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Abstract: Climate change and human activities affect regional sediment transport and ecological
environment construction. Investigating sediment transport and its influencing factors in the Yihe
River Basin (YHRB) will provide guidance for regional soil and water conservation and sustainable
development. We analyzed the chronological changes, cycles, spatial distribution and influencing
factors using Mann-Kendall (M-K) trend analysis, wavelet analysis, and the Pettitt mutation point
(PMP) test, then quantified the role of precipitation and human activities in sediment transport
changes. The results showed that annual precipitation decreased marginally, whereas sediment
load has noticeably declined. Four precipitation cycles were observed: 4-8a, 9-14a, 16-19a, and
20-28a, where 9-14a was dominant; sediment transport cycles were tracked: 3-5a, 9-15a, and 30a,
where 30a was dominant with a decreasing trend. The sediment load was higher in the central,
northern, and southwestern sub-basins of the YHRB, while it was lower in the southeast. The
contribution of human activities and precipitation changes to sediment transport was 73.14% and
26.86% in transitional phase I (1965-1980) and 71.97% and 28.03% in transitional phase II (1981-2020),
respectively. Hydraulic engineering construction, water resource development, land-use changes,
and soil and water conservation measures intercepted precipitation and sediment, making them the
primary factor affecting sediment transport changes in the YHRB.

Keywords: sediment load; precipitation changes; human activities; double cumulative curves; Yihe
River Basin

1. Introduction

The alteration of sediment load is a crucial component of hydrological processes and
is of great significance to regional water and soil resources, food security, and ecosystem
functions [1]. Climate change predominantly affects sediment delivery under natural
conditions [2]. Moreover, in recent decades, human activities have accelerated the changes
in river sediment loads. According to statistics, nearly 50% of the 142 representative rivers
in the world show a decreasing trend in sediment load [2]. Based on the China Water
Resources Bulletin, the total annual sediment load from the 35 major river stations in China
in 2020 was 4.77 x 108 t, which was 67% lower than the average annual sediment load
over the past decades. Nonetheless, owing to regional and scale differences, the degree
of influence of climate change and human activities on sediment delivery in basins varies
between regions. Wang and Shi identified precipitation as the primary driver of changes
in the sediment load in the Yellow River Basin (YRB) prior to 1968 [3]. Chen and Wang
discovered that human activities have been the main instigators of the significant decline
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in annual sediment load in the upper course of the Yangtze River over the last 60 years [4].
Wau et al. confirmed that human activities, including deforestation, reservoir construction,
and soil and water conservation, significantly affected the sediment load in the Pearl River
Basin [5]. Ye et al. identified changes in sediment load in the Tarim River, largely owing to
climate change; certain tributaries showed an increase, whereas others showed a decrease
in sediment load [6]. However, the knowledge of to what degree human activities influence
sediment transport is still lacking.

Variations in sediment transport trends, series abruptness, the quantitative contribu-
tion of influencing factors, and future forecasting are critical areas within hydrological
research [7]. Studies addressing sediment loads in basins typically employ the Mann—
Kendall (M-K) test [8], sliding t-test [9], wavelet analysis [10], and Pettitt mutation point
(PMP) test [11] for determining the trend characteristics of sediment load changes, mutation
points, and cycling patterns. Changes in sediment load can usually be determined by em-
pirical statistical methods, such as double cumulative curves (DCCs) [12], cumulative slope
change [13], elasticity coefficient [14], and other empirical statistical methods, as well as
distributed hydrological models, such as the Soil and Water Assessment Tool (SWAT) [15],
New Split-Parameter Structure Used in Distributed (TETIS) models [16], and Sediment De-
livery Distributed (SEDD) [17] models. Among these, the M-K trend analysis is extensively
employed for the trend analysis of hydrological elements [18] and aids in revealing the
characteristics of hydrological series, such as the periodic fluctuation, energy magnitude,
and mutation [10]. Conversely, the PMP test is better at identifying the mutation points of
hydrological time series [19-21]. Empirical statistical methods, such as the DCC method,
can be used to effectively identify the contribution of human activities and precipitation to
water-sediment changes. The aforementioned approaches are the simplest, most intuitive,
and widespread methods currently applied to the analysis of trends and attribution of
hydrological elements in long series [12].

The Yihe River Basin (YHRB) is an important part of the Huaihe River Basin (HRB).
It is located in the hilly area of central and southern Lu, with low vegetation cover, loose
and shallow soil, heavy rainfall, and serious soil erosion, making it an area with the most
severe water erosion in China. It is also a key area for soil erosion control in the National
Soil and Water Conservation Plan of China. Nevertheless, how human activities influenced
the sediment transport in the YHRB is still unknown. In particular, a series of government
soil and water conservation policies have been implemented from the 1990s to the 21st
century. These policies are bound to have an impact on the YHRB'’s sediment transport.
Therefore, the main research objectives of this study are to (1) analyze the characteristics of
intra-annual and cyclical changes in sediment transport, as well as its inter-annual trends
and spatial variations; (2) analyze the human activities affecting the changes in sediment
transport; and (3) quantify the contribution of human activities to the changes in sediment
transport during different periods in the YHRB. The results can improve knowledge of
how human activities impact on sediment transport in the YHRB, as well as mountainous
rivers with serious soil erosion similar to the YHRB in the world.

