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The continuous ecological restoration of the Loess Plateau, which aims to reduce the sediment entering
into the Yellow River, is known throughout the world for two strategies: the integrated soil conservation
project that began in the 1970s, and the ‘‘Grain for Green” project that began in the 1990s. However, the
topic of whether the muddy water in the middle Yellow River run clearer remains debatable, and, in fact,
response to the topic is reasonably well documented in regard to hydrological changes in the sediment
source area. Six sub-catchments nested in the Beiluo River basin – one of the major sediment sources
for the Yellow River – were selected, with data series ranging from 1957 to 2009. The Mann-Kendall
and Pettitt tests were used for trend detection. A simple method was developed based on the distribution
of suspended sediment concentration (SSC) versus water discharge. Using this method, we evaluated the
quantities of sediment yield reduction attributed to streamflow and SSC changes due to the two strate-
gies.
The results showed that annual sediment yield in 5 out of 6 stations significantly decreased, with rates

varying from �4 to �217 t�km�2�yr�1. Significant decreases in daily and event streamflow and suspended
sediment concentration were identified, especially at a high SSC (top 1–5%). During the integrated soil
conservation period, the sediment yield was reduced mainly by decreases in high flow and high SSC con-
ditions. In contrast, during the ‘‘Grain for Green” period, sediment yield was reduced due to decreases in
streamflow and SSC at all magnitudes. It was concluded that rainfall-sediment load dynamics have chan-
ged in the context of ecological restoration. Changes in both streamflow and the SSC–water discharge
relationship induced the sediment yield reduction over time; in other words, the streamflow in the mid-
dle reaches of Yellow River became clearer during periods of ecological restoration. Moreover, the
increased annual sediment yield at the Zhangcunyi station exposed a risk of increased erosion in areas
where forests had been well preserved.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Yellow River is one of the largest contributors of global
riverine sediment flux from land to the seas. It has created the
broad North China Plain, which is the land that nurtured Chinese
civilization throughout history. The sediment load of the Yellow
River was estimated to be approximately 0.8 � 109 t�yr�1 through-
out the Holocene, whereas it increased to approximately
1.6 � 109 t�yr�1 between the 1930s and 1950s (Shi et al., 2002;
Shi and Shao, 2000). Research showed that 90% of the sediment
load was carried from the Loess Plateau (640,000 km2), and 41%
of the total sediment load in recent decades was added due to land
use intensification driven by increasing population (Derbyshire
et al., 2000; Li, 2003; Shi et al., 2002). Severe sediment erosion
and deposition can result in disasters and environmental problems.
For example, landslide events are frequently reported by the news
media (Derbyshire et al., 2000; Wang and Unwin, 1992; Zhou et al.,
2002), and continuous soil erosion slowly deprives the land of fer-
tile soil, leading to reductions in crop production (Cai, 2001;
Pimentel et al., 1995). The river bed of the lower Yellow River is
8–10 m above the surrounding floodplain. The average sediment
deposition in the lower reaches was 1.58 � 108 t�yr�1 from 1950
to 2004, with an aggradation of 11 cm�yr�1 (1964–1997) (Wang
et al., 2006). This thalweg aggradation poses a major flood hazard
to local communities (Shi and Shao, 2000). The sediment deposited
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in the lower reach of the Yellow River mainly comprises coarse
sand (grain-size >0.05 mm), which was chiefly delivered from the
Coarse Sandy Hilly catchments (Hekou-Longmen region), the Mal-
ian River basin and the Beiluo River basin (Tang, 2004). Conse-
quently, these areas are considered the key areas for soil loss and
sediment deposition control.

To control severe soil erosion, two ecological restoration pro-
jects were progressively implemented in the Loess Plateau in
recent decades (Ran et al., 2000; Tang, 2004). The integrated soil
conservation project, focusing on the integrated management of
small watersheds, has been implemented in the Loess Plateau since
the 1970s (Tang, 1993; Ran et al., 2000; Yao et al., 2005). This pro-
ject consists of engineering works: (1) building sediment-trapping
dams, (2) the terracing of farmlands on slopes, and vegetation
measures: (1) the replanting of trees and (2) the improvement of
pastures (Ran et al., 2000; Yao et al., 2011). As part of this strategy,
numerous sediment-trapping dams were built in gullies to inter-
cept sediment loads. To decrease soil erosion on the slopes, an
extensive series of measures was adopted, including the terracing
of farmland, the planting of trees and the improvement of pastures.
The sediment-trapping dam was invented by people in the Loess
Plateau of China several centuries ago. Generally, a sediment-
trapping dam comprises three parts: the embankment, the spill-
way, and the outlet. It generally controls a drainage area varying
from several to tens of square kilometers (Xu et al., 2004). By mak-
ing use of the local geography and climate, it was used to retain
sediments and to form farmland. As one of the primary measures
for the conservation of water and soil, sediment-trapping dams
have been given great emphasis since the 1950s. Approximately
100,000 sediment-trapping dams were built in the late 1960s
and 1970s (CMWR, 2003; Wang et al., 2011), and many of them
were simply constructed without spillways or outlets.

It was noted that the sediment-trapping dams are the primary
measures for reducing sediment load, causing approximately 60–
70% of the reduction (Ran et al., 2000). Unfortunately, an investiga-
tion in northern Shaanxi province showed that approximately 80%
of sediment-trapping dams were destroyed in fierce rainstorms in
the early 1980s (Xu et al., 2004). With sediment continually pour-
ing into the Yellow River, the emphasis of soil and water conserva-
tion in the Loess Plateau was on vegetation measures.
Subsequently, the strategy of using sediment-trapping dams was
then replaced by the ‘‘Grain for Green” strategy. The ‘‘Grain for
Green” project mainly consists of vegetation measures. It has been
implemented by regulating slopes on a massive scale since the
1990s (Ran et al., 2000; Tang, 2004; Yao et al., 2005; Zhang et al.,
2014).

