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The temporal evolution of suspended sediment concentration (SSC) in a river debouching into the ocean pro-
vides vital insights into erosion processes in the watershed and dictates the evolution of the inner continental
shelf. While the delivery of sediment from rivers to the ocean has received special attention in the recent past,
few studies focused on the variability and dynamics of river SSC, especially in the Changjiang (Yangtze) river,
China, the longest river in Asia. Here, variations in SSC delivered by the Changjiang River to the East China Sea
and possible causes of its variability were detected based on a long-term time series of daily SSC and monthly
water discharge measured at the Datong gauging station. The SSC data are further compared to a hydrological
analysis of yearly precipitation covering the entire catchment. The results indicate the presence of a decline in
SSC in the period 1956–2013, which can be divided into three phases: (i) high SSC (0.69 kg/m3) in thewet season
and low SSC (0.2 kg/m3) in the dry season from 1956 to 1970; (ii) relative high SSC (0.58 kg/m3) in the wet sea-
son and low SSC (0.15 kg/m3) in the dry season from 1971 to 2002; and (iii) low SSC (0.19 kg/m3) in thewet sea-
son and very low SSC (0.09 kg/m3) in the dry season after 2002. These three periods have a mean yearly SSC
values of 0.62, 0.42, and 0.18 kg/m3, respectively. Compared with 1956–1970, the slope of the rating curve be-
tween SSC and water discharge decreased, respectively, by 2% and 30% during the period 1971–2002 and
2002–2013. Soil erosion, dam construction, and banks reinforcement along the Changjiang River are the main
causes of SSC variations. Fluctuations inwater discharge are also controlling the SSC long-term variations. Specif-
ically, from 1956 to 1970, the effect of soil erosion overrules that of dam impoundment, which is likely respon-
sible for the high SSC; during the period 1970–2002, the influence of dam impoundment increases while that
of soil erosion decreases, which together produce a small reduction in SSC. Since 2002, the impact of soil erosion
further decreases and large-scale sediment trapping behind the Three Gorges Dam is responsible for the occur-
rence of extremely low SSC. The results presented herein for the Changjiang River can inform a better manage-
ment strategy of sediment resources and water quality for both the river and the coast. Our conclusions can be
well applied to other rivers discharging in the ocean subject to similar human activities.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Sediment transport from rivers to the ocean has been seen as a vital
pathway of material transfer on the Earth surface, playing a key role in
global biogeochemical cycles (Dagg et al., 2004; Walling, 2006;
Kettner et al., 2007; Liu et al., 2007; Huang, 2010). However, the river
sediment supply to the ocean has been strongly regulated by human
structures in recent decades, leading to a drastic decrease in flux as a re-
sult of significant alterations of the estuarine and river environment
& Coastal Research, East China
(Milliman and Boyle, 1975; Syvitski et al., 2005; Milliman and
Farnsworth, 2011; Allison et al., 2012). As a result, in recent years atten-
tion has increased on the reduction of fluvial transport of suspended
sediment into the ocean (Horowitz, 2003; Syvitski et al., 2005).

Some studies indicate that dams have a serious impact on the de-
crease of suspended sediment discharge (SSD) in rivers (Vörösmarty
et al., 2003; Walling and Fang, 2003; Dai et al., 2011c; Milliman and
Farnsworth, 2011). A typical example is the reduction of SSD of the
Nile River, Egypt. A 98% decrease in SSD into the Nile delta was mea-
sured after the construction of the Aswan High Dam in 1964 (Frihy
et al., 1998). Similarly, theColoradoRiver has lost almost 100% of its sed-
iment load since 1941, and the SSD of the Danube River in Europe has
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decreased by 35% in the last century (Milliman and Farnsworth, 2011).
The Changjiang (Yangtze) River, China, was discharging into the estuary
amean yearly SSD of about 433 × 106 t/y between 1950 and 2000. Since
2003 it has experienced nearly 70% reduction in SSD from the construc-
tion of the Three Gorges Dam (TGD; Dai et al., 2014).

