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ABSTRACT ARTICLE HISTORY

Soil erosion is a major global soil degradation problem that Received 2 August 2022
threatens land, freshwater and oceans. Rainfall erosivity has led to Accepted 18 January 2023
an increasing in the global soil erosion rate, while vegetation res-
toration is a safeguard measure to reduce soil erosion. Therefore,
probing the influence of precipitation and vegetation on the spa-
tial distribution of soil erosion is important for understanding the
mechanism of erosion. In order to assess the degree of global soil
erosion, based on the RUSLE model, a global soil erosion data set
from 2000 to 2015 (0.25°x 0.25°) was created, showing that soil
erosion was increasing in 70.80% of the study area, where precipi-
tation was the dominant factor. Different grades of erosion
showed that the soil erosion area of mild and above mild erosion
increased by 44.88 x 10°ha, an increase of 5.39%. Spatial erosion
is mainly distributed in Asia and North America. The difference
from North America is that the erosion in Asia showed a decreas-
ing trend during the study period. Different climatic zones show
that erosion mainly occurs in the temperate zone, accounting for
39.97% of the area. Precipitation and vegetation increasing signifi-
cantly in 24.43% and 16.74% of the regions. However, the propor-
tion of regions where precipitation and vegetation had a negative
contribution to erosion was 29.12% and 53.81%. Above results
will deepen our understanding of the mechanism of erosion.

KEYWORDS

Climate change; soil
erosion; global change;
spatial distribution

1. Introduction

Soil erosion is a major global soil degradation problem that threatens land, freshwater
and oceans (Borrelli et al. 2020), and a major threat to food security and ecosystem

CONTACT Xiaoyong Bai () baixiaoyong@vip.skleg.cn

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/10106049.2023.2172216.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/

licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10106049.2023.2172216&domain=pdf&date_stamp=2023-01-28
http://orcid.org/0000-0001-9705-5574
https://doi.org/10.1080/10106049.2023.2172216
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.tandfonline.com

2 (&) X LUOETAL.

viability (David and Michael 2013; Robinson et al. 2017; Wuepper et al. 2020), and its
impact is widespread, the damage is long-term (Pimentel et al. 1995; Pimentel and
Kounang 1998). Every year, about 75 billion tons of soil are eroded in the world’s terres-
trial ecosystem (Lal 1990; Wen 1998; Williams, 1990). Since soil formation is very slow
that the rate of soil loss is 40 times that of soil regeneration and sustainability (Pimentel
and Kounang 1998). The United Nations report on the state of global soil resources
emphasizes that the state of most soil resources in the world is only average, poor or very
poor, and emphasizes that soil erosion is still a major threat to the world’s environment
and agriculture.

The loss of soil from land surfaces by erosion is widespread globally and adversely
affects the productivity of all natural ecosystems as well as agricultural, forest, and range-
land ecosystems (Lal and Stewart 1990). Land area globally affected by erosion is 1094
million ha (M ha) by water erosion, of which 751 M ha is severely affected, and 549 M ha
by wind erosion, of which 296 M ha is severely affected (Lal 2003). Increasing soil erosion
and phosphorus loss restrict future food and feed production (Van Oost et al. 2007;
Alewell et al. 2020). The changes inflicted on soils by human-induced erosion over many
years are significant and have resulted in valuable land becoming unproductive and often
eventually abandoned (Pimentel et al. 1995). New research shows that approximately 2.8
tons of soil is lost per hectare per year (Borrelli et al. 2017).

Soil erosion is a basic phenomenon that controls the migration and redistribution of
soil and related basic elements (such as carbon) in the landscape. It not only affects the
distribution of organic carbon, (Liu et al. 2021), but also affects the global carbon cycle
(Lal 2003; Zhang et al. 2022; Luo et al. 2022; Bai et al. 2023). Erosion-induced carbon
feedback has been studied on the scale of hillsides and small watersheds (Doetterl et al.
2016), and even globally (Wang et al. 2017). People’s have further understood of the role
of artificially accelerated soil erosion on the biogeochemical cycle of the earth’s carbon
(Chappell et al. 2016; Lugato et al. 2018). Soil erosion is a complex process that depends
on the nature of the soil, the long slope of the ground slope, vegetation, precipitation,
and land use changes (Hamilton and Selby 1982). Changes in land use are widely recog-
nized as capable of greatly accelerating soil erosion (Chappell et al. 2011; Chappell et al.
2012) . The elevation control, aspect, and drainage network are identified as the major
drivers of the distribution of vegetation cover on the landscapes (Srivastava et al. 2022).
Therefore, the paper mainly discusses and analyzes the impact of vegetation and precipita-
tion on erosion.

Vegetation and precipitation exert competing effects, precipitation increases and vege-
tation inhibits erosion (Langbein and Schumm1958). When the soil lacks protective vege-
tation cover, it cannot inhibit the runoff caused by precipitation, the rapid runoff by
precipitation reduce the water holding capacity of the soil and reduce the soil organic
matter, leading to the reduction of nutrients (Yang et al. 2003; Borrelli et al. 2017). From
a global perspective, vegetation is increasing (Chen et al. 2019; Yang et al. 2019; Xiao
et al. 2022), which includes vegetation greening promoted by ecological engineering
(Tong et al. 2018). Although some people currently think that the impact of vegetation
restoration on the ecosystem in arid and semi-arid areas is not always positive (Cao et al.
2010; Cao et al. 2011; Schlaepfer et al. 2017). there are still many studies that have
reported that vegetation greening can partially offset the increased rainfall stress (Liu
et al. 2019), vegetation restoration can enhance soil retention (Wu et al. 2020; Liu et al
2021). Furthermore, sediment concentration in runoff is shown to increase with decreased
annual precipitation, a decrease in precipitation will cause stream channel aggradation
(Langbein and Schumm1958). Vegetation restoration can reduce surface runoff and
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sediment transport (Pizarro et al. 2000; FeNG et al. 2012), reduce river flow and reduce
soil loss. Consequently, vegetation and precipitation plays a key role in modulating geo-
morphic processes (Saco & Moreno-de las Heras 2013).

