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Abstract: Researches on the runoff and sediment reduction effects of soil and water conservation measures are
being on the rise, which is of great significance for carrying out strategic on soil and water conservation in the
Yellow River Basin. Through the analysis of various soil and water conservation measures, runoff, sediment,
and rainfall datas in the Sanchuan River Basin from 1960 to 2019, we use the lagrange multiplier method to
determining the threshold year of soil and water conservation measures on runoff and sediment processes. The
preliminary conclusion is as follows: The trend of flood season rainfall and annual rainfall in the Sanchuan
River Basin is consistent. The 10-year average rainfall in each periods indicates that before 2000, it gradually
decreased and then significantly increased. The 10-year average runoff showed a gradual decrease before 2010,
followed by a sudden increase, while the 10-year average sediment has shown a decreasing trend years by
years, especially after the centralized treatment period. Terrace and dam measures show a trend of first
decreasing, then increasing, and then approaching stability during different treatment periods, while the trend
of forest and grass measures is slightly decreasing and then increasing rapidly. The runoff and sediment
reduction effects of various soil and water conservation measures during different treatment periods indicate
that the runoff reduction effect reached its peak in 2005, while the sediment reduction benefit reached its best
in 2015. Based on the comprehensive benefits of runoff and sediment regulation, 2015 are considered as the
threshold year for various soil and water conservation measures, with each measure areas being 4.86 x 104,
17.91 x 104 1.20 x 104 and 0.83 x 10*hm?, respectively. The research results will have certain reference
significance for the high-quality development of soil and water conservation in the Yellow River Basin.

Keywords: runoff reduction effect; sediment reduction effect; threshold

1. Introduction

The Sanchuan River, located in the western of Shanxi Province, is a significant source of runoff
and sediment for the Yellow River. Its landscape is characterized by intertwining ridges and
gullies[1-3]. Before governance measures were implemented, the bare ridges resembled monk's
heads while the gullies were distributed like chicken claws, with steep slopes resembling upside-
down mountains[4-6]. According to erosion division standards for the Loess Plateau, it can be
categorized into river basin areas, stone and soil mountain areas, and loess hilly gully areas[7,8]. The
soil erosion in the loess hilly and gully areas is very serious, with an average erosion erosion
coefficient ranging from 10000 to 20000 t/km2-a[9].

To address water scarcity issues and combat frequent droughts in this region over the past
decades, extensive efforts have been made by the government focusing on basic agricultural
irrigation and water conservancy construction including water storage, diversion techniques as well
as conservation strategies which have yielded significant results[10-12]. Mechanized terraces has
been a key research focus of the State Yellow River Water Conservancy Commission involving large
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bulldozers constructing level terraces wider than 10 meters on slopes between 5° to 25° since 1988[13—
15]. Due to its speediness and high quality while also demonstrating strong capabilities in retaining
water and conserving soil, this approach has accelerated basic farmland construction leading to
increased production potential with clear benefits[16,17]. In addition, innovative efforts such as
biological contour level terrace developed by Liulin County in 1987, which integrates "biological
protection engineering" alongside nurturing biological resources within comprehensive management
practices, aiming at solving challenges associated with soft contour terraces through development of
new land preparation models[18-20]. Furthermore, drought-resistant collection projects have been
implemented aiming at increasing farmers' income through suitable crop selection based on local
conditions, along with various rainwater collection models designed for efficient use across different
landscapes[21-23]. Large-scale water and soil conservation measures have been carried out since
1970s in Sanchuan River basin, resulting in positive outcomes related to water retention and sediment
reduction effects[24-26].

In order to clarify the effect of soil and water conservation measures in the Sanchuan River Basin
on water conservation and sediment reduction in the middle reaches of the Yellow River,
hydrological methods are usually used for analysis. Hydrographic analysis is mainly based on the
comparison of typical datas measured by hydrological stations during different treatment periods,
establishing a correlation between sediment discharge and treatment degree, and thus calculating the
sediment reduction effects[27]. Due to the large discreteness of runoff and sediment datas, the
calculation results of the hydrological method can’t show a long-term trend of runoff and
sediment[28,29]. This study takes datas from the Houdacheng Hydrological Station in the Sanchuan
River Basin from 1960 to 2019, first uses a optimized polynomial for the variation of runoff and
sediment, and then calculates the runoff and sediment at each time node to show their changes in
different periods. By calculating the growth of various soil and water conservation measures in
different periods, and finally calculating the changes in runoff and sediment for each additional
hectare of soil and water conservation measures, the threshold year and the area of each soil and
water conservation measure can be found. The results intend to provide valuable insights for guiding
future management strategies of the Sanchuan River Basin.

