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Dear referee who gave the comments,

My co-authors and | wish to thank the reviewers and editor for the comments and
suggestions which we found very useful and relevant for improving the manuscript. According to
your suggestion, great modification has been made in the revised manuscript, and all these
changes are explained in the following point-point response.

Referee 1

Abstract
1) The authors should consider revising the first sentence of the abstract. The sentence
does not flow well.
2) End of abstract — why do the results show that caution should be taken?

Response:

Re-written. In order to evaluate the impact of human activities (mainly dam building) on the Changjiang
River sediment discharging into the sea, the spatial-temporal variations in the sediment load of different
tributaries of the river was analyzed to reveal the quantity, grain size and composition patterns of the sediment
entering the sea. The results show that the timing of reduction in the sediment load of the main stream of the
Changjiang was different from those associated with downstream and upstream sections, indicating the
influences of the sub-catchments. Four step-wise reduction periods were identified, i.e., 1956-1969, 1970-1985,
1986-2002, and 2003-2010. The proportion of the sediment load originating from the Jinsha River continuously
increased before 2003; after 2003, channel erosion in the main stream provided a major source of the sediment
discharging into the sea. In addition, in response to dam construction, although mean grain size of the suspended
sediment entering the sea did not change greatly with these different periods, the inter-annual variability for
sediment composition or the relative contributions from the various tributaries changed considerably. Before
2003, the clay, silt and sand fractions of the river load were supplied directly by the upstream parts of the
Changjiang; after 2003, although the clay component may still be originated mainly from the upstream areas, the
source of the silt and sand components have been shifted to a large extent to the river bed erosion of the middle
reach of the river. These observations imply that the load, grain size and sediment composition deposited over the
coastal and shelf water adjacent to the river mouth may have changed rapidly recently, in response to the

catchment changes.

Intro
3) Line 91: Is there a citation for the climate change increase in sediment load?

Response:

This conclusion is derived from Dai et al. (2008), they demonstrated that the contribution of dam
construction and the water and soil conservative measures accounted for ~88% and 15+5% of the decline in
sediment influx, respectively; and climate change is responsible for a slight increase in sediment load,

approximately 3%. We delete this sentence in the revised manuscripts.
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Regional Setting
4) Lines 125-127: | think the authors need to use the word sediment sink in this sentence.
This idea of sediment sinks and sources could be connected more throughout the paper.

Response:

Revised. The Dongting Lake was a major sink of the upstream sediment of the Changjiang and, due to
sediment decrease from the upstream Changjiang, has become a weak sediment source to its downstream
sections (Dai and Liu, 2013)

5) The description of the stations is must better.

Response:

Revised. The Datong gauging station is the last station along the Changjiang before going to the sea, and its
hydrological records are often used to derive a represent sediment flux of the Changjiang into the adjacent East
China Sea.

6) Lines 138-139: Do the authors know the years when the forest was logged?

Response:

The forest was continuously logged, so it is very difficult to identify the time.
7) Lines 142-144: The wording in this sentence could be improved.

Response:
Revised. However, due to the highly variable natural conditions of the tributaries, the effect of this

campaign was different in every upstream tributary.

8) Figure 1: The map is still difficult to read, but better than it was. Could the authors
make the station numbers larger in the map? | also think that the figure will be very difficult
to understand in black and white or for a color blind person because all of the catchments are
about the same on the grey scale. The authors also list sites that are not discussed in the
paper (e.g. Puding). The authors could get rid of the station labels that are not discussed and
save space for making the map more legible.

Response:
Revised. Although some reservoirs are not discussed in the paper (e.g. Puding), they are referred in figure 2
and 4.

Materials and Methods
9) Line 170: Is this is daily data? Is there any data missing?

Response:
The flow velocities and suspended sediment concentrations is measured every day. The water discharge is
the product of the cross-section area and the mean velocity on the area, and sediment flux is the product of water
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discharge and suspended sediment concentration.

10) Lines 181-182: What does firmly controlled mean?

Response:
Revised. The homogeneity and reliability of the hydrological data, with an estimated daily error of 16%
(Wang et al., 2007), has been strictly examined by the CWRC before release.

11) Lines 190-204: This description was a little hard to follow still. The authors should
narrow down the discussion to the stations that really need description for understanding the
rest of the paper.

Response:

Revised. This paragraph was largely narrow down: We acquired the annual sediment load data from 26
hydrological stations distributed in the main reach and seven of the tributaries (for the location of these stations,
see Fig.1). The dataset for these gauging stations covers a 55-year period (i.e., 1956-2010).

Results
12) Lines 263-265: Sentence needs to be revised — it is a little confusing.

Response:
Revised. Generally, as a consequence of dam construction, the total RSCI of the Changjiang upstream of the
Datong greatly increased in 1969 and 2003, respectively.

13) Lines 266-268: Did the authors perform any statistical tests to look at the change in
sediment load and increase in RSCI?

14) Lines 270-271: Again, | think it would be good to report some sort of statistical tests
here. Can you test how much of an effect dams had on the relationship?

Response:
Revised. A new Fig.3 was supplemented.
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123 Figure 3. The relationship between average sediment load and total RSCI of different periods at Yichang

124 and Datong station.

125

126

127 15) Line 269 — slope needs an “e”

128

129 Response:

130 Revised.

131

132

133 16) Figure 3: 1 am not sure how helpful this figure is for the narrative of the manuscript. |
134  think that Figure 2 is enough for this part of the story.

135

136 Response:
137 Deleted.
138

139

140  17) 281-285: Sentence too long and complex, and should be simplified into two sentences.
141

142 Response:
143 Revised.
144

145

146  18) Lines 277-300: This part of the discussion should be simplified. The authors should talk
147  about the upstream rivers as a group instead of naming each one. Just point out the specific
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rivers that did not fit the trends. The authors could refer the reader to the figures and then get
rid of some text that is not easy to read through.

