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A B S T R A C T

In karst areas, soil erosion is a significant problem, seriously impeding sustainable socioeconomic development.
A thorough understanding and quantitative identification of the influencing factors are essential for soil erosion
protection and rocky desertification management. This study identifies the dominant factors (and interactions)
influencing soil erosion and its spatiotemporal variability in a karst basin, the Sancha River Basin, China. The
geographical detector method was used to conduct the quantitative attribution analysis, based on the modified
universal soil loss equation model for karst environments. The results revealed that karst soil erosion exhibited a
notable decreasing trend over the past 36 years (p < 0.01), decreasing from 16.70 t ha−1 a−1 in 1980 to
12.22 t ha−1 a−1 in 2015. The geographical detector results indicated significant differences in the strength of
the association between influencing factors (or factor combinations) and karst soil erosion. Land use type was the
dominant factor, followed by slope; a combination of land use type and slope was the dominant interaction
factor, explaining at least 74% of the karst soil erosion distribution. Land use change dominated karst soil
erosion dynamics in the 1980s and 1990s, and rainfall variability dominated in the 2000s. In addition, karst soil
erosion showed high spatial heterogeneity, and the strength of the association differed substantially among
diverse geomorphological types due to differences in the inner characteristics of each. These findings suggest
that the characteristics of different geomorphological types should be considered for effective management and
prevention of soil erosion at a regional level, and that steep croplands, especially with slopes higher than 15°,
should be prohibited in karst areas. The methodology and framework can be used to better understand the
relationships between soil erosion and its influencing factors in karst areas.

1. Introduction

Soil erosion is a global environmental and ecological problem
(Borrelli et al., 2017; Martinez-Casasnovas et al., 2016), severely im-
peding sustainable socioeconomic development (Kefi et al., 2011). On-
site and off-site problems related to soil erosion have been observed
(Guo et al., 2015), including loss of soil productivity, water pollution,
eutrophication and turbidity, flooding, and landslides (Ouyang et al.,
2010; Vanacker et al., 2003; Yao et al., 2016). Determining the influ-
encing mechanisms of soil erosion is instrumental for managing this
problem. In karst areas, soil erosion is the main factor causing rocky
desertification (Wang, 2003), but highly complex geological structures,
diverse topography, and humid climates hinder soil erosion control
(Tian et al., 2016; Febles-Gonzalez et al., 2012; Feng et al., 2016).
Several studies have concentrated on karst soil erosion assessment and

the identification of driving forces, including rainfall, terrain, vegeta-
tion cover, land use type, soil physical properties, and other factors (Xu
and Long, 2005; Yan et al., 2017; Xu and Peng, 2008; Zheng and Wang,
2016). For example, Febles-Gonzalez et al. (2012) noted that soil losses
surpassed the permissible erosion threshold in karst regions of Havana,
Cuba; Peng and Wang (2012) found that soil loss exhibited significant
variation under different rainfall and land use regimes, and; Xiong et al.
(2012) confirmed that geomorphology controls soil erosion at a mac-
roscopic scale. Although most studies have identified one or more in-
fluencing factors of soil erosion, quantitative attribution analyses of
single and multiple interacting factors are lacking. These analyses are
an urgent and basic requirement for researchers and policy makers to
develop soil protection measures for karst areas.

Understanding the dynamic principles of soil erosion under long-
term data series is the basis for its effective control (Irvem et al., 2007;
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Ouyang et al., 2010). Temporal variability in soil erosion may be af-
fected by the compensation effect, which is the alternation of events
that transport sediment (source-limited) with those that break down the
sediment (transport-limited regimes) (Kim et al., 2016). In addition, the
frequency, magnitude, and specific sequence of the driving climatolo-
gical events increase the uncertainty of erosion estimates (Campbell,
1992). However, few studies have stressed the importance of the tem-
poral scale for soil erosion (Boix-Fayos et al., 2006), and most research
has been conducted for only limited periods (< 10 years). In karst
areas, most studies have performed investigations of soil erosion evo-
lution with scattered time points (Zeng et al., 2011). For example, Zeng
et al. (2017) recently studied the soil erosion evolution in karst geo-
morphology in southwest China in 2000, 2005, and 2013. However,
studies based on discontinuous time series may inaccurately reflect the
characteristics of soil erosion change. Hence, dynamic simulations of
soil erosion and the identification of the determinants of soil erosion
variability are necessary.

