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A B S T R A C T

Under the impact of intensive anthropogenic activities and in the context of global climate change, the hy-
dromorphological processes of most lakes around the world have changed dramatically. Here, based on hy-
drologic and topographic data, we analyzed secular variations in hydromorphological characteristics and their
influencing factors at Dongting Lake, the second-largest freshwater lake in China. The entire time series
(1951–2014) was divided into four subperiods based on the anthropogenic modifications of the Changjiang
(Yangtze) River, including the construction of the Lower Jingjiang Cutoff Project and the operation of the
Gezhou Dam (GD) and the Three Gorges Dam (TGD). The results indicated that there were obvious stepwise
decreasing trends in the annual water discharge and suspended sediment discharge (SSD) from 1951 to 2014.
Seasonal differences in water discharge and SSD over the recent 60 years exhibited a tendency of “less flooding
during the flood season and more drying during the dry season”. Meanwhile, the deposition-erosion budget of
Dongting Lake shifted from a deposition rate of 120× 106 t/yr from 1951 to 2003 to an erosion rate of
2×106 t/yr with the serious degradation of the Ouchi and Xiangjiang deltas after 2003. The hydrological
processes of Dongting Lake are dominated by different anthropogenic activities at different stages. The Jingjiang
Cutoff Project is the main driver of the decreases in water discharge and SSD from 1967 to 1980. The operation
of the GD along the Changjiang River and other reservoirs, as well as land-use changes in the Dongting Lake
basin, should be responsible for the hydrological variations from 1981 to 2003. The high sediment retention rate,
geometric adjustment of the channel, and flow regulation induced by the operation of the TGD are the main
drivers for the hydromorphological variations in Dongting Lake in 2004–2014.

1. Introduction

There are 250 lakes with a surface area of more than 500 km2

around the world, and they occupy only a tiny part of Earth’s total land
(Herdendorf, 1982; Lehner and Döll, 2004). Nonetheless, all of these
lakes play an important role in maintaining regional and global eco-
system diversity, as well as providing basic survival conditions for
humans, such as the water supply, economic resources, and even flood
control (Kummu et al., 2011). However, most large lakes around the
world are undergoing expansion or shrinking processes under the
context of global climate change and anthropogenic activities. Ex-
amples include the majority of lakes in Tibet, Twelve Mile Lake in the
USA, Lake Chad in Africa and Lake Urmia in Iran (Bianduo et al., 2009;
Lemoalle et al., 2012; Jepsen et al., 2013; Alizadeh-Choobari et al.,
2016).

Dongting Lake, which is the second-largest freshwater lake in China
with an area of 2623 km2 and a volume of 16.7× 109m3, joins the
middle Changjiang (Yangtze) River from the south. The lake directly
gets 75% of its sediment and 34% of its water from the Changjiang
River and is of vital significance for buffering flooding along the
middle-lower Changjiang River (Nakayama and Watanabe, 2008; Wang
et al., 2011). Located in a vast floodplain, Dongting Lake feeds a po-
pulation of millions (Zhou, et al., 2016), and the hydromorphological
processes of Dongting Lake therefore directly reflect the history of
human anthropogenic activities.

Following the principle of “taking steel as the key link, taking grain
as the key link”, over one-third of lakes in the Changjiang River basin
were reclaimed to plow land accompanied by serious deforestation and
soil erosion during the 1950s–1970s, and Dongting Lake is no excep-
tion, indicating that it has experienced dramatic deposition (Yin and Li,

https://doi.org/10.1016/j.jhydrol.2018.05.015
Received 11 December 2017; Received in revised form 19 March 2018; Accepted 6 May 2018

⁎ Corresponding author at: State Key Laboratory of Estuarine and Coastal Research, East China Normal University, Shanghai 200062, China.

1 The first 2 authors contributed equally to this work.
E-mail address: zjdai@sklec.ecnu.edu.cn (Z. Dai).

Journal of Hydrology 562 (2018) 254–266

Available online 07 May 2018
0022-1694/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2018.05.015
https://doi.org/10.1016/j.jhydrol.2018.05.015
mailto:zjdai@sklec.ecnu.edu.cn
https://doi.org/10.1016/j.jhydrol.2018.05.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2018.05.015&domain=pdf


2001; Xiang et al., 2003). Meanwhile, the Lower Jingjiang (Ouchikou-
Chenglingji) Cutoff Project was implemented from 1967 to 1972 to
improve the flood control capacity and navigation conditions of the
Changjiang River. The shortened river length and decreasing sinuosity
in the Jingjiang reach have altered the relationship between the
Changjiang River and Dongting Lake (Yin et al., 2007).

Subsequently, a large number of dams were constructed in the
Changjiang River basin and Dongting Lake system after the 1980s, in-
cluding the most obvious examples of the Gezhou Dam (GD) and the
Three Gorges Dam (TGD). The GD, which is located in Yichang (at the
beginning of the middle Changjiang River), was operated in January
1981 with a storage capacity of 15.8×108m3. Following the operation

Fig. 1. (A) Location of the Dongting Lake basin in relation to the Changjiang (Yangtze) River; and (B) Dongting Lake basin and hydrologic/meteorological stations
used in this study, with the black short line showing the position with available cross-section features.
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of the GD, heavy siltation was detected in the region upstream of the
dam site, while the riverbed below the dam experienced erosion (Chen
et al., 2007). The heavy sediment trapping of the dam and further
riverbed scouring after the implementation of the Lower Jingjiang
Cutoff Project both decreased the sediment load from the Changjiang
River to Dongting Lake (Yin et al., 2007).

