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ABSTRACT

Climate change and human activities are strongly influencing the eco-hydrological processes of the Chinese Loess Plateau. It is challenging to
investigate the spatiotemporal changes of water and sediment yields and identify their potential causes. In this study, we used the annual run-
off index (WI) and specific sediment yield (SSY) derived from 58 hydrological stations to quantify the changes and attempted to explain their
potential causes. The WI exhibited significant (P< 0.05) decrease ranging from �0.1 to �2.6mmyr�1 during 1957–2012 in 44 sub-
catchments. Similarly, the SSY in 52 sub-catchments reduced in a range between �2.86 and �636Mg km�2 yr�1. The region of
Toudaoguai–Longmen has extremely high SSY ranging from 8000 to 41 000Mg km�2 yr�1 during 1957–1969. Budget analysis suggested
that the area of Lanzhou–Toudaoguai contributed limited sediment but extracted large amount of water. The areas with negative SSY were
increasing and mainly distributed along the mainstream of the Yellow River. The Loess plateau was becoming drier and warmer since the
1950s, whereas the intensive human activities including water withdrawal, soil and water conservation projects and the operation of dams
and reservoirs are the dominant factors for the decline in WI and SSY on the Loess Plateau. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Rivers are the main pathways delivering water and sediment
from the land surface to the sea with abundant materials for
sustaining aquatic ecosystems (Syvitski, 2003). Runoff and
sediment transport play critical roles in global biological and
geochemical cycles of the terrain ecosystem closely
interlinked with the soil system (Berendse et al., 2015; Brevik
et al., 2015; Decock et al., 2015; Keesstra et al., 2012; Smith
et al., 2015). At present, sustainable management of water
resources and sediment load has become a challenge because
the naturally balanced river system has been continuously
disturbed over centuries (Borrelli et al., 2015; Demissie
et al., 2015; Heaney et al., 2001; Rodriguez-Blanco et al.,
2010). Intensive human activities (i.e. inappropriate irrigation,
mining, dams and large reservoirs, land reclamation) have
destabilized this equilibrium resulting in a number of environ-
mental problems (Verstraeten & Poesen, 2002; Zhang et al.,
2015).
In the past several decades, considerable attention has

been paid to assess the variation of runoff and sediment load
in different scales and their potential driving factors
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(Milliman et al., 1987; Syvitski, 2003; Walling, 2006).
Runoff and sediment load reduction has been addressed in
many large rivers throughout the world owning to climate
change, land use/cover changes, soil and water conservation
measures and reservoirs and dam construction (Buendia
et al., 2015; Cerdà, 1998; Cerdà & Lasanta, 2005; Keesstra
et al., 2005; Liu et al., 2014; Milliman et al., 2008; Nilsson
et al., 2005; Sanjuán et al., 2016; Walling & Fang, 2003).
Similar results have also been found in the Yellow River
basin in China during the past several decades (Jiao et al.,
2014; Wang et al., 2007; Xu, 2005; Xu, 2009; Yang et al.,
2004; Zhao et al., 2014a). Peng et al. (2010) investigated
sediment load and influence of human activities at three
gauging stations in the upper, middle and lower reaches of
the Yellow River basin. Their results indicated that sediment
load decreased gradually over the past decades, and various
human activities including large reservoirs construction, as
well as soil and water conservation, were responsible for
the reduction. Piao et al. (2010) addressed that climate
change dominated the variation of runoff and increasing
water withdrawals explained approximately 35% of the
runoff reduction at the Huayuankou station in the down-
stream of the Yellow River. While the investigation from
Zhao et al. (2014a) indicated that reservoirs and large
amount of soil and water conservation measures were res-
ponsible for the sediment load reduction in the mainstream
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station of the Yellow River. Previous studies have con-
ducted detail analysis on runoff and sediment load changes
in the Yellow River basin, whereas the inconsistency
requires further investigation on how the driving factors
corresponded to the variation of runoff and sediment load.
Furthermore, most of the studies focused on the main gauges
along the Yellow River, and few studies have been under-
taken for the whole Loess Plateau.
The Loess Plateau has been considered as one of the

most severely eroded areas in the world (Tang et al.,
1991). More than 70% of the area is dominated by gully–
hilly region because of massive soil erosion. The erosion-
prone area was estimated to be approximate 472 000 km2

on the Loess Plateau, and the area with average annual
specific sediment yield (SSY) higher than 8000Mgkm�2

reached up to 91 200 km2 (NDRC et al., 2010). Since the
1950s, numerous soil and water conservation measures
such as afforestation, grassing, check-dam construction,
reservoirs and terraces have been implemented on the
Loess Plateau (Hessel et al., 2003; Yue et al., 2014).
However, soil erosion was still out of control until the late
1990s. In 1999, a large ecological restoration project
named “Grain for Green” was launched by the Chinese
government to control soil erosion and improve the vegeta-
tion cover through returning steep slope arable land to
grass land and forests (McVicar et al., 2007). After ten
years effort on ecological restoration, the landscape
changed greatly, resulting in remarkable impacts on
changes of hydrological processes on the Loess Plateau.
The government and decision makers need adaptive stra-
tegies and advices for further managing the limited water
resources and maintaining the sustainability of ecosystem
in this region.
Figure 1. Location of the Loess Plateau in China (a, Inset map showing the

Copyright © 2016 John Wiley & Sons, Ltd.
Better understanding the changes in both runoff and
sediment yield on the Loess Plateau is of great importance
for river basin management and soil and water conservation
(Wu & Chen, 2012; Zhao et al., 2014b). Identifying the
critical risk areas can also provide good references for
decision makers to adapt distinct strategies for ecosystem
restoration and riverine system sustainability in the future.
Thus, the objectives of the study are (i) to conduct a compre-
hensive investigation on spatial pattern and temporal varia-
tion of runoff and sediment yield on the Loess Plateau and
(ii) to assess potential driving factors of their variation.

MATERIAL AND METHODS

Geographic Setting

The Loess Plateau is located in the upper and middle reaches
of the Yellow River basin, covering an area of 630 000 km2

(Figure 1). Average annual precipitation ranges from
300mm in the north to 800mm in the southwest. More than
70% of annual rainfall occurs as heavy storms in the summer
season, and leads to severe soil erosion in the region. There
are more than 30 large tributaries (with catchment area
larger than 1000 km2), which contribute approximately
40% of the total runoff to the Yellow River, but nearly
90% of sediment (Tang et al., 1991). The Loess Plateau
can be divided into six zones because of their soil types,
climate characteristics and geomorphology features, i.e.
eastern rocky mountain region, hilly–gully plateau, Mu Su
desert, Hetao alluvial plain, Fen-Wei River depression
valley and high plain plateau (Zhao et al., 2013). The
hilly–gully plateau is covered by continuous loess on the
surface with thickness ranging from 100 to 300m, and
contribute majority of sediment to the Yellow River.
location of the Loess Plateau; b, sub-catchments on the Loess Plateau).
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Data Sources

We compiled annual runoff and sediment load data at 7
mainstream station and 51 tributary stations (runoff data at
10 stations were unavailable since 1995) from 1957 to
2012 in this study (Figure 1). Stations with data records less
than 56 years in length were excluded from this analysis.
Hydrological data were provided by Yellow River Conser-
vancy Committee (YRCC). The consistency and reliability
of the data were checked and firmly controlled by the YRCC
before the data release. The YRCC provided the data about
large-medium check dams through field survey in 2009.
These data include the locations of the check dams, total
storage capacities, construction date and sedimentation.
The annual rainfall and temperature at 57 stations were
obtained from the National Climate Centre of China Meteo-
rological Administration (CMA). Two NDVI datasets at
annual scales were employed in this study, which include
GIMMS and MOD13A2. The GIMMS NDVI data issued
by the Global Inventory Monitoring and Modeling Studies
(GIMMS) group is derived from the NOAA/AVHRR land
dataset at a spatial resolution of 8 km at 15-day interval for
the period of 1981–1999 (Tucker et al., 2005). Another
NDVI data of MOD13A2 (1 km) product between 2000
and 2012 was obtained from the NASA EOS DATA
Gateway (https://wist.echo.nasa.gov/api).

