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Abstract: Healthy soil is the key foundation of the world’s agriculture and an essential resource
to ensure the world’s food security. Soil erosion is one of the serious forms of soil degradation
and a major threat to sustainable terrestrial ecosystems. In this study, we utilized a continuous
Landsat satellite image dataset to map soil erosion changes (1990-2020) based on the RUSLE model
across the Pearl River Basin. The study results indicated that: (1) The multi-year area-specific soil
erosion average in the Pearl River Basin is approximately 538.95 t/(km?-a) with an annual soil loss of
approximately 353 million tons; (2) The overall soil erosion displayed a decreasing trend over the past
30 years with an annual decreasing rate of —13.44(1+1.53) t/ (km?2-a); (3) Soil erosion, dominated by
low- and moderate-level erosion, primarily occurred in the tributary basin of Xijiang River, especially
in the areas with slopes > 15°, low vegetation coverage, or poorly managed forests; (4) the NDVI
and land cover were the dominant factors regulating soil erosion dynamics versus the insignificant
role of precipitation played in the erosion procedure. The study results are valuable for soil erosion
management and water conservation in the Pearl River Basin.
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1. Introduction

Healthy soil is the key foundation of the world’s agriculture and an essential resource
to ensure food security in the 21st century [1]. It is also a crucial part of ecosystems that
uphold the delivery of primary terrestrial ecosystem services. For a very long time, soil
erosion caused by winds and water has been the main threat to the soil. In the Anthropocene,
this threat was intensified by agricultural-dominated human activities [2]. The latest official
report of the United Nations about the status of the world’s soil resources emphasized
most of the global soil resources are in merely fair, poor, or very poor condition [3]. Soil
erosion is one of the serious forms of soil degradation; therefore, it is also a major threat
to sustainable land ecosystems [4], leading to a series of inevitable consequences such as
reduced soil productivity [5], deteriorated water quality [6,7], low food yield [8,9], lost
reservoir capacity [10-12], and even flood hazards [13], which are impairing the health of
terrestrial ecosystems and the safety of human life and property [14]. Therefore, controlling
soil erosion has been one of the most important tasks of ecosystem management [15].

Soil erosion includes four categories: wind erosion, hydraulic erosion, gravity erosion,
and freeze-thaw erosion. The agents of soil erosion are quite similar to the agents of all
kinds of erosion: water, ice, gravity, or wind, among which water is globally the major
agent. It is estimated that, at a global scale, water erosion accounts for about 50% of the
total soil erosion [16].

The assessments of water erosion were initialized by the studies of Bennett et al. [17]
in the 1930s and 1940s. With a further understanding of soil erosion processes, a series
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of models were proposed for soil erosion predictions, including the physical models of
ANSWERS (Areal Nonpoint Source Watershed Environment Response Simulation) [18],
WEPP (Watershed Erosion Prediction Project) [19], GUEST (Griffith University Erosion
System Template) [20], EUROSEM (European Soil Erosion Model) [21] and the empirical
models of USLE (Universal Soil Loss Equation) [22], RUSLE (Revised Universal Soil Loss
Equation) [23], CSLE (Chinese Soil Loss Equation) [24]. The physical models often require
more parameters and are more complex, which hinder the models’ large-scale applica-
tions [25,26]. However, empirical models, which are relatively simple and require fewer
parameters, are a great alternative for large-scale soil erosion assessments [5,27,28]. Among
them, the empirical models of USLE and RUSLE proposed by the United States Department
of Agriculture (USDA) have been widely used at global and regional scales [29-31]. The
models require five major factors to estimate soil loss for a specific site, namely the rainfall
factor (R), soil erodibility factor (K), slope length-steepness factor (LS), crop/vegetation
and management factor (C), and the support practice factor (P). Each factor is the numer-
ical measurement of a specific condition that regulates the severity of soil erosion at a
specific location.

Previous studies have revealed that anthropogenic activities and related land cover
change are the major causes of accelerated soil erosion. Asia probably likely experienced
more anthropogenic-activity-induced soil erosion than any other continent. The greatest in-
creases in mapped soil erosion are predicted to occur in Southeast Asia, Sub-Saharan Africa,
and South America [25]. China’s Pearl River basin, as the representative of anthropogenic-
activities-affected basins [32], is a typical watershed to demonstrate soil erosion dynamics
in Asia. The Pearl River Basin, located in the subtropical region along the Northern Tropic
of Cancer, is characterized by high precipitation, thin topsoil layer, rugged terrain, and
resultant serious soil erosion in the upper reaches [33]. Its severity in soil erosion has
been reported by studies since the 1990s [28,33-35]. However, most of these studies are
small-scale case investigations about soil erosion on slopes; the soil erosion across the entire
Pearl River Basin has not been well-studied. Despite some predictions of soil erosion in
some tributaries [36-38], these studies merely derived the soil erosion changes based on
several data sets of yearly results. These data are not enough to obtain a continuous trend
due to the discontinuity in the data series. The obtained trends based on these data are
not reliable if the size of the yearly products is too small. Few studies mapped continuous
soil erosion dynamics across the entire Pearl River Basin. In the context of increasing
both rainfall intensity and rainfall uncertainty and the increasingly intensified human
activities in recent decades [39], it necessitates understanding the status and dynamics of
soil erosion to support sustainable basin development and environmental protection in the
Pearl River Basin.