Notwithstanding the significant decreases in inflow water and se-
diment following those previous anthropogenic modifications after the
1970s, Dongting Lake still maintained its deposition pattern (Yin et al.,
2007). The history of deposition in Dongting Lake, however, was
completely changed after the operation of the TGD. The TGD, which is
currently the world’s largest dam and is located along the upper reaches
of the Changjiang River, has been in operation since 2003 and has had
significant impacts on the hydrological regime in the middle and lower
reaches (Dai and Liu, 2013; Mei et al., 2015, 2018; Li et al., 2016). With
a large amount of sediment trapped in the reservoir, the SSD from the
Changjiang River into the East China Sea has dropped from
423×106 t/yr to less than 135× 106 t/yr, the downstream riverbed
has transformed from experiencing seasonal erosion to year-round
erosion, and the sediment carrying capacity below the dam has been
greatly reduced (Dai et al., 2016; Lai et al., 2017). The alteration of
river discharge and sediment transport in the Changjiang River resulted
in the adjustment of Dongting Lake (Dai and Liu, 2013).

Therefore, there are increasing concerns regarding the impact of the
TGD on the hydrological processes of Dongting Lake. Some research has
indicated that the construction of the TGD was the dominant factor in
the prolonged duration of low water levels and the declined inundation
area of Dongting Lake (Lai et al., 2013; Yuan et al., 2015). Deng et al.
(2012) showed that the replenishment ability of the Changjiang River
in extreme drought years was higher than normal, despite decreasing
flow and sediment diversion at the Three Inlets (i.e., the entrance of the
Changjiang River). Meanwhile, recent studies have argued that
Dongting Lake changed from exhibiting high siltation to erosion due to
a TGD-induced decrease in the fluvial sediment supply (Yin et al., 2007;
Zhu et al., 2014), which can significantly affect the lacustrine delta
system. Xia et al. (2017) indicated that the channel variation in the
Jingjiang reach of the Changjiang River tended to be influential in the
discharge and flood-discharge capacity of the lake. Because they re-
present a complicated hydrographic net, when referring to hydro-
morphological alteration, the impacts of the main tributaries of the lake
should not be neglected. Furthermore, the alteration of the hydrology
and geomorphology of Dongting Lake are closely inter-connected.
Therefore, it is essential to systematically understand the hydro-
morphological processes occurring under the influence of various po-
tential factors, especially the impacts of the TGD. Such knowledge will
be conducive to estimating the potential hydromorphological alteration
of other large rivers of the world that are or will be affected by large
dams. Here, the major purposes of this study are to (1) examine var-
iations in the water and SSD of Dongting Lake from 1951 to 2014; (2)
identify decadal morphodynamic changes in the lake; (3) and diagnose
the possible driving factors of hydromorphological processes.

2. Material and methods

2.1. Study area

Dongting Lake (28°30′–30°20′N, 111°40′–113°10′E), which is com-
posed of three subbasins, namely, the Eastern, Western and Southern
Dongting Lakes, is located at the confluence of the Changjiang, Yuan,
Li, Zi and Xiang Rivers (Fig. 1). Thus, the lake responds to flood pulses
of both the Changjiang and basin-wide tributary rivers. The Changjiang
River annually supplies 89.5×109m3 of water and 111.4× 106 t of
sediment to the Eastern Dongting Lake (EDL) and Western Dongting
Lake (WDL) through the Three Inlets, namely, the Songzi River, Hudu
River, and Ouchi River. The Southern Dongting Lake (SDL) and Western
Dongting Lake (WDL) are fed by basin tributaries with an annual

average water discharge of 166.7×109m3 and an annual average SSD
of 26.3× 106 t, including the Xiang River, Zi River, Yuan River and Li
River, which are referred to as the Four Waters. Dongting Lake dis-
charges water and sediment into the Changjiang River via Chenglingji,
the only outlet from the lake to the river. The lake basin is affected by a
subtropical monsoon, with precipitation concentrated from April–June
(Wang et al., 2011). Seasonal rainfall leads to observable seasonal hy-
drological characteristics at Dongting Lake.

2.2. Data sources

The data included in this study comprises five groups. The first
group includes mean daily water discharge and SSD data collected from
1951 to 2014 at the following eleven gauging stations: Xinjiangkou,
Shadaoguan, Mituosi, Kangjiagang, Guanjiapu, Xiangtan, Taojiang,
Taoyuan, Shimen, Chenglingji and Nanzui (available for 2007–2013)
(Fig. 1). Water discharge was calculated as the product of measured
flow velocity (measured by current meter) and the cross-section area.
SSD was calculated as the product of water discharge and measured
suspended sediment concentrations, which were measured at the sur-
face, at depths of 0.2, 0.4, 0.6, and 0.8m, and near the bottom (Dai
et al., 2014). Both the runoff and suspended sediment measurements
were collected from the Changjiang Water Resources Commission
(CWRC) and were strictly examined following national standards. In
addition, daily water discharge and water level data in the years of
2002 and 2014 at Shashi and Jianli in the middle Changjiang River
were obtained from the CWRC.

