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Over the past 50 years, a series of soil andwater conservationmeasures have been implemented on the Loess Pla-
teau, including biological, engineering, and agricultural measures. As a result, water discharge and sediment load
on the plateauhave undergone significant changes. In this study,we compared thewater discharge and sediment
load at N100 hydrological stations across the Loess Plateau during the period 2008–2016 (P2)with thewater dis-
charge and sediment load during the period 1971–1987 (P1), and detected themain sources of sediment in each
of the two periods.We then performed an attribution analysis to quantify the influence of different factors on the
changes in sediment load. We found the following results: (1) Water discharge was reduced by 22% in P2 com-
pared with P1, whereas the sediment loadwas reduced by 74%. (2) Sediment resources are mainly concentrated
between Toudaoguai and Tongguan stations: this region contributed N88% of the total sediment load at the ter-
minal station (Huayuankou station) in both P1 and P2. (3)When considering only the changes in sediment con-
centration on the Loess Plateau, we conclude that the contribution of human activities was N72%. This study
provides a detailed description of the temporal and spatial variations inwater and sediment across the Loess Pla-
teau, providing a reliable reference for the future development of ecological soil and water conservation mea-
sures on the Loess Plateau.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The Loess Plateau is the largest area of loess in the world, with deep
and soft soil that is rich in nutrients (Chen et al., 2007; Yang et al.,
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2019a). It has a long agricultural history and is considered to be one of
the birthplaces of ancient Chinese civilization. Today, the Loess Plateau
is also known for its severe soil erosion (Fu et al., 2011) and is one of
theworld'smost ecologically fragile regions (Chao et al., 2017). Previous
studies found that the average soil erosion modulus for the Loess Pla-
teau reached 7179.76 t/(km2·a) (Chen et al., 1988). As a result of the se-
vere erosion, the Yellow River has become themost hyperconcentrated
sediment-laden river in the world (Kong et al., 2017), and nearly 90% of
the sediment in the Yellow River originates from the Loess Plateau
(Chen et al., 2007). The high concentration of sediment in the river
has in turn led to downstream siltation and a rise in the riverbed, with
a consequent increase in the risk of loss of life from flooding. In order
to control the severe soil erosion and to prevent the transported sedi-
ment from entering the river system, a series of soil conservation mea-
sures have been implemented on a large scale across the plateau
since the 1970s, including engineering measures (dams, reservoirs
and etc.), biological measures (afforestation), and tillage measures
(no-till and rotating crops). A plan for the comprehensive manage-
ment of small watersheds was initiated in China in the early 1980s.
In 1999, the Chinese government implemented the “Grain for
Green” project and achieved great success in intercepting sediment
(Fu et al., 2017).

After long-term continuous afforestation, the vegetation in many
areas on the plateau is almost a secondary forest. The water demands
of some of these planted trees are greater than those of native trees or
bare land (Gao et al., 2014). Because of the massive absorption of soil
water by planted trees, the water content of the soil has decreased
(Wang et al., 2011; Yang et al., 2019b). Simultaneously, the runoff
depths of many tributaries on the plateau have declined, in some
cases to zero (Chen et al., 2005; Zhao et al., 2017). There are several rea-
sons for the decrease in surface runoff. Vegetation growth consumes
some of the water from precipitation. In addition, precipitation falling
onto slopes quickly infiltrates shallow ground (Xu, 2011). However, be-
cause of thick litter layers (Zhang et al., 2008), water present temporar-
ily in shallow ground rarely becomes groundwater, and instead quickly
evaporates (Xu, 2011). Research shows that evapotranspiration is
greater in areas planted with trees (Sun et al., 2008). Furthermore,
human water consumption has gradually increased on the plateau
over the past few decades, contributing to declines in discharge (Yu
et al., 2013). Improving soil protection on the plateau and reducing
the amount of sediment transported by the Yellow River will not be
achieved by reducing water discharge but by changing the relationship
between water discharge and sediment load. This is the most feasible
way to maintain the sustainable development of water resources on
the Loess Plateau.

On the Loess Plateau, the process of soil erosion process is compli-
cated by the influence of both human activities and climate change. Cli-
mate conditions across the Loess Plateau are sensitive to variations in
the east Asian summer and winter monsoons (Porter and An, 1995).
Sun et al. (2015b) showed that many catchments on the plateau have
experienced climate change to different degrees, especially catchments
in the southwest. Zhang and Liu (2005) predicted annual precipitation
would increase by 23–37% and that maximum andminimum tempera-
tures would rise by 2.3–4.3 °C and 3.6–5.3 °C, respectively, in the south-
ern part of the plateau during the 21st century. Changes in human
activity also play a key role in soil erosion, with both positive and nega-
tive effects on sediment load. Soil erosion has been aggravated by the
large-scale conversion of forests into cultivated land, by reclamation of
steeply sloping land, and by overgrazing. These are all regarded as neg-
ative behaviors since they act to increase the sediment in the river. Con-
versely, afforestation, dams, reservoirs, etc. all reduce the sediment load
in themainstreamand are thus regarded as positive behaviors. In recent
years, there have been interactions between these positive and negative
effects, resulting in human activities playing a major role in the ecolog-
ical and hydrological processes on the Loess Plateau (Gao et al., 2016;
Wang et al., 2015; Gao et al., 2019).
Quantitatively distinguishing the relative impact of climate change
and human activities on hydrological processes on the Loess Plateau
has become a focus of intense research in recent years. To assess the ef-
fects on changes in runoff, Liang et al. (2014) analyzed the changes in
water discharge at 14 hydrological stations over the period
1960–2009, using the elasticity method based on the Budyko hypothe-
sis, and found that ecological restoration (regarded as a human activity)
and climate change were respectively responsible for 62% and 38% of
the total changes in runoff. Using the same method and the same re-
search period but including 15 stations, Gao et al. (2016) showed that
changes in land use/cover and precipitation contributed approximately
65% and 42% to reductions in water discharge. Wu et al. (2017), using
ten commonly used quantitativemethods, reported that climate change
(54%) was the main factor influencing decreases in runoff in the Yan
River basin, a secondary watershed on the Loess Plateau, with human
activities contributing 46%. Zhao et al. (2017) investigated changes in
sediment load in the Huangfuchuan catchment, a sub-basin on the
Loess Plateau, using a combination of field work and modeling. They
found that human activities (land use/cover and the construction of en-
gineering measures) were responsible for 80% of the sediment load de-
crease in the catchment over the period 1990–2006. Gao et al. (2017)
used time-trend analysis to calculate the relative contributions of cli-
mate change and human activities in 15 catchments on the Loess Pla-
teau over the period 1960–2011, and reported values of 70% (land
use/cover) and 30% (precipitation). The results from these studies are
not universal but depend on the size of the catchment(s), the geological
landforms, the climate conditions, and the degree of human interfer-
ence, and may also be affected by the research periods and methods
chosen.

Most of the prior analyses focused either only on a single catchment
or only on the changes in water discharge and sediment load at a small
number of hydrological stations across the Loess Plateau (usually b20).
However, the plateau covers a vast territory and can be split into five
sub-regions: moist and semi-moist forest, semi-moist and semi-arid
forest grassland, semi-arid typical grassland, arid and semi-arid desert
grassland, and arid desert (Zhang and Huang, 2001). The terrain is com-
plex and diverse (Fu et al., 2011), and the intensity of human interfer-
ence varies greatly (Tang et al., 1994). Moreover, the research periods
in most previous studies are no longer current, yet, in recent years, the
Loess Plateau has undergone very complex changes, in both climate
(Sun et al., 2015a) and landforms (Fu et al., 2017). For this study,we col-
lected water-discharge and sediment-load data from high-density hy-
drological observation stations across the plateau, covering almost all
of the different regions. With these data, we performed an integrated
analysis of the changes in water discharge and sediment load in differ-
ent regions of the Loess Plateau over recent years, thus providing a com-
prehensive reference for the management of sediment in the Yellow
River and studies of the ecological hydrology of the Loess Plateau.