In this study, we employed a continuous Landsat satellite image dataset to map soil
erosion changes (1990-2020) based on the RUSLE model across the Pearl River Basin. Based
on the results, we also analyzed the spatiotemporal dynamics in soil erosion in the Pearl
River Basin from 1990 to 2020. We derived the causes of the changes to provide a reliable
result for soil erosion management and water and soil conservation in the Pearl River
Basin. In addition, the subtropical climate in the Pearl River Basin can result in high cloud
coverage in optical satellite images. The elimination of cloud influence for accurately
mapping soil erosion dynamics in the Pearl River Basin is another aim of this study.

2. Materials and Methods
2.1. Study Area

The Pearl River is a large river system in southern China [40]. The Pearl River Basin
(PRB) is also used as a catch-all for the tributary basins of the Xijiang River (XRB), Dongjiang
River (DRB), and Beijiang River (BRB). The three tributaries share a common delta, the Pearl
River Delta [41] (Figure 1). In China, to facilitate river management, the government also
combined the ambient small coastal rivers and the rivers on Hainan Island into the Pearl
River Basin, named the Grand Pearl River Basin (GPRB). Therefore, the Grand Pearl River



Remote Sens. 2022, 14, 5949

30f19

25°N

23°N

22°N

19°N

18°N

Basin includes the original PRB, the Hanjiang River basin (HRB), the small coastal rivers in
southern Guizhou and western Guangdong (CRSG&WG), and the rivers on Hainan Island
(HI) (Figure 1). It covers eight provinces (Yunnan, Guizhou, Guangxi, Guangdong, Hunan,
Jiangxi, Hainan, and Fujian), and two special administrative regions (Hong Kong and
Macau) with a total area of 655,000 km?. The GPRB is a varied land-of forest, mountains,
hills, plateaus, and small plains. Approximately 94.4% of the study areas are mountains
and hills with slopes > 15°; the plains are mostly located in the Leizhou Peninsula, the Pearl
River Delta, and the coastal area on Hainan Island.
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Figure 1. Location of the Grand Pearl River Basin.

The GPRB is characterized by a subtropical and tropical climate in South Asia, with
an annual average temperature of 14 to 22 °C [42], an annual average precipitation of 1200
to 2000 mm, and an annual average surface runoff of 338.1 billion m®. The precipitation
decreases from east to west of the basin. Most precipitation happens in the monsoon season
from April to September, accounting for approximately 70% to 85% of the total precipitation.

The natural soils in the PRB primarily consist of limestone soil, red soil, latosol soil,
and yellow soil distributed in uncultivated mountains, hills, and wastelands following a
law of vertical climate-related zonality. Cultivated soils are dominated by dryland soil and
rice soil. Subtropical evergreen broad-leaved forests and tropical rain forests are the major
vegetation in the GPRB, and rice, wheat, and sweet potato prevail among major crops.

The GPRB is one of the regions in China that experienced rapid development. Since
the 1980s, the GPRB has experienced rapid but uneven economic development: the upper
reaches (Yunnan, Guizhou, and Guangxi provinces) are in the remote part of China, with
wild environments and slow economic development; while the lower reaches (Pearl River
Delta) close to Hong Kong and Macau, are the earliest regions benefited from China’s “open
door and reform” policy and thus are one of the economic powerhouses in China.

2.2. Dataset

Six datasets were required to evaluate soil erosion in the GPRB based on the RUSLE
model (Table 1). The SRTM 30 m digital elevation data was obtained from the USGS
(https:/ /earthexplorer.usgs.gov, accessed on 22 November 2022). The National Tibetan
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Plateau Data Center provided the 1 km monthly precipitation dataset (TPDC, https:/ /data.
tpdc.ac.cn, accessed on 22 November 2022). It was reanalyzed from the global 0.5° climate
dataset of CRU and the global high-resolution climate dataset of WorldClim using a Delta
spatial downscaling scheme. The dataset was evaluated using the observations collected
from 496 meteorological stations across China; the dataset is more reliable than other
datasets [43]. The soil texture dataset was acquired from the Resource and Environment
Science Data Center (RESDC, https://www.resdc.cn, accessed on 22 November 2022).
The soil organic dataset [44] was obtained from TPDC, which was a combined result of
the digitized soil type map (1:1,000,000) and soil profile data collected in China’s second
soil survey. The land-cover dataset (CLCD) was provided by Yang et al. [45], and was
generated from Landsat images using a random forest classifier on the GEE platform. The
classification samples were collected by a visually interpreted dataset and validated by a
third-party dataset. The accuracy of CLCD was assessed using 30 m thematic products
such as impervious surface, surface water, and forest thematic products.

Table 1. Data sources and descriptions.

