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A B S T R A C T   

Over the past 70 years, the Yangtze River Basin-the third longest river basin in the world-has been under the 
influence of augmented human activities. Regarding environmental protection and policy design, the total ni
trogen and phosphorus (TN and TP, respectively) loads from soil erosion are objectively and quantitatively 
critical parameters while assessing the spatio-temporal soil erosion changes over the 1901–2010 period. First, 
soil erosion in our study area was calculated using the Revised Universal Soil Loss Equation (RUSLE) model. 
Second, the TN and TP loads from soil erosion were assessed using the constructed Nutrient Loss Empirical Model 
(NLEM). Third, we conducted spatial autocorrelation analysis, Mann-Kendall (M–K) trend tests, and wavelet 
analysis of the soil erosion, and related TN and TP loads. At Datong Station over the 1901–2010 period, the 
average annual TN and TP loads from soil erosion were 1.77 and 0.56 million tonnes, respectively. Moran’s I 
values of the average annual soil erosion, and related TN and TP loads from soil erosion indicates the existence of 
positive correlations, while clustering was the prevailing spatial distribution pattern. High-high (H-H) cluster 
areas were mainly evident in high-altitude region of the western and southern Yangtze River Basin, conversely, 
low-low (L-L) cluster areas were scattered primarily in regions with high population density and intense human 
activities. Soil erosion increased rapidly around 2001; hence, 2001 was a changing point. According to the M–K 
test, the time intersection of soil erosion, and related TN and TP loads at Datong Station was around 1990; hence, 
1990 may have been a changing point, likely due to the operation of Gezhouba Dam during 1981-1986. This Dam 
trapped large amounts of sediments. If the sediment load data of control hydrological station of 12 sub-basins is 
available, SDR, sediment load, AN and AP calculation could be more accurate and interpretable.   

1. Introduction 

Yangtze River is the longest river in China and Asia and third longest 
river in the world; as it flows across China from west to east, its basin 
crosses Qinghai, Tibet, Sichuan, Yunan, Chongqing, Hunan, Hubei, 
Jiangxi, Anhui, Jiangsu and Shanghai (Wang et al., 2019a; Wang et al., 
2019ab). The Yangtze River Basin comprises an area of 1.8 million km2, 
covering 18% of the total area of China (Qu et al., 2020). Therefore, its 
water resource endowment ranks first in the world (Penghao et al., 
2019). 

According to historical data, the period before 1968 is the pre-dam 
construction time in the Yangtze River Basin (Yang et al., 2018). Most 

of the river sediment is retained by dams, with research suggesting that 
the Three Gorges Dam retains 80% of the upstream sediment (Yang 
et al., 2018). Sediment concentration decreases along the basin because 
the impact of water discharge is small. The two main factors contrib
uting to sediment loss in the basin are precipitation intensity and sedi
ment delivery ratio (SDR) (Wu et al., 2013). The increased construction 
of hydropower stations in this area resulted in highly controversial 
problems, for example regarding the nutrient balance conditions in the 
basin becoming prominent (Zhou et al., 2008; Tong et al., 2017; Strokal 
et al., 2020; Li et al., 2022; Zhao et al., 2022). Hydropower stations trap 
sediments and nutrients within the basin, thereby affecting downstream 
areas, such as wetlands, fisheries and agricultural areas (Lanza, 2011). 
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Between 2000 and 2010, there were more than 500 major harmful algal 
blooms incidents related to excessive nitrogen in the Yangtze River Es
tuary and adjacent waters (Shen et al., 2011). In recent 10 years, the 
water quality of Yangtze River Basin has improved significantly, but 
local water pollution is still serious and has not been effectively 
controlled. For example, the water quality of some rivers and tributaries 
along the main stream cities is relatively poor, and some lakes are 
suffering from serious eutrophication, and the water quality safety of 
some water sources is insufficient, thus increasing the potential risk of 
water pollution. The total nitrogen and phosphorus (TN and TP, 
respectively) loads can be classified into dissolved and absorbed nitro
gen and phosphorous (DN, AN and DP, AP, respectively). Soil can be 
regarded as migration carrier of AN and AP. Nitrogen and phosphorous 
are absorbed by sediments and subsequently enter the water stream 
(Zhang et al., 2020a). In accordance with the surface water quality 
standard of China (GB3838-2002), water samples should settle for 30 
min after collection and the non-settled part of the upper layer should be 
analysed according to the prescribed method (Wang et al., 2016). 
Consequently, without the sediment content in the water sample, esti
mating the AN and AP carried by sediment is not possible. Research 
suggested that in the Lancang River Basin, the TP load from soil erosion 
accounts for 69% of the TP load in the basin (Zhang et al., 2020a). In 
addition, during the rainy season in the Yangtze downstream area, the 
proportion of particulate phosphorus (PP) in TP is approximately 93% 
(Dong et al., 2020). Nitrogen and phosphorus are important biogenic 
substances, hence, the TN and TP loads from soil erosion entering 
Yangtze River require accurate estimations. 

Datong Station lacks sediment load data before 1953, while, data of 
the TN and TP loads from soil erosion are also missing. AN and AP 
originate mainly from soil erosion, especially in large basins (Zhang 
et al., 2020a). Soil erosion models began to develop since 1960s (Fang 
et al., 2019). It is an effective tool for modeling soil loss. Physical pro
cesses and conceptual models have been studied and acquired creative 
results, such as, universal soil loss equation (USLE), revised universal 
soil loss equation (RUSLE), physical model, water erosion prediction 
project (WEPP), and distributed model (Cilek et al., 2015; Kinnell, 2017; 
Mirzaee et al., 2017; Sonnenborg et al., 2017). In these models, practi
cable USLE and RUSLE have been widely applied for soil erosion esti
mation (Wischmeier and Smith, 1978). These two models took factors 
which affecting soil erosion into account in the estimation process. 
University faculty and federal scientists across the USA conducted de
cades of soil erosion experiments and developed USLE in the twentieth 
century. USLE model was mainly applied for the soil erosion of areas of 
croplands or gentle slope topography. RUSLE model is the revised 
version of USLE model (Ganasri and Ramesh, 2016). RUSLE and 
Geographic Information System (GIS) technique were applied together 
to predict the soil erosion in the Nethravathi Basin and Kasai River 
Basin, India (Alewell et al., 2008; Wischmeier and Smith, 1978). RULSE 
and NLEM model has been applied in Lancang River to model soil 
erosion and TP load from soil erosion (Zhang et al., 2020a). Although 
there are many problems in soil erosion model simulation because the 
mechanism of soil erosion occurrence and development is not very clear, 
it is still an effective method to evaluate the temporal and spatial evo
lution of soil erosion. There are few simulation assessments of centennial 
soil erosion estimation. There are two types of models available for the 
calculation of the TN and TP loads, namely empirical models and 
physical based models. Physically based models, such as the Soil and 
Water Assessment Tool (SWAT) are advantageous since they can model 
the natural nitrogen and phosphorus with higher veracity, however, 
calibrations and simulations require high-quality spatially distributed 
data. Empirical models, such as the Nutrient Loss Empirical Model 
(NLEM), can estimate the AN and AP loads even when the data are 
limited, however, the acceptable accuracies are based on experience 
(Zhang et al., 2020a). NLEM has been applied on the worldwide 
watershed, such as, River Raisin, the Burdekin River Basin, and Luan 
River Watershed and has been validated that NLEM is a feasible and 

reasonable method to simulate nutrient loss (Tao et al., 2010). AP load 
of Lancang River has been calculated based on the NLEM, whereas, the 
phosphorus content in soil used in this model was the average back
ground content of phosphorus on each type of soil from different 
monitoring sites due to the lack of spatial distribution data (Zhang et al., 
2020a). Nevertheless, the theoretical foundation of the NLEM is based 
on a physically based model. Considering the limited monitoring data, in 
this paper, the Revised Universal Soil Loss Equation (RUSLE) model was 
employed to calculate soil erosion over the 1901–2010 period. In 
addition, Nutrient Loss Empirical Model (NLEM) was applied for the 
calculation of TN and TP loads from soil erosion. 