2. Study Area

The Sanchuan River Basin is located in the middle of the section from Hekou to Longmen in the
middle reaches of the Yellow River, and belongs to the Lvliang area of Shanxi Province. There are
three tributaries in the watershed, namely Beichuan, Dongchuan, and Nanchuan, spanning four
counties of Zhongyang, Liulin, Lishi, and Fangshan from north to south, with a total length of 176.4
km and an area of 4161 km?(Figure 1). The basin is located in the northern part of the semi-arid region
in the Yellow River Basin, with obvious continental climate characteristics, distinct four seasons, and
concentrated rainfall. Moreover, the rainfall in flood season is mostly in the form of heavy rain and
rainstorm, which is easy to form flood and produce a lot of sediment.
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Figure 1. The location of rainfall and hydrological stations in the Sanchuan River Basin in Shanxi
Province.

The soil and water conservation work in the Sanchuan River Basin began in the 1950s, with main
measures including embankments, small silt dams, afforestation, and grass planting. By the end of
the 1960s, only 112km? of land had been treated, accounting for 4% of the total areas, and small
watershed management work had been carried out. Starting from the 1970s, in addition to the early
soil and water conservation measures, large-scale silt dams, small reservoirs, and river channel
improvement were also constructed. By the mid-1980s, a total area of 786.44km? had been treated,
accounting for 28.4% of the total soil erosion areas. After 15 years of large-scale centralized
comprehensive management, by the mid-1990s, the remain percentages of the four major soil and
water conservation measures in the Sanchuan river basin were 66.7%, 57.8%, 25.9%, and 86.1%,
respectively (Table 1). Since 21st century, the areas of the four major soil and water conservation
measures has further increased. So far, the preservation rate of terraces and grasses has decreased,
with only the area of dams and forests continuing to increase. The reason for this may be that some
terraces have been damaged by rainfall due to their ages. With the implementation of projects such
as dredging and reinforcement of silt dams, the dam capacity has been expanded and consolidated,
and the forest areas has been increasing year by year.

Table 1. The preservation areas of Soil and water conservation measures in different years hm?

Years Terraces Dams Forests Grasses
1960s 0.429 0.179 0.595 0.301
1970s 1.287 0.106 1.682 0.095
1980s 0.865 0.155 6.437 0.498
1990s 3.336 0.389 9.418 0.324
2000s 4.698 0.744 10.049 0.713
2010s 491 0.875 18.94 1.49

3. Data Sources and Processing

The Houdacheng Hydrological Station in the downstream of the Sanchuan River Basin has
comprehensive runoff and sediment data, so it can be analyzed and calculated the runoff and
sediment regulatory benefits of its soil and water conservation measures. The rainfall data is recorded
from 29 observation stations in the Sanchuan River Basin. Considering the continuity and
completeness of the data sequence, as well as the distribution of stations in the loess hilly and gully
areas and rocky mountainous areas, the rainfall datas are obtained from meteorological stations in
Gedong, Wucheng, Wannianbao and Houdacheng in the Sanchuan River Basin based on
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hydrological data of the Yellow River, using the Thiessen polygon method to obtain the basin surface
rainfall, and perform interpolation on the ArcGIS platform. According to the historical runoff
distribution of the Sanchuan River, it can be divided into four periods, namely the initial treatment
period (1960-1979), the concentrated treatment period (1980-1996), the stable period (1997-2009), and
the effective period (2010-2019). The datas on the four soil and water conservation measures are
sourced from literatures on CNKI, and the missing years are supplemented using Lagrange
interpolation method.

3.1 Lagrange Multiplier Method

The runoff, sediment, and rainfall datas are polynomial best fitted using Python programming,
and the average runoff and sediment are calculated for different periods, marking the maximum
runoff (sediment) year, minimum runoff (sediment) year, and historical average runoff (sediment).

By introducing the Lagrange multiplier A, the equality constraint and objective function are
combined into a new objective function:

F(x 1) = f(x) + Z Ak (%) (1)
=1

Using F (x, A) as a new unconstrained objective function to solve its extremum, the result
obtained is the extremum of the original objective function f (x) that satisfies the constraint condition
hj (x)=0 (=1,2,..., p).

