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Abstract: The complex water regimes and fragile ecological systems in Dongting Lake and Poyang
Lake, located in the middle reach of the Yangtze River, have been significantly affected by regional
climate change and anthropogenic activities. The hydrological data from the outlets of Dongting
Lake (Chenglingji station) during 1955-2016 and Poyang Lake (Hukou station) during 1953-2014
were divided into two periods: the pre-impact period and the post-impact period. Four statistical
tests were used to identify the change years: 1979 at Chenglingji and 2003 at Hukou. The indicators
of hydrologic alteration and range of variability approach were used to assess alterations in water
level regimes. Results show that the severely altered indicators were January water level at both lake
outlets, and 1-, 3-, 7- and 30-day minimum water level at Chenglingji, with the degree of hydrological
alteration being larger than 85%. The overall degrees of hydrological alteration at Chenglingji and
Hukou were 52.6% and 38.2%, respectively, indicating that water level regimes experienced moderate
alteration and low alteration or that ecosystems were at moderate risk and low risk, respectively.
Changes in water level regimes were jointly affected by climate change and anthropogenic activities.
Water level regimes at Dongting Lake outlet were mainly affected by increased rainfall and dam
regulation. Decreased rainfall, dam regulation, and sediment erosion and deposition were the main
impact factors of water level regimes at Poyang Lake outlet. These changes in water level regimes
have greatly influenced both aquatic and terrestrial ecosystems, especially for fish and vegetation
communities. This study is beneficial for water resource management and ecosystems protection
under regional changes.
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1. Introduction

Hydrological regimes between rivers and lakes exhibit complicated interactions, supporting
critical hydrological and ecological processes in river-lake systems (i.e., chains of lakes connected with
rivers that flow into or out of them). These include the physical and chemical properties of the water
body [1], sediment and nutrient transportation [2-4], and habitat availability [5,6]. As a typical eco-tone
between river and lake, a lake outlet is regarded as a key component of a river-lake system and plays
an important role in maintaining the health of both aquatic and adjacent terrestrial ecosystems [7,8].
However, this area has not received enough attention in the literature [7,9], especially for the full ranges
of water level in a large lake. Moreover, water level regimes are suffering dramatic changes under the
impacts of ongoing climate change and intensive anthropogenic activities [10,11]. Global warming and
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related extreme climate events (e.g., extreme precipitation or drought) can modify the water cycle [12,13],
causing abnormal fluctuations of water level. In addition, anthropogenic activities, such as dam
construction, lake sedimentation, water withdrawal, and land use change may directly or indirectly
affect water level regimes [14,15], subsequently degenerating river and lake ecosystems [16-18].
Therefore, it is necessary to evaluate the changes in water level regimes at the outlets in large lakes,
especially in consideration of both climate change and anthropogenic activities.

Indicators of hydrologic alteration (IHA) is a useful tool to assess hydrological regimes, such as
river streamflow, ground water level, and lake water level [19]. This approach has been widely used in
global rivers for evaluating climate- or human-induced water regime changes and potential ecological
influences [20-22]. IHA includes 33 indicators within five groups, covering a full range of water
regimes in terms of magnitude, duration, timing, frequency, and rate of change. As a complementary
method, the range of variability approach (RVA) was proposed by Richter et al. [23] to evaluate the
hydrological alteration between two different periods, i.e., the pre-impact period and the post-impact
period. Although these methods have been widely used in the related published literature over the
past two decades, most of those studies focused on river streamflow [24,25]. The applications of IHA
and RVA to water level have been reported by Zhang et al. [26] and Xu et al. [27] in river network
regions. Water level is a fundamental feature of hydrological conditions in a lake, and has a close
connection with both aquatic and neighboring terrestrial ecosystems [16,28]. Regardless of concerns
on river flow, relevant ecologists, hydrologists and other stakeholders should pay more attention to
understanding the full range of water level regimes in large lakes.