The mechanisms for reducing sediment load are different in
engineering projects and vegetation measures. For instance, engi-
neering projects can block or delay streamflow, consequently
increasing infiltration and depositing the suspended sediment
(Mu et al., 2007; Xu et al., 2004; Zhang et al., 1997). Generally,
the effects of engineering works on runoff are significant and
immediate, as they can more effectively prevent surface runoff,
especially that with high flow with high suspended sediment con-
centration (SSC). However, the engineering projects will lose their
effectiveness slowly and eventually be abandoned due to deposi-
tion (Ran et al., 2013; Wang et al., 2005, 2011; Xu et al., 2004;
Zheng et al., 2005). Hydrographic research showed that areas with
extensive natural vegetation normally have little or no erosion,
even if the geomorphology is hilly with steep slopes and gullies
(Mi, 1982; Shi and Shao, 2000). Vegetation measures can alter
the catchment’s water balance by increasing rainfall reception
and evapotranspiration (Brown et al., 2005; Gao et al., 2012;
Zhang et al., 2001a, 2001b). Soil erosion and sediment transport
are therefore decreased by decreasing surface runoff, increasing
water infiltration and depositing suspended sediment (Quinton
et al., 1997; Sahin and Hall, 1996). However, the effect of vegeta-
tion measures is usually shown with a lag of years for vegetation
recovery and vegetation coverage area accumulation (Gao et al.,
2012; Zheng et al., 2005). The effect of appropriate vegetation mea-
sures will become more and more significant as time goes by Ran
et al. (2013) and Zheng et al. (2005). Considering the differences in
mechanism and effect, knowledge of the sediment load changes is
helpful in optimizing ecological restoration. However, study of sed-
iment load changes between the separate ecological restoration
periods has seldom been involved.

Studies have noted that streamflow decreased with the imple-
mentation of ecological restoration (Mu et al., 2007; Zhang et al.,
2008; Zhao et al., 2014), whereas results regarding SSC–water dis-
charge relationship were debatable. For instance, based on daily
data, Xu (2002) and Liao et al. (2008) concluded that the frequency
of hyperconcentrated flow (the main form of sediment transporta-
tion in the Loess Plateau) decreased with the implementation of
soil conservation measures. Using annual data, Rustomji et al.
(2008) showed that the mean annual SSC exhibited a statistically
significant decreasing trend over time. Gao et al. (2012) detected
monthly discharge-sediment relationship changes in the flood sea-
son and noted that the dynamic relationship between streamflow
and sediment load changed. These consistent results indicate that
ecological restoration has affected hydrological regimes in catch-
ments. Conversely, Zheng et al. (2007, 2008) investigated inter-
event SSC–water discharge relationships in a small watershed.
They noted that SSC–water discharge relationship was not changed
by increasing vegetation coverage. The inconsistent SSC–water
discharge relationship results are probably due to the spatial-
temporal scale, specific landform features of the study areas, veg-
etation types and age, and the mixed nature of historic ecological
management actions (Gao et al., 2012; Rustomji et al., 2008). The
debatable results imply that further research is needed, especially
in regard to the SSC–water discharge relationship.

We investigate the processes of sediment load changes and
quantify the sediment yield reduction attributed to changes in
both streamflow and SSC. Six sub-catchments nested in a represen-
tative basin within the Beiluo River basin were selected. In detail,
we try to explore the following: (1) the trends of annual sediment
yield and SSC in recent decades; (2) the processes of sediment yield
changes between separate periods; and (3) the quantities of sedi-
ment yield reduction attributed to streamflow reduction and
SSC–water discharge relationship changes.
2. Data and methods

2.1. Study site

The Beiluo River, with a drainage area of 26,905 km2 and a
length of 680 km, is one of the major coarse sand source tributaries
of Yellow River (Yao et al., 2011). It is a tributary of theWeihe River
and a secondary tributary of the Yellow River (Fig. 1) (Ran et al.,
2000). Wind-deposited loess soils, developed during the Quater-
nary Period, cover the study area with a thickness of 50–200 m
(Ran et al., 2000, 2012). The river basin is mostly semihumid, with
a long-term mean annual precipitation of 514.2 mm and runoff
depth of 32 mm. It is one of the major coarse sediment source areas
of the Yellow River, and the mean annual streamflow and sediment
yield are 8.65 � 108 m3 and 8.65 � 107 t, respectively (Ran et al.,
2000; Yao et al., 2011). The area, mean annual streamflow and sed-
iment yields of the Beiluo River account for 3.57%, 1.49%, and 5.41%
of those of the Yellow River, respectively (Yao et al., 2011). Approx-
imately 76.2% of the annual precipitation occurs during the May to
September wet season, and 91.1% of total annual sediment yield
was transported by floods (Ran et al., 2000). Extreme climate
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Fig. 1. (a) The location of the Beiluo River basin and Loess Plateau in China. (b) The location of the Beiluo river basin in the middle reaches of the Yellow River basin. (c)
Location map of the Beiluo River basin with details of sub-catchments in the basin (Ran et al., 2012).
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events happen occasionally in the area and are one of the most
important factors in the fragile ecosystem. For instance, a daily
SSC of 1060 kg�m�3, which was induced by an extreme precipita-
tion event with a return period of over 1000 years, was measured
on 31 August 1994 at the Wuqi station (Ran et al., 2000; Zhang
et al., 2010). The streamflow on that day was 2.59 times the mean
annual streamflow during 2003–2009, and the sediment yield on
that day was equivalent to 10.6% of the total sediment yield
between 1963 and 2009, excepting that day (Zhang et al., 2016).

Six stations were selected for this study, the details of which
are shown in Table 1 (Ran et al., 2012). The area and streamflow
of the catchment above Liujiahe account for 29.1% and 29.4%,
respectively, of the entire basin (above Zhuangtou), but its mean
annual sediment yield accounts for 90.6% of the entire basin
(1957–2009). As the annual sediment yield and SSC were plotted
in Fig. 3, statistically significant correlations (P < 0.01) of sedi-
ment yield and SSC were identified between Wuqi/Liujiahe and
Jiaokou/Zhuangtou (Ran et al., 2000, 2012; Yao et al., 2011).
These indicate that the catchment above the Liujiahe station is
the sediment source for the Beiluo River basin. In the 1950s, for-
Table 1
Catchment characteristics and hydrologic records (Ran et al., 2012).

