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Summary Annual runoff and annual suspended sediment loads of hydrological gauging stations
along the mainstream of the Yangtze River basin (Pingshan station, Yichang station, Hankou sta-
tion and Datong station) and main tributaries (Beipei station in Jialingjiang River, Wulong sta-
tion in Wujiang River and Huangzhuang station in Hanjiang River) were analyzed with the help
of Mann–Kendall trend analysis and linear regression analysis. Research results indicate that (1)
changing patterns of runoff and sediment loads are different in different parts of the Yangtze
River basin. No significant trend is detected for annual runoff at all stations at >95% confidence
level. Changes of sediment loads, however, demonstrate different pictures in the Yangtze River
basin. The sediment loads are in increasing trend in Pingshan station- the most upstream station
on the Yangtze River basin (this increasing trend is significant at >95% confidence level after
about 1990), but are in decreasing trend at other stations (including stations in the tributaries
studied in this paper). This decreasing trend becomes more obvious from Yichang station to
Datong station. (2) Water reservoirs exerted more influences on changes of sediment loads than
on runoff, which is the main reason for the decreasing trend of sediment loads found in most
stations. (3) Influences of water reservoirs on sediment loads are more obvious in the tributaries
than in the mainstream of the Yangtze River basin, while in the mainstream the variation pat-
terns of sediment loads are determined by multiple factors.
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Introduction

Fluvial geomorphology is sensitive to climatic changes and
human disturbance, and these changes alter the dynamic
processes of the erosion and deposition of the fluvial system
.
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of the river channel (Xu and Sun, 2003; Brandt, 2000).
Understanding of the sediment load and runoff changes will
be greatly helpful for flood mitigation, river channel train-
ing and fluvial management.

More and more scholars draw increasing concerns on geo-
morphological response of river channels to the changes of
sediment load and runoff. In the Rhone Valley (France),
most channel changes have been characterized by channel
in-filling which took place when sediment supply exceeded
the river transport capacity (e.g. Bravard et al., 1997; Pro-
vansal et al., 2002; Arnaud-Fassetta, 2003). Goswami et al.
(1999) suggested that modification of river channel appears
to be initiated by the increase or decrease of either water or
sediment load. Kondolf et al. (2002) contrasted changes in
land use, bedload sediment load and channel response of
the Pine Creek catchment of Idaho, USA (200 km2) and the
Drôme catchment, France (1640 km2). They showed that,
as for the Pine Creek catchment, hard-rock mining near
the end of the 19th century, road construction, etc. re-
sulted in increased bedload, leading to channel instability;
as for the Drôme River catchment, reforestation, construc-
tion of dams reduced the erosion and led to reduction of the
bedload sediment supply, which further decreased channel
width and braided reaches.

Runoff and sediment load analyses of the Yangtze River
basin have drawn considerable concerns from scientific
community (Xu, 1996; Lu et al., 2003). Chen et al. (2001)
analyzed annual mean discharge from Yichang, Wuhan and
Datong stations with special focus on human influences on
the discharge from the drainage basin to the sea during
the dry season. They examined discharge variability and
sediment flux of the Yangtze River basin based on hydrolog-
ical data from the three stations. Zhang and Wen (2004)
analyzed sediment flux and annual runoff of the upper Yan-
gtze River basin, showing that the sediment load has no vis-
ible trend, which may be due to the offsetting consequences
of the sediment load changes in the two biggest tributaries
(e.g. Jinsha River and Jialing River). Yang et al. (2002) ana-
lyzed sediment discharge and suspended sediment concen-
tration (SSC) of two hydrological stations (Datong and
Yichang stations) from 1951 to 2000 to show the variations
in river sediment supply to the delta; possible human influ-
ences on sediment variations were also discussed in the
study.