In this study, the authors (1) focused on the calculation of soil 
erosion in the Yangtze River Basin during the period of 1901–2010, (2) 
simulated the TN and TP loads from soil erosion in the Yangtze River 
Basin from 1901 to 2010, (3) examined the spatio-temporal variations of 
soil erosion, and AN and AP loads in the Yangtze River Basin. As the 
construction of dams in the Yangtze River Basin, this research hypoth
esis variation trend of the sediment load at Datong station and AN and 
AP value would decrease as dam would trap large amount of sediment. 

2. Method 

2.1. Study region 

The area and length of the Yangtze River Basin are 1.8 million km2 

and >6300 m respectively (Penghao et al., 2019). The Yangtze River 
Basin is divided into three subsections, namely the upper, middle and 
lower reaches (Xi et al., 2017). The upper, middle and lower reaches of 
the Yangtze River Basin extend from its source to Yichang, from Yichang 
to Hukou and from Hukou to Datong, respectively (Wang et al., 2019a; 
Wang et al., 2019b). The region is characterized by subtropical monsoon 
climate, with the mean annual precipitation being about 1100 mm 
(Penghao et al., 2019). The Yangtze River Basin (Fig. 1) can be divided 
into 12 sub-basins, namely Jinsha River above the Shigu basin (S1), 
Jinsha River below the Shigu basin (S2), mainstream from Yibin to 
Yichang (S3), mainstream from Yichang to Hukou (S4), mainstream 
below Hukou (S5), Taihu Lake basin (S6), Min-Tuo River basin (S7), 
Jialing River basin (S8), Hanjiang River basin (S9), Wujiang River basin 
(S10), Dongting Lake basin (S11) and Poyang Lake basin (S12). 

As the mother river and an important producing area for high quality 
sand mining in China, >400 million people were supported by Yangtze 
River and there were >50,000 dams have been built by 2010 in the 
Yangtze River Basin since 1950s (Yang et al., 2005). Environmental and 
ecological issues including water chemistry changes occurred as the 
operation of Three Gorges Dam (TGD). The upper reaches of this basin is 
the contributing sediment area to the East China Sea. Large amounts of 
sediments would be trapped by the Dam and give rise to the significantly 
sediment decrease. Datong Station is the control station of the Yangtze 
River Basin. Presently, the sediment load is not available before 1953 in 
Datong station. Algal blooms accidents occurred in the YRB associated 
with excessive nitrogen and phosphorus levels in the YRB and adjacent 
areas (Zhang et al., 2021). Yangtze estuary is one of the most contami
nated areas in China, and eutrophication has received increasing 
attention. Mississippi River which is also great river faces the same issue 
(Alexander et al., 2009). Lancang River is also facing the ecosystem 
deterioration condition. Besides, there is a lack of scientific estimation of 
absorbed nitrogen and phosphorus carried by sediment. On account of 
dam construction, the sediment load and nutrient balance become a 
highly disputed issues in the Yangtze River Basin (Guo and Li, 2003; 
Tong et al., 2017). 

2.2. Data sources and processing 

The value of L, S, K and CN/P in soil are same from 1901 to 2010 as 
the DEM, soil types and soil properties of Yangtze River Basin could be 
regarded as invariant. Datasets with different spatial resolution were 
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resampled to the uniform spatial resolution of 1 km using ‘Resample’ 
tool in the ArcToolbox of Arcmap software. This is because when grid 
merging, spatial analysis must specify the pixel of the input grid for each 
output pixel, and this specification process is called resampling. 

The data and main parameters used in this research are listed in 
Table 1. The monthly precipitation dataset was obtained from National 
Tibetan Plateau Data Center (https://data.tpdc.ac.cn/en/). The time 
range and spatial resolution of it are 1901.1–2010.12 and 1 km. The 
Arcmap software was used for format conversion, ‘define projection’ to 
get WGS1984 coordinate system and clip of the data to get the monthly 
1 km precipitation dataset of Yangtze River Basin. Monthly precipitation 

dataset was applied to calculate the rainfall erosivity factor (R). The 
temporal resolution of R would be years from 1901 to 2010. 

National DEM 1 km data was downloaded from Resource and Envi
ronment Science and Data Center (https://www.resdc.cn/). The coor
dinate system is WGS 1984. The Arcmap software was applied for ‘clip’ 
tool to get the study region, ‘slope’ tool to get slope angle (θ) for factor S 
calculation. Regarding factor L, ‘Fill’, ‘Flow Direction’, and ‘Flow 
Accumulation’ hydrology tool in Arcmap software was utilized to get 
flow accumulation for factor L calculation. It was applied to get the slope 
length factor (L) and slope steepness factor (S) in the RUSLE model. 

Soil erosivity factor (K) whose spatial resolution is 30 m was applied 

Fig. 1. The Yangtze River basin Basin image and its 12 sub-basins, namely Jinsha River above the Shigu basin (S1), Jinsha River below the Shigu basin (S2), 
mainstream from Yibin to Yichang (S3), mainstream from Yichang to Hukou (S4), mainstream below Hukou (S5), Taihu Lake basin (S6), Min-Tuo River basin (S7), 
Jialing River basin (S8), Hanjiang River basin (S9), Wujiang River basin (S10), Dongting Lake basin (S11) and Poyang Lake basin (S12). 

Table 1 
Data sources.  

Dataset Period Temporal 
resolution 

Spatial 
resolution 

Data sources 

1-km monthly precipitation dataset for China (Ding 
and Peng, 2020; Peng, 2020; Peng et al., 2019, 
2018, 2017). 

1901–2010 monthly 1 km National Tibetan Plateau Data Center (https://data.tpdc. 
ac.cn/en/) 

National digital elevation models (DEM) at 1 km, 
500 m and 250 m resolutions (SRTM 90 M)   

1 km Resource and Environment Science and Data Center (htt 
ps://www.resdc.cn/) 

Soil erodibility factor (K) 2018  30 m National Earth System Science Data Center, National 
Science & Technology Infrastructure of China (htt 
ps://www.geodata.cn) 

Spatial distribution of annual 1 km normalized 
difference vegetation index (NDVI) for China 

1998–2010 annual 1 km Resource and Environment Science and Data Center (htt 
ps://www.resdc.cn/) 

Remotely sensed land use status for China 1990,1995,2000,2005,2010 annual 1 km Resource and Environment Science and Data Center (htt 
ps://www.resdc.cn/) 

Soil properties for land surface modelling over 
China (Shangguan et al., 2013)   

30 
arcseconds 

National Tibetan Plateau Data Center (https://data.tpdc. 
ac.cn/en/) 

Sediment load data from Datong Station (2010 
Yangtze River Sediment Bulletin) 

1953–2010 annual  Changjiang Water Resources Commission of the Ministry 
of Water Resources (https://www.cjw.gov.cn/)  
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from National Earth System Science Data Center, National Science & 
Technology Infrastructure of China (http://www.geodata.cn) to calcu
late soil erosion. Different soil types are assigned different K values 
(Beskow et al., 2009). The coordinate system is WGS 1984. The Arcmap 
software was used for ‘clip’ tool to get the study region and ‘resample’ 
tool to uniform the spatial resolution to 1 km. 