2. Materials and Methods
2.1. Study Area

The Yihe River originates from the southern foot of the Lushan Mountains in Yiyuan
County. It is the longest river in Shandong Province and flows into Luo Ma Lake in Jiangsu
Province from north to south. It has a total length of 500 km and a basin area of 17,325 km?.
The YHRB in this study refers to the part above the Linyi Hydrological Station, which is
located between 33°30'-36°20" N and 117°25'-119°49’ E, with an area of approximately
10,026.43 km? (Figure 1). The terrain in the basin is high in the northwest and low in the
southeast, with mountains and hills as the main areas, and plains and valleys on both sides
of the river. The climate is a warm temperate continental monsoon climate, with an average
precipitation of 815 mm, concentrated in summer and autumn. The basin has a dense water
network with many tributaries, mainly distributed on the right side of the main stream,
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with short and rapid sources, such as the Dongwen, Meng, and Beng Rivers. The main
types of soil are coarse bone soil and brown soil. Coarse bone soil is shallow and thin with
high gravel content, making the soil relatively infertile. There are 40 rain gauge stations
and four hydrological stations in the basin. The four hydrological stations are Linyi, Gegou,
Jiaoyi, and Gaoli, with Linyi being the hydrological control station at the basin outlet.

117°30'0"E 118°0'0"E 118°30'0"E
j\/\[ == ' : :
() (© N
Mongolia i ) A
Legend & ' \
. 7
¥ [— Hydrographic Net ﬁ;? ' Z
A Hydrolgical Station Qe deasi’s 'y B
) 1 ® Rain Gauge Station S g
# S Elevation (m) g
s 1135
" Phifippines .
e tg 00490 980,

] — ] Z
b) [ 1Shandong Province N =
[ Study Area A 1 I Sc"’
e w
o
Z
. Linyi _%
0 80 160 0 10 20 <
mmw———km [ ] o

117°300"E 118°0'0"E 118°300"E

Figure 1. Distribution of the water system, rain gauge stations, and hydrological station in the
YHRB. (a,b) Locations of Shandong Province and the YHRB; (¢) Dem, sub-basin, and locations of the
hydrological and rain gauge stations of the YHRB.

2.2. Data Sources

Monthly precipitation and sediment load data from 1956 to 2020 were obtained from
the hydrological data of the HRB. The reservoir capacity and other data for the basin
were mainly derived from the Compendium of Large and Medium-sized Reservoir Reg-
istration Data of Shandong Province and the Statistical Yearbook of Water Resources of
Shandong Province (http://wr.shandong.gov.cn/ (accessed on 1 May 2021)). Data on
water consumption in the basin were obtained from the Linyi Water Resource Bulletin
(https:/ /slj.linyi.gov.cn/xxgk/tjsj.htm (accessed on 22 June 2021)), the Zibo Water Resource
Bulletin (https:/ /sl.zibo.gov.cn/ (accessed on 1 March 2022)), and other sources. Data on
soil and water conservation management in the basin were mainly obtained from the Linyi
Water Resource Bureau (https://slj.linyi.gov.cn/dt/xqss/247.htm (accessed on 20 June
2021)), Zibo Water Resource Bureau (https://sl.zibo.gov.cn/ (accessed on 1 Mar 2022)),
and other relevant departments. Base information on land use was interpreted from the
relevant year’s remote sensing images using the original Multispectral Scanner (MSS)
imagery (United States Geological Survey, https:/ /www.usgs.gov/ (accessed on 10 June
2022)) at a spatial resolution of 40 m, with data from 1995 to 2020 being acquired using
Landsat TM/ETM+ (Geospatial Data Cloud, http://www.gscloud.cn/ (accessed on 15 July
2022)) at a spatial resolution of 30 m.
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2.3. Methods
2.3.1. Mann—Kendall Trend Analysis

The M-K trend analysis is widely used for trend analysis of time series of precipita-
tion, runoff, temperature, and other elements, and is a widely used non-parametric test.
Assuming that H is the time-series data, xy, . . ., x, are independent samples with the same
distribution of random variables; the alternative hypothesis H; is a bilateral test, for all
i,j <n,and i # j; the distributions of x; and x;j are not the same; and the statistic of the test,
S, is calculated using the following equation [8]:

n i—1

S=Y") sign(x;— X)) (1)
i=2j=1
(S—1)/+/Var(S), S$>0
Z:. =<0, 5=0 (2)
(S+1)/+/Var(S), S<0
Var(S) =n(n—1)(2n+5)/18 (3)

where x; and x; are the sample data values, 1 is the sample capacity, and sign (x; — x;) is
1,0, and —1, respectively, based on the positivity or negativity of (x; — x;). Ata given a
confidence level, the original hypothesis Hy is accepted if Zc < 1Z; — a/2| and rejected if
Zc > 1Z1 —a/2|. Positive and negative values of Zc indicate that the trend of the series is
increasing or decreasing, respectively; | Zc| values > 1.64, 1.96, and 2.58 indicate that they
pass the test of significance at 90, 95, and 99%, respectively.

2.3.2. Wavelet Analysis

Wavelet analysis is used to fragment the hydrological time series into low- and high-
frequency ranges through scale [10]. The Morlet wavelet, an intricate variant of the wavelet,
boasts advantages over its real form in applications, offering effective resolution of oscilla-
tions during transformations and enabling the separation of modes and phases. It is often
employed in hydrological and climatological research [10]. The mathematical equation is
as follows:

Wy (a,b) = [a] * Z fF (0 ) @

where Wa,) is the wavelet transform coefficient, f(f) is a signal or square-integrable
function, a is the telescoping scale, b is a translation parameter, and ¥ (%) is a complex
conjugate function. Positive values of the real part of the wavelet coefficients indicate
periods of abundance, negative values indicate periods of dryness, and zero values in-
dicate turning points from periods of abundance to dryness, or from dryness to periods
of abundance.

Integrating the squared values of the wavelet transform coefficients over the b-domain
yields the wavelet variance, which varies with the scale a:

2
’ db ®)

var(a) = /_J:O ‘Wf(a, b)

2
where var(a) is the wavelet variance, and ’Wf (a, b)' db is the integration of the squared
values of the wavelet transform coefficients over the b-domain.