Therefore, the main objectives of this study are to: (1) Analyze the spatial distribution
characteristics of soil erosion on the continent and climate zone; (2) Analyze the change
trend of soil erosion, and clarify the proportion of the area with increased soil erosion
during the study period; (3) Discussed the impact of rainfall and vegetation on erosion. It
is hoped that the research on the influence of precipitation and vegetation on erosion can
improve our understanding of the driving factors of soil erosion.

2. Materials and methods
2.1. Materials

2.1.1. NDVI data

GIMMS NDVI data comes from the National Oceanic and Atmospheric Administration
(https://www.noaa.gov/) at a spatial resolution of 8km x 8km over the period 1981-2015.
GIMMS NDVT is currently a global continuous dataset with the longest coverage period. In
the process of data set preparation, it considers the influence of various factors on NDVI,
and goes through a series of processing such as radiometric correction, geometric correction
and cloud removal. Furthermore, the effects of volcanic eruption, solar altitude Angle and
sensor sensitivity change with time are eliminated. Compared with other NDVI values,
GIMMS NDVI can better ensure the data quality and has been widely used in the study of
global and regional large-scale vegetation activity changes (Slayback et al. 2003; Kaufmann
et al. 2002; Zhu et al. 2016). After obtaining GIMMS NDVI data, we used ENVI software to
rotate the original product by 180°. WGS_1984 geographic coordinates are used and con-
verted to Geotiff format. IDL programming language was used to realize image batch cut-
ting and pixel brightness value conversion to NDVI. In the process of data processing, this
paper adopts the maximum synthesis method (MVC) to further eliminate the influence of
outliers such as clouds and atmosphere. The processed NDVI data are mainly used for esti-
mating vegetation cover management factors and partial correlation analysis.

2.1.2. Precipitation data

The precipitation data comes from the National Centers for Environmental Information
(NCEI) (https://www.ncei.noaa.gov/data/) of the National Oceanic and Atmospheric
Administration (NOAA) (ftp://ftp.ncdc.noaa.gov/pub/data/noaa/). According to the web-
site provided, find the ‘isd-history’ file in the directory, which provides 29726 meteoro-
logical stations, including site ID, site latitude and longitude, site elevation, site city, site
country, site data start and end time. GHCND Monthly summary database data is derived
from GHCN-Daily database, which is made by quality review and secondary processing.
It mainly contains 18 meteorological elements, including temperature (monthly average
and extreme value), precipitation (monthly total, extreme value and the number of days
meeting various quantity thresholds), snow, and maximum snow depth, etc. The GHCND
Monthly summary database, like its daily counterpart, contains dozens of observations
from more than 40,000 sites spread across continents. The processed monthly scale rain-
fall data are prepared for later rainfall erosivity estimation.
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2.1.3. DEM data
The DEM data was obtained from the Scripps Institute of Oceanography, University of
California, San Diego (https://topex.ucsd.edu/www_html/srtm15_plus.html).

Tozer et al. (2019) have created a new global elevation grid, using a spatial sampling
interval of 15arc sec. The spatial resolution is equal to the sampling interval on land and
when ocean grid cells are constrained by shipboard soundings, while it is ~6km (half
wavelength) for cells constrained by satellite-derived predicted depths. Altimetrically
derived depths have RMS uncertainties of £150 m in the deep oceans and +180 m between
coastlines and the continental rise. Topographic data are used to prepare for estimating
slope and slope length (LS).

2.1.4. Land use data

Land use comes from the European Space Agency’s Climate Change Initiative data set
(https://www.esa-landcover-cci.org/), and its products are widely used in vegetation func-
tion type distribution research (Hartley et al. 2017), product comparison (Shen et al
2016), model construction (Poulter et al. 2015). The CCI-LC project delivers consistent
global LC maps at 300 m spatial resolution on an annual basis from 1992 to 2015. The
Coordinate Reference System used for the global land cover database is a geographic
coordinate system (GCS) based on the World Geodetic System 84 (WGS84) reference
ellipsoid. A key aspect of the CCI-LC maps consists in their consistency over time. As a
result, the set of annual maps are not produced independently but they are derived from
a unique baseline LC map which is generated thanks to the entire MERIS FR and RR
archive from 2003 to 2012. Independently from this baseline, LC changes are detected at
1km based on the AVHRR time series between 1992 to 1999, SPOT-VGT time series
between 1999 and 2013 and PROBA-V data for years 2013, 2014 and 2015. When MERIS
FR or PROBA-V time series are available, changes detected at 1km are re-apped at
300 m. The last step consists in back- and up-dating the 10-year baseline LC map to pro-
duce the 24 annual LC maps from 1992 to 2015. That more can be found in the website
(http://maps.elie.ucl.ac.be/CCl/viewer/download/ESACCI-LC-Ph2-PUGv2_2.0.pdf).

2.1.5. Soil properties data

Soil properties from the Global Soil Database (HWSD) (https://www.fao.org/soils-portal/
soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en/) (FAO,
2012).The HWSD is a 30 arc-second raster database with over 16000 different soil map-
ping units that combines existing regional and national updates of soil information world-
wide (SOTER, ESD, Soil Map of China, WISE) with the information contained within the
1:5 000 000 scale FAO-UNESCO Soil Map of the World (FAO, 1971-1981). The resulting
raster database consists of 21600 rows and 43200 columns, which are linked to harmon-
ized soil property data. The use of a standardized structure allows for the linkage of the
attribute data with the raster map to display or query the composition in terms of soil
units and the characterization of selected soil parameters (organic Carbon, pH, water stor-
age capacity, soil depth, cation exchange capacity of the soil and the clay fraction, total
exchangeable nutrients, lime and gypsum contents, sodium exchange percentage, salinity,
textural class and granulometry)(Fischer et al. 2008). Data preprocessing: find and down-
load ‘Database (.mdb) and HWSD Raster’ from the above webpage. HWSD Raster was
loaded in ARCgis, then linked with Database (.mdb) and pulled out soil organic matter,
clay, sand and. Preparation for calculation of soil erodibility.
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2.1.6. Climate type data

The climate type used in this study is Koppen-Geiger climate classification data from
the Global Precipitation Climate Center (GPCC) German Meteorological Agency
(http://gpcc.dwd.de). The climate classification originally proposed by Wladimir Képpen
in 1900 and modified by his collaborators and successors is still widely used, and it is
widely used in the teaching of climate courses in schools and universities. In addition,
researchers in many disciplines still often use it as a basis for variable climate regional-
ization and evaluation of the output of global climate models (Peel et al
2007).Therefore, this study draws on the research of predecessors (Yang et al. 2019; Ran
et al. 2020) into five categories (Table 1). This data is mainly used to analyze the spatial
distribution of soil erosion.