Methods

The non-parametric Mann–Kendall test method was applied
to detect trends in runoff and sediment yield indices
(Kendall, 1975; Mann, 1945) This method has been widely
used to examine trends in hydro-meteorological time series
such as runoff, sediment load, precipitation and temperature
in numerous regions in the world (Yue et al., 2003; Yue
et al., 2014; Zhao et al., 2014b). For a given time series X
(x1, x2,…, xn), the statistic S is defined as:

S ¼
Xn
i¼2

Xi�1

j¼1

sgn xi � xj
� �

(1)

Where:

sgn xj � xi
� � ¼ 1 xj > xi

0 xj ¼ xi
�1 xj < xi

(
(2)

and it approximately normally distributed when n≥ 8, with
the variance as:

var Sð Þ ¼ n n� 1ð Þ 2nþ 5ð Þ
18

(3)

The standardized statistic is:

Z ¼
S � 1ð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffi

var Sð Þp
S > 0

0 S ¼ 0
S þ 1ð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffi

var Sð Þp
S < 0

8<
: (4)

A positive value of Z indicates an increasing trend and a
negative value of Z indicates a decreasing trend. The null
hypothesis of no trend is rejected if |Z|> 1.96 at 5%
Copyright © 2016 John Wiley & Sons, Ltd.
significance level. It should be noted that the presence of
serial correlation would affect the detection of trends in a se-
ries. To eliminate the effects of the serial correlation on the
MK test, the Trend-Free pre-whitening procedure was used
to remove the effects of serial correlation (Yue & Wang,
2004). According to the autocorrelation coefficients at
lag-1 for each annual time series, the hydrological series
are time independent. In addition, the Kendall slope index
was used for detect the slope of time series, which is calcu-
lated as:

β ¼ Median
xj � xj
j� i

� �
(5)

Where: 1< i< j< n, the slope β is the median over all
combination of record pairs for the whole data series.
To examine the abrupt changes of the hydro-climatic time

series, we applied a regime shift index based approach,
which was proposed by Rodionov (2006). A short intro-
duction was given here, and more details of the method
can be found in Rodionov (2006) and Wang et al. (2014).
For a time series, the mean value of the first regime (R1) is
estimated as:

xR1 ¼
Xm
k¼1

xk 1≤k≤m (6)

Where: m is the length of the regimes to be tested. The
difference between two regimes (R1 and R2) is calculated
through a Student’s t-test:

φ ¼ xR2 � xR1 ¼ t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2δ2m=m

q
(7)

Where: t is the value of t-distribution with 2m� 2 degrees of
freedom at a probability level p, and δm is the mean standard
deviation for m-year intervals.
To determine the change point, a test is detected between

the average values of x1, x2,…, xm and xm + 1. If the change
point exists, the year is marked as an abrupt change point
j, and subsequent values of the series are used to confirm
or reject the hypothesis. The regime shift index is estimated
as:

RSIi;j ¼
Xjþq

i¼j

xi � xR1 þ ϕð Þ
mδm

q ¼ 0; 1;⋯;m� 1 (8)

Regime shift are searched continuously until all the avai-
lable data were evaluated. The change points are determined
through regime shift searching.
By using the gauge observed runoff and sediment load

data, we proposed two indices to investigate the variation
of runoff and sediment yield on the Loess Plateau. The
runoff index WI is similar to the concept of runoff depth
(mm), which is calculated as:

WI ¼ V

A
(9)

for a catchment with a single hydrological station. For the
area between two gauging stations, it is defined as:
LAND DEGRADATION & DEVELOPMENT, (2016)
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WI ¼ V lower � Vupper

Ainter
(10)

Where: V is the annual total volume of runoff (m3) and A is
the controlled area between two stations (km2). Runoff
index WI can be defined as runoff depth for a single-gauged
basin, whereas it denotes the differences of annual discharge
for the region between two hydrological stations. Similarly,
the SSY index (Mgkm�2 yr�1) is calculated according to the
observed sediment load and controlled area for the
investigation.
RESULTS

Temporal Trends in Annual Runoff and Sediment Load

We used the annual runoff and sediment load at Lanzhou and
Huayuankou stations (Figure 1) to generally analyze the
temporal variation of water resources and sediment yield on
the Loess Plateau. Annual runoff indicates stepwise decline
from 1957 to 2012 (Figure 2a) according to the estimated
regime shift index. Average annual runoff reduction rate is
estimated to be�3.90 ×108m3yr�1. The mean annual runoff
difference between Lanzhou and Huayuankou stations was
141.9× 108m3 yr�1 during 1957–1971, whereas it was nega-
tive within the period of 1991–2012, suggesting that water
withdrawals in this region were much higher than the inflow
from tributaries. Sediment load shows similar decreasing
trends but different changing stages. Average annual sedi-
ment load decreased by �0.25 ×108Mgyr�1. A period with
relatively low sediment load was detected from 1960 to 1962
because of Sanmenxia reservoir construction. Sediment load
was estimated to be 13.5× 108Mgyr�1 between 1966 and
1978, and decreased to 0.83× 108Mgyr�1 within the 2000s.
According to the regime shift detection (Figure 2) and

previous studies (He et al., 2013; Wang et al., 2014), three
stages are divided to assess the temporal variation of runoff
and sediment load. Although four stages for sediment load
were detected, the differences between average annual values
were relative gentle in the first two periods. Thus, we used
three periods (1957–1979, 1980–1999 and 2000–2012) to
investigate the changes in runoff and sediment load. Table I
exhibits average annual runoff and sediment load in different
periods at mainstream stations along the Yellow River. The
average annual runoff at Lanzhou station is 281.1 ×108m3
Figure 2. Temporal variation of annual runoff and sediment load between L

Copyright © 2016 John Wiley & Sons, Ltd.
from 2000 to 2012, accounting for approximately 84.4% of
that during 1957–1979 (333.2 ×108m3yr�1). Average
annual runoff between 2000 and 2012 at other stations shows
approximately 50% reduction compared to that of the former
period. By contrast, sediment load variation is inconsistent
with runoff. Sediment load at all the stations demonstrate
more significant decrease (P<0.01) during the past decades,
particularly for the downstream stations. Sediment load at
Lanzhou station during 2000–2012 was 0.21× 108Mgyr�1,
accounting for only 23.0% of that between 1957 and 1979.
This is not the main reason led to sediment load reduction
of the Yellow River. Whereas the reduction was mainly
attributed to the changes between Toudaoguai and
Huayuankou stations because this region contributes more
than 90% of sediment to the Yellow River (Table I). Among
these four stations, we can also clearly see that sediment load
at Longmen and Huayuankou stations reduced by appro-
ximately 90% in the 2000s when comparing to the period
between 1957 and 1979.