Reduction in SSD to the ocean can be attributed to several anthropo-
genic activities, such as soil and water conservation, revetment of river
banks, and sediment erosion control programs (Walling and Fang,
2003). A recent study has pointed out that river engineering has caused
a decline in SSD in theMississippi River system in the period 1940–2007
(Meade andMoody, 2010). In the Yellow River, China, soil conservation
practices are responsible for 40% of the total SSD decrease in recent
years (Wang et al., 2007). Kronvang et al. (1997) showed that in an ar-
able catchment, most of the annual sediment transport usually takes
place during few events, and thus the short-term dynamics of storm
events are important in sediment delivery. Recently, Dadson et al.
(2003) indicated that the storm-driven runoff variability is responsible
for large fluctuations in SSD in a mountainous river in Taiwan. A more
recent study revealed that the frequent floods in the Wadi Sebdou
catchment, Algeria, accounted for 64% of the total sediment flux
(Megnounif et al., 2013). Since the amount of sediment discharged
from rivers to the sea directly impacts the morphology of estuaries
and deltas, considerable efforts have been focused on understanding
the dynamics of SSD.

However, SSD is a product of suspended sediment concentration
(SSC) and water discharge (Phillips et al., 1999). Changes of river SSC
should be one of the important factors determining the amount of SSD
reaching the ocean. Variations in riverine SSC can induce alterations of
local species composition (Quinn et al., 1992), fish mortality (Greig
et al., 2005; Heywood and Walling, 2007), restriction of periphyton
growth (Yamada and Nakamura, 2002), and an increase in the delivery
of phosphorus (Ballantine et al., 2009; Quinton et al., 2001). While the
delivery of suspended sediments from rivers to the ocean has received
particular attention in recent years, the variability and dynamics of
suspended sediment concentration (SSC) require a more in-depth
analysis.

Many studies indicate that SSC is a key variable in a river because it is
directly related to contaminant transport, water quality, reservoir sedi-
mentation, silting, soil erosion, and loss and has clear ecological and rec-
reational impacts (Walling, 1977; Ferguson, 1986; Horowitz et al., 2001;
Rovira and Batalla, 2006). Some studies have revealed that catchment
topography, geology, and climate could determine the quantity and
quality of suspended sediment in rivers (Walling, 1977; Wass and
Leeks, 1999). Other studies have linked SSC to runoff, land use, con-
struction activities, hillslope, and channel erosion (Walling et al.,
1999; Rondeau et al., 2000; Siakeu et al., 2004). So far, research on var-
iations in riverine SSC ismainly based on thedischarge-SSC relationship,
which is used to gain a comprehensive understanding of river processes
Fig. 1. Changjiang catchment and location of the hydrological
(Sickle and Beschta, 1983; Walling, 1997; Steegen et al., 2000; Terfous
et al., 2001; Horowitz, 2003; Xu and Milliman, 2009; Eder et al., 2010;
Megnounif et al., 2013).