2.2. Methods

2.2.1. RUSLE model

The RUSLE model is currently the most widely used classic model for soil erosion
research in the world. It was originally proposed by Wischmeier and Smith in 1958
(Wischmeier and Smith 1958). It can predict soil loss caused by surface erosion and gully
erosion. It was approved by the United States Department of Agriculture. The revised
general soil loss equation has been applied in 109 countries (Alewell et al. 2019). The
equation is expressed as follows:

A=RXKXLxSxCxP (1)

where R is the rainfall erosivity factor; L is the slope length factor, S is the slope factor; K

Table 1. Climatic division.

Climate type Acronyms Full name
Tropical climates Af Tropical rainforest climate
Am Tropical monsoon climate
Aw Tropical savanna climate
Arid climates Bsh Savanna climate
Bsk Temperate steppe climate
Bwh Tropical desert climate
Bwk Temperate desert climate
Warm temperate climates  Cfa Summer hot normally humid and warm climate
Cfb Warm summer, normal humidity and warm climate
Cfc Cool summer/temperate oceanic climate
Csa Mediterranean climate with hot summers
Csb Warm Mediterranean climate in summer
Cwa Hot summer/subtropical monsoon humid climate
Cwb Warm summer climate
Cwc Cool summer climate
Cold temperate climates Dfa Normally humid and cold-temperature climate in summer
Dfb Warm summer climate with normal humidity and cold temperature
Dfc Cool summer climate with normal humidity and cold temperature
Dfd Significantly continental normal humidity and cold temperature climate
Dsa Hot and humid continental climate in summer
Dsb Warm and humid continental climate in summer
Dsc Subarctic climate
Dsd Extremely cold subarctic climate
Dwa Hot summer, dry winter and cold temperature climate
Dwb Warm summer, dry winter and cold temperature climate
Dwc Cool in summer, dry and cold in winter
Dwd Significantly continental climate with dry and cold temperature in winter
Polar climates ET Tundra climate

EF Frost climate
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is the soil erodibility factor; C is the land cover and management factor; P is the water
and soil conservation measure factor.

2.2.1.1. Rainfall erosivity factor. Rainfall erosivity is the potential ability of rainfall to
cause erosion. It is the primary basic factor in the soil loss equation. This factor is related
to rainfall, rainfall duration, and rainfall kinetic energy, and can reflect the impact of rain-
fall characteristics on soil erosion. Since the direct measurement of rainfall erosivity is dif-
ficult, most researchers use rainfall parameters to express it. Therefore, based on the
monthly data, the following formula is used to calculate the erosivity:

Ry = by X [pm % (f(m) +f(E.F))]" 2)

where p,, is the average monthly rainfall (mm month™), by and b, are empirical coeffi-
cients, with values of 0.207 and 1.561 respectively, f(m) is the sine of the month, f(E, F)
is a parabolic function reflecting the influence of elevation (E,m) and latitude (F,°) on
rainfall erosivity (Diodato and Bellocchi 2007)

f(m) = a x {1 — beos <2n x - fm)] (3)

where, m is the monthly value (the value range is 1-12), a,b and c are the empirical coeffi-
cients, with the values of 0.3696, 1.0888 and 2.9048 respectively (Hashim GM and Yu B.
2001; Davison P and Hutchins MG, 2005) .

f(E,F):d+eX\/Ex(LC—L)+gX{\/EX(LC—L)}Z (4)

where E (m) is the elevation value, L (°) is the latitude value, L.(°) is the critical latitude,
and the value is 41° in this study. d,e and g are the empirical coefficients, with the values
of 0.3024, 1.3848E-03 and —1.38092E-05, respectively.

2.2.1.2. Soil erodibility factor. Soil erodibility is an important indicator that reflects the
soil’s ability to infiltrate rainfall and its sensitivity to rainfall and runoff denudation and
transportation, and it is an important internal factor affecting soil loss. The soil erodibil-
ity factor (K) is a quantitative value obtained through experiments. It is usually obtained
by the amount of soil loss caused by the erosivity of precipitation per unit of standard
plots, but it is difficult to achieve large-scale deployment of natural plots around the
world. Therefore, this study uses the calculation method of soil erodibility factor devel-
oped by Williams (1990) in the EPIC model. The equation expression is as follows:

K= 0.1317 x 402+ 0.3 % exp | —0.02565a, (1 — > o (S "
=0. . . xp | —0. —— —_—
P x 100 SitCl

w1 0.25 x Orc < 0.75 x Sn
Orc + exp(3.72 — 2.950rc) Sn + exp(—5.51 + 22.9 X Sn)

} (5)

where k is the soil erodibility value.Sn = 1-(Sa/100), Sa is sand, Si is silt, Cl is clay, and
Orc is organic matter content (%).