No. Stations Area
(km2)

Streamflow
records

Sediment concentration
ranges (m3/s)

Annua

Stream
(mm�a

1 Wuqi 3408 1963–2009 0.01–41,831 28.0
2 Liujiahe 7325 1959–2009 0.48–2560 32.3
3 Zhangcunyi 4715 1958–2009 0.026–202 23.0
4 Huangling 2266 1967–2009 0.008–234 46.8
5 Jiaokou 17,180 1967–2009 0.30–1400 25.9
6 Zhuangtou 25,654 1957–2009 0.67–1952 32.3
est coverage in the Loess Plateau was only 7.1% (Cai, 2001). The
catchments above the Zhangcunyi and Huangling stations are
located in Ziwuling, which was the only place in the Loess
Plateau where forest vegetation has been preserved throughout
history. In these catchments, few ecological management actions
(Table 1) and minimal human activities have affected the Loess
Plateau. The sediment yield in the two catchments is below
the soil loss tolerance, 500 t�km�2�yr�1. The streamflow of the
catchment below Liujiahe and Zhangcunyi and above Zhuangtou
accounts for 57% of the entire basin, with the area accounting for
52.2% (Ran et al., 2000). This indicates that the source areas of
streamflow and sediment are distributed differently in the basin,
a universal phenomenon of the Yellow River basin (Ran et al.,
2000; Tang, 2004).

To reduce sediment load in the Yellow River, integrated soil
conservation since the 1970s and the ‘‘Grain for Green” project
since the 1990s have been implemented widely in the Beiluo River
basin. Table 2 lists areas subjected to soil conservation measures in
each sub-catchment. The annual streamflow and sediment yield
decreased with increasing treated area, as seen from Fig. 2.
l Average

flow
�1)

Sediment yield
(t�km�2�a�1)

Sediment concentration
(kg�m�3)

Vegetation
coverage (%)

9822.7 295.3 32.5
9397.9 248.5
209.7 9.27 66.6
199.0 3.12
4198.3 147.9 52.2
2889.3 84.5 44.7



Table 2
Percentage of cumulative area treated by ecological management actions during 1959–2006.

Corresponding stations Year Ecological management actions Total (%)

Terrace (%) Afforestation (%) Pasture (%) Sediment trapping dams (%)

Wuqi Liujiahe 1959 0.04 0.77 0.02 0.01 0.8
1969 0.52 2.43 0.19 0.15 3.3
1979 1.26 4.22 0.53 0.29 6.3
1989 1.98 8.14 2.47 0.29 12.9
1996 2.99 12.35 3.95 0.29 19.6
2006 3.88 22.14 10.06 0.29 36.4

Zhangcunyi Huangling 1959 0.02 0.05 0.00 0.00 0.1
1969 0.18 0.16 0.01 0.01 0.4
1979 0.72 0.28 0.02 0.04 1.0
1989 0.69 0.53 0.08 0.05 1.4
1996 1.04 0.81 0.13 0.05 2.0
2006 1.35 0.96 0.17 0.05 2.5

Jiaokou 1959 0.03 0.65 0.01 0.01 0.7
1969 0.40 2.04 0.11 0.17 2.7
1979 1.07 3.54 0.31 0.24 5.2
1989 1.56 6.83 1.43 0.24 10.1
1996 2.35 10.36 2.28 0.24 15.2
2006 3.04 18.57 5.79 0.24 27.6

Zhuangtou 1959 0.03 0.44 0.01 0.01 0.5
1969 0.31 1.40 0.07 0.05 1.8
1979 0.76 2.43 0.21 0.12 3.5
1989 1.20 4.69 0.97 0.17 7.0
1999 4.77 11.80 1.75 0.17 18.5
2006 6.18 21.16 4.44 0.17 32.0
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Fig. 2. Annual precipitation, streamflow, PET and the area affected by soil conservation measures for the Beiluohe (above the Zhuangtou station) catchment.
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2.2. Data

Streamflow and SSC data were obtained from the Water
Resources Committee of the Yellow River Conservancy Commis-
sion, Zhengzhou, China. Annual and monthly sediment data ware
accumulated by daily sediment yield calculated from daily stream-
flow and SSC data. It should be noted that observations of SSC
between December and March were not collected at the Wuqi, Liu-
jiahe, Zhangcunyi and Huangling stations in the late 1990 s
because sediment yields during those four months account for
<5% of annual sediment yields. Daily precipitation data were
obtained from the State Meteorology Bureau (http://cdc.nmic.cn/
home.do). Annual precipitation was calculated using daily data.
ArcGIS 9.3 was used to interpolate annual precipitation data for
each catchment, and the Kriging technique (spherical semivari-
ogram model) was used for data interpolation (Oliver and
Webster, 1990).

2.3. Methods

The Mann-Kendall (M-K) rank correlation coefficient (Kendall,
1975; Mann, 1945) is commonly used to assess the significance
of trends in hydro-meteorological time series and has been used
in this study. The Mann-Kendall test statistic (S) is given by

S ¼
Xn�1

k¼1

Xn
j¼kþ1

signðxj � xkÞ; k < j < n ð1Þ

http://cdc.nmic.cn/home.do
http://cdc.nmic.cn/home.do
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where n is the dataset record length and xj and xk are sequential
data values. When S is positive, a positive trend is present and vice
versa.

The nonparametric median–based linear model method pro-
posed by Sen (1968) has been used to fit trend slopes, b, to the
data:

b ¼ Median
xj � xk
j� k

� �
for all k < j ð2Þ

where 1 < k < j < n. b is median of all possible combinations of pairs
for the entire dataset.

The nonparametric method developed by Pettitt (1979) was
applied to detect the change point using the Mann-Whitney statis-
tic Ut,N. The Ut,N is used to verify whether two samples x1, . . ., xt and
xt+1, . . ., xN are from the same population. The test statistic Ut,N is
given by

Ut�1;N ¼ Ut�1;N þ
XN
j¼1

signðxt � xjÞ for t ¼ 2; . . . ; n ð3Þ

The test statistic counts the number of times a member of the
first sample exceeds a member of the second sample. The null
hypothesis of the Pettitt test is the absence of a change point.
The statistic k(t) and the associated probabilities used in the signif-
icance testing are given as

kðtÞ ¼ max
16t6N

jUt;Nj ð4Þ

p ffi 2expf�6ðK2
nÞ=ðN3 þ N2Þg ð5Þ
Directional change and the trend of daily and annual data were
determined by applying the nonparametric Mann-Kendall trend
test, and the magnitude of the trend was detected by Sen’s slope.