Previous studies analyzed sediment load and discharge
variations of different parts of the Yangtze River basin
and discussed the possible influences of human activities
on variations of discharge and sediment load. However, they
analyzed hydrological data from a small number of hydro-
logical stations of the Yangtze River (e.g. Yang et al.,
2002), or part of the Yangtze River basin (e.g. Lu et al.,
2003; Zhang and Wen, 2004). Few studies were performed
jointly on the sediment load and discharge flux of the whole
Yangtze River basin. Furthermore, river dynamics have been
significantly affected by human activities such as land use
changes, urbanization, dam construction, gravel and sand
mining. Since these disturbances cause substantial changes
to the runoff and sediment regimes, at present few rivers
are in a natural or semi-natural condition in China. At the
same time, sediment load and runoff variations of the Yan-
gtze River will exert direct influences on accretion/reces-
sion of the Yangtze Delta (Yang et al., 2003), which will
be of profound significance for the social and economic
development of the Yangtze Delta region. It is therefore
desirable to study the variations of sediment load and runoff
as well as their correlations at all major stations along the
main stream and the major tributaries of the Yangtze River,
and explore the possible causes of the variations.

In this paper, annual suspended sediment load (SY) and
runoff from four stations along the main channel of the Yan-
gtze River, i.e. Pingshan, Yichang, Hankou and Datong, and
three stations from the main tributaries of the Yangtze River,
i.e. Beipei, Wulong and Huangzhuang (Fig. 1) were used to
perform the study. Four stations along the mainstream of
the Yangtze River basin are the main hydrological measure-
ment stations. Almost all the water reservoirs in the Yan-
gtze basin are located in the tributaries. Up to the end of
1980s, 11931 water reservoirs were constructed in the upper
Yangtze River basin, with a total storage of 2.05 · 1010 m3,
of which 1880 water reservoirs in the Jinshajiang River with
a total storage of 2.813 · 109 m3, 4542 water reservoirs in
the Jialingjiang River with a total storage of 3.61 · 109 m3,
and 1630 water reservoirs in the Wujiang River with a total
storage of 4.406 · 109 m3 (Xu, 2005). Only the Three Gorges
Dam (the construction was started in 1993 and will be com-
pleted in 2009 with a total storage of 3.93 · 1010 m3) and
Gezhouba dam (the construction of Gezhouba Dam started
in 1970 and the operation started in earlier 1980s with a to-
tal storage of 1.58 · 109 m3) are located in the mainstream.
Therefore, three stations along the tributaries are studied
for possible human impacts on sediment load and runoff
changes.

The objectives of this paper are (1) to detect the trend
and the correlations of runoff and sediment flux of the Yan-
gtze River basin; (2) to explore and discuss the possible
influences of human activities and climatic variability on
runoff and sediment load of the Yangtze River basin.
Data and methods

Data preparation

Hydrological data of annual runoff and suspended sediment
load of Pingshan, Yichang, Hankou and Datong stations
along the mainstream of the Yangtze River, and annual run-
off and suspended sediment load from Beipei, Wulong and
Huangzhuang stations in the main tributaries of the Yangtze
River basin were taken from the Changjiang Water Re-
sources Commission, China (CWRC, 2000a,b). The sediment
load data used in this paper refer to the suspended sedi-
ments. Sediment concentrations were collected on a
monthly basis using equal width increment sampling and
yields were determined using the relationship between run-
off and sediment concentration. The locations, the drainage
areas and the data periods of the stations are presented in
Fig. 1 and Table 1. The homogeneity and reliability of the
data have been checked and firmly controlled by CWRC be-
fore the data were released. The data series used in this
study are in good consistency and with no missing data.
The data are not published, but they are printed and issued
for internal use in relevant institutions such as research
institutes and universities (e.g. Zhang and Wen, 2004; Chen
et al. (2001)). Serial correlation analysis was performed in



Figure 1 Location of the study region and hydrological stations.