Annual NDVI data from 1998 to 2010 were employed to figure out 
the vegetation cover and management factor (C). The time series dataset 
was downloaded from Resource and Environment Science and Data 
Center (https://www.resdc.cn/). The spatial resolution is 1 km. ‘Clip’ 
tool in Arcmap software was applied to get the study region raster data. 
As many studies indicated that the soil erosion rate in the basin is more 
sensitive to rainfall and data missing (Dabral et al., 2008; Jain et al., 
2001). The major force in Yangtze River behind soil erosion is precipi
tation (Wang et al., 2011). On account of NDVI data before 1998 is 
unavailable, C value before 1998 were replaced by C value in 1998. 

1990, 1995, 2000, 2005 and 2010 remote sensing monitoring data
base of land use status were obtained from Resource and Environment 
Science and Data Center (https://www.resdc.cn/). These data were 
applied to get the conservation practice factor (P). The spatial resolution 
is 1 km. ‘Clip’ tool in Arcmap software was used to get the Yangtze River 
Basin raster data. As the land use data before 1990 is missing, annual P 
value from 1901 to 1989 were replaced by land use data in 1990 because 
the expansion rate dramatically increased period time of Yangtze River 
Basin was from 2006 to 2013 during which number of cities and urban 
built-up area generally added (Zhong et al., 2020). The value of P in 
1991 and 1992 were replaced by 1990 and the value of 1993 and 1994 
were replaced by 1995 because the land use type data is available every 
five years, and so on, the P value for subsequent years were also 
calculated in accordance with this rule. 

Dataset of soil properties for land surface modeling over China was 
obtained from National Tibetan Plateau Data Center (http://data.tpdc. 
ac.cn/en/). These datasets contain CN/P (total nitrogen or phosphorus 
content (%, g/100 g)) in the soil which could be applied for TN and TP 
load from soil erosion calculation by Nutrient Losses Empirical Model 
(NLEM). The coordinate system is WGS 1984. The Arcmap software was 
used for ‘clip’ tool to get the study region and ‘resample’ tool to uniform 
the spatial resolution to 1 km. 

2.3. Methodology 

2.3.1. TN and TP loads from soil erosion 
The NLEM was applied and ‘Raster calculator’ tool in Arcmap soft

ware was applied to model the TN and TP loads from natural soil erosion 
(Ding et al., 2017). The equation is expressed as follows: 

LSE = QS • CN/P • η  

where QS is the sediment entering the study basin annually, CN/P is the 
TN or TP content (%, g/100 g) in soil and η represents the soil enrich
ment ratio of AN and AP (dimensionless). The value of η is 1.77 (Wang 
et al., 2015a; Wang et al., 2015b). 

2.3.2. Sediment entering into the river 
The sediment entering the river is calculated as follows: 

QS = X • SDR  

where X represents soil erosion and SDR is the sediment delivery ratio 
(dimensionless). 

2.3.3. Sediment delivery ratio (SDR) 
Sediment load data from Datong Station covering the 1953–2010 

period were retrieved from the 2010 Yangtze River bulletin. As sediment 
from soil erosion is trapped by dams, it is necessary to remove the effect 
of dams on sediment when calculating the SDR. The period before 1968 
is the pre-dam construction time in the Yangtze River Basin (Yang et al., 

2018). 
SDR is the ratio of sediment entering the river to the natural soil 

erosion (Zhang et al., 2020a). The equation of it is as follows: 

SDR = Q̄S/(AS • Xy)

where Q̄S is the average annual sediment transport into the Yangtze 
River Basin measured at Datong Station during 1953–1968, As is the 
watershed control area at Datong Station and Xy is the average annual 
soil erosion of the Yangtze River Basin during 1953–1968. The calcu
lated SDR during 1953–1968 was found to be 0.16. For extending the 
Datong Station dataset back to 1901–1952, calculated SDR was applied 
and the sediment load was reconstructed. 

2.3.4. Soil erosion 
The RUSLE was utilised to quantify the natural soil erosion and 

‘Raster calculator’ tool in Arcmap software was applied in the Yangtze 
River Basin (Wischmeier and Smith, 1978). The equation is as follows: 

X = R • K • LS • C • P  

where X is the average value of soil loss or erosion (t⋅ha− 1⋅a-1), R is the 
rainfall erosivity factor (MJ⋅mm⋅ha− 1⋅h− 1⋅a-1), K is the soil erosivity 
factor (t⋅ha⋅h⋅ha− 1⋅MJ− 1⋅mm− 1), L is the slope length factor (dimen
sionless), S is the slope steepness factor (dimensionless), C is the vege
tation cover and management factor (dimensionless), and P is the 
conservation practice factor (dimensionless) (Fang et al., 2019). 

R is expressed as follows (Wischmeier and Smith, 1978): 

R =
∑12

i=1
(− 1.15527 + 1.792Pi)

where Pi is monthly rainfall (mm). 
L is expressed as follows (Thomas et al., 2018): 

L = (
λ

22.1
)

m  

where λ is the slope length (m) which is the product of flow accumu
lation and cell size of the dataset, m is the slope-length exponent 
(dimensionless), and θ is the slope angle (◦). When θ > 5◦, m = 0.5, when 
3.5◦ ≤ θ ≤ 5◦, m = 0.4, when 1◦ ≤ θ < 3.5◦, m = 0.3, and when θ < 1◦, m 
= 0.2. S is expressed as follows (Thomas et al., 2018): 

S =

⎧
⎨

⎩

10.8sinθ + 0.03, θ < 5◦

16.8sinθ − 0.5, 5◦

< θ < 10◦

21.9sinθ − 0.96, θ ≥ 10◦

where θ represents the slope angle (◦). 
C is expressed as follows (Thomas et al., 2018; van der Knijff et al., 

2000): 

C =
(− NDVI + 1)

2  

where NDVI is the normalised difference vegetation index. 
P is expressed as in Table 2 (Chuenchum et al., 2020; Yang et al., 

2003): 

2.3.5. Model calibration 
Relative error was applied for the calibration of AP value modeled by 

NLEM model. The expression is shown as below: 

Table 2 
P factor values.  

Land 
cover 

Cropland Forest Grassland Water 
body 

Urban 
area 

Unused 
land 

P  0.5  0.9  0.9 0 1 1  
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D(%) = 100*
Qs − Q0

Q0  

where D on behalf of the relative error, Qs is the estimated value and Q0 
is the monitored value. 