An incremental percentiles method on an annual basis was used
to obtain the long-term daily series. For the proportion of trend
comparison in different percentiles, daily series were normalized
before applying the M-K test and Sen’s slope estimation by equa-
tion (Du et al., 2013)

X0
i ¼ ðXi � XminÞ=ðXmax � XminÞ ð6Þ
Although the Mann–Kendall test does not require that the dis-

tribution be normalized, the presence of an autocorrelation in the
dataset violates the independence assumption. In this case, the
effective degree of freedom will be less than the number of obser-
vations. Consequently, if the autocorrelation is not taken into
account, the resulting trend will be spurious (Wilcox et al.,
2008). So we performed the autocorrelation detecting before trend
testing. The significance of the first-order autocorrelation was
judged using Durbin–Watson statistics at a 0.05 significance level
(Bowerman and O’Connell, 1979). If an autocorrelation was not
present, trend analysis was performed directly. Otherwise, the
autocorrelation was removed to construct an independent data
series using the Cochrane-Orcutt procedure (Cochrane and
Orcutt, 1949):

X0
i ¼ Xi � qXi�1 ð7Þ

where X0
i is a datum of the transformed time series values, Xi the

original time series value, and q the estimated serial correlation.



362 J. Zhang et al. / Journal of Hydrology 546 (2017) 357–369
After removing the autocorrelation, trend analysis was performed
on the transformed series.

3. Results

3.1. Trends of annual sediment yield and SSC

As shown in Table 3, the Mann-Kendall test identified signifi-
cantly negative trends for 5 stations and a positive trend for the
Zhangcunyi station in both annual sediment yield and SSC
(P < 0.01). The decreasing rate of annual sediment yield varied
from �4 t�km�2�yr�1 in subcatchments with forest cover to
�214 t�km�2�yr�1 in the sediment source area with sparse shrub
and grass vegetation. For the entire Beiluo River basin (Zhuangtou
station), the trend of sediment yield was �57 t�km�2�yr�1. The
trends of SSC varied from �0.08 to �6.77 kg�m�3�yr�1, and the
trend of SSC was �1.30 kg�m�3�yr�1 in the entire basin. Using Pet-
titt’s method, the annual sediment yield exhibits two different
changing periods; thus, two points were identified for each annual
sediment series. As shown in Table 3, the first change points at all
stations were consistently detected between 1977 and 1979, and
the second change point occurred between 1988 and 2001. These
change points are concurrent with the ecological restoration in
recent decades, which supports the investigation of the effects on
sediment yield changes. Using these change points, the sediment
yield and SSC series were divided into the baseline period (P1), soil
conservation period (P2) and ‘‘Grain for Green” period (P3).

3.2. Changes in daily sediment yield and SSC

Given that both sediment yield and SSC were detected with sig-
nificant trends, we examined the daily sediment yield and SSC
trends in more detail. The sediment yield and SSC data were aggre-
gated in two ways, including by day and by ‘‘event”. To obtain a
long-term daily data series, the data in each year were sorted in
descending order, and data within the same percentile of excee-
dance were selected. The obtained daily percentile series was
sorted by year; the series are described as daily data (daily sedi-
ment yield, daily streamflow, daily SSC) below.

3.2.1. Trend of daily sediment yield and SSC
Given the mixed nature of ecological restoration measures, the

streamflow, sediment yield and SSC changes represented by the
trends of the daily series are likely to reflect the combined effects.
For comparison, each series was normalized by Eq. (6), ranging
from 0 to 100. These normalized daily series were analyzed by
the M-K test and Sen’s slope test, and the results are plotted in
Fig. 4. The trends of the normalized daily series reflect the propor-
tional changes of the observed data of various magnitudes over the
past 60 years. As shown in Fig. 4, significant trends were identified
in various daily series for sediment yield, SSC and streamflow.
Notably, the high daily SSC (1–5% in percentile) reductions at 5
Table 3
Summary of trend analysis by Mann-Kendall nonparametric test and Pettitt’s test for ann

Stations Annual sediment yield Annual sediment

Correlation Mann-kendall Sen Correlation

Lag 1 P Z P b
(102 t�km�2�a�1)

Lag 1 P

Wuqi �0.08 0.31 �3.62 <0.001 �2.14 0.16 0.46
Liujiahe �0.03 0.53 �3.69 <0.001 �1.79 0.22 0.51
Zhangcunyi 0.09 0.79 2.63 0.0085 0.03 0.18 0.59
Huangling 0.14 0.44 �3.96 <0.001 �0.04 0.16 0.75
Jiaokou �0.04 0.61 �2.68 0.0073 �0.54 0.15 0.40
Zhuangtou 0.00 0.44 �3.46 <0.001 �0.57 0.17 0.40
stations (excepting the increase at Zhangcunyi) are particularly
significant, although the trends of the extremes (top 1 percentile)
are comparatively smaller. Their trends are higher than those in
moderate and low SSC (10–100%). The results of trend analysis of
daily streamflow (especially high flow) are not consistent in
upstream (Fig. 4a–d). The trends of daily streamflow in high flow
are variable among the 4 upstream stations, and thus resulted in
variable trends of daily sediment yield among stations. However,
consistent results were observed for the 2 downstream stations,
Jiaokouhe and Zhuangtou. For the entire basin, high sediment
yield, SSC and high flow (1–5%) significantly decreased, and their
trends are generally higher than those in moderate and lower per-
centiles (Fig. 4e and 4f). This result means that the principal part of
sediment yield—the hyperconcentrated flow—could be effectively
controlled by ecological restoration over time. The low streamflow,
SSC and sediment yield (80–100%) changes were not consistent at
the Jiaokouhe and Zhuangtou stations. But sediment yield in the
80–100% percentiles accounted for only 1.46% of sediment yield
in the entire basin from 1957–2009, indicating that changes in
these percentiles have little influence on total sediment yield
changes.

3.2.2. Sediment yield and SSC changes during three periods
To gain additional perspective on the magnitude of sediment

yield reduction during the separate periods, the sediment yield
duration curves were plotted in log–log form (Fig. 5). As shown
in Fig. 5a and c, the reductions in high sediment yield (top 5 per-
centiles) are most apparent during P2, while little difference can
be observed in moderate and low sediment yield (10–100%). How-
ever, the sediment yield was dramatically reduced in all per-
centiles during the ‘‘Grain for Green” period. For the only station
with a positive trend in sediment yield, Zhangcunyi, the total sed-
iment yield increased mainly due to increasing high sediment load
(top 5 percentiles, Fig. 5b).