2.2.1.3. Slope and slope length factor. Slope factor and slope length factor are the most
important topographical factors affecting soil erosion. For accurate slope and slope length,
it requires professionals to conduct field surveys, which is time-consuming and labor-
intensive. This method is suitable for large-scale research areas like the world. With the
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development of GIS technology, the current slope and slope length are mainly obtained
through DEM data. This article draws on the calculation method of slope and length fac-
tor of Liu et al. (1994), the equation is expressed as follows:

10.8sin0 + 0.03 (0 < 5°)

S=116.8sin6—0.50 (5 <6< 10) (6)
21.9sin® — 0.96 (10" < 0)
)\/ m

L=(— 7
(22.13) ™

02 (6<1°)

03 (1°<0<3°)

M= 104 (3°<0<5) ®

0.5 (5° < 0)
A = flowacc x cell size 9)

where § is the slope factor, 0 is the slope (°); L is the slope length factor: flowacc is the
sink volume, cell size is the pixel, and 22.13 is the slope length of the standard cell.

2.2.1.4 Vegetation cover management factor. This study uses the method proposed by
Van der Knijff et al. (1999) to determine the C factor using NDVI, the equation is
expressed as follows:
1(fe = 0)
C = | 0.6508 — 0.3436lgfc(0 < f. < 78.3%) (10)
0(f. > 78.3%)

. | NDVI
=exp| 2——
¢ =P\ T T NDWVI

where fc is the vegetation coverage.

(11)

2.2.1.5 Water and soil conservation measures factor. The soil and water conservation
measure factor is defined as the ratio of the amount of soil loss under a specific water
and soil conservation measure to the amount of soil loss when the corresponding measure
is not implemented. The value ranges from 0 to 1, with 0 representing the absence of soil
erosion and 1 representing the absence of any water conservation practices. The topo-
graphic characteristics, farming characteristics, and land use types of the study area were
analyzed and previous research results were referenced (Xu and Shao 2006; Chen et al.
2014) to determine the P value of the soil and water conservation measures in the study
area.

2.2.2. Theil-Sen median trend analysis and Mann-Kendall significance test

Theil-Sen median trend analysis: It is a robust non-parametric statistical trend method,
proposed by Theil in 1950 (Thiel, 1950), and Sen popularized it in 1968 (Sen 1968). The
basic estimation idea of this method is that in a univariate linear regression model, first
choose two pairs of observations to solve the slope, and then take the median of the slope
as the estimated value of the slope parameter. Under the assumption of general random
error and random effect distribution, the Theil-Sen estimation is used to obtain the esti-
mation of fixed effect parameters first, and then estimate the variance of random effect
and random error, avoiding the use of loop iteration algorithm, simpler calculation, linear
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mixing. The applicability of the model is wider, and Theil-Sen estimation is robust (Yang,
2019), and can be used to reflect the changing trend of research elements (Li et al. 2018;
Hand et al. 2013) , the equation is expressed as follows:

. (A —A; .
B4 = Median = 2000 < i <j<2015 (12)

Where B, is the median of the slope of n(n-1)/2 data combinations, Aiand Ajare the
average values of pixel A in the i-th and j-th years (2000 <i<j<2015), when S, > 0,
indicating that A shows an increasing trend during the study period; on the contrary, it is
a degrading trend.

Mann-Kendall significance test: is a non-parametric test method (Hamed and Rao
1998), not easily affected by other factors, suitable for judging whether time series data
has an upward or downward trend (Song et al. 2015). the equation is expressed as
follows:

Set {Ai}, i=2000,2001, ..., 2015, define the Z statistic as:

S—1
, >0
var(S)
7= s 0, 1S = (13)
+ )S < 0
var(S)
n—1 n
S=D_ > sgn(dj— A (14)
=1 g
l,A] —A; >0
sgn(Aj—Aj) =49 0,4 —A;=0 (15)
—I,A] A <O
var(S) = nn - 13;211 +5) (16)

Ai and Aj are the average values of pixel A in the i-th and j-th years, n represents the
length of the year, and sgn is a sign function. This article judges the significance of the
change trend of A at the significance level o.=0.05. When the test result |Z|>1.96, it is
classified as a significant change, and when |Z|<1.96, it is classified as a slight change
(Tian et al. 2015).

Theil-Sen median trend analysis and Mann-Kendall significance test were performed
according to the classification in Table 2, reclassified in ArcGis, and then the Con func-
tion operation was performed to obtain the degree of evolution trend change.

2.2.3. The relative contribution of precipitation and vegetation to erosion
To further elaborate the relative contribution of precipitation and vegetation to erosion,

expressed as the partial derivative of multiple regression, we first use linear regression to

Table 2. Reclassification of Theil-Sen and Mann-Kendall.

Theil-Sen Mann-Kendall Degree of change
$< —0.0005 7<—-1.96 Significant decreasing
5$< —0.0005 —1.96<Z < 1.96 Slight decreasing
—0.0005<S < 0.0005 —1.96<Z < 1.96 Constant

$>0.0005 —1.96<Z < 1.96 Slight increasing

S >0.0005 Z>1.96 Significant increasing
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analyze the actual soil erosion trend (Liu et al. 2019; Chen et al. 2021). Taking the corre-

sponding soil erosion trend as the dependent variable and precipitation and vegetation as

the independent variables, the equation is constructed as follows:
dErosion dPrecipimtion aErosion dNDVI aErosion

= X + X = Precipitation
dt dt Oprecipitation dt ONDVI

+ NDVI,, (17)

con

where dEg;’"” is the sen median trend of soil erosion change, Eﬁﬁfwm’ %ENDW represent the
large partial derivative between soil erosion and Precipitation and NDVI, respectively. It
can be seen from the sheet-related formula that each partial derivative eliminates the
influence of other factors. Precipitation ,, and NDVI,, respectively represent the contri-
bution of precipitation and vegetation to erosion.

In order to further distinguish the influence of precipitation and vegetation on soil ero-
sion trends, the relative contribution area of water and vegetation to erosion is generated

when calculating according to the formula in Table 3 (Wu et al. 2020).