Dongting Lake and Poyang Lake are the two largest freshwater lakes and the only existing lakes
connected to the Yangtze River in China, and thus play an important role in flood prevention, water
supply, and biodiversity protection. In recent years, many studies about the two lakes” water level
changes have been published. However, to our knowledge, these studies have mainly focused on
temporal changes in water level [29,30], hydrological drought or extremely low water level [31,32],
and ecological water level [33,34]. Few studies have examined the full range of water level regimes
in terms of magnitude, duration, timing, frequency, and rate of change [35]. Moreover, changes in
water level regimes have been observed in both Dongting Lake and Poyang Lake due to the impacts
of climate change, dam construction (e.g., the Three Gorges Dam) and other human activities [36,37].
Consequently, our objectives in this study were: (1) to characterize variations in the full range of water
level regimes; (2) to quantitatively evaluate the hydrological alterations in the post-impact period
compared with the pre-impact period; and (3) to discuss the implications of main factors in water level
changes and their impacts on ecosystems. The results of this study will be helpful for providing a
better understanding of water level conditions and implications for ecosystem protection in Dongting
Lake and Poyang Lake, China.

2. Materials and Methods

2.1. Study Area and Data

The Yangtze River is the largest river in China, with more than 600 lakes distributed along the
river and its tributaries. Located in the middle reach of the Yangtze River basin, Dongting Lake and
Poyang Lake are the two largest freshwater lakes in China, with a total area of 2625 km? and 2933 km?,
respectively. The two lakes are located in a subtropical monsoon climate zone, with a wet season from
April to July and a dry season from September to February. This study area is a typical river-lake
system. As shown in Figure 1, Dongting Lake receives water from four main tributaries (i.e., Xiangjiang
River, Zishui River, Yuanjiang River, and Lishui River) and the Yangtze River via Three Inlets (i.e.,
Songzi River, Hudu River, and Ouchi River). At last, the water discharges into the Yangtze River
through the lake outlet of Chenglingji. Poyang Lake receives water from five main tributaries, namely
Raohe River, Xinjiang River, Fuhe River, Ganjiang River, and Xiushui River. The water in Poyang Lake
drains into the Yangtze River through the lake outlet of Hukou. Moreover, Poyang Lake is subjected to
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backflow events that occur for several days to several weeks in specific years when the water level and
discharge in the Yangtze River were higher than those of Poyang Lake [38]. The Three Gorges Dam,
located in the upper reach of the Yangtze River (Figure 1), holds one of the largest reservoirs in the
world, with a total capacity of 39.9 km3. Consequently, the Three Gorges Dam has exerted significant
impacts on the water regimes of the two downstream lakes [39].

Both Dongting Lake and Poyang Lake were listed as important international wetlands by the
Ramsar Convention on Wetlands. They are also recognized as being among the most biodiverse regions
in China, serving as natural habitats for water birds (e.g., White-fronted Geese and White Cranes),
aquatic mammals (e.g., Baiji Dolphin and Finless Porpoise), and local fish (e.g., four famous major carp:
silver carp, grass carp, black carp, and bighead carp). Nevertheless, the hydrological condition changes
caused by climate change and anthropogenic activities could lead to degeneration of lake ecosystems.
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Figure 1. The river-lake system in the middle of Yangtze River basin with the two largest freshwater
lakes, Dongting Lake and Poyang Lake, in China.

Table 1 lists basic information of the two gauge stations in Dongting Lake and Poyang Lake.
Daily water level data, covering a period of 1955-2016 of Chenglingji and 1953-2014 of Hukou, were
collected from the Changjiang Water Resources Commission of the Ministry of Water Resources, China.
These data were carefully controlled before analysis and no missing data were found. To evaluate the
alteration of hydrological regimes at the outlets of Dongting Lake and Poyang Lake, the hydrological
data were divided into two periods, the pre-impact period and the post-impact period, according to
the methods introduced in Section 2.2.1.

Table 1. List of gauge stations and their characteristics.

Mean Annual Value
Gauge Station Location Catch]Tent2 Ave‘rage
Area (10" km®)  Elevation (m)  water Level (m)  Discharge (m3/s)
Chenglingji Dongting Lake 26.28 35 24.76 8787.49

Hukou Poyang Lake 16.22 20 12.76 4726.44




Water 2019, 11,917 40f 16

2.2. Methods

2.2.1. Change Point Detection

In order to efficiently and reliably detect the change point of a time series, four tests, i.e., Pettitt’s
Test [40], Lanzante’s Test [41], Standard Normal Homogeneity (SNH) Test [42], and Buishand Range
(BR) Test [43], were used in this study. These tests have been examined as useful techniques to determine
the change years of hydrological data in previous studies [44-46]. More details of the calculation
procedures used in the four tests can be obtained from Verstraeten et al. [47] and Lanzante [41].
In addition, some tests used in this study have been successfully applied to identify the change years
of hydrological data series in Dongting Lake [29] and Poyang Lake [48].