Karst soil erosion can be estimated using several methods, such as
runoff field monitoring (Peng and Wang, 2012), runoff plot experiments
(Dai et al., 2017), isotopic tracing (Bai et al., 2013) and mathematical
models (Zeng et al., 2017). Among these methods, models are most
appropriate for simulating soil erosion at a relatively large spatial scale.
The revised universal soil loss equation (RUSLE), a popular empirical
model, has been widely used in low-slope regions as well as for complex
topographical landscape units (Sun et al., 2013; Zeng et al., 2017). The
RUSLE model has also been used extensively in karst areas, such as
southwest China (Chen et al., 2017; Feng et al., 2016; Li et al., 2016)
and Cuba (Febles-Gonzalez et al., 2012). However, these applications
ignored karst features, including less erodible soil in areas with severe
rocky desertification, and erosion-resistant bedrock outcrops, and thus
may have overestimated karst soil erosion (Feng et al., 2016; Zeng
et al., 2017). Slow soil formation rates and severe soil erosion cause
rocky desertification, which is characterized by extensive exposure of
basement rocks (Wang et al., 2004). Outcropping bedrock can absorb
rainfall after long-term weathering, and reduce the surface runoff ve-
locity (Xiong et al., 2012). Further, underground infiltration and the
resistance of outcropping bedrock cause discontinuous overland flow
and sediment deposition patterns (Feng et al., 2016). Due to this dis-
continuity, the slope length (L) factor may be smaller for karst areas
than non-karst areas. Hence, the RUSLE model should be calibrated to
accurately simulate karst soil erosion by considering outcropping bed-
rock and rocky desertification.

The goal of this study is to identify the dominant factors influencing
soil erosion and temporal variability in karst areas in southwest China.
To achieve this goal, we performed the following analyses: (1) cali-
bration of the RUSLE model for karst areas by considering karst rocky
desertification, and discontinuous surface runoff caused by outcropping
bedrock; (2) quantitative identification of the dominant factors af-
fecting the distribution of soil erosion, and (3) quantitative evaluation
of the dominant factors affecting the variability of soil erosion.

2. Methods

2.1. Study area

The study area, the Sancha River Basin (SRB), is located in Guizhou
Province, southwest China (Fig. 1), with an area of 4860 km2. The
Sancha River, with a length of 325.6 km, is a first order tributary of the
Wujiang River. The basin is characterized by karst peak-cluster de-
pressions, where carbonate is widely distributed. It experiences a sub-
tropical monsoon climate, with rainfall concentrated between May and
October, and has an annual mean rainfall of 1100mm. The changing
climate, complex topography, and high levels of human activity make
the ecosystem highly fragile. Unsustainable land use combined with the
fragility of the ecosystem cause serious rocky desertification, and rocky
desertification with thin soil overlying bedrock is a common landscape

in this area.

2.2. Data

The RUSLE model requires both environmental and anthropogenic
data, including rainfall, a digital elevation model (DEM), a soil dataset,
and land use type. Rainfall data from 1980 to 2015 were acquired from
the National Meteorological Information Center (http://data.cma.cn).
A raster gridded yearly rainfall dataset was interpolated using the
ANUSPLIN 4.2 software (Hutchinson, 2001) with data from 28 me-
teorological stations in the SRB and its surrounding areas. A high-re-
solution DEM (9m, Google Earth ver. 6.0.3) was applied to simulate the
topographic factor. The soil dataset, including soil type and physical
properties at a 1-km spatial resolution, was obtained from the Harmo-
nized World Database ver. 1.1 established by the Food and Agriculture
Organization of the United Nations and the International Institute for
Applied System Analysis. The data set was provided by the Cold and
Arid Regions Sciences Data Center at Lanzhou, China (http://westdc.
westgis.ac.cn). Land use data (30-m resolution) for the years 1980,
1990, 1995, 2000, 2005, 2010 and 2015, were provided by the Data
Center for Resources and Environmental Sciences, Chinese Academy of
Sciences (RESDC) (http://www.resdc.cn). In addition, lithology and
geomorphology data were used to explore the power of the determinant
for soil erosion from data acquired by the RESDC. The lithology map
was classified into ten types (Fig. S1a) and the geomorphology was
classified into five types (Fig. S1b, Table S1). Rocky desertification data
were provided by the State Forestry Administration (http://www.
forestry.gov.cn/).