Spatiotemporal Variation of Annual Runoff and Sediment
Yield

The runoff index WI is an indicator related to available water
resources, which also represents the effects of human activi-
ties on surface runoff of the river in the specific section. The
Mann–Kendall test was employed to the WI to identify the
temporal trends of runoff at catchment scale (Figure 3a).
Significant decreasing trends (P< 0.05) can be observed in
most of the catchments except for the downstream of Wei
river basin. The most significant reduction (P< 0.01) was
found in the areas of Toudaoguai–Fugu and Tongguan–
Huayuankou, with decreasing rates less than �1.5mmyr�1

in WI, but the downstream of Wei river basin showed an
insignificant increasing (P< 0.05) trend (0.27mmyr�1).
This may suggest that inflow water is not only from the
upstream regions, but possibly delivered by additional irri-
gation system.
Figure 3b-d displays the spatial pattern of WI during

different periods on the Loess Plateau. In general, we found
negative values of WI from 1957 to 2012 in the sections of
Lanzhou–Toudaoguai, Longmen–Tongguan and Tongguan–
Huayuankou. This denotes that water consumption is always
higher than the tributaries inflow in these regions. Spatial
pattern of WI also exhibits rainfall distribution on the Loess
anzhou and Huayuankou station (LZ: Lanzhou; HYK: Huayuankou).

LAND DEGRADATION & DEVELOPMENT, (2016)



Table I. Average annual runoff and sediment load in different periods along the Yellow River

Stations

1957–1979 1980–1999 2000–2012

Runoff (km3) Sediment (108Mg) Runoff (km3) Sediment (108Mg) Runoff (km3) Sediment (108Mg)

Lanzhou 33.32 0.93 29.67 0.48 28.11 0.21
Toudaoguai 24.60 1.52 19.76 0.69 16.21 0.44
Longmen 31.04 10.64 23.72 4.9 18.28 1.60
Huayuankou 44.58 12.77 33.43 7.29 25.13 1.04
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Plateau, which decreases from the south to the northwest.
While a relatively wet region was detected in the Kuye river
basin (Figure 3b) with high WI of 109mmyr�1, which can
be attributed to the frequently occurred storms in the region.
During the period from 1957 to 1979, the wettest regions with
WI higher than 120mmyr�1 are located in the Tao river, Wei
river and Yiluo river in the southern Loess Plateau (Figure 1).
A majority of catchments have WI between 40 and
80mmyr�1. However, the WI decreased to 0–40mmyr�1

during the period 1980–1999 (Figure 3c), and this decreasing
trend was more evident in 2000s, where all the sub-
catchments between Toudaoguai and Longmen stations had
WI between 0 and 40mmyr�1.
Figure 4a displays the spatial variation of annual SSY on

the Loess Plateau from 1957 to 2012. The MK test suggests
that annual SSY in most of the sub-catchments show sig-
nificant reduction. These regions are primarily situated
between Toudaoguai and Longmen station. The average
annual reduction rate of SSY is higher than 50Mgkm�2 yr�1.
Figure 3. Spatial pattern and temporal trend anal

Copyright © 2016 John Wiley & Sons, Ltd.
The most significant reduction can be found in the northern
Loess Plateau, and the decreasing rates reached up to
600Mgkm�2 yr�1. Three sub-catchments display insignifi-
cant increasing trend in annual SSY (downstream Wei river,
mainstream sections of Longmen–Tongguan and Tongguan–
Huayuankou). The increase in the SSYmay result from histor-
ical sediment deposition in these river channels. In the earlier
period (1957–1979), large amount of sediment deposited on
the alluvial plain and elevated the river bed, whereas this
amount reduced evidently because of limited sediment supply
in the latter period.
During the period between 1957 and 1979, a large num-

ber of high erodible sub-catchments with average annual
SSY bigger than 15 000Mgkm�2 yr�1 can be observed,
and most of which lie between Toudaoguai and Longmen
stations (Figure 4b). This region is also called ‘the Coarse
Sandy Hilly Catchments’ (McVicar et al., 2007), which con-
tributed approximately 80% of the sediment to the Yellow
River. Particularly high SSY was found in Gushanchuan
ysis for runoff index on the Loess Plateau.

LAND DEGRADATION & DEVELOPMENT, (2016)



Figure 4. Spatial pattern and temporal trend of specific sediment yield on the Loess Plateau.
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and Kuye river, and the average annual SSY ranges from
20000 to 41 000Mgkm�2 yr�1. This is also consistent with
high values of WI because large amount of heavy storms
occurred during the summer in these sub-basins.
In the latter two stages (1980–1999 and 2000–2012), the

highest SSY decreased significantly (P< 0.05). The areas with
negative SSY (sediment deposited in the channel) were in-
creasing, as well as the areas with SSY <2500Mgkm�2 yr�1

(Figure 4c and d). In the 2000s (Figure 4d), areas with SSY
>10000Mgkm�2 yr�1 disappeared completely, and only a
very small catchment covering an area of 923km2 in the up-
stream of Qingjian River has a SSY of 8395Mgkm�2 yr�1,
the area with SSY >5000Mgkm�2 yr�1 was 17.1×104 km2

between 1957 and 1979, while in the later period all of them
decreased and were lower than 5000Mgkm�2 yr�1 except
the aforementioned small region.
Comparison of annual SSY among three periods presents

remarkable spatial and temporal variation in different
Figure 5. Runoff budget analysis among different sections (LZ: Lanzhou, T
Huayuank

Copyright © 2016 John Wiley & Sons, Ltd.
catchments. Annual SSY showed significant decline
(P<0.01) when comparing the SSY from 2000 to 2012 with
that between 1957 and 1979 on the Loess Plateau. The
catchments with significant downward trend (P<0.05) were
primarily distributed in the section between Toudaoguai and
Huayuankou station. Particularly in the section from
Toudaoguai and Tongguan stations, average annual SSY
was 760.4Mgkm�2 yr�1 (2000–2012), which was much
lower than that of the earlier period (4233Mgkm�2 yr�1,
1957–1979) and represented more than 80% reduction.

Runoff and Sediment Load Budget Analysis

Figure 5 shows average annual runoff, inflow from tribu-
taries and outflow in different sections. The differences
among these variables indicate water resources availabilities
and effects of human activities. The section between
Lanzhou and Toudaoguai stations represents a water con-
sumption region because the upstream inflow was always
DG: Toudaoguai, WB: Wubao, LM: Longmen, TG: Tongguan, HYK:
ou).

LAND DEGRADATION & DEVELOPMENT, (2016)
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higher than the outflow at Toudaoguai station. This can be
explained by the fact that only a few tributaries flow into
the main river and contribute limited water flow to the
section. Furthermore the water extraction was increasing in
the latter two periods (Figure 5b and c). The difference
between inflow of Lanzhou and outflow of Toudaoguai was
119×108m3yr�1 in the period of 2000–2012 (Figure 5c),
which is much higher than that of 1957–1979 (87.2×108m3,
Figure 5a). The inflow from the tributaries in the other five
sections (between Toudaoguai and Huayuankou stations) is
very limited compared to the runoff at Lanzhou station. The
average annual inflow (from tributaries) between Toudaoguai
and Huayuankou stations was 199.8×108m3yr�1 from 1957
to 1979, and decreased to 89.2×108m3yr�1 during 2000–
2012.
Sediment budget displayed a different pattern compared to

runoff variation. In general, sediment mainly came from the re-
gions between Toudaoguai and Tongguan stations (Figure 6).
The total amount of sediment income in Lanzhou–Toudaoguai
section was very limited (0.59×108Mg in 1957–1979), but
still decreasing (0.23×108Mg between 2000 and 2012).
Between Toudaoguai and Huayuankou, three mainstream
sections belonged to deposition regions, but only the
Wubao–Longmen section was an erosive area. The differences
between sediment inflow from upstream, tributaries and
outflow to the downstream regions were relatively high in
Toudaoguai–Wubao and Tongguan–Huayuankou sections.
This may be attributed to trapping effects of several large
reservoirs (Tianqiao, Wanjiazhai, Xiaolangdi and Sanmenxia
Reservoirs). In 2003, the Chinese government launched a pro-
ject to reduce sedimentation in the downstream by flushing the
reservoirs. However, this project was not efficient to resolve
the sedimentation of downstream channel. The difference
between sediment inflow and outflow in the section between
Tongguan and Huayuankou was 2.06×108Mg during 1957–
1979, and did not change remarkably during 2000–2012
(1.79×108Mg). This suggests that the sedimentation was
decreasing in this section, but not significant (p<0.05).
DISCUSSION

