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Abstract: The Yellow River basin suffers from the most serious soil erosion of any area in the world.
It is also a key area for soil-water conservation and ecological protection in China. It is important
to determine the status of the ecological protection of the Yellow River basin in recent years. We
examined the vegetation patterns and spatio-temporal changes in runoff sediment in the Yellow River
basin in the last 20 years. The results can provide a sound basis for regional ecological management.
Vegetation coverage in the Yellow River basin has increased in the last two decades. The natural
runoff has more than doubled over this time and the runoff coefficient has increased by more than
30%. However, the growth in the measured runoff has significantly weakened owing to continually
high water consumption. The sediment concentration from Toudaoguai to Tongguan has decreased
by 74.11% and the sediment modulus has decreased by 34.75%. Ecological protection of the Yellow
River has significantly improved the vegetation coverage since 2000. The functions of water and soil
conservation have improved, but the latter function needs to be strengthened. In addition, measures
for ecological protection are needed to strengthen the overall management of water resources.

Keywords: Yellow River basin; ecological protection; vegetation coverage; runoff coefficient;
sediment concentration; sediment modulus

1. Introduction

The runoff and sediment of most rivers in the world have changed significantly over the
past few decades, and different rivers are in varying stages of this process [1]. The changing
characteristics of the runoff-sediment system have become an important part of research
exploring changes in the global ecology and ecological management of watersheds [2]. The
geomorphology of the Yellow River basin suffers from the most serious soil erosion in the
world, and its sediment accounts for 6% of the total sediment of rivers worldwide [3]. It is
not only a key area for soil and water conservation, and, thus, ecological protection in China,
but is also an important grain-producing region [4,5]. Since 2000, China has carried out a
large-scale project of reverting farmlands to forests (grassland) in the Yellow River basin,
and this has helped control soil erosion and advance ecological protection in the region [6,7].
It is thus important to determine the relationship between ecological protection and changes
in the sediment runoff in the Yellow River basin in recent years.

Many researchers have studied the characteristics of sediment runoff in the Yellow
River basin, including variations in the runoff and sediment [8], the runoff-sediment
relationship [9,10], the supply of and demand for water resources [11,12], soil erosion [13],
and water pollution [14]. Reasons for changes in the runoff-sediment relationship in the
Yellow River basin also constitute a popular subject of research. The causes of such changes
are mainly reflected in direct and indirect effects, including changes in land use [15],
vegetation coverage [16], climate [5] and water use [17].

The spatio-temporal changes in the vegetation and the relationship between runoff
and sediment in the Yellow River basin are hot issues for multi-disciplinary scholars [18,19].
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Many related studies have been carried out in the Yellow River basin, mainly involving the
overall Yellow River basin, the source area, and the Loess plateau in the middle reaches of
the Yellow River [20]. Some studies indicate that the overall vegetation in the Yellow River
basin shows an improvement trend, especially since the implementation of the “Grain For
Green” project [21,22]. However, there are spatial differences within the Yellow River basin.
The temperature and evaporation in the source area of the Yellow River have increased
due to climate change, which have a negative impact on vegetation growth [23-26]. The
vegetation changes in the midstream and downstream of the Yellow River are more affected
by human activities [27-29]. Many studies have investigated the changes in a runoff-
sediment time series and the relationship with vegetation changes, among which the sharp
decrease in runoff sediment of the Yellow River is particularly concerned [30,31]. However,
the physical mechanism between the sharp decrease in runoff sediment and the vegetation
changes in the basin has not been clarified.

The main stream of the Yellow River is 5464 km long and has a drainage area of
795,000 km?. The Yellow River basin flows through nine provinces from the west to the
east of China. The main tributaries of the Yellow River include the Taohe River, Kuye
River, Wuding River, Fenhe River, Weihe River, Jinghe River, Beiluo River, and Qinhe River.
Under the combined action of natural and human factors, the runoff sediment conditions
in the Yellow River basin have exhibited new characteristics in recent years that are worthy
of attention. This study examined the ecological protection of the Yellow River basin in the
last 20 years, potentially providing a sound basis for regional ecological management. The
innovation and necessity of our research mainly include: firstly, the vegetation changes in
the whole Yellow River basin in the past 20 years are revealed through a long time series;
secondly, the causes of changes in water conservation and water-soil conservation are
revealed through the comprehensive study of the changes in the runoff-sediment system
(runoff, sediment load, runoff coefficient, sediment concentration, and sediment modulus)
in the past 20 years; and finally, the influence mechanism of vegetation change on runoff-
sediment system change is revealed through the correlation between changes in vegetation
and the runoff-sediment system.