2.3. Methods

2.3.1. The RUSLE model
The RUSLE model (Renard et al., 1997), revised from the USLE

model (Wischmeier and Smith, 1978), has been widely used to simulate
soil erosion worldwide, supported by GIS and remote sensing methods.
The equation is as follows:

= × × × ×A R K LS C P (1)

where A is the annual soil erosion module (t ha−1 a−1), R is the rainfall
erosivity factor (MJmmha−1 h−1 a−1), K is the soil erodibility factor
(t hm2 hMJ−1 mm−1 hm−2), LS is the slope aspect factor, C is the land
cover and management factor, and P is the conservation measure factor.

The RUSLE model does not differentiate between the enough
erodible soil areas and the less erodible soil areas (serious rocky de-
sertification areas) and thus usually overestimates the results in karst
areas, requiring modification to improve its accuracy with regard to less
erodible soil in serious rocky desertification areas (Xiong et al., 2012).
A previous study showed that increased bedrock bareness results in
decreased soil erosion (Wang et al., 2010b). This can be explained by
the following factors a) outcropping bedrock with many joints, fissures,
and pores can absorb rainwater, especially after long-term weathering
(Xiong et al., 2012), and b) bedrock has interception and gathering
effects, reducing the velocity of surface runoff (Kheir et al., 2008; Wang
et al., 2010b). Dai et al. (2017) studied the relationship between soil
erosion and the bedrock bareness rate in a karst area using artificial
rainfall simulation tests to simulate the dual hydrological structure with
surface bed rock bareness and underground pore fissures (Fig. S2). They
found that the coefficient of association (R) between surface sediment
and the bedrock bareness rate was −0.076 (p < 0.01). Based on this
result, we modified the RUSLE model to simulate karst soil erosion
using the coefficient of determination (R2), which measured how well
soil erosion might be constructed from bedrock bareness. Therefore, Eq.
(1) can be modified as follows:

= − × × × × × ×A a R K LS C P(1 0.076 )2 (2)

where a is a correctional coefficient. The data were acquired from mean
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bedrock bareness rates for different levels of rocky desertification
(Table 1). Karst soil erosion with lithology types of carbonate rocks was
simulated using Eq. (2), and non-karst soil erosion with lithology types
of non‑carbonate rocks was simulated using Eq. (1). Clastic rock was the
only non‑carbonate rock type in the study area, therefore, we used the
unmodified RUSLE model to simulate soil erosion in areas where there
were distributions of clastic rock. In areas where carbonate rocks were
presented, the modified RUSLE model was applied. The distribution of
carbonate and non‑carbonate areas is shown in Fig. S1a. To differ-
entiate soil erosion in karst and non-karst areas, the term “karst soil
erosion” was used to represent soil erosion in karst areas.

The R factor was computed using average annual rainfall data, and
the following equations (Renard and Freimund, 1994):

= <R P P0.04830 ( 850 mm)1.610 (3)

= − + >R P P P587.8 1.219 0.004105 ( 850 mm)2 (4)

where P (mm) is the average annual rainfall, calculated using the
sliding average method with three years of data.

K was simulated using the erosion-productivity impact calculator
model proposed by Williams et al. (1989).