Spatial Temporal .
Datasets Resolution Resolution Data Source Explanation/Purpose
Calculation of the slope
SRTM DEM 30m N/A USGS length and steepness factor
in RUSLE
1 km monthly precipitation Calculation of the rainfall
dataset for China 1km Monthly TPDC [46] erosivity factor in RUSLE
. . RESDC (soil texture data) Calculation of the soil
Soil properties Lkm N/A TPDC (soil organic data) erodibility factor in RUSLE
Calculation of the
Land Cover data 30 m Yearly Yang J. et al. [45] conservation practices

factor in RUSLE

2.3. RUSLE Model

The RUSLE model was used to evaluate water and soil erosion in this study. The
RUSLE is a revised empirical model based on the USLE model, which is easier to evaluate
water soil erosion at large scales. Several studies have shown that the RUSLE model could
apply in the GPRB [28,34,38]. The formula is as follows:

A=RxKxXxLxSxCxP 1

where A is the annual average soil loss (tthm~2-a~1); R is the rainfall erosivity factor
MJ-mm-hm~—2-h~1.a=1); K is the soil erodibility factor (th-MJ~L-mm™1); L is the slope
length factor (dimensionless); S is the slope factor (dimensionless); C is the cover-management
factor (dimensionless, 0 < C < 1); P is the conservation practices factor (dimensionless, 0 < P < 1).

2.3.1. Rainfall Erosivity (R) Factor

The R factor is an indicator describing soil erosion through rainfall and runoff, which is
influenced by the mixed effect of the amount and intensity of rainfall [47]. Zhang et al. [48]
constructed a simplified rainfall erosivity assessment model to estimate R based on rainfall
datasets at different temporal scales in China. The model was also used in the first national
water conservancy census in 2013 with satisfactory results. In this study, we used Zhang’s

2
monthly-data-based %’ model to compute R factor, which is expressed as:

R = 0.1833FY%7 (2 = 0.861) )

1 412 ) 12
F=-) 21 P/ Z} P, ®)
J= =

i=1[j=
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where R is the average annual rainfall erosivity factor MJ-mm-hm—2-h~1.a71), F is the
modified Fournier index (mm), n is the number of years of rainfall records, and P; is the
jth monthly rainfall amount in the ith year (mm).

2.3.2. Soil Erodibility (K) Factor

The K factor is an evaluation of the susceptibility of soil particles to detachment and
moved by rainfall as well as runoff. Many soil erodibility estimation approaches have
been proposed, such as the soil erodibility nomogram [49], the erosion-productivity impact
calculator (EPIC) model [50], and the soil mean particle estimation model [51]. Different
models require different observation data. Among them, the EPIC model has been widely
used because fewer inputs are required, and it yields better model-fitting outputs. The
formula is expressed as follows:

0.0256.sam(1 s . 403 .
K= {0-2 +0.3¢[- 0026 sanll 1°°>]}'{‘(czasﬁsiz}} ‘{1'0 - (C+exp(g‘27gc—27.956)}} @)

) {1 0_ 0.75sn
) (sn+exp(—5.514+229sn)}

where san, sil, cla and c represent the percentages of sand content (size 0.1-2 mm), silt
content (size 0.002-0.1 mm), clay content (size < 0.002 mm), and soil organic carbon content,
sn =1 —san/100.

Based on the field-measured data, Zhang et al. [52] found that the EPIC model needed
to be calibrated by correcting the conversion formula to meet applications in China. The
formula is as follows:

K = —0.01383 + 0.51575KEp|c )

where K is the final soil erodibility and the Kgpjc value is estimated from the EPIC model.

2.3.3. Slope Length and Steepness (LS) Factor

Topography can influence the soil erosion processes by affecting the formation and
development of soil and vegetation, which determines the state and movement of surface
runoff. L and S represent the influence of topography on soil erosion in RSULE and are
generally calculated by DEM data.

The formula for calculating S [53] is as follows:

16.8sinf —0.05 5 <6 < 14 (6)

10.8sin 6 + 0.03 <5
S p—
21.91sin6 — 0.96 0> 14

where 6 (°) is the slope calculated from the DEM.
The formula for L [22,54,55] is as follows:

)\ 14
L= (2213) @)
"= ﬁﬁl ®)

 3.0(sin0)*® +0.56

where A is the slope length (m), « is a dimensionless proxy parameter, and f (°) is derived
from the slope value (0).

2.3.4. Cover-Management (C) Factor

The C factor, the cover-management factor, represents the effect of cropping and
management practices on erosion rates. Due to the good correlation between the NDVI
data and C factor data, we used the Landsat surface reflectance dataset to calculate NDVI
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on the GEE platform, and further derive the C factor. The fractional vegetation coverage
(fvc in %) was obtained by mosaic-pixel developed by Gutman et al. [56]. The C factor was
finally calculated based on fvc using Cai et al.’s method [57]. The formulae are as follows:

NDVI — Ng,is
"= —— (10)
f Nveg — Nioil
1 foc <0.1%
C =4 0.6508 —0.3436lg(fvc) 0.1% < foc < 78.3% (11)
0 foc > 78.3%

where fvc(%) represents the fractional vegetation coverage, Ng,;; is the NDVI value of the
pixels with bare soil, and Ny, is the NDVI value of the pixels completely covered with
vegetation. Pixels with values below 5% or above 95% of the NDVI values were defined as
abnormal values [58].