However, traditional relationships between SSC and discharge are
empirical and usually variable in time, thus causing a large scatter of
SSC data for a given discharge and failing to explain short- and long-
term hysteresis effects (Eder et al., 2010). The relationship between
SSC and water discharge is complex because of the many factors con-
trolling it, such as snowmelt, volcanic activities, climate variability,
catchment geology, and anthropogenic activities (Mouri et al., 2014).
For example, a recent study found that floods can substantially alter
the relation between discharge and SSC in the Mississippi River
(Horowitz, 2003). By far, most studies on SSC behavior were based on
annual or monthly mean data and discontinuous water sampling, thus
failing to address the variability and dynamics of SSC in streams.We ad-
vocate that daily SSC data are necessary to understand how and towhat
degree riverine hydrological processes are affected by natural and
human drivers, especially in the Changjiang River, China. The
Changjiang River is the longest river in China with a catchment area of
1.8 × 106 km2. The river can be divided into two parts: the upper stream
above the city of Yichang, and the mid-lower stream from Yichang to
the ocean (Fig. 1). The geomorphology of the Changjiang River basin is
characterized by mountains and hills in the upper-stream area and ex-
tensive fluvial plains with numerous lakes in the mid-lower reaches
(Chen et al., 2007). The annual water discharge and SSD at the begin-
ning of the estuary was high between 1950 and 2000, with an average
value of 905.1 × 1012 m3/y and 433 × 106 t/y, respectively (BCRS,
2001). However, since the TGD (the largest dam in the world) was con-
structed in the upper stream in 2003, the SSD into the Changjiang estu-
ary has decreased nearly 70% (Dai et al., 2014; Yang et al., 2015). Such a
large decline in a relatively short period has received much attention
from the scientific community (Xu and Milliman, 2009; Chen et al.,
2010; Dai et al., 2014; Yang et al., 2015). A number of studies focused
on the yearly changes in SSD from 1951 to 2000s (Yang et al., 2002;
Gao and Wang, 2008), on the fate of suspended sediments delivered
to the East China Sea (Liu et al., 2007), on themany impacts of such a de-
cline in SSD (Yang et al., 2015), on the relation between SSD and water
discharge (Xu and Milliman, 2009), and on the effects of extreme
droughts on SSD (Dai et al., 2011a).

Clearly, previous research on the Changjiang River mainly focused
on SSD variations and related consequences on the basis of monthly or
yearly hydrological data. The SSD from the Changjiang River to the sea
is estimated through water discharge and SSC; however, the impact of
dam impoundment on water discharge is much less than SSD (Xu and
Milliman, 2009). Compared to SSD, the riverine SSC is more sensitive
to the influence of natural forces and human activities. Dams along
the Changjiang River, especially the TGD, have decreased the SSD
reaching the sea, but have had an insignificant impact on water
gauging station (green triangle) and river dams (circles).



Fig. 3. Long-term variations in (A) average annual precipitation and (B) average annual
water discharge.

Fig. 2. Long-term changes in suspended sediment discharge (SSD) and suspended
sediment concentration (SSC). (A) Changes in SS); (B) Changes in SSC. The values 0.62,
0.42, 0.18 kg/m3 represent the yearly mean in SSC for the periods 1956–1970, 1971–
2002, and 2003–2013, respectively. The 25th and 75th percentiles are also indicated.
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discharge (Dai et al., 2015). This means that SSC, the other determinant
of SSD, is likely to have decreased significantly. However, littleworkwas
carried out on the variations of daily SSC in the lower reaches of the
Changjiang River. Similarly, no study has yet been carried out to relate
the impacts of the TGD on the relationship between daily water dis-
charge and SSC (i.e., the rating curve), which directly influences the es-
timation of SSDflowing into the sea.Moreover, variations in SSC directly
affect ecosystems and recreational environments (Walling, 1977;
Ferguson, 1986; Horowitz et al., 2001; Rovira andBatalla, 2006). The dy-
namics of daily SSC values in the Changjiang River should deserve the
same level of attention devoted to the annual SSDflowing to the sea. Ac-
cordingly, the purposes of this study are (i) to analyze the characteris-
tics of daily SSC in the Changjiang estuary from 1956 to 2013; (ii) to
detect the relationship between SSC and water discharge; and (iii) to
discern the possible factors affecting SSC variations in the Changjiang
estuary from 1956 to 2013.

2. Material and methods

The Datong station, located at the tidal limit of the Changjiang estu-
ary at a distance of around 640 km from the ocean, is a key hydrological
station that records the discharge of about 95% of the Changjiang River
catchment. The data collected at this station thus represent the total
water discharge and SSD input to the Changjiang estuary (Dai et al.,
2011b). Dailymeasurements of SSC andwater discharge have been car-
ried out by the Changjiang River Water Conservancy Committee
(CRWCC, 2002), Ministry of Water Conservancy of China (Fig. 1). Pre-
cipitation data across the Changjiang basin from 1956 to 2012were col-
lected by the Weather Information Centre, Weather Bureau of China.
Daily water discharge is available from 1956 to 2013, while the yearly
mean SSC and water discharge from 1956 to 2013 were obtained from
BCRS (2014). Daily SSC are available from 1956 to 2013 except 1988,
1993–1997. Furthermore, variations in the capacity of all reservoirs
from 1950 to 2002 and accretion data behind the TGD from 2003 to
2013 are provided by the Changjiang River Water Resources Commis-
sion of the Ministry of Water Resources, China (www.cjw.gov.cn).

