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Rainfall erosivity is one of the important factors leading to soil and water erosion,
affecting the intensity of soil erosion and the variation of river sediment load. This
work aimed to explore the distribution and variation characteristics of rainfall
erosivity in the Nandu River Basin in tropical China and to clarify the effect of
rainfall erosivity on sediment load variation. The daily rainfall data of
13 meteorological stations in the Nandu River Basin during 1971–2020 were
used to calculate the rainfall erosivity of the river basin by using the rainfall erosivity
model based on the daily rainfall. The analyses were conducted using the Mann-
Kendall non-parametric trend/abrupt test, wavelet analysis, inverse distance
weighted interpolation and other research methods to determine the temporal
and spatial fluctuation patterns of rainfall erosivity and sediment load. The annual
mean rainfall erosivity in the Nandu River Basin during 1971–2020 was
16,497.67 MJmm·ha−1·h−1, which showed an upward trend. The distribution of
rainfall erosivity was concentrated from July to September. Except spring, the
variation of rainfall erosivity in summer, autumn and winter showed an upward
trend. Spatially, rainfall erosivity showed a decreasing trend from south to north.
The variation coefficient of eachmeteorological station ranged from 0.24 to 0.43,
showing high regional variability. The correlation between rainfall erosivity and
erosive rainfall in the basin was the highest, followed by altitude and latitude. From
1980 to 2020, the sediment load in the Nandu River Basin showed an overall
upward trend, with obvious periodic changes. The main change period was
25 years, and the sediment load had a large inter-annual variation. Taking the
period before the inflection point of the double accumulation curve of sediment
load and rainfall erosivity as the base period, since 2009, the river sediment load
increased by 46.36% comparedwith the base period. The influence of the variation
of rainfall erosivity on sediment load is −22.23%, and that of human activities on
sediment load is 122.23%. These findings can provide a scientific reference for soil
erosion model prediction, soil and water conservation and environmental
management in tropical basins of China.
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1 Introduction

Soil and water erosion reduces soil nutrients, organic matter, water holding capacity and
infiltration rate, thus threatening the balanced development of an ecosystem, and erosion has
become one of the most serious ecological environmental problems in the world (Diodato
and Bellocchi, 2009; Panos et al., 2015). The influencing factors of soil and water erosion
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mainly include rainfall, soil, vegetation, topography and human
activities, among which rainfall is the most fundamental driving
force to induce soil and water erosion (Vrieling et al., 2014). The
main manifestations of rainfall on worsening soil and water erosion
are raindrop splashing and runoff denudation, which damage soil
structure, leading to the separation of soil particles and transport of
these soil particles by runoff (Xin et al., 2011; Wang et al., 2013;
Stumpf et al., 2017). Rainfall time, rainfall intensity and rain pattern
characteristics directly affect the degree and risk of soil and water
erosion, and rainfall erosivity is a key indicator used to characterize
rainfall erosion intensity (Liu et al., 2018; Jia et al., 2022); thus, its
dynamic changes have a significant impact on both runoff and
sediment yield processes in a basin. In recent years, with the change
in global climate, the problem of soil and water erosion caused by
rainfall has become increasingly serious, especially in low-latitude
tropical areas, which are more affected by extreme hydrological
events such as rainstorms and typhoons. Therefore, monitoring and
analyzing the dynamic changes in rainfall erosivity in these areas is
of great significance for soil and water erosion prevention and
control.

Rainfall erosivity is an important parameter for estimating soil
erosion in the Universal Soil Loss Equation (USLE) and the Revised
USLE (RUSLE), which can quantitatively reflect the potential risk of
water and soil erosion caused by rainfall (Lee and Heo, 2011;
Vrieling et al., 2014; Xie et al., 2016). The calculation model of
rainfall erosivity first requires the hourly rainfall data model
proposed by Wischmeier and Smith (1978). The calculation
formula of the model is E · I30, where E represents the rainfall
kinetic energy and I30 is the maximum rainfall intensity within
30 min. This model can obtain high-precision calculation results.
However, the long series of 30-min scale rainfall data required for its
calculation is difficult to obtain in many research areas globally, and
the steps in the process of data calculation are tedious and time-
consuming (Lee and Heo, 2011). Based on the above, scholars have
proposed rainfall erosivity estimation models at different time scales
based on the E · I30 model, including the annual rainfall calculation
model (Bonilla and Vidal, 2011), the monthly rainfall erosivity
calculation model (Fu et al., 2010), and the widely verified and
used method in different regions of China by Zhang et al. (Zhu et al.,
2019; Zhang et al., 2021), who proposed a daily rainfall calculation
model and estimated rainfall erosivity using meteorological satellite
monitoring methods. The daily rainfall model calculates rainfall
erosivity by daily rainfall, which not only greatly improves the
feasibility of data acquisition and simplifies the calculation
process of rainfall erosivity but also ensures the calculation
accuracy of annual average rainfall erosivity and its seasonal
distribution compared with annual and monthly rainfall models
(Jia et al., 2022).

Many studies have investigated the changes in rainfall erosivity
in different areas to reveal the influence of rainfall on soil and water
erosion. Wang W. et al. (2022) studied the changes in rainfall
erosivity in the Yellow River Basin of China using the data from
98 meteorological stations and found that the annual rainfall
erosivity of 80% of stations in the region showed an increasing
trend in the past 50 years. From 1951 to 2010, the variation in
rainfall erosivity in different regions of China showed great
heterogeneity. During this period, the fluctuation of rainfall
erosivity in the southwestern karst area increased, while the

rainfall erosivity in the northwestern Loess Plateau area,
northeastern black soil area and northern soil and rocky
mountain area showed a significant downward trend (Qin et al.,
2016; Zhu et al., 2021). In addition, Shiono et al. (2013) assessed the
impact of future climate change on the rainfall erosivity of farmland
in Japan and believed that climate change in Japan would lead to an
increase in rainfall erosivity and that the soil erosion of farmland in
Japan would gradually increase at an average rate greater than 20%
in the future.

