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Abstract

Soil erosion is a very serious ecological problem and remains a highly contentious issue in Nanling National Nature
Reserve, China. This paper assessed the spatial relationships between soil erosion risk and the environmental
factors affecting soil erosion. Such research is significant for monitoring future land use/cover changes, including
agricultural expansion and deterioration of forest resources. First, the soil erosion spatial distribution map was
obtained by interpreting consecutive Landsat 8 satellite images, of which the interpreted result was validated via the
intensive fieldwork. Then, from the perspective of topography, land cover, soil and rainfall, environmental factors
that may influence the soil erosion risk were selected to quantitative test the relationships between soil erosion risk
and the environmental factors using a certainty coefficient method. The results indicate that soil erosion is highly
correlated to specific slope categories, elevation zones, distance to rivers, land use/cover type, stratum lithology,
soil types and annual 24h maximum rainfall. The occurrence probability of soil erosion is high in the area where the
slope is larger than 40< A remarkable variation in soil erosion loss displays in areas above 1300 m of elevation, and
areas below 500 m. The probability of soil erosion is the highest in the area within 100 meters of distance to rivers.
Cultivated land, grassland and artificial surface land covers have the strongest soil erosion. The probability of soil
erosion in the Cambrian and Carboniferous strata is the highest among the lithology categories. The red soil and
scrubby-meadow soil have the strongest soil erosion. Soil erosion in the area of annual maximum 24h rainfall
between 110 mm and 120 mm is stronger than other area. The reported results provided viable information essential
to control soil erosion, reduce soil loss, and achieve sustainable ecological development.
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Chinese context, considering the freeze-thaw erosion,

Soil erosion is a natural geomorphic process, of which
the extent and magnitude are controlled by various
environmental variables, such as geology, topography,
soil, climate, vegetation and human activities (Vrieling
et al., 2006; Butt et al., 2010). Globally, total land area
affected by soil erosion is 1094 Mha, of which 751 Mha
is seriously deteriorated (Thomas et al., 2018). In the

: Corresponding author: E-mail: wangjun@gdas.ac.cn

soil erosion area reaches 4.92 million km? accounting
for 51.3% of the total land area. In South China, the soil
erosion area is approximately 300,000 km? which
mainly distributed in the mountainous or hilly areas of
red soil, where the soil erosion rate can reach 15,000 t
km2 yr* (Zeng, 1992). Soil erosion is very harmful to
soil fertility, agricultural productivity, reservoir capacity,
water quality and human health (Posthumus et al., 2010;
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Tamene et al., 2017). Therefore, it is necessary to define
spatial distribution of soil erosion risk, its impact factors
and areas with high soil erosion potential for soil and
water conservation management.

Wide range of soil erosion models have been
employed to predict soil erosion at varying scales (Lal,
2001; Lufafa et al., 2003; Kiunsi and Meadows, 2010).
Of these models, the Universal Soil Loss Equation
(USLE) and the revised model (RUSLE) have widely
been used in conjunction with RS and GIS technology
to predict the annual soil loss (Millward and Mersey,
1999; Merritt et al., 2003; Lu et al., 2004; Kouli, et al.,
2009; Chen et al., 2011; Zhu, 2015; Ligonja and
Shrestha, 2015; Panagos et al., 2015; Hao et al., 2017;
Ostovar et al., 2017). For instance, Ganasri and Ramesh
(2015) assessed total annual potential soil loss of about
473.339 t h™ yr* in Nethravathi Basin, India. Kayet et al.
(2018) evaluated the greatest soil erosion of 440 t ha*
yr* in hillslope mining areas using the RUSLE and
SCS-CN models. Several attempts were done to explore
the relationship between soil erosion and selected
landforms (Jha et al., 2009; Kumar and Kishwaha, 2013;
Ghosh et al., 2013), slope morphology (Lufafa et al.,
2003) and landslides (Pradhan et al., 2012), but more
consistent research was carried out recently to assess the
relationship between specific environmental factors and
soil loss in China, (Xu et al., 2008; Wu and Wang,
2011), Thailand (Bahadur, 2012) and South Africa
(Manjoro et al., 2012) respectively.