To discern daily variations in SSC within given years, hydrological
coefficient of variation (Cv) and standard deviation were calculated by
the Moment method (Greenwood et al., 1979). According to the IPCC
Fourth Assessment Report, an extreme hydrological event can be de-
fined as the occurrence of a value of a weather or climate variable
above the 75th (or below the 25th) percentile (IPCC, 2007). Specifically,
the yearwith annual precipitation greater than the 75th percentile is set
as a flood year, while that with yearly precipitation less than the 25th
percentile is defined as a dry year. In this study, the 25th and 75th per-
centiles of daily SSC are selected as thresholds. The 25th percentile rep-
resents a low SSC event, while the 75th percentile represents a high SSC
event. Here we use the calculation methods of percentile values pre-
sented in Bonsal et al. (2001).

A simple frequency analysis was applied to diagnose daily variations
in SSC. Daily water discharge was regressed against daily SSC using a
power law, thus obtaining the following sediment rating curve:

Qs ¼ aQb:
w

where Qs is the SSC, Qw is water discharge, a and b are constants (the
slope and the intercept in a log-log plot; Mouri et al., 2014).

3. Results

3.1. Changes in yearly SSC

The 25th and 75th percentiles of yearly SSD and SSC during the pe-
riod 1956–2013 are obtained through the method of Bonsal et al.
(2001). The SSD and SSC are divided into three periods according to
the 25th and 75th percentile indices. Specifically, yearly SSD and SSC
greater than the 75th percentile mainly occurred before 1970 with sev-
eral in the 1980s (Fig. 2A, B); yearly SSD and SSC smaller than the 25th
percentile occurred mainly after 2003. Compared to yearly SSD, yearly
SSC can be better divided into the three periods.

Linear regression analysis is further applied to the yearly SSD and
SSC over the three periods. In the first period between 1956 and 1970,

http://www.cjw.gov.cn


Fig. 4. Sedimentological parameters at Datong station as a function of time ((A) The 25th
percentile of daily SSC; (B) The 75th percentile of daily SSC; (C) The standard deviation of
daily SSC; (D) Coefficient of variation, Cv; (E) yearly maximum of SSC).
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SSC is stable with a slight downward trend, while SSD indicates a ten-
dency to increase. In the second period between 1971 and 2002, SSD
and SSC present declining trends, with SSC displaying a greater regres-
sion slope. In the third period between 2003 and 2013, the yearly SSC
falls faster than the yearly SSD, with a decrease rate higher than in the
period between 1971 and 2002.

Moreover, SSD in flood years (such as 1964, 1973, 1983, 1998, and
2010) are significantly higher than in other years. However, a similar
pattern is not observed in the SSC data. For instance, annual SSC in the
Fig. 5. Average monthly maximum SSC for different time periods.
flood year 1998 is only 0.32 kg/m3. Moreover, SSD in the drought
years of 1963 and 1978 is low while SSC is high. Therefore, variations
in yearly SSC are not related to variations in SSD.

Yearly 25th percentiles of SSC present a clear decreasing trend at a
significant level of 0.01 (Fig. 4A). It means that low SSC occurred more
frequently, with more days having an SSC below 0.2 kg/m3. However,
the 75th percentiles have been declining faster than the 25th percen-
tiles (Fig. 3B). Moreover, the variation coefficient, standard deviation,
and themaximum SSC show a clear decreasing trend at the significance
level of 0.01 (Fig. 3C, D, E). This indicates that variations in daily SSC
within a year have diminished between 1956 and 2013.