2.3.5. Conservation Practices () Factor

The P factor indicates the impact of support practices on the average annual erosion
rate. When P = 0, no soil erosion occurs after soil conservation practices are applied;
when P = 1, no soil conservation practices are applied. Because it is difficult to esti-
mate quantitatively, the P factor was rarely considered in soil erosion evaluation on large
scales [23]. Previous studies have assigned P values based on the land-cover data. Ac-
cording to Li et al.’s study [59], we reclassified the slope values into 0-10, 10-25, 2540,
and 40-90 degrees and assigned the P factor of the corresponding croplands to 0.5, 0.6, 0.8
and 1, respectively. The P factors for grassland, forest, and shrub were set to 1, and the
impervious surface was set to 0. The conservation practices factor for 30 years was obtained
by combining the data.

The estimated values of various factors were obtained through the aforementioned
methods, and a 30 m resample operation was performed. The factors were multiplied to
obtain the soil erosion of the GPRB from 1990 to 2020.

3. Results
3.1. Spatial Distribution Pattern of Subfactors

The value of the R factor decreases from southeast to northwest from 131248 to
12679.47 MJ-mm/(hm?-h-a) (Figure 2a), which is close to the values reported by Lai et al.
(1858.0~14656.6 MJ-mm/ (hm?h-a)) [60] and Lai et al. (3156.75~18870.8 MJ-mm/(hm?-h-a)) [61].
The K factor ranges from 0 to 0.02365 t-hm?-h/(MJ-mm-hm?), with the highest value distribut-
ing in south CRSG&WG and most of Hainan Island, and the lowest value mainly distributing
in the central part of XRB (Figure 2b). Increasing from southeast to northwest, the LS factor
ranges from 0 to 510.93 (Figure 2c), with the highest value in the GPRB headwater region,
where the topography is mainly Karst, with steep slopes and short slope lengths. The annual
average NDVI in GPRB is 0.583 (Figure 2d), and the land cover in GPRB is dominated by forests
(Figure 2d). High-NDVI regions are consistent with the distribution of forests, while low-NDVI
regions are consistent with the distribution of impervious areas in the delta region and bare
lands in the upper reaches.

3.2. Spatiotemporal Patterns of Soil Erosion in PRB

Benefiting from high vegetation coverage, the soil erosion intensity in GPRB was
dominated by very slight levels (Figure 3). Slight- and moderate-level erosion occupied
the second and third proportions of erosion areas, and areas with high-level erosion were
relatively rare. Regarding land cover in the GPRB, slight erosion mainly occurred in
croplands with slopes less than 15°, shrubs, and grasslands; moderate erosion mainly
distributed in the croplands with slopes from 15° to 25°, grasslands, and sparse forests;
severe erosion, very severe erosion and extremely severe erosion mainly occurred in the
barre karst lands (with slopes > 25°) of the western part of XRB. On the sub-basin scale,



Remote Sens. 2022, 14, 5949

7 of 19

Rainfall erosivity factor
1312-2000 [ 3000 — 4000
20002500 I 4000 - 6000

[0 2500 - 3000 [N > 6000

Slope length-steepness factor
050 180 - 250
50 100 MM 250 - 350
100 180 I 350 - 510

B 01039 1336 - 1410

1039 - 1215 B 1410 - 1521

0 100 200Km 1215 - 1336 M 1521- 2365
5 (a)

slight erosion accounted for the largest proportion in XRB (67.78% in 1990), followed by
HRB and DRB, and the least in HI (0.58% in 1990); moderate erosion accounted for the
largest proportion in XRB (85.51% in 1990), followed by HRB and BRB, and the least in HI
(0.13% in 1990).

Soil erodibility factor(x 10%)

0 100 200Km (b)

NDVI
-0 04-0.6
8 o0-02 MM o06-038

0 100 200Km © 0204051 0 100 200Km (d)

Land cover (2020)
Cropland Water
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Grassland [0 Wetland 0 100 200Km
e (e)

Figure 2. Spatial distribution of factors in the GPRB. (a) Rainfall erosivity factor
MJ-mm-hm~2-h~1-a=1); (b) Soil erodibility factor (th-MJ~'-mm~1); (c) slope length-steepness
factor; (d) 30-year mean NDVI; (e) land cover in 2020.

From 1990 to 2020, significant mitigation of soil erosion occurred across GPRB. The
proportion of very slight erosion increased from 78.2% in 1990 to 82.35% in 2005 and 89.02%
in 2020. From 1990 to 2020, the proportion of slight erosion decreased from 7.50% to 4.26%.
The proportion of moderate erosion decreased from 6.50% to 2.81%, and its area decreased
by 56.83%. The proportion of very severe erosion decreased from 0.63% to 0.17%.