L and S were calculated based on the interaction of topography and
flow accumulation. Due to the discontinuous nature of karst surface
runoff, the accuracy of the L factor is closely related to the accumulated
area threshold and resolution of the DEM (Feng et al., 2016). Thus, 9-m
DEM data were used in this study. The L factor was computed using the
method developed by Zhang et al. (2013), based on the expression in
McCool et al. (1989). The S factor was generated as follows, based on
McCool et al. (1987):

= ⎛
⎝

⎞
⎠

L λ
22.13

α

(5)

⎜ ⎟= ⎛
⎝ +

⎞
⎠

α
β

β 1 (6)

=
× +

β θ
θ

sin
3 (sin ) 0.560.8 (7)

= × + < >S θ θ λ10.8 sin 0.03 ( 9%, 4.6 m) (8)

= × − ≥ >S θ θ λ16.8 sin 0.50 ( 9%, 4.6 m) (9)

= × + <S θ λ3.0 (sin ) 0.56 ( 4.6 m)0.8 (10)

Fig. 1. The location of the study area in Guizhou Province, China (upper), and the regional topography (lower).

Table 1
Correctional coefficient for different degrees of rocky desertification.

Rocky desertification None Potential Light Moderate High Severe

Bedrock bareness rate
(%)

< 20 20–30 31–50 51–70 71–90 >90

a 10 25 40 60 80 95
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where λ is slope length, α is a variable slope length exponent, β is a
factor related to the slope value, and θ is the slope value.

The factors C and P (Table 2) were acquired from previous studies of
karst areas in southwest China (Feng et al., 2016; Xu et al., 2010; Zeng
et al., 2017).

The data used in this study, had to be scaled and transformed for
uniformity due to the diversity of the sources used. All data were
transformed to the Albers_Conic_Equal_Area projection. The LS factor
was scaled up from a 9-m resolution to a 30-m resolution. Since rainfall
data varied little within a 1-km area on an annual scale, it was feasible
to transform the resolution of the R factor from 1 km to 30m.
Furthermore, the soil type data had low spatial heterogeneity; thus it
was reasonable to scale the K factor down to a resolution of 30m from a
1-km resolution. The grid nesting method used is described in Fig. S3.

2.3.2. Geographical detector method
The geographical detector method is a spatial variance analysis

method developed to detect the spatial heterogeneity of an event and
assess the relationship between the event and potential risk factors,
including environmental and anthropogenic factors (Wang et al.,
2010a). It contains four formulas, a factor detector, an interaction de-
tector, a risk detector, and an ecological detector.

The basis of the method is that if the sum of the variance of the sub-
areas in a region is less than the variance of the total region, spatial
heterogeneity exists in the area (Wang and Xu, 2017). Assume that X is
an influencing factor and Y is an event. The underlying assumption of
the geographical detector method is that, if the X factor is associated
with Y, then the spatial distribution of Y is similar to that of X (Luo
et al., 2016). Under perfect conditions, if X completely controls the
distribution of Y, the sum of the variance within all the zones would be
zero. The proportion of the spatial distribution of Y that can be ex-
plained by X is measured by the power of determinant (q value). The
calculation is as follows:

∑= −
=

q
Nσ

N σ1 1
z

L
z z2 1

2
(11)

∑=
−

−
=

σ
N

Y Y1
1

( )z
z i

N
z i z

2
1 ,

2z

(12)

∑=
−

−
=

σ
N

Y Y1
1

( )
j

N
j

2
1

2
(13)

where σ2 is the variance of Y in the region, σz2 is the variance in zone Z
divided by X, N is the number of sample units in the region, Nz is the
number of sample units in zone Z, and L is the number of zones. Yz,i and
Yj are the values of Y in the ith sample unit of zone Z and the jth sample
unit of the entire region respectively.

The q value of the interaction between two influencing factors was
calculated using the interaction detector module, which detects whe-
ther the factors interact or lead to soil erosion independently by com-
paring qx1∩x2 with the values of qx1 and qx2. If qx1∩x2 > qx1, and qx2, the
factors enhance each other, if qx1∩x2 < qx1 or qx2, the factors weaken
each other, and if qx1∩x2= qx1+ qx2, the factors are independent. The
risk detector can determine the area with the highest susceptibility to
soil erosion.

The input data for the geographical detector must be categorical
layers (e.g., land use type, lithology, and geomorphology). Continuous
datasets (e.g., rainfall, slope, and elevation) must be categorized. In this
study, we divided rainfall, slope, and elevation into nine strata using

the natural break method.

