Changes in the eco-ﬂow metrics of the Upper Yangtze River from 1961 to 2008
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s u m m a r y

Flow regime changes in the Upper Yangtze River were investigated using the eco-ﬂow metrics (ecosurplus and ecodeﬁcit) and the ‘‘Indicators of Hydrologic Alteration’’ (IHA) parameters. Results showed that

annual streamﬂow decreased in the period from 1961 to 2008. Autumn streamﬂow evidently decreased

after the 1980s, which resulted from the decrease in precipitation and water storing by reservoirs.

Summer ﬂow decreased after the 1980s which was also primarily attributed to the decrease in precipitation. Winter streamﬂow increased in the two most recent decades, which resulted from the reservoir

release. Results also showed that the Three Gorges Reservoir (TGR) elevated low ﬂow in the dry season

and reduced peak ﬂow in summer since 2003. The decrease in autumn precipitation since 1990s,

suggests that TGR is facing a serious challenge in maintaining water storage in the reservoir and releasing

the water to the downstream ecosystem. Therefore, to mitigate the negative effects on the river ecosystem in the downstream and to maintain its water storage capacity, TGR should start storing water earlier

than its designed schedule to meet the requirements for both power generation and ecosystem protection. A comparison between the eco-ﬂow metrics and the IHA metrics demonstrated that combination

of the two groups of metrics provided a sufﬁcient measure of the changes in the ﬂow regime.


 2012 Elsevier B.V. All rights reserved.

1. Introduction

Changes in ﬂow regime and river discharge are commonly

observed in a large number of rivers worldwide as a response to

environmental changes. However, the characteristics and attribution of such changes are not fully understood.

River discharge is given the most attention among all the components of the hydrological cycles for its close relation to water

resources. Moreover, river ﬂow regimes are critical components

of the ecological integrity of river systems (Poff et al., 1997; Hart

and Finelli, 1999). River discharge and ﬂow regime changes are

well recognized by ecologists as the primary drivers of a number

of fundamental ecological processes in riverine ecosystems (Poff

and Zimmerman, 2010). Understanding the characteristics of

changes in river discharge and ﬂow regime and analyzing the reasons for these changes are important for river management and

river ecosystem protection.

The literature has suggested that climate change would accelerate the global water cycle, thereby resulting in an increase of

extreme events (Arnell, 1999; Trenberth et al., 2003). As a consequence, the regional river discharges and ﬂow regimes will be signiﬁcantly altered under the changing climate. Intensiﬁed human

activities, including land use change, artiﬁcial water intake, and

dam construction, have directly changed the streamﬂow and

altered the natural river ﬂow regimes for the past ﬁve decades.

Changes in river discharges and ﬂow regimes were examined in

many regions worldwide including in China. For example, Shi

et al. (2011) investigated the impact of climate and land use change

on the world’s top 50 rivers over the period of 1948–2004 and

found that the global mean river ﬂow decreased signiﬁcantly, for

which the climate forcing likely functioned as the dominant

controller. Cong et al. (2009) analyzed the annual river discharge

changes in the Yellow River and found that the increase in artiﬁcial

water consumption and decrease in precipitation were the primary

factors that contributed to the drying up of the Yellow River, especially in the 1990s. Aside from the annual river discharge, river ﬂow

regime has also been widely analyzed. McKerchar and Henderson

(2003) and Suen (2010) addressed the impact of climate variation

on ﬂow regime alteration. Magilligan and Nislow (2005) and Yang

et al. (2008) found that the construction of dams could signiﬁcantly

change the river ﬂow regime.

To evaluate the ecological effect of ﬂow regime changes and to

support river management, indicators are needed for evaluating

the ecological health of the river and the degree of hydrologic alteration. To date, numerous hydrologic metrics have been published to

analyze various aspects of the ﬂow regime. These multiple hydrological metrics enable researchers and policy makers to investigate

the multiple effects of hydrological changes on the river ecosystems. However, large numbers of metrics are sometimes too complicated to use, and many metrics are inter-correlated, resulting

in statistical redundancy (Olden and Poff, 2003). The most widely
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(Richter et al., 1996). Richter et al. (1997) proposed the range of

variability (RVA) method for characterizing the river ﬂow regime

changes with the IHA metrics and suggested the 25th and 75th percentile range of these metrics could be used as river management

targets. The IHA metrics, comprising 33 hydrologic parameters,

characterized variation in ﬂows, including ﬁve characteristics of

ﬂow regimes, namely, magnitude of monthly streamﬂows, magnitude and duration of annual extreme ﬂows, timing of annual extreme ﬂows, frequency and duration of high and low pulses, and

rate and frequency of ﬂow changes.