2. Materials and Methods
2.1. Materials

This research was based on the annual precipitation, runoff, and sediment load of
16 main hydrological stations and the Normalized Difference Vegetation Index (NDVI) in
the Yellow River basin. NDVI quantifies vegetation by measuring the difference between
near-infrared and infrared light. The range of NDVI is always —1-1. When the value is
negative, it is likely to be water. If the NDVI value is close to 1, it is likely to be dense green
leaves. When NDVI is close to zero, it may even be an urbanized area. The NDVI can
accurately reflect the surface vegetation coverage. At present, NDVI time series data based on
satellite remote sensing images such as SPOT/VEGETATION and MODIS have been widely
used in to monitor dynamic changes in vegetation, detect land use/cover changes, classify
macro-vegetation cover, and estimate primary productivity in regions at various scales.
The “runoff-sediment system” refers to runoff, sediment load, runoff coefficient, sediment
concentration, and sediment modulus. The data on the annual runoff and sediment load were
taken from the Yellow River Sediment Bulletin issued by the Yellow River Water Resources
Commission of the Ministry of Water Resources (http://www.yrcc.gov.cn/ (accessed on
1 May 2021)) (Figure 1). The annual precipitation and NDVI data were taken from the
Resource and Environment Science and Data Center of the Chinese Academy of Sciences
(http:/ /www.resdc.cn/ (accessed on 1 May 2021)). The time series of the data was 2000-2020.


http://www.yrcc.gov.cn/
http://www.resdc.cn/

Land 2023, 12, 428

30f17

95°E 100°E 105°E 110°E 115°E 120°E
T T T
Annual precipitation

|
\
\
Tom \

\
-<300 B

o a0
oy 400 - 500

E:] 500 - 600

40°N

\
35°N

35°N

°E 105°E 110°

E 115°E

Figure 1. Annual precipitation and locations of hydrological and meteorological stations in the Yellow
River basin.

2.2. Methods
2.2.1. Division of the Basin

We selected Toudaoguai, Tongguan, and Lijin as the control hydrological stations in
the upper, middle, and lower reaches of the Yellow River, respectively, and chose the Tang-
naihai and Lanzhou hydrological stations to further divide the upper reaches of the river
to ensure the representativeness and continuity of the data (to avoid interference by data
from the Xiaolangdi Reservoir and other reservoirs). The Yellow River was divided into
five regions: I: above Tang Naihai, with a drainage area of 122,000 km?; II: the controlled
drainage area of 100,600 km? between Tangnaihai and Lanzhou hydrological stations;
III: the controlled drainage area of 145,300 km? between Lanzhou and Toudaoguai hy-
drological stations (I, II, and III represent the upper reaches of the Yellow River); IV: the
watershed area controlled between Toudaoguai and Tongguan hydrological stations in
the middle reaches of the Yellow River, covering 314,300 km?2; and V: the area of the
lower reaches of the Yellow River between Lijin and Tongguan, covering 69,700 km?. The
11 tributaries were the Taohe River, Huangfuchuan River, Kuye River, Wuding River, Yanhe
River, Jinghe River, Beiluo River, Weihe River, Fenhe River, Yiluo River, and Qinhe River
(Table 1).

Table 1. Correspondence between hydrological stations and rivers considered in this study.

Hydrological Station  Representative River = Hydrological Station Representative River

Tangnaihai Upstream I Baijiachuan Wuding
Lanzhou Upstream II Ganguyi Yanhe
Toudaoguai Upstream III Zhangjiashan Jinghe
Tongguan Midstream IV Zhuangtou Beiluo
Lijin Downstream V Huaxian Weihe
Honggqi Taohe Hejin Fenhe
Huangpu Huangfuchuan Heishiguan Yiluo
Wenjiachuan Kuye Wushe Qinhe
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To explore the relationship between vegetation cover and changes in the runoff-
sediment system in the Yellow River basin, we calculated the results for each section of the
river separately, whereas data from the station at each tributary remained unchanged. For
example, the runoff in Upstream 3 is the runoff in Toudaoguai Station minus the runoff
in Lanzhou Station. Although this calculation may lead to negative values, they can still
reveal change trends in the runoff. Compared with direct analysis, this method can more
clearly indicate the change trend of each river section. Other indicators were also calculated
in the same way (Figure 2).
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Figure 2. The overall workflow of this study.