Response:

Revised.

19) Line 300: Sentence does not make sense

Response:
Deleted.

20) Lines 364 — 367: Do the authors have any measure of interannual variability?
Residuals?

Response:

Supplemented. In addition, the degree of inter-annual variation in the upstream sediment grain size
continuously decreased during the four periods at the Yichang station, i.e., the range of D50 variations is
gradually narrowed (with a continuously reduced standard deviation), and the distribution range of the D50 data
and sediment load moves towards the side of finer grain sizes; however, such a change is not so significant at the
Datong station (Fig. 6).

21) Figure 6: How did the authors calculate the boxes? What do they represent?

Response:
This is the histogram of suspended sediment grain size, which represents the percentage content of different

of different grain size. Taking the following table as example

The percentage content of different grain size

Content (%) |
Total

0.0001-0.0002 mm | 0.0002-0.0003 mm | oo 0.9999-1 mm

1 2 | e 1 100

22) Lines 369 -376: Are the ranges presented standard deviations or just the total range of
all of the observations? Are the daily values averaged over those years?

Response:

Revised. “The sediment grain size variations of the two stations also indicated that the average value of Dsg
for the Yichang station was greater than that for the Datong station in 1960-1969, but the two stations had similar
values in 1970-1985 and 1986-2002; after 2003, the average value of Ds, of the Yichang station was smaller than
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that of the Datong station.”

The annual sediment load and grain size is a daily average for the whole year.

23) Lines 375-388: Again, | think the authors can simplify the text section and rely more on
the figure, using the text to talk more about the general trends.

Response:
Revised.

Discussion
24) Lines 398-403: This sediment analysis seems out of place. Should be presented in the
methods — Also equation did not show up in the PDF version of this paper.

Response:
This part is highly correlated to the topic discussed in the section of Discussion, so | think, it may be better

that the equation presented here.

25) Lines 469-472: This sentence does not flow well.

Response:
Deleted.

Referee 2

1) The 2nd half of the abstract reads to be a little lacklustre and does not really provide the
reader with the full breadth of the interesting findings reported here. This could be
improved.

Response:

Revised.

2) The figures all need to be larger with larger font sizes. While they are greatly improved
from the original submission, they are next to impossible to read. Please improve. This
is was a huge frustration

Response:

Revised.

3) There are numerous grammatical and English errors throughout the text. The paper
requires a thorough revision. I have made some comments below on this topic but please
check carefully as there are many other issues.



231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

Response:

Revised. We made a thorough revision in grammatical and English writing throughout the paper.

Other issues

4)

5)

6)

7)

8)

9)

Abstract, line 717. This is a very long sentence

Response:
Revised.

Line 815. What do you mean by ‘discrepant’?

Response:
Revised.

Figure 1 caption. This is not a sketch! Just start the caption with ‘Changjiang
catchment...........

Response:
Revised.

Figure 4. The figure is extremely difficult to read. Make bigger. The dates are near
impossible to read.

Response:
Revised.

Line 1010. I am a little lost here. | presume you are referring to Table 1? This paragraph
is difficult to comprehend. There seems to be several themes running.

Response:
Revised.

Line 1023. I’m a little confused. Are you referring to Figure 6 here?

Response:

Revised.



275  10) Line 1069. ‘the’ before ‘Sediment’

276

277 Response:

278 Revised.

279

280

281  11) Line 1070. ‘flowing’ or ‘following’?

282

283 Response:

284 Revised.

285

286

287  12) Line 1096. ‘were the dominant sediment source’

288

289 Response:

290 Revised.

291

292

293  13) Line 1122 and paragraph. | found this paragraph difficult to read. I don’t follow the
294 sentence ‘Considering the contribution..............
295

296 Response:

297 Revised.

298

299

300 14) Line 1147. 1 don’t follow what you mean by ‘The increment of reservoir storage
301 capacity..............
302

303 Response:
304 Revised.
305

306

307

308

309

310

311

312

313

314

315

316

317



318 List of changes made in the manuscript

319 A thorough revision in grammatical and English writing has been made throughout the paper. Due to the
320 alteration is so much, so we have to only list major revisions in the marked-up manuscript:

321 1. Abstract

322 v The abstract was re-written.

323

324 2. Introduction

325 v" Some minor modification has been made according to referee’s comments and suggestions.
326

327 3. Regional setting

328 v' Some sentences have been rectified.

329 v The figure 1 was re-drawn. In addition, font sizes were enlarged in all figures.

330

331 4. Material and method

332 v The description of hydrological stations within the catchment was largely narrow down.
333

334 5. Results

335 v' The old figure 3 was replaced by new one.

336 v Some sentences have been rectified according to referee’s comments and suggestions..
337

338 6. Discussion

339 v" Some sentences have been rectified according to referee’s comments and suggestions.
340 v' The last paragraph of original manuscript was deleted according to referee’s comments and
341 suggestions.