2.3.6. Spatial auto-correlation analysis 
Spatial auto-correlation analysis was applied to assess soil erosion 

(X), and the TP and TN loads from natural soil erosion (LSE-TP and LSE-TN, 
respectively). Global Moran’s I was used to assess the global spatial auto- 
correlation and Local Moran’s I was applied to assess the spatial asso
ciation locally. Spatial auto-correlation is used for evaluating the dis
tribution of spatial homogeneity of an ecological environment index 
within an area (Fan and Cowley, 1985). Average soil erosion (X), TP load 
from natural soil erosion (LSE-TP) and TN load from natural soil erosion 
(LSE-TN) maps from 1901 to 2010 were calculated and spatial auto- 
correlation analysis was employed Moran’s I value ranges from − 1 to 
1. An absolute Moran’s I value close to 1 indicates strong spatial cor
relation, while an absolute Moran’s I value close to 0 indicates no spatial 
auto-correlation (Getis and Griffith, 1988). The correlation of each grid 
cell in the area of interest could be effectively expressed by Local Mor
an’s I (LISA index) (Anselin, 1995). The local spatial aggregation of the 
LISA cluster map could be classified into five types, namely High-High 
(H-H) and Low-Low (L-L) clusters and Low-High (L-H) and High-Low 
(H-L) outliers, and no significant. An H-H cluster would indicate that 
both the selected grid unit and adjacent area values were high, whereas, 
an L-L cluster would indicate the exact opposite. An L-H outlier would 
indicate that the value of the selected grid unit was low, with the value 
of the adjacent area being high, whereas an H-L outlier would indicate 
the exact opposite. A no significant status would indicate the lack of a 
significant auto-correlation (Jing et al., 2020). The GeoDa software was 
employed for the Global Moran’s I and Local Moran’s I analyses. 

2.3.7. Sequential T-test analysis of regime shift (STARS) 
Sequential T-test analysis of regime shift (STARS) was performed to 

test the regime shifts of X, LSE-TP, LSE-TN and rainfall time series, while 
employing the Sequential Regime Shift Detection software v3.2 in Excel 
environment, which is available the Bering Climate website (www.ber 
ingclimate.noaa.gov) (Rodionov, 2005). 

2.3.8. Mann–Kendall trend test 
Mann-Kendall trend tests of soil erosion, sediment load at Datong 

Station, TN and TP loads from soil erosion were conducted using the 
Matlab R2017a software (Zhang et al., 2006) The World Meteorological 
Organization recommends to applying this common method for assess
ing statistically significant trends of time series in hydro-meteorological 
datasets (Zhang et al., 2006). The sample sequence does not have to 
conform with a certain time distribution when using the M− K trend test. 
If the UF line changes within the critical line (95% confidence level), the 
variation tendency and regime shift of the changing indicator curve are 
not evident. If the value of UF is above 0, there is an increasing trend and 
vice versa. An intersection of the UF and UB lines within the critical line 
(95% confidence level) indicates a regime shift of the time series, 
however, if the intersection appears outside the critical line or multiple 
intersections are evident, other method are necessary to determine 
whether the intersections indicate regime shift. 

2.3.9. Wavelet analysis 
Wavelet analysis is usually performed for amplitude phase distribu

tion detection at different frequencies (Torrence and Compo, 1998). 
Morlet wavelet analysis is a widely used method for identifying real-life 
oscillation periods (Duan et al., 2020). The Acycle v2.4.1 software was 
applied to conduct wavelet analysis of the time series of soil erosion 
sediment load at Datong Station and TN and TP loads from soil erosion 
in the Yangtze River Basin (Li et al., 2019). 

3. Results 

3.1. Validation and calibration for the proposed model 

It has been verified that the NLEM is capable for modelling the 
sources of non-point contaminations at the upstream of Yangtze River 
(Ding et al., 2010, 2014; Shen et al., 2013). It has been demonstrated 
that sediment load verification can be used as basis for AP load valida
tion because AP is mainly from soil erosion and the calculation of AP is 
based on soil erosion (Shen et al., 2013; Zhang et al., 2020a). Therefore, 
sediment discharge at Datong Station were used for the verification of 
absorbed nitrogen and absorbed phosphorus as these two indicators 
were calculated based on soil erosion (Shen et al., 2013). For AN 
(absorbed nitrogen) and AP (absorbed phosphorus) from soil erosion, 
there are only two AP monitored value for the Yangtze River Basin 
calibration (As shown in Table 3). In 2000, the relative error was 
− 3.14% and in 2004, the relative error was − 14.07% which indicating 
that the model was reasonable. As in 2004, the monitored data of AP was 
TP concentrations of the sediments in mean (g/kg). Besides, the sedi
ment load in Datong station was calibrated by SDR. It could be assumed 
as the value of relative error from 1901 to 2010 floating between 
− 14.07%. Datong Station was selected for this study as it is monitored 
and is representative of the entire basin (Yan et al., 2021). Over 95% of 
the sediment and water loads in Yangtze River is delivered above Datong 
Station, consequently, the nutrient fluxes at Datong Station approximate 
the totals over the entire basin (Duan et al., 2008; Zhiliang et al., 2003). 
Annual sediment loads at Datong Station for the 1953–2010 period were 
retrieved from the 2010 Yangtze River Sediment Bulletin. As stated 
previously, the period before 1968 is the pre-dam construction time in 
the Yangtze River Basin, hence, to remove effect of dams on the sedi
ment load, SDR values for the 1953–1968 period were calculated by the 
ratio of the monitored sediment load at Datong Station and the annual 
soil erosion (Yang et al., 2018). Consequently, the SDR calculation 
process included the validation process of this model. Besides, the 
dataset of soil properties for land surface modelling over China was 
processed based on the Second National Survey, while focusing on the 
1979–1985 period and surveying 2444 countries, 312 national farms 
and 44 forest farms in China (Shangguan et al., 2013). As a result, the TN 
and TP content uncertainties were not taken into consideration. 

3.2. Spatial distribution 

The average annual natural soil erosion of the Yangtze River Basin 
over the 1901–2010 period was 18.38 t⋅ha− 1⋅a-1. The minimum and 
maximum values of natural soil erosion were 2.06 t⋅ha− 1⋅a-1 in 1901 and 
26.36 t⋅ha− 1⋅a-1 in 1998 respectively. In particular, in 1901, the annual 
total precipitation was 243.3 mm, this was the minimum value over the 
1901–2010 period and might have been the cause for the minimum 
natural soil erosion that year. In general, as illustrated in Fig. 2, higher 
soil erosion values were mainly distributed in the S1, S2 and S7 sub- 
basins of the Yangtze River Basin. The S1, S2 and S7 sub-basins are 
situated at higher elevations, comprising mountainous and hilly regions 
in the Yangtze River Basin (Alewell et al., 2008). 

There are six classes of natural soil erosion: 0–5, 5–25, 25–50, 50–80, 
80–150 and >150 t⋅ha− 1⋅a-1 (Fang et al., 2019). For the average annual 
soil erosion during 1901–2010, the classes of 0–5, 5–25, 25–50, 50–80, 

Table 3 
The calibration of AP load in the Yangtze River Basin.  