Table 1 Detailed hydrological record of stations along the tributaries and mainstream of the Yangtze River basin

Station name Drainage
area (km2)

Time interval

Runoff SL

Stations along the tributaries of the Yangtze River
Beipei station 156,142 1956–2000 1956–2000
Wulong station 83,035 1956–2000 1956–2000
Huangzhuang station 142,056 1951–2000 1951–2000

Stations along the mainstream of the Yangtze River
Pingshan station 485,099 1956–2000 1956–2000
Yichang station 1,005,501 1950–2000 1950–2000
Hankou station 1,488,036 1954–2000 1954–2000
Datong station 1,705,383 1953–2000 1953–2000
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this study on all the data series for modified Mann–Kendall
trend test.

Methodology

Two methods, namely, simple linear regression and Mann–
Kendall trend test are used in the current study to detect
trend and test its significance for the annual runoff and sed-
iment loads of the Yangtze River basin. Each method has its
own strength and weakness, the results of these two meth-
ods can complement each other as will be shown in the fol-
lowing section. The simple linear regression method, the
parametric t-test is powerful in testing the significance of
the long-term linear trend, while the Mann–Kendall test
can show detailed changing trends of different periods in
the analyzed time series and does not require the data to
be normally distributed. The simple regression method con-
sists of two steps, fitting a linear simple regression equation



514 Q. Zhang et al.
with the time t as independent variable and the hydrological
variable, Y as dependent variable, and testing the statistical
significance of the slope of the regression equation. The
parametric t-test requires the data to be tested is normally
distributed. The normality of the data series is first tested in
the study by applying the Kolmogorov–Smirnov test (Xu,
2001). The method first compares the specified theoretical
cumulative distribution function with the sample cumula-
tive density function based on observations, then calculates
the maximum deviation, D, of the two. If, for the chosen
significance level, the observed value of D is greater than
or equal to the critical tabulated value of the Kolmogo-
rov–Smirnov statistic, the hypothesis of normal distribution
is rejected.

The rank-based Mann–Kendall method (MK) (Mann, 1945;
Kendall, 1975) is a nonparametric and commonly used
method to assess the significance of monotonic trends in
hydro-meteorological time series (e.g. Yue and Pilon,
2004). This test has the advantage of not assuming any dis-
tribution form for the data and has the similar power as its
parametric competitors (Serrano et al., 1999). Therefore, it
is highly recommended for general use by the World Meteo-
rological Organization (Mitchell et al., 1966). In this study,
the Mann–Kendall test procedure follows Gerstengarbe
and Werner (1999) who used the method to test an assump-
tion about the beginning of the development of trend within
a sample (x1, x2, . . ., xn) of the random variable X, based on
the rank series r of the progressive and retrograde rows of
this sample. The assumption (null hypothesis) is formulated
as follows: the sample under investigation shows no begin-
ning of a developing trend. The following test is done to
prove or to disprove the assumption, first a MK test statistic,
dk is calculated:

dk ¼
Xk
i¼1

ri ð2 6 k 6 nÞ ð1Þ

and

ri ¼
þ1 if xi > xj

0 otherwise

�
ðj ¼ 1; 2; . . . ; iÞ ð2Þ

Under the null hypothesis of no trend, the statistic dk is
distributed as a normal distribution with the expected value
of E(dk) and the variance Var(dk) as follows:

E½dk� ¼
nðn� 1Þ

4
ð3Þ

Var½dk� ¼
nðn� 1Þð2nþ 5Þ

72
ð4Þ

Under the above assumption, the definition of the statistic
index Zk is calculated as:

Zk ¼
dk � E½dk�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

var½dk�
p ðk ¼ 1; 2; 3; . . . ; nÞ ð5Þ

Zk follows the standard normal distribution. In a two-sided
test for trend, the null hypothesis is rejected at the signifi-
cance level of a if jZj > Z(1�a/2), where Z(1�a/2) is the critical
value of the standard normal distribution with a probability
exceeding a/2. A positive Z value denotes a positive trend
and a negativeZ value denotes a negative trend. In this paper,
the significant level of a = 5% is used. In contrast to the tradi-
tional MK test which calculates above statistic variables only
once for the whole sample, the corresponding rank series for
the so-called retrograde rows are similarly obtained for the
retrograde sample (xn, xn�1, . . ., x1). Following the same pro-
cedure as shown in Eqs. (1)–(5), the statistic variables, dk,
E(dk), var(dk) andZkwill be calculated for the retrograde sam-
ple. The Z values calculated with progressive and retrograde
series are named Z1 and Z2, respectively, in this paper. The
intersection point of the two lines, Z1 and Z2
(k = 1, 2, . . ., n) gives the point in time of the beginning of a
developing trend within the time series. The null hypothesis
(the sample is not affected by a trend) must be rejected if
the intersection point is significant at 5% significant level
(i.e. outside the 95% confidence interval).

The influence of serial correlation in the time series on
the results of MK test has been discussed in the literature
(e.g. von Storch, 1995; Yue et al., 2002). In this study, be-
fore the MK test was applied, the runoff and sediment load
series were tested for persistence by the serial correlation
analysis method presented in Haan (2002) by using the fol-
lowing equation:

qm ¼
CovðXt; XtþmÞ

VarðXtÞ
¼

1
n�m
Pn�m

t¼1 ðXt � XÞðXtþm � XÞ
1

n�1
Pn

t¼1ðXt � XÞ2
ð6Þ

where Xt (t = 1, 2, . . .) is the tested time series; Xt+m is the
same time series with a time lag of m; X is the mean of
the time series. The equation shows that �1 < q < 1. If
m = 0 then q = 1. For a purely random (stochastic) series,
qm � 0 for all m 5 0. If the series of qm (for m 5 0) falls
between the 95% confidence level calculated by u

l
¼ ð�1�

z1�a=2

ffiffiffiffiffiffiffiffiffiffiffi
n� 2
p

Þ=ðn� 1Þ (n is the length of the tested time ser-
ies, l and u are the lower and upper limits, a is the signifi-
cance level, 5% in this case, z is the critical value of the
standard normal distribution for a given a), the tested series
is an independent series at 95% confidence level. The serial
correlation analysis was performed on all annual sediment
and runoff series of the stations in this paper. The results
(not shown) indicated that almost all series of runoff and
sediment load of the stations used in this study are statisti-
cally independent processes. Only the data sets of sediment
load of Hankou and Datong stations have significant serial
correlation at lag 1. Therefore, we limit the effect of serial
correlation on MK test based on the methods of Yue and
Wang (2004) by modifying the variance V(S) to V*(S). The
modified variance V*(S) is given as (Yue and Wang, 2004):
V�ðSÞ ¼ VðSÞ � n

n�, where V(S) is the original MK variance
and n is the actual size of sample, n* is given as:

n� ¼ n

1þ2
Pn�1

m¼1
1�m

nð Þqm
, where qm is the lag-m serial correlation

coefficient of the actual time series with linear trend elim-
inated and can be calculated using Eq. (6).
Results

The results are first presented for individual stations in trib-
utaries and then for individual stations in the mainstream of
the Yangtze River basin. The common and unique features
are discussed thereafter.
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Stations along the tributaries