Taken altogether, yearly SSC data indicate periodical declines, which
can be divided into three stages based on the 75th and 25th percentile:
Fig. 6. Monthly averages of SSC (A), water discharge (B), and SSD (C).



Fig. 7. Frequency of daily SSC binned in 0.05 kg/m3 intervals for different time periods (A) 1956–1970; (B) 1971–2002; (C) 2003–2013).
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high SSC between1956 and1970,mediumSSC between 1971 and 2002,
and low SSC between 2003 and 2013 (Fig. 2B). Themean values of these
three periods are 0.62, 0.42, and 0.18 kg/m3, respectively (Fig. 2B).

3.2. Frequency distribution of SSC

By analyzing the maximum SSC in each month of the three periods,
we found that the monthly maximum SSC varies seasonally in the pe-
riods 1956–1970 and 1971–2002, presenting a seasonal fluctuation
from 0.15 to 1.6 kg/m3 and from 0.12 to 1.3 kg/m3, respectively. The av-
erage monthly maximum SSC during the flood season between 1971
and 2002 is 80% approximately of that between 1956 and 1970. As for
the 2003–2013 period, the monthly maximum SSC are relatively stable
in the range of 0.1–0.4 kg/m3 (Fig. 5). Accordingly, monthly maximum
SSC indicates the presence of a significant difference among the three
periods.

Monthlymean SSC in the period 1956–1970 and in the period 1971–
2002 presents seasonal characteristics, following the pattern of water
Fig. 8. Rating curves of monthly water discharge versus mon
discharge and SSD (Fig. 6A, B, C). Namely, average monthly mean SSC
in the flood season from 1956 to 1970 and from 1971 to 2002 are 0.69
and 0.58 kg/m3, while values in the dry season are 0.20 and 0.15 kg/m3.
During the period 2003–2013, averaged monthly mean SSC in the flood
and dry seasons are 0.19 and 0.09 kg/m3. Notably, that the average
monthly mean SSC in the flood season during the period 2003–2013 is
just around the amount of that in the dry season during the period
1956–1970. We detect a reduced seasonal change in SSD between 2003
and 2013, but almost no seasonal change in SSC during the same period
(Fig. 6A, C). The monthly SSC from January to December ranges from
around 0.1 to 0.2 kg/m3 with a negligible difference before and after
2003 (Fig. 6A). On the contrary, the monthly peak value of SSC in August
and July are 0.9 kg/m3 approximately in 1956–1970 and 0.8 kg/m3 in
1971–2002, reaching b0.3 kg/m3 after 2003 (Fig. 6A).

We further studied the frequencydistribution of daily SSCduring the
high SSC stage (1956–1970), the medium SSC stage (1971–2001), and
the low SSC stage (2002−2013) with a binning interval of 0.05 kg/m3

(Fig. 7). We can see that the frequency of SSC levels above 1.5 kg/m3
thly SSC. The numbers represent the calendar months.



Fig. 10. (A) Relation betweenwater discharge and precipitation in the period 1956–2012; (B) re
discharge in 1971–2002; (D) relation between SSC and water discharge in 2003–2013.

Fig. 9. Relationships between daily SSC and daily water discharge: (A) 1956–1970;
(B) 1971–2002; (C) 2003–2013).
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is more than 1.75% between 1956 and 1970 (Fig. 7A). The frequency of
these events then reduces to 0.58% between 1971 and 2002, while SSC
levels above 1.5 kg/m3 are not present from 2003 to 2013 (Fig. 7B, C).
Days with an SSC between 1.0 and 1.5 kg/m3 are 7% from 1956 to
1970, 4.5% from 1971 to 2002, and hardly present between 2003 and
2013.Themost common SSC values are in the range of 0.1–0.4 kg/m3 be-
tween 1956 and 1970, representing b10% of the total values (Fig. 7A). In
the periods 1971–2002 and 2003–2013, the most common SSC values
are between 0.1 and 0.15 kg/m3 with frequencies of about 30% and
60%, respectively (Fig. 7B). The SSC therefore becomes more uniform
in these years.