2.2.2. Indicators of Hydrologic Alteration (IHA)

IHA includes 33 indicators and is categorized into five groups, referring to the full spectral
water regimes of magnitude, duration, timing, frequency, and rate of change (Table 2) [49]. The data
were examined carefully before analysis, and no zero-flow events were observed at Chenglingji
and Hukou. As a result, two indicators, “number of zero-flow days” and “base flow index”, were
eliminated in this study. The thresholds of high and low pulse can be determined by two types of
statistics: parametric statistics (mean and standard deviation) and non-parametric statistics (median
and percentile). Non-parametric statistics was used in this study due to the non-normal distribution of
hydro-data [50]. In this situation, the high and low pulse thresholds were calculated by the median
value plus or minus 25%, respectively. In addition, each IHA group corresponds to different ecosystem
influences, as listed in Table 2.

Table 2. IHA groups, parameters, and their ecosystem influences [49]. Indicators of “number of
zero-flow days” and “base flow index” in Group 2 were eliminated from this study.

IHA Groups ITHA Parameters (No.) Ecosystem Influences

Habitat availability for aquatic organisms; soil moisture availability for
1. Magnitude of

monthly water level
conditions

Median monthly water
level (12)

plants; availability and reliability of water for terrestrial animals;
availability of food/cover for furbearing mammals; access by predators
to nesting sites; influences water temperature, oxygen levels,
photosynthesis in water column

2. Magnitude and
duration of annual
extreme water level
conditions

Annual minimum and
maximum 1-, 3-, 7-, 30-,
and 90-day means (10)

Balance of competitive, ruderal, and stress-tolerant organisms; creation
of sites for plant colonization; structuring of aquatic ecosystems by
abiotic vs. biotic factors; structuring of river channel morphology and
physical habitat conditions; soil moisture and anaerobic stress in plants;
dehydration in animals; volume of nutrient exchanges between rivers
and floodplains; duration of stressful conditions such as low oxygen
and concentrated chemicals in aquatic environments; distribution of
plant communities in lakes, ponds, floodplains; duration of high flows
for waste disposal, aeration of spawning beds in channel sediments

3. Timing of annual
extreme water level
conditions

Julian date of each annual

1-day minimum and
maximum (2)

Compatibility with life cycles of organisms; predictability/avoidability
of stress for organisms; access to special habitats during reproduction or
to avoid predation; spawning cues for migratory fish; evolution of life

history strategies, behavioral mechanisms

4. Frequency and

Number of low and high
pulses with each year (2)

Frequency and magnitude of soil moisture stress for plants; frequency
and duration of anaerobic stress for plants; availability of floodplain
habitats for aquatic organisms; nutrient and organic matter exchanges

duration of high and R X between river and floodplain; soil mineral availability; access for water
Median duration of low . . . . L
low pulses and high pulses (2) birds to feeding, resting, reproduction sites; influences bedload
ghp transport, channel sediment textures, and duration of substrate
disturbance (high pulses)
5. Rate and frequency Rise and fall rates (2) Drought stress on plants (falling levels); entrapment of organisms on
of water level Number of hydrologic islands, floodplains (rising levels); desiccation stress on low-mobility

condition changes

reversals (1)

streamedge (varial zone) organisms
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2.2.3. Degree of Hydrological Alteration

Based on IHA, Richter et al. [23] proposed an RVA method to quantitatively assess hydrological
alteration. Two different periods, the pre-impact period and the post-impact period, are required
to conduct RVA analysis. According to the values in the pre-impact period, the RVA target range
can be determined by the percentile values of each IHA parameter. In other words, the upper and
lower boundaries of RVA target range are the median value plus or minus 17%, respectively. Then the
values in the post-impact period are compared to the RVA target range to calculate the hydrological
alterations, expressed as:

_ Observed frequency — Expected frequency

i Expected frequency X 100% M
where, the observed frequency is the post-impact value of the ith indicator actually falling within the
RVA target range, and the expected frequency is the post-impact value of the ith indicator should
fall within the RVA target range [49]. D; is the degree of hydrologic alteration of the ith indicator.
A positive or negative D; indicates that the annual values of that parameter fell within the RVA target
range more or less often than expected [51].