Beipei station
The results of MK trends of sediment load and runoff changes
of Beipei station in Jialingjiang River are shown in Fig. 2. It
can be seen that during 1960–1970 the sediment load of
Beipei station is in increasing trend (but not significant at
>95% confidence level); after 1970 the sediment load is in
decreasing trend and after 1990 this decreasing trend is
significant at >95% confidence level. Deforestation as a re-
sult of large-scale social and economic development and
exploitation began in about 1958 led to the increase of
sediment load in the Jialingjiang and Minjiang River catch-
ments, after about 1968, construction and operation of the
water reservoirs exerted tremendous influences on sedi-
ments transportation (Xu, 2000). Different influences from
human activities during different periods were reflected by
the changes of the sediment load as can be seen from
Figure 2 The results of MK trend test, linear regression analysis a
station.
Fig. 2. Up to 1980s, 4542 water reservoirs were constructed
in the Jialingjiang River catchment with a total storage of
about 3.61 · 109 m3 (Xu, 2005), large amounts of sediments
were stored in these water reservoirs. The deforestation in
the Jialingjiang River catchment was serious before 1958,
leading to increasing sediment loads, after the end of
1960s, water reservoirs (e.g. Bikou water reservoir in
Jialingjiang River) started their operation (Xu, 2000), hin-
dering large amount of sediments. The decreasing runoff
of Beipei station is mainly the result of decreasing precipita-
tion after about 1970 (Zhang et al., 2005). The annual runoff
at the station is mainly following the variations of the pre-
cipitation in the catchment. Upper reaches of the Jialingji-
ang River basin is dominated by decreasing precipitation
trend during 1970–1975 (Su et al., 2005; Zhang et al.,
2005), leading to the decrease of runoff, which, to some
extent, also contributed to the decreasing trend in sediment
load in the period. The correlation between runoff and
nd correlation of sediment load (SL) and annual runoff of Beipei
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sediment load is good for Beipei station, partly due to both
series have a decreasing trend although with different signif-
icance level.

Wulong station
In the case of Wulong station (Fig. 3), the sediment loads
and runoff demonstrate different changing patterns if
compared to those of Beipei station. The sediment load
is in decreasing trend during 1960–1970 and 1990–2000;
but is in increasing trend during 1970–1990 (not signifi-
cant at 95% confidence level), showing complex changing
characteristics. The runoff of Wulong station is in increas-
ing trend (not significant at >95% confidence level) be-
cause of an increasing precipitation trend (Zhang et al.,
2005), while the sediment load is decreasing as a result
of operation of water reservoirs, leading to a less good
correlation between runoff and sediment load (r = 0.67)
as compared with that of Beipei station. It should be
Figure 3 The results of MK trend test, linear regression analysi
station.
noted that the sediment load at Wulong is 2 orders of
magnitude lower than in other stations (see the following
sections), which is due to its much smaller catchment
area as compared with other river catchments studied in
this paper (Table 1). Up to 1980s, there were about
1630 water reservoirs constructed along the Wulong River
with a total storage of 4.406 · 109 m3 (Xu, 2005). Smaller
catchment area and large amounts of water reservoirs
combined to lead to less sediment loads than other tribu-
taries mentioned in this paper. Furthermore, the runoff
increase compensated to some extent the sediment load
decrease caused by operation of water reservoirs, which
led to a mild decreasing trend in sediment loads as com-
pared with that of Beipei station.

Huangzhuang station
The changes of sediment load and runoff of Huangzhuang
station, Hanjiang River are shown in Fig. 4. Hanjiang River
s and correlation of sediment load (SL) and runoff of Wulong



Figure 4 The results of MK trend test, linear regression analysis and correlation of sediment load (SL) and runoff of Huangzhuang
station.
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was used as a good exemplification showing the human
impacts on sediment load and runoff changes of the river
system (Xu, 2000). The construction of the Danjiangkou
water reservoir (the total storage is 2.097 · 1010 m3) was
completed in 1959 and started its operation thereafter.
It can be seen from Fig. 4 that the sediment load was
much reduced immediately after the construction was
completed and the operation of the Danjiangkou water
reservoir, and after 1970 when the reservoir was in full
operation this decreasing trend is significant at >95% con-
fidence level. In the case of runoff changes of Huangzhu-
ang station, the runoff is in a mild decreasing trend (not
significant at 95% confidence level) because of the
decreasing precipitation in the upper Hanjiang River basin
(Su et al., 2005; Zhang et al., 2005). Correlation between
sediment load and runoff is not good in comparison with
that of Beipei and Wulong stations, showing the prominent
influences of water reservoir on sediment load, which, to
a large degree, decreased the discharge of sediment load
to the downstream of Hanjiang River. Furthermore,
decreasing precipitation is another less important reason
for decreasing production of sediment load in the Hanji-
ang River catchment (Zhang et al., 2005).
Stations along the mainstream