3.3. Temporal Fluctuation in Soil Erosion in the GPRB

From 1990 to 2020, soil erosion in the GPRB experienced a significant decline
(R = 0.734) (Figure 4). The R? could be adjusted to 0.827 after removing the result
of 2010 (red point in Figure 4). From 1990 to 2020, the soil erosion rate declined from
666.48 t/(km?-a) to 290.1 t/(km?-a), with a relative reduction of 56.47% and a net annual
decreasing rate of 13.44 (+1.53) t/ (km?2-a). The maximum, minimum and mean soil erosion
rates were 797.76 t/(km?-a) in 1993, 272.6 t/(km?-a) in 2019, and 538.95 t/(km?-a), respec-
tively. There were 13 years with soil erosion rates lower than the mean rate. After 2011, the
soil erosion rates were all lower than the average.
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Figure 3. Spatiotemporal patterns of soil erosion in GPRB. According to the Chinese National Soil
Erosion Classification Standard [62], soil erosion rate in the levels of very slight, slight, moderate, se-
vere, very severe, and extremely severe are 0-500 t/ (km2-a), 500-2500 t/ (km?2-a), 2500-5000 t/(km?-a),
5000-8000 t/(km?-a), 8000-15,000 t/(km?-a) and >15,000 t/(km?-a), (a) soil erosion intensity in 1990;
(b) soil erosion intensity in 1995; (c) soil erosion intensity in 2000; (d) soil erosion intensity in 2005;
(e) soil erosion intensity in 2010; (f) soil erosion intensity in 2015; (g) soil erosion intensity in 2020.
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Figure 4. Scatter plot of soil erosion rate from 1990 to 2020 (except 2012). The green dots represent
soil erosion rate, the red curve is a linear fit line, and the gray band is a 95% confidence band. Please
note: In 2010, soil erosion could be overestimated due to the cloud effect.

The XRB was the tributary basin with the highest soil erosion (Figure 5a). Over
the past 30 years, soil erosion in the XRB significantly decreased with an annual rate of
—17.96 t/(km?-a). The BRB and DRB were also the sub-basins with relatively high soil
erosion, where the fluctuation directions of soil erosion rate were similar to the overall trend
after 2011. HRB was another basin with relatively high soil erosion (Figure 5b). From 1990
to 2020, the soil erosion rate in HRB declined from 353.74 t/(km?2-a) to 138.71 t/(km?-a),
with a relative reduction of 60.79% and an annual decreasing rate of 8.3 (1.84) t/(km?-a).
Li et al. [63] reported that vegetation coverage in HRB increased from 2002 to 2009 due to
China’s Returning Farmland to Forest Program, which effectively alleviated soil erosion
in HRB. In this study, soil erosion rates in 2002 and 2009 were 615.24 t/ (km?2-a) and
173.48 t/(km?-a), respectively, which was consistent with the study of Li et al. [63].

1400 - - -Pearl River Basi S
(a) szlr.l R:Xg Di?tl: (b) -- »l[:[carl River Basin
Xijiang River Basin i ; ;
— 1200 Bgi.liiapg é‘i,vgr Ba;in. o !;E:{iza;ﬁizi:n
Nt‘G Dongjiang River Basin western Guangdong
&southern Guizhou
é 1000 +
£ 8004 - :
-] AR
: <! ‘.\ N N N
/- \
S 600 ‘ oy
=]
5
= 400
< NP
w2 \\ -
200 _
NS QAL v
0 I T T I I 1 T T - T » T I - 1 — [—-"—“./l
1990 1995 2000 2005 2010 2015 2020 1990 1995 2000 2005 2010 2015 2020

Figure 5. Soil erosion rates in the GPRB and its sub-basins in the past 30 years. Most sub-basins
experienced a significant decreasing trend, excluding the PRD. (a) soil erosion rate in PRD, PRB, XRB,
BRB, DRB; (b) soil erosion rate in HI, PRB, HRB, CRSG&WG.

The PRD, HI, and CRSG&WG were the sub-basins with relatively low soil erosion.
In PRD, although the R factor was high with 5125.0 MJ-mm/(hm?-h-a), the soil erosion
rates were all at a very slight level of lower than 200 t/(km?-a) due to its flat terrain
and large impervious area. In HI and CRSG&WG, the R factor was also high, with
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6377.3 MJ-mm/(hm?-h-a) and 4037.6 MJ-mm/(hm?-h-a), respectively; however, the soil
erosion rates were at a very slight level of less than 120 t/(km?-a) due to its high vegetation
cover and relatively flat terrain.

3.4. Analysis of Influencing Factors
3.4.1. Precipitation

From 1990 to 2020, the annual average precipitation in GPRB was 1524.07 mm. The
annual precipitation fluctuated under the impact of increasing extreme rainfall events
(Figure 6) [61]. Annual precipitation and R factor had spatial heterogeneity, showing a
decreasing trend from southeast to northwest. Although rainfall is an important factor for
soil erosion, a previous study found that sometimes rainfall was not the significant trigger
for soil erosion [1], especially in a basin like the GPRB with high forest cover that could
reduce soil splash erosion bought by raindrops. The correlation coefficient between soil
erosion rate and rainfall is extremely low(r ~ 0.0), suggesting that rainfall does not play a
dominant role in soil erosion in the GPRB, which was consistent with the study conclusion
from Chen et al. [38].
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Figure 6. Historical variations in soil erosion and precipitation in the GPRB and its sub-basins in the
past 30 years.