However, a single D; cannot reflect the overall alteration. Therefore, Shiau and Wu (2007) [52]

proposed an integrative index, the overall degree of hydrological alteration (Dy), expressed as:

Do=(;Y DY) @
i=1

In consideration of ecosystem needs [52], Dy was applied in similar studies [53,54]. In addition,
a five-class criterion of hydrological alteration [55] was used for both D; and Dy in this study. An absolute
value of D; or Dy that falls within the range of 0-20%, 20-40%, 40-60%, 60-80%, and 80-100% is defined
as no or slight alteration, low alteration, moderate alteration, high alteration, and severe alteration,
respectively. Furthermore, the classification of hydrological alteration also means that the ecosystem is
at no risk, low risk, moderate risk, high risk, or severe risk, respectively.

3. Results

3.1. Identification of Change Years and Segmentation of Periods

Multiple methods, including Pettitt’s Test, Lanzante’s Test, SNH Test, and BR Test, were used to
identify the change years in time series of Chenglingji and Hukou, respectively. The results of detected
change years were shown in Table 3. The time series of Chenglingji were tested and a significant
change year in 1979 was identified with any of the four tests, indicating that the change in water level
at Chenglingji occurred in 1979. Although Lanzante’s Test produced the only significant result for
Hukou, the year 2003 was regarded as a probable change year for the water level at Hukou.

Table 3. Detection of change year from four statistical methods.

Chenglingji Hukou
Methods
Statistic p-Value Change Year Statistic p-Value Change Year
Pettitt’s Test 615 <0.001 1979 259 0.3795 2003
Lanzante’s Test 155 <0.001 1979 410 <0.05 2003
SNH Test 20.567 <0.001 1979 6.4647 0.1647 2003
BR Test 2.2247 <0.001 1979 1.3294 0.1994 2003

In addition, there were two peak periods of dam construction in the Yangtze River basin: one was
the period from 1970 to 1990; and the other started in 2000 [56]. The change years identified by the four
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tests were consistent with the schedule of the mentioned projects. Moreover, a recent abrupt change
but not a long-term trend change of hydrological regimes was observed in Poyang Lake since the 2000s
in previous studies [57,58]. Thus, the year 2003 was accepted as the abrupt change year of water level
regimes at Hukou. According to the change years, the time series in this study were divided into two
periods: the years 1955-1978 and 1953-2002 were the pre-impact periods for Chenglingji and Hukou,
respectively; the years 1979-2016 and 2003-2014 were the post-impact periods for Chenglingji and
Hukou, respectively.

3.2. Characterization of Water Level Regimes

The full range of water level regimes in terms of magnitude, duration, timing, frequency, and rate
of change at Chenglingji and Hukou were calculated using IHA software 7.1. Median values in the
pre-impact period and the post-impact period, significance, and the D; of 31 indicators were listed in
Table 4. The results were summarized by five IHA groups as follows.

Table 4. Median values of water level in two periods and the degree of hydrologic alteration (D;).