2.2.2. Pearson Correlation Analysis

The Pearson correlation coefficient is used to measure the linear relationship between
distance-related variables. If p = 0, there is no linear correlation between X and Y (X, Y are
two variables). The closer the correlation coefficient is to 1 or —1, the stronger the degree of
correlation. The closer the correlation coefficient is to zero, the weaker the correlation. The
Pearson correlation coefficient was calculated as follows:

_cov(X,Y) _ E[(X— ) (Y — py)] o

0Xx0y 0x0Y

Px,Y

where the Pearson’s correlation coefficient is equal to the covariance of the two variables
divided by their standard deviation.
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2.2.3. Hydrological Index

The runoff coefficient (RC) refers to the ratio of the depth of runoff in any period to the
depth of precipitation in the same period. The runoff coefficient comprehensively reflects the
influence of natural geographical factors on the precipitation-runoff relationship in the basin:

R
=7 2
where « is the runoff coefficient, R is the depth of the runoff (in mm), and P is the depth of
precipitation (in mm). « varies from zero to one.
The sediment concentration (SC) refers to the amount of sediment contained in a unit
volume of muddy water and is the most direct representation of soil conservation in a
given area. Its unit of measurement is kg/m?3:

X=2 )
where X is the sediment concentration in a given river, S is its sediment transport (in kg),
and V is runoff (in m3).

The sediment modulus (SM) refers to the ratio of the sediment load to the correspond-
ing catchment area in a certain period. It is used to express the intensity of erosion and
sediment yield. A high sediment modulus indicates that erosion is significant and the
capacity of the river channel to carry sediment load is large. On the contrary, a low value
means that erosion is minor and the capacity of the river to carry sediment load is small.
Its unit of measurement is t/ kmzoyear:

S
-2 4
M " 4)
where M is the sediment modulus, S is the sediment load of the river (in t), and A is the

basin area (in km?).

3. Results
3.1. Spatio-Temporal Changes in Vegetation Cover from 2000 to 2020

The highest overall NDVI (Normalized Difference Vegetation Index) value over the
course of the study period was recorded in the lower reaches of the Yellow River and the
lowest NDVI value was recorded in its upper reaches, indicating that vegetation coverage
in the latter region was the highest, followed by the middle reaches, and was lowest in the
higher reaches of the river. Among the main tributaries of the Yellow River basin, Yanhe
River, Jinghe River, Beiluo River, Weihe River, Fenhe River, Yiluo River, and Qinhe River
had high NDVI values and good vegetation coverage. The lowest NDVI values over the
years were recorded in the Huangfuchuan River, Kuye River, and Wuding River basins,
where the vegetation coverage was the worst (Figure 3a—d).

Overall, the vegetation cover in the Yellow River basin has increased in the past
20 years, resulting in a prominent effect in terms of ecological protection. The degree of
increase in vegetation cover in the middle reaches of the Yellow River was higher than in
the upper and lower reaches. The NDVI values of the entire Yellow River basin increased
from 0.54 to 0.67 in the study period, representing a net increase of 35.2%. The spatial
pattern of vegetation cover in the middle and upper reaches of the Yellow River (basins
III and IV) increased most significantly, with an average increase in the NDVI values from
0.4 to 0.57, representing a net increase of 47%. The lower Yellow River (basin V) had the
smallest range of growth, with the average NDVI value increasing from 0.7 to 0.77—a net
increase of only 10%. The growth rates of vegetation cover in areas I and II in the upper
reaches of the Yellow River were 16% and 24%, respectively.
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Figure 3. Spatio-temporal changes in the Yellow River basin from 2000 to 2020; (a—c) spatial distribu-
tion of NDVI values in the Yellow River basin in 2000, 2010, and 2020; (d) spatio-temporal variations
of NDVI values in the Yellow River basin from 2000 to 2020; (e) NDVI variations of each division in
the Yellow River basin from 2000 to 2020.