342

343
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Variations in quantity, composition and grain size of Changjiang

sediment discharging into the sea in response to human activities

Jian Hua Gao®, Jianjun Jia®, Ya Ping Wang?, Yang Yang®, Jun Li°, Fenglong Bai°,
Xinging Zou?, Shu Gao?

a Ministry of Education Key Laboratory for Coast and Island Development, Nanjing University,
Nanjing 210093, China

b Key Laboratory of Submarine Geo-Sciences, Second Institute of Oceanography, State Oceanic
Administration, Hangzhou 310012, China

¢ Qingdao Institute of Marine Geology, Qingdao 266071, China

Abstract: In order to evaluate the impact of human activities (mainly dam building) on the

Changjiang River sediment discharging into the sea, the spatial-temporal variations in the

sediment load of different tributaries of the river was analyzed to reveal the guantity, grain size

and composition patterns of the sediment entering the sea. The results show that the timing of

reduction in the sediment load of the main stream of the Changjiang was different from those

associated with downstream and upstream sections, indicating the influences of the

sub-catchments. Four step-wise reduction periods were identified, i.e., 1956-1969, 1970-1985,

1986-2002, and 2003-2010. The proportion of the sediment load originating from the Jinsha

River continuously increased before 2003; after 2003, channel erosion in the main stream

provided a major source of the sediment discharging into the sea. In addition, in response to dam

construction, although mean grain size of the suspended sediment entering the sea did not change
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greatly with these different periods, the inter-annual variability for sediment composition or the

relative contributions from the various tributaries changed considerably. Before 2003, the clay,

silt and sand fractions of the river load were supplied directly by the upstream parts of the

Changjiang; after 2003, although the clay component may still be originated mainly from the

upstream areas, the source of the silt and sand components have been shifted to a large extent to

the river bed erosion of the middle reach of the river. These observations imply that the load,

grain size and sediment composition deposited over the coastal and shelf water adjacent to the

river mouth may have changed rapidly recently, in response to the catchment changes.
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Keywords: grain size, sediment composition, sediment load, reservoir emplacement, Changjiang

River

1. Introduction

Recently, the global sediment flux into the sea has drastically decreased under the influence
of human activities (V&&marty et al., 2003; Walling, 2006), resulting in considerable changes
in the geomorphology and eco-environment of estuarine, coastal and continental shelf regions
(Syvitski et al., 2005; Gao and Wang, 2008; Gao et al., 2011). Thus, the source-sink processes
and products of the catchment-coast system, including those associated with sediment transport
pathways from catchment to continental margins under the impact of climate change and human
activities, have received increasing attention (Driscoll and Nittrouer, 2002; Gao, 2006).

Because marine deposits consist of the materials from different sub-catchments, variations
in the sediment characteristics at the deposition site should result from both sediment load
reduction and alterations in sediment grain size and the proportion of the different sediment types

originating from different tributaries (which is referred to as “sediment composition” in the

HETE [3%%KF /7 1): Some minor
modification (especially english
writting) has been made according to

referee’s comments and suggestions
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present study). With regard to the sediment load reduction, there have been studies about the
impact of human activity (particularly large hydrologic projects) on changes in the sediment
discharge into the sea, by analyzing long-term variation trends of representative rivers (i.e.,
Milliman, 1997; Syvitski, 2003; Syvitski and Saito, 2007; Milliman and Farnsworth, 2011; Yang
et al., 2011). However, less attention has been paid to the variations in the grain size and
composition of sediment in response to human activities, together with its sedimentological and
environmental effects. The importance of these two factors lies in that they reflect the sediment
contribution of different sub-catchments to the marine deposits and determine the geochemical
and sediment dynamic characteristics (Gao, 2007). Therefore, knowledge about the variations in
the catchment sediment characteristics during different periods is critical for an accurate analysis
of the sediment origin and distribution of estuary and coast-continental shelf regions and for the
prediction of the response of the marine sedimentary system to climate change, sea level change,
and human activities.

The Changjiang is one of the largest rivers in the world. A part of the sediment from the
Changjiang catchment has formed a large sub-aqueous delta system of around 10,000 km?
(Milliman et al., 1985); and the remainder escapes from the delta, being transported to the
Yellow Sea, East China Sea, and Okinawa Trough, thereby exerting a considerable impact on the
sedimentation and biochemistry of these areas (Liu et al., 2007; Dou et al., 2010). Recently, the
sediment load of the Changjiang into the sea was reduced considerably in response to dam
emplacement and soil water conservation projects (Yang et al., 2002). Dai et al. (2008)
demonstrated that the contribution of dam construction and the water and soil conservative

measures accounted for ~88% and 15+5% of the decline in sediment influx, respectively; and
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climate change is responsible for a slight increase in sediment load, approximately 3%. The
Changjiang catchment consists of numerous branches, and these tributaries are characterized by
different rock properties and climate types. On the other hand, the intensity and occurrence time
of human activities of these tributaries is also varied, which directly lead to different
spatial-temporal patterns of the sediment yield from these tributaries (Lu et al., 2003). Thus, the
sediment contribution of each tributary to the main river of the Changjiang also changed during
different periods. In addition, dam construction and land cover variation also exert an important
impact on changes of sediment grain size of tributaries and main river of Changjiang (Zhang and
Wen, 2004). Therefore, the sediment contribution of different tributaries to the sediment load
entering the sea, the grain size and composition of the sediment might vary with decreases in the
sediment load of the Changjiang River.

In order to reveal the impacts of human activities (mainly dam construction) on the quantity,
composition and grain size of Changjiang sediment discharging into the sea, this paper aims to:
(1) analyze the impact of dam emplacement on the sediment load of different tributaries; (2)
study the temporal-spatial variations of sediment load of the main river of the Changjiang under
the impact of dams emplacement; (3) identify the quantity, grain size and composition variations
of the sediment entering the sea during different periods; and (4) systematically analyze the
variations in sediment load originating from tributaries within the Changjiang catchment during

different historical periods.