2. Methods

2.1. Study area

The Loess Plateau covers 640,000 km2, accounting for about 7% of the
total land area in China. It is a typical highland region with an average
altitude of 1000 to 2000 m. The plateau is rich in loess, with a thickness
of 50 to 80 m in most areas. In eastern and northern Shaanxi province,
the thickness of the loess reaches 150 m, and the thickest parts can
reach 200 m (Zhang, 1991). The Loess Plateau has a typical arid and
semi-arid climate and belongs to the edge of the temperate monsoon
climate zone; the instabilities associated with a continental and mon-
soon climate are prominent. Although the annual precipitation ranges
from 400 to 600 mm in most regions (Tang et al., 2018), precipitation
is highly concentrated in the summer months. N80% of heavy rains fall
in June, July and August, and N70% of the total rainfall during these
three months falls in the form of heavy rain (Zhang, 1983). Usually,
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single heavy rainfall events account for 30% or more of the total annual
precipitation (Zhang et al., 2008). The maximum yearly sediment load
used to reach 1.6 Gt at Tongguan station (Fig. 1), but, over the past
20 years, the sediment yield has dropped to b0.1 Gt per year owing to
climate change and surface environment changes (Wang et al., 2015).

2.2. Data

Data on daily water discharge [m3/s] and daily suspended sediment
concentration [m3/kg] were obtained from the Hydrological Yearbooks
of the People's Republic of China, compiled by the Yellow River Conser-
vancy Commission (YRCC) (http://www.yellowriver.gov.cn/). Precipi-
tation and temperature data at 302 meteorological stations (Fig. 1)
were obtained from the National Climate Centre of China Meteorologi-
cal Administration (CMA) (http://data.cma.cn/).Weused the kriging in-
terpolation technique to estimate regional monthly mean precipitation
andmonthlymean temperaturewith input from a digital elevationmap
(DEM). A 90-m resolution DEM of the Loess Plateau provided by the In-
ternational Scientific Data Service Platform (http://datamirror.csdb.cn/)
was used to delineate the hydrological boundaries of all the sub-
catchments.

2.3. Hydrological data quality control

In the process of hydrological monitoring, data loss is inevitable to
some extent. On the Loess Plateau, the hydrological data loss is much
more serious in the dry season (November–April) than in the wet sea-
son (May–October). Considering that runoff and sediment are mainly
generated in the wet season, we set a wet-season missing-data limit
of 5% in this study. If the missing-data rate for a hydrological station
exceeded 5%, then that hydrological station was excluded from this
Fig. 1. The locations of hydrological and mete
study. Ultimately, data from 122 hydrological stations for P1
(1971–1987) and 104 stations for P2 (2008–2015) were included in
this study.

For hydrological stationswith b5%missing data,we used the average
of the values from the same month in the two adjacent years to fill in
missing wet-season data, and the mean value from same month in all
P1 or P2 years to replacemissingdry-season data. Using these hydrolog-
ical data, we plotted the respective spatial characteristics of discharge
and sediment yield for the two time periods.We also used the hydrolog-
ical observations from 104 stationswith data for both P1 and P2 to com-
pare the changes in water discharge and sediment load in the two
periods. More detailed information about these hydrological stations is
presented in Supplementary Table 1.

2.4. Methodology

2.4.1. Calculating suspended sediment yield
We used the water-discharge data and the sediment-concentration

data to obtain the sediment load per day. Therefore, the annual
suspended sediment yield can be calculated by the following formula:

S ¼ ∑365=366
i¼1 Qi � SCi � 86400=1000 ð1Þ

S ¼
Pn

j¼1 Sj

n
ð2Þ

Q ¼ ∑365=366
i¼1 Qi � 86400 ð3Þ

Q ¼
Pn

j¼1 Q j

n
ð4Þ
orological stations on the Loess Plateau.

http://www.yellowriver.gov.cn/
http://data.cma.cn/
http://datamirror.csdb.cn/
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SSY ¼ S2−S1
A2−A1

ð5Þ

where S [t/year] is the annual sediment load; Qi [m3/s] and SCi [kg/m3]
are the water discharge and sediment concentration on the ith day, re-
spectively; 365 and 366 represent the number of days in non-leap years
and leap years. 86,400 is the conversion factor between seconds and
years, and 1000 is the conversion factor between kilograms and tons. S
[t/year] is the annual mean sediment load for n years where Sj is the
sediment load in jth year. Q [m3/year] is the annual water discharge. Q
[m3/year] is the annual mean discharge for n years where Qj is the
water discharge in jth year. SSY [t/(km2·a)] is the suspended sediment
yield, which equals the difference between the annual mean sediment
load (i.e. S2−S1) of two hydrological stations divided by the difference
between the control areas (i.e. A2− A1) of the two hydrological stations.

2.4.2. Tributary contribution rates to the sediment load at Tongguan station
The tributary contribution rates are the ratios of the annual (annual

wet-season)mean sediment load at the controlled hydrological stations
of tributaries to the annual (annual wet-season)mean sediment load at
Tongguan station (Li and Liu, 2018; Zhang et al., 2018). The contribution
rate roughly reflects the sediment-transport capacity of each tributary
and the contribution to the total amount of soil erosion on the Loess Pla-
teau. In this research, the contribution rateswere calculated for both the
P1 and P2 periods.

2.4.3. Runoff coefficient (Cr) and annual mean sediment concentration
(AMSC)

The dimensionless runoff coefficient [Cr] relates the amount ofwater
discharge from a catchment to the amount of precipitation received in
that catchment during a certain period. AMSC [kg/m3] represents the re-
lationship between long-term discharge and sediment at an inter-
annual scale. Cr and AMSC are expressed as:

Cr ¼
Q
A
=1000

P
ð6Þ

AMSC ¼ 1000 � S=Q ð7Þ

where Q [m3/year] is the annual mean discharge, P [mm] is the annual
mean precipitation in the control area for each hydrological station and
A [km2] is the control area of hydrological station. 1000 in Eq. (6) is the
conversion factor between meter and millimeter, 1000 in Eq. (7) is the
conversion factor between ton and kilogram. S [t/year] is the annual
mean sediment load for n years.

2.4.4. Sediment identity factor assessment
From the processes for producing sediment, we can determine the

sediment identity:

S ¼ P � Q
P
� S
Q

¼ P � Cr � A � AMSC ð8Þ

Deriving time [t] on the left and right sides of the above equation,
and then dividing by the variable itself gives us:

dS
dt
S
=A ¼ d P � Cr � AMSCð Þ

dt
¼

dP
dt
P

þ
dCr
dt
Cr

þ
dAMSC

dt
AMSC

ð9Þ

Next, we define a function r(X):

r Xð Þ ¼
dX
dt
X

ð10Þ
And then insert the function r(X) from Eq. (10) into Eq. (9):

r Sð Þ
A

¼ r Pð Þ þ r Crð Þ þ r AMSCð Þ ð11Þ

Here, we treat P1 and P2 as different time periods in the above time
series, and calculate the rates of annual change in P, Cr, and AMSC by lin-
ear regression, giving values for the slope. Then, the slope is divided by
the respective variable mean values to calculate the proportional
change (r(X)). In theory, the proportional change in sediment load di-
vided by the basin area should be equal to the sum of the proportional
changes in the three factors (P, Cr, AMSC).

3. Results

3.1. Changes in sediment load and water discharge

Figs. 2 and 3 show the changes in sediment load andwater discharge
between the P1 and P2 periods at each hydrological station on the Loess
Plateau. There was a significant reduction in both sediment load and
water discharge at most hydrological stations (Figs. 2c and 3c). 13% of
stations experienced a sediment-load reduction of N0.1 Gt sediment
load per year and 44% experienced a water-discharge reduction of
N0.1 Gm3 per year. Only 18% of stations showed a N50% decrease in
water discharge; however, 86% of stations had a N50% decrease in sedi-
ment load. In general, the reduction in sediment load tended to bemore
extensive and more significant than the reduction in water dis-
charge. As expected (Miao et al., 2010), the farther the mainstream
station is from the Huayuankou station, the greater is the reduction
in water discharge (Fig. 3c). All stations except three showed a de-
crease in sediment load (Fig. 2c and d). Stations with an increase in
sediment load were: Zhangcunyi (Beiluo River) – 82%, Luolicun
(Wei River) –0.064%, and Wenyuheshuiku (Fen River) – more than
100%.