The second group includes variations in deposition and erosion at
Dongting Lake, which were calculated based on topographic maps from
1995, 2003, and 2011 at a scales of 1:10000 from the CWRC and Zhu
et al. (2014). The topographic maps were first digitized using ArcGIS
and then gridded into a resolution of 30× 30m using the Kriging
method.

The third group includes the thalweg elevation (Oct. 2002 and Oct.
2013) data obtained along the Yichang-Chenglingji Reach and the
cross-section morphology assessed at seven locations in the Changjiang
River and Dongting Lake basin (Fig. 1). The river thalweg and cross-
section surveys strictly followed national industry standards. Cross-
section measurements were perpendicular to the mainstream direction.
The section survey included land and underwater areas. The land
measurement extended to 1m above the highest historical flood level.
For the underwater survey, the interval of measuring points was con-
trolled within 5m to ensure that feature points were included. The
section survey was processed using an echo sounder and GPS-RTK. The
thalweg elevation was obtained according to the distance between
adjacent cross-sections and the maximum water depth point in the cross
section. The CWRC organized the section survey and data compilation.

The fourth group includes yearly precipitation data obtained from
21 meteorological stations across the Dongting Lake basin from 1951 to
2014 (Fig. 1), which were collected from the China Meteorological Data
Sharing Service System (available at http://data.cma.cn/).

The fifth group includes flow velocity data from 2007 to 2013 at the
Chenglingji and Nanzui stations, which were measured by ADCP and
obtained from the CWRC.

Before these data were published, they underwent a rigorous ver-
ification and uncertainty analysis. The specific data quality control
method can be found in previous studies (Dai and Liu, 2013; Dai et al.,
2014). Based on the collected data, monthly/yearly water discharge
and SSD values, thalweg elevation differences, and seasonal SSD
changes can be calculated. The deposition/erosion rates of Dongting
Lake were computed from digital topographic maps of different years,
while the down-cutting erosion rates of each cross-section were calcu-
lated based on the observed cross-profile differences during various
years. The sum of water discharge through the Xinjiangkou, Shadao-
guan, Mituosi, Kangjiagang, and Guanjiapu stations represented the
contribution of the Three Inlets while the sum of water discharge
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through the Xiangtan, Taojiang, Taoyuan, and Shimen stations re-
presented the contribution of the Four Waters. The contributions of SSD
from the Three Inlets and Four Waters were defined in the same
manner. Then, the water/SSD that flowed into Dongting Lake was
calculated as the total contribution of the Three Inlets and Four Waters,
while the hydrological data at the Chenglingji station represented the
outflow from the lake to the Changjiang River. Thereafter, the sediment
budget of Dongting Lake was defined as the difference in the SSD be-
tween the inflow and outflow (SSDThree Inlets + SSDFour Wa-

ters− SSDChenglingji). In addition, the ratio of the water/sediment from
the Three Inlets to the total input ×

+
100%SSD

SSD SSD
ThreeInlets

ThreeInlets FourWaters
was

defined as the water/sediment percentage of the Three Inlets. Similarly,
the water/sediment percentage of the Four Waters was defined as

×
+

100%SSD
SSD SSD

FourWaters
ThreeInlets FourWaters

.

2.3. Data analysis

The Dongting Lake system has experienced the impacts of a series of
hydraulic engineering projects, including the lower Jingjiang Cutoff
Project, GD regulation and TGD regulation, from 1951 to 2014. To
identify the influence of various anthropogenic activities on the hy-
dromorphological processes of Dongting Lake, the entire time series
(1951–2014) was divided into four subperiods based on the construc-
tion of the lower Jingjiang Cutoff Project from 1967 to 1972, the es-
tablishment of the GD in Jan. 1981 and the TGD in Jun. 2003, namely,
the periods from 1951 to 1966, 1967 to 1980, 1981 to 2003, and 2004
to 2014.

Subsequently, two methods, including linear regression and the
Mann-Kendall (MK) test were carried out to diagnose the temporal
variation trends of water discharge and SSD (Mann, 1945; Kendall,
1970). Meanwhile, box plots were applied to detect the stepwise
characteristics of water discharge and SSD over the subperiods (Tukey
1977; Mcgill et al., 1978), which involve the minimum, Q1 (the median
of the lower half of the sample), Q2 (median), Q3 (the median of the
upper half of the sample) and maximum values of the data series. To
discern the seasonal fluctuations in water discharge and SSD during
different periods, a series of parameters, including the coefficient of
variation (Cv) and the water/SSD ratios of flood seasons (from May to
October) to dry seasons (Ra), were applied in this study. Values of Cv

were calculated using the Moment method (Greenwood et al., 1979). Ra

was obtained directly from the monthly data. Normally, higher values
of these parameters indicate obvious seasonal discrepancies.