The degree of improvement in vegetation coverage in the west bank basin of the
middle reaches of the Yellow River was much higher than that in the east bank basin.
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Huangfuchuan River, Kuye River, Wuding River, Yanhe River, Jinghe River, Beiluo River,
and Weihe River are located on the west bank, while Fenhe River, Yiluo River, and Qinhe
River are located on the east bank. The vegetation cover in the Huangfuchuan River, Kuye
River, Wuding River, Yanhe River, and Jinghe River basins increased most significantly
(more than 50%). This was followed by increases in vegetation cover in the Beiluo River,
Weihe River, and Fenhe River of 25-35% and increases in the Yiluo River and Qin River
basins of only 11% and 17%, respectively (Figure 3e).

The vegetation cover in some areas of the lower Yellow River decreased. For example,
the Weihe River basin is an urban agglomeration centered on Xi’an and Shaanxi and the Yiluo
River and Qinhe River basins are urban agglomerations centered on Zhengzhou and Henan.
In the past 20 years, large-scale urbanization in the lower reaches of the Yellow River (mainly
in Henan and Shandong Provinces) has led to a reduction in vegetation cover.

3.2. Dynamic Variations in Hydrological Indices in the Last 20 Years
3.2.1. Variations in Precipitation

In the last 20 years, precipitation in the Yellow River Basin has shown a promi-
nent increasing trend of 2.0 x 10'° m? (converted into runoff according to precipitation)
(Figure 4). The average annual precipitation increased by 23.6% in the middle reaches of
the Yellow River, 6.6% the lower reaches of the Yellow River, 41%, in the upper reaches,
40.7% in area II, and 50.5% in area III. The precipitation in the main tributaries of the Taohe
River, Huangfuchuan River, Kuye River, Wuding River, Yanhe River, Jinghe River, Beiluo
River, Weihe River, Fenhe River, Yiluo River, and Qinhe River increased by 40.16%, 45.05%,
62.95%, 78.53%, 36.63%, 42.60%, 35.13%, 27.54%, 20.99%, 1.58%, and 5.89% respectively.
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Figure 4. Dynamic changes in precipitation in the Yellow River basin; this figure includes the change
of runoff in each division of the main stream and main tributaries.
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3.2.2. Variation in Runoff

Natural runoff refers to the sum of measured runoff, water intake, and water storage
in a given river. We calculated the natural runoff of the Yellow River basin according to the
measured and reduced runoff (the sum of water consumption and storage) to adequately
reflect the changes in the runoff.

The runoff increased by 109.15% above Tangnaihai, 105.37% from Tangnaihai to
Lanzhou, 91.25% from Lanzhou to Toudaoguai, 91.25% from Toudaoguai to Tongguan,
and 8.62% from Tongguan to Lijin (Figure 5). Of the 11 main tributaries, the runoff of
seven tributaries showed an increasing trend. The runoff of Tao River, Kuye River, Wuding
River, Yan River, Jing River, Wei River, and Fen River increased by 110.89%, 99.42%, 18.46%,
12.38%, 108.48%, 88.13%, and 206.37%, respectively. The runoff of the other four tributaries
showed a decreasing trend: those of Huangfuchuan River, Beiluo River, Yiluo River, and
Qin River decreased by 49.12%, 20.85%, 27.42%, and 76.81%, respectively. It is clear that the
runoff in the rivers was characterized by a global increasing trend and local decreases.
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Figure 5. Dynamic changes in the runoff, reductive runoff, and natural runoff in the Yellow River
basin; this figure includes the change in runoff in each division of the main stream and tributaries.

Changes in the runoff showed that the maximum reduced runoff in the Yellow River
basin was 3.5 x 1010 m3, accounting for more than 50% of the total natural runoff. The river
sections of Lanzhou-Toudaoguai and Tongguan-Lijin recorded the largest reduced runoff
(above 1.0 x 10! m? throughout the year), which increased year by year. The reduced
runoff from Toudaoguai to Tongguan was relatively small and stable at 7.0 x 10° m3. The
runoff in sections above Tangnaihai and from Tangnaihai to Lanzhou was the smallest at
3.0 x 10° m?