Year Modeled AP 
load 

Monitored AP 
load 

Relative 
error 

Units Sources 

2000  39.1  40.4  − 3.14% 10,000 
t 

(Wang et al., 
2011) 

2004  0.6  0.8  − 14.07% g/kg (Yang et al., 
2017)  
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80–150 and > 150 t⋅ha− 1⋅a-1 of the Yangtze River Basin accounted for 
total areas of 38.74, 37.65, 10.76, 5.20, 4.41 and 3.23%, respectively 
(Table 4). Sub-basins S1, S2, S7 and S8 of the Yangtze River Basin 
belonged in the >150 t⋅ha− 1⋅a-1 soil erosion class. The >150 t⋅ha− 1⋅a-1 

soil erosion class accounted for 10% of the total area of the S7 sub-basin. 
The average annual TN load from soil erosion in the Yangtze River 

Basin over the 1901–2010 period was 0.01 t⋅ha− 1⋅a-1. The average TN 
load from soil erosion at Datong Station over the 1901–2010 period was 
1.77 million tonnes. The minimum and maximum values of TN load 
from soil erosion were 0.001 t⋅ha− 1⋅a-1 in 1901 and 0.016 t⋅ha− 1⋅a-1 in 
1964, respectively. As shown in Fig. 3, higher values of TN load from soil 
erosion were mainly distributed at S1, S2 and S7 sub basins. 

Six classes of TN load from soil erosion in the Yangtze River Basin 
could be identified: 0.00–0.01, 0.01–0.05, 0.05–0.10, 0.10–0.20, 
0.20–0.50 and >0.50 t⋅ha− 1⋅a-1. Regarding the average annual TN load 
from soil erosion in the Yangtze River Basin over the 1901–2010 period, 
the classes of 0–0.01, 0.01–0.05, 0.05–0.10, 0.10–0.20, 0.20–0.50 and 
>0.50 t⋅ha− 1⋅a-1 accounted for total areas of 58.60%, 31.50%, 6.27%, 
2.93%, 0.70%, 0.00% respectively (Table 5). 0.01 and 0.03% of the total 
areas of the S2 and S7 sub-basins, respectively, were characterised by TN 
load from soil erosion >0.50 t⋅ha− 1⋅a-1. 

The average annual TP load from soil erosion in the Yangtze River 
Basin over the 1901–2010 period was 0.0033 t⋅ha− 1⋅a-1. The average 
annual total TP load from soil erosion at Datong Station over the 
1901–2010 period was 0.56 million tonnes. The minimum and 
maximum values of TP load from soil erosion were 0.0004 t⋅ha− 1⋅a-1 in 
1901 and 0.0051 t⋅ha− 1⋅a-1 in 1964, respectively. As shown in Fig. 4, 
higher values of TP load from soil erosion were mainly concentrated in 
the S1, S2 and S7 sub-basins. 

Six classes of TP load from soil erosion in the Yangtze River Basin 
could be identified: 0.000–0.001, 0.001–0.005, 0.005–0.020, 
0.020–0.050, 0.050–0.100 and >0.100 t⋅ha− 1⋅a-1. Regarding the 
average annual TP load in the Yangtze River Basin over the 1901–2010 
period, the classes of 0.000–0.001, 0.001–0.005, 0.005–0.020, 
0.020–0.050, 0.050–0.100 and > 0.100 t⋅ha− 1⋅a-1 accounted for total 
areas of 38.11, 37.15, 18.71, 5.32, 0.71, 0.00%, respectively (Table 6). 
0.22, 0.04, 0.02 and 0.01% of the total areas of the S1, S7, S8 and S2 sub- 
basins where characterised by TP load from soil erosion >0.1 t⋅ha− 1⋅a-1. 

3.2.1. Spatial autocorrelation (Moran’sI) 
Moran’sIvalues of average annual soil erosion, and TN and TP loads 

from soil erosion were 0.39, 0.35 and 0.37, respectively. These three 

Fig. 2. Spatio-temporal variations of natural soil erosion in the Yangtze River Basin over the 1910–2010 period.  

Table 4 
Area proportion of the mean average annual soil erosion during 1901–2010.  

Class (t⋅ha− 1⋅a-1) YRB (%) S1 (%) S2 
(%) 

S3 
(%) 

S4 
(%) 

S5 
(%) 

S6 
(%) 

S7 
(%) 

S8 
(%) 

S9 
(%) 

S10 
(%) 

S11 
(%) 

S12 
(%) 

0–5 39 29 13 48 59 63 85 24 39 52 35 51 52 
5–25 38 40 36 41 34 30 12 36 43 39 50 39 39 
25–50 11 13 21 7 5 4 2 15 9 5 11 7 6 
50–80 5 6 13 2 2 1 1 7 4 2 3 2 2 
80–150 4 6 11 1 1 1 1 8 3 1 1 1 1 
>150 3 5 7 0 0 0 0 10 1 0 0 0 0  
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auto-correlation values illustrate that the spatial distribution patterns of 
natural soil erosion, and TN and TP loads from soil erosion were clus
tering rather than random. Spatial autocorrelations of soil erosion, and 
TN and TP loads from soil erosion were not significant in most sub- 
basins. Sub-basins involving significant results mainly exhibited H-H 
and L-L aggregation. As revealed by the local spatial correlation pattern 
in the LISA cluster maps (Fig. 5), L-L areas were mainly distributed in S1, 
S3, S4, S5, S6, S7, S8, S9, S10, S11 and S12 and H-H areas were chiefly 
distributed in S1, S2 and S7. 

H-H areas were mainly distributed in the southern and western areas 
of the Yangtze River Basin, where the altitude is relatively higher. L-L 
areas were primarily located in the S1, S3, S4, S5, S6, S7, S8, S9, S10, 
S11 and S12 sub-basins. The LISA cluster map of the average annual TN 
load from soil erosion shows that the L-L and H-H areas accounted for 
9.0 and 38.6% of the total area, respectively. The LISA cluster map of the 
average annual TP load from soil erosion shows that the L-L and H-H 
areas accounted for 8.9 and 35.9% of the total area, respectively. The 
LISA cluster map of the average annual soil erosion shows that the L-L 
and H-H areas accounted for 25.7 and 9.9% of the total area, 
respectively. 

3.3. Temporal variation 

The average annual sediment load simulated by NLEM over the 
1901–2010 period at Datong Station, representing the watershed control 
area of 1.7054 million km2 of the Yangtze River Basin, was 432 million 
tonnes, with the maximum and minimum values of sediment load were 
664 million tonnes in 1964 and 55 million tonnes in 1901. The average 
annual TN load from soil erosion in the watershed control area was 1.8 
million tonnes, with the maximum and minimum values being 2.7 
million tonnes in 1964 and 0.2 million tonnes in 1901, respectively. The 
average annual TP load from soil erosion in the watershed control area 
was 0.6 million tonnes, with the maximum and minimum values being 
0.9 million tonnes in 1964 and 0.06 million tonnes in 1901, respectively. 

3.3.1. Sequential T-test analysis of regime shift (STARS) 
As shown in Fig. 7, regime shift of soil erosion occurred in 2004, with 

the regime shift index (RSI) being − 1.24. The regime shifts of the 
sediment load at Datong Station and those of the TN and TP loads from 
soil erosion occurred at similar times. Regime shifts of the TN load from 
soil erosion occurred in 1969 (RSI = -0.53), 1986 (RSI = -0.72), 2000 
(RSI = -1.57) and 2006 (RSI = -0.12). In terms of AP, regime shifts of the 
TP load from soil erosion occurred in 1969 (RSI = -0.54), 1986 (RSI =

Fig. 3. Spatial and temporal variations of the TN load from natural soil erosion in the Yangtze River Basin over the 1910–2010 period.  

Table 5 
Area proportion of the average annual TN load from soil erosion during 1901–2010.  