Compared with P1, we found a 22% reduction in annual water dis-
charge in P2 on the plateau, and a 29% reduction in wet-season water
discharge. In addition, an important characteristic can be observed by
examining Figs. 2 and 3: the changes in annual sediment load were es-
sentially the same as the changes in wet-season sediment load (Fig. 2c
and d), but did not match the changes in discharge (Fig. 3c and d).
Only 9 stations showed an increase wet-season discharge but 17 sta-
tions showed an increase in annual mean discharge (Fig. 3c and d). In
total, the wet-season sediment load across all stations accounted for
96% of the annual sediment load in P1 and 95% in P2, on average. For
water discharge, the corresponding percentages were 72% (P1) and
65% (P2).

3.2. Temporal and spatial variations in suspended sediment yield

Suspended sediment yield (SSY) is one of the indicators of the inten-
sity of soil erosion in a basin. It is influenced by geomorphology, ground
composition, climate, vegetation coverage, and human activities. Fig. 4
shows the temporal and spatial variations in SSY across the Loess Pla-
teau: 56% of stations had a N80% decrease in sediment yield in P2 com-
paredwith P1, and 86% of stations had a N50% decrease. SSYdecreased in
all basins except Zhangcunyi (Beiluo River) and Luolicun (Wei River)
station. And on average, the SSY across the Loess Plateau reduced by
74%.

During P1, the sediment-production capacity of upstream of the
Toudaoguai gauging station was relatively weak and the SSY was
under 1000 t/(km2·a) for all stations except Jingyuan station (Zuli
River basin), where the SSY reached 3984 t/(km2·a). The areas with
high sediment yield (N5000 t/(km2·a)) were mainly concentrated in
the north of the Toudaoguai–Longmen region, as well as in the north-
east Beiluo River basin and the Jing River basin. The areas with the
most serious soil erosion formed a band across the central region of



Fig. 2. Each point represents the location of a hydrological station on the Loess Plateau. (a, b) Annualmean sediment load during the two periods, P1 (1971–1987) and P2 (2008–2016). (c,
d) Changes in the annual mean sediment load and the annual meanwet-season sediment load (i.e. SP2− SP1). (e, f) Percentage changes in the annual mean sediment load and the annual
mean wet-season sediment load (i.e. (SP2 − SP1) / SP1). Subscripts indicate the corresponding period. (c, d, e, f) Red points indicate increases and blue points indicate decreases. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Loess Plateau. The areaswith the greatest sediment production dur-
ing P1 were the Huangfuchuan basin (Huangfu station) and the Kuye
River basin (Wenjiachuan station), where SSY values reached
15,055 t/(km2·a) and 11,940 t/(km2·a). The Huangfuchuan and Kuye
River basins are both located in the transition zone between the south-
eastern part of the Ordos Plateau and the Loess Plateau in northern



Fig. 3. Each point represents the location of a hydrological station on the Loess Plateau. (a, b) Annual meanwater discharge during the two periods, P1 (1971–1987) and P2 (2008–2016).
(c, d) Changes in the annualmeanwater discharge and the annualmeanwet-seasonwater discharge (i.e.QP2−QP1). (e, f) Percentage changes in the annualmeanwater discharge and the
annual meanwet-seasonwater discharge (i.e. (QP2− QP1) / QP1). Subscripts indicate the corresponding period. (c, d, e, f) Red points indicate increases and blue points indicate decreases.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Shaanxi. The two basins are both primary tributaries of the middle
reaches of the Yellow River and have complex natural conditions.

During P2, the SSY did not exceed 1000 t/(km2·a) for 83% of hydro-
logical stations (Fig. 4b). The sediment yield from the northern Beiluo
River basin (Wuqi, Zhidan, and Liujiahe stations) decreased by 90%
from P1 to P2. In the western part of the Jing River basin, the sediment
yield decreased by N90%. All catchments in theWei River basin, exclud-
ing the Jing River and the Beiluo River, had decreases in SSY to below
1000 t/(km2·a). Moreover, the Qingjian River (Yanchuan station), the
Yan River (Ganguyi station), and the rivers on the right-hand side of



Fig. 4. Spatial pattern of suspended sediment yield (SSY) across the Loess Plateau during (a) P1 (1971–1987) and (b) P2 (2008–2016). The SSY of the control areas, for six hydrological
stations in the Wei River basin whose control-area boundaries were not obtained due to the relatively flat terrain, are not shown in the figure.
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the Toudaoguai–Longmen section all controlled soil erosion well in P2.
However, for half of the Jing River basin (Zhangjiashan station), the sed-
iment transport intensity remained high.
3.3. Tributary contribution rates to the sediment load at Tongguan station

Historical data showed that just 10% of the total sediment load was
derived upstream of Toudaoguai station (Rao et al., 2001); whereas
the sediment load at Tongguan station accounted for 98.1% of that of
Lijin station (Hu et al., 2005), which is the last station along the Yellow
River. The basin between Toudaoguai and Tongguan stations is critical
for the production of suspended sediment in the Yellow River. The spa-
tial pattern of sediment yield on the Loess Plateau was essentially the
same in P2 as P1 (Fig. 5), with the sediment sources still mainly concen-
trated in several important tributaries. Fig. 5a shows that the contribu-
tion rates differ greatly between different rivers: during P1, the
sediment load from Toudaoguai–Longmen section was 49% of the sedi-
ment load at Tongguan station, and the percentages were 31% and 20%
Fig. 5. Tributary contribution rates to the sediment load for the region between the Toudaogu
season sediment load. The height of the column indicates the magnitude of the contribution
Toudaoguai–Tongguan section mainly comprises the Toudaoguai–Longmen section, the Jing
interpretation of the references to color in this figure, the reader is referred to the web version
for the Wei River and the Jing River, respectively. During P2, the per-
centage rates changed to 25%, 42%, and 43%, respectively.

Although the Huangfuchuan basin and Kuye River basin have a
strong capacity for sediment production (see Fig. 4), the total contribu-
tion from these two rivers to the sediment-load value at Tongguan sta-
tion was small (8% in P1 and 1.5% in P2) because the total basin area of
the two rivers accounts for just 3.7% of the area in the Toudaoguai–
Tongguan section (the yellow area in Fig. 5). In other words, a low con-
tribution value does not mean that the sediment production capacity is
weak. When implementing soil and water conservation measures on
the Loess Plateau, gully slopes with a strong capacity for sediment pro-
duction are the key locations to target.

3.4. Changes in Cr and AMSC

Fig. 6 illustrates the Cr and AMSC at each hydrological station for P1
and P2. Most points are below the diagonal line in both panels, which
indicates that the Cr and AMSC were larger during P1 than P2. For the
Cr, 85% of hydrological stations showed a reduction in P2 compared
ai and Tongguan hydrological stations for (a) annual sediment load and (b) annual wet-
rate; height of the column in the legend indicates a contribution rate of 25%. Here, the
River basin, the Beiluo River basin, the Wei River basin, and the Fen River basin. (For
of this article.)
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with P1. For the AMSC, 90% of stations showed a decrease. The decreases
in Crwere similar to the reductions in water discharge for most stations
(Fig. 2). The runoff coefficientwas below 0.6 for all hydrological stations
on the Loess Plateau and was below 0.2 for most stations; however, the
AMSC for the different tributaries showed spatial heterogeneity across
the Loess Plateau, varying greatly from catchment to catchment. Fur-
thermore, the AMSC was b400 kg/m3 at most stations during P1 and
b200 kg/m3 at most stations during P2. In Fig. 6b, the points are rela-
tively close to the horizontal axis, which illustrates that the AMSC was
much lower in P2 than in P1. Fig. S1 illustrates that the sediment load
decreasing is not because of the discharge decrease for the tributaries
on the Loess Plateau, but the AMSC becomes small. For themainstream,
thewater discharge and sediment load bothhave a significant tendency,
which means the water discharge reduction may also contribute to the
decrease in sediment load.