Despite many researches of soil erosion have been
reported, few works have been conducted in Guangdong
Province, China, especially in the Nanling National
Nature Reserve. Liu et al. (2005) analyzed temporal and
spatial distribution of rainfall erosivity in Guangdong
Province and found that the rainfall -erosivity
concentrated in the rainy season (April to September),
which contributes 84.8% of the year. Zhu et al. (2007)
studied the soil erodibility and its impact factors of
Guangdong Province and found that the soil erodibility
ranged from 0.116 to 0.415 t h MJ™ mm™. Wang et al.
(2016) analyzed the rainfall erosivity in the Lianjiang
watershed in the Karst areas of northern Guangdong
Province, China, by using data of daily precipitation
from 1980 to 2013 at 35 meteorological stations. The
result showed that the average annual rainfall erosivity
was significantly higher in high mountain areas than in
other places. Wang et al. (2018) assessed the soail
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erosion risk in Nanling National Nature Reserve, but did
not study the influence of environmental factors on
spatial soil erosion risk.

In the rugged, mountain tracts in the Nanling
National Nature Reserve, soil erosion due to natural
and/or man-made factors is a matter of grave concern.
Because of the rugged and steeply sloping topography,
heavy rainfall and increased overland flow caused by
intensive human activities, this region is extremely
vulnerable to various hillslope processes, such as soil
erosion, land degradation, landslides and debris flows,
which are seriously impact to local forest resources,
water quality, biodiversity, and economy and social
sustainability. Moreover, soil erosion risk and its
influencing factors have never been identified so far in
Nanling National Nature Reserve, China. Hence the
objective of the present study is to evaluate the
influence of environmental factors on the spatial soil
erosion risk, and to present the relationships between
soil erosion risk and the environmental factors
recognized in the region. The study results are valuable
for implementing future regional land management and
conservation schemes to reduce soil loss.

2. Study area

2.1. Basic description

The Nanling National Nature Reserve (NNNR), located
in northern part of Guangdong Province, South China, is
selected as the study area (Fig. 1) covering an area of
583.68 km? and between 24<37' N — 25°00’ N and
112°40" E — 113°31' E. The study area consists of five
major sections: Dadingshan, Longtanjiao, Chengjia,
Dadongshan and Ruyang.

Geologically, the region is located within the South
China Block which is associated with two separate
plates: the Cathaysian Block in the southeast and the
Yangtze Block in the northwest, along with the closure
of the paleo South China Ocean during the
Neoproterozoic—Mesoproterozoic (900-850 Ma) period
(Chen et al., 2015). Three main episodes of Mesozoic
magmatic events have occurred: Triassic, Jurassic, and
Cretaceous, and they are conventionally referred as the
Indosinian, Early Yanshanian (EY), and Late
Yanshanian (LY) stages of orogeny. Lithologically,
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granitic rocks are widespread in NNNR, especially
Jurassic granitoids have the largest map area.

The study area is underlain by an E-W-trending
mountain system. The terrain shows the topographical
features of the northern and southern high, mountain
valley alternately distributed. The highest peak is
Shikengkong which is the first peak of Guangdong
province and the elevation is 1902.3 m. The lowest
point is Longxikou which the elevation is 202.1 m. The
maximum and average slope in this area is 64.3<and
19.5< respectively.

The region has a subtropical monsoon climate. The
multiyear average annual temperature is 17.7 ‘C. The
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average annual precipitation ranges from 1500 to 2000
mm, and around 80% of precipitation falls during
March to October. The drainage networks are
dendriform which can be roughly divided into five
levels. From west to east, there are two major river
watersheds: the Chengjia River and Nanshui River. The
area comprises four main soil orders (red soil, red-
yellow soil, yellow soil, and scrubby-meadow soil),
which present obvious vertical zonality. The vegetation
ranges from subtropical evergreen broadleaved forest to
alpine meadow; currently, the forest cover is >90%.
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Fig.1. Location of the study area. (a) Inset map showing the location of Guangdong province in China. (b) Inset map showing the
location of study area in Guangdong province. (c) Map of the study area with stream order and five major sections.