3. Results

3.1. Variations in water and suspended sediment discharge

Both the total input and output of Dongting Lake in terms of its
annual water discharge and SSD decreased significantly between 1951
and 2014 according to the results of the MK test (Fig. 2A and B).
Meanwhile, distinct stepwise decreases were observed in the average
annual input and output of water discharge and SSD over the four
periods (Fig. 2A and B). Taking the average annual water discharge and
SSD from 1951 to 1966 as reference levels, the average annual water
discharge of the Three Inlets decreased by 38%, 54% and 67% from
1967 to 1980, 1981–2003, and 2004–2014, respectively. Meanwhile,
the average annual SSD at the Three Inlets decreased by 41%, 60% and
96% over the latter three periods (Fig. 2C and D). Similar stepwise
declining trends were observed in the SSD of the Four Waters after
1966, while its water discharge showed little change (Fig. 2C and D).
For the total Inflow, Outflow, and Three Inlets, the statistical para-
meters of the maximum, Q3 and median values in the box-whisker plots
showed obvious stepwise decreases during the four periods (Fig. 3). In
general, the magnitude of the decrease in SSD was more remarkable
than that in water discharge (Fig. 3). It must be emphasized that the

SSD output from the lake to the Changjiang River increased markedly
after 2007 (Fig. 2B), which will be further discussed in the next section.

In addition, obvious seasonal fluctuations in water discharge and
SSD were observed during the study period (Fig. 4). Over 60% of the
annual water discharge was transported during the flood season at the
Three Inlets, Four Waters and Chenglingji. For the contribution of se-
diment load during the flood season, the Three Inlets and Four Waters
exhibited a high value of 80%. Over the past several decades, water
discharge during flood seasons and dry seasons also presented distinct
stepwise declines (Fig. 4A), and SSD showed an even more dramatic
decrease than water discharge (Fig. 4B). At the Three Inlets, for ex-
ample, water discharge during the flood seasons and dry seasons from
2004 to 2014 decreased by approximately 66% and 84%, respectively,
compared to 1951–1966, while its SSD decreased by 95% and nearly
100%, respectively (Fig. 4B1). The declining Ra revealed a reduced
distinction between flood seasons and dry seasons (Table 1). Thus,
Dongting Lake seems to show a tendency towards “less flooding during
the flood season and more drying during the dry season”.

3.2. Rating curves between water and suspended sediment discharge

The rating curves between monthly water discharge and SSD pre-
sented positive linear correlations at all sites (Fig. 5). However, the
slopes of fitting curves decreased significantly during the given four
stages. Notably, the most significant slope decrease was observed at the
Three Inlets, decreasing from 1.85 in 1951–1966 to 0.29 in 2004–2014
(Fig. 5A1–A4), indicating that the descent rate of SSD was much greater
than that of water discharge, especially from 2004 to 2014 (Fig. 3).

The patterns of the sediment rating curves of different sites also
varied during different time stages (Fig. 5). During 1951–2003, the SSD
at the Three Inlets was greater during the rising stage of the rating
curve than that during the falling stage at the same flow conditions. The
peak water discharge and sediment load values presumably occurred in
July. However, the rating curve shifted counterclockwise from 2004 to
2014 (Fig. 5A5), with a smaller SSD during the rising stage for the same
water discharge, when the maximum water discharge and SSD values
appeared in July. Therefore, it could be speculated that the sediment
sources changed under the impacts of climate change, human activities
or both. The rating curve pattern of the Four Waters remained coun-
terclockwise during the four stages with the sediment peak occurring
during June, the rainy season when most storms occur (Fig. 5B5). The
rating curve at Chenglingji showed a clockwise hysteresis loop over the
past few decades, with the water discharge peak during either June or
July, while the sediment peaked occurring during April or May
(Fig. 5C5).

3.3. Sediment budget and sedimentary processes of Dongting Lake

The monthly sediment distribution at Dongting Lake showed that
the sediment load was mainly transported during the flood season,
when over 99%, 82% and 59% of the annual sediment transport oc-
curred at the Three Inlets, Four Waters, and Chenglingji, respectively
(Fig. 6A–C). Both the input and output SSD of Dongting Lake decreased
sharply from 1951 to 2014, especially in flood seasons. Generally, the
sediment budget of Dongting Lake decreased concurrently with that of
the Three Inlets (Fig. 6D). Specifically, compared to 1951–1966, the
average annual sediment budget at Dongting Lake subsequently de-
creased 35% from 1967 to 1980, by 34% from 1981 to 2003, and by
103% from 2004 to 2014 (Fig. 6D, Table 2). During the flood seasons
and dry seasons, the sediment budget decreased by approximately 3%-
57% and 48%-65%, respectively, compared to those of 1951–1966
(Table 2). Notably, the average annual sediment budget was negative
from 2004 to 2014, indicating that Dongting Lake experienced erosion
and provided sediment to the Changjiang River. It should be mentioned
that the sediment budget of Dongting Lake could be overestimated due
to a lack of data regarding sand mining, which requires further study.
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Fig. 2. Annual water discharge and suspended sediment discharge (SSD) series, with (A) Water inflow as the sum of Three Inlets and Four Waters and outflow at
Chenglingji; (B) SSD inflow as the sum of Three Inlets and Four Waters and outflow at Chenglingji; (C) Water inflow at Three Inlets and Four Waters; and (D) SSD
inflow at Three Inlets and Four Waters. The average values represent the annual mean in water discharge and SSD from 1951 to 1966, 1967 to 1980, 1981 to 2003,
and 2004 to 2014, respectively. The values of Z indicate the Mann-Kendall trend test statistic at a 0.05 significance level.