The natural runoff of the Yellow River basin reached 6.5 x 10! m® and had tripled
over the past 20 years. The natural runoff above Tangnaihai and Tangnaihai-Lanzhou was
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higher than 1.0 x 10!° m? in most years, showing an increasing trend each year. The natural
runoff of Lanzhou-Toudaoguai was negative and had not changed significantly for many
years. The natural runoff of the section from Toudaoguai to Tongguan was maintained at
7.5 x 10° m® and had increased each year. The natural runoff of the Tongguan-Lijin reach
gradually increased from a negative value to 5.0 x 10° m® and had remained stable.

On the whole, the sections above Tangnaihai, and from Tangnaihai to Lanzhou con-
tributed the most to the water yield of the entire Yellow River basin, but the water consump-
tion was low. These areas constitute the “water towers” of the Yellow River. The sections
from Lanzhou to Toudaoguai, Toudaoguai to Tongguan, and Tongguan to Lijin consumed
75% of the water in the Yellow River basin. The reach from Toudaoguai to Tongguan
was the largest (more than 7.5 x 10° m3), followed by that from Tongguan to Lijin (about
5.0 x 10° m3). The contribution of the Lanzhou-Toudaoguai reach to the water yield of
the Yellow River was the smallest (negative value), indicating that the water intake of this
section far exceeded the amount of water that it provided.

3.2.3. Variation in Sediment

The annual sediment load increased by 224.53% in region I of the upper reaches of
the Yellow River, decreased by 80.91% in region II, and increased by 12.12% in region III
(Figure 6). The average annual sediment discharge decreased by 92.32% in the middle
reaches of the Yellow River (region IV) and increased by 132.31% in the lower Yellow River
(region V). The sediment load in the middle reaches of the Yellow River was much higher
than that in its upper and lower reaches, and that in the west bank of the middle reaches
was much greater than that in the east bank. The sediment load of the main tributaries of
the Yellow River Basin showed a decreasing trend. Those of Kuye River, Huangpuchuan
River, Wuding River, Yanhe River, Jinghe River, Beiluo River, and Weihe River decreased by
81%, 78%, 32%, 62%, 64%, 61%, and 36%, respectively. The sediment loads of Fenhe River,
Qinhe River, and Yiluo River were very small. The sediment load in the Yellow River Basin
decreased significantly on the whole. Specifically, the sediment load in the upper reaches of
the Yellow River showed a decreasing trend, but there were differences among reaches. The
sediment load in the sections above Tangnaihai and from Lanzhou to Toudaoguai increased
gradually, while that in the section from Tangnaihai to Lanzhou decreased each year. The
sediment load from Toudaoguai to Tongguan decreased the most and that from Tongguan
to Lijin increased only slightly.

3.3. Variations in Water and Soil Conservation Functions
3.3.1. Variations in the Runoff Coefficient

The runoff coefficient is the ratio of precipitation to runoff and reflects the influence of
the geographical factors in the basin on the process whereby precipitation leads to runoff. The
runoff coefficients of the five main hydrological stations in the Yellow River basin showed
an increasing trend (increases in the runoff coefficients were 27.57%, 9.06%, 41.36%, 64.09%,
and 24.16%) (Figure 7). Among the hydrological stations of the 11 tributaries, the runoff
coefficients of five stations exhibited an increasing trend (Taohe River, Kuye River, Jinghe
River, Weihe River, and Fenhe River) while those of the other six stations showed a decreasing
trend (Huangpuchuan River, Wuding River, Yanhe River, Beiluo River, Yiluo River, and Qinhe
River). The NDVI values of these tributaries were also relatively low. On the whole, the
runoff coefficient of the Yellow River basin showed an overall increasing trend and local
decreases. The improvement in the runoff of the Toudaoguai-Tongguan reach was the most
prominent. The water conservation function of the basin significantly improved on the whole,
but it did not increase significantly and even deteriorated in some tributaries.
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Figure 6. Dynamic changes in the sediment load in the Yellow River basin; this figure includes the
change in sediment load in each division of the main stream and tributaries.
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3.3.2. Variations in Sediment Concentration