Generally, the annual top 5 daily sediment loads have been the
focus of river sediment research because they account for the
majority (e.g., >90%) of total sediment load in a year (Rustomji
et al., 2008). The top 5 daily sediment loads in each year and their
corresponding streamflow and SSC were selected from the
observed daily data series. The proportion of the annual sediment
load transported in these 5 days of each year was also calculated.
By the two sample t-test, the means of the sediment load and
the corresponding streamflow, SSC and proportion of total load
for the top 5 days among the 3 periods were examined, and the
results are shown in Fig. 6.

Statistically significant reductions were identified in sediment
yield, streamflow and SSC in the 5 maximum load days at Wuqi
and Liujiahe, the sediment source area (Fig. 6a–c). Significant
reductions in SSC were also identified at the downstream stations
of Jiaokouhe and Zhuangtou (Fig. 6b). Moreover, the differences in
streamflow in the 5 maximum days between stations have dimin-
ished (Fig. 6a). The findings indicate that the maximum sediment
ual sediment yield and annual sediment concentration in each catchment.

concentration Change point by soil
conservation

Change point by
‘‘Grain for green”

Mann-kendall Sen

Z P b
(kg�m�3�a�1)

�4.11 <0.001 �6.77 1979[1979] 2001[2001]
�4.16 <0.001 �4.71 1979[1979] 1997[1994]
3.53 <0.001 0.21 1977[1976] 1990[1989]
�4.46 <0.001 �0.08 1979[1979] 1988[1988]
�2.59 0.0096 �1.78 1979[1979] 1995[2001]
�2.85 0.0044 �1.30 1978[1979] 1999[2001]
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load can be controlled and that it has been altered by progressive
ecological restoration. Moreover, the extreme SSC and streamflow
(top 1 percentile) changes are not as large as those in high SSC and
flow (1–5%, Fig. 4). As a result, the proportion of sediment load in
the top 5 days did not decrease but tended to increase (Fig. 6d).

3.3. Rainfall event-induced sediment yield and SSC

Previous research suggested that sediment transport in the
Loess Plateau is strongly event-driven (Xu, 1994; Zhang et al.,
1997, 2008), indicating that the sediment yield examined above
may potentially be masking important event-based details. To
explore this suggestion, event-scale hydrological regimes were
detected on the basis of rainfall events. By definition, rainfall was
considered to belong to one event unless separated from the next
rainfall by at least 2 no-rain days. Using daily precipitation data,
event hydrological data at the Wuqi station were calculated and
shown versus the return period in Fig. 7.

As shown in Fig. 7a and c, the event streamflow and sediment
loadwith the same return period/frequencydramatically decreased.
As shown in Fig. 7b, the curves of event SSC versus return period are
‘‘S” shapedwith a ‘‘roof,” i.e., a limit on thehighest SSC, but thevalues
decrease over time. For instance, the 1000-year storm event in 1994
was the strongest precipitation event in the period from 1957 to
2009, but the SSC driven by the storm was still lower than much of
those in P1. This result is evidence that ecological management has
reduced the mobility of sediment within the catchment. Moreover,
themaximumevent sediment yield and SSC decreased significantly,
whereas no significant trend was identified for annual maximum
rainfall (Fig. 7d). The finding implies that the rainfall-streamflow,
rainfall-SSC and rainfall-sediment load dynamics have changed in
the context of the continuously underlying surface changed by eco-
logical restoration. The event SSC has decreased over time (Fig. 7b),
except that event SSC with moderate return periods (0.1–0.3 years)
increased during P2. The increased SSCmay be due to the remobiliza-
tion of in-channel sediment stores after the sediment-trapping dams
were destroyed.
3.4. SSC–water discharge relationship changes

Thus far, it has been demonstrated that, on annual, daily and
event timescales, there have been significant reductions in sedi-
ment yield for 5 out of 6 sub-catchments. Moreover, the individual
changes in streamflow, sediment yield and SSC on the daily time-
scale show that the changes irregularly varied with the magnitude
(i.e., percentiles in Fig. 4) of these variables. When explaining these
findings, ambiguity exists between two scenarios, as (1) the signif-
icant reduction of sediment load can be attributed to significant
changes in both streamflow and SSC, and (2) the significant reduc-
tion of sediment load is associated only with a significant change in
streamflow.

The SSC is positively related to discharge at the long-term scale
(Hicks et al., 2000; Rustomji et al., 2008). It implies that sediment
yield changes can be expressed by the distribution of SSC versus
streamflow. The daily sediment load/SSC versus streamflow are
plotted in Fig. 8a/d (P1), b/e (P3). For both P1 and P3, the mean
and median sediment load and SSC for 40 equally spaced discharge
classes (defined on the log-discharge scale) have been calculated.
As noted by Rustomji et al. (2008), these curves represent a form
of sediment rating. If the ecological management actions had
reduced the capacity for sediment to be mobilized in the land-
scape, a reduction in the SSC/sediment loads at a given streamflow
would be expected in the later period. For comparison, the results
obtained from Fig. 8a and b/d and e are plotted in Fig. 8c/f. As
shown in Fig. 8c and f, the curves of the means and medians
showed that streamflow in P3 tended to exhibit lower magnitudes.
Both the medians and means of sediment load in P3 were lower at
streamflow intervals >50 � 10�3 mm�d�1. However, the medians of
sediment load at moderate streamflow (4-50 � 10�3 mm�d�1) and
the means at streamflow intervals 7 � 10�3–12 � 10�3 mm�d�1

were higher. Since high sediment load account for majority of total
sediment load, the much lower value of high sediment load/SSC
indicates that sediment load/SSC–water discharge relationships
have changed. The changes in means and medians in SSC are sim-
ilar to those in sediment load. Given that the means and medians
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in streamflow classes are generally important in detecting changes
in the sediment load and SSC–water discharge relationship, it
essentially appears as though the frequency/probability is equally
important. The probability of streamflow distributed in the 40
equally spaced discharge classes was plotted in Fig. 8. As shown
in Fig. 8c and f, probability distribution curves for streamflow are
different between P1 and P3. In detail, the probability distribution
of streamflow shifted towards lower magnitudes. The findings
exhibited that both streamflow and the sediment load/SSC–water
discharge relationship essentially changed, and, consequently, sce-
nario (2) is rejected.
3.5. Streamflow and SSC changes contributed to sediment yield
changes

Table 4 examines the correlations between percentage of the
area treated (by the four main management actions, including
the total treated area) and the variations in annual sediment yield
for the 6 sub-catchments. Except for the increased sediment at the
Zhangcunyi station, 17 out of 25 management actions at sites were
identified (P < 0.05); however, only 4 management actions at sites
had insignificant correlation with P > 0.1. The significant correla-
tions between ecological management actions and sediment load
indicate that ecological restoration indeed resulted in sediment
yield decrease, as one of the alternative factors.

