mean
precipitation (mm) 486.30 714.80 613.80

Annual mean
temperature (◦C) 11.20 17.90 21.90

Mean steepness (◦) 34.08 29.98 20.64
Mean lengths of slope (m) 20.20 18.60 14.50

Valley shape V-shaped valley U-shaped valley Basin
Mean width of the bottoms

of valleys (km) 0.41 1.89 5.97

Table 2. Soil texture, organic carbon and soil bulk density.

Land-Use Type Sand (%) Silt (%) Clay (%) Organic Carbon (%) Soil Bulk Density
(kg·dm−3)

Ferric Lixisols 23 30 47 1.38 1.34

Humic Acrisols
50 27 23 1.80 1.31
28 22 50 3.07 1.27

Gelic Leptosols 56 38 6 1.41 1.30
Eutric Regosols 47 34 19 0.98 1.21
Haplic Acrisols 27 25 48 1.24 1.25

Haplic Luvisols
41 37 22 0.74 1.43
82 8 10 0.40 1.43
31 22 47 1.20 1.31

Eutric Leptosols 46 34 20 1.13 1.39
Gelic Cambisols 31 49 20 2.02 1.39
Mollic Leptosols 35 45 20 3.02 1.14

Eutric Cambisols
23 29 48 1.17 1.28
42 36 22 1.00 1.37

Dystric Regosols 42 37 21 1.39 1.33
Chromic Luvisols 27 27 46 1.20 1.37
Calcaric Regosols 44 35 21 0.75 1.37
Humic Cambisols 41 36 23 2.72 1.10
Dystric Cambisols 42 38 20 1.45 1.30
Ferralic Cambisols 51 26 23 1.02 1.29
Calcaric Cambisols 36 43 21 0.65 1.41

Chromic
Cambisols

49 28 23 0.98 1.31
21 29 50 1.43 1.23

Cumulic
Anthrosols 29 50 21 1.12 1.41
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The RUSLE model, which is one of the most popular empirical soil erosion mod-
els, has been applied widely because of the progress in geographic information science,
availability of large-scale temporal and spatial data, and need for ecological management.
The mathematical expression of the RUSLE model is shown in Equation (1):

A = R · K · L · S · C · P (1)

where A is the annual soil erosion rate (t·ha−1·yr−1); R is the rainfall erosivity factor
(MJ·mm·ha−1·MJ−1·mm−1); K is the soil erodibility factor (t·ha·h·ha−1·MJ−1·mm−1); L and
S are the slope length and steepness factors (dimensionless), respectively; C is the vegetation
cover management practice factor (dimensionless); and P is the conservation and support
factor (dimensionless).

In this study, the erosion/productivity impact calculator model was used to calculate
K; rainfall observations could not be obtained directly due to the lack of meteorological
stations in this study area. Therefore, the daily rainfall erosivity model [40] was used to
calculated R from the daily observations of the meteorological stations around each study
area. Then they were interpolated using the IDW method [41]; L was calculated using
the slope length, angle, and steepness derived from the high-resolution digital elevation
model [42]; and S was estimated by implementing step coupling methods [43] and revised
to 9.9 for slopes >30◦. The Wenner method employed in this research has been proven an
effective empirical formula for calculating P [44]. C was assigned according to the land use
type, growth stage of that vegetation and vegetation cover percentage. In this study, the C
values of different types and states of land use classes were obtained by field investigation,
vegetation cover percentage from NDVI according to the study of Cai et al. [45], and former
research in the similar study area (Table 3). The C values of paddy field, water, and bare rock
were 0. The C values of construction land and bare land were 0.01 and 0.70, respectively.
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Additionally, the C value of farmland was calculated using Equation (2), and the dimidiate
pixel model was used to calculate FVC:

C f armland =

{
0.221− 0.595 log f 0.05 ≤ f ≤ 1
1 f ≤ 0.05

(2)

where f is the FVC value (dimensionless).