The necessary condition for function F (x, A) to have an extremum is:

g A _ . o
B—Xi =0 and %, =0 i=L2,...n;j=12,...,p (2)

We can obtain p+n equations, thus solving X=[xi,xz,...xa]Tand A; (j=1,2,...,p) for a total of p+n
unknown variables. The X'=[x1",x2",...xn"]T obtained from the above equation system is the coordinate
value of the extreme point of function f (x).

4. Results

4.1. Changes in Flood Season Rainfall and Annual Rainfall in the Sanchuan River Basin

Due to the runoff and sediment directly generated by rainfall mainly occur during the flood
season, the runoff and sediment transport from July to October are selected for comparison. Figure 2
shows that the changes in average annual rainfall and flood season rainfall in different years of the
watershed, with a slow decline followed by a sudden increase. It can be seen that before 2000, the
average flood season rainfall in the watershed showed a gradual decrease in the 60s, 70s, 80s, and 90s
of 20th century. However, the average flood season rainfall has significantly increased after 2000,
even higher than the average flood season rainfall of 1960s. Compared with the 1960s, the average
annual rainfall in the 70s, 80s, and 90s of 20th century decreased by 7.4%, 11.1%, and 15.5%,
respectively; the average annual rainfall during the flood season decreased by 4.1%, 20.0%, and
22.3%, respectively. Compared to the 1990s, the annual rainfall and flood season rainfall both
increased in the 2000s and 2010s, increasing by 28.9%, 25.1% and 33.7%, 32.3%, respectively.
Therefore, the overall trend of annual rainfall and flood season rainfall is consistent, 2000 was a
turning point in the annual rainfall and flood season rainfall of the Sanchuan River Basin.
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Figure 2. Flood season rainfall and annual rainfall variation in the Sanchuan River Basin.

4.2. Changes in Runoff and Sediment in the Sanchuan River Basin

Based on the data recorded by the Houdacheng Hydrological Station from 1960 to 2019, the
evolution curve of runoff and sediment in the basin since 1960s was obtained (Fig.3). It can be seen
that the trend of the average runoff and sediment is consistent before 2010, decreasing years by years;
the average runoff has increased significantly since 2010, almost reaching the level of 1970s, while the
average sediment has slightly decreased compared to the first decade of the 21st century. Compared
with 1960s, the average runoff of 1970s, 1980s, and 1990s decreased by 19.5%, 42.5%, and 50.0%,
respectively; while the sediment decreased by 29.4%, 68.5%, and 73.3%, respectively. The runoff first
decreased and then increased after entering two thousand years. Compared to the previous ten years,
the runoff increased by 92.9% in the latter ten years, only decreased by 33.2% compared to the 1960s,
which is equivalent to the level of runoff in 1970s; the sediment remained relatively stable in the first
two decades of 21st century comparing to 1960s, with a decrease of 93.1% and 93.7% respectively.
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Figure 3. Changes of the runoff and sediment in the Sanchuan River Basin.

4.3. Analysis of Rainfall and Runoff and Sediment in the Sanchuan River Basin

Based on the 10-year average values calculated from rainfall, runoff, and sediment datas in the
Sanchuan River Basin, the line chart shows that during the early stage of governance (1960-1979), the
decrease in runoff and sediment was greater than the decrease in rainfall, and the decrease in runoff
and sediment in 1970s was greater than that in 1960s, while the decrease in rainfall in 1970s was
smaller than that in 1960s. This indicates that soil and water conservation measures during this period
have played a significant role in reducing runoff and sediment.The decrease in runoff and sediment
was still smaller than the decrease in rainfall during the centralized management period (1980-1996),
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but the decrease in runoff and sediment during this period was much smaller than that in the 1970s.
During the stable period (1997-2009), there was a significant increase in rainfall, while runoff and
sediment were still decreasing.There was a slight increase in rainfall in the period of effect
manifestation (2010-2019), with a significant increase in runoff compared to stable period, while
sediment showed a slight decrease compared to stable period. Under the influence of various soil
and water conservation measures, their effects of regulating runoff and reducing sediment are
gradually becoming apparent.
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Figure 4. The relationship between runoff, sediment and rainfall in the Sanchuan River Basin.