Fig. 3. Box-whisker plots of annual water discharge and SSD at Inflow, Outflow, Three Inlets and Four Waters from 1951 to 1966, 1967 to 1980, 1981 to 2003, and
2004 to 2014.
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Variations in the sediment budget can have a great impact on the
sedimentation of Dongting Lake. The erosion-deposition pattern of
Dongting Lake clearly changed from 1995 to 2011 (Fig. 7A1). Specifi-
cally, sediment in Dongting Lake was deposited continuously at a de-
position rate of 0.41 cm/yr from 1995 to 2003, with the main deposi-
tion areas located in the northern part of the EDL, the eastern part of the
SDL, and the western part of the WDL. However, sedimentation in
Dongting Lake transformed from deposition to erosion between 2003
and 2011, with a mean erosion rate of 1.21 cm/yr (Fig. 7A2) (Zhu et al.,
2014). Furthermore, the EDL exhibited the most significant change in
the erosion-deposition pattern, followed by the SDL, while the WDL
exhibited the most insignificant variation (Fig. 7A).

The morphological evolution of the delta within Dongting Lake was
consistent with the sediment budget and erosion-deposition pattern
variations of the lake. For instance, the Ouchi and Xiangjiang deltas,
which are located at the EDL and SDL, respectively, received

replenishment from the Ouchi and Xiang Rivers and were both threa-
tened by deltaic erosion due to insufficient sediment supply (Fig. 7B).
The total area of the Ouchi delta declined significantly after 2003, with
erosion mainly occurring in the middle zone, further fragmenting the
delta at its tail part (Fig. 7B). Similarly, the total area of the Xiangjiang
delta showed notable degradation after 2003, with the delta gradually
breaking into multiple delta fragments (Fig. 7B).

4. Discussion

The long-term hydrological variations and morphological processes
of the Dongting Lake basin and the Changjiang River are closely related
to climate changes and anthropogenic activities (Dai et al., 2005; Yuan
et al., 2015). Here, the possible impact factors on the hydro-
morphological processes of Dongting Lake are discussed.

4.1. Precipitation in the Dongting Lake basin

Dongting Lake is located in the East Asia Summer Monsoon region.
Water discharge over the lake basin is dominated by precipitation,
which could be supported by the good correlation between basin pre-
cipitation and the water discharge of the Four Waters (Fig. 8A) (Zhang
et al., 2007; Zhao et al., 2017). Because no significant trend was ob-
served in basin precipitation from 1951 to 2014, the water discharge of
the Dongting Lake basin (Four Waters) showed an insignificant trend
during the same period (Fig. 2C, Fig. 3, and Fig. 8B). However, the SSD
of Dongting Lake showed significant stepwise decreasing trends from
1951 to 2014 (Fig. 3). The different trends between basin precipitation
and sediment load suggest that precipitation had little impact on the

Fig. 4. Monthly mean (A) water discharge and (B) suspended sediment discharge (SSD) during four given periods at Three Inlets, Four Outlets, and Chenglingji.

Table 1
Summary of statistical parameters of monthly water discharge and suspended
sediment discharge (SSD).

Inflow (water
discharge)

Chenglingji
(water
discharge)

Inflow (SSD) Chenglingji (SSD)

Cv Ra Cv Ra Cv Ra Cv Ra

1951–1966 0.6 3.4 0.6 3.0 1.3 25.1 0.4 1.5
1967–1980 0.6 3.3 0.6 3.0 1.1 22.2 0.6 1.6
1981–2003 0.6 2.7 0.5 2.5 1.4 23.8 0.4 1.3
2004–2014 0.6 2.5 0.5 2.4 1.2 11.5 0.5 1.2
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Fig. 5. Relationship between the monthly water discharge and suspended sediment discharge (SSD) at (A) Three Inlets; (B) Four Waters; and (C) Chenglingji, with
A1, A2, A3, A4 showing the relationship between monthly water discharge and SSD during the four given periods; A5 describes the rating curve of monthly water
discharge and SSD. The layouts of B and C raw are similar to that of A raw.

Fig. 6. Seasonal suspended sediment discharge (SSD) from 1951 to 2014 at (A) Three Inlets; (B) Four Waters; (C) Chenglingji; and (D) Seasonal sediment budget of
Dongting Lake.
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observed changes in sediment.

4.2. Anthropogenic activities in the Dongting Lake basin

Because it is obvious that the SSD variations in the Dongting Lake
basin were not induced by precipitation, other potential factors likely
caused the observed variations, such as human activities, including
reservoir regulation and land-use changes (Du et al., 2011).