The change of sediment load is related to river erosion and the
stability of river ecosystem. Domestic and foreign scholars have
carried out relevant studies on several rivers in the world, and found
that the sediment load of Asian rivers changes significantly (Beechie
et al., 2010;Wang et al., 2016; Li et al., 2020). River sediment load has
an important impact on waterway operation and biological habitat
protection (Xu et al., 2016). Therefore, it is of great significance to
study the variation of river sediment load for regional environmental
development, river development and protection. In recent years,
sediment loads of many rivers in mainland China have changed
dramatically (Li et al., 2018; Yang et al., 2022), but there are few
studies on the influencing factors of sediment load change. Rainfall
is an important factor that causes soil erosion and sediment load
changes in rivers. Climate change intensifies the water cycle,
produces more rainfall, and leads to the occurrence of erosive
rainfall events such as heavy rain (Han et al., 2017; IPCC, 2021),
but there are few studies on the impact of rainfall erosivity on river
sediment load. Therefore, it is necessary to explore how rainfall
erosivity affects the variation of river sediment load under the
background of rainfall erosivity change, especially in areas with
particularly high rainfall erosivity.

Hainan Island is located in the southernmost part of China and
is located in the tropics. It is characterized by abundant annual
rainfall, long a duration of the rainy season and a heavy rainfall
intensity, which increase the potential risk of soil and water loss in
this region. The Nandu River Basin is the largest basin on Hainan
Island, and the Nandu River provides the main water resources for
production and life in northern and northeastern Hainan Province.
Meanwhile, the Songtao Reservoir, where the Nandu River upstream
runoff enters, is an important source of drinking water and
agricultural irrigation water in western Hainan Province (Cao
et al., 2022). The water and soil erosion in this basin is directly
related to the water security and agricultural production safety of
most areas of Hainan Province. Since the end of the last century,
with the civil engineering of Hainan Province and the increase in
human activities such as large-scale agricultural farming, the
original tropical rainforest in the Nandu River Basin has been
destroyed, and the large-scale planting of rubber trees and other
artificial forests has resulted in a sharp reduction in the area of
natural forests (Lei et al., 2020), greatly reducing the ecological
function of soil and water conservation in the forest system and
accelerating the occurrence of soil and water erosion in this region,
resulting in increasing ecological security risks. In view of this, based
on the data from 13 meteorological stations and one hydrological
observation in the Nandu River Basin and its adjacent areas, this
study explored the spatiotemporal distribution and variation
characteristics of rainfall erosivity in the Nandu River Basin at
various time scales and analyzed the impact of rainfall erosivity
on river sediment load. This study provides an important scientific
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basis for the monitoring and control of soil erosion in tropical basins
of China and is of great significance for the risk prediction,
assessment and early warning of the Nandu River Basin and its
typical soil erosion areas.

2 Materials and methods

2.1 Study area characterization

The Nandu River basin lies between 109°36’~ 110° 34′E, 19°09’~
19°55′N in the north-central region of Hainan Island. This river basin
is the largest basin in Hainan Island, covering an area of 5333km2,
with an elevation of 2–1379 m. The terrain is low in the southwest and
high in the northeast. The climate type of the study area is tropical
monsoon climate, with obvious wet and dry seasons. The average
annual temperature is 23.5°C and the average annual rainfall is
2137 mm. Rainfall presents a pattern of more in the south and less
in the north. The annual rainfall is mainly concentrated from May to
October, accounting for about 80% of the annual rainfall.

2.2 Study data

In this study, we collected and processed various rainfall
erosivity estimation data. The first type was the fundamental
geographic data of the 30 m digital elevation model (DEM),
which was obtained from the Resource and Environmental
Science and Data Center, Chinese Academy of Sciences (https://
www.resdc.cn); and the river spatial distribution data and basin
boundaries, which were extracted from the DEM through the
ArcGIS platform.

The second type of data was the meteorological data, including
the daily precipitation from 1971 to 2020 from 13 meteorological
stations, and these are presented in Table 1. The data were provided
by the Hainan Hydrology and Water Resources Survey Bureau.

The third type of data is hydrological data, including the
measured data of annual suspended sediment load of Longtang
Hydrology Station on Nandu River from 1980 to 2020. The
hydrographic station is located at the downstream outlet of the
river basin, as shown in Figure 1. And the data comes from the
Hainan Hydrology and Water Resources Survey Bureau. Due to the
different initial recording times of data from different sites and the
lack of measurement of some data, the criteria adopted by the
European Climate Assessment dataset were followed in the data
screening process (Klein et al., 2002): (1) the data timing sequence
was no less than 40 years; (2) the missing data of a single site
accounted for less than 10%; and (3) each site was not allowed to
havemore than 20%missing data per year ormore than 3 consecutive
months. For the partial missing data of a single station, the average
value of data from two or more nearby observation stations was used
to make up the value to obtain the complete series of rainfall data.

2.3 Calculation of rainfall erosivity

The temporal resolution of rainfall data required for calculating
rainfall erosivity includes hour, day, month and year. Different
calculation models of rainfall erosivity are selected according to
the data accuracy obtained. Due to the lack of hourly rainfall data in
the study area, a rainfall erosivity calculation model based on daily
rainfall was selected in this study according to the principle of
optimal data accuracy. Currently, there are three commonly used
calculation models of rainfall erosivity based on daily rainfall:

TABLE 1 Information about the weather stations and basic statistics of annual rainfall for all stations.