Chenglingji Hukou
i Medi Medi
Indicators ectan Significance  D; (%) ecian Significance  D; (%)
Pre-Impact Post-Impact Pre-Impact Post-Impact
Group 1: Magnitude of monthly water level conditions (m)
January 19.2 20.6 0.000 —92 (SA) 7.8 7.8 0.861 85 (SA)
February 19.2 20.9 0.000 -76 (HA) 8.0 8.3 0.613 39 (LA)
March 19.6 22.3 0.000 —68 (HA) 9.4 10.2 0.284 62 (HA)
April 223 24.0 0.001 —21 (LA) 123 10.9 0.033 —34 (LA)
May 26.3 26.3 0.997 42 (MA) 14.6 14.2 0.449 16 (NA)
June 27.3 27.7 0.351 74 (HA) 15.9 15.5 0.612 —31 (LA)
July 30.3 30.5 0.518 58 (MA) 18.1 16.3 0.018 —31(LA)
August 28.8 29.4 0.192 —29 (LA) 16.8 16.2 0.413 16 (NA)
September 28.0 28.7 0.315 -5(NA) l6.4 16.0 0.495 16 (NA)
October 26.1 26.3 0.664 11 (NA) 14.5 12.8 0.015 —54 (MA)
November 23.7 239 0.674 -13 (NA) 12.0 9.8 0.002 —31 (LA)
December 20.6 21.4 0.000 —37 (LA) 9.1 8.5 0.141 39 (LA)
Group 2: Magnitude and duration of annual extreme water level conditions (m)
1-day minimum 18.3 20.1 0.000 —100 (SA) 7.2 7.3 0.426 39 (LA)
3-day minimum 18.3 20.2 0.000 —100 (SA) 7.2 7.4 0.405 16 (NA)
7-day minimum 184 20.2 0.000 —100 (SA) 7.2 7.4 0.429 16 (NA)
30-day minimum 18.7 20.6 0.000 —100 (SA) 7.4 7.8 0.200 16 (NA)
90-day minimum 19.5 21.4 0.000 -76 (HA) 85 8.8 0.460 62 (HA)
1-day maximum 31.5 324 0.054 3 (NA) 19.5 18.0 0.035 16 (NA)
3-day maximum 314 324 0.057 3 (NA) 19.5 18.0 0.035 16 (NA)
7-day maximum 31.3 32.1 0.073 18 (NA) 19.5 18.0 0.030 16 (NA)
30-day maximum 30.4 311 0.023 34 (LA) 18.6 174 0.044 16 (NA)
90-day maximum 29.2 29.8 0.032 -13 (NA) 17.3 16.5 0.182 -7 (NA)
Group 3: Timing of annual extreme water level conditions (Julian date)
Date of minimum 33.0 18.0 0.088 -2 (NA) 27.0 3.0 0.040 —54 (MA)
Date of maximum 196.5 204.5 0.068 3 (NA) 195.0 209.0 0.039 —-60 (HA)
Group 4: Frequency and duration of high and low pulses
Low pulse count 2.0 0.5 0.001 —28 (LA) 2.0 2.0 0.513 —23 (LA)
Low pulse duration (day) 44.0 26.0 0.259 -19 (NA) 53.5 345 0.265 —75 (HA)
High pulse count 2.0 2.0 0.230 1 (NA) 2.0 2.0 0.256 —23 (LA)
High pulse duration (day) 27.3 415 0.178 —37 (LA) 48.0 22.3 0.044 -51 (MA)
Group 5: Rate and frequency of water level condition changes
Rise rates (m/day) 0.2 0.1 0.045 -9 (NA) 0.1 0.1 0.479 19 (NA)
Fall rates (m/day) -0.1 -0.1 0.112 26 (LA) -0.1 -0.1 0.616 1 (NA)
Number of reversals 41.5 46.0 0.017 —48 (MA) 45.5 38.0 0.070 4 (NA)

Note: NA denotes no or slight alteration, LA denotes low alteration, MA denotes moderate alteration, HA denotes

high alteration, SA denotes severe alteration.

3.2.1. Magnitude of Monthly Water Level Conditions

Nearly all of the median values of monthly water level (except for May) increased from 0.9% to
13.6% in the post-impact period compared with the pre-impact period at Chenglingji. A significant
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increase was observed from December to April for the water level at Chenglingji. In contrast, only two
monthly water level (February and March) increased and the other monthly water level decreased
with a range of —18.4% to —0.8% compared with the two periods at Hukou. April, July, October,
and November water level showed a significant decreased trend at Hukou. Slight or low degrees of
hydrological alteration was observed in most of months, especially for those months in the second half
of the year at the two lake outlets. Water level in May and July at Chenglingji and in October at Hukou
were categorized as moderate alteration. The absolute values of D; in February, March, and June at
Chenglingji and March at Hukou exceeded 60%, which fell within the category of high alteration
(Table 4). Severely altered indicators were observed in January water level with a maximal D; (absolute
value) among monthly water level of —92% at Chenglingji and 85% at Hukou, respectively.

Figure 2 showed the median variation of the highly and severely altered monthly water level
in the two periods. Compared with the pre-impact period, median values of water level in January,
February, March, and June at Chenglingji increased by 7.1%, 9.3%, 13.6%, and 1.3%, respectively, in the
post-impact period, with the former three indicators falling outside of the RVA target range (Table 4
and Figure 2). The average D; (absolute value) of monthly water level at Chenglingji was 43.9%, which
was higher than the value at Hukou (37.7%). In addition, the percentage of monthly water level that
fell within the moderate to severe alteration category at Chenglingji (50%) was also greater than that at
Hukou (25%), indicating that the monthly water level conditions at Chenglingji was worse than that
at Hukou.

24
241 (a) January, Chenglingji (b) February, Chenglingji

—/— Pre-periods
</~ Post-periods
— Median
- RVA boundary Al X

N
N
N

224

Water level (m)
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X
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Year Year
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Figure 2. Variations in the highly and severely altered monthly water level at Chenglingji and Hukou.
(a) January water level at Chenglingji, (b) February water level at Chenglingji, (c) March water level at
Chenglingji, (d) June water level at Chenglingji, (e) January water level at Hukou, (f) March water level
at Hukou.