Taken together, these results indicate the presence of high SSC in the
flood season and low SSC in the dry season in 1956–1970, relative high
SSC in the flood season and low SSC in the dry season in 1971–2002, and
low SSC in the flood season and very low SSC in the dry season after
2003.
3.3. Relationship between SSC and water discharge

During the periods 1956–1970 and 1971–2002,the SSC is lower for a
given discharge in the rising stage of theflow (June to July) compared to
the falling stage (July to September). This result agreeswith thefindings
of Xu and Milliman (2009) (Fig. 8). However, our temporal analysis of
SSC-discharge hysteresis leads to more results. The hysteresis in
1971–2002 is weaker than that in 1956–1970 because, for the same
level of water discharge, monthly mean SSC in 1971–2002 is signifi-
cantly less than that in 1956–1970. Moreover, the difference in SCC be-
tween rising and falling monthly discharge diminishes in the period
2003–2013 (the loop in Fig. 8 is narrower), indicating that monthly
SSC almost has no change.

Rating curves between daily SSC and water discharge are shown in
Fig. 9.We find a positive linear correlation in a log-log diagrambetween
daily SSC and water discharge for the three different periods. However,
the slope of the rating curve exhibits apparent changes during the three
stages, having a value of 1.28 in 1956–1970, 1.26 in 1971–2002, and
then dropping to a value of 0.93 in 2003–2013. This means that in the
period 1956–2002 extreme events with high discharge are character-
ized by a much higher SSC. On the contrary, in 2003–2013 the SSC
changes less for different discharges.
lation between SSC andwater discharge in 1956–1970; (C) relation between SSC andwater



Fig. 11. Daily SSC and water discharge in different flood years: A) 1964; (B) 1973;
(C) 1983; (D) 1998; (E) 2010.
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4. Discussion

Long-term variations in SSC in rivers are closely associated to the
watershed geology and geomorphology, to changes in hydrological con-
ditions, as well as to various human activities (Yang et al., 2004; Yang
et al., 2007; Xu andMilliman, 2009; Mouri et al., 2014). Here we discuss
possible long-term drivers that have had an impact on the SSC trends
presented herein.

4.1. Water discharge and SSC

The water discharge of the Changjiang River is controlled by precip-
itation in the catchment, which is significantly influenced by the East
Asian summer monsoon and by the El Niño-Southern Oscillation
(Zhang et al., 2007; Wei et al., 2014). We can observe that a close rela-
tion exists between yearly water discharge and yearly precipitation in
the Changjiang catchment (Fig. 10A; Zhang et al., 2007; Wei et al.,
2014). The discharge of the Changjiang River is mainly generated by
precipitation. Sediment discharge increases nonlinearly with discharge,
so more sediment is carried by the water at high discharges (Wood,
1977). Therefore, water discharge is an important factor controlling
daily SSC.

In the period 1956–2013, neither yearly precipitation in the
Changjiang catchment nor the yearly water discharge present a signifi-
cant trend (Fig. 3), while yearly SSC exhibits a great variation (Fig. 2). In-
terestingly, flood events that occurred in 1964, 1973, 1983, 1998, and
2010 (Fig. 3B) displayed very different values of SSC (Fig. 11) while all
maintained high SSD values (Fig. 2). Specifically, floods in 1964, 1973,
and 1983 presented a delay between peak discharge and peak SSC,
which is especially obvious in the 1964 flood (Fig. 11A, B). The SSC in
the 1964 flood is generally N1 kg/m3, while in 1973 and 1983 the SSC
is b1 kg/m3 (Fig. 11A, B, C). The rating curve discharge vs. SSC also ex-
hibits hysteresis in the periods 1956–1970 and 1971–2002 (Fig. 8). All
these results seem to be suggesting that several driving forces other
than water discharge affect SSC in these two periods. As for the flood
of 1998, the daily SSC has already declined to b0.6 kg/m3, even if the
SSD is still high (Figs. 2A, 11D). In the flood of 2010 the daily SSC is gen-
erally around 0.2 kg/m3 (Fig. 11E). Neither the 1998 nor the 2010 flood
displays the delay between maximum discharge and maximum SSC.