2. Regional setting

The Changjiang, with a drainage basin area of approximately 1.80<10° km?, originates in

#EE [ /2 2): Some sentences
(especially english writting) have
been rectified.
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the Qinghai-Tibet Plateau and flows 6,300 km eastward toward the East China Sea. The upper

reach of the river, from the upstream source to the Yichang gauging station (Fig.1a), is the major

sediment-yielding area of the entire catchment (Shi, 2008). The main upstream river has four

major tributaries, i.e., the Jinsha, Min, Jialing, and Wu Rivers. The upper reach region is

typically mountainous, with an elevation exceeding 1,000 m above sea level (Chen et al., 2001).

The mid-lower reach extends from Yichang to the Datong gauging station, with three large inputs

joining the main stream in this section: the Dongting Lake drainage basin, the Hanjiang River,

and the Poyang Lake drainage basin. The catchment area of this section mainly comprises

alluvial plains and low hills with elevations of less than 200 m (Yin et al., 2007). The Dongting

Lake is the second largest freshwater lake in China, and part of the main river flow enters

Dongting Lake via five different entrances. Four tributaries enter Lake Dongting from the south

and southwest, and water from Dongting Lake flows into the Changjiang main river channel at

the Chenglingji gauging station (Dai et al., 2008). Therefore, the sediment load of Dongting Lake

System did not directly supply to the Changjiang main river, and exerted important impacts on

the silting and erosion of Dongting Lake. However, due to sediment decreasing upstream of the

Changjiang, the Dongting Lake has been converting from a strong sediment sink of its upstream

to a weak sediment source to its downstream (Dai and Liu, 2013), and the great decreasing of

sedimentation of Dongting Lake is beneficial to slowing down the atrophy of Dongting Lake

area. Poyang Lake is the largest freshwater lake in China, and it directly exchanges and interacts

with the river. Poyang Lake receives runoff from 5 smaller tributaries (the Gan, Fu, Xin, Rao,

and Xiu Rivers) and discharges freshwater into the Changjiang at Hukou (Shankmanet al., 2006).

The estuarine reach of the Changjiang extends from Datong (tidal limit) to the river mouth. The
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local water and sediment supply from this part of river basin is much smaller in quantity in

comparison with that from the upstream. Therefore, the Datong gauging station is a critical

station; its records are often used to represent the sediment flux from the Changjiang to the East

China Sea.

Due to intensified human activities, the catchment forest vegetation was continuously

destroyed, and the forest coverage rate of Changjiang River Catchment greatly reduced (Xu,

2000), thereby leading to the ecological environment seriously deteriorated (Lu and Higgitt,

2000). Starting from the late of 1980s, a large-scale soil conservation campaign was

implemented in high sediment yielding regions of the upper Changjiang catchment. However

due to the highly variable natural conditions of the tributaries, the effect of this campaign was

different in every upstream tributary.However—due-to-the natural-conditions—differenceof the

in-every-upstream-tributary: For example, the most of Jialing River watershed is hills areas, and

mainly suffered from slope erosion (Zhang and Wen, 2004). In addition, its vegetation restoration

rate is quite high due to the humid climate, and then the effect of vegetation recovery on

reducing slope erosion is very prominent (Lei et al., 2006). Therefore, the sediment yield of

Jialing River rapidly decreased since the soil conservation campaign carried out in 1980s

(BSWC, 2011), and the land cover variation exerted more important impact on the sediment load

reduction. The downstream Jinsha River with 782 km in length is the main sediment yield area;

although its area only account for 7.8% of upstream Changjiang, the average annual sediment

load reach 35.50% of that of the Yichang station (Zhang and Wen, 2004). This reach with

developed landslide and debris flow, is characterized by high and steep mountains, and deep
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valleys, which is not beneficial to vegetation restoration (Lei and Huang, 1991; Yang, 2004).

Therefore, the water and soil erosion governing effect in Jinsha River was not as obvious as that

in Jialing River (BSWC, 2011), reservoir interception is still the dominating factor leading to the

sediment load reduction.

N50
N40
N30
& Hydrometric Station
N20| sk 1 Shimen 2 Taoyuan

ESO E90 EI00 EIN0 E120 E130 EI40 3 Taojiang 4 Xiangtan
5 Chenglingji 6 Ouchi

7 Mituosi 8 Shadaoguan

9 Xinjiangkou
10 Hukou 11 Wanjiabu
b 7 12 Waizhou 13 Lijiadu

14 Meigang 15 Hushan

[%ﬁ‘ﬁiﬁﬁ‘] FAR: Times New Roman }




524
525
526
527

[%%iﬁﬁﬁ F4K: Times New Roman J

N50

N40

N30

N20{ 77— s,

: - Z Hydrometric Station
E80 E90 EI00 E110 E120 E130 E140

1 Shimen 2 Taoyuan 3 Taojiang 4 Xiangtan 5 Chenglingji 6 Ouchi 7 Mituosi 8 Shadaoguan
9 Xinjiangkou 10 Hukou 11 Wanjiabu 12 Waizhou 13 Lijiadu 14 Meigang 15 Hushan

Figure 1. (a) The Changjiang catchment and location of the hydrologic stations for the Changjiang catchment. The numeric symbols in the figure denote some important reservoir sites,
including: (1) Er’tan; (2) Heilongtan; (3) Tongjiezi; (4) Shengzhong; (5) Baozhushi; (6) Wujiangdu; (7) Puding; (8) Danjiangkou; (9) Ankang; (10) Zhelin; (11) Wan'an; (12) Dongjiang; (13)
Jiangya; and (14) Three Gorges Dam).