2.2. Soil erosion types

The joint influences of natural and human factors have
caused severe soil erosion in the NNNR that has
seriously affected local water safety and the ecological
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environment. Using Google Earth® and Landsat 8
images, the distributions of various types of soil erosion
can be clearly identified (Fig. 2). There are obvious
differences in the type and intensity of soil erosion
between areas with different slopes. The soil erosion
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types can be divided into four main categories: (a) rill
erosion, widely distributed within the NNNR, especially
within the scope of first-order drainage networks; (b)
sheet erosion, widely distributed in high-elevation areas,
especially developed around mountain ridge lines; (c)
gully erosion, derived from rill erosion and widely
distributed along gullies; and (d) human-induced
erosion. To reduce soil loss within the NNNR and to
protect its ecological environment, it is essential to
determine the spatial distributions of soil erosion,
identify the ecological risks posed by soil erosion, and
understand the underlying influencing factors governing
the soil erosion.

between soil erosion loss and the environment factors
influencing soil erosion were calculated. The whole
flowchart is shown in Fig. 3.

3.1. Interpretation of soil erosion

A Landsat 8 satellite image with 30 m resolution (No.
LC81230432015106LGNOO) from August 15, 2015,
was used to interpret the spatial distributions of soil
erosion in the NNNR, which was rectified and
georeferenced to the WGS_1984 UTM_Zone 49N. We
first interpreted the overall spatial distribution of soil
erosion in the NNNR using the Support Vector Machine

Fig.2. Exmples of the soil erosion in the study area: (a) rill erosion, (b) sheet erosion (c) gully erosion and (d) human-induced .

3. Materials and Methods

In this study, the spatial distribution of soil erosion was
interpreted first using the Landsat 8 satellite image with
30 m resolution. From the perspective of topography,
land cover, soil and rainfall, environmental factors that
may influence soil erosion risk were then selected to
quantitative test the relationships between soil erosion
and environmental factors using a probability method.
In this study, seven environmental factors were selected:
slope, elevation, and distance to rivers, land covers,
lithology, soil types, and annual maximum rainfall of 24
h. The GIS Tool Box was employed to generate each
factor map, and to compute the soil erosion area in each
factor categories. Finally, the tables of correlation

134

Supervised Classification of the ENVI 5.1 platform.
Then, we validated the interpreted results via the
intensive fieldwork. Fieldwork was undertaken several
times in 2016, 2017, and 2018. Field investigations and
sampling were conducted along the contour line mainly
passing through the Ruyang section that could be
reached on foot. The representative sample locations
were identified and their geographic coordinates were
recorded using a global positioning system receiver.
These locations were later used as samples (in total 32
samples) with which to assess the image interpretation
accuracy. For very important but inaccessible areas of
erosion in the NNNR, we used an unmanned aerial
vehicle to survey the soil erosion for the verification of
the interpreted results. More than 4000 field pictures
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were taken, which were also used for visual verification
of the results. These fieldwork data were used to
validate the interpreted result of RS image.

3.2. Analysis of the key influencing factors

Here, a certainty coefficient method was used to analyze
the influence of above factors in the spatial distribution
of soil erosion (Heckerman, 1986; Wang et al., 2014):

5 (1 5 if PP
CR={* PS (1)
a s it P,<P,
AC)

where CF, is the certainty coefficient of the i-th data
class, P, is the conditional probability of soil erosion in
data class i, P, isthe a priori probability of soil erosion
in the study area (constant), i is the number of the data
class in a factor, i=12,---,n. The value of P, can be
calculated as:

O]

where a, is the area of soil erosion in data class i and
A s the area of data class i. The value of P, can be
calculated as:

. ®)

where s, is the area of soil erosion in the study area,
which is equal to the area of the interpreted results of
soil erosion; here, S, is the area of the NNNR.

In ArcGIS software, each factor was first classified
into several data classes. Then, the area of soil erosion
in each data class and the area of each data class were
calculated using zonal statistics methods. Finally, the
values of P,, P,, and CF, were calculated using Egs.
(3), (2), and (1), respectively. The calculated certainty
coefficient CF ranges from —1 to 1. When the CF value
is close to 1, the certainty of soil erosion is great and
soil erosion is likely to occur. Conversely, when the CF
value is close to —1, the certainty of soil erosion is low
and soil erosion is less likely to occur. When the CF
value is closer to zero, the priori probability and
conditional probability are very close, and the certainty
of the soil erosion is difficult to determine. According to
the calculated CF values of each data classes, the
probability of soil erosion in each data classes can be
obtained.