We have demonstrated that the sediment yield was reduced by
decreasing streamflow and SSC. However, the quantities of sedi-
ment yield reduction attributed to streamflow and SSC changes
remain unknown. To explore this question, a method based on
the probability distribution of the SSC–water discharge relation-
ship was developed. Based on fractal theory, the steps of the
approach are as follows:

Generally, as shown in Figs. 8d–e and 9, the mean annual sedi-
ment load (U) over a long period (N years) with data series length l
divided into n discharge classes (defined on the log-discharge
scale) can be calculated by the equation

U ¼ 1
N

Xn
i¼1

Xm
j¼1

Qij � sij; 1 6 n 6 l ð8Þ

where Qij is one of daily streamflow and sij is the corresponding SSC,
respectively, in discharge class i;

Pm
j¼1Qij � sij is the total sediment

yields in a discharge class i.
As shown in Fig. 9,

Pm
j¼1Qij � sij could be calculated by the aver-

age streamflow Qi, average SSC si and streamflow frequency Fi;
then the mean annual sediment yield (U) in Eq. (8) can be trans-
lated into

U ¼ 1
N

Xn
i¼1

Qi � si � Fi ¼
Xn
i¼1

Qi � si � f i ð9Þ

where fi is mean annual frequency of daily sediment yields in dis-
charge class i. Then, the changes in mean annual sediment yields
in two periods can be calculated by

DU ¼
Xn
i¼1

Qi � sprei � f prei �
Xn
i¼1

Qi � safteri � f afteri ð10aÞ

where pre and after indicating data of former period and later per-
iod, respectively.

The equation can be translated into

DU¼Pn
i¼1

Qi � sprei � f prei �Qi � safteri � f afteri �Qi � sprei � f afteri þQi � sprei � f afteri

� �

¼Pn
i¼1

Qiðf prei � f afteri Þsprei þQi � f afteri ðsprei � safteri Þ
� �

ð10bÞ
For two series of separate periods in a basin, the streamflow

changes are actually the differences in probability versus dis-
charge; the sediment changes due to streamflow changes, DURunoff

and changes in SSC, DUSSC are obtained by Eq. (10b)

DURunoff¼ Pn
i¼1

Qiðf prei � f afteri Þsprei ð11aÞ

DUSSC ¼
Xn
i¼1

Qi � f afteri ðsprei � safteri Þ ð11bÞ

Then, the proportion of sediment load changes attributed to
changes in SSC can be calculated, expressed as Pcalc(DUSSC). Obvi-
ously, the Pcalc(DUSSC) will change with changes in spaced dis-
charge classes. Therefore, the Pcalc(DUSSC) is indeed a function of
the discharge classes n, expressed as
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PcalcðDUSSCÞ ¼ FðnÞ ð12Þ

As shown in Fig. 9, the F(n) varies with discharge class changes
over the interval [1, 1]. It decreases sharply as n increases, then
increases slightly to a maximumwith discharge classes nT and then
decreases slowly and converges to 0. That is

Fðn ! 1Þ ! Qpre=Qafter Fðn ! 1Þ ! 0 Fðn ! nTÞ ! FðnTÞ
ð13Þ
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Table 4
Statistical significance of correlation between sediment yields and soil conservation treated areas.

Stations Terrace Afforestation Pasture Sediment trapping
dams

Total

Corr. P Corr. P Corr. P Corr. P Corr. P

Wuqi �0.93 0.02 �0.89 0.04 �0.81 0.10 �0.97 0.01 �0.88 <0.01
Liujiahe �0.95 0.01 �0.92 0.03 �0.84 0.07 �1.00 <0.01 �0.91 <0.01
Zhangcunyi 0.49 0.40 0.69 0.20 0.73 0.16 0.49 0.40 0.67 0.21
Huangling �0.90 0.04 �0.80 0.11 �0.70 0.19 �0.93 0.02 �0.82 0.09
Jiaokou �0.93 0.02 �0.85 0.07 �0.76 0.14 �0.98 <0.01 �0.85 0.07
Zhuangtou �0.82 0.05 �0.86 0.03 �0.88 0.02 �0.92 0.01 �0.86 0.03
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where Qpre and Qafter are mean annual streamflow in former and
later periods, respectively. When n = 1, sediment load reductions
are categorized as changing in total streamflow and average SSC,
F(1) = Qpre/Qafter. When n approaches 1, they are all categorized
as changing in streamflow. Obviously, these two points are at the
maximum calculation errors, indicating that they are inappropriate
discharge classes. The calculation error decreases as n approaches nT
from either side. The F(nT) (Fig. 9) is the maximum with minimal
error that approximately equals the proportional reduction attribu-
ted to SSC change, P(DUSSC). Accordingly, F(nT) is the approximate
value of P(DUSSC). Thus, the proportion of sediment load reduction
attributed to changes in SSC is obtained: P(DUSSC) � F(nT).