3. Material and method
3.1 Data sources
3.1.1 Water discharge and sediment load data

The long-term discharge and sediment monitoring program over the entire catchment has
been conducted since the 1950s, by the Changjiang Water Resource Commission (CWRC) under
the supervision of Ministry of Water Resources, China (MWRC). These monitoring data of each
station include field survey and measurement of discharge, suspended sediment concentration,
suspended sediment load, and suspended sediment grain size, in accordance with Chinese national
data standards (Ministry of Water Conservancy and Electric Power, 1962, 1975): 10-30 vertical
profiles within the water column were selected for the measurements of each river cross-section,
the number of profiles varying with the width of the river; For each profile, the water flow
velocity (using a direct reading current meter) were measured at different depths (normally at
surface, 0.2H, 0.6H, 0.8H and the bottom, where H is the height of the water column); Meanwhile,
the water mass of the same depth were also sampled for measuring the suspended sediment
concentration and grain size; the sediment grain size is measured using the settling of suspensions
method. All above measurements are repeated daily at each station. The homogeneity and
reliability of the hydrological data, with an estimated daily error of 16% (Wang et al., 2007), has
been checked and firmly controlled by CWRC before its release. The data during the period of
1956-2001 was either published in the Yangtze River Hydrological Annals or provided directly by
CWRC. After 2002, these hydrological data were posted in the Bulletin of China River Sediment

published by the Ministry of Water Resources, China (BCRS, 2002-2010; available at:

HE3E [k B /2 3]: Some revisions in
English writing were made.




http://www.mwr.gov.cn/zwzc/hygb/zghlnsgby/).

We acquired the annual sediment load data for 26 hydrological stations distributed in the

main reach and seven of the tributaries, the location of these stations are shown in Fig.1. The

dataset for these gauging stations covers a 55-year period (1956-2010). We-acguired-the—annual



http://www.mwr.gov.cn/zwzc/hygb/zghlnsgb/

3.1.2 Dam data

In the present study, the reservoirs with a storage capacity > 0.01 km? (i.e., “large and medium
sized reservoirs” according to the MWRC) are considered. Data on reservoir emplacement during
1949-2001 were obtained from the MWRC (2001), and those built during 2002-2007 were obtained
from annual reports published by the MWRC (http://www.mwr.gov.cn/zwzc/hygb/sibgb/). In total, we
count 1,132 large and medium sized reservoirs located within the Changjiang catchment, of which
1,037 reservoirs are situated upstream of the Datong station (Fig.lb). The database includes
information on reservoir storage capacity, construction and impoundment time.

Here the reservoir storage capacity index (RSCI) is defined as the ratio of the reservoir storage
capacity to the annual average water discharge of the contributed catchment; thus, the total RSCI of a

catchment is the ratio of total capacity of reservoir to the annual average water discharge.

3.2 Analytical methods

The Mann-Kendall test (M-K test) is a nonparametric method, and it has been used to
analyze long-term hydro-meteorological time serials trend (Mann, 1945; Kendall, 1955). This test
does not assume any distribution form for the data and is as powerful as its parametric competitors
(Serrano et al., 1999). Trend analysis of the sediment load changes was conducted based on this
method. Before using the M-K test, the autocorrelation and partial autocorrelation functions were
used to examine the autocorrelation of all hydrological data. The results indicated that there was
no significant autocorrelation in the data. The modified M-K method was used to analyze
variations in the sediment load data: X; = (X1, X2, X3 ....Xn), Where the accumulative number m; for

samples for which x;> x; (1 <j <) was calculated, and the normally distributed statistic d, was
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expressed as (Hamed and Rao, 1998)
k
d, :Zmi 2<k<n D)
i=1

The mean and variance of the normally distributed statistic di were defined as

K(k-1
E[d, ]= (4 ) (2
var[d, ] = KK =Dk +5) _1;(22" 9 2<k<n (3

Then, the normalized variable statistical parameter UF, was calculated as

Uﬁ:9%§%%] k=1,2,3..n @)
where UFis the forward sequence, and the backward sequence UBy was obtained using the same
equation but with a retrograde sample. The C values calculated with progressive and retrograde
series were named C; and C,. The intersection point of the two lines, C; and C, (k=1, 2....n) was
located within the confidence interval, providing the beginning of the step change point within the
time series. Assuming normal distribution at the significant level of P=0.05, a positive

Man-Kendal statistics C larger than 1.96 indicates an significant increasing trend; while a negative

C value with an absolute value of lower than 1.96 indicates a significant decreasing trend.

4. Results
4.1 Stepwise variations in the reservoir storage capacity of the
tributaries

The total RSCI of the seven tributaries and main stream of the Changjiang reveal stepwise
increasing trends (Fig. 2). The variations in reservoir storage capacity of the four tributaries
upstream the Changjiang indicated that the total RSCI of the Min River catchment is low (1.72%

in 2010) and those of the Jialing and Wu Rivers rapidly increased in 1985; in response to the
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construction of the Er’tan reservoir, the total RSCI of the Jinsha River also rose considerably in
1998. As a result of rising in the reservoir storage capacity of the above four rivers, the total RSCI
of the Changjiang catchment, upstream of the Yichang station where there were increases by 2.8%

in 1985 and 16.0% in 2003, also showed the stepwise patterns.
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Figure 2. Relationship between the reduction in sediment load and the total reservoir storage capacity index

in the tributaries and the main stream. Numeric symbols represent reservoirs listed in Figure la.

The middle-lower reaches of the Changjiang catchment consisted of three major tributaries,
namely, the Han River, Dongting Lake and Poyang Lake. The total RSCI of Han River began to
increase in 1966, and greatly rose in 1968. In addition, the rapid increment in the total RSCI of
Poyang Lake and Dongting Lake were also observed in 1972 and 1985, respectively. Attributing to
the dam construction of the seven tributaries of the Changjiang catchment, there has been a jump

in the total RSCI of the Changjiang River upstream of the Datong station in 1969 and 2003,



respectively.