Interpretation of Landsat 8 satellite
images with 30 m resolution

v
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Fig. 3 The flowchart of this paper
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larger than one cell size (30 m) agree well with the
actual field situation; however, erosion areas smaller
than one cell size are comparatively inconsistent.
Nevertheless, the overall accuracy of the 32 sampling
The interpreted results of soil erosion in the NNNR are sites was 87.75%, indicating that errors introduced by
shown in Fig. 4. The area of soil erosion is the interpretation are acceptable.

approximately 11.91 km? accounting for 2.1% of the

study area. The verification results show erosion areas

4, Results

4.1. Interpretation results of soil erosion
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Fig. 4 Interpretation of soil erosion in the study area from Landsat 8 satellite image. (a) Inset map showing the location of Landsat 8
satellite image in Guangdong province. (b) The Landsat 8 satellite image of the study area. (c) The interpreted result of the soil erosion
area.

area of soil erosion in each slope category can be

4.2. Relationship between soil erosion and calculated using the zonal statistics method in ArcGIS
environmental factors 10.1. The values of P,and P, can be computed based on
4.2.1 Slope Eq. (2) and Eqg. (3). Finally, according to Eq. (1), the

occurrence probability of soil erosion in each slope

The slope of NNNR can be divided into six categories, category can be obtained (Table 1).

seen in Fig. 5. The area of each slope category and the
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As shown in Table 1, the occurrence probability of
soil erosion is high in the area where the slope is larger
than 40< The CF value is above 0.51. Especially, when
the slope in larger than 50< the CF value reaches 0.73 and
occurrence probability of soil erosion is the highest. It is
indicated that the occurrence probability of soil erosion
increases with an increase in the slope angle.

Slope

. <10

. 10-20°
20-30°
30-40°

. 40-50°

. =50

I Reservoir

Fig. 5 Slope categories in NNNR

Table 1 Spatial variation of soil erosion with slope categories

Catego Area Soil
ries erosion P, P, CF
(9 (ha) area (ha)
<10 10745.55 213.96 0.0199 0.0205 -0.03
10-20 20186.01 411.01 0.0204 0.0205 -0.01
20-30 18166.86 348.27 0.0192 0.0205 -0.07
30-40 7759.53 149.93 0.0193 0.0205 -0.06
40-50 1124.01 45.71 0.0407 0.0205 0.51
> 50 385.84 28.03 0.0726 0.0205 0.73
4.2.2 Elevation
The elevation of NNNR can be divided into six

categories according to DEM with 30 m resolution (Fig.
6). The area of each elevation category and the area of
soil erosion in each elevation category can be calculated
using the zonal statistics method in ArcGIS 10.1. The
values of P,and P, can be computed based on Eq. (2)
and Eq. (3). Finally, according to Eq. (1), the occurrence
probability of soil erosion in each elevation category
can be obtained (Table 2).

From Table 2, it is found that soil erosion is very
serious in areas with elevation above 1300 m and
elevation below 700 m, of which the CF value is
larger than 0.35. The elevation smaller than 400 m
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Elevation

Bl <100m

I 400-700 m
700-1000 m
1000-1300m

B 1300-1600 m

. > 1600 m

W Reservoir

Fig. 6 Elevation categories in NNNR

Table 2 Spatial variation of soil erosion with elevation

categories
. il
Cat?r?q(;rles (A t::a) eri(s)ion P, P, CF
area (ha)

<400 1022.5 78.48 0.0768  0.0205  0.75
400-700 6722.46 313.92 0.0467  0.0205  0.57
700-1000  19180.4 303.39 0.0158  0.0205 -0.23
1000-1300  23037.0 235.17 0.0102  0.0205 -0.51
1300-1600  7847.28 246.15 0.0314  0.0205 0.35
> 1600 558.18 19.8 0.0355  0.0205 0.43

has the highest CF value and worst soil erosion, this
may be because this range has intense human
activities inducing the soil erosion.