3. Results and analysis
3.1. Soil erosion changes

The years 2000, 2005, 2010 and 2015 were selected for soil erosion degree and total ero-
sion statistics. The results are shown in Table 4. In terms of erosion area, potential soil
erosion showed a decreasing trend, with 10917.25x 10°ha, 10802.81 x 10°ha,
10819.19 x 10°ha and 10870.69 x 10°ha, respectively. Accounting for 92.86%, 91.88%,
92.02%, 92.46% of the total area of the study area. Light and medium soil erosion showed
an increasing trend, with an area of 832.44 x 10°ha, 946.25 x 10°ha, 929.81 x 10®ha, and
877.31 x 10° ha, accounting for 7.08%, 8.05%, 7.91%, and 7.46% of the total area of the
study area, respectively. The total area of other erosion is 7.31 x 10°ha, 7.94 x 10°ha,
8.00 x 10°ha, 8.94 x 10°ha, accounting for 0.06%, 0.07%, 0.07% and 0.08% of the total
area of the study area. During the study period, the area with erosion levels above light
and light soil erosion increased by 44.88 x 106 ha, an increase of 5.39%. It can be seen
that the degree of erosion is gradually increasing.

From the distribution of total erosion from 2000 to 2015, the total soil erosion during
the study period was 16060.15 x 10° t yr™ ", 17397.18 x 10° t yr ', 17165.62 x 10° t yr ',
16613.32 x 10° t yr ', respectively. The total amount showed an increasing trend, an
increase of 553.17 x 10° t yr~', an increase of 3.44%. From the distribution of erosion

Table 3. Eight scenarios for assessing the increase or decrease of soil erosion by precipitation and NDVI.
Precipitation_ NDVI_

Type k Scenario con con  Contribution of Precipitation Contribution of NDVI
?Erosion~ k>0 Scenario 1 >0 >0 % % 100 % x 100
increasing

Scenario 2 >0 <0 100 0

Scenario 3 <0 >0 0 100

Scenario 4 <0 <0  Impossible Impossible
Erosion k<0 Scenario 5 <0 <0 Mm% x 100 m x 100
decreasing

Scenario 6 <0 >0 100 0

Scenario 7 >0 <0 0 100

Scenario 8 >0 >0  Impossible Impossible
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Table 4. Statistics of soil erosion changes over time.

Proportion Average erosion Proportion
Area of modulus Erosion of
Time (years)  Degree of erosion  (x106 ha) area (%) (tha 'yr") (106 tyr ")  erosion (%)
2000 Potential soil erosion 10917.25 92.86 0.58 6332.01 39.43
Light soil erosion 786.69 6.69 9.82 7725.27 48.10
Medium soil erosion 45.75 0.39 32.64 1493.28 9.30
Strength soil erosion 5.75 0.05 60.96 350.52 2.18
Extremely strength soil 1.56 0.01 101.81 159.08 0.99
erosion
Fierce soil erosion 0.00 0.00 0.00 0.00 0.00
2005 Potential soil erosion 10802.81 91.88 0.58 6265.63 36.02
Light soil erosion 892.00 7.59 9.93 8857.56 50.91
Medium soil erosion 54.25 0.46 32.35 1754.99 10.09
Strength soil erosion 6.75 0.06 59.71 403.04 2.32
Extremely strength soil 1.19 0.01 97.65 115.96 0.67
erosion
Fierce soil erosion 0.00 0.00 0.00 0.00 0.00
2010 Potential soil erosion 10819.19 92.02 0.58 6275.13 36.56
Light soil erosion 876.94 7.46 9.84 8629.07 50.27
Medium soil erosion 52.88 0.45 32.57 172214 10.03
Strength soil erosion 6.38 0.05 5933 378.23 2.20
Extremely strength soil 1.63 0.01 99.11 161.05 0.94
erosion
Fierce soil erosion 0.00 0.00 0.00 0.00 0.00
2015 Potential soil erosion 10870.69 92.46 0.55 5978.88 35.99
Light soil erosion 820.31 6.98 9.93 8145.70 49.03
Medium soil erosion 57.00 0.48 33.24 1894.68 11.40
Strength soil erosion 7.81 0.07 60.24 470.63 2.83
Extremely strength soil 1.13 0.01 100.61 113.19 0.68
erosion
Fierce soil erosion 0.06 0.00 163.96 10.25 0.06

amount of different Erosion grades, the distribution of potential soil erosion was the larg-
est, but gradually decreased during the study period. There were 6332.01 x 10° t yr ',
6265.63 x 10° t yr ', 6275.13 x 10° t yr 'and 5978.88 x 10° t yr™ ', respectively. Light and
medium soil erosion have 9218.55 x 10° t yr', 10612.55 x 10° t yr™', 10351.20 x 10° t
yr~', and 10040.38 x 10° t yr~!, respectively, an increase of 821.83 x 10° t yr ', an
increase of 8.91%. The total erosion of strength and strength above grades is 509.60 x 10°
t yr—', 519.00 x 10° t yr™!, 539.28 x 10° t yr ' and 594.06 x 10° t yr ', an increase of
1.17 x 10° t yr™ ', an increase of 0.23%.

From the above analysis, during 2000 analysis and 2015, except for the reduction of
potential soil erosion area and erosion amount, the erosion area and erosion amount of
other grades showed an increasing trend, of which light and light grades had the largest

amount of erosion.

3.2. Spatial distribution of soil erosion

3.2.1. Distribution on the continents

It can be seen from Figure 1 that during 2000-2015, soil erosion in Africa and North
America showed an increasing trend, and the Pearson correlation coefficient R* was 0.036
and 0.1361, respectively. From 2000 to 2010, the global urban land expansion rate was
much faster than expected. North America’s urban expansion area was large. In addition,
the expansion of new urbanization in Africa accounted for about 12% of the total urban
area of the African continent (Robinson et al. 2017) . Therefore, the increase in erosion
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area during this period may be related to potential driving forces such as population
growth. The erosion in Asia, Europe, South America and Oceania all showed a downward
trend, and the Pearson correlation coefficient R* was 0.0204, 0.3941, 0.3773 and 0.1222,
respectively. It can be seen from Figure 1 that the decline in soil erosion changes in
Europe is the most obvious. Judging from the distribution of mean erosion modulus for
many years, Asia has the largest erosion modulus (>2.00 t ha~'yr™'), followed by North
America. The mean erosion modulus distribution ranges from 1.45 to 1.80 t ha 'yr~ .
From the changes in the soil erosion modulus time, it can be seen that in 2011, Africa
and Europe had the lowest erosion modulus during the study period, and Asia had the
lowest erosion modulus in 2001. There was a sharp increase in the following two years,
and then fluctuations decreased. North America had the lowest erosion modulus in 2004,
and since then, the overall volatility has increased. There were two low values in Oceania
in 2005 and 2013, and they showed a steady decline during the period 2006-2012. In
South America, the soil erosion modulus dropped sharply in 2002, after which the erosion
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Figure 1. The temporal and spatial distribution of soil erosion from 1996 to 2015.
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modulus changed between 0.55 and 0.75 t ha™'yr™'

sion modulus in 2007 and the highest value in 2011.