Table 3. C values of different land use types considering the FVC.

Land Use Type
FVC (%)

<10 10–30 30–50 50–70 70–90 >90

Forest land 0.100 0.080 0.060 0.020 0.004 0.001
Shrub land 0.400 0.220 0.140 0.085 0.040 0.011
Garden plot 0.450 0.240 0.150 0.090 0.043 0.011
Grassland 0.420 0.230 0.140 0.089 0.042 0.011

The mathematical expression of the Geodetector method is shown in Equation (3):

q = 1−

L
∑

h=1
Nhσ2

h

Nσ2 (3)

where h indicates the impact factor of water erosion, and its total number is L; N and Nh
represent the number of units in the entire region and in the h-th stratum, respectively;
σ2 and σ2

h represent the variance of water erosion in the entire region and in the h-th
stratum, respectively.

The factor detector estimates the spatial differentiation of events (e.g., soil erosion,
pollution, or poverty) and determines the proportional contributions of relevant impact
factors, which can be quantified using the q value ([0,1]) [46]. If q is equal to 1, the input
factor can completely explain the event; conversely, if q is equal to 0, the input factor
is completely irrelevant to the event. The risk detector is used to search areas that are
potentially at high risk, and the interaction detector is used to characterize the complex
interplay of two impact factors in an event [46]. In this study, four impact factors closely
related to soil erosion were selected as input parameters. All continuous variables that
included rainfall, slope, and FVC were discretized into strata data. Rainfall and slope were
discretized into nine classes, whereas the FVC data were divided into seven categories:
<0.4, 0.4–0.5, 0.5–0.6, 0.6–0.7, 0.7–0.8, 0.8–0.9, and 0.9–1.

3. Results
3.1. Characteristics of Water Erosion in the Three Dry Valley Subtypes

Annual soil erosion intensity was categorized into six grades in accordance with
the Standards for Classification and Gradation of Soil Erosion SL190-2007, issued by the
Ministry of Water Resources of China: slight (<5 t·ha−1·yr−1), light (5–25 t·ha−1·yr−1),
moderate (25–50 t·ha−1·yr−1), severe (50–80 t·ha−1·yr−1), very severe (80–150 t·ha−1·yr−1),
and extremely severe (>150 t·ha−1·yr−1). The calculated annual mean soil erosion rate was
17.02, 41.17, and 35.49 t·ha−1·yr−1 in Mao County, Hanyuan County, and Yuanmou County,
respectively. With reference to the soil erosion rate, these regions are classified as having
light, severe, and moderate soil erosion, respectively.

As shown in Figure 4, the regions experiencing the most serious water erosion were
dispersed mainly on the steep slopes on both sides along the valley in both Mao County
and Hanyuan County. However, they were concentrated on the steep slopes surrounding
the Yuanmou Basin and on the northern bank of the Jinsha River in Yuanmou County.
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valley, DW), and (C) Yuanmou County (dry–hot valley, DH).

The area with moderate and higher erosion intensity accounted for 93.87%, 81.71%,
and 83.43% of the entire area of Mao County, Hanyuan County, and Yuanmou County,
respectively (Figure 5A–C), while it accounted for 71.77%, 65.02%, and 82.61% of the DT,
DW, and DH valley area, respectively (Figure 5D–F). The areas and water erosion rates of
the dry valleys and the counties are shown in Figure 5G. The dry valley area accounted
for 10.39%, 23.93%, and 41.69% of Mao County, Hanyuan County, and Yuanmou County,
respectively. Additionally, the soil erosion rate in the DT, DW, and DH valley subtypes was
64.78, 43.85, and 33.81 t·ha−1·yr−1, i.e., 3.8, 1.16, and 0.95 times greater than that of Mao
County, Hanyuan County, and Yuanmou County, respectively. These results indicate that
the dry valley regions were the main “source” zones of soil loss.
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3.2. Dominant Controls and Discrepancies of Water Erosion in the Dry Valley Subtypes