3. Results and analysis

3.1. Model validation and spatial distribution of soil erosion

The modified RUSLE model was used to calculate soil erosion rates
form 1980 to 2015 in the karst areas, and the unmodified RUSLE model
was used in the non-karst areas. The validation of the model was based
on two aspects: the value of soil erosion and its trend at a large scale
(basin or region scale), and the spatial distribution of soil erosion in
areas of different degrees of rocky desertification. Due to that with
spatially downscaling and upscaling, the spatial heterogeneity will
change and the predominant processes may be different, details re-
garding erosion characteristics that were ignored at a large scale will
show up at a small scale, and the macro law presented at larger scales
may disappear in smaller scales (Li and Cai, 2005). Thus, the soil ero-
sion conditions at small scales (such as runoff plot experiments) were
not applied in the section on model validation.

The average annual soil erosion in the SRB during the1980s, 1990s,
and 2000s (Fig. 2) was 15.41, 15.30, and 14.04 t ha−1 a−1, respec-
tively, presenting a slightly decreasing trend. Despite this, the rate of
soil erosion remained much higher than the soil loss tolerance and soil
formation rate (Bai and Wang, 2011; Li et al., 2006; Zhang et al., 2010).
Data from the water and soil conservation monitoring station in
Guizhou Province showed that average soil erosion decreased there,
from 14.32 t ha−1 a−1 in the 1990s to 13.61 t ha−1 a−1 in the 2000s.
Other studies (Feng et al., 2016; Xu et al., 2008; Zeng et al., 2017) have
found that soil erosion ranged from 14.4 to 28.7 t ha−1 a−1 in karst
basins in southwest China. These results were consistent with those of
this study.

Using the unmodified RUSLE model, the calculated karst soil ero-
sion rates for the 2000s in moderate, high, and severe rocky desertifi-
cation areas were 14.67 t ha−1 a−1, 18.32 t ha−1 a−1 and
16.37 t ha−1 a−1 respectively (Fig. S4). From moderate to high rocky
desertification areas and from moderate to severe rocky desertification
areas, soil erosion increased by 3.65 t ha−1 a−1 and 1.70 t ha−1 a−1,
representing increases of 24.9% and 11.6%, respectively. However, in
areas with severe rocky desertification, the surface soil layer is too
shallow to induce substantial levels of soil erosion. After modifying the
model, soil erosion generally displayed a decreasing trend as rocky
desertification increased (Fig. S4). This was consistent with a previous
study (Zeng et al., 2017), which found that soil erosion decreased as
rocky desertification worsened. After modification, the calculated soil
erosion in areas with moderate, high and severe rocky desertification
was 9.55 t ha−1 a−1, 9.91 t ha−1 a−1, and 7.38 t ha−1 a−1, respectively.
From areas of moderate to high rocky desertification, soil erosion in-
creased by 3.8%. In addition, soil erosion in areas with severe rocky
desertification decreased by 22.7% compared to that in areas of mod-
erate rocky desertification.

About half the study area experienced light soil erosion, followed by
slight and medium soil erosion, and the sum of the areas of high and
very high erosion accounted for< 2% of the total area in the 2000s
(Table S2). Although only 13.68% of the study area experienced
medium soil erosion, it accounted for 32.10% of total soil loss.
Similarly, only 1.85% of the area experienced high soil erosion; how-
ever, this area, was responsible for 7.47% of the total soil loss. Mean
soil erosion in karst areas with a value of 13.69 t ha−1 a−1 (Fig. S5a)

Table 2
The C and P values.

Land use Paddy land Dry land Forest Open forest Shrub Grassland Water body Construction land Bare rock

C 0.1 0.22 0.006 0.01 0.01 0.04 0 0 0
P 0.15 0.4 1 1 1 1 0 0 0
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was lower than that in non-karst areas; the value in the latter was
17.43 t ha−1 a−1 (Fig. S5b). About 85.3% of the karst areas experienced
by slight and light soil erosion, 75.3% of the non-karst areas were oc-
cupied by slight and light soil erosion. And 1.65% of the karst areas
suffered from high and very high soil erosion, 4.77% of the non-karst
areas suffered from high and very high soil erosion.