Class 
(t⋅ha− 1⋅a-1) 

YRB (%) S1 
(%) 

S2 
(%) 

S3 
(%) 

S4 
(%) 

S5 
(%) 

S6 
(%) 

S7 
(%) 

S8 
(%) 

S9 
(%) 

S10 
(%) 

S11 
(%) 

S12 
(%) 

0.00–0.01 59 47 36 90 91 95 98 31 75 90 79 88 93 
0.01–0.05 32 39 47 10 9 5 2 43 21 9 20 12 7 
0.05–0.10 6 9 11 0 0 0 0 13 3 0 1 1 0 
0.10–0.20 3 4 4 0 0 0 0 8 1 0 0 0 0 
0.20–0.50 1 1 1 0 0 0 0 4 1 0 0 0 0 
>0.50 0 0 0 0 0 0 0 0 0 0 0 0 0  
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-0.70), 1999 (RSI = -1.23) and 2006 (RSI = -0.58). Regime shifts of the 
sediment load at Datong Station occurred in 1969 (RSI = -0.52), 1985 
(RSI = -0.64) and 2001 (RSI = -1.84). 

3.3.2. Mann–Kendall trend tests 
Fig. 8 presents the results of the M− K trend tests of soil erosion in the 

Yangtze River Basin, sediment load at Datong Station, and TN load and 
TP loads from soil erosion. The soil erosion trend in the Yangtze River 
Basin is not significant because the UF line is within the 95% confidence 
level. The jump time (intersect point of UF and UB lines) is around in 
2001 (within at 95% confidence level), meaning that, over the entire 
1901–2010 period, 2001 was a soil erosion changing point. The STARS 
method also indicated a regime shift in 2001. The annual precipitation 
in the Yangtze River Basin in 2002 was 1439.08 mm, i.e., relatively 
increased compared to values over the entire 1901–2010 period. 

An increasing soil erosion trend occurred from 1901 to 1929, as 
shown in Fig. 8. Subsequently, from 1932 to 1951, soil erosion 
decreased and began to oscillate during the 1952–1973. From 1973 to 

1993, soil erosion declined and subsequently increased from 1993 to 
2005. From 2005 up until 2010, it followed a descending trend. 

The sediment load at Datong Station, and TN load and TP loads from 
soil erosion exhibited similar variations, all of them started exhibiting 
decreasing trends in 1968, which became significant in 1978 (within the 
95% confidence level). M− K trend tests indicated that the intersection of 
the UF and UB lines (jump time) of sediment load of Datong Station and 
TN and TP loads from soil erosion was around 1990 (within the 95% 
confidence level), thereby being suggestive of a changing point in 1990. 
Nevertheless, the STARS method did not indicate a changing point in 
1990. 

As shown in Fig. 8, the sediment load at Datong Station and the TN 
and TP loads from soil erosion followed increasing trends from 1901 to 
1930. During the 1932–2010 period, the sediment load at Datong Sta
tion and TP load from soil erosion followed overall decreasing trends. 
The TN load from soil erosion also decreased from 1932 to 1950, while it 
followed an increasing trend from 1950 to 1960 and from 1965 to 1972. 
The TN load from soil erosion continued to decrease after 1972. 

Fig. 4. Spatial and temporal variations of the TP load from soil erosion in the Yangtze River Basin over the 1910–2010 period.  

Table 6 
Area proportion of the average area of mean annual TP load from soil erosion during 1901–2010.  

Class 
(t⋅ha− 1⋅a-1) 

YRB (%) S1 
(%) 

S2 
(%) 

S3 
(%) 

S4 
(%) 

S5 
(%) 

S6 
(%) 

S7 
(%) 

S8 
(%) 

S9 
(%) 

S10 
(%) 

S11 
(%) 

S12 
(%) 

0.000–0.001 38 29 15 57 55 75 80 20 43 50 51 64 67 
0.001–0.005 37 37 38 37 38 22 17 34 40 41 40 31 30 
0.005–0.020 19 24 36 6 7 3 3 27 13 9 9 5 3 
0.020–0.050 5 8 10 0 0 0 0 13 3 1 0 0 0 
0.050–0.100 1 1 1 0 0 0 0 5 1 0 0 0 0 
>0.100 0 0 0 0 0 0 0 0 0 0 0 0 0  

X. Liu et al.                                                                                                                                                                                                                                      



Ecological Indicators 150 (2023) 110206

9

3.3.3. Wavelet analysis 
In environment sciences, wavelet analysis could be applied to anal

yse multi-scale, irregular, unstable and noisy time series (Cazelles et al., 
2008). The principle periodic component and transient dynamics in a 
given time series could be interpretated by the wavelet power spectrum. 
Regarding soil erosion in the Yangtze River Basin, there was higher 
variance between 0.0 and 1.2 years in 1915, 1950, 1970 and 1995 
(Fig. 9), greater wavelet power was evident between 2.4 and 3.2 years 
around 1937–1943, An area of significant variance with periods be
tween 3.8 and 5.7 years was evident between 1995 and 2003, an area of 
significant variance with periods between 15.8 and 25.6 years was also 
evident between 1990 and 2010. On this account, high wavelet power 
existed over long periods of time. The global wavelet spectrum implied 
peaks at 1.4, 4, 15.8 and 35.2 years. 

Regarding sediment load of Datong Station, there was a band of 
higher variance between 0.0 and 6.0 years around 1901–1905 (signifi
cant at the 95% confidence level), between 0.8 and 2.4 years, greater 
wavelet power with significant variance was evident around 1956 and 
1995. From 1962 to 1972, periods are between 0.0 and 3.3 years with 

significant confidence level at the 95%. The global wavelet spectrum 
implied peaks at 0.8, 2.4, 5.6, 8, 16 and 35.2 years. Between 7.2 and 8 
years, between 8.0 and 9.6 years and between 12.8 and 19.2 years, 
greater wavelet power appeared during 1975–1987, 1958–1970 and 
1995–2010 which were not significant at 95% confidence level. 

For the TN and TP loads from soil erosion, wavelet power spectrum 
and global wavelet spectrum were quite similar. The global wavelet 
spectrum of TN and TP loads from soil erosion in the Yangtze River Basin 
illustrated peaks at 1.0, 2.7, 5.6, 8, 16.0 and 35.2 years. During 
1901–1905, a contour appeared between 0.0 and 6.0 years (significant 
at the 95% confidence level). Between 0.5 and 1.6 years, there was a 
high power from 1994 to 1996. Moreover, it was significant at 95% 
confidence level. There was a high variance between 0 and 3.2 years 
with 5% significance regions of power from 1964 to 1972. Between 0.8 
and 3.2 years, 95% significant confidence level contour existed from 
1957 to 1960. This was a little bit different from the spectrum of the 
sediment load at Datong Station. There were also two greater, albeit not 
significant at the 95% confidence level, power intervals from 1957 to 
1969, and from 1998 to 2010 between 8.0 and 9.6 years and between 

Fig. 5. Moran’sIscatter plots of the average annual soil erosion, and TN and TP loads from soil erosion in the Yangtze River Basin. The first, second, third and fourth 
quadrants of the coordinate system are H-H, L-H, L-L and H-L areas, respectively. 

Fig. 6. Spatial autocorrelation image of average annual soil erosion, and TN and TP loads from soil erosion over the 1901–2010 period.  
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14.4 and 17.6 years, respectively. 