It is generally believed that less water and soil loss leads to a lower sediment con-
centration in the river, as well as the opposite. Of the five hydrological stations in the
main stream of the Yellow River basin, sediment concentrations in the Tangnaihai-Lanzhou
and Toudaoguai-Tongguan sections decreased by 40.07% and 74.11%, respectively. The
sediment concentrations in the sections above Tangnaihai, from Lanzhou to Toudaoguai,
and from Tongguan to Lijin increased by 70.41%, 231.66%, and 126.31%, respectively
(Figure 8). The sediment concentrations of the 11 tributary hydrological stations (Taohe
River, Huangfuchuan River, Kuye River, Wuding River, Yanhe River, Jinghe River, Beiluo
River, Weihe River, Fenhe River, Yiluo River, and Qinhe River) decreased by 84.91%, 90.58%,
97.24%, 90.64%, 96.37%, 88.07%, 94.99%, 94.81%, and 98.24%, respectively. The sediment
concentration in the upper reaches of the Yellow River showed a decreasing trend but
different sections of the river exhibited differences in this regard. The sections above
Tangnaihai and from Lanzhou to Toudaoguai showed an increasing trend while the section
from Tangnaihai to Lanzhou showed a decreasing trend. The decrease in the sediment
concentration in the middle reaches of the Yellow River (Toudaoguai-Tongguan section)
was the largest and that in its lower reaches was the smallest. The reduction in soil and
water loss in the middle reaches of the Yellow River was the most prominent, whereas it
was not significant in the lower reaches.
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Figure 8. Changes in sediment concentration in the main stream and tributaries of the Yellow River
basin; this figure includes the change in sediment concentration in each division of the main stream
and tributaries.
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3.3.3. Variations in the Sediment Modulus

The sediment modulus is used to express the intensity of erosion and the sediment
yield. A high sediment modulus indicates that the intensity of soil erosion is high. Of the
five hydrological stations in the main stream of the Yellow River Basin, the sediment moduli
of Tangnaihai-Lanzhou and Toudaoguai-Tongguan decreased (49.86% and 34.75%, respec-
tively) and those above Tangnaihai, Lanzhou-Toudaoguai, and Tongguan-Lijin increased
(254.72%, 12.12%, and 67.73%, respectively). The sediment moduli of the 11 tributary hydro-
logical stations (Taohe River, Huangfuchuan River, Kuye River, Wuding River, Yanhe River,
Jinghe River, Beiluo River, Weihe River, Fenhe River, Yiluo River, and Qinhe River) de-
creased by 56.47%, 87.91%, 89.66%, 36.84%, 86.24%, 57.98%, 94.41%, 61.68%, 69.23%, 90.00%,
and 90.00%, respectively (Figure 9). The water and soil loss of the Tangnaihai-Lanzhou
and Toudaoguai-Tongguan reaches significantly decreased, but the improvement in soil
conservation in the sections above Tangnaihai, Lanzhou-Toudaoguai, and Tongguan-Lijin
was not prominent.
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Figure 9. Changes in the sediment modulus in the main stream and tributaries of the Yellow River basin;
this figure includes the change in sediment modulus in each division of the main stream and tributaries.

3.4. Relationship between Vegetation and Changes in Runoff-Sediment Relationship

Among the 16 hydrological stations considered in this study, the Pearson correlation
coefficient between NDVI and the runoff coefficient for 10 stations were greater than zero
and those of the other six were below zero. NDVI was negatively correlated with the runoff
coefficient in Huangfuchuan River, Yiluo River, Qinhe River, Beiluo River, Yanhe River, and
Wuding River (Figure 10).
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Figure 10. Correlation coefficients between NDVI and the runoff coefficient in the Yellow River basin.

Of the 16 hydrological stations, the correlation coefficient between NDVI and the sedi-
ment concentration for 13 hydrological stations was less than zero, that of two hydrological
stations was greater than zero, and that of one station was equal to zero (Tangnaihai).
There was a positive correlation between NDVI and the sediment concentration in the

Tangnaihai-Lanzhou and Toudaoguai-Tongguan reaches and a negative correlation in the
other basins (Figure 11).
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Figure 11. Correlation coefficients between NDVI and the sediment concentration in the Yellow

River basin.