3.4.2. NDVI

Based on our study results, NDVI has significantly increased from 0.549 in 1990 to
0.676 in 2020, with a relative increase of 23.14%. In 1990, in most areas of western XRB, the
NDVI was between 0.2 and 0.4, while in 2020, it went up to between 0.6 to 0.8 (Figure 7).
Even though the NDVI significantly increased in most sub-basins in the past 30 years, it
was observed a dramatic reduction in the PRD and the lower reaches of HRB due to rapid
urbanization. The correlation coefficient between the soil erosion rate and the NDVI was
approximately —0.941 (Figure 8), implying that vegetation cover played a key role in soil
erosion mitigation.

3.4.3. Land Cover

Land-cover change can significantly affect soil erosion [63]. Thus, we summarized the
proportion of different land covers to analyze the contributions of soil erosion change in
the GPRB (Figure 9 and Table 2). From 1990 to 1995, forests slightly increased from 65.71%
to 66.65%, causing soil erosion to fluctuate down to less than 600 t/ (km?-a). From 1995 to
2000, both forests and soil erosion remained relatively stable. From 2000 to 2005, forests
decreased by 1.45%, but soil erosion remained relatively stable, despite the increase of 2.08%
in croplands. From 2005 to 2010, due to China’s Grain for Green Program, forest coverage
increased by 1.81%, but there was only a slight decrease in soil erosion. From 2010 to
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2020, the forests remained very stable, but soil erosion dramatically decreased. After 2011,
it was still at a very slight level, which was probably attributed to the relatively slowed
urbanization and better vegetation structure with higher NDVI (Figure 8). Policy overhaul
for soil and water conservation would also mitigate soil erosion. In 2007, the National
Development and Reform Commission of China proposed a flood control project for the
GPRB, focusing on mitigating soil erosion in the upper reaches of the PRB [64]. From 2013
to 2020, the soil erosion area decreased by 22.9 thousand km?, improving the environment
in GPRB [65]. Overall, the improvement in forest vegetation structure expressed by the
increase in the NDVI played a more significant role in mitigating soil erosion.

0 oo 200

(a) NDV1in 1990 (b) NDVI in 2020

Lengend

= : :

I _— Pearl river basin
NDVI (1990:2020)
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(c) NDVI variation during 1990-2020

Figure 7. NDVI dynamics (1990-2020): (a) NDVI status in 1990, (b) NDVI status in 2020, (c) NDVI
variation during 1990-2020.
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Figure 8. Historical changes in soil erosion rate and the NDVI in GPRB and its sub-basins in the past
30 years.
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Figure 9. The changes in the proportion of different land covers and soil erosion rate from 1990 to 2020.

Table 2. Percentage of land cover in the GPRB from 1990 to 2020 (%).

Land Cover Type 1990 1995 2000 2005 2010 2015 2020
Cropland 28.03 27.29 27.04 28.30 26.22 26.52 26.72
Forest 65.71 66.65 66.39 64.94 66.75 66.71 66.68
Shrub 2.80 2.45 2.40 2.28 2.24 1.97 1.78
Grassland 1.42 1.09 1.10 1.06 0.94 0.73 0.63
Water 1.36 1.51 1.67 1.71 1.79 1.72 1.54
Barren 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Impervious 0.67 0.99 1.40 1.71 2.06 2.35 2.64
Wetland <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

4. Discussion
4.1. Satellite Sensor Calibration

In this study, one of the primary and challenging tasks of long-term series datasets pro-
cessing was to guarantee the consistency of the temporal NDVI datasets. In this study, only
the NDVI dataset was produced by the authors; other data (land cover, precipitation, soil
properties, etc.) were obtained from other open sources. Therefore, guaranteeing consistent
results in the NDVI datasets was essential. To calculate the NDVI values from 1990 to 2020,
images from three satellites were acquired: namely, Landsat-5 TM (1984-2012), Landsat-7
ETM+ (1999-2020), and Landsat-8 OLI (2013-2020). Different sensors are slightly different
in spectral bands, leading to a slight deviation in surface reflectance and resultant NDVI
values. Therefore, it is necessary to calibrate the NDVI values between different sensors.

In Landsat-5 TM, the red spectral band ranges from 0.630 to 0.690 um, and the NIR
band ranges from 0.775 to 0.900 um. However, in Landsat-8 OLI, the red spectral band
ranges from 0.630 to 0.680 pm and the NIR band ranges from 0.845 to 0.885 um. Compared
to Landsat-5 and -7, Landsat-8 has a narrower band range, a higher radiometric resolution,
and larger resultant NDVI values calculated by surface reflectance. Roy et al. [66] collected a
total of 59 million of the 30 m corresponding sensor observations from 6317 Landsat-7 ETM+
and Landsat-8 OLI images in the United States and modeled the statistical relationships
of TOA NDVI and Surface NDVI between two different sensors. Although this model is
designed for Landsat-7, it can also be applied to Landsat-5 because the two sensors have
the same spectral band ranges. The formula is as follows:

OLI = 0.0149 +1.0035 ETM (12)
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Due to the overall high quality of the Landsat-8 images, we used them as a benchmark
to calibrate the Landsat-5 and Landsat-7 NDVI data. To check the calibration results, we
selected the Ehuangzhang Nature Reserve in Guangdong Province, which is less affected
by human activities, as the calibration area for sensor calibrating (Figure 10a).
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Figure 10. Validation of the NDVI calibration results using the selected area of the Ehuangzhang
Nature Reserve in Guangdong Province: (a) the geographical location of the test site; (b) the compari-
son between the NDVI values obtained in 2011 using Landsat ETM+ sensor and 2013 using Land
OLI sensor.