2.3.3. Pettitt Mutation Point Test

The PMP test employs the Mann-Whitney non-parametric test for the mutation anal-
ysis of hydrometeorological variables, yielding mutation points that quantify their sig-
nificance [19]. The original (Hp) and alternative (H) hypotheses of the PMP test were as



Sustainability 2024, 16, 5396

50f21

follows: no mutation occurs at time t in the time series of hydrometeorological elements,
and a mutation occurs at time t in the time series of hydrometeorological elements, re-
spectively. For the hydrometeorological element time series x = (xy, . . ., x;;), the mutation
point is assumed to be x; such that the original time series can be divided into two parts:
X1, X2, ..., Xy and X¢41, X1, - . ., Xu. For the possible occurrence time t of the mutation point,
the statistic Uy, is defined as follows [21]:

Upp = Up 10+ ) o qsgn(xe—x;) £=2,3,...,n (6)

For time t at which a mutation point may occur, the statistic K; is defined to determine
the most likely mutation point:
Kt = max|Uy,| (7)

where 1 <t <1, and the significance level P; is calculated using the following equation
after determining the mutation point according to Equation (7):

Pi=2exp[~6Kp2/ (n® + 12| (8)

For a given confidence level «, if P; > «, the original hypothesis is accepted, and no
significant mutation occurs at time t. If P; < «, the original hypothesis is rejected, and
a significant mutation occurs at time ¢. In general, a mutation point is considered to be
present in the data when P; < 0.05.

2.3.4. Double Cumulative Curves

DCCs are a common method to test the consistency of the relationship between two
parameters and their changes; they can be used to test the consistency of hydrometeoro-
logical elements, interpolate missing values, correct data, and analyze trend changes of
hydrometeorological elements and their intensity [12].

The basic method of building a DCC is as follows: Two variables are used, namely, X
(reference or baseline variable) and Y (tested variable), with observations Xi and Yi over an
observation period of 1 years, wherei=1, 2, 3, ..., n. First, the respective cumulative values
of variables X and Y are calculated in a year-wise manner to obtain the new year-wise
cumulative series X'i and Y'i, wherei =1, 2, 3, ..., n, namely:

n n
Xi =Y X,Y[ =YY 9
i i

We plotted the relationship between the cumulative values of the two variables at
corresponding points in a right-angled coordinate system. In general, when plotting the
graphs, the vertical (Y-axis) and horizontal (X-axis) coordinates represent the variable being
tested and reference or benchmark variable, respectively.

3. Results and Analysis
3.1. Temporal Variations in Precipitation and Sediment Load
3.1.1. Characteristics of Intra-Annual Variability in Precipitation and Sediment Load

The intra-annual distributions of precipitation and sediment load in the YHRB were
uneven, with large seasonal differences mainly concentrated in summer and autumn
(Figure 2). The average monthly precipitation and sediment load were 65.72 mm and
52.92 kg /s, with peaks in July, at 228.44 mm and 384.11 kg /s, representing 28.97 and 60.48%
of total annual precipitation and sediment load, respectively. The coefficients of variation of
the average monthly precipitation and sediment load were both greater than 1, indicating
strong variation. The average monthly precipitation and sediment load in summer and
autumn were significantly higher than in winter and spring, and the average monthly
precipitation and sediment load in June and August accounted for 64.91 and 95.77% of
the total annual precipitation and sediment load, respectively. The proportions of average
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monthly precipitation and sediment load in other months were small; in particular, the
sediment load was less than 5% of that in the entire year. Additionally, the phenomenon of
“water without sediment” was observed during some months.
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Figure 2. Changes in average monthly precipitation and sediment load in the YHRB.

3.1.2. Characteristics of Inter-Annual Variability in Precipitation and Sediment Load

The M-K trend analysis was used to analyze the trends of annual precipitation and
annual sediment load over time in the YHRB from 1956 to 2020, and the M-K stan-
dard variations of annual precipitation and annual sediment load were Z, = —0.93 and
Zs = —5.8142, respectively. Considering the significance level o« = 0.05, the corresponding
test critical value | Z; —a/21 =1.96. As Z, <0,Zs <0,and | Z,| < |21 —a/21, 1 Zs| >

|Z1 — a/21, both precipitation and sediment load in the YHRB showed a decreasing trend,
and the decreasing trend of precipitation was not obvious, whereas that of sediment load
was considerably obvious.

As presented in Table 1 and shown in Figure 3, the average precipitation and sed-
iment load in the YHRB were 795.16 mm and 166.49 x 10* t, respectively. The highest
annual precipitation and annual sediment load were 1248.93 mm (recorded in 1964) and
2170 x 10* t (recorded in 1957), respectively. Within different decades, the average values
of precipitation in 1956-1960, 1961-1970, 1971-1980, 1981-1990, 1991-2000, 2001-2010,
and 2011-2020 were 914.89, 853.55, 795.01, 678.67, 784.57, 814.33, and 784.96 mm, and the
average values of sediment load in each decade were 923.38, 304.74, 154.58, 33.33, 54.15,
18.65, and 55.04 x 10% t, respectively. The coefficients of variations of the inter-annual
precipitation and average annual precipitation in the basin showed medium variability.
The degree of variability in the sediment load in the basin varied considerably in each
decade, with moderate variability in 1956-1960, 1961-1970, and 1971-1980, and strong
variability in 1981-1990, 1991-2000, 2001-2010, and 2011-2020. The coefficient of variation
of the average annual sediment load was 5.02, indicating high variability.

By combining 65 years of precipitation and sediment load changes in the basin, the
coefficient of variation, and M-K trend analysis, we found that the decreasing trend of
annual sediment load was considerably greater than that of annual precipitation (Figure 3),
and the change was particularly obvious after the 1980s. Additionally, years with the
phenomenon of “water without sediment” suggested that changes in sediment load were
increasingly influenced by precipitation variations alongside anthropogenic impacts.
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Table 1. Changes in average annual precipitation and sediment load in the YHRB from 1956 to 2020.