Station
name

Station
code

Recording period
(the number of

year)

Elevation
(m)

Maximum
(mm)

Minimum
(mm)

Mean
(mm)

Standard
deviation
(mm)

Coefficient of
variation (CV)

Jiabao 81822920 1971–2020 (50) 23.67 3017.10 1415.40 2499.58 452.64 0.300

Dafeng 81820860 1971–2020 (50) 162.71 3327.80 1564.80 2287.67 391.28 0.367

Nankun 81820900 1971–2020 (50) 18.86 2864.50 1394.20 2221.17 356.03 0.245

Dingan 81821240 1971–2020 (50) 251.00 3059.40 1302.60 2143.49 375.38 0.293

Nanfeng 81820800 1971–2020 (50) 181.72 2693.00 1271.40 1930.61 329.19 0.074

Tangwei 81821300 1974–2020 (47) 217.90 2652.00 1282.00 2171.89 340.81 0.071

Dalupo 81821460 1975–2020 (46) 84.74 3109.40 1568.00 2220.24 361.66 0.071

Kunlun 81820960 1971–2020 (50) 7.31 1375.30 2746.00 2038.85 383.89 0.078

Jiatan 81821080 1971–1980;
1982–2020 (49)

11.65 2915.20 1342.30 1979.67 348.76 0.07

Jialai 81820220 1971–2020 (50) 61.28 2592.00 1187.70 1745.69 325.85 0.079

Xinde 81821840 1971–2020 (50) 70.39 2954.20 1420.00 2134.11 418.90 0.087

Meiting 81821100 1971–2020 (50) 304.02 2750.50 1319.50 1932.88 326.85 0.065

Longtang 81821760 1971–2020 (50) 7.31 2871.20 1346.50 1987.31 384.75 0.082

(SD, CV indicate the standard deviation, coefficient of variation, respectively).
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Model A. This model is based on the rainfall erosivity model
proposed by Wischmeier and Smith (1978) and revised by Zhang
et al. (Xie et al., 2016). The specific calculation formula is as follows:

REi � α∑m

k�1 pk( )β (1)

where

α � 21.586β−7.1891 (2)
β � 0.8363 + 18.144

pd12
+ 24.455

py12
(3)

where REi is the rainfall erosivity of the i half month (MJmm·ha-1·h-
1), m is the number of days with erosive rainfall in the half month
period, Pk is the erosive rainfall on the k day in the semilunar period,
Pd12 is the average daily rainfall (mm) if the daily rainfall amount
exceeds 12 mm, and Py12 is the average annual rainfall amount (mm)
if the daily rainfall amount is > 12 mm. The daily erosive rainfall
standard for this model is 12 mm.

Model B. CREAMS model (Knisei, 1980). The specific calculation
formula is as follows:

RE � 1.03P1.51
t (4)

where RE is the rainfall erosivity, Pt is the daily rainfall on the t day
(mm). The daily erosive rainfall standard for this model is 12.7 mm.

Model C. This model is a modified model based on daily rainfall
established by Shi et al. (2006). The specific calculation formula is as
follows:

REj � 0.429 1 + 0.328 sin
π

12
j − 1( )( )[ ]∑n

k�1P
1.47
k (5)

where REj is the rainfall erosivity of the jmonth (MJmm·ha-1·h-1); Pk
is the daily rainfall (mm) on the k day of the j month. The daily
erosive rainfall standard for this model is 12 mm.

2.4 Temporal variation analysis

This study mainly used three methods to analyze temporal
changes, including trend changes, abrupt years and periodic
changes in time series. The specific methods were as follows:

Mann-Kendall trend test. When this method analyzes the
change trend of a time series, it determines a time series
(X1,. . .,Xn) and whether the change trend is significant.

For any sequence Xt (t = 1,. . .,n) to be checked, n is the length of
the sequence to be checked. The statistic S can be defined as follows:

S � ∑n−1
k�1 ∑n

j�k+1sgn Xj −Xk( ) (6)

where Xj and Xk are the corresponding year data of the time series, n
is the length of the time series, and sgn (Xj - Xk) is the sign function.
When Xj > Xk, the sgn value is 1; when Xj < Xk, the sgn value is −1;
and when Xj is equal to Xk, the sgn value is equal to 0.

When n ≥ 10, the statistic S approximately follows a normal
distribution, and its expectation and variance are as follows:

E S( ) � 0 (7)
Var S( ) � n n − 1( ) 2n + 5( )/18 (8)

FIGURE 1
Location map of the study area. The comprehensive station has meteorological observation data and hydrological observation data.
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The standardized test statistic Z can be constructed according to
the following equation:

Z �

S − 1������
Var S( )√ S> 0

0 S � 0
S + 1������
Var S( )√ S< 0

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(9)

In the bilateral inspection, for a given level of significance of
alpha, if |Z| ≥ Z1-α/2, the null hypothesis is not acceptable, which
meets the significance level, so the sequence has an obvious trend up
or down. Since the α confidence level was chosen as 0.05 in this
study, Z1-α/2 = 1.96. When Z is positive, it shows an upward trend;
when Z is negative, it shows a downward trend. The Mann-Kendall
test can also be used to judge the abrupt time of a series, mainly
through two variables: UF and UB in chronological order, and their
intersection point is the time of abrupt occurrence (Grinsted et al.,
2004; Nyikadzino et al., 2020).

Wavelet analysis. When analyzing the problem of time series,
the basic analysis of the time domain and frequency domain often
cannot meet some phenomena affected by many factors, so it is
necessary to analyze through wavelet analysis, i.e., combining the
time domain and frequency domain, to analyze the change of its
period on the change of time to meet the needs of analysis. In this
study, the Morlet wavelet transform, cross wavelet and coherent
wavelet methods were used to analyze the periodic changes in
rainfall erosivity and river sediment load in the Nandu River Basin.

The temporal scale characteristics of annual rainfall erosivity
and annual river sediment load can be further obtained by the
Morlet wavelet transform. The Morlet wavelet transform is as
follows:

ψ0 η( ) � π−1/4eiω0ηe−η
2/2 (10)

where n represents time, and ω0 is the dimensionless frequency. For
a given energy finite signal f(t) ϵ L2(R), its continuous wavelet
transform is as follows:

Wf a, b( ) � 1���
a| |√ ∫

R
ψ

t − b

a
( )dt (11)

where a and b represent parameters in the frequency domain, a
reflects the period length of the wavelet, b reflects the translation
length in time, Wf (a,b) is the wavelet transform coefficient for the
continuous wavelet, and �ψ (t) is the wavelet function. Finally, the
square value of the wavelet coefficient is integrated in the b domain
to obtain the wavelet variance formula:

Var a( ) � ∫+∞

−∞
Wf a, b( )∣∣∣∣ ∣∣∣∣2db (12)

The wavelet variance diagram reflects the change process of scale
a, which can determine the energy intensity and time scale
distribution of fluctuations. Therefore, the wavelet variance
diagram can be used to determine the main time scale in a
hydrological sequence, that is, the main period.