During the calibration using Equation (12), the original NDVI values computed from
the ETM+ sensor will be slightly increased. Even after the increasing operation, according to
the scatter plot (Figure 10b), most scatter points still are located above the 1:1 line, indicating
an increase in the NDVI from 2011 to 2013, which reflect the fact that the vegetation
improved from 2011 to 2013. After sensor calibration, the NDVI data calculated by the TM
and OLI sensors are more consistent over time, suggesting that the calibration worked.

4.2. Uncertainty Analysis

When calculating the soil erosion rate, we had to resample the datasets to the spatial
resolution of 30 m to ensure consistent spatial resolution. However, the resampling oper-
ation may lead to the loss of the original information and increase the uncertainty of the
results. In addition, obtaining the annual data for the support practice factor (P) is difficult.
Here, based on a previous study [59], the P factor was empirically derived based on the
combined information of elevation and land cover. Although this method has been widely
used in previous studies as an effective alternative for the data of the P factor, it reused the
effect of elevation and could weaken the role of the P factor in the overall model, leading to
increased uncertainty in the final results.

We have compiled some widely used rainfall data products (Table 3) for the calculation
of the R factor. The global precipitation station data provided by NOAA and the ERA5 data
provided by the Climate Data Store have the highest temporal resolution but are relatively
more sparse than the stations provided by NOAA and have many missing values in terms
of the Grand Pearl River Basin. For example, the Xuwen station in Guangdong Province
only has data for the period before 2000. The ERA5 dataset with low spatial resolution
would also reduce the spatial resolution in the soil erosion results, resulting in low accuracy.
As a compromise, we used the precipitation dataset proposed by Peng et al. [43]. This
dataset is a reanalysis product of the CRU climate dataset and the WorldClim climate
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dataset. It was validated using records from 496 independent meteorological observation
sites in China. Compared with the original CRU dataset, the statistical deviation in this
dataset was reduced by 25.7%. Although the datasets provided by Peng et al. [43] are
reliable in terms of the entire Chinese territory, its accuracy in the Grand Pearl River Basin
needs improvement. We also compared the dataset and the widely used GPM product
(Figure 11).

Table 3. Current popular used rainfall datasets.

Dataset Dataset Provider Temporal Domain Spatial Resolution
TerraClimate Unl"ersﬁ’e‘r’;ﬁahf"rm‘" Monthly (1958-2021) 0.5° (lat-lon)
APHRODITE Yatagai; Hamada Daily (1951-2007) 0.5° (lat-lon)

NASA GES DISC at NASA o
TRMM 3B43 Goddard Space Flight Center Monthly (1998-2019) 0.25° (lat-lon)
PERSIANN-CDR NOAA NCDC Daily (1983—present) 0.25° (lat-lon)
ERA5 Climate Data Store 1 hourly (1981-present) 0.1° (lat-lon)
NASA GES DISC at NASA o
GPM V6 Goddard Space Flight Center 3 hourly (2000-present) 0.1° (lat-lon)
1-km monthly precipitation o
dataset for China Peng et al. Monthly (1901-2020) 0.00833° (~1 km)
Global precipitation station data NOAA 1 hourly (1942—present) N/A
Note: N/A—not applicable.
2400
GPM
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Figure 11. Comparison of rainfall data with GPM data from Peng et al. [43].

It can be seen that the trends presented by the two datasets are basically similar: the
bottom values of the two precipitation products were both observed in 2020, but two
significant differences were also identified in 2002 and 2008. Peng’s dataset is slightly lower
than the GPM dataset in most years and has larger fluctuations, which may lead to the
underestimation of soil erosion, but this requires further verification.

Factor C was estimated based on the NDVI instead of crop species and the corre-
sponding area adopted by Borrelli et al. [25]. This is mainly because the land-cover data
we obtained did not provide detailed crop classes. In addition, the publicly available
statistics on different crop types and areas do not include spatial information; therefore, it
is difficult to acquire such data for the entire GPRB. The method using the NDVI data is
more straightforward, which can reveal the spatial distribution of soil erosion, and is thus
suitable for studies on large and long-term scales. It should be emphasized that the NDVI
can only reflect the vegetation information; thus, the estimated C factor did not consider
the resistance of litter to raindrop erosion [15].

We produced the NDVI datasets with high spatiotemporal resolution on the Google
Earth Engine platform based on the 1990-2020 Landsat 30 m surface reflectance dataset. We
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developed a JavaScript script to filter the dataset using the parameters of study area extent,
image acquisition time, and cloud coverage to obtain a total of 10,998 images. We also use
a median function on a pixel-by-pixel basis to eliminate the influence of clouds. However,
if few images with cloud coverage < 60% are available for a given year and a given region,
the corresponding NDVI could be computed with high accuracy. For example, in the wet
year of 2012, most Landsat ETM+ images were acquired with high cloud coverage and
gaps, preventing the generation of NDVI products for 2012. Likewise, less than 300 images
were available in 2002, 2007, 2010, and 2011, leading to incomplete NDVI coverage over
the whole study area for these years. Fortunately, these gaps are relatively small and were
filled with the NDVI products from the previous year. It should be highlighted that these
gaps are relatively small and have a limited impact on the overall results at the basin scale.
The obtained trends in NDVI dynamics are reliable for further soil erosion prediction.