3.2.2. Magnitude and Duration of Annual Extreme Water Level Conditions

The median values of annual 1-, 3-, 7-, 30-, and 90-day minimum water level and annual 30- and
90-day maximum water level in the post-impact period significantly increased at Chenglingji, with
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a change rate of 2-10.3% (Table 4). However, the medians of minimum water level increased from
2.1% to 5.6%, while the medians of 1-, 3-, 7-, and 30-day maximum water level decreased significantly
by —7.7 to —=5.0% at Hukou in the post-impact period compared to the pre-impact period (Table 4).
The alterations in annual 1-, 3-, 7-, and 30-day minimum water level at Chenglingji were observed
to have an astonishing high level with an absolute value of D; of 100%, indicating severe alteration.
A high alteration of annual 90-day minimum water level was observed at both lake outlets, with a D;
of —76% at Chenglingji and 62% at Hukou, respectively. Consequently, all medians of annual 1-, 3-, 7-,
30-, and 90-day minimum water level in the post-impact period fell outside of the RVA target range at
Chenglingji (Figure 3). Except for low alteration in annual 30-day maximum water level at Chenglingji
and annual 1-day minimum water level at Hukou, the other indicators not mentioned above were
classified as slight alteration. The slightly altered indicators accounted for 80% of all annual extreme
water level at Hukou, much higher than the one at Chenglingji. The mean absolute values of D; were
54.7% and 21.9% at Chenglingji and Hukou, respectively, indicating that the annual extreme water
level conditions at Chenglingji suffered a more serious alteration.
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Figure 3. Variations in the highly and severely altered annual minimum water level at Chenglingji and
Hukou. (a) Annual 1-day minimum water level at Chenglingji, (b) Annual 3-day minimum water level
at Chenglingji, (¢) Annual 7-day minimum water level at Chenglingji, (d) Annual 30-day minimum
water level at Chenglingji, (e) Annual 90-day minimum water level at Chenglingji, (f) Annual 90-day
minimum water level at Hukou.

3.2.3. Timing of Annual Extreme Water Level Conditions

The same change trends were observed in the timing of annual extreme water level conditions at
both lake outlets. The median Julian date of minimum water level advanced 15 days and 24 days in
the post-impact period compared with the pre-impact period at Chenglingji and Hukou, respectively.
However, the median Julian date of the maximum water level was delayed by 8 days and 14 days in
the post-impact period compared with the pre-impact period at Chenglingji and Hukou, respectively
(Table 4). Moreover, these changes in Julian date of the minimum and maximum water level were



Water 2019, 11, 917 9of 16

significant at Hukou but not significant at Chenglingji. Slight alterations were observed in the Julian
date of both minimum and maximum water level at Chenglingji. The D; of Julian date of minimum
water level was —54% at Hukou, a moderate alteration. The median of the Julian date of the maximum
water level in the post-impact period at Hukou was even larger than the upper RVA boundary as
shown in Figure 4a, which was classified as high alteration with a D; of —60%. Due to a much higher
average D; (absolute value) at Hukou (57%) than the one at Chenglingji (2.5%), it was concluded that
the degree of hydrological alteration of the timing of annual extreme water level conditions was more
serious at Hukou than at Chenglingji.
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Figure 4. Variation of (a) date of maximum water level and (b) low pulse duration at Hukou.
3.2.4. Frequency and Duration of High and Low Pulses

Compared with the pre-impact period, the medians of low pulse count significantly decreased
and the median of high pulse duration increased in the post-impact period at Chenglingji. It can be
seen from Table 4 that the absolute values of D; in low and high pulses count and duration were less
than 40% at Chenglingji, indicating that these indicators belonged to the categories of slight alteration
and low alteration, respectively. There were no obvious changes in low and high pulse count at Hukou.
However, low pulse duration sharply decreased and high pulse duration decreased significantly at
Hukou, so they were classified as high and moderate alterations, respectively. The median of low pulse
duration in the post-impact period at Hukou was lower than the lower RVA boundary (Figure 4b).
The average D; (absolute value) in Group 4 was 21.1% at Chenglingji and 43.2% at Hukou, respectively,
indicating that the frequency and duration of high and low pulses at Hukou were more affected than
that at Chenglingji.