Meanwhile, we can observe that in the drought years of 1963 and
1978, when the SSD flowing into the sea was low, the SSC displayed a
series of high sediment concentration events with concentrations up
to 2 kg/m3 (Figs. 12A, 12B). However, in the drought year of 2011, the
variations of daily SSC are synchronized with those of water discharge
(Fig. 12C). Variations in SSC during floods and droughts indicate that
SSC is not only affected by water discharge but also by dam operations
and soil erosion.

4.2. Impacts of anthropogenic activities

Some studies have indicated that changes in SSD in the Changjiang
catchment could be caused by deforestation/reforestation, dam con-
struction, and climate change (Dai et al., 2014; Yang et al., 2015). Be-
cause SSD is the product of water discharge and SSC, variations in SSC
could be more sensitive to human disturbance than those of SSD.

In the first period, between 1956 and 1970, the total reservoir capac-
ity in the catchment is only 28 × 109 m3 (Fig. 13A). This period is char-
acterized by high SSC discharged from the Changjiang River to the sea.
Recent studies estimated that in the 1950s the area of the Changjiang
catchment subject to soil erosion was as much as 364 × 103 km2 (Shi,
1999; Zhang and Zhu, 2001) because serious deforestation was carried
outwith a forest cover in the catchment decreasing from60–80% before
the 1950s to 22% in 1957 (Zhang and Zhu, 2001). It means that the
Changjiang River could have lost as much as 2.4 billion tons of soil per
year, of which 0.8–2.4 billion tons entering into the main stream with
a sediment delivery ratio of 0.3–0.5 (Liang et al., 1998; Shi, 1999). A
total of about 12–18 billion tons of sediment was discharged into the
main stream in 1956–1970. Therefore, intense soil erosion dominates
the SSC in this period, which is far greater than the SSC decrease
owing to dam trapping, thus causing continuous deposition in the
lower reaches (Dai and Liu, 2013). The SSC displays high values in the
dry and flood seasons (Figs. 11A, 12A), which can be explained by soil
erosion from deforestation along the Changjiang River. In fact, even a
light rain event is likely to carry a great amount of sediment when veg-
etation cover is reduced.

The total reservoir capacity in the Changjiang catchment has in-
creased approximately 6 times between 1971 and 2002, with respect
to the period 1956–1970 (Fig. 13A). Sediment trapping by dams could
have potentially resulted in a decrease in SSC between 1971 and 2002.
In addition, to mitigate flood hazard, the river levees were increased
by 10,000 km from 1991 to 2002 (Fig. 13B). These levees might prevent
eroded soils from agricultural fields from reaching the river.
Counteracting these potential sediment sinks, land use resulting in soil
erosion has increased to 707 × 103 km2 in 2001 in the Changjiang