4.2.1. Reservoir construction in the Dongting Lake basin
According to previous studies, large amounts of sediment can be

trapped in reservoirs without being diverted (Yang et al., 2007; Dai
et al., 2014; Gao et al., 2015). In the Dongting Lake basin, 14,121 re-
servoirs have been constructed with a total storage capacity of
53×109m3, including 47 large-scale reservoirs (> 108m3) and 372
medium-scale reservoirs (107–108m3) as of 2012 (China Census for
Water in Hunan Province, 2013). The total capacity of large-scale re-
servoirs increased from 6×109m3 in 1951–1966 to 9×109m3,
28×109m3 and 36× 109m3 in 1967–1980, 1981–2003 and
2004–2014, respectively (Fig. 9). Approximately 0.12% of this reservoir
storage capacity was lost due to sediment deposition in the Dongting
Lake basin (Sun and Fang, 2002). Given that the bulk density of sedi-
ment is 1.2 t/m3 (Dai and Liu, 2013), these reservoirs could have
trapped 9×106 t/yr, 13× 106 t/yr, 40×106 t/yr, and 52×106 t/yr
of sediment during these four periods, respectively. The SSD at the Four

Waters increased slightly during the first two periods, then decreased
significantly, especially during 1981–2003 and 2003–2013 (Fig. 2D).
The drastic reduction in SSD in from 1981 to 2014 was mainly caused
by sediment retention in reservoirs, when the total reservoir storage
capacity was 3–4 times larger than that from 1951 to 1980.

4.2.2. Land-use changes in the Dongting Lake basin
In addition, land-use changes in the Dongting Lake basin can also

influence surface runoff, water yield and sediment discharge at the Four
Waters (Sun et al., 2017). Due to a widely distributed granitic weath-
ered zone, soil erosion is common in the Dongting Lake basin (Chen
et al., 2004). From 1951 to the 1970s, serious deforestation and un-
reasonable land use resulted in severe soil erosion and caused 0.2 bil-
lion tons of soil loss in the lake basin (Zou, 1992). Therefore, the
principle factor causing the increasing SSD from 1967 to 1980 was
serious soil erosion in the Dongting Lake basin.

Following the severe and destructive flood of 1998, a program
named “Return Land to Lake” was implemented, which controlled the
loss of soil erosion to some extent, further decreasing the SSD over the
period of 1981–2003 (Peng et al., 2005). After the construction of the
TGD, along with prolonged droughts in Dongting Lake, some cultivated
land and woodland were gradually developed (Jiang et al., 2016). Such
variations may have changed the water infiltration and soil erosion
within Dongting Lake, which could have indirectly affected the hy-
drological processes of the lake (Zhang et al., 2013; Deng et al., 2014).

Moreover, the SDL receives flow directly from the Four Waters;
thus, changes in water discharge and SSD have observable effects on the
morphological evolution of the SDL (Fig. 7). Under the impacts of
precipitation, reservoir construction, and land-use changes, water dis-
charge showed insignificant trends while SSD decreased significantly at
the Four Waters during the different periods. It can be concluded that
the fragmentation of the Xiangjiang delta can likely be attributed to the
‘hungry’ water produced by the non-synchronous changes between the
water and the SSD.

Table 2
Sediment budget of Dongting Lake during different time periods.

Period Average sediment budget (106 t/yr)

Annually Flood season Dry season

1951–1966 183.32 198.47 −15.14
1967–1980 118.37 128.20 −9.83
1981–2003 77.61 85.20 −7.59
2004–2014 −2.33 4.99 −7.32

Fig. 7. (A) Deposition and erosion variation at Dongting Lake; and (B) Temporal variation of the Ouchi and Xiangjiang deltas at Dongting Lake.
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4.3. Projects along the Changjiang River

Dongting Lake is directly connected to the Changjiang River by the
Three Inlets (input of the lake) and Chenglingji (output of the lake),
with more than 30% of the water and 70% of the sediment of Dongting
Lake contributed by the Three Inlets (Fig. 10). Unlike the water dis-
charge variations at the Four Waters, both water discharge and SSD

presented similar decreasing trends at the Three Inlets. Thus, the
changes in water discharge and SSD at the Three Inlets were mainly
controlled by intensive anthropogenic activities from the Changjiang
River basin. Here, based on the hydraulic engineering construction
projects implemented during different periods, we analyzed the impacts
of the lower Jingjiang Cutoff Project and the GD and TGD impound-
ments on Dongting Lake.

4.3.1. The Cutoff Project in the lower Jingjiang reach
A series of changes occurred in the lower Jingjiang reach after the

cutoff project, including a river length shortening of 80.6 km, a de-
crease in sinuosity from 2.83 to 1.93, and a hydraulic gradient increase
(Fig. 1) (Yin et al., 2007). The evolution of the lower Jingjiang reach
slowed until the channel in the reach achieved a new balance in 1980
(Tang, 1999). Thus, the effects of the Jingjiang reach Cutoff Project
were concentrated from 1967 to 1980.