Cross wavelet transform and the wavelet coherence spectrum can
be used to research the correlation between two time series at multiple
time scales. However, the cross wavelet transform method has some

shortcomings; that is, it can analyze only the common high energy
region of two time series but not the low energy region, and a coherent
wavelet can solve this problem (Lokenath and Firdous, 2015).

The formula of cross wavelet conversion is as follows:

Wxy a, τ( ) � W*
x a, τ( ) ·W*

y a, τ( ) (13)

whereWxy(a, τ) is the coherent spectral density of the cross wavelet;
“*” denotes the conjugate operator; and the higher the value is, the
greater the correlation between signals x and y.

Double cumulative curve analysis method. The double
cumulative curve analysis method is used to determine the
abrupt change point of sediment load in the Nandu River Basin.
The double cumulative curve analysis method is widely used in the
consistency of hydrometeorological elements, the long-term
evolution trend and the analysis of the role of two main
controlling factors. In this method, the cumulative values of two
variables are plotted in a coordinate system to generate a double
cumulative curve, and if the relationship between the two variables
does not change systematically, the double cumulative curve will be a
straight line; otherwise, the double cumulative curve will deflect.
And the time corresponding to the inflection point is the time of
abrupt of hydrometeorological elements (Aryal and Zhu, 2020).

Assessment of the influence of changes in sediment loads. Linear
regression method was used to quantitatively evaluate the influence
of rainfall erosivity variation and anthropogenic activities on
sediment load variation. This method is based on abrupt analysis,
with the period before abrupt as the base period and the period after
abrupt as the change period. The linear relationship between
sediment load and rainfall erosivity in the base period is as follows:

SL � aRE + b (14)
Where a and b are regression parameters.

The calculated sediment load (SL′) during the changing period
can be obtained by substituting the rainfall erosivity (RE′) into
formula (12).

SL′ � aRE′ + b (15)
The formula of the influence of rainfall erosivity variation on

sediment load (SLRE) is as follows:

SLRE � SL′ − SL (16)
The formula of the influence of human activities on rainfall

erosivity (SLHuman) is as follows:

SLHuman � ΔSL − SL′ − SL( ) (17)
Where ΔSL is the difference between the average measured

sediment load in the change period and the base period.

2.5 Spatial change analysis

The spatial variation is mainly analyzed by inverse distance-
weighted interpolation. Inverse distance-weighted interpolation
works by assuming things close to each other are more similar
than things that are far apart. In the calculation of this method, the
observation closer to the observer will be given a greater weight,
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while the distant observation is given a lower weight. Therefore, the
weight decreases with distance.

2.6 Model suitability evaluation method

In this study, effectiveness coefficient (Ef) and relative deviation
coefficient (Er) proposed by Nash and Sutcliffe (1970) were used to
evaluate the suitability of different rainfall erosivity models. The
calculation formula is as follows:

Ef � 1 − ∑ Robs − Roal( )2
∑ Robs − Roalm( )2 (18)

Er � Robsn − Roalm| |
Roalm

(19)

where Robs is the annual rainfall erosivity calculated by the model,
Roal is the rainfall erosivity of base year. Similarly, Robsn is the annual
mean rainfall erosivity calculated by the model, Roalm is the mean
value of rainfall erosivity in base year.

The annual base rainfall erosivity is the average of annual rainfall
erosivity calculated by three rainfall erosivity models, and the annual
mean base rainfall erosivity is the average of multi-year rainfall
erosivity calculated by each model. The closer the model
effectiveness coefficient (Ef) is to 1, the higher the calculation
accuracy of the model is. The closer the relative deviation
coefficient (Er) is to 0, the more accurate the model calculation
results will be.

3 Results

3.1 Model suitability evaluation

The standard deviation, coefficient of variation (Cv),
effectiveness coefficient (Ef) and relative deviation coefficient (Er)
of the calculated results of the three models were calculated
(Table 2). Among the three models, the average annual rainfall
erosivity calculated by model B is the highest, reaching
18,765.12 MJ mm·ha−1·h−1, while the average annual rainfall
erosivity calculated by model C is the least, reaching
13,968.90 MJ mm·ha−1·h−1. The results of rainfall erosivity
calculated by these models are quite different. In order to
improve the reliability of calculation results, it is necessary to
evaluate the suitability of each calculation model when

calculating rainfall erosivity with simple algorithm. Among the
standard deviations of the calculated results of each model, the
dispersion of model B is the highest and that of model C is the
lowest. Among the coefficients of variation (Cv) of the calculated
results of each model, model B has the largest fluctuation range,
while model A has the smallest fluctuation range, indicating that the
rainfall erosivity calculated by model A has good stability. The
effectiveness coefficient (Ef) of the settlement result of model A
reached 0.82, which was the highest among the three models,
indicating that model B had the highest accuracy among the
three models. At the same time, the relative deviation coefficient
(Er) of the calculated results of model A is the smallest among the
three models, only 0.06, which indicates that model A has a relatively
good suitability in the study area. To sum up, model A was adopted
in this study to calculate rainfall erosivity.”

3.2 Temporal variation characteristics of
rainfall erosivity

3.2.1 Interannual variation in rainfall erosivity
`The average annual rainfall erosivity of the Nandu River Basin

from 1971 to 2020 was 16,497.67 MJ mm·ha−1·h−1. During the 50 years,
the maximum value of rainfall erosivity was 23,692.14MJ mm·ha−1·h−1,
and the minimum value was 11,841.33 MJ mm·ha−1·h−1. The years of
the maximum and minimum values were 2000 and 1983, respectively.
The average annual erosive rainfall was 1,692.41 mm, the maximum
was 2,217.36 mm, and theminimumwas 1,392.67 mm. The occurrence
year was consistent with rainfall erosivity, which verified the effect of
erosive rainfall on rainfall erosivity. The maximum value of rainfall
erosivity was 2.01 times the minimum value, and the maximum value
of erosivity of rainfall was 1.59 times the minimum value. The analysis
of the dispersion degree of the annual rainfall erosivity and annual
erosivity of rainfall in the basin showed that the coefficient of variation
of the former was 0.29 and that of the latter was 0.21, both of which
indicate medium variation. However, the variation in annual rainfall
erosivity was greater than that of annual rainfall erosivity. This result
indicates that the annual variation in rainfall erosivity was more severe
than that of erosivity rainfall during the study period.