Period Precipitation Sediment Load
Average Value Variation Average Value Variation
(mm) Coefficient (10* 1) Coefficient

1956-1960 914.89 0.16 923.38 0.72

1961-1970 853.55 0.23 304.74 0.78

1971-1980 795.01 0.18 154.58 0.90

1981-1990 678.67 0.27 33.33 1.48

1991-2000 784.57 0.17 54.15 1.13

2001-2010 814.33 0.24 18.65 1.28

2011-2020 784.96 0.19 55.04 1.51

1956-2020 795.16 0.23 166.49 5.02

3000 —@— Sediment load —&— Precipitation 1600

Linear (Sediment load) - - - - Linear (Precipitation) 1 1400

2500
g y, =—1.2856x,+ 837.58 4 1200 ’g
= 2000 fg g
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Figure 3. Changes in the annual precipitation and annual sediment load in the YHRB from 1956

to 2020.

3.1.3. Cycle Analysis of the Changes in Precipitation and Sediment Load

A significant difference was observed between the annual precipitation and sediment
load cycles in the YHRB (Figures 4 and 5).

Time scale (Year)

1960

1980 2000
Year

2020

30

25

20

Wavelet variance

Time scale (Year)

(b) S
[ ]
i °
[ )
L [ ]
]
! °
[ ]
o
L ) [ )
oo ” °
"o ') % o
E g ° A
1 \M’.b.
0 10 20 30 40 50 60

Figure 4. Wavelet analysis of precipitation in the YHRB from 1956 to 2020. (a) Wavelet-transformed
real part plot of annual precipitation; (b) wavelet variance plot of annual precipitation.
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Figure 5. Wavelet analysis of sediment load in the YHRB from 1956 to 2020. (a) Wavelet-transformed
real part plot of annual sediment load; (b) wavelet variance plot of annual sediment load.

The annual precipitation cycle of the basin was clear (Figure 4a). We observed four
peaks with oscillation cycles of 4-8a, 9-14a, 16-19a, and 20-28a (Figure 4b). The energy
of the time scale of 9-14 years was the strongest, which was the main cycle of precipita-
tion change in the basin, and 4-8a, 16-19a, and 20-28a represented the secondary cycles.
In the time scale of 9-14a, we observed multiple oscillations of “abundant-dry” in the
precipitation of the basin, and the oscillations in 1956-1976 were the most obvious.

A series of three distinct wavelet variance chart peaks for the annual sediment load are
shown in Figure 5b. These oscillations were more prominent in cycles 3-5a, 9-15a, and 30a.
The 30a time scale displayed the highest energy and a decreasing tendency, representing
a principal annual sediment load change cycle. The secondary cycles included 3-5a and
9-15a. The 9-15a time scale showed most significant oscillation, with six occurrences of
“abundant-dry-abundant-dry-abundant-dry” events observed primarily in 1956-1969.
This period witnessed a cyclical “abundant-dry” sediment load process, wherein the first
“abundant season” isoline was not fully encircled, suggesting that there were periods of
drought before 1980. After 1980, the oscillation of the isoline chart of the real part of the
wavelet coefficient was undetectable, signifying a lack of significant periodic changes in
the annual sediment load after 1980.

3.2. Spatial Variations in Sediment Load

Four sub-basins (Sub1, Sub2, Sub3, and Sub4) have been divided based on DEM,
hydrological system condition, and the relationship between main streams and tributaries.
Among them, Gegou station controls Subl, Gaoli station controls Sub2, Jiaoyi station
controls Sub3, and Sub4 is the area where the main stream meets the tributaries (Figure 1c).

As can be seen from Table 2, the average annual sediment transport in the sub-basins,
except for Sub4, increased with basin area. According to the analysis of available data,
the sediment transport modulus for Sub1, Sub2, and Sub3 were 90.88, 190.45, and 224.13
(t-km~2), respectively. This indicated that Sub3 had the most severe soil erosion, followed
by Sub2, and Sub1 had the least severe soil erosion. From 1976 to 1997, the average annual
sediment transport and sediment transport modulus in Sub4 were negative, indicating that
the sediment deposition in this sub-basin was higher than the erosion. Sub4 is flat and is
dominated by plains. Sediment transportation in the upper sub-basin was slowed down
and allowed to accumulate at the confluence (Sub4) due to the influence of topography.
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Table 2. Sediment transport in sub-basins of the YHRB.

Average Sediment Sediment Transport
i . . 2 g P
Sub-Basin Period Controlled Area (km*) Load (10* t) Modulus (tkm—2)

Subl 1957-1967, 1970-2020 5509.62 50.07 90.88

Sub2 1976-1997 542.92 10.34 190.45

Sub3 1956-1967, 1970-2020 3356.58 75.23 224.13

Sub4 1976-1997 615.586 -2.76 —44.77

Between 1956 and 2020, the sediment transport modulus of Sub1 and Sub3 decreased
significantly from more than 500 (t-km~2) to less than 100 (t-km~2). The sediment transport
modulus of Sub2 showed a slight downward and then upward trend successively from 1976
to 1998 (Figure 6). The sediment transport modulus in Sub4 was smaller than other sub-
basins from 1976 to 1998, although it showed a small upward trend from below 0 (t-km~2)
to below 100 (t-km~2). Analyzing the spatial changes of the sediment transport modulus in
the sub-basins, it can be seen that it showed a decreasing trend as a whole.

1961-1970 1971-1980 1981-1990

A Hydrologic stati N
1991-2000 2001-2010 2011-2020 ydrologic station

Sediment transport
modulus (t-km 2)

Joul L1 200-300
1 300 - 400
B 400 - 500
B > 500

0 20 40
—km

Figure 6. Changes in the spatial distribution of sediment transport modulus in the YHRB.

3.3. Human Activities Affecting the Variations in Annual Sediment Load

Changes in the sediment load in the YHRB are the result of the combined effects of
precipitation and human activities. Precipitation influences the change in sediment load by
affecting basin runoff. Human activities, such as soil and water conservation, land use, and
industrial, agricultural, and domestic water use, not only change the hydrological cycle
process and spatial-temporal distribution law but also have a significant impact on the
sediment production conditions of the basin [22].