The complexity and inter-correlation of the IHA metrics motivated a number of studies to develop generalized indices that could

be used for evaluating ﬂow regime changes with a smaller number

of metrics. Vogel et al. (2007) introduced the nondimensional metrics of ecodeﬁcit and ecosurplus, which are based on ﬂow duration

curves. These metrics represent the deﬁcit or surplus of streamﬂow

resulting from ﬂow alteration, as a fraction of the mean streamﬂow,

and directly reﬂect the overall loss or gain for river instream

requirement. Some studies (Gao et al., 2009) suggested that the

ecodeﬁcit and ecosurplus metrics are good overall representations

of the degree of alteration of streamﬂow time series.

The Yangtze River is the longest and largest river in China. River

discharge has been greatly changing in the recent 20-years. One possible reason for this change is the fast development of water

resources and hydropower, with climate variability resulting in an

increase in ﬂoods since the 1990s (Yu et al., 2009) and several

drought events in recent years (Dai et al., 2008, 2010). The Three

Gorges Dam was completed in 2003, and the reservoir started testing operation in the same year. Operation at full capacity commenced after October 2008. The construction of this dam draws a

great deal of attention on the changes in the downstream river’s ﬂow

regime and ecosystem. Most recent analyses of the water resource

changes in the Yangtze River focus on the trend detection of annual

or seasonal river discharge (Zhang et al., 2005, 2006, 2008; Jiang

et al., 2007; Xu et al., 2008; Yang et al., 2010). However, analysis of

the ﬂow regime changes and its possible impacts on river ecosystem

remains insufﬁcient to date, especially impacts of the Three Gorges

Dam on the ecologically relevant ﬂow alterations was not clear.

Based on the previous studies, the objectives of the present

study are: (1) to examine ﬂow regime changes in the Upper

Yangtze River using the recently introduced eco-ﬂow metrics

(ecosurplus and ecodeﬁcit) and (2) to investigate the possible reasons behind changes in the eco-ﬂow metrics and to discuss the

possible impact of these changes.

2. Study area and data

The Yangtze River originates from the Tibetan Plateau and follows a sinuous west-to-east route before emptying into the East

China Sea. The Yangtze River ﬂows approximately 6300 km in distance and has 1.8 million km2

of drainage area. The spatial and

temporal variability of precipitation in the Yangtze River basin

are closely related to monsoon activities that transport a huge

amount of atmospheric moisture from the East and South China

Sea to the basin. However, the temporal distributions of precipitation are highly uneven and over 60% of the annual precipitation

occurs in summer, resulting in frequent ﬂoods. The basin is home

to 33% of China’s population and plays an important role in China’s

economic development. The upstream of the Yichang hydrological

gauge (Fig. 1) is called the Upper Yangtze River and has a drainage

area of approximately 1.0 million km2

. The Upper Yangtze River is

abundant in hydropower potential, with a suite of large reservoirs

having been constructed in the Upper Yangtze basin in the past ﬁve

decades for hydropower development (Table 1).

The Yichang hydrological gauge located at the outlet of the

Upper Yangtze basin was selected for analyzing the ﬂow regime

changes in the Upper Yangtze River. The Yichang hydrological

gauge is selected because of the availability of long-term daily discharge data from 1891 to 2008 from this gauge, providing sufﬁ-

cient information as far back from present to obtain the range of

nature ﬂow variation. The Yichang hydrological gauge is merely

44 km downstream of the Three Gorges Dam, and the changes in

streamﬂow at this gauge provide a direct measurement of the impacts of the Three Gorges Reservoir. Most of the meteorological

stations in the Yangtze River basin were constructed at the late

1950s. The climate data used in the present study are daily precipitation data at 146 stations (Fig. 1) from 1961 to 2008. The precipitation data were collected from the data center of the China

Meteorological Administration (website: http://cdc.cma.gov.cn/).

The daily river discharge data of the Yichang hydrological gauge

from 1891 to 2008 was collected from the hydrological data center

of the Ministry of Water Resources in China.

Fig. 1. Study area, location of the meteorological stations, and the Yichang hydrological gauge and TGR dam site (the upper reach is from the headwater to the Yichang

hydrological gauge, and downstream of this gauge is the middle and lower reaches).
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In the present study, the change of the recently introduced metrics, ecosurplus and ecodeﬁcit, was analyzed and compared with

the widely used IHA metrics. The ecosurplus and ecodeﬁcit metrics

are based on ﬂow duration curves (FDCs). FDCs are constructed

from streamﬂow data over a time interval of interest and provide

a measure of the percentage of time duration that streamﬂow

equals to or exceeds a given value. In the current study, annual

and seasonal ecosurplus and ecodeﬁcit are calculated using daily

streamﬂow data.