According to the analysis in Figure 2, the variation trend of
annual rainfall erosivity in the basin was generally consistent with
that of annual erosive rainfall. From 1971 to 2020, the rainfall
erosivity in the basin showed an upward fluctuating trend, which
was generally divided into four stages. The first stage was from

TABLE 2 Evaluation on suitability of different rainfall erosivity calculation models.

Parameters Calculation models of rainfall erosivity

Model A Model B Model C

Annual mean rainfall erosivity (MJ·mm·ha−1·h−1) 16497.67 18765.12 13,968.90

Standard deviation (mm) 3233.45 4670.73 3068.26

Coefficient of variation (Cv) 0.29 0.50 0.33

Effectiveness coefficient (Ef) 0.82 0.21 −0.10

Relative deviation coefficient (Er) 0.06 0.28 0.53
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1971 to 1983, and the rainfall erosivity showed a downward
fluctuating trend; the second stage was from 1984 to 2001,
during which rainfall erosivity fluctuated and increased; the third
stage was from 2002 to 2013, and the rainfall erosivity turned to an
upward trend after a steep drop in 2005, and the whole stage showed
a fluctuating upward trend; finally, the fourth stage was from 2014 to
2020, and the rainfall erosivity in this stage showed a downward
trend.

3.2.2 Intra-annual variation in rainfall erosivity
According to Figure 3, the rainfall erosivity in the Nandu River

Basin was mainly concentrated from July to September, accounting
for 51.26% of the annual rainfall erosivity. The maximum rainfall
erosivity occurred in August, which was 2,789.75 MJ mm·ha−1·h−1,
accounting for 17.20% of that of the whole year. The minimum value
occurred in January, which was 221.01 MJ mm·ha−1·h−1, accounting
for only 1.36% of that of the whole year. The erosivity of rainfall
varied significantly between months.

The seasonal distribution of rainfall erosivity is shown in
Figure 4. Except for spring (from March to May), rainfall
erosivity showed a downward trend, while it showed an

upward trend in summer (from June to August),
autumn (from September to November) and winter (from
December to the following February). The rainfall erosivity
was mainly concentrated in summer and autumn, and
the summer rainfall erosivity was the highest, at
6,877.23 MJ mm·ha−1·h−1, accounting for 42.28% of the
annual rainfall erosivity. The winter rainfall erosivity was the
lowest, at 406.76 MJ mm·ha−1·h−1, accounting for 2.50% of the
whole year.

3.2.3 Analysis of rainfall erosivity change
According to the results of wavelet analysis of rainfall erosivity in

the Nandu River Basin (Figure 5), the annual average rainfall
erosivity in the study area had significant periodic changes in the
evolution process, and there were two periods of 4–7 years and
28–33 years in the whole time series, which were stably distributed
from 1971 to 2020. The peak value in the wavelet variance diagram
was the periodic value in the evolution process of the rainfall
erosivity series. According to the figure, the peak values of the
wavelet variance diagram were at 6 years and 30 years, and the peak
value at 30 years was the highest, indicating that the periodic

FIGURE 2
Interannual variation in erosive rainfall and rainfall erosivity in the Nandu River Basin.

FIGURE 3
Distribution of monthly erosive rainfall and rainfall erosivity in the Nandu River Basin.
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oscillation of the annual average rainfall erosivity series was the
strongest at approximately 30 years. Therefore, 30 years was the
main variation period of rainfall erosivity, within which there was a
6-year sub-variation period.

According to the results of the Mann-Kendall abrupt test
(Figure 6), there were five intersection points between the
positive series UF and the reverse series UB curves of rainfall
erosivity within the confidence interval. The first intersection of
the two curves occurred during 1971–1972, with UF > 0 at the
intersection point. However, the UF curves of the positive series
were all within ±1.96, which did not pass the significance level of
0.05, indicating that there was no significantly abrupt occurrence in
rainfall erosivity during the study period.

3.3 Spatial variation characteristics of rainfall
erosivity

3.3.1 Spatial distribution of rainfall erosivity
The average annual rainfall erosivity of each meteorological

station varied from 12,340.72 to 22,890.31 MJ mm·ha−1·h−1, with the
maximum value occurring at Jiabao station and the minimum value
occurring at Jialai station, with the maximum value being 1.85 times
the minimum value. There were great differences in rainfall erosivity
among the stations (Figure 7).

The spatial distribution of annual erosive rainfall and rainfall
erosivity in the Nandu River Basin from 1971 to 2020 was obtained
by inverse distance-weighted interpolation based on the data of

FIGURE 4
Seasonal variation in rainfall erosivity in the Nandu River Basin.

FIGURE 5
Periodic variation in annual rainfall erosivity based on wavelet analysis.
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average erosive rainfall and rainfall erosivity (Figure 8). The
maximum rainfall erosivity was distributed in the southeastern
and southwestern parts of the basin, and the overall trend
gradually decreased from the south to north, which was
consistent with the distribution rule of annual erosivity rainfall.
Because of the regional difference in rainfall erosivity, the Nandu
River Basin was divided into three regions. The southern and
southeastern regions included Jiabao, Dafeng, Nankun, Dalupo
and Tangwei, and the rainfall erosivity of these stations reached
more than 17,000 MJ mm·ha−1·h−1. The central region included
Nanfeng, Kunlun, Dingan and Xinde, and the rainfall erosivity of

these stations was generally distributed in the range of
15,000–17000 MJ mm·ha−1·h−1. The northern and northwestern
regions included Jialai, Jiatan, Meting and Longtang, with rainfall
erosivity below 15,000 MJ mm·ha−1·h−1.

Since rainfall erosivity varies greatly in different seasons, the spatial
characteristics of rainfall erosivity in the Nandu River Basin in different
seasons were analyzed, and the results are shown in Figure 9. The spatial
distribution of rainfall erosivity in each season was consistent with the
annual rainfall erosivity, showing a decreasing trend from south to
north. The rainfall erosivity in summer accounted for the largest
proportion of the whole year, and the range of rainfall erosivity in

FIGURE 6
Mann-Kendall abrupt analysis of annual rainfall erosivity.