3.3.1. Impact of Hydraulic Engineering Construction on Sediment Load

Since the construction of water conservancy projects in the mid-1950s, there are
5525 large, medium, and small reservoirs and ponds in the YHRB as of 2020, including five
large reservoirs (Tianzhuang, Bashan, Andi, Tangcun, and Xujiaya Reservoirs), 22 medium-
sized reservoirs, 562 small type-I and small type-II reservoirs, and 4936 ponds and dames.
The total reservoir capacity of the basin is 24.29 x 108 m3 (Figure 7), and the utilizable
capacity is 10.96 x 10% m3.
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Figure 7. Annual total reservoir capacity change of the YHRB from 1956 to 2020.

Reservoirs, ponds, and other storage projects are used to impound floodwaters during
flood seasons and release utilizable flows during non-flood seasons to level out the flow
process throughout the year, thus achieving the efficient allocation of water resources.
Their impact on river sediment transport is mainly manifested in two aspects: On the one
hand, they can directly intercept the sediment in the upper reaches of the basin, reduce the
sediment input in the lower reaches, and effectively alleviate sedimentation in the lower
reaches. Conversely, through artificial flood peaks, water and sediment regulation, and
other water storage and detention processes, the downstream peak discharge, sediment-
carrying capacity of the flow, and sediment load are reduced [23]. Figure 7 shows that the
change in the reservoir capacity in the basin was mainly concentrated from the late 1950s to
the early 1970s. As presented in Table 1 and shown in Figure 3, the average and coefficient
of variation of the sediment load in the basin during this time period were considerably
different from those of the last 50 years. Notably, the construction and use of various types
of water conservancy projects in this period played an important role in the reduction of
sediment transport in the basin in the subsequent period.

3.3.2. Impact of Changes in Water Use and Runoff on Sediment Load

The development and utilization of water resources affects the land-based water cycle,
and hydraulic changes occur in the basin. In particular, changes in agricultural water
consumption have a certain impact on runoff, sediment transport, and evaporation [24].
Figure 8 shows the changes in the YHRB’s agricultural water use, industrial water use,
domestic water use, artificial ecological and environmental recharge water use, and total
water use from 1984 to 2020. Overall, there was an upward trend in all categories of water
use and total water use. The trend in agricultural water consumption was consistent with
that of total water consumption. The annual average agricultural water consumption was
74.05% of the total water consumption. Moreover, the annual average industrial water
consumption, annual average domestic water consumption, and annual average artificial
ecological and environmental recharge water consumption accounted for 10.45, 12.90, and
2.60% of the total water consumption, respectively. This indicates that agricultural water
consumption was the main mode of water consumption. As a result, the runoff of the
YHRB has had a decreasing trend in recent decades. Thus, a large amount of runoff has
been diverted out of the river, leading to a reduction in river runoff, and consequently, the
amount of sediment load.
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Figure 8. Temporal variations in annual water consumption in the YHRB from 1984 to 2020 (artificial
ecological and environmental recharge water consumption refers to the transfer of water to ecosys-
tems damaged by the failure to meet minimum ecological water demand through the adoption of
engineering or non-engineering measures to replenish their ecosystem water consumption, to curb
the destruction of ecosystem structure and loss of function, and to gradually restore the ecosystem’s
original ability to self-regulate function; industrial and domestic water consumption refers to the
amount of water extracted and does not include the amount of water reused).

3.3.3. Impact of Land-Use Change on Sediment Load

Three remote sensing images of the YHRB from 1975, 1995, and 2020 were interpreted,
and the percentage of each land-use type was calculated. As shown in Figure 9, the land-
use types in the basin were dominated by arable land, followed by forest land. From
1975 to 1995, arable land mainly shifted to grassland and construction land, whereas
grassland shifted to forest land (Figure 10). From 1995 to 2020, arable land mainly shifted
to construction land, forest land, and grassland, whereas grassland shifted to arable land
(Figure 10). From 1975 to 2020, land-use changes in the basin were characterized by an
increase in the area of construction land and forest land and a decrease in the area of
arable land and grassland. The areas of construction land and forest land increased by
806.71 and 274.91 km?, respectively, whereas those of arable land and grassland decreased
by 1057.88 and 108.96 km?, respectively. The decrease in the area of arable land and
grassland and increase in the area of forest land and construction land were mainly related
to population growth, urbanization, and ecological construction in recent years. On the one
hand, urbanization has accelerated the process of encroachment of construction land into
arable land, resulting in a significant expansion of construction land and further aggravation
of the trend of arable land shrinkage. Conversely, the implementation of soil and water
conservation projects, such as returning arable land to forest land, afforestation of barren
mountains, and conversion of slopes to terraces, which were conducted from the 1990s to
the beginning of the 21st century, led to a better restoration of forest land resources [25],
and the area of grasslands has shown a decreasing trend overall [26]. Therefore, an increase
in forest land area can improve soil and water conservation and reduce the sediment load
from the basin.
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Figure 10. Characteristics of land-use transfer in the YHRB in 1975, 1995, and 2020.