3.5. Sediment identity factor assessment

By splitting the sediment load into the product of precipitation (P),
runoff coefficient (Cr), and annual mean sediment concentration
(AMSC), we found that the degree of sediment transport in the river
was affected to some extent by all three factors. Fig. 7 shows that the
control areas for 59 hydrological stations had a slight increase in precip-
itation between P1 and P2, 67 stations showed a decrease in Cr, and 75
stations showed a decrease in AMSC. For 82 hydrological stations, the
average proportional rate of change was 0.14% for precipitation,
−1.00% for Cr, and −2.21% for AMSC. This demonstrates that the
AMSC and the Crwere the main driving forces for the decrease in sedi-
ment load. Moreover, there was clear variation in the proportional
change for AMSC among the hydrological stations (Fig. 7); for 8 stations,
the proportional change in AMSC even increased by a large margin.

4. Discussion

4.1. Impact of climate change on sediment load and water discharge

Precipitation and temperature are twomajor climatic factors that in-
fluence ecological hydrology processes in catchments, including water
discharge, evapotranspiration, and sediment load (Vörösmarty et al.,
2018). Generally, river flows in arid and semi-arid regions are sensitive
to changes in precipitation. Tang et al. (2018) utilized daily precipitation
data at 170 meteorological stations on the Loess Plateau to analyze the
Fig. 6. Changes in (a) the runoff coefficient (Cr) and (b) the annual mean sediment concentr
interpretation of the references to colour in this figure legend, the reader is referred to the we
changes in precipitation, and showed that the decrease in annual pre-
cipitation over the past fifty years was mainly due to a decrease in ero-
sive rainfall. Sun et al. (2015b) used a gridded dataset and found an
overall downward trend in wet-season precipitation that was mostly
due to a decrease in the frequency and intensity of precipitation over
38% of the plateau. However, Fig. S2 shows that the annualmeanprecip-
itation during P2 was slightly higher than that during P1 for most of the
controlled areas. The fact that these precipitation characteristics differ
from those reported by Tang et al. (2018) and Sun et al. (2015b) may
be due to the use of a different research period. Miao et al. (2010) indi-
cated that there is a strong correlation between annual precipitation
and water discharge but no significant relationship between annual
precipitation and sediment load. However, the results presented here
show that, despite a lack of significant change in annual precipitation
across the Loess Plateau (Fig. 8a), the water discharge and sediment
load at most stations has decreased considerably (Figs. 2e and 3e).
This inconsistency may be due to intensive human interference in the
region, as discussed further in the next section.

Extreme precipitation largely determines the sediment load and run-
off on the Loess Plateau (Li and Gao, 2015). Climate changemay cause in-
creases in the frequency of extreme precipitation (Huntington, 2006;
Schiermeier, 2011). Although the total amount of annual precipitation
on the Loess Plateau has not changed significantly since 1960, nearly
37% of the total area on the Loess Plateau has experienced decreases in
the frequency of precipitation together with increases in the intensity of
precipitation (Fu et al., 2017). The risk of both severe flooding and
drought on the Loess Plateau increased between 1960 and 2011, with
the northwestern areas of the plateau showing increased threat of
drought and the southeastern areas an increased risk of flooding (Miao
et al., 2016).When the intensity of rainfall is high, it has strong kinetic en-
ergy and can break up the loose loess,making it easy to carry away,which
leads to very high sediment concentrations in the river.

Temperature is also a key climatic factor that can affect the hydro-
logic regimes of rivers: temperature can influence the erosion rate
(McCave, 1984). An increase in temperature of 2 °C can lead to a 20% in-
crease in water discharge and a 30% increase in sediment load for some
specific watersheds (e.g., the Colville River), although this does not nec-
essarily generalize (Syvitski et al., 2003). Fig. 8b indicates that the aver-
age annual mean temperature across the Loess Plateau has significantly
increased over the past few decades, from 6.4 °C to 7.6 °C. Fig. 8b also
shows that the average temperature fluctuates from year to year. This
warming trend on the Loess Plateau should, in theory, be accompanied
ation (AMSC, kg/m3) at each station. Blue dotted lines indicate the line of equality. (For
b version of this article.)



Fig. 7. Proportional changes in the forces driving the dynamic processes underlying sediment reduction, displayed for each hydrological station on the Loess Plateau. P is precipitation, Cr is
the runoff coefficient, and AMSC is the annual mean sediment concentration. The bar ID numbers correspond to the hydrological station ID numbers listed in Supplementary Table 1.
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by increases in water discharge and sediment yield, given a lack of
change in other external conditions. However, increases in temperature
can strengthen the evaporation capacity of a region (Hatfield and
Prueger, 2015) and result in decreases in runoff. This may affect themi-
croclimate and vegetation growth in a region (Moufida and Djamel,
2012). Therefore, the relationships between temperature and water
yield or sediment yield are complex.

Meteorological and hydrological drought can influence the sediment
load in a river (Ahmadi et al., 2019). Over the past few years, meteoro-
logical and hydrological droughts have intensified on the Loess Plateau
(Wu et al., 2018). However, our research results show that the influence
of droughts on changes in sediment load is not significant (Figs. 2 and
3). Instead, water conservation measures (dams, reservoirs, afforesta-
tion, etc.) are the key factors underlying the decrease in AMSC.

4.2. Impact of human activities on the Loess Plateau

The impact of human activities on the Loess Plateau is extensive and
far-reaching (He et al., 2014). Over the past 50 years, the main purpose
of human transformation of the surface environment has been to reduce
soil erosion on the plateau and downstream sedimentation in the Yellow
River. The interventions can be divided into two types: water and soil
conservation measures and the construction of reservoirs and large- to
medium-sized dams. Sediment-trapping measures can be divided into
Fig. 8. Climate change on the Loess Plateau. (a) Annual mean precipitation between 1961
and 2016. (b) Annual mean temperature between 1961 and 2014.
two main types on the basis of their location (Gao et al., 2016): slope
measures (e.g., planting of trees and grass, no-till approaches, terracing,
and the construction of fish-scale pits) and channel measures (e.g., the
construction of check dams, key dams, and warping dams).

By the end of 2007, the area affected by soil and water conservation
measures covered 225,600 km2 (Kong et al., 2016), and the vegetated
areas had increased by 119,500 km2 (Kong et al., 2016). The survey
data show that the area of afforestation and grass-plating is generally
increasing during the past decades (Fig. 9a). There is a significantly neg-
ative correlation between vegetation density and sediment yield (Kong
et al., 2018): soil erosion can bemore than twenty times less with affor-
estation than with tilled land (Montgomery, 2007). For a mountainous
watershed, the greater the vegetation coverage, the lower the intensity
of soil erosion intensity (Zhou et al., 2008).

Terraces were widely used for crop production from 1970s (Zhang
et al., 2014). The growth of level terrace area (Fig. 9c) on the Loess Pla-
teau have influenced the sediment delivery. The sediment-interception
efficiency of terraces in this region can reach 95% (Chen et al., 2007). By
the year of 2000, check dams on the plateau had intercepted 71.27 Gm3

of sediment load (Zeng et al., 1999). Moreover, 242,000 additional
check dams will be built in the future (Huang, 2000). Within their life
cycle, dams and reservoirs have the most significant ability to intercept
sediment (Miao et al., 2010). By 2000, 11,200 large- to medium-sized
dams had been built on the Loess Plateau (Feng, 2000). Meanwhile, a
great number of reservoirs have been constructed on the Loess Plateau
(Fig. 9d). For the Xiaolangdi reservoir, it alone trapped 3.2 Gm3 sedi-
ment by 2014, accounting for almost half of its capacity (Kong et al.,
2017). Due to these measures, both river flow and, especially, the sedi-
ment load in the river decreased greatly for most catchments on the
Loess Plateau, as shown in Figs. 2c and 3c.