FIGURE 7
Average rainfall erosivity of meteorological stations in the Nandu River Basin.
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different regions was 5,049.13–10,706.87MJ mm·ha−1·h−1. The highest
rainfall erosivity in summer occurred in the southern and southeastern
regions, and the lowest rainfall erosivity occurred in the northwestern
region. Autumn rainfall erosivity as a percentage of the year was second
only to summer. The distribution of rainfall erosivity in different areas in
autumn ranged from 3,765.97 to 9,058.60MJ mm·ha−1·h−1, and the
maximum area distribution was consistent with that in summer. The
lowest proportion of rainfall erosivity occurred in winter, and the range
of rainfall erosivity was 154.43–634.65MJ mm·ha−1·h−1, with the highest
value only in the southeastern region and the lowest value in the
northwestern region.

3.3.2 Spatial variation trend of rainfall erosivity
By inverse distance-weighted interpolation of the CV value of the

rainfall erosivity variation coefficient and the Z value of the Mann-
Kendall statistic, the spatial distribution of the characteristic parameters
of rainfall erosivity interannual variation in the Nandu River Basin was
obtained (Figure 10). The variation coefficient of rainfall erosivity of
each meteorological station ranged from 0.24 to 0.43, and the regional
difference was obvious. The variation coefficient of the northern region
was relatively large, the variation coefficient of the southern region was
relatively small, and the variation coefficient showed a gradual
decreasing trend from north to south. Due to the abundant rainfall
and stable annual erosive rainfall in the southern part of the basin, the
interannual variation in rainfall erosivity is relatively small, and the
coefficients of variation were all lower than 0.28. According to the
distribution of the Z value of the Mann-Kendall statistic of rainfall
erosivity, except for the Dafeng, Nanfeng and Longtang stations, all
stations in the study area showed an upward trend, indicating that the
construction of soil and water conservation measures should be
strengthened in these areas to prevent the aggravation of soil and
water erosion.

3.3.3 Variation in rainfall erosivity under different
terrain conditions

According to the topographic characteristics of the Nandu River
Basin, it was divided into plain areas and mountain areas. The plain
areas included the eastern and northern parts of the basin, and the
mountain areas included the western and southern parts of the basin
(with 400 m elevation as the division standard). The distribution of
rainfall erosivity in plain and mountain areas and its correlations
with erosive rainfall, latitude and longitude and altitude were
analyzed (Table 3).

As shown in Table 3, the erosive rainfall and rainfall erosivity in the
western and southern mountain areas were higher than those in the
eastern and northern plain regions. In terms of the coefficient of
variation, the eastern and northern plains > the whole basin > the
western and southern mountainous areas. Under the influence of the
Pacific Southeast monsoon, the warm and humid air mass blowing to
the land from the eastern part of the basin will cause air flow uplift when
it encounters the mountain regions in the southwest part of the basin,
resulting in more rainfall and more erosive rainfall events. This is
consistent with the average annual erosive rainfall distribution of the
basin, and thus shows that the rainfall erosivity in the mountainous area
is greater and more stable than that in the plain area. The Z value of the
plain regions was negative, so the rainfall erosivity of the area was
decreasing, the Z value of the mountain regions was positive, the rainfall
erosivity was increasing, and the |Z| of the mountain regions was higher
than that of the plain regions, which indicated that the change trend of
the mountain regions was more obvious. Rainfall erosivity was
significantly positively correlated with erosive rainfall and altitude in
plain andmountain regions. The correlation with erosive rainfall passed
the 0.01 significance test, and the correlation with altitude passed the
0.05 significance test. The correlation between rainfall erosivity and
longitude was not obvious in the plain regions but it was the mountain

FIGURE 8
Spatial distribution of erosive rainfall and rainfall erosivity in the Nandu River Basin.
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regions. However, there was a certain correlation between rainfall
erosivity and latitude in the two terrains. The correlation coefficients
between latitude and plain regions and mountain regions were 0.76 and
0.42, respectively, and both passed the 0.01 significance test.

3.4 Variation trend of sediment load in the
basin

From 1980 to 2020, the sediment load in the Nandu River Basin
showed an overall upward trend, which was divided into four stages:
(1) the sediment load fluctuated and increased from 1980 to 2000;
(2) the sediment load decreased from 2000 to 2004; (3) it increased
from 2004 to 2010; and (4) it fluctuated and decreased from 2010 to

2020 (Figure 11). The average annual sediment load in the Nandu
River Basin was 256,200 tons. The maximum sediment load was
68.2 million tons in 2010, and the minimum sediment load was
4.17 million tons in 2020, which was only 6.11% of the maximum.
This result indicated that the annual average sediment load in the
basin varied greatly.

According to the results of wavelet analysis of the annual
sediment load in the Nandu River Basin (Figure 12), the annual
sediment load in the study area had significant periodic changes
during its evolution. The sediment load had two variation periods of
10–15 years and 20–30 years in the whole time series, and it was
stably distributed from 1980 to 2020, which was a global trend. The
peak value of the wavelet variance diagram represents the periodic
value in the evolution process of the rainfall erosivity sequence. The

FIGURE 9
Spatial distribution of seasonal rainfall erosivity in the Nandu River Basin.

Frontiers in Environmental Science frontiersin.org11

Lu et al. 10.3389/fenvs.2023.1084503

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1084503


peaks in the figure were at 11 years and 25 years, respectively, and
the peak value at 25 years was the highest, indicating that the annual
average sediment load sequence had the strongest oscillation at
approximately 25 years. Therefore, 25 years was the main variation
period of the sediment load, and there were 11-year sub-variation
periods in the main period.