3.3.4. Impact of Changes in Soil and Water Conservation Measures on Sediment Load

At the end of the 1950s, backward economic development and the influence of policies,
large areas of indiscriminate cultivation and deforestation, reclamation, and other phenom-
ena severely damaged mountain vegetation in the basin, resulting in a sharp decline in
forest coverage, severe damage to the ecological environment, and intensification of soil
erosion. To improve land productivity, accelerate the process of soil erosion control, and
guarantee regional ecological security, the local government has combined local natural
conditions to establish the conversion of slopes to terraces, soil and water conservation
forests, and economic forests as key projects of basin management, and adopted soil and
water conservation measures, such as sealing control and the construction of dams, to
improve the coverage rate of forest land and control soil erosion [27]. Figure 11 shows the
status of the changes in the cumulative area of all types of soil and water conservation
measures over time in the YHRB from 1972 to 2017. As of 2017, the cumulative area of soil
and water conservation forests in the basin amounted to 2890.89 km?, which accounted for
the highest proportion among all types of soil and water conservation measures, with a
growth rate of 157.34%. Subsequently, the cumulative area of level terrace accounted for the
second-highest proportion among conservation measures, namely, 2416.10 km?, which has
increased by 1797.00 km? in the past 45 years. Additionally, the cumulative area of soil and
water conservation measures, such as dammed land, economic forests, and closing hillsides
to facilitate afforestation, showed a steady increase. The cumulative areas of dammed land,
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economic forest, and closed control reached 615.28,913.81, and 1183.41 km?, respectively,
and the cumulative area of comprehensive soil erosion control reached 5384.96 km?.
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Figure 11. Temporal variations in the cumulative area of soil and water conservation measures in the
YHRB from 1972 to 2017 (dammed land refers to the arable land formed by damming in the gully
and blocking the soil washed down from the mountain).

As early as the 1980s, a series of soil and water conservation measures were conducted
in the basin, such as terrace repair, construction of dammed land, remediation of ravines,
creation of soil and water conservation forests, and control of soil and water erosion [28].
However, the effects of soil and water conservation were limited because in the early days,
the people in mountainous areas seriously damaged the vegetation cover to increase food
production by planting a wide range of crops, destroying forests, and clearing land. After
the 1980s, large-scale comprehensive management of small basin and soil and water con-
servation projects were implemented, such as returning arable land to forests, afforestation
of barren mountains, and shifting slopes to terraces in accordance with local conditions
to constantly improve the level of soil erosion control. These conservation projects played
an important role in preventing and controlling soil erosion in basin and reducing the
sediment load [29].

3.4. Temporal Coupling of Influencing Factors with Changes in Basin Sediment Load

To analyze the influence of the aforementioned influencing factors on the sediment
load in the YHRB, DCCs were used to analyze the trends in cumulative annual precipitation
and sediment transport in the basin from 1956 to 2020. As shown in Figure 12, the DCCs of
precipitation-sediment transport in the basin from 1956 to 2020 were deflected thrice, and
the slope of the DCCs showed a trend of continuous decrease, with significant changes in
the slope value. Therefore, the changes in sediment load in the basin can be divided into
three stages.

(1) From 1956 to 1965: During this period, more precipitation occurred in the basin, the
hydraulic engineering was in the construction stage, and the surface runoff and sediment
load in the basin were less disturbed by human activities, indicating that the changes in
sediment load in this period were mainly affected by precipitation.

(2) From 1966 to 1980: During this period, reservoirs, ponds, and other water storage
projects in the basin were gradually established and put into operation. This increased the
storage effect on the surface runoff and sediment, and subsequently led to a decrease in the
amount of sediment load; thus, the DCCs deflected to the right.

(3) From 1981 to 2020: The basin had more erosive rainfall in the years 1987-1988,
1990-1992, 20012003, and 2008-2010, wherein all rainfall values were higher than the aver-
age annual erosive rainfall [30]. However, the annual sediment load showed a decreasing
trend, suggesting that human activities gradually played an important role. After 1981,
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the large-scale comprehensive management of the small basin was conducted, and soil
and water conservation projects, such as returning arable land to forest land, converting
slopes to level terraces, covering mountains with forests, and reforesting barren hills, were
implemented according to local conditions. The increase in forested and terraced areas
promotes the retention of precipitation and seepage, changes the spatial distribution pattern
of surface runoff, and effectively plays a role in water conservation and the reduction of
soil and water erosion. Moreover, the annual sediment load showed a decreasing trend
owing to the influence of the continuous storage of water in reservoirs and other water
conservancy projects to stop sediment accumulation, along with the low precipitation
during that period and the increase in water use for human production and domestic use,
especially for agriculture and industry. These anthropogenic factors caused the DCCs to
shift to the right.
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Figure 12. DCCs of annual sediment load and precipitation in the YHRB.
3.5. Quantitative Relationship between the Variation in Precipitation, Human Activities,
and Sediment Load
3.5.1. Delineation of the Initial Phase and Transitional Phases
The PMP test was used to examine the transformability of the sediment transport
sequence from 1956 to 2020 in the YHRB, revealing a mutation in 1980 (Figure 13a). The

same procedure was applied to the sediment transport sequence in the basin during
1956-1980 based on Figure 13a, which revealed an additional mutation in 1966 (Figure 13b).
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Figure 13. Test of abrupt points of annual sediment transport in the YHRB. (a) Test of abrupt points
of annual sediment transport from 1956 to 2020 using the PMP test; (b) test of abrupt points of annual
sediment transport from 1956 to 1980 using the PMP test.
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Owing to alterations in precipitation and human activities in the YHRB, we found that
sediment transport evolved through three phases using DCCs and change point quantifica-
tion: the initial phase (1956-1965), transitional phase I (1966-1980), and transitional phase
1T (1981-2020).

3.5.2. Effects of the Variability of Precipitation and Human Activities on Sediment Load

Figure 12 shows the strong correlation between the precipitation and sediment load
equation and initial phase, with an R? value of 0.94. To quantify sediment transport during
this period, the cumulative annual precipitation was included in the equation for each non-
initial phase, namely, transitional phase I (1966-1980) and transitional phase II (1981-2020),
and the corresponding theoretical annual sediment loads were derived. This enabled the
assessment of the relative influence of climate change and human activity on changes in
sediment load [31].

The equation for the initial phase is:

S1 = 6.7747P1 + 10.827(R2 = 0.9438) (10)

where S; and P; represent the sediment load and precipitation in the initial phase, respectively.