Pingshan station
Fig. 5 shows that before 1985 the sediment load of Pingshan
station has no obvious changes, and after 1985, however,
the sediment load is in increasing trend. After 1995 this
increasing trend reaches 95% confidence level. Linear
regression indicates that the long-term linear increasing
trend is not significant at >95% confidence level (p =
0.11 > 0.05). Furthermore, sediment load variations in the
Pingshan station follow quite well the changes of annual
runoff and do not show an obvious influence of water reser-
voir on changes of sediment loads as compared with other
stations studied in this paper. Runoff changes of Pingshan
station show a mild increasing trend (not significant at



Figure 5 The results of MK trend test, linear regression analysis and correlation of sediment load (SL) and runoff of Pingshan
station.
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>95% confidence level and p = 0.29 > 0.05 for linear trend).
Pan (1999) indicated that the mean sediment loads during
the flooding season (June–October) account for about
95.4% of the annual sediment load and that during July to
September account for about 76.8% of the annual sediment
load. Serious soil erosion will be responsible for obvious
increasing sediment load in the Jinshajiang River (Pingshan
station). The summer precipitation of parts of the area in
the upstream of Pingshan station is increasing but not signif-
icant at >95% confidence level. The rainstorm in the south-
west of Yangtze River basin is in increasing trend at >90%
confidence level (Su et al., 2005), which is also one of the
factors responsible for increasing sediment load. Further-
more, the riverbed slope of the upper reaches of the Yan-
gtze River basin, especially Jinshajiang River is large. This
region is densely populated with a heavy economic exploita-
tion, like mineral mining and deforestation, leading to seri-
ous soil erosion (Pan, 1999). This is one of the reasons that
the changing trend of sediment load is more significant than
runoff in Pingshan station. Good correlation occurred be-
tween runoff and sediment load of Pingshan station, show-
ing the important role of water discharge in sediment
transportation in this region.

Yichang station
Fig. 6 shows that the sediment load of Yichang station is in
increasing trend (not significant at >95% confidence level)
before about 1975, and after 1975 the sediment load is in
decreasing trend (not significant at >95% confidence level);
the linear regression analysis shows that the sediment load
is in decreasing trend (not significant at >95% confidence le-
vel as p = 0.09 > 0.05), showing different changing patterns
of sediment load in comparison with Pingshan station. The
MK analysis of sediment changes of Yichang station shows
that the jump time (intersect point of Z1 and Z2 line) lies
during 1986–1988. The Gezhouba Dam (the total storage
is 1.58 · 109 m3) started its operation at 1981–1986, corre-
sponding well to the jump time of sediment load changes.
Sediment changes of Yichang station also show that after
about 1981–1986 the sediment load has a continuous
decreasing trend (but not significant at >95% confidence le-
vel) except in 1998 which is a very wet year causing serious



Figure 6 The results of MK trend test, linear regression analysis and correlation of sediment load (SL) and runoff of Yichang
station.
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floods in several areas in the Yangtze River basin. Both the
MK analysis and the linear regression analysis show the an-
nual runoff has no obvious trends (p = 0.53 in linear regres-
sion analysis). Previous research results (Su et al., 2005;
Zhang et al., 2005) indicated that the upper reaches of Min-
jiang, Jialingjiang and Hanjiang River catchments were
dominated by a decreasing precipitation trend and upper
Wujiang River was dominated by an increasing precipitation
trend; the offset of precipitation led to no obvious trend of
runoff changes of Yichang station. The Gezhouba Dam has
no influence on annual runoff changes but exerted tremen-
dous impacts on sediment loads, by holding large amounts
of sediments in the water reservoir. Earlier research results
(Chen and Huang, 1991) indicated that the annual sediment
loads before the operation of Gezhouba Dam (1973–1978)
of Yichang station is 8,780,000 tons/year and this number
reduced to 1,440,000 tons/year after the operation of Gez-
houba Dam in 1984, leading to a serious down-cutting of the
river channel downstream of Yichang station. The correla-
tion between annual runoff and sediment load is less good
(r = 0.69) in comparison with that of Pingshan station
(r = 0.79), which is an indication of the Gezhouba Dam has
largely decreased the transportation of sediment loads
and has no influence on runoff changes.