3.5 Influence of rainfall erosivity on sediment
load

The influencing factors of river sediment load mainly include
rainfall and underlying surface change. The influence of rainfall is
quantitatively represented by rainfall erosivity, and the influence of

underlying surface change is represented by human activities. The
double accumulation curve of sediment load and rainfall erosivity in
Nandu River Basin (Figure 13) showed an inflection point in 2009.
The period before the inflection point (1980–2008) is the base
period, and the period after the inflection point (2009–2020) is
the change period. Taking the data fitting trend line of the base
period as reference, the data points of the change period appear
above the fitting trend line. By fitting the relationship between
sediment load and rainfall erosivity in different periods
(Figure 14), it is found that the slope of the relationship line in
the change period is higher than that in the base period (Table 4),
indicating that the sediment load has been increasing since 2009 and
the sediment production capacity per unit rainfall erosivity has been
rising.

FIGURE 10
Spatial distribution of the coefficient of variation and Mann-Kendall Z value of rainfall erosivity in the Nandu River Basin.

TABLE 3 Rainfall erosivity and influencing factors under different terrain conditions in the Nandu River Basin.

Terrain
condition

Interannual
erosive

rainfall/mm

Average annual
rainfall erosivity/
MJ·mm·hm2·h-1·a−1

Average annual
rainfall erosivity
variable

Correlation coefficient (R2)

Variation
coefficient

Z
Value

Erosive
rainfall

Longitude Latitude Elevation

Eastern and
northern plains

731.56 7564.89 0.34 −0.11 0.97+** 0.04 0.76-** 0.81+*

Western and
southern
mountains

992.77 9,531.06 0.26 0.89 0.98+** 0.08 0.42-* 0.93+*

Nandu River Basin 1,692.41 16,497.67 0.29 0.35 0.98+** 0.07 0.63-* 0.89+**
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Most of the data points were distributed in quadrants I and III,
and only 10% of the data points were distributed in quadrants II and
IV, indicating that sediment load and rainfall erosivity had the same
trend and a strong correlation before the abrupt change year, and
these trends passed the 0.05 significance test (Figure 15). The river
sediment load in the basin increased by 46.36% in the change period
compared to that before 2009, while the rainfall erosivity decreased
by 9.24% in this stage, indicating that the change of rainfall erosivity
promoted the reduction of sediment load. After 2009, the increase in
sediment load was entirely due to human activities. The influence of
the variation of rainfall erosivity on sediment load is −22.23%, and
that of human activities on sediment load is 122.23%.

The analysis of the cross-wavelet power spectrum of the Nandu
River Basin (Figure 16) showed that there was a resonance period of
3 years between rainfall erosivity and sediment load from 1996 to
2003, a resonance period of 10 years from 2004 to 2011, and a
resonance period of 1–11 years from 2013 to 2018. By observing the
phase angle, it was found that rainfall erosivity and sediment load

showed a significant positive correlation in the above three stages
and passed the significance test at the 95% confidence level.

There was a 2–11 years resonance period between rainfall
erosivity and sediment load in the Nandu River Basin in the
coherent wavelet high energy region from 1985 to 2011 and a
2–3 years resonance period in 2013–2017. In the above two
stages, the rainfall erosivity and sediment load showed a
significant positive correlation and passed the 0.05 significance
level test (Figure 17).

4 Discussion

Quantifying the spatial and temporal distribution and changes
in rainfall erosivity is crucial for accurately assessing the effect of soil
and water conservation measures and identifying the risk of soil and
water loss (Zhang et al., 2008). This study analyzed the
spatiotemporal distribution and variation trend of rainfall

FIGURE 11
Annual variation in the sediment load and anomalies in the Nandu River Banner.

FIGURE 12
Periodic variation in the annual sediment load based on wavelet analysis.
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erosivity in the Nandu River Basin from 1971 to 2020 and concluded
that the average annual rainfall erosivity in the Nandu River Basin
was 16,497.67 MJ mm·ha−1·h−1. According to the classification
standard of Huang et al. (2013), an average rainfall erosivity ≥

10,000 MJ mm·ha−1·h−1 is considered high rainfall erosivity. The
study area was classified as an area with high rainfall erosivity
levels. The rainfall erosivity of the Nandu River Basin was higher
than that of the Pearl River Basin (Lai et al., 2016), Huaihe River

FIGURE 13
Double accumulation curve analysis between the sediment load and rainfall erosivity in the Nandu River Basin.

FIGURE 14
Linear fitting of sediment load and rainfall erosivity at different periods in Nandu River Basin.

TABLE 4 Linear relationship between sediment load and rainfall erosivity at different periods in Nandu River Basin.

Year Linear equation Correlation coefficient (R2) Variance test

1980–2008 y = 0.0027x-29.9477 0.8638 p < 0.01

2009–2020 y = 0.0032x-28.1974 0.7261 p < 0.01
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Basin (Wei et al., 2022) and Yangtze River Basin (Huang et al., 2013),
which was mainly due to the differences in the latitude andmonsoon
zone of each study area. The Nandu River Basin belongs to the
northern edge of the tropical zone, which makes the intra-annual
rainfall erosivity peak from July to September. Affected by the
tropical monsoon climate, typhoons and rainstorms occur
frequently in the study area in summer and autumn, when
erosive rainfall is most concentrated.

From 1971 to 2020, the rainfall erosivity in the basin showed an
increasing trend of fluctuation, which was consistent with the trend
of rainfall erosivity in southern China (Zhang et al., 2008). Rainfall
erosivity was highest in southern China. The spatial distribution of
erosive rainfall and rainfall erosivity in the basin was similar, which
was consistent with the research results of Huaihe River Basin (Xu
et al., 2019) and middle Yellow River Basin (Chang et al., 2022),

further indicating that erosive rainfall is a key factor affecting rainfall
erosivity. Long-term rainfall erosivity is a stable environmental
index that can reflect future scenarios and provide an important
reference value for soil and water conservation and regional
environmental management.

Due to the differences in geographical location and rainfall
characteristics, rainfall erosivity showed different trends under
different terrain conditions. Xu et al. (2022) found that there was
a strong correlation between rainfall erosivity and elevation in the
Dawen River Basin, and the rainfall erosivity in the mountainous
regions was significantly higher than that in the plain regions. Wang
J. H et al. (2022) established a regression equation between rainfall
erosivity and topographic indicators in the Baiyangdian Basin and
concluded that rainfall erosivity was negatively correlated with
latitude and altitude and positively correlated with longitude in

FIGURE 15
Linear relationship between the annual variations in the sediment load and rainfall erosivity before abrupt change years in the Nandu River Basin.