, and reached the lowest value of ero-

3.2.2. Distribution on the climatic zone

Soil erosion in different climatic zones has strong spatial distribution differences
(Figure 2). In general, the tropical, arid zone, warm temperate zone and cold temperate
zone account for 19.86%, 20.50%, 15.40% and 44.24% of the area respectively. The soil
erosion modulus is lower than 0.25 t ha~'yr~', mainly distributed in tropical monsoon
climate (Am), accounting for 3.51% of the area. The soil erosion modulus is 0.25—0.50 t
ha~'yr~!, mainly concentrated in tropical rain forest climate (Af), tropical open forest
grassland climate (Aw) and summer hot normal humidity and warm climate (Cfa), and
the area accounts for 16.35%. The soil erosion modulus is 0.50—0.80 t ha~'yr™', which is
mainly distributed in hot summer/subtropical monsoon humid climate (Cwa), hot sum-
mer warm temperate climate (Cfa) and hot summer climate (Dfa), The area accounts for
11.11%. The soil erosion modulus is 0.80—0.15 t ha™'yr~', mainly concentrated in trop-
ical desert climate (Bwh), savanna climate (Bsh), hot summer and normal humidity and
warm climate (Cfa), hot summer and dry winter Cold temperature climate (Dwa) and
summer cool normal humidity and cold temperature climate (Dfc) account for 29.06% of
the area. On the whole, the soil erosion modulus is greater than 0.15 t ha™'yr ™', and the
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Figure 2. Spatial distribution of soil erosion in different climatic zones.
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degree of erosion is intense, mainly distributed in the warm temperate zone and the cold
temperate zone, accounting for 39.97% of the area.

3.3. Soil erosion trend analysis

The soil erosion Theil-Sen median trend analysis and Mann-Kendall significance test
comprehensively analyzed the soil erosion evolution trend based on the pixel scale (Figure
3). Figure 3(b) shows that the more widely distributed types of soil erosion evolution
trends are ‘Slight decreasing’(39.00%) and ‘Slight increasing’ (38.34%), followed by
‘Significant decreasing’ (11.51%) and ‘Significant increasing’ (6.93%), The least is the
‘Constant’(4.22%). In addition, the analysis of the spatial change of the evolution trend of
soil erosion shows (Figure 3a) that the areas where soil erosion has been significantly
decreasing are mainly concentrated in Asia and Europe. In these areas, the significant
decreasing in soil erosion in China is more obvious. This may be related to China’s return
of farmland to forests. The implementation of grass and other ecological projects (Tong
et al. 2018; Chen et al. 2019; Liu et al. 2021). The areas with significant increasing in soil
erosion are mainly distributed in a country on the border of the United States, eastern
Russia, Congo, Kazakhstan and Russia, and in northern Africa next to the Sahara Desert.
The ‘Constant’ is mainly distributed in the Amazon plain.

3.4. The impact of precipitation and vegetation on erosion

3.4.1. Evolution characteristics of precipitation and vegetation

Based on the pixel-scale rainfall evolution trend analysis (Figure 4a), combined with
Theil-Sen median trend analysis and Mann-Kendall test (Table 2). The results show that
the precipitation evolution types of the two widely distributed are ‘Slight increasing’
(44.28%) and ‘Significant increasing’ (24.43%), followed by ‘Slight decreasing’(18.79%) and
‘Constant’ (8.17%), the least is ‘Significant decreasing’(4.33%) (Figure 4b). In addition, the
analysis of spatial changes in precipitation trends shows that there has been a significant
increase in widespread rainfall, mainly in Russia, Kazakhstan, northern China, Pakistan,
India, Finland, Alaska, Mexico and Peru. However, the areas with a significant decreasing
in precipitation are mainly distributed in the western and southern coastal areas of North
America, southern Africa, the Himalayas and New Zealand.
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Figure 3. Changes in the evolution trend of soil erosion.
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Figure 4. Variation trend of precipitation and vegetation.

The results show (Figure 4c and d) that the NDVI evolution types of the two widely
distributed are ‘Constant’ (27.94%%), ‘Slight increasing’ (23.90%), followed by ‘Slight
decreasing’ (21.52%)) and ‘Significant increasing’ (16.74%), the least is ‘Significasnt
decreasing’ (9.90%). Therefore, analyses of the changes in vegetation show a widespread
greening trend (the area accounts for 40.64%), these are mainly observed in the Europe,
India and south China. In the Amazon Basin, Congo Basin, and Southeast Asia, the vege-
tation changes are not obvious and relatively ‘Constant’. The vegetation also show
decreasing NDVI trend (the area accounts for 31.42%), and these are observed near
Canada, South America and Central Asia.