Fig. 12.Daily SSC andwater discharge during different drought years: (A) 1963; (B) 1978;
(C) 2011.
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basin because of population increase and large-scale forest reclamation
(CRWCC, 2002). Changjiang River watershed lost approximately 2.15–
3.6 billion tons of soil in 1971–2002 according to the loss rate of 1985,
which doubles that of 1956–1970. Compared with 1956–1970, reser-
voir storage increased by six times in 1971–2002, affecting the riverine
SSC, especially during the floods of 1983 and 1998 when SSC decreased
significantly (Fig. 11C, D). However, in the drought of 1978, the water
had a high SSC, indicating that serious soil erosionwas still present trig-
gered by moderate rainfalls. Accordingly, Changjiang riverbed was ac-
creting in the period 1980–2002 (Dai and Liu, 2013). We thus
conclude that the enhanced soil erosion from land use in the Changjiang
basin could have partly mitigated the impact of dams and new artificial
levees between 1971 and 2002 (Fig. 13A, B; see Dai et al., 2011a). These
competing processes explain the mild decrease in SSC in the period
1971–2002 with respect to the period 1956–1970. Population growth
and urbanization during these decades might have intensified soil ero-
sion, although further research is needed to quantify this effect.
Fig. 13. Anthropogenic activities in the catchment: (A) total capacity of reservoirs in the catchm
behind the TGD.
Since the start of operations of the TGD in 2003, many studies have
investigated the influence of the damon sediment discharge into the es-
tuary (Xu and Milliman, 2009; Dai et al., 2014; Yang et al., 2015). The
damhas trapped on average over 135 × 106 t of sediment every year be-
tween 2003 and 2013, resulting in more than 1500 × 106 t of sediment
sequestered in the reservoir since dam construction (Fig. 13C). Such a
large volume of trapped sediments has had more impact on river dy-
namics than previous human activities in the catchment, despite that
water discharge has not changed between 2003 and 2013 (Fig. 3B).

Moreover, we also noticed that water and soil conservation strate-
gies have been implemented in the Changjiang River since the 1990s,
leading to a decrease in soil erosion area from 0.62 million km2 in the
1980s to 0.53 million km2 in 2008 (Liao, 2010). Such measures curb
the loss of soil to a certain extent, further decreasing SSC in the river.
Low SSC measured from 2003 to 2013 is mainly caused by large-scale
sediment retention behind the TGD, which overrules the influence of
water and soil conservation strategies. Furthermore, we can foresee
that SSC will be further reduced as more dams, such as Xiluodu and
Xiangjiaba, are constructed in the catchment (Fig. 1).

5. Conclusions

Variations in river SSC are not only a fundamental factor determin-
ing the amount of sediment discharged from the river into the sea but
also a reflection of erosion/accretion dynamics in the watershed, affect-
ing the global cycles ofmany elements. Herewe show that SSC data col-
lected at the head of the Changjiang River estuary in past decades
display the following trends:

• The SSC in the Changjiang River between1956 and2013 exhibits a de-
cline trend, which can be divided into the following periods: high SSC
with mean value of 0.62 kg/m3 between 1956 and 1970; relative high
SSC with mean value of 0.42 kg/m3 between 1971 and 2002; low SSC
with mean value of 0.18 kg/m3 between 2003 and 2013.

• Seasonal oscillations in SSC have also changed in recent decades. The
typical regime of very high SSC of 0.69 kg/m3 in the flood season
and low SSC of 0.2 kg/m3 in the dry season present between 1956
and 1970 changed to high SSC of 0.58 kg/m3 in the flood season and
low SSC of 0.15 kg/m3 in the dry season in the period 1971–2002.
After the TGD construction in 2003, the current regime is better
ent as a function of time; (B) total length of new levees; (C) volume of sediments trapped
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described as low SSC of 0.19 kg/m3 in the flood season and very low
SSC of 0.09 kg/m3 in the dry season. Moreover, the relationship be-
tween SSC and water discharge did not change between 1956 and
2002 but was altered following the establishment of the TGD in
2003, with high discharge events not characterized by high SSC and
a lack of delay between peak in discharge and peak in SSC (lack of hys-
teresis).

• The SSC in the Changjiang River is dominated by discharge, deforesta-
tion, land use, soil erosion, and dam impoundment. Over the period
ranging from 1956 to 2013, soil erosion induces high SSC, which grad-
ually decreases because of the implementation of soil and water con-
servation strategies. On the other hand, dam impoundment leads to
low SSC, and this effect has grown in time from the constructions of
new dams. Large-scale deforestation in the Changjiang basin in the
1950s is responsible for soil erosion and very high SSC between
1956 and 1970. Sediment retention in small reservoirs and the
blocking effect of new river levees has led to a small reduction in
SSC between 1971 and 2002, while the extreme low SSC values mea-
sured after 2003 can be ascribed to the TGD construction.
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