4.2.3 Distance to rivers

Distance to rivers is an extremely significant factor
affecting formation of soil erosion, as well as human
activity intensity. In this paper, the distance to rivers
data is derived from drainage network vector data based
on the DEM with 30m resolution. The distance to rivers
of NNNR can be divided into six categories (Fig. 7).
The area of each category and the area of soil erosion in
each category can be calculated using the zonal statistics
method in ArcGIS 10.1. The values of P,and P, can be
computed based on Eg. (2) and Eqg. (3). Finally,
according to Eq. (1), the occurrence probability of soil
erosion in each category can be obtained (Table 3).

As shown in Table 1, the probability of soil erosion
is high in the area within 100 meters of distance to
rivers, and the CF value reaches 0.55. The closer the
distance to rivers, the stronger the power of water and
human activity, and the more severe soil erosion.
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Distance to rivers
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100-200m
[ 200-300m
300-400m
W 400-500m
I > 500m
W Reservoir
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Fig. 7 Distance to rivers categories in NNNR

Table 3 Spatial variation of soil erosion with distance to rivers

categories
. il
Catzgsrles (A r::a) erts)(s)ion P, P, CF
area (ha)
<100 9742.86 434.25 0.0446  0.0205 0.55
100-200 9160.74 162.27 0.0177  0.0205 -0.14
200-300 8962.74 104.13 0.0116  0.0205 -0.44
300-400 8135.28 83.79 0.0103  0.0205 -0.5
400-500 7007.85 81.63 0.0116  0.0205 -0.44
>500 15358.3 330.84 0.0215 0.0205 0.01

4.2.4 Land covers

According to land covers in NNNR, the land covers can
be divided into five categories: cultivated land, forest,
grassland, waterbodies, and artificial surface (Fig .8).
The area of each category and the area of soil erosion in
each category can be calculated using the zonal statistics
method in ArcGIS 10.1. The values of P,and P, can be
computed based on Eq. (2) and Eg. (3). Finally,
according to Eqg. (1), the occurrence probability of soil
erosion in each category can be obtained (Table 4).

Land cover types

I Cultivated land

Forest
B Grassland
0 Water bodies
W Artificial Surfaces
I Reservoir

Fig. 8 Land cover categories in NNNR
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Table 4 Spatial variation of soil erosion with land cover

categories
i Avrea Soil
Catesgorle h erosion P, P, CF
(‘ha) area (ha)
C“'nggted 195.3 7461 0382 00205 0.97
Forest ~ 57429.8  960.84 00167 00205 -0.19
Grassland 72351 14625 02021 00205 092
Water 3.78 0.45 0119 00205 0.85
bodies
Artificial 45 5 1476 09591 00205 1
Surface

From Table 4, it is found that the soil erosion of land
cover types with Cultivated land, Grassland, Artificial
Surface are the strongest, with CF values above 0.85.

4.2.5 Lithology

The materials used here mainly are geological data
including 1:200,000 print and digital geological map.
According to the geological data, the NNNR has five
categories lithology, seen in Fig. 9. The area of each
lithology category and the area of soil erosion in each
lithology category can be calculated using the zonal
statistics method in ArcGIS 10.1. The values of P, and
P, can be computed based on Eg. (2) and Eg. (3).
Finally, according to Eq. (1), the occurrence probability
of soil erosion in each lithology category can be
obtained (Table 5).

™

“\

b

Ay

/
f

Lithology
M Carboniferous
B Devonian
1 Jurassic
[ Cretaceous
I Cambrian

W Reservoir Stream Order

Fig. 9 Land cover categories in NNNR

The probability of soil erosion in the Cambrian and
Carboniferous strata is the highest among the lithology
categories, with CF values reaching 0.82 and 0.88
(Table 5), respectively. It is indicating that the soft rock
such as mudstone, slate, shale and coal-bearing strata
has the serious soil erosion.
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Table 5 Spatial variation of soil erosion with land cover

categories
i Area Soil
Categorle h erosion P, P, CF
(‘ha) area (ha)

Cmticeo“ 895101 15579 00174 00205 -0.15
Jurassic 476635 81648  0.0171 00205 -0.17
Ca;gﬁ’s"fe 1188.88  178.38 015 00205 088
Devonian  151.84 3.24 00213 00205 0.04
Cambrian  412.49 4302 01043 00205 0.82

4.2.6 Soil types

According to the soil types in NNNR, the soil types can
be divided into four categories: red soil, red-yellow soil,
yellow soil, and scrubby-meadow soil (Fig. 10). The
area of each soil type category and the area of soil
erosion in each soil type category can be calculated
using the zonal statistics method in ArcGIS 10.1. The
values of P,and P, can be computed based on Eq. (2)
and Eq. (3). Finally, according to Eq. (1), the occurrence
probability of soil erosion in each soil type category can
be obtained (Table 6).