3.2. Quantitative attribution analysis of soil erosion

3.2.1. Temporal analysis of the determinants of soil erosion
In karst areas, in the 1980s, 1990s, and 2000s, the influencing

factors, arranged from highest to lowest q-value, were: land use, slope,
elevation, rainfall, lithology, and geomorphology (Table S3). The in-
teraction module results indicated that the enhancement between land
use type and slope, land use type and rainfall, and rainfall and slope
were the most significant interactions, and the q values of these com-
binations were higher than the sum of the single factors. Fig. 3 shows
the q values of the influencing factors and the combinations of rainfall,
slope, and land use in seven typical years (1980, 1990, 1995, 2000,

2005, 2010, and 2015). The q value of land use increased, the q values
of slope and rainfall slightly decreased, and the remaining factors re-
mained nearly unchanged (Fig. 3a). The q values of the interactions of
rainfall and land use, and slope and land use were relatively stable. The
combination of slope and land use, which had the highest q value,
predominantly explained the spatial heterogeneity of soil erosion, fol-
lowed by land use and rainfall, and rainfall and slope (Fig. 3b). In non-
karst areas, the q value of land use was lower than that in karst areas,
and it was still the dominant factor of soil erosion distribution, followed
by slope; however the influence of geomorphology on soil erosion was
not significant in most years (Fig. S6).

To determine which land use type was most closely related to karst
soil erosion, we calculated the area of dry land, forest, construction
land, dry land with slopes of 10–15°, and dry land with slope > 15°
during the seven typical years. A partial correlation analysis between
the areas of these land use types and karst soil erosion was conducted.
The partial correlation coefficient of dry land with slope > 15° and
karst soil erosion reached 0.91, which was the only factor that passed
the significance test (p < 0.1). Thus, steeply sloping cropland was the

Fig. 2. Degree of soil erosion in the 2000s.

Fig. 3. The (a) q values and (b) interaction q values of influencing factors on karst soil erosion distribution.
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land use type most susceptible to soil erosion.

3.2.2. Regional differentiation based on diverse karst geomorphological
types

Karst environmental factors are characterized by high spatial het-
erogeneity. Thus, a geographical detector method was applied to five
geomorphological types to detect the dominant factors for karst soil
erosion in each geomorphological type. Generally, there were no sig-
nificant difference in the q values of single factors or their combinations
in any given geomorphological type during the three periods, but the q
values varied among the different geomorphological types (Fig. 4). The
q value of rainfall in the middle elevation plain was much higher than
that in the other geomorphological types (Fig. 4a), due to the small
differences in relief and low proportion of steep sloped dry land in the
region (Table S1, 4), in which slight changes in rainfall can trigger
significant soil erosion. In mountainous areas, middle elevation hill had
a larger q value of slope than small relief mountain, which had a larger
q value than middle relief mountain. Thus, we inferred that in moun-
tainous areas with complex climate and anthropogenic activities, the q
value of the slope decreased with the increasing relief. At 0.12, the q
value of the elevation of middle relief mountain was much higher
compared to the other types. The influence of lithology on soil erosion
distribution was not significant in middle elevation plain and middle
elevation terrace.

The q value of the interaction between land use and rainfall was
highest in middle elevation plain, followed by middle elevation terrace
(Fig. 4b). This was because slopes and reliefs are lower in relatively flat
areas than in mountainous areas (Table S1, 4), and the interaction of
land use and rainfall can better explain soil erosion distribution. The
high-risk area (95% confidence level) of karst soil erosion differed

among the geomorphological types (Table S5). In mountainous areas,
regions with slopes> 38° were most sensitive to severe soil erosion. In
relatively flat areas, slopes of 16–20° in middle elevation plain and
middle elevation terrace were at the greatest risk of erosion. Of the land
use types, dry land was at the greatest risk of karst soil erosion.

3.3. Quantitative attribution analysis of karst soil erosion variability

3.3.1. Temporal dynamic characteristics of karst soil erosion determinants
During the past 36 years, karst soil erosion showed fluctuating

trends that correlated well with the average annual rainfall change
(Fig. 5). The correlation coefficient between soil erosion and pre-
cipitation was 0.996 (p < 0.01). In general, soil erosion displayed a
decreasing trend (p < 0.01). Karst soil erosion decreased in the 1980s,
increased in the 1990s, and then declined again in the 2000s. Fig. S7
presented the spatial distribution of karst soil erosion variability in the
three periods.