4.4. Analysis of Main Soil and Water Conservation Measures and Runoff and Sediment in the Sanchuan
River Basin

The annual runoff discrete degree is 9.33 in the early stage of governance, the centralized
management period is 4.72, the stable period is 1.96, and the effective manifestation period is 6.47,
which indicates that the interannual variation of runoff in the early stage of governance is significant,
with the annual runoff discrete degree being about 2 times that of the centralized governance period,
and 4.76 times that of the stable period, the interannual variation of annual runoff further decreases.
During the period of effectiveness, although the interannual variation of annual runoff has increased,
it is only 70% of the early stage of governance. The runoff in 2016 has reached the historical average
runoff level (2.1 x 108m3). In 2019, it has reached the maximum historical average runoff level, which
is equivalent to the runoff level (2.96 x 108m?) in 1966(Figure 5). At the maximum historical average
runoff level, the areas of terrace, forest, grass, and dam measures were only 0.34, 0.08, 0.01, and 0.03
hm?, respectively. From 2000 to 2010, the runoff in the sanchuan river basin reached the minimum
historical average level (1.34 x 108m3). At the minimum historical average runoff level, the areas of
terrace, forest, grass, and dam measures were 4.55, 9.73, 0.67, and 0.69 hm?, respectively. Before 1966,
the areas of terrace, forest, grass, and dam measures all showed a slight increase trend. After 1966,
the four major soil and water conservation measures all showed a significant growth trend. After
2005, the terraces and dams showed a slight increase followed by a stable trend, while forests and
grasses showed a significant growth trend, which is also the main reason for the increase in runoff.

The annual sediment discrete degree is 2.09 in the early stage of governance, the centralized
governance period is 0.86, the stable period is 0.29, and the effective manifestation period is 0.20,
which indicates that the interannual variation of sediment in the early stage of governance is
significant, with the annual sediment discrete degree being about 2.43 times that of the centralized
governance period, 7.21 times that of the stable period, and 10.45 times that of the effective period,
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the interannual variation of annual sediment continues to decrease(Figure 6). The historical average
sediment level is 1.23 x 10'%kg. In 2015, it has reached the minimum historical average sediment level
(1.31 x 108 kg). At the minimum historical average sediment level, the areas of terrace, forest, grass,
and dam measures were only 4.85, 17.91, 1.20, and 0.83 hm?, respectively. From 1980 to 2000, the
sediment in the sanchuan river basin reached a longer stationary period (0.90 x 10' kg). The year with
the maximum historical average sediment level is the same as the year with the maximum historical
average runoff level, and the sediment at this time is 8.25x 10'kg.
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Figure 5. Changes of the soil and water conservation measures and runoff.
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3.5. Analysis of Runoff and Sediment Reduction Effects of Soil and Water Conservation Measures

Based on the scatter plot and polynomial regression curve of runoff and sediment in the
Sanchuan River Basin, it is divided into 6 periods, namely the initial treatment period, centralized
treatment period, stable period, effectiveness period, historical average maximum period, and
historical average minimum period to analyze the runoff and sediment reduction effects of terraces,
forests, grasses, and dams in different periods(Table 2).

Firstly, calculate the values of runoff and sediment in the Sanchuan River Basin at each key time
point based on the fitting polynomials, and then calculate the changes in runoff and sediment at
different periods. Based on the proportion of various soil and water conservation measures to the
total measures in different periods, the amount of runoff and sediment affected by all measures is
calculated, and finally the runoff and sediment reduction amount of each soil and water conservation
measure in different periods is calculated. The calculation formula is as follows:

m
] l

Among them, re represents the amount of runoff and sediment reduction for each additional
hectare of some soil and water conservation measure. Ai is the runoff or sediment amount calculated
by fitting polynomials at the beginning of some period, m3 or kg; Aj is the runoff or sediment amount
calculated by fitting polynomials at the end of some period, m3or kg; M,; is the area of some soil and
water conservation measure at the end of some period, hm? Mi is the area of some soil and water
conservation measure at the end of some period, hm2. m is the average value of some soil and water

conservation measure during some period.
It can be seen that in the early stage of governance, various soil and water conservation measures
have a poor effect on reducing runoff and sediment, because the areas of various soil and water
conservation measures during this period is relatively small, and large-scale governance projects
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have not been carried out in the Sanchuan River Basin(Table 2). During the period of 1967 to 1979,
the runoff and sediment reduction effects of various soil and water conservation measures were the
largest, and entered the centralized treatment period. The runoff and sediment reduction effects of
various soil and water conservation measures decreased, laying a solid foundation for the runoff and
sediment reduction effects of various soil and water conservation measures during the stable period.
The runoff reduction effect of various soil and water conservation measures further decreased during
the stable period (1997-2005), while the sediment reduction effect increased during the stable period
(1997-2015) compared to the centralized control period. Since 2006, the runoff and sediment reduction
effects of various soil and water conservation measures have been negative, indicating the runoff was
increasing during this period. However, the sediment reduction effects of various soil and water
conservation measures have continued until 2015. Since 2016, the sediment content in the Sanchuan
River Basin has increased. Therefore, the threshold year for the runoff and sediment reduction effects
of soil and water conservation measures in this basin should be in 2015, with areas of 4.86x104,
17.91x104, 1.20x10%, and 0.83x104hm2.