The ratio of the water/sediment diversion at the Three Inlets ap-
parently decreased from 1967 to 1980, suggesting that much less water
and sediment could enter Dongting Lake through the Three Inlets (Fan
et al., 2008; Hu et al., 2015). Meanwhile, dry days at the Three Inlets
increased considerably, such as at Guanjiapu along the Ouchi River
where they increased from 17 days/yr from 1951 to 1966 to 117 days/
yr (Deng et al., 2012). Consequently, water discharge at Three Inlets
decreased much more remarkably than it did during the other periods
due to the Jingjiang Cutoff Project (Figs. 3 and 10).

Fig. 8. (A) Relation between precipitation and water discharge at Four Waters; and (B) Annual precipitation of Dongting Lake from 1951 to 2014.

Fig. 9. Total storage capacity of reservoirs in the Dongting Lake basin and SSD
of Four Waters.

Fig. 10. Ratios of water discharge and SSD inflow at Three Inlets and Four Waters.
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Water discharge at the Three Inlets decreased remarkably due to the
impact of the Jingjiang Cutoff Project, thereby affecting the sediment
transport. The SSD of the Three Inlets dropped by 41%, from
210×106 t in 1951–1966 to 124×106 t in 1967–1980, with the SSD
during the flood season reduced by nearly 50% (Fig. 4B and Fig. 6A). As
the most important source of sediment for Dongting Lake, the percen-
tage of SSD from the Three Inlets was 86% from 1951 to 1966, but it
declined remarkably to 77% from 1967 to 1980 after the construction
of the Cutoff Project in the lower Jingjiang reach (Fig. 10). The decrease
in SSD and SSD percentage at the Three Inlets indicated that the Cutoff
Project played an important role in the sediment changes at Dongting
Lake.

4.3.2. The regulation of the GD and TGD
By 2013, more than 50,000 dams had been constructed along the

Changjiang River, which caused a dramatic decrease in fluvial sediment
and led to substantial geomorphologic changes (Yang et al., 2005; Dai
and Liu, 2013). Both water and SSD at the Three Inlets have presented
declining trends since the impoundment of the GD in Jan. 1981. In
addition, the decrease in water percentage at the Three Inlets suggested
that the GD had more of an influence on water discharge than it did on
SSD (Fig. 2Dand Fig. 10).

The TGD, the largest dam in the world, has a storage capacity of
39.3×109m3, which is nearly 25 times that of the GD. Notably, the
SSD and SSD percentage of the Three Inlets decreased most significantly
during the period of 2004–2014 (Figs. 2 and 10). The SSD dropped from
87×106 t/yr from 1981 to 2003 to 9×106 t/yr from 2004 to 2014,
while the SSD percentage at the Three Inlets decreased from 78% to
52%, almost equal to that of the Four Waters (Fig. 10). The significant
decline in sediment at the Three Inlets can be directly attributed to the
high sediment retention (139× 106 t/yr) of the TGD after 2003
(Changjiang Sediment Bulletin, 2013). In contrast to the change in SSD
at the Three Inlets, the water discharge demonstrated a stable de-
creasing trend from 2004 to 2014, indicating that the effect of the TGD
operation on water discharge was relatively small (Fig. 2C and Fig. 10).

With most sediment being trapped in reservoirs, ‘hungry’ water is
prone to erode channel beds and banks to achieve a new equilibrium
(Kondolf, 1997). The reach downstream of the TGD, namely, the Yi-
chang-Chenglingji reach, was severely affected, with an average
thalweg down-cutting of −2m and a total channel erosion volume of
841×106m3 from October 2002 to October 2013 (Changjiang Sedi-
ment Bulletin, 2007, 2013) (Fig. 11A). Meanwhile, the sites on the
mainstream Changjiang River showed a trend of down-cutting to dif-
ferent extents (Fig. 11C). Specifically, the cross-sections of D5, J90 and
J186 exhibited serious down-cutting, with an erosion rates of 0.14m/
yr, 0.05m/yr and 0.4m/yr, respectively. In contrast, the cross-sections
of most sites in the Dongting Lake basin remained unchanged, except
for Xinjiangkou, which experienced an erosion rate of 0.1 m/yr
(Fig. 11D1). Moreover, the daily mean water level at Shashi and Jianli
(in the Jingjiang reach) decreased by 0.56m and 0.10m, respectively,
between 2002 and 2014. Under the same water discharge conditions,
the water level in 2014 was far below that of the pre-TGD period. This
phenomenon can be better observed at Shashi (Fig. 11B). Channel de-
gradation with a declining water surface along the Changjiang River
further enlarged the topography gradient between the river and the
inlets/outlets of Dongting Lake, which played a key role in the reduc-
tion of water discharge and facilitated the further reduction of the se-
diment load entering the Three Inlets from 2004 to 2014.