The dominant driving force influencing water erosion and the q values of those factors
varied greatly among the three dry valley subtypes (Figure 6). In the three dry valley
subtypes, the LUT and rainfall factors had the strongest and weakest explanatory power for
water erosion with q values of >0.37 and <0.05, respectively. Additionally, the explanatory
power of the slope factor was greater than that of the FVC factor in the DW and DH valleys,
but the opposite result was observed in the DT valley.
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Figure 6. The q values of four factors in the three dry valley subtypes (DT: dry–temperate valley, DW:
dry–warm valley, and DH: dry–hot valley).

Factor combinations and q values for the three dry valley subtypes are shown in
Figure 7. The interaction between the factors related to the LUT factor (the first column
for each of the three subtypes) had a close relationship with water erosion, with q values
of >0.36, but there was no significant close relationship between water erosion and the
interaction of the other two factors, with q values of <0.30 (the final two columns for each
of the three subtypes). In the first column for each of the three subtypes, the combination
of LUT and rainfall factors had the weakest relationship with water erosion, with q values
of <0.56. The strongest relationship was found in the combination of LUT and slope
factors for both the DW valley (q = 0.71; Figure 7b) and the DH valley (q = 0.66; Figure 7c).
Furthermore, the maximum q value (FVC ∩ LUT) was 1.51 and 3.82 times greater than that
of the single LUT and FVC factors in the DT valley, respectively. Similarly, the maximum q
value (Slope ∩ LUT) was 4.44 and 1.34 times greater than that of the single slope and LUT
factors in the DW valley, and 7.33 and 1.78 times greater than that of the single slope and
LUT factors in the DH valley, respectively.
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3.3. Identification of High-Risk Regions in Relation to Water Erosion

The potential distribution of areas at high risk of water erosion was further predicted
using the risk detector (Table 4). In the three dry valley subtypes, farmland suffered the
most serious water erosion, but with a descending trend of water erosion rate from the DT
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valley to the DH valley. The rainfall interval triggering strong soil loss can be categorized
as a process of first increase and then decrease from the DT valley to the DH valley, and a
similar regular pattern was also found in the water erosion rate. The slope range with
strong water erosion showed a decreasing trend from the DT valley to the DH valley,
but the opposite result was found in the FVC range. However, the water erosion rate
presented a decreasing trend in relation to these two factors. It is noted that serious water
erosion could occur in areas with gentle slope (i.e., <20◦) or with less rainfall (i.e., 651 mm)
in the DH valley.

Table 4. Regions at high risk of water erosion in the three dry valley subtypes.

Dry Valley
Subtypes

Slope Factor LUT Factor Rainfall Factor FVC Factor

Slope (◦) A LUT A Rainfall (mm) A FVC (%) A

DT valley 35–40 12.26 Farmland 26.86 506–566 6.52 40–50 11.85
DW valley 30–35 5.39 Farmland 24.10 782–842 8.43 60–70 11.17
DH valley 15–20 5.20 Farmland 12.93 651–711 7.33 70–80 5.86

4. Discussion
4.1. Model Validation

In our study, three typical dry valleys were selected to investigate the water erosion
status. Due to the lack of field sampling conditions, the results of the previous studies in
adjacent watersheds were used as a validation. As shown in Table 5, the water erosion
rate in Mao County is 17.02 t·ha−1·yr−1, which is slightly smaller than the result of Jiang
et al. [22] (22.75 t·ha−1·yr−1), and close to the result of Yang et al. [47] (16.73 t·ha−1·yr−1).
The water erosion rate in Hanyuan County is 41.17 t·ha−1·yr−1, which is slightly smaller
than the result of Guo et al. [48] (43.42 t·ha−1·yr−1) and Xin et al. [21] (48.89 t·ha−1·yr−1).
The water erosion rate in Yuanmou County is 35.49 t·ha−1·yr−1, which is smaller than the
result of He et al. [20] (45.06 t·ha−1·yr−1). Despite the differences among the water erosion
rate, they still belong to the same erosion categories. Additionally, these differences are
negligible when the water erosion rate is converted to soil loss thickness, indicating that the
results evaluated using the RUSLE in this study are reliable. The results were influenced
by several factors using RUSLE. The main reason is that each erosion factor in the RUSLE
can be determined using different methods [44]. Differences in the scope and timing of the
survey were another important influencing factor.