Compared with that in the initial phase (1956-1965), the amount of influence of precip-
itation changes on the sediment load in the basin during transitional phase I (1966-1980)
was 150.31 x 10* t, contributing 26.86% to the annual sediment load in the basin (Table 3).
The amount of influence of human activities on the sediment load in the basin was
409.34 x 10* t, with a contribution rate of 73.14%, indicating that human activities were the
dominant factor in the change in sediment load at this stage. Additionally, the amount of
influence of precipitation on the annual sediment load in the basin in transitional phase
IT (1981-2020) reduced by 185.50 x 10* t compared with that in the initial phase, and the
measured sediment load reduced by 661.69 x 10* t compared with that in the year of the
initial phase (1956-1965). Moreover, human activities under this precipitation condition
led to a decrease of 476.28 x 10* t in sediment load in the basin, and its contribution rate
decreased from 73.14 to 71.97% in transitional phase I (1966-1980); the contribution rate of
precipitation increased from 26.86% in transitional phase I (1966-1980) to 28.03%, with a
smaller change in the contribution rate. Throughout the transitional phase, the contribu-
tions of human activities and precipitation changes to the sediment load in the basin were
72.32 and 27.68%, respectively, indicating that human activities played the leading role in
controlling the sediment transport in the basin.

Table 3. Impacts of precipitation changes and human activities on the annual sediment load in the
YHRB from 1956 to 2020.

Impact of Human Activities Impact of Precipitation
Theoretical Measured
Period Sediment Load Sediment Load Inﬂuer}ce Contribution Inﬂuer}ce Contribution
(10% t/a) (10% t/a) Quantity (%) Quantity (%)
(10* t/a) (10* t/a)

1966-1980 553.88 144.54 409.34 73.14 150.31 26.86
1981-2020 518.69 42.41 476.28 71.97 185.50 28.03
1966-2020 528.29 68.73 459.56 72.32 175.90 27.68

Note: Sediment load reduction owing to precipitation changes was determined by subtracting the theoretical
sediment load from the average sediment load of 7,041,900 t/a during the initial phase.

4. Discussion
4.1. Impact of Precipitation and Runoff Changes on Sediment Load

The impact of climate change, e.g., precipitation, on river sediment load has garnered
global attention; river sediment load mainly originates from channel scour, gully erosion,
and surface erosion, which are mainly influenced by precipitation and runoff [32,33]. Before
1965, owing to the relatively low level of economic development in the YHRB, human
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activities had less impact on the runoff and sediment load in the YHRB. Thus, the annual
precipitation in the YHRB during initial phase I (1956-1965) showed a small decreasing
trend, and the sediment load decreased significantly. Moreover, the contribution rates of
precipitation changes to the decrease in sediment load in the YHRB during transitional
phases I (1966-1980) and II (1981-2020) were 26.86 and 28.03%, respectively, indicating that
the reduction in precipitation played a role in the reduction of sediment load in the YHRB.

Considering different time periods, the average correlation coefficients between sed-
iment load and precipitation for each decade were 0.754, 0.680, 0.878, 0.787, 0.559, 0.404,
and 0.638 for 1956-1960, 1961-1970, 1971-1980, 1981-1990, 1991-2000, 2001-2010, and
2011-2020, respectively, with an overall decreasing trend. However, the decrease in correla-
tion coefficients may not imply that the physical mechanism of the relationship between
precipitation and sediment load has weakened and that human activities can mask the true
physical processes and local hydrological characteristics of sediment load in the basin.

To further investigate the influence of precipitation and runoff changes on sediment
transport in the YHRB, the annual precipitation within the basin was divided into abun-
dance and dryness states, and the ratio between precipitation and average precipitation in
each era was expressed as K. The bias threshold K of abundance was 1.10 times the multi-
year average for the period of 1956-2020, and the bias threshold K of dryness was 0.90 times
the multi-year average for the period of 1956-2020. The ratios of precipitation to the average
annual precipitation for 1956-1960, 1961-1970, 1971-1980, 1981-1990, 1991-2000, 20012010,
and 2011-2020 were 1.15, 1.08, 1.00, 0.85, 0.99, 1.02, and 0.99 (Table 4), representing the
period of “abundant—flat—flat-dry—flat—flat—flat”. Combined with the change characteris-
tics of the sediment load in the YHRB in each era (Figure 14), the abundant (1956-1960)
and dry (1981-1990) water periods showed obvious sediment production and reduction
in the YHRB, respectively. This indicated that the inter-annual change characteristics of
precipitation affected those of sediment transport.

Table 4. Characteristics of precipitation fluctuation in the YHRB from 1956 to 2020.

Period Average Precipitation (mm) K-Value Division
1956-1960 914.89 1.15 Abundant water
1961-1970 853.55 1.08 Flat water
1971-1980 795.01 1.00 Flat water
1981-1990 678.67 0.85 Dry water
1991-2000 784.57 0.99 Flat water
2001-2010 814.33 1.02 Flat water
2011-2020 784.96 0.99 Flat water

In recent years, few studies have investigated the influence of meteorological factors,
such as precipitation changes, on sediment load in the YHRB. The results of Jia [34] showed
that before the 1970s, owing to the low exploitation rate of the YHRB and the weak influence
of human activities, the change in the basin’s sediment load in this time period was greatly
influenced by precipitation; after the 1970s, the influence of precipitation changes on the
basin’s sediment load gradually reduced, which is in line with the conclusions of our
study. Owing to the influence of climate change and human activities, many scholars have
conducted relevant research on the characteristics of temporal changes in sediment load and
the influencing factors of various basins in China. Scholars studying the change pattern of
sediment load in rivers in northern China, such as the HRB [35], Songhua River Basin [36],
Daling River Basin [37], Chaohe River Basin [38], and YRB [39] and its sub-basins [40], have
also found that in recent years, most rivers showed a decreasing trend in sediment load,
and the change in precipitation played a certain role in the change in sediment transport.
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Figure 14. The characteristics of inter-annual variation in sediment load in the YHRB from 1956
to 2020.