Climate Change Effects

The significant decline of WI and SSY can be attributed to
climate change and anthropogenic activities. However,
quantitative assessment on the impacts of climate changes
Figure 6. Sediment budget analys

Copyright © 2016 John Wiley & Sons, Ltd.
and human activities on runoff and sediment yields faced
great challenges because of complex nonlinear processes
and influencing factors. A synthesized analysis were under-
taken to estimate the potential driving forces on changes of
runoff and sediment yield based on previous publications
and measurements data. We firstly analyzed the changing
trends of annual average precipitation and air temperature
on the Loess Plateau. As shown in Figure 7, the Loess
plateau experienced a relatively dry and warm period during
the past six decades. Average annual precipitation exhibited
downward trend with an average decreasing rate of
�1.23mm per year. The average annual precipitation was
about 470–480mmyr�1 from 1950 to 1979 (Table II), while
it decreased to approximately 440mmyr�1 afterwards. Our
previous studies suggested that the decreasing precipitation
contributed approximately 20–30% of decrease in runoff
and sediment load reduction (Li et al., 2015; Zhao et al.,
2014a). Furthermore, average annual temperature increased
by 0.3 °C per decade (Figure 7). A relatively warmer period
was examined in recent years. Climate warming increases
potential evapotranspiration and reduces runoff water to
some degree (McVicar et al., 2007; Zhang et al., 2008).

Effects of Soil and Water Conservation

Numerous soil and water conservation practices, including
both biological and engineering measures, have been imple-
mented on the Loess Plateau since the late 1950s (Chen
et al., 2007; Jiao et al., 2007; Zhang et al., 2008). The bio-
logical measures consist of afforestation and planting grass,
which may have delayed effects on runoff and sediment load
reduction because they need time for growing. Improved
vegetation can largely increase rainfall interception, infiltra-
tion and accelerate evapotranspiration with their growth
(Costa et al., 2015; Moreno-Ramón et al., 2014; Novara
et al., 2013; Sadeghi et al., 2015; Zhang et al., 2001). Fur-
thermore, plants take up more water for their growing. Thus,
natural species of vegetation with limited water demand may
be optional for ecological restoration on the Loess Plateau.
In addition, natural vegetation can improve the landscape di-
versity and increase land surface roughness compared to the
artificial vegetation. This may reduce surface runoff energy
and hydrological connectivity, resulting in lower sediment
transport capacities compared to the uniform land use/cover.
The NDVI is a widely used indicator representing the

spatial and temporal variation of biological measures. In this
is among different sections.

LAND DEGRADATION & DEVELOPMENT, (2016)



Figure 7. Changing trends of precipitation and temperature on the Loess
Plateau from 1957 to 2012.
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study, we employed a linear trend test for NDVI from 1981
to 2012 on the Loess Plateau. Figure 8 showed general
increase of NDVI from the early 1981 to 2012, while the
trends differ in regions within different periods. From 1981
to 1999, increasing NDVI mainly occurred in the down-
stream of the Wei river basin, northeastern Loess Plateau,
but these trends are not significant (P< 0.05). Some small
parts in the upstream of the Jing river, Beiluo river, down-
stream of the Qingjian river and middle reaches of the Fen
river basin showed decreasing NDVI. This may be attributed
to the implementation of the “Grain for Green” project. In
the beginning of the project, large area of arable lands were
planned to be converted to forests and grass land. However,
the small new plants have limited canopy cover, and the
uncovered land surface needs several years for restoration.
The extreme large project contributed great effects to the
evident increasing NDVI in the 2000s (Figure 8b) (Zhang
et al., 2008). The NDVI values in the area between
Toudaoguai and Longmen stations displayed obvious
increase between 2000 and 2012, particularly in the Wuding
river basin. Gently upward trend can be also found in upper
reaches of Wei river, Jing river and Beiluo river basin. The
significant increasing NDVI (P<0.05) shows homogeneous
regions where runoff and sediment load decrease between
2000 and 2012.
Table II. Decrease of streamflow (Q, 108m3) and sediment load (Qs, 108

factors

Time period 1950–1956 1957–1979 1980–1999 20

Average P (mm) 470.6 479.0 442.8
Average Q and Qsa 172.9 112.6 37.6
Decrease in Q and Qsb 60.3 135.3

Contribution to Q reduction (10
Soil-water
conservationc

— 45.8

Trapping by
Reservoirsd

6.4 2.1

Changes from upper
reachese

�12.3 36.5

Increased water
consumptiond

22.7 47.9

aAverage Q and Qs denote the differences of annual streamflow and sediment load
outflow at Huayuankou is lower than that of Lanzhou station, suggesting great ab
bDifferences were estimated between relative period to the period of 1950–1956.
cData were obtained from Wang et al. (2005) and Zhao et al. (2014a).
dData were obtained from YRCC (2000–2012), http://www.yellowriver.gov.cn/zw
eChanges from upper reaches denotes the variation of average annual inflow wate

Copyright © 2016 John Wiley & Sons, Ltd.
The engineering structures mainly include terraces and
dams, which affect runoff by reducing flood peaks and
storing water within check-dams and reservoirs. These
measures consequently decrease both the magnitude and
the variability of runoff. A field survey in 2009 suggested
that more than 5000 large- and medium-check dams have
been built on the Loess Plateau (Figure 9). Most of them
are located between Toudaoguai and Longmen stations, as
well as the upstream of the Wei river, the Jing river and
the Beiluo river basin. Check dam construction experienced
a booming period since 1970s because of progress of
techniques and various government-sponsored conservation
projects. Taking the Huangfuchuan Watershed (northern
Loess Plateau) as an example, among 507 check dams in
the basin, nearly 90% of them were built after 1970, which
controlled approximately 70% of the watershed (Tian
et al., 2013). Recent observation indicated that both
magnitude and frequency of flood events became lower
and less. Statistics suggested that about 110 000 check dams
have been built on the Loess Plateau and approximately
21 billionm3 of sediments have been captured by these dams
over the past 60 years. Both biological and engineering
measures resulted in dramatic decrease in streamflow and
sediment load, and their impacts were becoming greater in
recent years (Table II). As reported by Zhao et al.
(2014a), the soil and water conservation measures became
the dominant factor, and trapped 74.5× 108m3 yr�1 water
and 6.1 × 108Mgyr�1 sediment on average during 2000–
2012.

Influences of Large Reservoirs Construction

More than 3150 reservoirs have been built in the whole
Yellow River since the 1950s, and approximately 2500
of them were situated on the Loess Plateau (Ran & Lu,
2012). In the upstream of Lanzhou, a number of large-
and medium-sized reservoirs have been built. For exam-
ple, the Liujiaxia reservoir with total storage capacity of
Mg) on the loess plateau and their response to potential influencing

00–2012 1950–1956 1957–1979 1980–1999 2000–2012

443 470.6 479.0 442.8 443
�29.8 12.8 11.8 6.8 0.8
202.7 1.0 6.0 12.0
8m3/a) Contribution to Qs reduction (108Mg/a)
74.5 1.8 3.1 6.1

2.3 3.1 1.5 2.1

52.1 — 0.45 0.71

46.9 — — —

between Lanzhou and Huayuankou stations, and the negative values means
straction in this section.

zc/gzgb
r and sediment flux at Lanzhou station.
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Figure 8. Variation of NDVI on the Loess Plateau from 1982 to 2012 (Trends of NDVI during each decades, a: 1982–1999; b: 2000–2012).