The enlarged topographic gradient between Dongting Lake and the
Changjiang River changed the hydrodynamic conditions within
Dongting Lake. The mean and peak flow velocity of the Dongting Lake
outlet (Chenglingji station) presented increasing trends from 2007 to
2013 both at high (29.39 m in Jun.) and low water levels (20.84 m in
Dec., Jan.) (Fig. 12A). The rising flow velocities indicated that Dongting
Lake would provide more water and sediment to the Changjiang River,
even during the dry season. Indeed, the SSD of Chenglingji presented a

significant increasing trend after 2007. Furthermore, the sediment
budget of Dongting Lake changed from a gain of approximately
120× 106 t/yr from 1951 to 2003 to a loss of 2×106 t/yr from 2004 to
2014, showing that the Changjiang River provided sediment to
Dongting Lake before 2003 but extracted sediment from the lake
thereafter (Fig. 2B and Fig. 6). Along with the reduction in the sediment
source and increase in the outlet flow velocity, Dongting Lake trans-
formed from experiencing deposition to erosion after 2003, which can
be confirmed by the shrinking of the Ouchi delta in the western part of
the EDL (Fig. 7).

Moreover, the water dispatch modes of the TGD altered the water
regime in the Changjiang River downstream from the TGD (Wang et al.,
2013). The cross-section at Nanzui, the main entrance of the Three
Inlets to the WDL, underwent a slight change from 2007 to 2013, while
the flow velocity showed a statistically significant decreasing trend at
high water levels (32.26 m in Jun., Jul., Aug.) and an increasing trend
at low water levels (28.13m in Dec., Jan., Feb.) (Fig. 12B). Specifically,
during the high water season, the TGD needed to store water for flood
control as well as for the water supply in the winter, resulting in a
decrease in the water/sediment load and water velocity into Dongting
Lake through the Nanzui station (Ou et al., 2012; Wang et al., 2013). In
contrast, during the low water season, the TGD released water to satisfy
the downstream water demand, causing increases in the water and
water velocity at the Nanzui station (Fig. 12B). An increased sediment
load at a low water level could partly mitigate the decreased sediment
load at a high water level, which made the sediment budget of the WDL
change slightly and thus resulted in an insignificant change in the
erosion-deposition pattern (Fig. 7A).

However, the water replenishment during winter can hardly reverse
the declining trends during the entire dry season at Dongting Lake
because less water could flow into Dongting Lake through the Three
Inlets due to the serious erosion of the channel of the Changjiang River,
and more water was delivered to the Changjiang River. Although the
Dongting Lake basin is still likely threatened by flood events in the case
of extreme precipitation, the tendency of “less flooding during the flood
season and more drying during the dry season” at Dongting Lake is
predictable under the impacts of the TGD.

5. Conclusions

The water regime of lakes worldwide has changed drastically under
the combined impacts of global climate change and intensive anthro-
pogenic activities. This study focuses on the hydromorphological pro-
cesses of Dongting Lake and their impact factors. The major findings are
as follows:

1) The yearly water discharge/SSD of Dongting Lake showed obvious
stepwise decreasing trends, except for the water discharge at the
Four Waters, even though there were seasonal fluctuations in water
discharge and SSD from 1951 to 2014. Meanwhile, the hydrological
behavior of Dongting exhibited a tendency towards “less flooding
during the flood season and more drying during the dry season”. The
rating curves of the Four Waters and Chenglingji remained un-
changed from 1951 to 2014, while the rating curve of the Three
Inlets shifted from clockwise to counterclockwise from 2004 to
2014.

2) The deposition-erosion pattern of Dongting Lake transformed from
deposition from 1951 to 2003 to erosion from 2004 to 2014, which
was accompanied by a marked drop in the sediment budget of
Dongting Lake and the shrinking of the Xiangjiang and Ouchi deltas.

3) The hydromorphological processes of Dongting Lake were closely
related to climate change and anthropogenic activities. For the Four
Waters, basin precipitation dominated the water discharge, while
severe soil erosion and reservoir retention induced an increasing
SSD during 1967–1980 and a decreasing SSD during 1981–2014,
respectively. The hydrological variations at the Three Inlets were
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mainly controlled by intensive anthropogenic activities in the
Changjiang River basin, where the Jingjiang Cutoff Project, GD and
TGD were the main drivers for the decreases in the water and se-
diment load from 1967 to 1980, 1981 to 2003, and 2004 to 2014,
respectively. The high sediment retention (139× 106 t/yr) behind
the TGD directly led to drastic reduction in the sediment input from

Changjiang to the Three Inlets. The observable increased SSD output
from the lake to Changjiang after 2007 was caused by TGD-induced
riverbed incision. Thus, the TGD was responsible for the transfor-
mation of the deposition-erosion pattern at Dongting Lake.

Identifying these hydromorphological processes and their associated

Fig. 11. (A) Thalweg changes along the Changjiang River; (B) Daily water level and water discharge comparison between 2002 and 2014 at Shashi and Jianli; and
cross-section variations (C) along the Changjiang River and; (D) Dongting Lake basin.
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driving factors is useful for lake management and the regulation of
human activity. Our study reveals that anthropogenic activities have
gradually become the principle factors of hydromorphological varia-
tions at Dongting Lake. Large dams constructed in mainstreams regions
have complicated the downstream mechanisms. To maintain the re-
lationship between the lake and rivers and prolong the life of the lake,
more systematic research should be conducted.
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