The changes of the total RSCI and sediment load of the tributaries and the whole Changjiang

catchment indicate that the stepwise decrease of sediment load is apparently related to the

significant increase of the total RSCI. In the case of the Yichang and Datong stations, over the last

few decades, there is significant negative correlation between average sediment load and total

RSCI at both the Yichang and Datong stations (Fig.3), which reflected the impact dams have on

the sediment load.
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Figure 3. The relationship between average sediment load and total RSCI of different periods at Yichang and

Datong station.

4.2 Spatial-temporal sediment load variations within the catchment
The trends, derived on the basis of the M-K method, of sediment load of the seven tributaries
indicated that (Figs. 4 and 5): during the period of 1956-2010, the sediment load of Wu River,
Jialing River, Min River and Jinsha River began to decrease in 1984, 1985, 1994 and 2001,
respectively, suggesting that the downstream sediment load began to decrease earlier than the
upstream sediment load in the upstream of Changjiang catchment. In addition, the M-K trends of
sediment load of Jinsha River did not pass the 95% confidence test, and that of Wu River, Jialing
River and Min River passed the 95% confidence test in 2004, 1990 and 2008, respectively,
indicating that the sediment load variations of the three rivers appeared significant decreasing

trends. In the mid-downstream of the Changjiang catchment, the sediment load Han River,
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Dongting Lake and Poyang Lake began to reduce in 1966, 1984 and 1985, respectively; and the
M-K trends of sediment load of the three sub-catchments exhibited significant decreasing trends
(passing the 95% confidence test) in 1970, 1995 and 2000, respectively.

Due to discrepancies among the sediment load variations of the seven sub-catchments, there
were significant temporal-spatial differences in the sediment load variations of the Changjiang
main river: the sediment load began to decrease later in upstream locations than in downstream
locations. As a result of the sediment load reducing of Jialing River and Wu River in 1985 and
1984, the sediment load upstream the Yichang station began to reduce in 1985, and passed the 95%
confidence test in 1996. Impacted by sediment load decreasing of Han River beginning from 1966,
the sediment load lessening trends of mid-lower reach of Changjiang main river (Hankou and
Datong station) were observed in 1969. Furthermore, as a consequence of sediment load reducing
of upstream and mid-lower tributaries in 1985, the sediment load of mid-lower reach of
Changjiang main river began to further decrease in 1985. In addition, the M-K trends of sediment
load of Datong, Hankou and Yichang station passed the 95% confidence test in 1989, 1997 and

1996, respectively, i.e., the statistical sediment load decreasing trends occurred qualitative change.

MK trends of sediment load

61 " -
Min River Jialing River Wu River

1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010 1960 1970 1980 1990 2000 2010
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Han River
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Figure 4. M-K trends of the sediment load for the Jinsha, Min, Jialing, Wu, and Han Rivers and the Poyang

and Dongting Lake system. The symbol @ and A denotes C; and C,, respectively. The bold is the beginning time

of sediment load decreasing; and the italics is the time when the M-K trends of the sediment load pass the 95%

confidence test.
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Figure 5.M-K trends of the sediment load for different gauging stations of the Changjiang main river. The
symbol e and A denotes C; and C,, respectively. The bold is the beginning time of sediment load decreasing;

and the number in italics denotes the time when the M-K trends of the sediment load pass the 95% confidence test.

H#EYE [49%K F /2 8]: Some revisions in

English writing were made.

4.3 Stepwise reduction of the sediment load entering the sea

The M-K trends of sediment load variation at Datong station show that, 1969 and 1985 are
two important time nodes, reflecting the beginning time of sediment load decreasing. Due to the
M-K trends of the sediment load passing the 95% confidence test occurred at 1989, another

important time nodes (2003) is not reflected in the M-K trends of sediment load of Datong station.



Taking into account the great impact of the Three Gorges Dam on the sediment load decreasing of
the Changjiang main stream (Hu et al., 2011), the variations of the sediment load entering the sea
of the Changjiang could be divided into four stepwise reduction stages, namely, 1956-1969,
1970-1985, 1986-2002, and 2003-2010.

The variations of sediment load discharging into the sea of the Changjiang (Datong station)
indicated that, although the sediment load of the Datong station, with an average value of 503 Mt
y*, exhibited fluctuations from 1956 to 1969, the quantity generally remained at a high
level(Tab.1). Han River was ever the most important sediment source of middle reach of
Changjiang main river (Yin et al., 2007); however, due to the annual sediment load supplied by the
Han River decreased by 95 Mt, the sediment load of the Datong station reduced to 445 Mt in
1970-1985. Previous studies have suggested that the sediment load from the Changjiang entering
the sea began to decrease in the 1980s (Yang et al., 2002); however, we demonstrate that this
decreasing trend already occurred in 1970, and the impact of the reduced sediment load of the Han
River on the sediment flux of the Changjiang into the sea was neglected in these previous studies.
Due to the sediment load upstream Changjiang occurring decreasing trends in 1985, in term of the
quantity reducing from 533 Mt y* during 1956-1985 to 404 Mt y* during 1986-2002, the
sediment load entering the sea of the Changjiang lessened to 340 Mt y™* during this period. With
the emplacement of Three Gorges Dam in 2003, the sediment load upstream of the Changjiang

decreased to 55 Mt y™ during 2003-2010, and the sediment load entering the sea of the

Changjiang was only 152 Mt y™.