3.4.2. The relative contribution of precipitation and vegetation to erosion

Contribution of precipitation to soil erosion, from the perspective of the negative contri-
bution of precipitation to the occurrence of soil erosion (Figure 5a and b), the area
accounts for the largest proportion of 0— —0.3 t ha~'yr™' (14.20%), followed by <-1
tha 'yr ™' (5.68%).) , —0.5— —1 t ha 'yr ' (5.30%) and —0.3— —0.5 t ha 'yr '
(3.94%).It is mainly distributed in small countries such as New Zealand, Ecuador,
Mozambique, Colombia, Venezuela, Guyana, Suriname, Liberia, Sierra Leone, Myanmar,
Bangladesh, Nepal and Iceland, as well as the areas bordering the United States, Canada,
Australia, China and India. From the perspective of the positive contribution of precipita-
tion to soil erosion (Figure 5a and b), the area accounts for the largest proportion of 0.5-
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1t ha 'yr ™' (23.87%), followed by >1 t ha 'yr™' (20.28%), 0-0.3 t ha 'yr™' (15.66%)
and >0.3-0.5 t ha_lyr_1 (11.07%). In central Russia, Finland, northern Kazakhstan, India,
western Canada, Alaska, Mexico and Argentina.

Contribution of vegetation to soil erosion: 53.81% of the vegetation contributes nega-
tively to the occurrence of soil erosion, on the contrary, 46.19% of the vegetation contrib-
utes to the occurrence of soil erosion. From the perspective of the negative contribution
of NDVI to soil erosion (Figure 5c and d), the area accounted for the largest proportion
of —0.0015— —0 t ha~'yr~' (33.65%), followed by —0.0025— —0.0015 tha 'yr '
(9.79%), —0.0025— —0.0035 t ha 'yr ™' (5.30%) and <-0.0035 t ha™'yr~' (5.07%). NDVI
has the most significant negative contribution to soil erosion in northern and central
North America, northwestern Europe, eastern and southwestern China, India and south-
eastern Australia. Affected by the ocean, Europe and Australia have abundant rainfall and
good vegetation growth. In addition, vegetation in China and India is turning green
(Chen et al. 2019), and China’s ecological engineering has played a large role in the pro-
cess of vegetation turning green (Tong et al. 2018). It shows that where vegetation grows
better, soil and water conservation is better, and erosion is not easy to occur.

From the perspective of the positive contribution of vegetation (NDVI) to the occur-
rence of soil erosion (Figure 5c and d), the area with the largest proportion is 0—0.0015
t ha~'yr ' (31.36%), followed by 0.0015—0.0025 t ha 'yr ' (8.47%), 0.0025—0.0035
t ha~'yr™' (3.60%) and > 0.0035 t ha 'yr~' (2.77%). On the borders of Argentina,
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Figure 5. The spatial distribution of the contribution of precipitation and vegetation to soil erosion.
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eastern Brazil, Congo, Tanzania, Kazakhstan, and Russia, NDVI has the most obvious
positive contribution to soil erosion. High temperatures in these areas may cause soil
moisture to evaporate and decrease soil moisture (Yang et al. 2019; Deng et al. 2020). In
this case, the plant suffers from physiological drought, which limits the photosynthesis
and growth rate of the plant (Piao et al. 2007). Poor water and soil conservation is prone
to soil erosion.

Figure 6 shows the change trend of soil erosion. Precipitation dominates the occur-
rence of erosion in 88.49% of the area, and vegetation accounts for only 11.51% (Figure
6a and b). In areas where soil erosion shows a decreasing trend, precipitation is still the
main controlling factor, dominating the erosion in 61.43% of the area, and vegetation
controlling 38.57% (Figure 6¢ and d).

4. Discussion
4.1. Comparison of rainfall erosivity with other studies

The maximum rainfall erosion from 2000 to 2015 varied from 17126.50 to 26169.20 M]
mm ha~' h™'yr~'. The maximum rainfall erosivity in 2015 was the lowest, and the max-
imum rainfall erosivity in 2008 was the highest
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Figure 6. Contribution of precipitation and vegetation to soil erosion.
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Table 5. Rainfall erosivity distribution on different continents (Unit: MJ mm ha~' h~"yr™").

Continents Africa Asia Europe North America Oceania South America
Max 11428.45 17682.29 9835.65 13439.02 14183.74 18208.54
Mean 4606.52 3266.01 2990.96 3005.71 3054.12 5975.16

In North America, the average rainfall erosivity is 3005.71MJ mm ha~' h™'yr'

(Table 5), and the average rainfall erosivity in Canada is 2582.29 MJ mm ha™' h™'yr~
(Supporting Material Table 1). The average rainfall erosivity in the United States is
3056.446 M] mm ha~' h™'yr !, the average rainfall erosivity in Mexico is 4021.378 MJ
mm ha~' h™'yr™', and the rainfall erosivity in Central America is >7000 M] mm ha ™'
h™tyr .

In South America, the maximum average rainfall erosivity is 5975.16 M] mm ha™
h™'yr~! (Table 5). Unlike previous studies that Chile has the lowest rainfall erosivity
(Panagos et al. 2017), the results of this study show that Argentina has the lowest average
rainfall factor (2851.38 MJ mm ha~' h™'yr™') (Supporting Material Table 1), Followed by
Chile (3618.14MJ mm ha' h™'yr ). High rainfall erosivity in South America is mainly
concentrated in Brazil (6747.33 MJ] mm ha ™" hflyrfl), Colombia, Ecuador and Venezuela
(>7483.49MJ mm ha™* hflyrfl).

In Europe, the maximum rainfall erosivity is 9835.65MJ] mm ha ' h™'yr™', and the
average value is 2990.96 M] mm ha~' h™'yr™'. In Africa, the average rainfall erosivity is
4,06.52MJ mm ha ! hflyrfl. The high rainfall erosivity (>8000MJ mm ha™! hflyrfl)
(Supporting Material Table 1) is mainly distributed in Liberia, Sierra Leone and Guinea
in West Africa. Areas with low rainfall erosivity (<3000MJ mm ha~' h™'yr™') are
mainly concentrated in South Africa and Somalia.