Table 5. Comparative validation of soil erosion rates in different studies.

Study Area Method Water Erosion
Rate (t·ha−1·yr−1)

Erosion
Categories References

Upper Reaches of
Min River

RUSLE 22.75 Light Jiang L. et al. [22]
RUSLE 16.73 Light Yang M. et al. [47]

Dadu River
Catchment

DRBSLE 43.42 Moderate Guo B. et al. [48]
Modified USLE 48.89 Moderate Xin Z.Y. et al. [21]

Yuanmou County Runoff plot 45.06 Moderate He Z.Y. et al. [20]
Mao County 1 RUSLE 17.02 Light In this study

Hanyuan County 2 RUSLE 41.17 Moderate In this study
Yuanmou County RUSLE 35.49 Moderate In this study

1 Mao County is located in the upper reaches of Min River. 2 Hanyuan County is located in the Dadu River Catchment.

Recently, the Geodetector method has been used extensively in the fields of social
sciences and natural environmental sciences, and it has been proven to have very broad
application prospects owing to its several advantages. Chu et al. [30] concluded that slope,
land use and vegetation coverage were the individual dominant control factors and the
combinations of land use type and slope and vegetation coverage and slope were the
interactive dominant control factors. A similar result has also been obtained in this study.
Liang et al. [31] evaluated that vegetation coverage and the interaction between vegetation
coverage and slope explains 7.28% and 32.69% of water erosion in the Qiantang River
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catchment, respectively. The same trigger factor and combination could explain 17.02%
and 29.30% of water erosion in this study. Yu et al. [32] demonstrated that the vegetation
coverage factor (q = 0.28) and slope factor (q = 0.13) are the top two influencing factors
on water erosion. It is larger than result of vegetation coverage factor (q = 0.03) and slope
factor (q = 0.09) in the DH valley. Zhao et al. [33] showed that the effect size of interaction
between two impact factors was higher than that of a single factor and the cultivated land
was recognized as the high-risk zones. These findings are also confirmed in this study,
indicating the results are reliable.

4.2. Spatial Pattern of Soil Erosion

The dry valley areas in Mao County and Hanyuan County accounted for <24% of the
total area of each county, but the soil erosion rate of the dry valleys was 25% higher than
the mean soil erosion rate of each county. Although the dry valley area in Yuanmou County
accounted for 41.69% of the total area, the soil erosion yield in this region accounted for
39.72% of the total yield. The main reason for this is the flatter topography within the DH
valley because Yuanmou County has basin topography, i.e., areas with slope of <5◦ account
for 22.60% of the entire area of the county. Further analysis demonstrated that the annual
mean soil erosion rate (ignoring these “flat” zones) was 41.23 t·ha−1·yr−1, i.e., greater than
that of the entire county. The annual mean water erosion rate of the three dry valleys was
47.48 t·ha−1·yr−1, which is higher than that of the karst region (12.22 t·ha−1·yr−1), Yellow
River Basin (27.77 t·ha−1·yr−1), and Hexi Corridor region (31.01 t·ha−1·yr−1), but slightly
less than that of the black soil region (58.49 t·ha−1·yr−1) [49–52].