Table 1. The mean value of sediment load of the Changjiang main river during different period



Pingshan station Yichang station Hankou station Datong station

Time Mty Mty Mty™ Mty
1956-1969 232 547 461 503
1970-1985 226 521 426 445
1986-2002 275 404 331 340
2003-2010 151 55 118 152

Overall, four stepwise reduction stage periods of the sediment load discharging into the sea
of the Changjiang were observed, namely, 1956-1969, 1970-1985, 1986-2002, and 2003-2010. In
addition, the sediment load into the sea between adjacent time periods gradually decreased,
attributing to the sediment load decreasing of different tributaries: the sediment load reduction
entering the sea during 1970-1985 was mainly caused by Han River; upstream tributaries (mainly
Jialing and Wu River), together the sub-catchment of mid-lower reach (mainly Poyang Lake) were
responsible for the sediment load into the sea decreasing during 1970-1985; and the sediment load
discharging into the sea lessening during 2003-2010 were mainly resulted from the emplacement

of the Three Gorges Dam.

4.4 Variations in the grain size of the sediment entering the sea

Because most of the coarse-grained sediment is intercepted by reservoirs, the sediment grains
size downstream of the reservoirs become significantly finer (Xu, 2005). The variation in the
medium grain size (Dso) of suspended sediments from the Yichang station (Fig. 56) indicated that
the average Dsp was 0.017 mm in 1960-1969, 0.012 mm in 1970-1985, 0.009 mm in 1986-2002,
and 0.004 mm in 2003-2010, suggesting that the sediment grain size from the upstream
Changjiang exhibited a continuous decreasing trend. In contrast, the decreasing trend of Ds, from

the Datong station was not as significant as that from the Yichang station during the four stages:
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the average Ds in 1960-1969 (0.12 mm) was similar to that in 1970-1985 (0.13 mm), and a slight

decreasing trend was recorded in 2002 (0.09 mm) and 2003-2010 (0.10 mm).
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Figure 6. Relationship between the medium grain size of suspended sediments and the sediment load during

different periods at the Yichang and Datong stations. Data are not available for the Datong station in 1968-1970,

1972-1973, and 1975.

In_addition, the degree of inter-annual variation in the upstream sediment grain size

continuously decreased during the four stages, i.e., the Dsq Vvariation interval gradually narrowed

(standard deviation continuously reduced), and the distribution range of the data point of Dsy and

sediment load moved from the top left corner to the bottom right corner in the coordinate system;

however, that of the Datong station generally shifted vertically downward. The sediment grain size

variations of the Yichang and Datong stations in the four stages also indicated that the average

value of Ds, of the Yichang station was greater than that of the Datong station in 1960-1969, and

the two stations were similar in 1970-1985 and 1986-2002; after 2003, the average value of Ds, of

the Yichang station was less than that of the Datong station. Furthermore, Dsy ranged from

0.003-0.007 mm for Yichang station and 0.008-0.013 mm for Datong station in 2003-2010,

suggesting that the Ds, variation range of the two stations did not overlap after 2003.




Compared with sediment fraction between 1960 and 2002, the clay and silt content of

Yichang station greatly increased, and the sand fraction significantly decreased after 2003 (Fig. 7);

whereas, although the sand fraction of Datong station still had no obvious variation trends, the

clay content increased, and the silt content reduced. In addition, before 2003, the silt and clay

content appeared no obvious discrepancy between Yichang and Datong station, and the sand

content fraction of Yichang station was slightly greater than that of Datong station; however, after

2003, the sand content fraction of Datong station was significantly greater than that of Yichang

station, and the clay content of Datong station was less than that of Yichang station, which implied

that other sediment sources (not the seven tributaries of Changjiang) supplied sand fraction to

Yichang-Datong reach of the Changjiang. The above analysis suggests that although the average

value of the grain size of the sediment entering the sea during the different periods did not greatly




alter, the inter-annual variation range and sediment components and origin changed considerably.
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Figure 7. Distribution of the suspended sediment grain size of the Yichang and Datong stations in 1960-1969,

1970-1985, 2002, and 2003-2010.

5. Discussion

As outlined above, the Changjiang sediment load is influenced by mixing of

| ¥k KA 10): Some sentences

have been rectified according to
referee’s comments and suggestions.

weathering products supplied by the different sub-catchments. The spatial-temporal differences

among the sub-catchments, in terms of sediment load variations, caused the sediment load

reduction and changes in the sediment composition. According to the concept of sediment budget

(Houben, 2012), the following equation may be used to calculate the sediment balance of the main

stream _Changjiang:The—sediment—load—from—the —Changjiang—entering—the —sea—mixes




2 Sinput =AS+ Soutput = S]insha + Smin + S]ialing + Swu + SHan + SPoyang (5
where ¥ Sinp,e i the sediment contribution of tributaries to the sediment load of the Changjiang
main stream, Soy+py: IS the sediment load entering the sea of the Changjiang (Datong station),
AS is the quantity of deposited (+) / erosive (-) sediment of the Changjiang main stream and
Dongting Lake. Therefore, the sediment contribution proportion of different tributaries to the

sediment load entering the sea of the Changjiang can be expressed as:

S]insha+ Sumin +5]ialing+ Swu + SHan +5Poyang_ AS 1 6)

Soutput  Soutput  Soutput  Soutput  Soutput  Soutput  Soutput

The calculated results indicated that (Tab.2), in 1956-1969, the sediment load of the Datong

station mainly originated from the Jinsha, Jialing, and Han Rivers, and the three rivers contributed

35.0%, 24.3%, and 19.0%, respectively, of the sediment to the Datong station. As the sediment

load of the Han River decreased, the Jinsha and Jialing Rivers accounted for 46.7% and 27.6%,

respectively, of the sediment load at the Datong station during the 1970-1985 period, whereas the

contribution of the Han River decreased to 5.8%. During the 1986-2002 period, due to the reduced

sediment yield in the Jialing River, the contribution of the Jinsha River to the sediment load of the

Datong station further increased to 64.2% and that of the Jialing River decreased to 15.0%. The

composition of sediment from the Changjiang entering the sea changed considerably during the

2003-2010 period due to the TGD emplacement: the sediment proportion due to channel erosion

of the main river reached 48.3% and that of the Jinsha River decreased dramatically to 24.1%. In

addition, the Jialing and Han Rivers only contributed 5.3% of the sediment load of the Datong

station, respectively.