However, these measures all have both advantages and disadvan-
tages. Vegetation restoration can reduce the kinetic energy of rainfall
through canopy interception and the litter layer to reduce soil erosion
(Liu et al., 1994). Furthermore, vegetation and terraces can increase
the slope-convergence time and penetration to reduce sediment move-
ment.Whether it is planting trees or constructing engineeringmeasures
on the slopes, the purpose is to stabilize the slope landscape. This does
have a great effect on the sediment load, but also decreases the runoff
to the rivers (Liang et al., 2014; Wang et al., 2015). Water conservation
projects in the river channel, such as check dams, are used to intercept
the incoming sediment load and runoff to create additional farmland.
The sediment intercepted by check dams is very fertile, which leads to
the increasing area created by check dam during the past 40 years
(Fig. 9b). It was reported that the created agricultural land reached
320,000 ha by 2002 (Wang et al., 2011). Dams not only intercept the
sediment load, but also change the speed of the water flow and the



Fig. 9. Statistical data regarding the area covered bywater conservationmeasures in the Toudaoguai–Longmen section and four basins on the Loess Plateau (a, b and c) and the number of
reservoirs in important basins or sections across the Loess Plateau (d). The data regardingwater conservationmeasures between 1969 and 1989 and the number of reservoirs are fromXu
et al. (2006); data for 1996/1997 and 2006 are from Ran et al. (2012). Note that the range of theWei River basin in a, b, and c does not include the Jing River basin or the Beiluo River basin.
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level of the water, potentially affecting water discharge in the rivers
(Arias et al., 2012). Ngo et al. (2016) reported that climate change and
reservoirs/dams play opposing roles: reservoirs and dams reduce
water discharge extremes, so dams can also to some extent reduce the
extreme sediment-transport values in rivers. But once the rivers with
check dams become farmlands, the purpose of building these dams is
invalidated. The capacity of these dams to intercept sediment has de-
clined in recent years (Ran et al., 2013), and the lifetimes of some
dams are only about 10 years (Xu, 2004).

Synchronous decreases in surface runoff and sediment load may lead
tomany problems, themost distinct ofwhich are slower growth—or even
scouring—of the Yellow River Delta (Kong et al., 2015), and downstream
drought and degradation ofwetland ecosystems. The limited soil water is
overused by the non-native vegetation planted on the Loess Plateau,
leading to the formation of dried soil layers (Wang et al., 2011), which
slows the infiltration of runoff (accelerating evaporation) (Ritchie,
1998), leading to decreases in groundwater (Gao et al., 2015). Consider-
ing the current status of water resources and the relatively low runoff co-
efficient on the Loess Plateau (Fig. 6a), returning farmland to forest is an
unsustainable solution. Because the ecosystem of the Loess Plateau is still
very fragile (Fu et al., 2017), policymakers need to carefullyweigh the ad-
vantages and disadvantages of slope-basedmeasures, especially planting
trees on the slopes. Replacing non-native specieswith native trees should
be considered. When selecting tree species for afforestation, it is best to
take both the integrity of the ecological hydrological process and the eco-
nomic benefits of the tree species into account to avoid farmers re-
cultivating the land, which will lead to aggravation of soil erosion.

4.3. Contributions of human activities and climate change to changes in the
sediment load

Over recent decades, human activities and climate change have had
a tremendous impact on the Loess Plateau and have fundamentally
changed the ecological environment in the region. We presented pre-
liminary findings on the relative contribution human activities and cli-
mate change in Fig. 7. The Cr is mainly affected by changes in
precipitation duration and intensity and underlying surface features
(Wu et al., 2006), which are related to both climate change and
human activities. The AMSC comprehensively represents the relation-
ship between water discharge and sediment load for a basin and it is
mainly influenced by human activities (Zhang et al., 2018). For the 82
hydrological stations on the plateau, if we only consider the changes
in the AMSC, the contribution of human activity to the sediment de-
crease is 72% (the average proportional rate of change of the AMSC
was −2.21% and the sum of the three factors was −3.07%; −2.21% di-
vided by−3.07% equals 72%, see the result in Section 3.5 for the specific
values). However, if we consider the changes in both the AMSC and the
Cr, the maximum contribution of human activity is 104% ((−1.00% plus
−2.21%) divided by−3.07% equals 104%). The contribution ratemay be
N100% because the precipitation increased while the sediment load de-
creased (i.e. climate change has a negative effect on the sediment load
change), as suggested by Guo et al. (2018). Several previous studies
showed that the contribution of human activities to changes in the sed-
iment load has transcended the contribution of climate change, funda-
mentally altering the characteristics of water discharge and
sediment transport on the Loess Plateau (Miao et al., 2011; Mu
et al., 2012; Zhao et al., 2013). Wang et al. (2015) reported that,
prior to 2000, the main factors responsible for the decrease in sedi-
ment load were the construction of terraces and check dams and
changes in precipitation, but after the year 2000, the main factor
was revegetation. Overall, the impact of human activities has been
deepening, but because many hydrological stations have only small
control areas, each is influenced to different degrees by different fac-
tors. The next step is to find a way to accurately quantify the contri-
bution of human activities and climate change to changes in water
discharge and sediment load in small watersheds.
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5. Conclusions

The degradation of the Loess Plateau has been the focus of much
study. In this study,we analyzed data from122hydrological stations be-
tween 1971 and 1987 (P1), and from104 hydrological stations between
2008 and 2016 (P2), to assess changes in water discharge and sediment
load during the two periods. The annual water discharge in P2 was 22%
lower in P2 than in P1, and the wet-season water discharge 29% lower.
We found larger decreases in sediment load: a 74% reduction in the an-
nual sediment load in P2 compared with P1 and a 75% reduction in the
wet-season sediment load. Only 18% of stations showed a decrease in
water discharge of N50%; however, 86% of stations showed a N50% de-
crease in sediment load.

The sediment yield results show that soil erosion has weakened on
the Loess Plateau. However, there were no fundamental changes in
the main sediment resources of the Loess Plateau: the Wei River, Jing
River, and the Toudaoguai–Longmen section remained themost impor-
tant. Using sediment identity factor assessment and 82 hydrological sta-
tions, we conducted a systematic analysis of the factors driving
sediment reduction. Precipitation increased in the control areas for 59
hydrological stations in recent years whereas the runoff coefficient
(Cr) decreased in the control areas for 67 stations and the annual
mean sediment concentration (AMSC) decreased at 75 stations. The
main driving forces behind the reduction in sediment load were the
AMSC and the Cr. To briefly conclude, the contribution of human activi-
ties to sediment decreases was N72%, with a maximum value of 104%.
Through this study, we aim to raise awareness of the complexities in-
volved in soil and water conservation measures. Achieving sustainabil-
ity of a healthy hydrological cycle on the Loess Plateau remains a
challenge.
Acknowledgements

This research was supported by the National Key Research and De-
velopment Program of China (No. 2016YFC0501604), the National Nat-
ural Science Foundation of China (No. 41622101), Beijing Higher
Education Young Elite Teacher Project and State Key Laboratory of Earth
Surface Processes and Resource Ecology. We are grateful to the Yellow
River Conservancy Commission (YRCC) for providing the observed wa-
ter discharge and sediment load (http://www.yellowriver.gov.cn/other/
hhgb/), China Meteorological Administration (CMA) for providing the
precipitation data (http://data.cma.cn/), and International Scientific
Data Service Platform for providing the DEM data (http://datamirror.
csdb.cn/).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.02.246.
References

Ahmadi, B., Ahmadalipour, A., Moradkhani, H., 2019. Hydrological drought persistence
and recovery over the CONUS: a multi-stage framework considering water quantity
and quality. Water Res. 150, 97–110. https://doi.org/10.1016/j.watres.2018.11.052.

Arias, M.E., Cochrane, T.A., Piman, T., Kummu, M., Caruso, B.S., Killeen, T.J., 2012. Quantify-
ing changes in flooding and habitats in the Tonle Sap Lake (Cambodia) caused by
water infrastructure development and climate change in the Mekong Basin.
J. Environ. Manag. 112, 53–66. https://doi.org/10.1016/j.jenvman.2012.07.003.

Chao, W., Lin, Z., Bingzhen, D., 2017. Assessment of the impact of China's Sloping Land
Conservation Program on regional development in a typical hilly region of the loess
plateau—a case study in Guyuan. Chin. Environ Dev. 21, 66–76. https://doi.org/
10.1016/j.envdev.2016.11.002.

Chen, Y., Jing, K., Cai, Q., 1988. Modern Erosion and Governance of the Loess Plateau. Sci-
ence Press, Beijing.