The proportion of areas of different erosion intensity in the dry valley regions to the
areas of the same erosion intensity within each county is shown in Figure 8. The proportion
of areas experiencing severe and higher erosion intensity is greater than that of areas
experiencing moderate and lower erosion intensity. The proportion of areas experiencing
severe and very severe erosion intensity in the DT valley and that of areas experiencing
severe erosion intensity in the DW and DH valleys accounted for >50% of the county area
with the same erosion intensity. Therefore, water erosion in the dry valleys should receive
greater attention in future research.
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temperate valley, DW: dry–warm valley, and DH: dry–hot valley).

The water erosion rate differed over different land use type (Table 6). It was the
highest in farmland, followed by those in shrub land, grassland, forest land, garden plot,
bare land, construction land and paddy field.
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Table 6. Water erosion rates over different land use types.

Land Use Type
Area (km2) Water Erosion Rate (t·ha−1·yr−1)

DT DW DH DT DW DH

Paddy field 0.04 19.84 102.12 0.40 0.48 3.49
Farmland 11.53 66.66 106.42 25.55 29.61 33.20

Garden plot 83.96 176.86 51.87 6.13 8.36 8.66
Forest land 34.94 27.95 91.06 15.06 14.12 19.16
Grassland 136.55 36.72 138.31 20.46 19.12 30.61
Shrub land 101.48 93.11 269.12 23.02 29.06 32.16
Bare land 0.09 0.37 3.76 5.14 5.27 5.11

Construction land 17.84 37.40 54.57 4.27 5.11 4.50

4.3. Driving Factors of Water Erosion

In this study, the explanatory power of each of four parameters affecting water erosion
was evaluated by estimating their q values. The LUT factor had the most significant impact
on water erosion in the three dry valleys, especially the DW valley, with q value of 0.53.
Although Dai et al. [53] and Wang et al. [54] both demonstrated that land use changes
affect soil loss, they failed to evaluate the quantitative relationship between LUT and
water erosion. The rainfall factor had the weakest explanatory power in relation to water
erosion in the three dry valley areas. This could be attributable to the small extent of
the study areas and to the fact that the rainfall data were interpolated from surrounding
meteorological stations, leading to insignificant differences in rainfall between layers.
The slope factor played a key role in water erosion in the DT and DH valleys, but vegetation
coverage also had an important impact in the DT valley. The major reason for this was that
the vegetation type in the DT valley consists mainly of near-desert vegetation owing to
the underlying hydrothermal factors, which provides limited protection to the soil [39].
Moreover, the spatial distribution of vegetation across the upper reaches of the Min River
is characterized by obvious vertical zonation owing to the narrow and deeply incised
valley [55]. Consequently, there were major differences in the soil erosion yield between the
layers with different vegetation coverage. In contrast, there were no significant differences
in the controlling effects of vegetation in the different layers in the DW and DH valleys.
Therefore, the second important impact factor changed from the FVC factor in the DT
valley to the slope factor in the DW and the DH valleys.

The occurrence and development of surface processes are affected by more than one
factor, and interaction between multiple factors could either improve or aggravate water
erosion. In this study, interaction between two parameters enhanced the explanatory power
in relation to water erosion. Additionally, this result was consistent with the outcomes
of the single-factor analysis. The combination of factors with the strongest explanatory
power involved the two factors with the highest q values in the single-factor analysis for
each dry valley subtype. Moreover, water erosion was predominantly controlled by both
the LUT and the FVC parameters in the DT valley (q = 0.65), but by both the LUT and the
slope parameters in the DW (q = 0.71) and DH (q = 0.66) valleys. A possible reason for this
is that the higher temperatures in the DW and DH valleys cause diminished vegetation
coverage in the dry valleys, while the slope parameter exhibits greater control on water
erosion. Moreover, land use changes are accompanied by severe cultivation disturbances
and destruction of soil stability, while the slope factor determines the external potential
kinetic energy during the soil erosion process [27,56]. Therefore, soil loss control measures
should prioritize land use change and the prohibition of steep slope reclamation in the
DT and DH valleys, but promote LUT change and afforestation in the DT valley. Another
similar study conducted in the karst area [57] confirmed that LUT greatly and directly
affects the surface water erosion process (Table 7).
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Table 7. Discrepancies among different studies that used the Geodetector method.