Using Eqs. (11) and (12), the changes in mean annual sediment
yield attributed to SSC in P2 and P3 were estimated. The mean
annual sediment loads in 5 sub-catchments have decreased contin-
uously during the last 5 decades. As shown in Table 5, the propor-
tions of sediment load reduction attributed to SSC changes varied
from 8.5% to 56.8% during P2 and from 15.0% to 51.7% during P3.
Although no obvious increase in proportion was observed between
P2 and P3, the increased absolute values are much more evident.
Basin-wide, the mean annual sediment yield at the Zhuangtou sta-
tion during P1 is 3876 t�km�2�yr�1, but it was 2438 t�km�2�yr�1

during P2 and only 1127 t�km�2�yr�1 during P3. The sediment yield
reductions brought about by streamflow and SSC changes were
�1050 t�km�2�yr�1 and �388 t�km�2�yr�1 during P2, �2038 t�km�2

�yr�1 and �711 t�km�2�yr�1 during P3. The finding denotes again
that both streamflow and SSC changes resulted in sediment load
reduction in the middle reaches of Yellow River. Besides, the
increased mean annual sediment load at the Zhangcunyi station
was entirely attributed to the increase in SSC (Table 5).
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4. Discussions

4.1. The potential changes in sediment load

Studies noted that the Loess Plateau in ancient China was an
area of lush grasslands and dense forests, and its forest cover
was over 50% greater in the past (Feng et al., 2006; Lü et al.,
2003; Meng, 1996; Wang, 1990; Zhang et al., 2010). However, veg-
etation was destroyed by severe soil and water erosion due to
deforestation by humans (Chen et al., 2007; Fu et al., 2007; Shi
and Shao, 2000). Long-term field plot experiments carried out in
the catchment above Zhangcunyi (forested area) noted that erosion
rates in the deforested lands increased to approximately 1000
times those in the forested land prior to deforestation, approxi-
mately 10,000–24,000 t�km�2�yr�1 (Zheng, 2006). It was therefore
Table 5
Streamflow and suspended sediment concentration changes contributed to sediment yield

Stations Mean annual sediment Soil conservation per

P1
(t�km�2�a�1)

P2
(t�km�2�a�1)

P3
(t�km�2�a�1)

DUflow

(t�km�2�a�1)

Wuqi 13,529 10,353 2304 �2622
Liujiahe 11,990 9223 4191 �2532
Zhangcunyi 91 166 345 23
Huangling 496 126 67 �160
Jiaokou 5216 4179 2388 �759
Zhuangtou 3876 2438 1127 �1050
noted that vegetation is one of the predominant factors affecting
soil erosion at the plot scale. As shown in Table 1 and Fig. 3, the
annual mean sediment load in the forested area (Zhangcunyi and
Huangling) is below the soil loss tolerance (500 t�km�2�yr�1),
approximately 200 t�km�2�yr�1 over past 60 years. This value
implies that soil and water conservation could be achieved by
well-preserved vegetation on the regional scale, and it is also a
scientific basis for the ecological restoration of the Loess Plateau
(Ran et al., 2000; Tang, 2004; Zheng, 2006).

The eco-environment of the Loess Plateau was generally
reported to be improved with the implementation of integrated
soil conservation. However, partial deterioration of the eco-
environment was also observed in Loess Plateau in the 1980s
(Ran et al., 2000; Tang, 2004; Zhang et al., 2010). Investigations
noted that forest vegetation in Zhiwuling was unfortunately dam-
aged in this period, and the forest boundary line was retreating at
an annual average rate of 0.5 km (Cai, 2001). As a result, rainfall
erosion increased in these deforested fields, and the sediment
delivered into the river channel increased. This pattern is the
reason why sediment yield increased in the catchment above
Zhangcunyi in the 1990s and early 2000s (Fig. 3).

As noted by Zhu et al. (2015), the restoration strategies led to
large areas of mono-specific vegetation in P2, and streamflow had
not been substantially conserved by revegetation. The use of a
sediment-trapping dam is a long-standing approach to controlling
sediment yields, and it contributed approximately 60–70% of sed-
iment load reduction during P2 across eroding gullies and smaller
tributaries (Ran et al., 2000; Zhang et al., 1997; Zheng, 2006).
Generally, no runoff is generated on slopes, and little sediment is
suspended in streamflow during non-rainy days in small water-
sheds (Zhang et al., 1997). Therefore, the sediment transformation
in the mainstream is predominantly not influenced by
ecological management actions on non-rainy days. This process
explains why changes in low SSC and sediment yield
(Fig. 4e and 4f, 80% � 100%) had no obvious regularity at the Jiaok-
ouhe and Zhuangtou stations. As noted by Rustomji et al. (2008),
the remobilization of in-channel sediment stores can represent
an important sediment source which could continue to maintain
high fluvial sediment loads. Because 80% of sediment-trapping
dams were filled up or destroyed in the early 1980 s in northern
Shaanxi province, some of the damaged dams did indeed provide
such a sediment source. This source was reflected by increases in
event SSC during storms with return periods of 0.1 � 0.3 years in
catchments above Wuqi in P2 (Fig. 7b).

4.2. Phases of sediment yield reduction

Aside from the results above, three phases can be seen in
sediment load reduction processes over the past 60 years:

In Phase 1, sediment load was effectively reduced by blocking
hyperconcentrated flows and depositing SSC immediately when
engineering works were finished. In the late 1970 s and early
1980 s, revegetation was not dense enough to effectively conserve
soil and water. However, sediment load decreased (Table 3) mainly
changes.

iod ‘‘Grain for Green period” period

DUSSC

(t�km�2�a�1)

PDUSSC

(%)
DUflow

(t�km�2�a�1)
DUSSC

(t�km�2�a�1)

PDUSSC

(%)

�554 17.4 �9108 �2117 18.9
�235 8.5 �6629 �1170 15.0
52 87.6 34 288 113.3
�210 56.8 �207 �222 51.7
�278 26.8 �2293 �535 18.9
�388 27.0 �2038 �711 25.9
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by reducing high daily/event streamflow and SSC (Figs. 4 and 5). In
this period, sediment load decrease was mainly attributed to
sediment-trapping dams, accounting for approximately 70% of
the decrease (Ran et al., 2000; Zhang et al., 2010b; Zhang et al.,
1997).

In Phase 2, sediment yields were continually intercepted,
whereas some damaged dams presented as sources for sediment
remobilization. As noted above, 80% of sediment-trapping dams
were filled up or destroyed due to poor construction quality. It
was noted by Rustomji et al. (2008) that sediment stores are likely
to be relatively large given the high historic yields. Thus, as dis-
cussed above, some damaged dams served as sources for sediment
remobilization in the late 1980s and early1990s. This fact was
demonstrated by a survey that showed that some of the damaged
dams represent an important sediment source (Ma et al., 2011),
although many of the damaged dams were repaired or reinforced.