4.3. Comparison with Previous Study

Based on the CSLE model, Chen et al. [38] utilized the methods of Map Algebra and
Spatial Interpolation within ArcGIS, respectively, to map the soil erosion in the Pearl River
Basin. The mean area-specific soil erosion rates in the GPRB calculated by the two tools
were 791.78 t/(km?-a) and 615.37 t/(km?-a), respectively. The study did not state which
year’s data were used. In this study, the estimated multi-year soil erosion rate in the GPRB
was 538.95 t/(km?-a). In the first national water conservancy census in 2013, the identified
total soil erosion area in the GPRB was 133,300 km? or 20.4% of the total Pearl River Basin.
The mapped results in this study were 147,000 km? or 22.4% of the total Pearl River Basin.
The two results are relatively close. Both results are basically consistent.

Few studies on soil erosion predictions were done in the GPRB over a long-time image
series. Most of them were constructed in small watersheds. However, due to the influence
of spatial scale effects, the results obtained from large-scale models may not be comparable
to the results from small-scale soil investigations. The differences in data accuracy and the
used models in large-scale studies may also derive different estimates. For example, in the
Xijiang River Basin, with its higher soil erosion than the other tributaries, the area-specific
soil erosion average in 2015 obtained in this study was 244.11 t/(km?-a), corresponding
to the rate of 135.22 t/(km?-a) reported by Li et al. [36] based on the USLE-M model. The
global soil erosion product developed by Borrelli et al. [25] shows that the area-specific soil
erosion average in the same region in 2012 was ~310 t/(km?-a) [25]. Obviously, our results
are closer to the global study result. Liu et al. [37] estimated the soil erosion average from
2000 to 2010 based on the RUSLE model in the North and South Panjiang river basin was
14.6 t/(hm?-a), corresponding to the result of 21.63 t/(hm?-a) obtained by this study. It
should be highlighted that all of the aforementioned soil erosion predictions are only for
the gross erosion, which is the on-site erosion potential, without considering redeposition.
The net erosion, namely the difference between erosion and deposition processes at a given
point, requires further analysis. Although differences in study scales, models, and data
sources can affect soil erosion predictions, the spatial distribution and temporal trends
derived from these results are similar.

The Pearl River has the smallest sediment concentration among the seven large Chinese
rivers. The sediment size in the Pearl River Basin is bigger than that observed in the middle
reaches of the Yellow River; thus, the proportion of suspended sediment is relatively lower
than that obtained in the Yellow River. The retention of the bedload sediment along the
way is quite significant; only 39% of it is transported by water [33]. A large amount of
bedload sediment is deposited on the slopes, in channels and reservoirs, which creates a
relatively low sediment concentration in rivers and thus hides the fact of the serious soil
erosion in the Pearl River Basin.

Compared with the large and widely distributed soil erosion in the Yellow River Basin,
the soil erosion in the Pearl River Basin is relatively mild and mainly concentrated in the
upper reaches of the Xjjiang River. The annual area-specific soil erosion average in the
Pearl River Basin is 538.95 t/(km?-a). The average annual soil loss is approximately 353
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million tons. A large amount of soil loss will lead to a large amount of carbon sequestered
in the topsoil being released into the air, which will seriously impair the sustainability of
terrestrial ecosystems.

5. Conclusions

Soil erosion is one of the important forms of soil degradation and a major threat
to sustainable terrestrial ecosystems. Controlling soil erosion has been one of the most
important tasks of terrestrial ecosystem management. Previous studies have indicated
that human activities and resultant land cover change are the major causes of accelerated
soil erosion. Due to fast population growth and urbanization, Asia has likely experienced
more anthropogenic-activity-induced soil erosion than any other continent. The Grand
Pearl River Basin, as a representation of large Asian river basins, is a typical watershed to
demonstrate soil erosion dynamics in Asia. Here, we used a continuous Landsat satellite
image dataset to investigate soil erosion dynamics over the past 30 years based on the
RUSLE model across the Grand Pearl River Basin.

Our results indicated that the overall soil erosion displayed a decreasing trend over the
past 30 years with an annual decreasing rate of —13.44(£1.53) t/ (km?-a). Most soil erosion
intensity is at slight or moderate levels, primarily observed in the tributary basin of the
Xijiang River, especially in the areas with slopes > 15°, low vegetation coverage, or poorly
managed forests. In the Grand Pearl River Basin, the NDVI and land cover were the dominant
factors, versus the insignificant role precipitation played in the erosion procedure. The annual
area-specific soil erosion average in the Grand Pearl River Basin is 538.95 t/(km?-a), leading
to an average annual soil loss of approximately 353 million tons, which will enhance soil
degradation and seriously impair the sustainability of terrestrial ecosystems.
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