Study Area Single Factor Interaction between Two Factors

Dry valley areas
Dry-temperate valley

Land-use type
Land-use type ∩ FVC

Dry-warm valley Land-use type ∩ Slope
Dry-hot valley

Karst areas

Middle elevation plain

Land-use type

Land-use type ∩ Rainfall
Middle elevation terrace

Land-use type ∩ SlopeMiddle elevation hill
Small relief mountain

Middle relief mountain

In this study, farmland was expected to be the region with the most severe soil loss
in the three dry valley regions owing to the massive impact of anthropogenic activities.
From the DT valley to the DH valley, the slope of the distribution range of high-risk areas
decreased successively, while the vegetation coverage increased successively. Changes
in the slope and vegetation coverage parameters were mainly influenced by topography
and vegetation community type. The DT, DW, and DH valleys reflect canyon, wide valley,
and basin topography, respectively, and their main vegetation community types belong to
near-desert vegetation, foliar shrub, and savanna shrub and valley-type succulent shrub,
respectively. The steep slopes (large than 30 degree) were predicted as the high-risk area in
DT, which were consistent with Wang et al. [57] and Huang et al. [58]. The high-risk zone
of rainfall showed a trend of initial increase and then decrease, attributable to differences
in soil type.

4.4. Challenges and Perspectives

Several aspects of this study will be further improved and refined in the future research.
Although the RUSLE is a well-known and universally accepted and implemented model,
it has some limitations. It is applicable to the investigation of sheet erosion, but not to gully
erosion. Therefore, this erosion form is not considered in this study, and will be studied
later. Field sampling work will be strengthened to support more rigorous validation.
Portable precipitation observation equipment will be installed in the study area to obtain
data directly, and the effects of intense rainfall will be further studied. Long time series of
water erosion in the study area will be further monitored to analyze the change and trend
of impact factors. The impact of the implementation of some key national projects (e.g.,
Natural Forest Protection Project) and integrated small watershed management projects
should be further studied. The inability to perform such detailed analysis in this study was
due to the low-resolution data source (Harmonized World Soil Database; 1-km resolution).
As the research continues, more detailed soil maps will be applied to improve the accuracy
of K. The interval division methods of the potential impact factors also affected the final
results. Therefore, this method should be considered carefully and a more suitable way to
delineate the intervals of the explanatory variables proposed in further research.

5. Conclusions

Intense water erosion can occur in the fragile dry valleys of Southwest China, trig-
gering repeated ecological destruction. In this study, we used the RUSLE to estimate the
water erosion rate in DT, DW, DH valleys, and quantified and explained the discrepancies
of trigger factors between the three dry valley subtypes. The results are:

(1) The dry valley regions were the areas in each of their counties that were affected
most severely by soil loss. The water erosion rates were 64.78, 43.85, and 33.81 t·ha−1·yr−1

in the DT, DW and DH valley.
(2) LUT was closely related to water erosion with q value of 0.42, 0.53, and 0.38 in the

three dry valley subtypes.
(3) Water erosion in the DT valley was predominantly controlled by both the LUT and

FVC parameters (q = 0.65), rather than by the combination of LUT and slope parameters,
as in the case of the DW (q = 0.71) and DH (q = 0.66) valleys.
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(4) Farmland was predicted to be particularly at high risk in three dry valley subtypes.
The high-risk area in the DT valley is characterized by steep slope (>30 degree) and low
vegetation coverage (<50%), while the opposite phenomenon is shown in the DH valley.
The predicted rainfall intervals of high-risk areas show no significant regular pattern.

(5) The soil loss control measures should prioritize land use change and the prohibition
of steep slope reclamation in the DT and DH valleys, but promote LUT change and
afforestation in the DT valley.
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