Hankou station
Fig. 7 shows that the sediment load of Hankou station is
in increasing trend during 1955 and 1985 (not significant
at >95% confidence level), during 1985 and 2000, how-
ever, the sediment load is in decreasing trend, which,
after 1998, is significant at >95% confidence level. The
changing patterns of the sediment load in Hankou station
are determined by the combined effect of the following
factors. (1) The operation of Gezhouba Dam started in
middle 1980s reduced the sediment in the mainstream
of the Yangtze River basin, (2) the decreasing sediment
loads in Hanjiang River due to the operation of Dan-
jiangkou reservoir also reduced the sediment at Hankou
station, (3) the river reach between Yichang and Hankou
is the transitional zone from mountainous area to plain
area, and the riverbed slope is decreased greatly, which
is largely beneficial for sediment deposition in the river
channel, and (4) Dongting lake has also adopted a certain
amount of sediments. In the case of annual runoff of Han-



Figure 7 The results of MK trend test, linear regression analysis and correlation of sediment load (SL) and runoff of Hankou
station.
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kou station, it is in decreasing trend during 1955–1960,
and after 1960 the annual runoff of Hankou station is in
slightly increasing trend (not significant at >95% confi-
dence level). Linear regression analysis shows the annual
runoff has no trend (p = 0.86) of. Fig. 7 shows a poor cor-
relation between runoff and sediment load of Hankou sta-
tion (r = 0.08). The reason is that the sediment load is in
significantly decreasing trend (p = 0.001) due to the fac-
tors discussed above and the annual runoff has no trend.

Datong station
Fig. 8 shows that, after 1970, the change of the sediment
load of Datong station is dominated by a decreasing trend,
and after about 1990 this decreasing trend is significant at
>95% confidence level. The linear regression analysis result
of the sediment load also indicates the significant decreas-
ing trend (p < 0.0001). No large tributaries are available be-
tween Hankou and Datong stations (Fig. 1). The changing
patterns of sediment and annual runoff show a similar pic-
ture as in Hankou station. Poyang Lake adopted a certain
amount of sediments, together with the storage effect of
the river channel on sediments, made the decreasing trend
in sediment loads stronger than in the Hankou station. The
annual runoff of the Datong station is in decreasing trend
during 1955–1965, but is in increasing trend during 1990–
2000 (not significant at >95% confidence level) which is quite
similar as in Hankou station. Fig. 8 shows a poor correlation
between runoff and sediment load (r = 0.19) which is also
similar to that of Hankou station as expected.

Discussions and conclusions

Human activities exerted increasing impacts on natural
process of input and output of the sediments over time
and along the flow directions in the Yangtze River basin as
a fluvial system. Research results of this paper have
demonstrated that human activities (deforestation, dam
construction and operation, etc.) exert more influences on
sediment loads than on annual runoff. The variation of the
annual runoff is mainly controlled by climate variability