4. Discussion 

It has been verified that human activities, such as, dam operations, 
deforestation, have impact on the sediment loads in basin (Zhang et al., 
2006). There were 11,931 water reservoirs which were mainly located 
in the tributaries had been constructed by the end of 1980s (Zhang et al., 
2006). These reservoirs would trap sediments and reducing downstream 
sediment loads. The condition are more complicated in the mainstream 
of Yangtze River Basin compared with tributaries. Precipitation, trans
port process, water discharge, Dam operations, large lakes, changing 
slope of river bed and changing patterns would have influences on the 
sediment loads in stations of mainstream (Zhang et al., 2006). 

In general, higher soil erosion values were mainly distributed in the 
S1, S2 and S7 sub-basins of the Yangtze River Basin. The S1, S2 and S7 
sub-basins are situated at higher elevations, comprising mountainous 
and hilly regions in the Yangtze River Basin, hence, in general, more 
severe soil erosion conditions could be experienced (Alewell et al., 
2008). This highlights the need for more thorough investigations in the 
upper reaches. 

The types of land cover in the upper reaches are mainly plateau 
grassland and bare land, this is the primary cause of the widely 
distributed soil loss in the upper reaches (Li et al., 2022). The deterio
ration of water quality in upstream of Yangtze River hindered the 
development of the YRB (Li et al., 2009). It has also been validated that 
the primary non-point pollution sources of upper reaches is soil erosion 
(Wu et al., 2012). It has been validated by the watershed of Fuji River 
and Yellow River that natural areas was the major sources of AN and AP 
pollutions (Tao et al., 2010). Nutrient balance of Lancang River was also 
influenced by cascade dam construction. In Lancang River, rainfall was 
the main factor of soil erosion which accounted for 60% TP load (Zhang 
et al., 2020a). 

Higher values of TN load from soil erosion were mainly distributed at 
the S1, S2 and S7 sub-basins, which might because the TN content in soil 
erosion were relatively high compared with other sub-basins. These 
upstream of YRB contributed considerable TN loss from soil (Chen et al., 
2018; Wang et al., 2015b; Wang et al., 2019b). DN loss spatial 

distribution was different from AN loss spatial distribution, as middle 
and lower reaches are the primary areas of TN load (Wang et al., 2020). 
Higher TP content of soil was mainly distributed in S1, S2 and S7 and 
this might contribute to the higher values of TP load from soil erosion. It 
has been discussed that the lower AN and AP from headwater of YRB 
might because the lower precipitation and the land use type was 
grassland which have effective ability of soil retention (Tao et al., 2010). 
It has been demonstrated that the DN and DP spatial distribution were 
quite different from AN and AP and this indicated that management 
efforts should include both human activities and contributing factors 
management (Tao et al., 2010). 

The degree of soil loss in the upper reaches of Yangtze River Basin is 
generally severe. In addition, human activities are low, while crop land 
and built-up land occupy together only about 20% of the entire land 
area, hence, other pollution sources do not contribute significantly to 
the TN and TP emissions (Alewell et al., 2020; Liu et al., 2020). It has 
been validated that the upstream of Yangtze River Basin contribute more 
to the nutrient loss compared with the middle and lower reaches (Zhang 
et al., 1999). In the lower reaches of the Yangtze River Basin, other 
sources of TN and TP, such as urban domestic sewage and non-point 
sources were relatively large compared with those in the upper rea
ches (Li et al., 2022). 

The average TN/TP ratio of sediment load from soil erosion at 
Datong Station was 3.14 over the 1901–2010 period. Over the 
1960–2003 period, the average TN/TP ratio was 6.35, while the average 
DN/DP ratio was 18.145 in the upstream of Yangtze River (Shen et al., 
2013). Therefore, over the 1960–2003 period, the AN/AP ratio from the 
upper reaches of Yangtze River must have been below 6.35. In addition, 
dam constructions after 1968 (Yang et al., 2018), resulted in economic 
development and water pollution. Moreover, the DN and DP increased 
from 1980 because of intensive water pollution (Shen et al., 2013). The 
effect of water pollution on the value of TN and TP values was identi
fiable, since the DN and DP values in 2003 were triple of the value in 
1960, hence, the TN and TP values in 1960 were relatively more 
reasonable. The TN/TP ratio in 1960 was 4.08, with the DN/DP ratio 
being 18.91, therefore, the AN/AP ratio was definitely <4.08, thereby 
matching nicely the result of this research. In the upper reach of the YRB, 
the DN/DP value ranged from 15.3 to 20.2. Before 2000, runoff in Upper 

Fig. 7. Detection of regime shift of soil erosion and sediment load at Datong Station, as well as TN and TP loads from soil erosion. Black lines represent the initial 
data of the indicators. Red lines indicate the equal-weighed arithmetic means of the regimes. The units of the TP and TN loads sediment load and soil erosion are 
t⋅ha− 1⋅a-1, t⋅ha− 1⋅a-1, 100 million tonnes, t⋅ha− 1⋅a-1, respectively. 
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reach of YRB was N limited and after that, P became more limited. It has 
been expected that after the TGD operation, more AP would be depos
ited in the reservoir as the P is more particle reactive and this gave rise to 
the algal blooms (Tao et al., 2010). The average annual AN/AP ratio 
over the 1901–2010 period in the S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, 
S11 and S12 sub-basins were 3.06, 3.32, 2.74, 2.28, 2.69, 2.97, 3.36, 
2.40, 2.08, 3.50, 3.49 and 3.39, respectively. 

The L-L areas were located in regions with high population density 
and intense human activities. As shown in Fig. 6, the scatter points are 
mainly in the first quadrants, revealing strong positive spatial correla
tions among soil erosion, and the TN and TP loads from soil erosion 
(Xiong et al., 2021). 

The maximum values of TN and TP loads from soil erosion in 1964 
were because the actual sediment load at Datong Station was maximum 
from 1901 to 2010 in Yangtze River Basin. The minimum values of 
sediment load at Datong Station, as well as those of the TN and TP loads 
from soil erosion, in 1901 were due to the annual precipitation over 
Yangtze River being as low as 243.34 mm. One of the primarily driving 
forces of soil erosion is precipitation, with more intense rainfall causing 
severe soil loss and exacerbating the TN and TP loads from soil erosion 
(B. Zhang et al., 2020). Furthermore, raster rainfall data were input in 
the NLEM model, consequently, the TN and TP loads from soil erosion 
were related with them. The maximum values indicated that regardless 
of rainfall being one of the driving forces of the TN and TP loads from 
soil erosion, there may be also other elements contributing to increases 

in the variabilities of the TN and TP loads from soil erosion (B. Zhang 
et al., 2020). 

Regarding STARS method, regime shift of soil erosion occurred in 
2004, and the Three Gorges Dam (TGD) trial operation occurred in 
2003, this might have resulted in further land use changes in the Yangtze 
River Basin (Zhang et al., 2020b). 60% of sediment entered into the 
Three Gorges Dam and was trapped by the dam (Xu and Milliman, 
2009).The regime shifts of the sediment load at Datong Station and those 
of the TN and TP loads from soil erosion occurred at similar times. N and 
P balance in YRB were influenced by the Three Gorges Dam operation 
and TN and DIN and TP loads decreased after 2003 (Sun et al., 2013). 
Gezhouba Dam operated during 1981–1986 and may have been the 
cause for the regime shift of AN, AP and sediment load at Datong Station 
occurred around 1985 (Zhang et al., 2006). The regime shift of the 
sediment load at Datong Station, as well as those of the TN and TP loads 
from soil erosion, in 1969 might have been the result of sediment 
retention by dams, whose impact on Yangtze River Basin in 1968 (Fang 
et al., 2019). 