Chen, H., Shao, M., Zhang, X., Wang, K., 2005. Field experiment on hillslope rainfall infil-
tration and runoff under simulated rainfall conditions. J. Soil Water Conserv. 19 (2),
5–8. https://doi.org/10.13870/j.cnki.
Chen, L., Wei, W., Fu, B., Lü, Y., 2007. Soil and water conservation on the Loess Plateau in
China: review and perspective. Prog. Phys. Geogr. 31 (4), 389–403. https://doi.org/
10.1177/0309133307081290.

Feng, G., 2000. The key to bring the Yellow River under control is to speed up construction
of check-dams in the Sandy and Grit Areas. Sci. Technol. Rev. 145, 53–57.

Fu, B., Liu, Y., Lü, Y., He, C., Zeng, Y., Wu, B., 2011. Assessing the soil erosion control service
of ecosystems change in the Loess Plateau of China. Ecol. Complex. 8 (4), 284–293.
https://doi.org/10.1016/j.ecocom.2011.07.003.

Fu, B., Wang, S., Liu, Y., Liu, J., Liang, W., Miao, C., 2017. Hydrogeomorphic ecosystem re-
sponses to natural and anthropogenic changes in the Loess Plateau of China. Annu.
Rev. Earth Planet. Sci. 45 (1), 223–243. https://doi.org/10.1146/annurev-earth-
063016-020552.

Gao, Y., Zhu, X.J., Yu, G.R., He, N.P.,Wang, Q.F., Tian, J., 2014.Water use efficiency threshold
for terrestrial ecosystem carbon sequestration under afforestation in China. Agric. For.
Meteorol. 195–196, 32–37.

Gao, Z., Zhang, L., Cheng, L., Zhang, X., Cowan, T., Cai, W., Brutsaert, W., 2015. Groundwa-
ter storage trends in the Loess Plateau of China estimated from streamflow records.
J. Hydrol. (Amst.) 530, 281–290.

Gao, G., Fu, B., Wang, S., Liang,W., Jiang, X., 2016. Determining the hydrological responses
to climate variability and land use/cover change in the Loess Plateau with the Budyko
framework. Sci. Total Environ. 557–558, 331–342. https://doi.org/10.1016/j.
scitotenv.2016.03.019.

Gao, G., Zhang, J., Liu, Y., Ning, Z., Fu, B., Sivapalan, M., 2017. Spatio-temporal patterns of
the effects of precipitation variability and land use/cover changes on long-term
changes in sediment yield in the Loess Plateau, China. Hydrol. Earth Syst. Sci. 21
(9), 4363–4378. https://doi.org/10.5194/hess-21-4363-2017.

Gao, Y., Jia, Y.L., Yu, G.R., He, N.P., Zhang, L., Zhu, B., Wang, Y.F., 2019. Anthropogenic reac-
tive nitrogen deposition and associated nutrient limitation effect on gross primary
productivity in inland water of China. J. Clean. Prod. 208, 530–540.

Guo, L., Yu, Q., Gao, P., Nie, X., Liao, K., Chen, X., Hu, J., Mu, X., 2018. Trend and change-
point analysis of streamflow and sediment discharge of the Gongshui River in
China during the last 60 years. Water 10 (9), 1273. https://doi.org/10.3390/
w10091273.

Hatfield, J.L., Prueger, J.H., 2015. Temperature extremes: effect on plant growth and devel-
opment. Weather Clim Extrem. 10, 4–10. https://doi.org/10.1016/j.wace.2015.08.001.

He, J., Guan, J., Zhang, W., 2014. Land use change and deforestation on the loess plateau.
Restoration and Development of the Degraded Loess Plateau, China. Springer, Tokyo,
pp. 111–120 https://doi.org/10.1007/978-4-431-54481-4_8.

Hu, C., Wang, Y., Zhang, Y., Tong, Y., Shi, H., Liu, C., Fan, Z., Jayakumar, R., Zhou, Z., Xu, M.,
Wu, D., 2005. Case Study on the Yellow River Sedimentation. International Research
and Training Center on Erosion and Sedimentation. International Sedimentation Ini-
tiative (ISI)-UNESCO-IHP, Beijing.

Huang, Z., 2000. Practice and assumption for construction of the dam system eco-
engineering for gullies in Loess Plateau. Soil Water Conserv. China 22, 1–4.

Huntington, T.G., 2006. Evidence for intensification of the global water cycle: review and
synthesis. J. Hydrol. (Amst). 319 (1–4), 83–95. https://doi.org/10.1016/j.
jhydrol.2005.07.003.

Kong, D., Miao, C., Borthwick, A.G.L., Duan, Q., Liu, H., Sun, Q., Ye, A., Di, Z., Gong, W., 2015.
Evolution of the Yellow River Delta and its relationship with runoff and sediment
load from 1983 to 2011. J. Hydrol. (Amst). 520, 157–167. https://doi.org/10.1016/j.
jhydrol.2014. 09.038.

Kong, D., Miao, C., Wu, J., Duan, Q., 2016. Impact assessment of climate change and human
activities on net runoff in the Yellow River Basin from 1951 to 2012. Ecol. Eng. 91,
566–573. https://doi.org/10.1016/j.ecoleng.2016.02.023.

Kong, D., Miao, C., Wu, J., Borthwick, A.G., Duan, Q., Zhang, X., 2017. Environmental impact
assessments of the Xiaolangdi Reservoir on the most hyperconcentrated laden river,
Yellow River, China. Environ. Sci. Pollut. Res. Int. 24 (5), 4337–4351. https://doi.org/
10.1007/s11356-016-7975-4.

Kong, D., Miao, C., Borthwick, A.G.L., Lei, X., Li, H., 2018. Spatiotemporal variations in veg-
etation cover on the Loess Plateau, China, between 1982 and 2013: possible causes
and potential impacts. Environ. Sci. Pollut. Res. Int. 25 (14), 13633–13644. https://
doi.org/10.1007/s11356-018-1480-x.

Li, T., Gao, Y., 2015. Runoff and sediment yield variations in response to precipitation
changes: a case study of Xichuan watershed in the Loess Plateau, China. Water 7
(10), 5638–5656. https://doi.org/10.3390/w7105638.

Li, J., Liu, L., 2018. Analysis on the sediment retaining amount by warping dams above
Tongguan section of the Yellow River in recent years. Yellow River 40 (1), 1–6.
https://doi.org/10.3969/j.issn.1000-1397.2018.01.001.

Liang, W., Bai, D., Wang, F., Fu, B., Yan, J., Wang, S., Yang, Y., Long, D., Feng, M., 2014. Quan-
tifying the impacts of climate change and ecological restoration on streamflow
changes based on a Budyko hydrological model in China’s Loess Plateau. Water
Resour. Res. 51, 6500–6519. https://doi.org/10.1002/2014WR016589.

Liu, X., Wu, Q., Zhao, H., 1994. The vertical interception function of forest vegetation and
soil and water conservation. J. Soil Water Conserv. 1 (3), 8–13.

McCave, I.N., 1984. Erosion, transport and deposition of finegrained marine sediments.
Geol. Soc. Spec. Publ. 15 (1), 35–69.

Miao, C., Ni, J., Borthwick, A.G.L., 2010. Recent changes of water discharge and sediment
load in the Yellow River basin, China. Prog. Phys. Geogr. 34 (4), 541–561. https://
doi.org/10.1177/0309133310369434.

Miao, C., Ni, J., Borthwick, A.G.L., Yang, L., 2011. A preliminary estimate of human and nat-
ural contributions to the changes in water discharge and sediment load in the Yellow
River. Glob. Planet. Chang. 76 (3–4), 196–205. https://doi.org/10.1016/j.
gloplacha.2011. 01.008.