Karst soil erosion variability differed among the periods. The major
driving factors of soil erosion, including land use change, rainfall
variability, and their interactions with slope, were chosen to analyze
soil erosion variability. The average karst soil erosion variability was
lower in the whole period than in the three decades (Table S6), and
land use change was the dominant influencing factor (Table 3). Al-
though the q value of land use change decreased over the three periods,
it was the dominant factor in the 1980s and 1990s, and land use change
and slope was the dominant interaction in those decades. Soil erosion
variability was negative in most areas in the 1980s, with low spatial
heterogeneity (Fig. S7a), and 54% of the variability distribution could
be explained by land use change (Table 3). In the 1990s, soil erosion
variability was mostly positive (Fig. S7b), and land use change was the

Fig. 4. The q values of (a) influencing factors and (b) their combinations for different karst geomorphological types during the past three decades.
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dominant influencing factor, which was responsible for 10% of the
variability distribution. In the 2000s, rainfall variability and the com-
bination of rainfall with slope were the dominant single and interaction
factors driving the negative variability of soil erosion. The q value of the
interaction between land use change and slope decreased, while the
interaction between rainfall and slope increased over the three decades.

3.3.2. Regional differentiation for diverse karst geomorphological types
The karst soil erosion variability and dominant driving factor varied

among different geomorphological types. Soil erosion variability was
lower in relatively flat areas than in mountainous areas (Table S6). In
the 1980s, the dominant driving factor of soil erosion variability in the
five geomorphological types was land use change, with q values higher
than 0.53 (Fig. 6). The q values of rainfall variability were small, in-
dicating that the karst soil erosion variability distribution was mainly
explained by land use change. The dominant interaction was between
land use change and slope, with a combined q value higher than 0.65
(Fig. 6). In the 1990s, the dominant driving factor was rainfall varia-
bility in middle elevation plain, and land use change in the other
geomorphological types. In the 2000s, the dominant influencing factor
was rainfall variability across all geomorphological types.

4. Discussion

Soil erosion methods and indicators applied to non-karst areas
generally cannot reflect the conditions in karst areas (Zeng et al., 2017).
In karst areas, thin soil with a slow soil formation rate makes a poor
habitat for plants, resulting in fragile ecosystems where soil erosion
occurs readily. Moreover, karst areas located in humid climate zones
may experience severe soil erosion during frequent heavy rainfall,
generating rocky desertification causing discontinuous runoff that can
reduce the effects of slope length (Feng et al., 2016). In this study, we
optimized the RUSLE model for areas of carbonate rocks based on the
relationship between soil erosion and bedrock bareness rates (Dai et al.,
2017), and 9-m DEM data were applied to improve the simulation

accuracy of the L factor.

4.1. Soil erosion characteristics in karst area

4.1.1. Influencing factors of karst soil erosion
The soil erosion distribution in karst areas depends on both an-

thropogenic activities and natural conditions. Peng and Wang (2012)
found that soil loss was related to land use and rainfall regimes on karst
hillslopes. Meanwhile, Xu and Shao (2006) demonstrated that dry land
with slopes of 6–25° should be managed to prevent soil erosion. How-
ever, none of these studies quantified the influence of factors (or
combinations of factors) contributing to soil erosion. The present study
confirmed that land use type, slope, rainfall, elevation, lithology, and
geomorphology had significant impacts on karst soil erosion. Land use
predominantly explained the spatial heterogeneity of karst soil erosion.
Its q value displayed an increasing trend over the past 36 years, in-
dicating a rising influence of anthropogenic activities on soil erosion,
which predominantly included activities related to land use manage-
ment policies, such as the “Grain for Green” project. Among the dif-
ferent geomorphological types, the dominant influencing factor was
land use type, followed by slope. However, the q values of the influ-
encing factors and the high-risk areas of karst soil erosion differed
substantially. These differences were determined by the local char-
acteristics of each geomorphological type. For example, the q value of
elevation in middle elevation mountain was higher than that of other
areas, because the relative elevation was higher (Table S4). Elevation
can reflect differences in climate and topography associated with
middle elevation mountains. These results indicate that differences in
karst soil erosion characteristics among diverse geomorphological types
should be considered during soil erosion control and management.