Figure 8 The results of MK trend test, linear regression analysis and correlation of sediment load (SL) and runoff of Datong.
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(i.e. precipitation variations). Up to the end of 1980s,
11,931 water reservoirs were constructed (all kinds of water
reservoirs without considering their size, storage and func-
tions) in the upper Yangtze River basin with a total storage
of 2.05 · 1010 m3 (Xu, 2005), and most of them are located
in the tributaries. Water reservoirs in the tributaries stored
large amounts of sediments, reducing very much the down-
stream discharge of sediments (e.g. Huangzhuang station).
The reduced rainfall/runoff may, to a less degree, have
been responsible for reduced sediment load at Beipei and
Huangzhang stations. In the mainstream however, influ-
ences from climatic changes (precipitation), sedimentary-
deposition–transportation process of sediments along the
river channel, different changing patterns of sediment loads
and water discharge from different tributaries combined to
make sediment load and runoff changes more complicated
in comparison with those in the tributaries of the Yangtze
River basin. As presented in the result section, the changing
pattern of sediment in mainstream station is determined by
several factors, including the operation of Gezhouba Dam in
the mainstream, operation of reservoirs in the tributaries,
changing slope of the river bed, and the effect of large
lakes, etc.
Earlier study suggested that the river suspended sedi-
ments are mainly from the upper Yangtze River basin
(Pan, 1999), the sediments from Jinshajiang River alone ac-
counts for about 39.4% of that in Yichang station (Xu, 2005).
Over-exploitation in the upper Yangtze basin led to an
increasing trend of sediment load in the Pingshan station
(Pan, 1999). Though the sediment load in Pingshan station
is in increasing trend, greatly reduced sediment load from
the tributaries because of construction of water reservoirs,
and also impacts from Gezhouba dam on sediment loads led
to a reduced sediment load in the Yichang station.

The annual runoff of Hankou station is in slightly increas-
ing trend (not significant at >95% confidence level), while
the sediment load is in an even stronger decreasing trend
in comparison with that of Yichang station. As discussed in
the result section, there are multiple factors to deter-
mine the changing pattern of sediment load at Hankou sta-
tion. The impacts from Dongting water system is one of the
important factors in this reach of the river. Research (Wang
et al., 2000) indicated that during 1949 to present, the
accumulative sediment deposition in the Dongting Lake re-
gion will exceed 40 hundred billion tons, reducing the vol-
ume of Dongting Lake from 293 hundred billion cubic
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meters in 1949 to 178 hundred billion cubic meters of pres-
ent. The area of Dongting Lake was reduced from 4350 km2

in 1949 to 2691 km2 in 1983. The annual alluvial thickness
reaches 3.7 cm.

Datong station is located in the lower Yangtze River ba-
sin, about 1230 km downstream to Yichang station. No dams
were constructed between Yichang and Datong. The signif-
icant decreasing trend of the sediment in the Datong station
is mainly because of two factors, no large tributaries con-
tributed to the production of sediments between Hankou
and Datong, and furthermore, a certain amount of sediment
deposited along the river channel due to the decrease in riv-
erbed slope and Poyang Lake along the lower Yangtze River
basin, although previous study showed that Poyang Lake ex-
erted less influences on changes of sediment load in com-
parison with that of Dongting Lake (CWRC, 2000b).

Usually, annual sediment load in most large river systems
increases with annual precipitation and water discharge
(Trenhaile, 1997), more water discharge will have more
power to transport more sediment, and therefore a good
correlation should be held between annual sediment load
and runoff. However, because of tremendous influences
from water reservoirs on sediment loads, poor relation usu-
ally occurred between annual runoff and sediment loads
especially in the middle and lower Yangtze River basin. An-
nual runoff changes of the Yangtze River basin are mainly
influenced by natural factors, especially precipitation
changes. However sediment loads are influenced by human
activities like dam construction, sand mining, deforesta-
tion/forestation. Therefore, land use and land coverage
changes are drawing more and more concerns from aca-
demic circles as one of the important factors influencing
flood hazards and river channel evolution (e.g. Kondolf
et al., 2002; Crooks and Davies, 2001). The under con-
structed Three Gorges Dam (the construction was started
in 1993, and will be completed in 2009, the total storage
is 3.93 · 1010 m3) will further alter the spatial and temporal
changes of sediment loads and runoff changes. Construction
of water reservoirs or dams greatly reduced the downstream
discharge of the sediment load, which will further impact
the geomorphological evolution of the river channel of the
middle and lower Yangtze River basin, and will also exert
tremendous influences on the development of the Yangtze
Delta (Yang et al., 2003). Furthermore, spatial and temporal
changes of the sediment load will directly impact the scour-
ing and filling of the river channel, which will exert direct
influences on flood mitigation in the middle and lower Yan-
gtze River basin.
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