9CHANGES IN RUNOFF AND SEDIMENT YIELD ON THE CHINESE LOESS PLATEAU
57 × 108m3, has the ability to store nearly 20% annual
runoff at Lanzhou station. Similarly, several large reser-
voirs were built between Lanzhou and Huayuankou such
as Qingtongxia, Wanjiazhai and Tianqiao reservoirs.
Particularly in the section Tongguan–Huayuankou, four
large reservoirs, including Sanmenxia, Xiaolangdi,
Luhun and Guxian reservoir with total storage capacity
of 248 × 108m3, resulted in high trapping effects on both
runoff and sediment load. The Sanmenxia reservoir
trapped 7.9 billionMg sediment during the first few years
(1960–1973), and joint regulation with Xiaolangdi re-
servoir trapped about 2.1 × 108Mg yr�1 sediment recently
(YRCC, Yellow River Conservation Committee, 2000–
2012). Yang et al. (2008) employed the ‘range of var-
iability’ approach method to detect the spatial variability
of hydrologic alterations because of dam construction in
the section of Tongguan–Huayuankou, they found the
impacts of the Sammenxia reservoir on the hydrologic
alteration are relatively slight, while the Xiaolangdi
Figure 9. Spatial distribution of large-medi

Copyright © 2016 John Wiley & Sons, Ltd.
reservoir has significant effect on the natural flow
regime.

Long-Term Water Consumption

The Yellow River is regarded as the “Cradle of the Chinese
civilization” sustaining 102 million people for surviving
(An et al., 2005). Rapid development of economy and the ex-
pansion of agriculture irrigation have led to over-exploitation
of both surface runoff and groundwater. The average annual
withdrawal between Lanzhou and Huayuankou was appro-
ximately 118.4 × 108m3 yr�1 in the 1950s, and increased to
165.3 ×108m3yr�1 during 2000–2012 (YRCC, Yellow
River Conservation Committee, 2000–2012; Zhang et al.,
2005a).
Statistics indicated that agriculture is by far the largest user

of water, accounting for 80% of the total withdrawal; indus-
trial, urban and rural domestic sectors share the remaining
20% (Zhang et al., 2005a). Agricultural irrigation is the key
factor for the reduction of runoff in the area between
um check dams on the Loess Plateau.
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Lanzhou and Huayuankou station. There are three large
irrigation areas on the Loess Plateau, two of which are
located between Lanzhou and Toudaoguai (i.e. the Ningxia
and Inner Mongolia irrigation districts). These irrigation
districts withdrew 6.41 and 75.9× 108m3 yr�1 on average
from 1997 to 2006, respectively. This inferred that agricul-
tural irrigation was the main cause led to negative WI in this
area. Another Guanzhong irrigation district is situated in the
Wei River valley covering an area of 0.91 × 104 km2 irrigated
lands, and consumed an average of 13.2 ×108m3yr�1

between 1997 and 2006 (Yao et al., 2011).

Further Scopes of This Study

The present study selected 58 hydrological stations to
investigate the spatial and temporal variation of runoff and
sediment yield on the Loess Plateau. However, uncertainties
related to the data measurements have not been addressed in
our studies, neither in previous studies. In the study area, the
daily runoff was estimated through measured water level
using previously calibrated curve of runoff vs water level,
where the water level was monitored by an automatic
recorder. The water was sampled at different intervals to
capture the flood processes and then used to analyze the
samples in the lab to obtain the suspended sediment con-
centration (Tian et al., 2016). All the annual runoff and
sediment load data were obtained by summing up the daily
observed values. In the Yellow River basin, hundreds of
hydrological stations were continuously monitored for
runoff and sediment load during the past decades. Of course,
the measured tools would be updated, and sampling inter-
vals are different. These may lead to different quality of
the hydrological data, although the data has been checked
out and validated before their releasing. Thus, it is necessary
to study the uncertainties on data consistencies, measure-
ment errors et al.
As aforementioned, a decreasing trend for annual preci-

pitation and an increasing trend for temperature have been
examined (Table II and Figure 7). However, this is not suf-
ficient to explain the reduction in both runoff and sediment
yield from Lanzhou to Huayuankou because of effects of in-
tensive human activities. Previous studies emphasized the
importance of variability in rainfall erosivity (Burt et al.,
2016; Capra et al., 2015; Porto & Walling, 2012; Porto
et al., 2013), and found a general increase in the intensity,
frequency and duration of major storms in several areas of
the globe. These observations have important implications
for soil erosion and sediment load. However, studies on
the Loess Plateau presented a positive relationship between
annual rainfall and annual erosivity, and a decreasing trend
for rainfall erosivity over the period 1956–2008 (Xin et al.,
2011). Their results are consistent with our findings, which
are both derived from daily rainfall. As most of the sediment
loads were caused by several storms in the Loess Plateau,
higher resolution rainfall data are required for further inves-
tigation, which are more adequate than daily, monthly or
annual data to detect rainfall erosivity (Porto, 2015; Yin
et al., 2015).
Copyright © 2016 John Wiley & Sons, Ltd.
We examined the effects of intensive human activities and
climate change on runoff and sediment, while it is still not
clear on how each driving force influences the runoff and
sediment load changes. Thus, there is a need for more
detailed studies on the mechanisms of different human acti-
vities (i.e. water abstraction, afforestation, terracing and dam
construction) on hydrological processes in such a drastic
changing area. In addition, the potential changes in runoff
and sediment load in the future were an important issue
because it strongly relates to the hydraulic projects planning
and soil and water conservation measures implementation
for the policy makers. Zhang et al. (2005b) found an
increasing sediment load using projections for the next
80 years; however, this is contrasting to the present situation
(significant reduction in both runoff and sediment load)
because the human activities tend to reduce sediment trans-
portation in the basin. Therefore, the future studies should
consider the combining effects of climate variability and
human activities on runoff and sediment load variation.
CONCLUSION

This study examined the spatiotemporal variation of runoff
and sediment yield at catchment scale from 1957 to 2012
on the whole Loess Plateau. Annual runoff between
Lanzhou and Huayuankou stations indicated stepwise
decline with a reduction rate of �3.90 × 108m3 yr�1.
Sediment load showed consistently decreasing trends. A
period of extreme low sediment load was detected between
2000 and 2012, which accounted for approximately 10% of
that during 1957 to 1979. A large number of sub-catchment
displayed significant downward trends (P< 0.05) in runoff
index WI with decreasing rates from �0.1 to �3.1mmyr�1

between 1957 and 2012. The SSY in 52 sub-catchments
showed decreasing trend with a range between �1.54 and
�677Mgkm�2 yr�1. The spatial pattern suggested that
the coarse sandy areas between Toudaoguai and Longmen
stations had extremely high annual sediment yield ranging
from 8000 to 41 000Mgkm2 yr�1 from 1957 to 1979. The
Kuye and Gushanchuan catchments showed relatively
higher WI and SSY comparing to the nearby catchments
because of frequently occurred heavy storms. Budget ana-
lysis in runoff and sediment load indicated that the area
between Lanzhou and Toudaoguai stations contributed
limited sediment load. Sediment deposition areas were
increasing and mainly distributed along the mainstream of
the Yellow River because of large reservoir construction.
The Loess plateau experienced a relatively dry and warm
period during the past half century, whereas the intensive
human activities are the dominant factors for the significant
decline in annual runoff and sediment load on the Loess
Plateau. The adoption of large-scale soil and water con-
servation measures altered the runoff regime and led to
gradual reduction in both runoff and sediment yield
between Toudaoguai and Tongguan stations. Large reser-
voirs operation played a critical role between Tongguan
and Huayuankou stations.
LAND DEGRADATION & DEVELOPMENT, (2016)