3.2.5. Rate and Frequency of Water Level Condition Changes

From Table 4: there were no obvious variations observed in rise rate or fall rate at either lake
outlets. The median of number of reversals significantly increased in the post-impact period compared
to the pre-impact period at Chenglingji, which fell into the class of moderate alteration with a D; of
—48%. Although the median of number of reversals in the post-impact period decreased by 16.48%
compared with the pre-impact period at Hukou, the degree of hydrological alteration was only 4%,
a slight alteration. The average absolute value of D; in Group 5 was 27.67% at Chenglingji and 8% at
Hukou, respectively.

3.3. Quantitative Evaluation of Water Level Alteration

The values of Dy were calculated to evaluate the overall degree of water regimes alteration at
the two lake outlets, according to Equation (2). The Dy was 52.6% at Chenglingji, indicating that the
water regimes experienced moderate alteration or the ecosystem was at moderate risk. The value of D
was 38.2% at Hukou, suggesting that the water regimes experienced low alteration or the ecosystem
was at low risk. Figure 5 showed the distribution of hydrological indicators within the five classes
of alteration. Nearly one-third of the total indicators was categorized as high or severe alteration at
Chenglingji, while 61% of the 31 indicators belonged to slight and low alteration. The distribution of
indicators was quite different between Hukou and Chenglingji. At Hukou, the percentage of highly
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and severely altered indicators accounted for only 16%; however, 74% of the total indicators were
regarded as slight or low alterations. These results showed a spatial pattern of hydrological alterations:
the water regimes at Dongting Lake outlet were more affected than that of Poyang Lake outlet.

— SA
SAO (a) Chenglingji HA 3% (b) Hukou
NA
HA 39% NA
13% 45%
MA
10%
LA
LA 29%

22%

Figure 5. Distribution of hydrological indicators within the five classes of alteration for (a) Chenglingji
and (b) Hukou. NA denotes no or slight alteration, LA denotes low alteration, MA denotes moderate
alteration, HA denotes high alteration, and SA denotes severe alteration.

4. Discussion

4.1. Impact Factors of Water Level Changes

Climate change and anthropogenic activities were recognized as the two major factors that
exerted impacts on water level alteration [59,60]. Climate change could alter the hydrological cycle
at a global or regional scale [61,62], resulting in the alteration of water regimes (e.g., water level,
runoff). It was demonstrated that precipitation, temperature, and evaporation were the most important
climatic factors, and could cause obvious changes in water level conditions [63-66]. Water in both
Dongting Lake and Poyang Lake was mainly supplied by precipitation and river runoff, which was
also controlled by monsoon rainfall in the catchments. Consequently, variations in water level were
closely associated with precipitation, to some extent. Water level in Dongting Lake had increased
significantly since 1980 due to the increased annual rainfall in the lake region [30], which explained
the water level changes in Group 1 and 2 (Table 4). Some studies have discussed how precipitation
and evaporation would affect water level in Poyang Lake; the decreased monthly water level (Table 4)
might be attributed to the frequent drought events since the 2000s [67,68]. The average annual
rainfall decreased from 1699 mm year~! in 1960-2000 to 1577 mm year~! in 2003-2010 in Poyang Lake
basin [69]. This decreasing rainfall trend was also consistent with the decline in monthly water level at
Poyang Lake outlet. These results illustrated the impact of precipitation on water level regimes at the
two lake outlets.

Meanwhile, anthropogenic activities, such as the construction of dams or reservoirs, land use
change, and irrigation, had direct impacts on water level [60,70]. Water regimes in both lakes were
affected by the Yangtze River and rivers in the local basin due to the complex river-lake systems (see
Figure 1). Nearly 371 large dams, with a total storage capacity of 192.6 km?3, have been constructed
in the Yangtze River basin [71]. Those dams usually store water from August to October and release
water from November to May for water supplementation in the dry season and flood control in the
rainy season [53]. The peak flow was reduced and low flow was elevated in rivers as a result of the
operational rules of dams; thus, the maximum water level decreased at Hukou and the minimum
water level increased at Chenglingji and Hukou. Dam construction was one of the main factors that
affect water regimes at the two lake outlets. Due to the imbalanced development in Hunan province
(Dongting Lake) and Jiangxi province (Poyang Lake), other anthropogenic activities” impacts on water
regimes of the two lake outlets were different in manner and degree. For example, water level regimes
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were more affected by lake sedimentation and reclamation in Dongting Lake [29] and by sand mining
in Poyang Lake [72]. Sediment exchange between rivers and lakes was important for lake evolution as
it would affect water regimes at both inlets and outlets [73-75]. Compared to the pre-impact period,
sediment exports significantly decreased at Chenglingji and increased at Hukou in the post-impact
period [76]. Although the sediment erosion and deposition had changed at Chenglingji, the water
surface slope did not show obvious change [76] and thus had a limited impact on water level regimes
at Dongting Lake outlet. The increased sediment exports, mainly affected by serious sand mining,
could increase the volume of Poyang Lake and lower lake bed elevation, resulting in a decline in water
level at Poyang Lake outlet [69,77].