4.1.2. Temporal characteristics of karst soil erosion
Understanding the long-term soil erosion dynamic characteristics

provides a foundation to clarify the driving mechanism behind soil
erosion change, and further provides reference for researchers and
policy makers to formulate solutions and regulations to prevent soil
erosion. In karst areas, under the background of climate change and
ecological restoration, climate conditions and land use/cover circum-
stances vary temporally, driving changes in soil erosion. In this study,
land use change was the dominant driving factor of karst soil erosion
variability over the past 36 years. During the three study periods, land
use change was dominant in the 1980s with a large area of land use
change (3.82% of the carbonate area) and small rainfall variability
(−12.53mm). In the 1990s, land use change, with a q value of 0.1,
dominated the positive soil erosion variability, with a large area of land
use change (3.75% of the carbonate area) and high rainfall variability
(33.94 mm). In the 2000s, rainfall variability dominated, with a small
area of land use change (1.24% of the carbonate area) and moderate
rainfall variability (−17.97mm). Thus, we confirmed that in different
periods, the dominant driving factor was affected by the characteristics
of land use change and climate change. Over the entire study period,
karst soil erosion variability was lower compared to the 10-year time
scale, and rainfall and karst soil erosion showed consistent trends
(p < 0.01), with the fluctuation in soil erosion rates affected by rainfall
variation.

4.2. Uncertainty analysis and future perspectives

In this study, we modified the RUSLE model to improve the simu-
lation accuracy for karst environments. On the one hand, the correla-
tion between soil erosion and bedrock bareness was applied to solve the
issues of bedrock resistance to soil erosion and less erodible soil in areas
with severe rocky desertification; on the other hand, high-resolution
topography data were used to mitigate the impact of bedrock on slope
length. However, some limitations remain and require further study.
First, the correlation coefficient of karst soil erosion and bedrock

Fig. 5. Karst soil erosion and rainfall variation (1980–2015).

Table 3
The q values of the influencing factors and their combinations (1980–2015).

Land use
change

Rainfall
variability

Land use
change ∩
slope

Land use
change ∩
rainfall

Rainfall ∩
slope

1980s 0.54 0.07 0.69 0.67 0.11
1990s 0.10 0.05 0.23 0.16 0.20
2000s 0.07 0.19 0.19 0.27 0.30
1980–2015 0.28 0.09 0.40 0.38 0.18
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bareness rate was acquired with artificial rainfall simulation tests,
which differed from real conditions. Hence, future studies should assess
these factors in field experiments. Second, the process of soil erosion in
karst areas is complex, and this study only considered the surface
conditions; future work should also consider underground soil erosion
processes.

5. Conclusion

The current study identified the dominant factors (and combination
factors) of karst soil erosion and its variability over the past 36 years,
based on the modified RUSLE model and the geographical detector
method. The strength of association between the factors and karst soil
erosion differed temporally and across different geomorphological
types.

Land use was the dominant factor influencing the karst soil erosion
distribution in the SRB, located in southwest China. The interactions
between two influencing factors can enhance their impacts on karst soil
erosion, and the combination of land use and slope was the dominant
interaction factor affecting soil erosion. Karst soil erosion in the SRB
exhibited a decreasing trend overall, while the influence of anthro-
pogenic activities increased over time. The strength of association be-
tween the influencing factors and karst soil erosion differed among the
geomorphological types. For example, in mountainous areas, the q
value of slope decreased with increasing relief.

The dominant driving factors and their q values of karst soil erosion
variability were affected by land use change and climate change across
the whole period. Land use change dominated in the 1980s and 1990s.
Rainfall variability dominated in the 2000s. In addition, in relatively
flat areas, mean value of karst soil erosion variability was lower than in
mountainous areas.

Karst soil erosion management and control remains a challenging
task. This study confirmed that controlling karst soil erosion based on
different geomorphological types and prohibiting steep cropland with

slopes higher than 15° are optimal policy choices in karst areas.
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