M− K trend tests indicated that a changing point of sediment load of 
Datong Station and TN and TP loads from soil erosion was in 1990. This 
may have been connected with Gezhouba Dam, which operated during 
1981–1986 (Zhang et al., 2006). The operation of Gezhouba Dam could 
have reduced the mainstream sediment of the Yangtze River Basin, with 
a certain amount of sediment ending up in Poyang lake (Zhang et al., 
2006). 

Fig. 8. Mann-Kendall trend tests of soil erosion in the Yangtze River Basin, sediment load in Datong Station, and TN and TP loads from soil erosion. Red, blue and 
yellow lines represent UF, UB and the 95% confidence level, respectively. 
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Fig. 9. Wavelet power spectrum of soil erosion, sediment load at Datong 
Station, and TN and TP loads from soil erosion. In each panel, the upper part 
illustrates the standardised time series of the indicator; the lower right panel 
displays the global wavelet spectrum; the lower left panel displays the wavelet 
power spectrum (Morlet) plotted by power log2 form. Thick black contours in 
the wavelet power spectrum indicate the 95% confidence level against red 
noise. Cone of influence (COI), which delimits the region not influenced by 
edge effects is expressed by semi-circular black curves. In the wavelet power 
spectrum, dashed black contours illustrate z level.   
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It has been demonstrated that total sand mined in mainstream (the 
middle and lower reaches) of Yangtze River Basin increased from 23 MT 
in 2004 to 60 MT in 2010 (Chen et al., 2020). This might be another 
reason for sediment decrease at Datong Station. Sand and sediments are 
essential materials for habitats. The decrease of sediment and loss of 
sand gave rise to the degradation of aquatic habitats particularly in 
downstream of Dam (Chen et al., 2017). As the soil erosion condition in 
the upper reach of YRB was severe, control erosion by maintaining 
vegetation in these areas are necessary (Chen et al., 2017). The changing 
pattern at Datong Station was similar with Hankou Station. However, as 
Poyang Lake adopted quite amounts of sediments and river channel had 
effect on sediments, the decreasing trend stronger than Hankou (Zhang 
et al., 2006). Actually, there are poor correlation of these two stations 
between sediments and runoff, this was because the impact of reservoir 
on sediment loads was so tremendous to overwhelm the regular of more 
water discharge would have more power to transport sediments (Zhang 
et al., 2006). It has also demonstrated that Dongting Lake had more 
influences on the decrease at Datong Station compared with Poyang 
Lake (Zhang et al., 2006). 

There was a lack of scientific monitored and estimation of absorbed 
nitrogen and phosphorus carried by sediment on account of the standard 
of China surface water quality (GB3838-2002) of water sampling. This 
research could make up for the lack of data for the Yangtze River Basin 
from 1901 to 2010. As the sediment load data applied for SDR calcu
lation and soil erosion and TN and TP load from soil erosion estimation 
was only from Datong Station which could represent the whole basin of 
the Yangtze River Basin, the SDR value for the 12 sub-basins were same. 
If the hydrologic control station of 12 sub-basins could be available in 
the future, the sediments load, and TN and TP loads from soil erosion 
contributed to the whole basin could be more accurate and 
interpretable. 

5. Conclusion 

Nitrogen and phosphorus are essential elements for organism living, 
however, on account of the measured data is insufficient, the estimation 
data of these parameters are restricted. This study calculated the soil 
erosion, and total nitrogen (TN) and total phosphorus (TP) loads from 
soil erosion in the Yangtze River Basin based on the Revised Universal 
Soil Loss Equation (RUSLE) model and Nutrient Losses Empirical Model 
(NLEM) methods using precipitation, digital elevation models (DEM), 
soil erodibility factor, normalized difference vegetation index (NDVI), 
land use type from remote sensing data, soil properties data, and ana
lysed the spatio-temporal distributions characteristics of soil erosion, 
and TN and TP loads from soil erosion. The main conclusions are as 
follows: 

In 2000, the relative error was − 3.14% and in 2004, the relative 
error was − 14.07%, indicating that the model was reasonable. The 
calculated average sediment delivery ratio (SDR) background in the 
Yangtze River Basin based on this method was 0.1557. This SDR value 
which was get rid of the impact of dam trap was applied for the calcu
lation of sediment loads in the Datong station. Over the 1901–2010 
period, the average annual soil erosion in the Yangtze River Basin was 
18.38 t⋅ha− 1⋅a-1. Soil erosion in the S1, S2 and S7 sub-basins was higher 
compared with other sub-basins of Yangtze River Basin, this was due to 
land cover at the upper reaches of the Yangtze River Basin being mainly 
plateau grassland and bare land. This highlights the need for more 
thorough investigations in the upper reaches. Over the 1901–2010 
period, the average annual TN and TP loads from soil erosion in the 
Yangtze River Basin were 0.0100 and 0.0033 t⋅ha− 1⋅a-1, respectively, the 
average values of TN and TP loads from soil erosion at Datong Station 
from 1901 to 2010 were 1.77 and 0.56 million tonnes, respectively. The 
average TN/TP value of sediment load at Datong Station from soil 
erosion was 3.14. 

The Moran’s Index of the average annual soil erosion, and TN and TP 
loads from soil erosion indicate that the soil erosion, and TN and TP 

loads from soil erosion were positively related, with the spatial distri
bution patterns being clustering rather than random. High-High cluster 
areas were mainly evident in the high-altitude regions in the western 
and southern Yangtze River Basin. Low-Low cluster areas were scattered 
primarily in regions of high population density and intense human ac
tivities. According to NLEM, over the 1901–2010 period, the average 
annual sediment load at Datong Station, representing the watershed 
control area of 1.7054 million km2 of the Yangtze River Basin was 432 
million tonnes, while the average total TN and TP loads from soil erosion 
at Datong Station were 1.77 and 0.56 million tonnes, respectively. 

There was a jump time around 2001 of soil erosion, which means 
that, over the entire 1901–2010 period, 2001 was a changing point in 
soil erosion. Mann-Kendall (M− K) trend tests indicated that the jump 
points of sediment load of Datong Station, and TN load and TP loads 
from soil erosion occurred around 1990, hence, 1990 may have been 
also a changing point, likely due to the operation of Gezhouba Dam 
during 1981–1986. Regarding soil erosion in the Yangtze River Basin, 
there was higher variance between 0.0 and 1.2 years in 1915, 1950, 
1970 and 1995. The global wavelet spectrum of the TN and TP loads 
from soil erosion in the Yangtze River Basin indicated peaks at 1.0, 2.7, 
5.6, 8.0, 16.0 and 35.2 years. 

In the process of SDR calculation, soil erosion and AN and AP esti
mation was only from Datong Station which could represent the whole 
basin of the Yangtze River Basin. The shortcoming of this research is the 
SDR value for the 12 sub-basins were same. As the representative hy
drologic control station of 12 sub-basins become available in the future, 
the spatial variation of sediments load, and AN and AP contributed to 
the whole basin could be more accurate and interpretable. TN and TP at 
Datong Station could be estimated when the dissolved nitrogen and 
phosphorus are modeled in future depth research. 
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