11CHANGES IN RUNOFF AND SEDIMENT YIELD ON THE CHINESE LOESS PLATEAU
ACKNOWLEDGEMENT(S)

The work was supported byNational Natural Science Founda-
tion of China (41271295, 41271043), the Governmental pub-
lic industry research special funds for projects (201501049),
the special program for Key Basic Research of the Ministry
of Science and Technology (2014FY210100) and the Shaanxi
Youth Science and Technology Star Project (2015KJXX-58).
The authors would like to express their great appreciation to
the National Climatic Centre and the Hydrology Bureau of
the Yellow River Water Resources Commission for providing
valuable climatic and hydrological data. The authors also
acknowledge the very valuable comments from reviewers
which greatly improved the quality of the paper.
ADDITIONAL INFORMATION

Competing financial interests: The authors declare no
competing financial interests.
REFERENCES

An CB, Tang LY, Barton L, Chen FH. 2005. Climate change and cultural
response around 4000 cal yr BP in the western part of Chinese Loess
Plateau. Quaternary Research 63: 347–352. DOI:10.1016/j.
yqres.2005.02.004.

Borrelli P, Märker M, Schütt B. 2015. Modelling Post-Tree-Harvesting soil
erosion and sediment deposition potential in the turano river basin (Italian
central apennine). Land Degradation & Development 26: 356–366.
DOI:10.1002/ldr.2214.

Berendse F, van Ruijven J, Jongejans E, Keesstra S. 2015. Loss of plant
species diversity reduces soil erosion resistance. Ecosystems 18:
881–888. DOI:10.1007/s10021-015-9869-6.

Brevik EC, Cerdà A, Mataix-Solera J, Pereg L, Quinton JN, Six J, Van Oost
K. 2015. The interdisciplinary nature of soil. SOIL 1: 117–129.
DOI:10.5194/soil-1-117-2015.

Buendia C, Batalla RJ, Sabater S, Palau A, Marcé R. 2015. Runoff trends
driven by climate and afforestation in a Pyrenean basin. Land
Degradation & Development 27: 23–838. DOI:10.1002/ldr.2384.

Burt T, Boardman J, Foster I, Howden N. 2016. More rain, less soil:
long-term changes in rainfall intensity with climate change. Earth
Surface Processes and Landforms 41: 563–566.

Capra A, Porto P, La Spada C. 2015. Long-term variation of rainfall
erosivity in Calabria (Southern Italy). Theoretical and Applied
Climatology . DOI:10.1007/s00704-015-1697-2.

Cerdà A. 1998. The influence of aspect and vegetation on seasonal changes
in erosion under rainfall simulation on a clay soil in Spain. Canadian
Journal of Soil Science 78: 321–330.

Cerdà A, Lasanta T. 2005. Long-term erosional responses after fire in the
Central Spanish Pyrenees—1. Water and sediment yield. Catena 60:
59–80. DOI:10.1016/j.catena.2004.09.006.

Costa JL, Aparicio V, Cerdà A. 2015. Soil physical quality changes under
different management systems after 10 years in the Argentine humid
Pampa. Solid Earth 6: 361–371. DOI:10.5194/se-6-361-2015.

Chen LD, Wei W, Fu BJ, Lu YH. 2007. Soil and water conservation on the
Loess Plateau in China: review and perspective. Progress in Physical
Geography 31: 389–403. DOI:10.1177/0309133307081290.

Decock C, Lee J, Necpalova M, Pereira EIP, Tendall DM, Six J. 2015.
Mitigating N2O emissions from soil: from patching leaks to transforma-
tive action. SOIL 1: 687–694. DOI:10.5194/soil-1-687-2015.

Demissie B, Frankl A, Haile M, Nyssen J. 2015. Biophysical controlling
factors in upper catchments and braided rivers in drylands: the case of
a marginal graben of the Ethiopian rift valley. Land Degradation &
Development 26: 748–758. DOI:10.1002/ldr.2357.

He B, Miao CY, Shi W. 2013. Trend, abrupt change, and periodicity of
streamflow in the mainstream of Yellow River. Environmental
Monitoring and Assessment 185: 6187–6199. DOI:10.1007/s10661-
012-3016-z.
Copyright © 2016 John Wiley & Sons, Ltd.
Heaney SI, Foy RH, Kennedy GJA, Crozier WW, O’Connor WCK. 2001.
Impacts of agriculture on aquatic systems: lessons learnt and new
unknowns in Northern Ireland. Marine and Freshwater Research 52:
151–163. DOI:10.1071/Mf00055.

Hessel R, Messing I, Chen LD, Ritsema C, Stolte J. 2003. Soil erosion
simulations of land use scenarios for a small Loess Plateau catchment.
Catena 54: 289–302.

Jiao JY, Tzanopoulos J, Xofis P, Bai WJ, Ma XH, Mitchley J. 2007. Can the
study of natural vegetation succession assist in the control of soil erosion
on abandoned croplands on the Loess Plateau, China? Restoration
Ecology 15: 391–399. DOI:10.1111/j.1526-100X.2007.00235.x.

Jiao JY, Wang ZJ, Zhao GJ, Wang WZ, Mu XM. 2014. Changes in sedi-
ment discharge in a sediment-rich region of the Yellow River from
1955 to 2010: implications for further soil erosion control. Journal of
Arid Land 6: 540–549. DOI:10.1007/s40333-014-0006-8.

Keesstra SD, van Huissteden J, Vandenberghe J, Van Dam O, de Gier J,
Pleizier ID. 2005. Evolution of the morphology of the river Dragonja
(SW Slovenia) due to land-use changes. Geomorphology 69: 191–207.
DOI:10.1002/esp.1846.

Keesstra SD, Geissen V, van Schaik L, Mosse K, Piiranen S. 2012. Soil as a
filter for groundwater quality. Current Opinions in Environmental
Sustainability 4: 507–516. DOI:10.1016/j.cosust.2012.10.007.

Kendall MG. 1975. Rank correlation methods. Charles Griffin.
Li EH, Mu XM, Zhao GJ, Gao P. 2015. Multifractal detrended fluctuation
analysis of streamflow in the Yellow River Basin, China. Water 7:
1670–1686.

Liu Z, Yao Z, Huang H, Wu S, Liu G. 2014. Land use and climate changes and
their impacts on runoff in the Yarlung Zangbo river basin, China. Land Deg-
radation and Development 25: 203–215. DOI:10.1002/ldr.1159.

Mann HB. 1945. Non-parametric test against trend. Econometrika 13: 163–
171.

McVicar TR, Li L, Van Niel TG, Zhang L, Li R, Yang Q, Zhang X, Mu X,
Wen Z, Liu W, Zhao Y, Liu Z, Gao P. 2007. Developing a decision
support tool for China’s re-vegetation program: simulating regional
impacts of afforestation on average annual streamflow in the Loess
Plateau. Forest Ecology and Management 251: 65–81. DOI:10.1016/j.
foreco.2007.06.025.