Table 2. The sediment contribution proportion (%) of different tributaries to the sediment load entering the sea of



the Changjiang.

River/Catchment 1956-1969 1970-1985 1986-2002 2003-2010
Jinsha River 35 46.7 64.2 24.1
Min River 8.8 8.6 10.1 6.1
Jialing River 24.3 27.6 15 5.3
Wu River 4.4 8.2 4.5 2.2
The total of the upstream four rivers 725 91.1 93.8 37.7
Han River 19 5.8 2.8 53
Channel erosion 6.1 0.9 11 48.3
Poyang Lake 2.4 2.2 2.3 8.7

The above analysis indicated that as the sediment load entering the sea decreased, although

the average sediment grain size displayed no clear variations, the sediment composition changed

considerably. Before 2003, the four rivers of the upstream Changjiang was the dominating

sediment source to the sediment load entering the sea, and their total contribution was 72.5%

during 1956-1969, 91.1% during 1970-1985, and 93.8% during 1986-2002, respectively. In

addition, during this period, the variations in the sediment composition were mainly determined

by the changes in the sediment contributions of the Jinsha, Jialing, and Han Rivers, i.e., with the

sequential reduction in the sediment loads of the Han and Jialing Rivers, the proportion of the

sediment load originating from the Jinsha River continuously increased, whereas the proportion of

the sediment load from the other sub-catchments remained stable. However, after 2003, the

sediment contribution of the upstream to the sediment load of the Datong station greatly decreased.

The mid-lower stream channel of the Changjiang was one of major sinks of the upstream sediment

(Yang et al., 2011); after 2003, channel erosion of the mid-lower portion of the main river became

the greatest source of sediment load of the Datong station.

Apart from dams interception effect, the soil conservation campaign starting from 1989 and

implemented for the high sediment yielding regions of the upper Changjiang basin (Hu et al.,



2011), may be another factor accelerating the decreasing trend of the sediment grain size of
Yichang station. The different grain sizes of the sediment of Yichang and Datong station indicated
that, the clay, silt, and sand fraction of the Yichang station were greater than those of the Datong
station during 1960-1969, 1970-1985, and 1986-2002 periods (Tab. 3), which implied that the
sediment fraction of clay, silt, and sand entering the sea mainly originated from the upstream
Changjiang without regard to sediment exchange between the river water and the riverbed. After
the emplacement of the TGD in 2003, the clay, silt, and sand fractions originating from the
upstream Changjiang decreased dramatically. With regard to the amount of sediment originating
from the Poyang Lake and Han River to the Changjiang main river, we still use the sediment
budget concept, calculate different sediment fraction balance of Changjiang main river between
Yichang-Datong reach:
Syichang T Stan + Spoyang = AS + Saatong )
The results show that, the erosive sediment of the main river channel (Yichang-Datong) and
Dongting Lake contributed 13 Mt y™* of clay, 43 Mt y of silt, and 20 Mt y* of sand to the
sediment load of Datong station in 2003-2010, which accounted for 27.1%, 55.8% and 74.1% of
the corresponding sediment component of Datong station. Considering the contribution of strong
erosion of the estuarine reach (Li, 2007), the real proportion of silt, and sand fractions into the sea
coming from the erosive sediment of main river channel, may be greater than 55.8% and 74.1%.

These data imply that the clay fraction at the Datong station should be originated mainly from the

upstream Changjiang, and the silt and sand fractions largely consisted of the eroded sediment of

the middle reach river channel. Fhese-data-imply-that-the-clay-fraction-of-the-sediment-of Datong




Table 3. Annual quantities of clay, silt, and sand at the Yichang and Datong stations during different periods.

) ) Clay (Mt y™) Silt (Mt y™h Sand (Mt y™)
Time Period . ) .
Yichang Datong Yichang Datong Yichang Datong
1960-1969 78 78 297 291 172 134
1970-1985 105 86 257 257 159 102
1986-2002 128 113 212 174 63 50
2003-2010 27 48 25 77 3 27

6. Conclusions

(1) The increment of reservoir storage capacity is significantly correlated with the decrease in

the sediment load, which reflected the impact of dams on the sediment load of tributaries and the



entire Changjiang catchment.

(2) The patterns of sediment delivery from the sub-catchments of the Chnagjiang River have

been changed, with significant spatial-temporal differences in the sediment load variations of the

Changjiang main stream: four stepwise reduction stages were identified, i.e., 1956-1969,

1970-1985, 1986-2002, and 2003-2010. There was a lag of the decrease in the sediment load at

upstream locations compared with those at downstream locations.

(3) Before 2003, the variations in the sediment composition in the marine areas were mainly

determined by the changes in the sediment contribution made by the Jinsha, Jialing, and Han

Rivers. However, after 2003, channel erosion of the main stream of the Changjiang supplied

around 48.3% of the sediment load into the sea.

(4) Impacted by dam construction, although mean grain size of the sediment entering the sea

during the different periods did not show clearly-defined variations, the inter-annual variation in

terms of the range, sediment components and source areas, changed considerably.

(5) Before 2003, the clay, silt and sand fractions entering the sea were mainly originated from

the upstream regions of the river. In contrast, after 2003, the origin of the clay component of the

sediment was dominated by the upstream areas, whilst the silt and sand component were mainly

supplied by the eroding bed of the middle-reach main channel of the Changjiang River.Before
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