FIGURE 16
Cross-wavelet power spectra of annual sediment load and annual rainfall erosivity. The 95% confidence level of significance for red noise is indicated
by a thick outline, and the relative phase relationship is indicated by an arrow (in-phase points to the right, anti-phase refers to the left).
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this region. In this study, the correlation between rainfall erosivity
and elevation in the Nandu River Basin was the most significant,
followed by latitude. This result was different from other studies,
which may be influenced by the differences in atmospheric
circulation and geographical location. The Nandu River Basin has
a great topographic difference, with an overall trend of being high in
the southwest and low in the northeast. When the tropical monsoon
blows from the ocean to the land in the eastern part of the basin, the
rainfall erosivity in the northern part of the basin gradually decreases
from east to west. However, the elevation of the terrain in the
southern part of the basin makes the warm and humid air flow rise,
resulting in the increase in rainfall and rainfall erosivity. Moreover,
due to the more complex terrain in the southern part of the basin,
the risk of soil erosion increases. Therefore, the prevention and
treatment of soil erosion in the western and southern mountain
areas should be strengthened.

Rainfall erosivity reflects the potential ability of rainfall to cause
soil erosion. The spatial and temporal distributions of rainfall
erosivity are different, so rainfall erosivity will have an impact on
erosion and sediment yield in the basin. Anthropogenic factors, soil
texture and vegetation factors are also important driving forces of
the variation in the sediment load in the basin, among which
anthropogenic factors were dominant (Lu et al., 2013). At the
beginning of the 21st century, due to the rapid economic benefits
of crops such as betel nut, the original tropical rainforest in the study
area was replaced by betel nut and other forest species by local
residents, which negatively affected the soil conservation function of
the ecosystem and aggravated soil erosion. This may have directly
led to the abrupt change in the sediment load in 2009 (Figure 11).
The above contents further highlight the direct effect of human
activities on the variation in the sediment load in the basin, which is

supported by the research results of Guo et al. (2019) in the Yellow
River Basin.

The results showed that the influence of rainfall erosivity and
human activities on sediment load is −22.23% and 122.23%,
respectively, taking the period before the abrupt change of
sediment load as the base period. The increase in sediment
during the period of change is entirely due to human activities.
In other studies, the contribution rate of rainfall in the Yellow River
Basin to the reduction in sediment load was 20% (Peng et al., 2010),
and the contribution rate of climate in the upper reaches of the
Yangtze River to the change in sediment load was 7%–36% (Huang
and Wei, 2015), which was basically consistent with the results of
this paper. In addition, large-scale soil and water conservation
measures and the construction of water conservancy projects will
affect changes in the sediment load (Zhao et al., 2020; Zheng et al.,
2021).

The Nandu River Basin is located on a tropical island, and the
frequent occurrence of typhoons and rainstorms is a special factor
leading to soil loss and sediment load changes in the study area.
Therefore, it is necessary to pay attention to the increase in
rainstorm events under the condition of climate change, which
will lead to the frequent occurrence of high rainfall erosivity and
increase the risk of regional soil and water loss.

5 Conclusion

In this study, the distribution and variation trend of rainfall
erosivity in the Nandu River Basin in the last 50 years were analyzed,
and the variation in sediment load in the last 40 years was described.
The abrupt years of sediment load and the influence of rainfall on

FIGURE 17
Coherent wavelet power spectra of the annual sediment load and annual rainfall erosivity. The 5% significance level against red noise is shown as a
thick contour. All significant sections show in-phase behavior.
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the variation in sediment load were clarified. The following
conclusions can be drawn:

(1) The average annual rainfall erosivity in Nandu River Basin from
1971 to 2020 ranged from 11,841.33 to
23,692.14 MJ mm·ha−1·h−1, and the average was
16,497.67 MJ mm·ha−1·h−1. Rainfall erosivity had a 30-year
main variation period, and within the main cycle, there was
a 6-year period of sub-variation, and rainfall erosivity had no
significantly abrupt occurrence. Compared with erosive rainfall,
rainfall erosivity had a more dramatic interannual variation.
The rainfall erosivity in the Nandu River Basin was the most
prominent in July, August and September, and the distribution
of rainfall erosivity in these 3 months was concentrated and
stable. In addition, except for spring, the rainfall erosivity in
summer, autumn and winter showed an upward trend.

(2) The spatial distribution characteristics of rainfall erosivity in the
Nandu River Basin were basically consistent with those of
erosive rainfall, showing a gradual decreasing trend from the
southern region to the northern region. The centers of high and
low values of rainfall erosivity were basically consistent with the
centers of high and low values of erosive rainfall. The variation
trend of rainfall erosivity at each station had obvious variability,
and the overall spatial trend gradually decreased from south to
north.

(3) The rainfall erosivity in the plain regions and mountain regions
of the Nandu River Basin was positively correlated with erosive
rainfall and altitude, and the erosive rainfall passed the
0.01 significance level, while the altitude passed the
0.05 significance level. Rainfall erosivity in plain regions and
mountain regions had no obvious correlation with longitude but
had a certain correlation with latitude, and the correlation
coefficients were 0.76 and 0.42, respectively, which passed the
0.01 significance test.

(4) From 1980 to 2020, the sediment discharge in the Nandu River
Basin showed an overall upward trend, and the annual average
sediment discharge in the basin showed a large interannual
difference. The sediment load on the time series had a 25-year
main variation period and an 11-year sub-variation period. The
sediment load changed significantly in 2009. Before the abrupt
change year, the trends of sediment load and rainfall erosivity
were consistent and strongly correlated, and these trends passed
the significance test of 0.05. The influence of the variation of
rainfall erosivity on sediment load is −22.23%, and that of
human activities on sediment load is 122.23%. The results of
this study provide an important reference value for the
monitoring and risk assessment of soil and water erosion in
the same type of erosion area in tropical China. However, in this
study, rainfall erosivity was calculated and evaluated only from
the daily scale, and the variation in event-based rainfall erosivity
was not analyzed. In addition, the influence of extreme climate
in the tropics on the variation in sediment load needs further in-
depth analysis.
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