In Asia, the average rainfall erosivity is 3266.01MJ mm ha~' h™'yr ' (Table 5).
Russia, Kazakhstan, Inner Mongolia, and the Middle East have low rainfall erosivity,
which is similar to the spatial distribution pattern of global rainfall erosivity assessment
based on high temporal resolution rainfall records by Panagos et al. (2017). The average
rainfall erosivity of China is 3576.09 MJ mm ha~' h™'yr™' (Supporting Material Table 1),
showing a trend of increasing from northwest to southeast, showing strong rainfall erosiv-
ity in the southeast coast (>8000 MJ] mm ha~' h™'yr'). Rainfall erosivity in Southeast
Asia > 10000 MJ] mm ha™' h™'yr~". The average rainfall erosivity in Japan is 5911.45MJ
mm ha~' h™'yr~', which is slightly higher than the 5130 MJ mm ha~' h™'yr ™' studied
by other scholars (Shiono et al. 2013).

The average rainfall erosivity in Oceania is 3054.12MJ mm ha™' h™'yr~' (Table 5).
The average rainfall erosivity in Australia is 2884.69 MJ mm ha™' h™'yr™' (Supporting
Material Table 1), which is higher than the 1767 M] mm ha~' h™'yr~' estimated by Teng
et al. (2016) based on 11years (2002-2012). In addition, they also found that the max-
imum erodibility in the northern and eastern coastal areas is greater than 8000 M] mm
ha™' h™'yr™ ', and decreases toward the central and southern areas (Teng al et., 2016). In
New Zealand, rainfall erosivity is greater than 5000 MJ mm ha~' h™'yr~', occurring on
the southeastern coast of New Zealand and gradually increasing to the northwest. It is
similar to the pattern observed by Klik et al. (2015) based on 35 weather stations.

1

1

1

4.2. Effects of vegetation on soil erosion

Vegetation cover is an important soil and water conservation measure, which can signifi-
cantly increase runoft resistance, slow down and delay the flow rate of runoft, weaken the
shear force and power of runoff on the slope, and reduce the soil erosion degree. In our
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study, we found that NDVI value of the area on the upward trend were Europe, India
and China, while the area on the downward trend Canada, South America and Central
Asia (Figure 4). In areas where vegetation is increasing, soil erosion is correspondingly
decreasing (Figure 3). This is consistent with related research, Chen et al. found that
China and India lead the global greening mainly because of China’s tree planting plan
and the intensive agriculture of China and India (Chen et al. 2019). Liu and Lei (2015)
analyzed the cumulative afforestation area and NDVI changes in China’s returning farm-
land to forest project over the years, and found that since the implementation of the pro-
ject of returning farmland to forests and grassland in 1999, China’s afforestation area has
continued to rise, and NDVT has also shown an increasing. It shows that the implementa-
tion of ecological restoration projects in recent years has greatly promoted the increase of
vegetation cover in China and achieved good results (Yang et al. 2019). From the perspec-
tive of the relative influence of vegetation on erosion, the increase of vegetation is not
conducive to soil and water conservation in 46.19% of areas (Figure 5c¢ and d). High tem-
peratures in these areas may cause soil moisture to evaporate and decrease soil moisture
(Yang et al. 2019; Deng et al. 2020). In this case, plants will experience physiological
drought, which limits the photosynthesis and growth rate of plants (Piao et al. 2007), it is
prone to soil erosion.

4.3. Effect of precipitation on soil erosion

In the process of rainfall, the slope soil is mechanically hit and dissipated by raindrops.
The deposition of fine soil particles on the soil surface leads to the formation of surface
crust on the soil surface, which promotes the occurrence of surface runoff and results in
slope erosion (Assouline 2004). In our study, rainfall promoted erosion in central Russia,
Finland, northern Kazakhstan, India, western Canada, Alaska, Mexico and Argentina
(Figure 5a and b). Excessive precipitation in these areas leads to increased cloud cover,
reduced incident radiation and increased soil moisture, which is not conducive to the
growth of vegetation and leads to erosion. In the area of erosion increase, the area domi-
nated by rainfall accounted for 88.49% (Figure 6). Most of these places have sparse vege-
tation cover, and water is the most important factor limiting the growth of vegetation in
the area, so erosion is more likely to occur (Yang et al. 2019). The negative contribution
of precipitation to erosion accounts for 29.12%, in these areas, vegetation is constant, and
precipitation can maintain the stability of vegetation change, and play the role of soil and
water conservation. In this case, the erosion caused by precipitation is small or insignifi-
cant (Wang 2018). Therefore, precipitation inhibits the occurrence of erosion and makes
a negative contribution.

4.4. Uncertainty

By relying on a ratio of band intensities, NDVI removes a large proportion of noise
caused by cloud shadows, topographic and solar angle variations, and atmospheric attenu-
ations existing in visible red and infrared bands, which makes NDVI less susceptible to
illumination conditions (Kumari et al. 2020). While varying illumination conditions
caused by topography have been observed to have negligible impacts on NDVI applica-
tions due to its band ratio format (Matsushita et al. 2007), they still can produce some
bias especially on rugged, steep terrain with low solar angles (Kumari et al. 2020), and the
recent paper shows that changes in vegetation phenology can be better captured using the
EVI than the NDVI (Kumari et al. 2021). The conversion from natural to agricultural
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land use removes the protective cover of natural vegetation and this typically increases
soil erosionby one to two orders of magnitude (Montgomery 2007), thereby accelerating
physical erosion well over equilibrium levels. However, the spatial resolution used in our
study was 0.25°x0.25°, which resulting in a low topographic factor LS, leading to differ-
ences in the spatial distribution of soil erosion in individual places compared with previ-
ous studies. In this case, our results are relatively lower than the high-resolution
(250 x 250 m) erosion results of other scholars (Borrelli et al. 2017).

5. Conclusion

In order to estimate global soil erosion and understand the impact of precipitation and
vegetation on erosion, we used the RUSLE model to estimate the distribution pattern of
erosion, showing that erosion is mainly distributed in Asia and North America, and is
most widely distributed in the temperate zone. Trend analysis shows that 70.80% of the
area shows an increasing trend of erosion, vegetation and precipitation increased signifi-
cantly in 16.74% and 24.43% areas, respectively. The relative contribution analysis showed
that the negative contribution of precipitation and vegetation to erosion accounted for
29.12% and 53.81%, respectively. Therefore, increased precipitation weakenes the positive
effect of vegetation greening on erosion.
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