Milliman JD, Farnsworth KL, Jones PD, Xu KH, Smith LC. 2008. Climatic
and anthropogenic factors affecting river discharge to the global ocean,
1951–2000. Global and Planetary Change 62: 187–194.

Milliman JD, Qin YS, Ren ME, Saito Y. 1987. Mans influence on the
erosion and transport of sediment by Asian rivers—the Yellow-River
(Huanghe) example. Journal of Geology 95: 751–762.

Moreno-Ramón H, Quizembe SJ, Ibáñez-Asensio S. 2014. Coffee husk
mulch on soil erosion and runoff: experiences under rainfall simulation
experiment. Solid Earth 5: 851–862. DOI:10.1002/ldr.2410.

NDRC et al., National Development and Reform Commission PRC,
Ministry of Water Resources PRC, Ministry of Agriculture PRC, State
Forestry Administration PRC. 2010. Programming for comprehensive
management of the loess plateau (2010–2030).

Nilsson C, Reidy CA, Dynesius M, Revenga C. 2005. Fragmentation and
flow regulation of the world’s large river systems. Science 308:
405–408. DOI:10.1126/science.1107887.

Novara A, Gristina L, Guaitoli F, Santoro A, Cerdà A. 2013. Managing soil
nitrate with cover crops and buffer strips in Sicilian vineyards. Solid
Earth 4: 255–262. DOI:10.5194/se-4-255-2013.

Peng J, Chen SL, Dong P. 2010. Temporal variation of sediment load in the
Yellow River basin, China, and its impacts on the lower reaches and the
river delta. Catena 83: 135–147.

Piao SL, Ciais P, Huang Y, Shen ZH, Peng SS, Li JS, Zhou LP, Liu HY, Ma
YC, Ding YH, Friedlingstein P, Liu CZ, Tan K, Yu YQ, Zhang TY, Fang
JY. 2010. The impacts of climate change on water resources and
agriculture in China. Nature 467: 43–51.

Porto P, Walling DE, Callegari G. 2013. Using 137Cs and 210Pbex
measurements to investigate the sediment budget of a small forested
catchment in Southern Italy. Hydrological Processes 27: 795–806.

Porto P, Walling DE. 2012. Validating the use of 137Cs and 210Pbex
measurements to estimate rates of soil loss from cultivated land in South-
ern Italy. Journal of Environmental Radioactivity 106: 47–57.

Porto P. 2015. Exploring the effect of different time resolutions to calculate
the rainfall erosivity factor R in Calabria, southern Italy. Hydrological
Processes . DOI:10.1002/hyp.10737.

Ran LS, Lu XX. 2012. Delineation of reservoirs using remote sensing and
their storage estimate: an example of the Yellow River basin, China.
Hydrological Processes 26: 1215–1229. DOI:10.1002/Hyp.8224.
LAND DEGRADATION & DEVELOPMENT, (2016)

http://dx.doi.org/10.1016/j.yqres.2005.02.004
http://dx.doi.org/10.1016/j.yqres.2005.02.004
http://dx.doi.org/10.1002/ldr.2214
http://dx.doi.org/10.1007/s10021-015-9869-6
http://dx.doi.org/10.5194/soil-1-117-2015
http://dx.doi.org/10.1002/ldr.2384
http://dx.doi.org/10.1007/s00704-015-1697-2
http://dx.doi.org/10.1016/j.catena.2004.09.006
http://dx.doi.org/10.5194/se-6-361-2015
http://dx.doi.org/10.1177/0309133307081290
http://dx.doi.org/10.5194/soil-1-687-2015
http://dx.doi.org/10.1002/ldr.2357
http://dx.doi.org/10.1007/s10661-012-3016-z
http://dx.doi.org/10.1007/s10661-012-3016-z
http://dx.doi.org/10.1071/Mf00055
http://dx.doi.org/10.1111/j.1526-100X.2007.00235.x
http://dx.doi.org/10.1007/s40333-014-0006-8
http://dx.doi.org/10.1002/esp.1846
http://dx.doi.org/10.1016/j.cosust.2012.10.007
http://dx.doi.org/10.1002/ldr.1159
http://dx.doi.org/10.1016/j.foreco.2007.06.025
http://dx.doi.org/10.1016/j.foreco.2007.06.025
http://dx.doi.org/10.1002/ldr.2410
http://dx.doi.org/10.1126/science.1107887
http://dx.doi.org/10.5194/se-4-255-2013
http://dx.doi.org/10.1002/hyp.10737
http://dx.doi.org/10.1002/Hyp.8224


12 G. ZHAO ET AL.
Rodionov SN. 2006. Use of prewhitening in climate regime shift detection.
Geophysical Research Letters 33: L12707. DOI:10.1029/2006gl025904.

Rodriguez-Blanco ML, Taboada-Castro MM, Palleiro L, Taboada-Castro
MT. 2010. Temporal changes in suspended sediment transport in an
Atlantic catchment, NW Spain. Geomorphology 123: 181–188.
DOI:10.1016/j.geomorph.2010.07.015.

Sadeghi SHR, Gholami L, Sharifi E, Khaledi Darvishan A, Homaee M.
2015. Scale effect on runoff and soil loss control using rice mulch under
laboratory conditions. Solid Earth 6: 1–8. DOI:10.5194/se-6-1-2015.

Sanjuán Y, Gómez-Villar A, Nadal-Romero E, Álvarez-Martínez J, Arnáez
J, Serrano-Muela MP, Rubiales JM, González-Sampériz P, García-Ruiz
JM. 2016. Linking land cover changes in the sub-Alpine and Montane
belts to changes in a torrential river. Land Degradation and Development
27: 179–189. DOI:10.1002/ldr.2294.

Smith P, Cotrufo MF, Rumpel C, Paustian K, Kuikman PJ, Elliott JA,
McDowell R, Griffiths RI, Asakawa S, Bustamante M, House JI,
Sobocká J, Harper R, Pan G, West PC, Gerber JS, Clark JM, Adhya T,
Scholes RJ, Scholes MC. 2015. Biogeochemical cycles and biodiversity
as key drivers of ecosystem services provided by soils. SOIL 1:
665–685. DOI:10.5194/soil-1-665-2015.

Syvitski JPM. 2003. Supply and flux of sediment along hydrological
pathways: research for the 21st century. Global and Planetary Change
39: 1–11. DOI:10.1016/S0921-8181(03)00008-0.

Tang KL, Zhang P, Wang B. 1991. Soil erosion and eco-environment
changes in Quaternary. Quaternary Research 4: 49–56 (In Chinese with
English abstract).

Tian P, Zhao GJ, Mu XM, Wang F, Gao P, Mi ZJ. 2013. Check dam
identification using multisource data and their effects on streamflow
and sediment load in a Chinese Loess Plateau catchment. Journal of
Applied Remote Sensing 7: 073697. DOI:10.1117/1.Jrs.7.073697.

Tian P, Zhai JQ, Mu XM, Zhao GJ. 2016. Dynamics of runoff and
suspended sediment transport in a highly erodible catchment on the
Chinese Loess Plateau. Land Degradation & Development 27:
839–850. DOI:10.1002/ldr.2373.

Tucker CJ, Pinzon JE, Brown ME, Slayback DA, Pak EW, Mahoney R,
Vermote EF, El Saleous N. 2005. An extended AVHRR 8-km NDVI
dataset compatible with MODIS and SPOT vegetation NDVI data.
International Journal of Remote Sensing 26: 4485–4498. DOI:10.1080/
01431160500168686.

Verstraeten G, Poesen J. 2002. Regional scale variability in sediment and
nutrient delivery from small agricultural watersheds. Journal of
Environmental Quality 31: 870–879.