Soil types
M Red soil

Red-yellow soil
B Yellow soil
W Scrubby-meadow soil
B Rescrvoir

Stream Order

Fig.10 Soil type categories in NNNR

Table 6 Spatial variation of soil erosion with soil types

categories
Area Soil
Categories (ha) erosion P, P, CF
a area (ha)
Red soil 7438.41 360.9 0.0485 0.0205 0.59
R‘*dégiel”ow 1119132 20754 00185 00205 -0.1
Yellow soil 39616.57 622.44 0.0157 0.0205 -0.24
Scrubby-
meadow 1215 6.03 0.0496 0.0205 0.6
soil

As shown in Table 6, the yellow soil has the largest
distribution area with 39616.57 ha. The scrubby-
meadow soil has the least distribution area with 121.5
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ha. However, the red soil and scrubby-meadow soil
have the strongest soil erosion with CF values of 0.59
and 0.60, respectively.

4.2.7 Annual maximum rainfall of 24 h

The annual maximum rainfall of 24 h in NNNR can be
obtained from the Guangdong Hydrology Record
Handbook (Guangdong Provincial Hydrographic
Bureau 1991), which can be divided into four categories,
seen in Fig. 11. The area of each category and the area
of soil erosion in each category can be calculated using
the zonal statistics method in ArcGIS 10.1. The values
of P,and P, can be computed based on Eq. (2) and Eq.
(3). Finally, according to Eq. (1), the occurrence
probability of soil erosion in each category can be
obtained (Table 7).

Annual maximum rainfall of 24h
I 130-140 mm
120-130 mm
110-120 mm
[ 100-110 mm
B Reservoir

3 .~ ' Stream Order
S v &
—
Fig.11 Annual maximum rainfall categories in NNNR

Table 7 Spatial variation of soil erosion with annual maximum
rainfall categories

Cagores MR G B R oF
area (ha)

<110 13992.85  263.79  0.0189 0.0205 -0.08

110-120 17619.93 518.49 0.0294 0.0205 0.31

120-130 15014.97 201.78 0.0134 0.0205 -0.35

130-140 11740.05 21285  0.0181 0.0205 -0.12

From Table 7, it is found that soil erosion in the area
of annual maximum 24h rainfall between 110 mm and
120 mm is stronger than other area, and the CF value is
0.31. There is no positive correlation between soil
erosion and rainfall, this may be the soil erosion in this
region are extremely complex due to the steep slope,
complicated topography and intensive anthropogenic
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activity. In other words, the rainfall is not a control
factor of soil erosion in NNNR comparing with the
complicated topography and intensive anthropogenic
activity.

5. CONCLUSIONS

This paper quantitatively analyzed the spatial
relationships between soil erosion risk and the
environmental factors affecting soil erosion in Nanling
National Nature Reserve, China. Seven factors that may
influence the soil erosion risk were selected from the
perspective of topography, land cover, soil and rainfall.
It is found that soil erosion in NNNR is highly
correlated to specific factor categories. The occurrence
probability of soil erosion is very high in the area where
the slope is larger than 40< elevation below 700 m,
distance to rivers within 100 m, and the maximum 24h
rainfall between 110 mm and 120 mm. The soil erosion
is also susceptible in the soil type of red and scrubby-
meadow, land cover types of cultivated land and
Grassland, and lithology categories of the Cambrian and
Carboniferous strata.

The results revealed which segments or categories
of environmental factors had the worst soil erosion risk,
and what measures we should take to restrict this
development in certain areas. The GIS database and
maps of environmental factors generated in this research
provide valuable planning aids for managers to help
them decrease soil erosion risk. The database created
during this study can be interrogated to identify land
areas currently under intensive human activity with a
high or very high ranking for the risk of potential soil
erosion, which are should be targeted for particular
protection.
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