The correlation coefficient between NDVI and the sediment modulus of 13 hydrologi-
cal stations was less than zero and that of the remainder was greater than zero. NDVI was
positively correlated with the sediment modulus for the reaches above Tangnaihai, from
Lanzhou to Toudaoguai, and from Tongguan to Lijin, and negatively correlated with the
sediment modulus for the other watersheds (Figure 12).
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Figure 12. Correlation coefficients between NDVI and the sediment concentration in the Yellow
River basin.

The results showed that with the increase in NDVI in the Yellow River basin, a higher
runoff coefficient was associated with a lower sediment concentration and smaller sediment
modulus. On the whole, the large-scale ecological protection of the Yellow River basin
improved its vegetation coverage, played an important role in controlling runoff and
sediment, and improved its water conservation and soil conservation functions.

4. Discussion

The Yellow River basin has the most significant soil erosion in the world. A large
amount of sediment is carried into the Yellow River. The restoration of vegetation owing
to large-scale ecological protection is the key factor influencing changes in the runoff-
sediment relationship in the Yellow River basin. Changes in runoff and sediment are also
affected by factors such as social and economic development and water use.

For the upper reaches of the Yellow River, vegetation coverage is increasing overall and
the water conservation function has been improved [32]. However, the soil conservation
function from Tangnaihai-Lanzhou to Toudaogui still needs to be strengthened [33]. For
the middle reaches of the Yellow River, ecological construction has significantly improved
the vegetation coverage since 2000 and has played a beneficial role in the control of water
and sediment [5,10,34-36]. Although the natural runoff in the middle reaches of the Yellow
River has increased significantly, the growth in the measured runoff in the river has been
significantly weakened by the large increase in economic water consumption [37,38]. The
ecological protection of the Yellow River basin needs to strengthen the overall management
of water resources and control the economic water consumption [39,40]. For the lower
reaches of the Yellow River, vegetation coverage in some areas has decreased due to large-
scale urbanization expansion. In this area, water production is small but water consumption
is huge, such that water production in the middle and upper reaches is consumed [41,42].
The water conservation function of the lower reaches of the Yellow River has been improved,
but the soil conservation function still needs to be strengthened.

The change in the runoff-sediment system in the Yellow River basin is a problem that
has attracted the interest of scholars. Our research involved investigating the relationship
between NDVI and the runoff-sediment system by carrying out a statistical analysis. The
spatial heterogeneity of the relationship between vegetation change and runoff-sediment
system change in the Yellow River basin reflects the complexity of the driving mechanism
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of runoff-sediment change. Our research results will provide a basis for water resource
management and ecological construction in the Yellow River basin.

5. Conclusions

This study used data on the Normalized Difference Vegetation Index (NDVI), pre-
cipitation, runoff, and sediment load to identify changes and spatio-temporal differences
in the relationship between NDVI, runoff, and sediment in the Yellow River basin in the
last 20 years. The results showed that vegetation coverage in the basin has increased
as a whole (the average NDVI value has increased by more than 25%) and its effect in
terms of ecological protection is clear. The improvement in vegetation coverage was most
prominent in the middle reaches of the Yellow River (the average NDVI value increased
by 47%), but urban expansion in the lower reaches had decreased vegetation coverage.
Over the past 20 years, the water conservation function of the Yellow River basin has
improved significantly and natural runoff has increased (the natural runoff of the Yellow
River Basin has more than doubled and the runoff coefficient has increased by more than
30%). However, owing to continually high water consumption in the middle and lower
reaches of the Yellow River, growth in the measured runoff has significantly weakened
(the maximum reduced runoff of the Yellow River basin was more than 3.5 x 101 m3,
accounting for approximately half of the natural runoff and equivalent to the measured
runoff). The overall soil conservation function of the Yellow River basin has improved
significantly, but not above Tangnaihai and in the sections from Lanzhou to Toudaoguai
(the sediment concentration from Toudaoguai to Tongguan decreased by 74.11% and the
sediment modulus decreased by 34.75%). Pearson correlation analysis showed that with
the increase in NDVI in the Yellow River basin, a larger runoff coefficient was associated
with a lower sediment concentration and smaller sediment modulus. Thus, the increased
vegetation coverage has improved the water conservation function and reduced soil erosion
in the Yellow River basin.
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