Table 2. The runoff and sediment reduction effects of various soil and water conservation measures
in different periods.

Periods Terraces Forests Grasses Dams

1960-1966 -23310 -49416.3 -11.48682 0
1967-1979 3964.521 2238.257 2250.795 3628.437
Runoff reduction 1980-1996 1526.356 811.5708 3953.484 1073.14
effect( m3/hm?2) 1997-2005 205.8951 556.0687 89.06928 107.3191
2006-2009 -5980.95 -137.551 -275.09 -1570.26
2010-2019 -28561.1 -3472.16 -1184.39 -4855.19

1960-1966 -7046164.06  -14937592.58  -4505855.2 0
Sediment 1967-1979 874810.72 493893.52 496660.15  800650.4
reduction 1980-1996 108428.76 57652.07 280846.17  76233.35
effect(kg/hm?) 1997-2015 168092.56 71242.37 46180.59 85276.81

2016-2019 -3668907.75 -723884.57 -263522.7 -957468

1 - indicates the increase in runoff or sediment under the influence of the soil and water conservation measures

during some period.

5. Discussion

It is better that the R of the polynomials fitted to the runoff and sediment datas in the Sanchuan
River Basin is closer to 1. According to data statistics, R? within the range of 0.5-0.8 is also
acceptable[30]. However, due to the high dispersion of datas in the early stage of governance, the R2
of the fitted polynomial is often greatly affected. In this study, both runoff and sediment datas were
fitted using a fifth-order polynomial, with fit goodness of 0.78 and 0.77, respectively. The fit goodness
for terrace, forest, grass, and dam datas was 0.99, 0.95, 0.97, and 0.99, respectively. Therefore, it is
reasonable to analyze the impact of soil and water conservation measures on runoff and sediment
changes in the Sanchuan River Basin based on the fitted polynomials.

The methods for analyzing rainfall time series are usually M-K test, Pettitt method, etc., which
are not suitable for dealing with complex sequences with multiple mutation points. Wang et al. used
wavelet functions to study the complex structure of multi time scale rainfall changes, indicating that
rainfall changes have both short and long periodicity [31]. This study used the method of 10-year
average rainfall to analyze the trend of 60 years rainfall data in the Sanchuan River Basin, the results
showed that before 2000, annual rainfall gradually decreased and then significantly increased. Similar
conclusions were drawn by Yang et al. [32] and Kang et al. [33].

The discreteness of runoff and sediment sequences is higher than that of rainfall data,. This study
first uses the ten-year average method to analyze the trend of runoff and sediment changes, and then
uses multiple regression methods to analyze their trends, avoiding the low fitting degree of other
fitting methods, making the results highly interpretable. Then, based on the fitting equation, the
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changes in runoff and sediment during different treatment periods, as well as the increase in terrace,
forest, grass, and dam measures, are calculated to determine the runoff and sediment reduction effect
of the unit increase in soil and water conservation measures. This study determines the maximum
and minimum values of runoff and sediment changes under the influence of soil and water
conservation measures, in order to determine the regulation threshold year. The results can provide
scientific basis for the configuration of soil and water conservation measures in the Yellow River
Basin.

6. Conclusions

Through the analysis of rainfall, runoff, sediment, and soil and water conservation measures
datas in the Sanchuan River Basin from 1960 to 2019, preliminary conclusions are as follows:

(1) The trend of flood season rainfall and annual rainfall in the Sanchuan River Basin is
consistent. The 10-year average rainfall in each periods indicates that before 2000, they all gradually
decreased and then significantly increased.

(2) The 10-year average runoff showed a gradual decrease before 2010, followed by a sudden
increase; while the 10-year average sediment has shown a decreasing trend years by years, especially
after the centralized treatment period.

(3) The runoff and sediment reduction effects of various soil and water conservation measures
during different treatment periods indicate that the runoff reduction effect reached its peak in 2005,
while the sediment reduction benefit reached its best in 2015. Based on the comprehensive benefits
of runoff and sediment regulation, 2015 are considered as the threshold year for various soil and
water conservation measures, with each measure areas being 4.86 x 10¢, 17.91 x 104, 1.20 x 10#, and
0.83 x 10*thm?, respectively.
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