Walling DE. 2006. Human impact on land-ocean sediment transfer by the
world’s rivers. Geomorphology 79: 192–216. DOI:10.1016/j.
geomorph.2006.06.019.

Walling DE, Fang D. 2003. Recent trends in the suspended sediment loads
of the world’s rivers. Global and Planetary Change 39: 111–126.
DOI:10.1016/S091-8181(03)00020-1.

Wang F, Zhao GJ, Mu XM, Gao P, Sun WY. 2014. Regime shift
identification of runoff and sediment loads in the Yellow River Basin,
China. Water 6: 3012–3032. DOI:10.3390/W6103012.

Wang HJ, Yang ZS, Saito Y, Liu JP, Sun XX, Wang Y. 2007. Stepwise
decreases of the Huanghe (Yellow River) sediment load (1950–2005):
impacts of climate change and human activities. Global and Planetary
Change 57: 331–354. DOI:10.1016/j.gloplacha.2007.01.003.

Wu YP, Chen J. 2012. Modeling of soil erosion and sediment transport in
the East River Basin in southern China. Science of the Total Environ-
ment 441: 159–168. DOI:10.1016/j.scitotenv.2012.09.057.

Xin ZB, Yu XX, Li QY, Lu XX. 2011. Spatiotemporal variation in rainfall
erosivity on the Chinese Loess Plateau during the period 1956–2008.
Regional Environmental Change 11: 149–159.
Copyright © 2016 John Wiley & Sons, Ltd.
Xu JX. 2005. The water fluxes of the Yellow River to the sea in the past
50 years, in response to climate change and human activities.
Environmental Management 35: 620–631.

Xu JX. 2009. A study of sediment sink between Longmen and Sanmenxia
on the Yellow River. Acta Geographica Sinica 64: 515–530.

Yang DW, Li C, Hu HP, Lei ZD, Yang SX, Kusuda T, Koike T, Musiake K.
2004. Analysis of water resources variability in the Yellow River of
China during the last half century using historical data. Water Resources
Research 40: W06502. DOI:10.1029/2003WR002763.

Yang T, Zhang Q, Chen YQD, Tao X, Xu CY, Chen X. 2008. A spatial
assessment of hydrologic alteration caused by dam construction in the
middle and lower Yellow River, China. Hydrological Processes 22:
3829–3843. DOI:10.1002/Hyp.6993.

Yao WY, Xu JH, Ran DC. 2011. Assessment of changing trends in
streamflow and sediment fluxes in the Yellow River Basin. Yellow River
Conservancy Press: Zhengzhou (In Chinese).

Yin S, Xie Y, Liu BY, Nearing MA. 2015. Rainfall erosivity estimation
based on rainfall data collected over a range of temporal resolutions.
Hydrology and Earth System Sciences 19: 4113–4126.

YRCC, Yellow River Conservation Committee, 2000–2012. http://www.
yellowriver.gov.cn/zwzc/gzgb.

Yue S, Pilon P, Phinney B. 2003. Canadian streamflow trend detection:
impacts of serial and cross-correlation. Hydrological Sciences Journal
48: 51–63. DOI:10.1623/hysj.48.1.51.43478.

Yue S, Wang CY. 2004. The Mann–Kendall test modified by effective
sample size to detect trend in serially correlated hydrological series.
Water Resources Management 18: 201–218. DOI:10.1023/B:
Warm.0000043140.61082.60.

Yue XL, Mu XM, Zhao GJ, Shao HB, Gao P. 2014. Dynamic changes
of sediment load in the middle reaches of the Yellow River basin,
China and implications for eco-restoration. Ecological Engeering
73: 64–72.

Zhang F, Tiyip T, Feng ZD, Kung HT, Johnson VC, Ding JL, Tashpolat N,
Sawut M, Gui DW. 2015. Spatio-temporal patterns of land use/cover
changes over the past 20 years in the middle reaches of the tarim river,
Xinjiang, China. Land Degradation & Development 26: 284–299.
DOI:10.1002/ldr.2206.

Zhang GH, Nearing MA, Liu BY. 2005a. Potential effects of climate
change on rainfall erosivity in the Yellow River basin of China.
Transactions of the ASAE 48: 511–517.

Zhang L, Dawes WR, Walker GR. 2001. Response of mean annual
evapotranspiration to vegetation changes at catchment scale. Water
Resources Research 37: 701–708. DOI:10.1029/2000wr900325.

Zhang XC, Liu CM, Li DY. 2005b. Analysis on Yellow River surface
runoff consumption. Acta Geographica Sinica 60: 79–86.

Zhang XP, Zhang L, McVicar TR, Van Niel TG, Li LT, Li R, Yang QK,
Wei L. 2008. Modelling the impact of afforestation on average annual
streamflow in the Loess Plateau, China. Hydrological Processes 22:
1996–2004. DOI:10.1002/Hyp.6794.

Zhao GJ, Mu XM, Strehmel A, Tian P. 2014a. Temporal variation of
streamflow, sediment load and their relationship in the Yellow River
Basin, China. Plos One 9: e91048. DOI:10.1371/journal.
pone.0091048.

Zhao GJ, Mu XM, Wen ZM, Wang F, Gao P. 2013. Soil erosion,
conservation, and eco-environment changes in the loess plateau of
China. Land Degradation & Development 24: 499–510. DOI:10.1002/
ldr.2246.

Zhao GJ, Tian P, Mu XM, Jiao JY, Wang F, Gao P. 2014b. Quantifying the
impact of climate variability and human activities on streamflow in the
middle reaches of the Yellow River basin, China. Journal of Hydrology
519: 387–398.
LAND DEGRADATION & DEVELOPMENT, (2016)

http://dx.doi.org/10.1029/2006gl025904
http://dx.doi.org/10.1016/j.geomorph.2010.07.015
http://dx.doi.org/10.5194/se-6-1-2015
http://dx.doi.org/10.1002/ldr.2294
http://dx.doi.org/10.5194/soil-1-665-2015
http://dx.doi.org/10.1016/S0921-8181(03)00008-0
http://dx.doi.org/10.1117/1.Jrs.7.073697
http://dx.doi.org/10.1002/ldr.2373
http://dx.doi.org/10.1080/01431160500168686
http://dx.doi.org/10.1080/01431160500168686
http://dx.doi.org/10.1016/j.geomorph.2006.06.019
http://dx.doi.org/10.1016/j.geomorph.2006.06.019
http://dx.doi.org/10.1016/S091-8181(03)00020-1
http://dx.doi.org/10.3390/W6103012
http://dx.doi.org/10.1016/j.gloplacha.2007.01.003
http://dx.doi.org/10.1016/j.scitotenv.2012.09.057
http://dx.doi.org/10.1029/2003WR002763
http://dx.doi.org/10.1002/Hyp.6993
http://www.yellowriver.gov.cn/zwzc/gzgb
http://www.yellowriver.gov.cn/zwzc/gzgb
http://dx.doi.org/10.1623/hysj.48.1.51.43478
http://dx.doi.org/10.1023/B:Warm.0000043140.61082.60
http://dx.doi.org/10.1023/B:Warm.0000043140.61082.60
http://dx.doi.org/10.1002/ldr.2206
http://dx.doi.org/10.1029/2000wr900325
http://dx.doi.org/10.1002/Hyp.6794
http://dx.doi.org/10.1371/journal.pone.0091048
http://dx.doi.org/10.1371/journal.pone.0091048
http://dx.doi.org/10.1002/ldr.2246
http://dx.doi.org/10.1002/ldr.2246