In Phase 3, accumulated ecological restoration effectively
reduced sediment load. Better soil structure with greater resistance
to shearing and higher wash durability was normally formed on
wasteland, grassland, forestland and derelict land (Cai, 2001;
Tang, 2004). Vegetation effects on runoff and silt reduction will
be efficient only if accumulated vegetation coverage exceeds a crit-
ical value – 15–20% (Cai, 2001; Zhang et al., 2008). Plot experi-
ments showed that soil and water were significantly reduced by
54% and 79% when the vegetation coverage by grasses was 20%
and 40%, respectively (Cai et al., 1992; Zeng and Ma, 1990). As
noted by Zhu et al. (2015), the restoration strategy in the 2000s
was improved by incorporating community functional diversity
into the restoration design. It was noted that vegetation recovery
in the Loess Plateau was the best in China and statistically signifi-
cant in recent years (Lü et al., 2003). Moreover, vegetation restora-
tion has progressed for >30 years, accompanied by vegetation
succession. Regional-scale streamflow, SSC and sediment yield all
decreased effectively in P3, at annual (Table 3), daily (Fig. 4) and
event (Fig. 7) timescales.

4.3. Phases of soil erosion aggravation

The erosion intensity throughout history was no doubt much
lower than that at present in the Loess Plateau, with increasingly
serious erosion resulting from human destruction of vegetation
(Cai, 2001; Shi et al., 2002; Shi and Shao, 2000). Field plot experi-
ments showed that human destruction of vegetation can happen
over a short period or an extremely short period; however, the
aggravation of human-induced soil erosion would be several hun-
dred times more serious than natural erosion (Zheng, 2006; Zheng
et al., 2005). The increased annual sediment yield at the Zhang-
cunyi station exposed a risk of erosion aggravation. The daily and
event timescale sediment load and SSC changes potentially led to
two phases in sediment increase at the regional (basin-wide) scale:

Phase 1: High daily sediment yield is aggravated, while moder-
ate and low sediment yield persists. There are generally no runoff
and sediment yields generated on deforested slopes on non-rainy
days. However, rill erosion and shallow landslides are activated
once a rainfall threshold is exceeded; then, shallow gullies gradu-
ally become gullies (Hicks et al., 2000; Zheng, 2006). Deforestation
is sporadically distributed in the early days of deforestation, and
river sediment load is very low. Sediment transported from these
fields therefore increased in-channel SSC and sediment load. This
process was reflected at the regional scale by the increasing sedi-
ment load at Zhangcunyi.

Phase 2: Sediment yield is seriously aggravated at all magni-
tudes. Farmland expansion under population pressure resulted in
wide-reaching vegetation devastation over the past 3 000 years.
In the 1950s, vegetation in most parts of the region of the Loess
Plateau was devastated, natural balance became disordered, and
soil erosion aggravation far exceeded natural erosion (Cai, 2001).
As noted by Zheng (2006), the secondary forests in Ziwuling have
been naturally restored over the past 140 years. The catchments
above Zhangcunyi and Wuqi are similar in their landforms, with
a shallow gully density of approximately 20–40 km�km�2 (Zheng,
2006). However, the sediment yield at Wuqi in P1 was
13,529 t�km�2�yr�1, while at Huangling (forested area) it was only
91 t�km�2�yr�1 (Fig. 3 and Table 5). The comparison may exhibit
how sediment yield exploded as only sporadic forests were dis-
tributed in the vast expanse of the Loess Plateau.

Overall, it was an urgent mission in the 1950 s to expeditiously
control serious sediment deposition and disastrous flooding. Con-
sequently, sediment-trapping dams were built for immediate sed-
iment interception. The daily and event sediment yield changes in
P2 showed that high sediment loads effectively decreased, mainly
due to retention by dams (Ran et al., 2000; Zhang et al., 2010).
Obviously, sediment-trapping dams did not have much influence
on slope erosion (Xu et al., 2004). Thus, sediment-trapping dams
may not be a measure for the substantial reduction of sediment
yields. The significant reduction in sediment load at all magnitudes
in P3 indicates that vegetation is an optimal measure with which to
conserve soil and water.

As noted by Zhang et al. (2001a, 2001b), the hydrological regime
in a basin is generally constant over a long period of time (i.e.,
10 years or longer); in other words, the probability distribution
curve of the mean SSC versus a discharge class is generally fixed
unless the underlying surface changes. Obviously, the changes in
streamflow are induced by both anthropogenic impacts and climate
variation. However, it is thought that the changes in SSC calculated
from the SSC–water discharge distribution are independently
induced by anthropogenic impacts. The enlarged sediment yield
reduction due to changes in SSC (Table 5) indicates that the stream-
flow in the middle Yellow River is becoming cleaner.
5. Conclusions

This study examined the role that changes in streamflow and
SSC–water discharge relationships have played in altering the sed-
iment load in the middle reaches of the Yellow River, which origi-
nates in the Loess Plateau, using data from the 1950s to 2009.
Statistically significant negative trends for annual sediment yield
and SSC were identified at 5 out of 6 stations. The trends in annual
sediment yield varied from �4 to �217 t�km�2�yr�1, and the trends
in annual SSC varied from �0.08 to �6.77 kg�m�3�yr�1. Change
point years for annual SSC were consistent with the change point
years identified for annual sediment yield.

Sediment loads have decreased continuously in the context of
the continuously underlying surface changed by ecological restora-
tion. The sediment yield was reduced mainly by decreases in high
flow and high SSC conditions during P2, while sediment yield
decreased dramatically at all magnitudes during P3, regardless of
whether annual, daily and event timescales were analyzed. The
sediment yield changed from 3876 t�km�2�yr�1 in P1 to
1127 t�km�2�yr�1 in P3 in the entire basin. The sediment yield
reductions attributed to streamflow reduction and SSC changes
were �1050, �388 t�km�2�yr�1 in P2, and �2038, �711 t�km�2�yr�1

in P3, respectively.
It was concluded that ecological restoration have changed

rainfall-streamflow, rainfall-SSC and rainfall-sediment load
dynamics. Both streamflow reduction and SSC–water discharge
relationship change induced a sediment load reduction; in other
words, the muddy water in the middle reaches of Yellow River
run clearer. Besides, the increased annual sediment yield at the
Zhangcunyi station exposed a risk of erosion aggravation in an area
where vegetation had been well preserved.
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