Miao, C., Sun, Q., Duan, Q., Wang, Y., 2016. Joint analysis of changes in temperature and
precipitation on the Loess Plateau during the period 1961–2011. Clim. Dyn. 47
(9–10), 3221–3234. https://doi.org/10.1007/s00382-016-3022-x.

http://www.yellowriver.gov.cn/other/hhgb/
http://www.yellowriver.gov.cn/other/hhgb/
http://data.cma.cn/
http://datamirror.csdb.cn/
http://datamirror.csdb.cn/
https://doi.org/10.1016/j.scitotenv.2019.02.246
https://doi.org/10.1016/j.scitotenv.2019.02.246
https://doi.org/10.1016/j.watres.2018.11.052
https://doi.org/10.1016/j.jenvman.2012.07.003
https://doi.org/10.1016/j.envdev.2016.11.002
https://doi.org/10.1016/j.envdev.2016.11.002
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0020
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0020
https://doi.org/10.13870/j.cnki
https://doi.org/10.1177/0309133307081290
https://doi.org/10.1177/0309133307081290
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0035
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0035
https://doi.org/10.1016/j.ecocom.2011.07.003
https://doi.org/10.1146/annurev-earth-063016-020552
https://doi.org/10.1146/annurev-earth-063016-020552
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf2005
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf2005
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf2005
https://doi.org/10.1016/j. scitotenv.2016.03.019
https://doi.org/10.1016/j. scitotenv.2016.03.019
https://doi.org/10.5194/hess-21-4363-2017
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0070
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0070
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0070
https://doi.org/10.3390/w10091273
https://doi.org/10.3390/w10091273
https://doi.org/10.1016/j.wace.2015.08.001
https://doi.org/10.1007/978-4-431-54481-4_8
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0090
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0090
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0090
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0095
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0095
https://doi.org/10.1016/j.jhydrol.2005.07.003
https://doi.org/10.1016/j.jhydrol.2005.07.003
https://doi.org/10.1016/j.jhydrol.2014. 09.038
https://doi.org/10.1016/j.jhydrol.2014. 09.038
https://doi.org/10.1016/j.ecoleng.2016.02.023
https://doi.org/10.1007/s11356-016-7975-4
https://doi.org/10.1007/s11356-016-7975-4
https://doi.org/10.1007/s11356-018-1480-x
https://doi.org/10.1007/s11356-018-1480-x
https://doi.org/10.3390/w7105638
https://doi.org/10.3969/j.issn.1000-1397.2018.01.001
https://doi.org/10.1002/2014WR016589
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0145
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0145
https://doi.org/10.1177/0309133310369434
https://doi.org/10.1177/0309133310369434
https://doi.org/10.1016/j.gloplacha.2011. 01.008
https://doi.org/10.1016/j.gloplacha.2011. 01.008
https://doi.org/10.1007/s00382-016-3022-x


886 H. Zheng et al. / Science of the Total Environment 666 (2019) 875–886
Montgomery, D.R., 2007. Soil erosion and agricultural sustainability. Proc. Natl. Acad. Sci.
U. S. A. 104, 13268–13272. https://doi.org/10.1073/pnas.0611508104.

Moufida, B., Djamel, A., 2012. Impact of vegetation on thermal conditions outside, thermal
modeling of urbanmicroclimate, case study: the street of the Republic, Biskra. Energy
Procedia 18, 73–84. https://doi.org/10.1016/j.egypro.2012.05.019.

Mu, X., Zhang, X., Shao, H., Gao, P., Wang, F., Jiao, J., Zhu, J., 2012. Dynamic changes of sed-
iment discharge and the influencing factors in the Yellow River, China, for the recent
90 years. Clean (Weinh). 40 (3), 303–309. https://doi.org/10.1002/clen.201000319.

Ngo, L.A., Masih, I., Jiang, Y., Douven, W., 2016. Impact of reservoir operation and climate
change on the hydrological regime of the Sesan and Srepok Rivers in the Lower Me-
kong Basin. Clim. Chang. 149 (1), 107–119. https://doi.org/10.1007/s10584-016-
1875-y.

Porter, S.C., An, Z., 1995. Correlation between climate events in the North Atlantic and
China during the last glaciation. Nature 375. https://doi.org/10.1038/375305a0.

Ran, D., Zuo, Z., Wu, Y., 2012. Recent Changes in Water and Sediment in the Middle
Reaches of the Yellow River in Response to Human Activities. Science Press, Beijing.

Ran, L., Lu, X.X., Xin, Z., Yang, X., 2013. Cumulative sediment trapping by reservoirs in
large river basins: a case study of the Yellow River basin. Glob. Planet. Chang. 100,
308–319. https://doi.org/10.1016/j.gloplacha.2012.11.001.

Rao, S., Huo, S., Xue, J., Zhang, Y., Sun, A., 2001. Analysis on the characteristics of runoff
and sediment and the outlook of their tendency in the future in the upper andmiddle
Yellow River. J. Sediment. Res. 2, 74–77. https://doi.org/10.16239/j.cnki.0468-
155x.2001.02.019.

Ritchie, J.T., 1998. Soil water balance and plant water stress. Understanding Options for
Agricultural Production. Springer, Dordrecht, pp. 41–54 https://doi.org/10.1007/
978-94-017-3624-4_3.

Schiermeier, Q., 2011. Increased flood risk linked to global warming. Nat. Clim. Chang.
470, 316.

Sun, G., Zuo, C., Liu, S., Liu, M., McNulty, S.G., Vose, J.M., 2008. Watershed evapotranspira-
tion increase due to changes in vegetation composition and structure under a sub-
tropical climate. J. Am. Water Resour. Assoc. 44, 5.

Sun, Q., Miao, C., Duan, Q., 2015a. Projected changes in temperature and precipitation in
ten river basins over China in 21st century. Int. J. Climatol. 35 (6), 1125–1141.
https://doi.org/10.1002/joc.4043.

Sun, Q., Miao, C., Duan, Q., Wang, Y., 2015b. Temperature and precipitation changes over
the Loess Plateau between 1961 and 2011, based on high-density gauge observations.
Glob. Planet. Chang. 132, 1–10. https://doi.org/10.1016/j.gloplacha.2015.05.011.

Syvitski, J.P.M., Peckham, S.D., Hilberman, R., Mulder, T., 2003. Predicting the terrestrial
flux of sediment to the global ocean: a planetary perspective. Sediment. Geol. 162
(1–2), 5–24. https://doi.org/10.1016/s0037-0738(03)00232-x.

Tang, K., Wang, B., Zheng, F., Zhang, S., Shi, M., Fang, X., 1994. Effects of human activities
on soil erosion in the Loess Plateau. Yellow River 2, 13–17.

Tang, X., Miao, C., Xi, Y., Duan, Q., Lei, X., Li, H., 2018. Analysis of precipitation character-
istics on the loess plateau between 1965 and 2014, based on high-density gauge ob-
servations. Atmos. Res. 213 (2018), 264–274. https://doi.org/10.1016/j.
atmosres.2018.06.013.

Vörösmarty, C.J., Green, P., Salisbury, J., Lammers, R.B., 2018. Global water resources: vul-
nerability from climate change and population growth. Science 289 (5477), 284–288.

Wang, Y., Shao, M.A., Zhu, Y., Liu, Z., 2011. Impacts of land use and plant characteristics on
dried soil layers in different climatic regions on the Loess Plateau of China. Agric. For.
Meteorol. 151 (4), 437–448. https://doi.org/10.1016/j.agrformet.2010.11.016.

Wang, S., Fu, B., Piao, S., Lü, Y., Ciais, P., Feng, X., Wang, Y., 2015. Reduced sediment trans-
port in the Yellow River due to anthropogenic changes. Nat. Geosci. 9 (1), 38–41.
https://doi.org/10.1038/ngeo2602.

Wu, S., Wang, Z., Zhang, J., Xie, J., Wang, Y., 2006. Experimental study on relationship
among runoff coefficients of different underlying surfaces, rainfall intensity and dura-
tion. J. China Agric. Univ. 11 (5), 55–59.

Wu, J., Miao, C., Zhang, X., Yang, T., Duan, Q., 2017. Detecting the quantitative hydrological
response to changes in climate and human activities. Sci. Total Environ. 586,
328–337. https://doi.org/10.1016/j.scitotenv.2017.02.010.
Wu, J., Miao, C., Zheng, H., Duan, Q., Lei, X., Li, H., 2018. Meteorological and hydrological
drought on the Loess Plateau, China: evolutionary characteristics, impact, and propa-
gation. J. Geophys. Res. Atmos. 123 (20), 11–569. https://doi.org/10.1029/
2018JD029145.

Xu, J., 2004. Response of erosion and sediment producing processes to soil and water con-
servation measures in the Wudinghe River Basin. Acta Geograph. Sin. 6, 020.