In general, effects of climate change on water regimes are a long-term and slow process, while
anthropogenic activities can have dramatic impacts on water regimes in a short period. Notably,
changes in water level regimes at the outlets of Dongting Lake and Poyang Lake were the results of
the joint influence of climate change and anthropogenic activities. Therefore, the results of variations
in water level regimes derived from the IHA method presented different characteristics in Dongting
Lake and Poyang Lake due to the different effects of climate change and anthropogenic activities in
individual lake outlets.

4.2. Negative Impacts on Ecosystems

Natural water level fluctuation is an important process for maintaining the ecological biodiversity
and ecosystem health of a lake [18]. The inter- and intra-annual water level fluctuations in Dongting
Lake and Poyang Lake were huge, and thus affected the environment and ecosystem of the lakes in
several ways.

Variations in water regimes are critical for fish. For example, the magnitude, duration, and timing
of extreme water conditions are key signals for fish spawning [78]. The hydrothermal conditions
downstream of dams have changed, which further affected the growth, reproduction, and survival
of native fish [79]. The two lake outlets are important passages for migrating fish (e.g., four famous
major carp), which reproduce in rivers and grow in lakes [80]. However, dam construction not only
altered the downstream water regimes, but also impaired the original passages for migrating fish [81].
These impacts could lead to changes in the diversity and communities of fish. Although the total
fishery production showed small variations across normal years in Dongting Lake and Poyang Lake,
the proportion of fish types changed a lot in Dongting Lake, with migratory species decreasing by at
least 20% and resident species increasing by more than 20% [82]. The weaker variability of water level
might be one possible reason for the changes in fish types. In addition, variations in water level could
also affect the trophic environment and wetland ecology in Dongting Lake and Poyang Lake [37,83].

The earlier date of annual minimum water level and the delayed date of annual maximum
water level in Dongting Lake and Poyang Lake were observed (Table 4), resulting in the expansion
of lake grass to a relatively lower elevation zone [84] and showing a positive succession of wetland
vegetation [85]. Due to the significant decline in water level, the wetland vegetation was severely
degraded, and the aquatic vegetation area decreased from 1834 km? (62.5%) in 1983 to 1000 km? (34.1%)
in 2013 in Poyang Lake [86]. Both Dongting Lake and Poyang Lake are the Ramsar wetlands and
important habitats for the wintering of migratory birds. A recent study revealed that variations in
water level affected the distribution dynamics of Lesser White-fronted Geese in the past decade at
Dongting Lake [87].

As discussed above, changes in water level regimes could affect both aquatic and terrestrial
ecosystems in several ways. Moreover, these changes will continue in the foreseeable future. By 2030,
the projected reservoir capacity will reach 300 billion m® and the projected annual water usage will
be 260 billion m? in the Yangtze River basin [56]. The water from South-to-North Water Diversion
Project in China will reach 36.8 billion m® [56]. Undoubtedly, these projects will provide numerous
benefits, such as hydropower, flood control, and meeting the social and economic demands for
water. Additionally, climate change in the Yangtze River basin still poses great uncertainties [88,89].
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Nevertheless, the ongoing impacts of climate change and anthropogenic activities on the hydrological
and ecological processes of the two lakes will be inevitable.

5. Conclusions

The water level regimes at the outlets of Dongting Lake and Poyang Lake experienced moderate
and low alterations, respectively. The low monthly water level and minimum water level conditions
experienced the most serious alterations, especially for those water regimes at Dongting Lake outlet.
Changes in water level regimes were jointly affected by climate change (e.g., rainfall) and anthropogenic
activities (e.g., dam construction, sediment erosion and deposition). Hydrological alteration could affect
both aquatic and terrestrial ecosystems in several ways. Moreover, the uncertainty of climate change
and increased anthropogenic activities in the future will have inevitable effects on the hydrological and
ecological processes of both outlets in Dongting Lake and Poyang Lake.
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