4.2. Impacts of Human Activities on the Sediment Load

As can be seen from Figures 3 and 6, the temporal and spatial variation in sediment
transport in the YHRB showed a significant decreasing trend. Meanwhile, the precipitation
showed a slight decreasing trend (Figure 3), which indicates the obvious role of human
activities in the reduction of sediment transport in the YHRB. The reduction in sediment
load and sediment transport modulus in the sub-basins also indicates that the ecological
environment of the YHRB has been better improved in recent years. Human activities
mainly affected the change in sediment load at two levels. First, human activities change
the subsurface conditions of the basin through soil and water conservation measures and
land-use changes, among others, which affect the process of sediment production and the
hydrological cycle of the basin; this subsequently affects the change in sediment load in the
basin [41]. Second, water resources in the basin are reallocated by hydraulic engineering
and changes in water use. These processes alter the spatial and temporal distribution of
river runoff in its natural state and regulate the intra-annual distribution of basin runoff
and sediment load, thus affecting intra- and inter-annual variations in sediment load in the
basin [42]. Since the 1950s, the construction of reservoirs, ponds, and other water storage
projects in the YHRB and the increase in industrial and agricultural water consumption,
artificial ecological and environmental recharge water consumption, and domestic water
consumption have affected the spatial and temporal distribution characteristics of surface
water and reduced the amount of surface runoff, leading to a downward trend in the annual
sediment load in the YHRB. Moreover, from the 1970s to the beginning of the 21st century,
changes in land-use areas, such as arable land, grassland, forest land, and construction
land, and the large-scale implementation of soil and water conservation measures, such as
terraces, construction of dammed land, soil and water conservation forests, and economic
forests in the YHRB, have resulted in significant changes in surface cover conditions.
Available studies have investigated the hypothesis that extreme rainfall stimulates the
formation and development of slope erosion, and in particular, that rainfall intensity and
slope significantly affect channel erosion [43,44]. In some cases of extreme rainfall, the
human activities described above have strongly interfered with the hydrological cycle and
changed the conditions for sediment production, sinking, and transportation on the slopes
of the YHRB, greatly affecting the intra- and inter-annual variation in sediment transport
in the basin.

Combined with the contribution of human activities to sediment reduction in the
YHRB during transitional phases I (1966-1980) and II (1981-2020) (73.14 and 71.97%,
respectively) and the above analyses, it can be seen that human activities, such as the
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construction of hydraulic engineering, changes in water consumption, changes in land use,
and soil and water conservation measures, were the main factors affecting the changes
in sediment load in the YHRB in recent years. Shi et al. studied the spatial and temporal
distribution characteristics of sediment transport in the Huaihe River and its tributaries
using measured annual runoff and annual sediment load data covering more than 50 years
and found that the annual sediment load of its tributary, namely, the YHRB, showed a
significant decreasing trend [45]. The research showed that human activities, especially
the construction of reservoirs in mountainous rivers in the basin, were the main reason
for the decrease in sediment load in the basin, which is consistent with the results of our
study. Qiao et al. found a decreasing trend of sediment transport from 1956 to 2020 when
they studied the change of sediment transport in the YHRB [46]. The research showed that
the areas with higher erosion intensity were distributed upstream with higher elevation
and slope, and the sub-basin in the confluence area of the main stream and tributaries
was less eroded. Human activities such as hydraulic engineering construction and soil
and water conservation measures played an important role in the reduction in sediment
transport in the YHRB, which is consistent with the findings of this paper. Many scholars
have also found a significant downward trend in sediment load in large rivers in northern
China, such as the Liaohe River Basin [47], Haihe River Basin [48], HRB [45], Songhua
River Basin [49], and YRB [50] and its sub-basins [51]. An attribution analysis of the factors
affecting sediment load in the above basins showed that changes in precipitation were not
the main cause of the significant reduction in sediment transport in the basins. Moreover,
human activities, such as landscape projects, terracing, construction of reservoirs, changes
in the use of water resources, changes in land use, adjustments in the structure of industries,
and large-scale vegetation restoration projects, were the main factors affecting the reduction
in sediment transport in the basins.

4.3. Limitations

In this study, we utilized simple linear regression and DCCs for the attribution analysis
of sediment load, which require limited data and are easy to calculate. However, neglecting
factors such as evapotranspiration and extreme precipitation while solely focusing on
precipitation may present a bias, potentially overstating the effects of human activities. In
this study, we assumed that the effects of precipitation and human activities on sediment
transport are independent of each other and that precipitation and human activities are
regarded as separate factors that play a role in the attribution analysis of sediment load.
However, in reality, climate change and human activity interact; climate change intensifies
human activity, whereas humans adapt to it [52]. Moreover, differences in human activities
across different regions and scales introduce variations in their effects, warranting the
integration of hydrology, meteorology, and ecohydrology disciplines along with advanced
techniques, such as multi-model coupling and field monitoring [53], to better quantify the
impacts of human activities.

5. Conclusions

Over the past 65 years, the precipitation and sediment load in the YHRB were concen-
trated in summer and autumn. Inter-annual precipitation and sediment load fluctuations
demonstrated decreasing trends. The sediment load in the YHRB was influenced by both
precipitation and human activity. Spatially, the upper sub-basin of the YHRB was more
severely eroded, especially Sub3, which had a higher sediment load. On the other hand,
the sediment load of Sub4, located downstream, is lighter and dominated by sedimentation.
Prior to 1965, human activities minimally influenced the sediment load. However, human
activities contributed to 72.32% of the reduction in sediment load in the transitional phase
(1966-2020), significantly exceeding precipitation. Hydraulic engineering construction,
water resource development, land-use changes, and soil and water conservation measures
have significantly influenced the pattern of sediment transportation. Therefore, it is nec-
essary to reduce watershed erosion in the future in the following aspects: conversion of
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sloping arable land into level terraces, afforestation, enclosure management, and other soil
and water conservation measures. This study can provide a reference for the ecological
construction and sustainable development in the basin.
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