Xu, J., 2011. Variation in annual runoff of the Wudinghe River as influenced by climate
change and human activity. Quat. Int. 244 (2), 230–237. https://doi.org/10.1016/j.
quaint.2010.09.014.

Xu, J., Lin, Y., Wu, C., Yu, Q., Zuo, Z., et al., 2006. Study on Determination of Boundary
Source Area of Concentrated Coarse Sediment in the Middle Reaches of the Yellow
River. The Yellow Water Conservancy Press, Zhengzhou.

Yang, Y., Wang, L., Wendroth, O., Liu, B., Cheng, C., Huang, T., Shi, Y., 2019a. Is the laser dif-
fraction method reliable for soil particle size distribution analysis? An evaluation by
sieve-pipette method and scanning electron microscopy. Soil Sci. Soc. Am. J. https://
doi.org/10.2136/sssaj2018.07.0252.

Yang, Y., Jia, X., Wendroth, O., Liu, B., Shi, Y., Huang, T., Bai, X., 2019b. Noise-assisted mul-
tivariate empirical mode decomposition of saturated hydraulic conductivity along a
south-north transect across the Loess Plateau of China. Soil Sci. Soc. Am. J. https://
doi.org/10.2136/sssaj2018.11.0438.

Yu, Y., Wang, H., Shi, X., Ran, X., Cui, T., Qiao, S., Liu, Y., 2013. New discharge regime of the
Huanghe (Yellow River): causes and implications. Cont. Shelf Res. 69, 62–72. https://
doi.org/10.1016/j.csr.2013.09.013.

Zeng, M., Zhu, X., Kang, L., Zuo, Z., 1999. Effect to intercept sediment and decrease erosion
and development prospect of check-dams in water and soil erosion areas. Res. Soil
Water Conserv. 6, 127–132.

Zhang, H., 1983. The characteristics of hard rain and its distribution over the Loess Pla-
teau. Acta Geograph. Sin. 38, 4.

Zhang, Z., 1991. Soil erosion processes in the Loess Plateau of Northwestern China.
GeoJournal 24 (2), 195–200.

Zhang, H., Huang, Z., 2001. Bio-climatic division and restoration of the degraded ecosys-
tem on the Loess Plateau. J. Arid Land Resour. Environ. 64 (1), 64–71. https://doi.
org/10.13448/j.cnki.jalre.2001.01.011.

Zhang, X.C., Liu, W.Z., 2005. Simulating potential response of hydrology, soil erosion, and
crop productivity to climate change in Changwu tableland region on the Loess Pla-
teau of China. Agric. For. Meteorol. 131, 127–142. https://doi.org/10.1016/j.
agrformet.2005.05.005.

Zhang, X., Zhang, L., Zhao, J., Rustomji, P., Hairsine, P., 2008. Responses of streamflow to
changes in climate and land use/cover in the Loess Plateau, China. Water Resour.
Res. 44 (7). https://doi.org/10.1029/2007wr006711.

Zhang, L., Podlasly, C., Ren, Y., Feger, K.-H., Wang, Y., Schwärzel, K., 2014. Separating the
effects of changes in land management and climatic conditions on long-term
streamflow trends analyzed for a small catchment in the Loess Plateau region, NW
China. Hydrol. Process. 28 (3), 1284–1293. https://doi.org/10.1002/hyp.9663.

Zhang, J., Gao, G., Fu, B., Zhang, L., 2018. Explanation of climate and human impacts on
sediment discharge change in Darwinian hydrology: derivation of a differential equa-
tion. J Hydrol (Amst). 559, 827–834. https://doi.org/10.1016/j.jhydrol.2018.02.084.

Zhao, G., Mu, X., Wen, Z., Wang, F., Gao, P., 2013. Soil erosion, conservation, and eco-
environment changes in the Loess Plateau of China. Land Degrad. Dev. 24 (5),
499–510. https://doi.org/10.1002/ldr.2246.

Zhao, G., Mu, X., Jiao, J., An, Z., Klik, A., Wang, F., Jiao, F., Yue, X., Gao, P., Sun, W., 2017. Ev-
idence and causes of spatiotemporal changes in runoff and sediment yield on the Chi-
nese Loess Plateau. Land Degrad. Dev. 28 (2), 579–590. https://doi.org/10.1002/
ldr.2534.

Zhou, P., Luukkanen, O., Tokola, T., Nieminen, J., 2008. Effect of vegetation cover on soil
erosion in a mountainous watershed. Catena 75 (3), 319–325. https://doi.org/
10.1016/j.catena.2008. 07.010.

https://doi.org/10.1073/pnas.0611508104
https://doi.org/10.1016/j.egypro.2012.05.019
https://doi.org/10.1002/clen.201000319
https://doi.org/10.1007/s10584-016-1875-y
https://doi.org/10.1007/s10584-016-1875-y
https://doi.org/10.1038/375305a0
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0190
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0190
https://doi.org/10.1016/j.gloplacha.2012.11.001
https://doi.org/10.16239/j.cnki.0468-155x.2001.02.019
https://doi.org/10.16239/j.cnki.0468-155x.2001.02.019
https://doi.org/10.1007/978-94-017-3624-4_3
https://doi.org/10.1007/978-94-017-3624-4_3
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0210
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0210
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0215
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0215
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0215
https://doi.org/10.1002/joc.4043
https://doi.org/10.1016/j.gloplacha.2015.05.011
https://doi.org/10.1016/s0037-0738(03)00232-x
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0235
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0235
https://doi.org/10.1016/j.atmosres.2018.06.013
https://doi.org/10.1016/j.atmosres.2018.06.013
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0245
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0245
https://doi.org/10.1016/j.agrformet.2010.11.016
https://doi.org/10.1038/ngeo2602
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0260
https://doi.org/10.1016/j.scitotenv.2017.02.010
https://doi.org/10.1029/2018JD029145
https://doi.org/10.1029/2018JD029145
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0275
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0275
https://doi.org/10.1016/j.quaint.2010.09.014
https://doi.org/10.1016/j.quaint.2010.09.014
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0285
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0285
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0285
https://doi.org/10.2136/sssaj2018.07.0252
https://doi.org/10.2136/sssaj2018.07.0252
https://doi.org/10.2136/sssaj2018.11.0438
https://doi.org/10.2136/sssaj2018.11.0438
https://doi.org/10.1016/j.csr.2013.09.013
https://doi.org/10.1016/j.csr.2013.09.013
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0305
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0305
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0305
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0310
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0310
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0315
http://refhub.elsevier.com/S0048-9697(19)30743-0/rf0315
https://doi.org/10.13448/j.cnki.jalre.2001.01.011
https://doi.org/10.13448/j.cnki.jalre.2001.01.011
https://doi.org/10.1016/j.agrformet.2005.05.005
https://doi.org/10.1016/j.agrformet.2005.05.005
https://doi.org/10.1029/2007wr006711
https://doi.org/10.1002/hyp.9663
https://doi.org/10.1016/j.jhydrol.2018.02.084
https://doi.org/10.1002/ldr.2246
https://doi.org/10.1002/ldr.2534
https://doi.org/10.1002/ldr.2534
https://doi.org/10.1016/j.catena.2008. 07.010
https://doi.org/10.1016/j.catena.2008. 07.010

	Temporal and spatial variations in water discharge and sediment load on the Loess Plateau, China: A high-�density study
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Data
	2.3. Hydrological data quality control
	2.4. Methodology
	2.4.1. Calculating suspended sediment yield
	2.4.2. Tributary contribution rates to the sediment load at Tongguan station
	2.4.3. Runoff coefficient (Cr) and annual mean sediment concentration (AMSC)
	2.4.4. Sediment identity factor assessment


	3. Results
	3.1. Changes in sediment load and water discharge
	3.2. Temporal and spatial variations in suspended sediment yield
	3.3. Tributary contribution rates to the sediment load at Tongguan station
	3.4. Changes in Cr and AMSC
	3.5. Sediment identity factor assessment

	4. Discussion
	4.1. Impact of climate change on sediment load and water discharge
	4.2. Impact of human activities on the Loess Plateau
	4.3. Contributions of human activities and climate change to changes in the sediment load

	5. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References