An FDC simply plots Qi as a function of its corresponding

exceedance probability pi = i/(n + 1), where n is the number of days

of ﬂows, and i is the rank. In the current research, the annual and

seasonal FDC was constructed for each year. Annual and seasonal

FDCs of the Yichang hydrological gauge in the period from 1891

to 1960 were used to represent the nature ﬂow regime because human activity was relatively minimal within this period. Based on

the 70 years of annual or seasonal FDCs, the 75th percentile FDC

and the 25th percentile FDC were obtained and used as the upper

and lower limits of the river ecosystem protection target in the

downstream. The range from the 25th to 75th percentiles could

be considered the adaptive range for the river ecosystem. If the

annual or seasonal FDC of a given year is located below the 25th

percentile FDC, the area between the 25th percentile FDC and the

annual or seasonal FDC was deﬁned as ecodeﬁcit. This value represents the amount of water deﬁciency to the river ecosystem

requirement. Conversely, if the annual or seasonal FDC of a given

year is located above the 75th percentile FDC, the area between

the 75th percentile FDC and the annual or seasonal FDC was called

the ecosurplus, which represents the amount of water afﬂuence to

the river ecosystem requirement (Fig. 2). The values of the ecosurplus and ecodeﬁcit were divided by the annual mean or seasonal

mean ﬂow amount to quantify the fractions of ecosurplus and ecodeﬁcit, respectively. In the present study the fractions of ecosurplus and ecodeﬁcit were termed as the eco-ﬂow metrics.

The IHA metrics comprise 33 parameters, as listed in Table 2.

High or low pulses are deﬁned as those periods within a year in

which the daily mean ﬂow either rises above the 75th percentile

(high pulse) or drops below the 25th percentile (low pulse) of all

daily ﬂows during the period from 1891 to 1960. Base ﬂow index

is given by the 7-day minimum ﬂow divided by the annual mean

ﬂow. Reversals are calculated by dividing the hydrologic record

into ‘‘rising’’ and ‘‘falling’’ periods, which correspond to periods

in which daily changes in ﬂows are either positive or negative,

respectively. The detailed deﬁnition of all these IHA metrics could

be found at the user manual of IHA (The Nature Conservancy,

2006). This current study did not use ‘‘number of zero-ﬂow days’’

because no zero-ﬂow day was observed for the Yichang hydrological gauge during the study period. The basin-averaged annual and

seasonal precipitation of the Upper Yangtze basin was calculated

using the daily precipitation data of the meteorological stations

shown in Fig. 1. The precipitation anomaly was calculated to analyze the causes for the changes in streamﬂow.

4. Results and discussion

4.1. Changes in streamﬂow indicated by the eco-ﬂow metrics

Annual ecosurplus and ecodeﬁcit were used to analyze changes

in annual streamﬂow, and seasonal ecosurplus and ecodeﬁcit were

used to describe characteristic of seasonal changes in ﬂow regime.

The IHA metrics were used to analyze the detail changes in stream-

ﬂow, which offers more detailed information of the ﬂow regimes.

4.1.1. Changes in annual streamﬂow

The annual ecosurplus refers to periods when streamﬂow is

above 75th percentile annual ﬂow duration curve, and the annual

ecodeﬁcit refers to periods when streamﬂow is below 25th percentile annual ﬂow duration curve. The long-term changes in annual

streamﬂow from 1961 to 2008 were examined using the annual

ecosurplus and ecodeﬁcit together with the precipitation anomaly

as shown in Fig. 3. It can be observed that temporal variation of the

annual low ﬂow was generally consistent with the precipitation

anomaly, which implies that the decrease in the annual low ﬂow

primarily resulted from the decrease in annual precipitation. However the annual high ﬂow did not show the same trend with the

annual precipitation anomaly especially in the 1980s, which could

be caused by the reservoirs regulation of high ﬂow except in the

extreme ﬂood year 1998. The decadal statistic of annual ecosurplus

and ecodeﬁcit were illustrated by the boxplots as shown in Fig. 4.

Table 1

Large reservoirs in the Upper Yangtze basin.

Name Total capacity (10

8

m3

) Construction year

Hongfeng 6.4 1960

Gongzui 3.6 1971

Heilongtan 3.6 1971

Bikou 5.2 1976

Wujiangdu 23.0 1982

Shengzhong 13.4 1983

Tongjiezi 2.5 1986

Baozhusi 25.5 1998

Ertan 58.0 1998

Three Gorges 393.0 2003

Fig. 2. Deﬁnition of ecosurplus and ecodeﬁcit in the ﬂow duration curve.

Table 2

Thirty-three Indicators Of Hydrologic Alteration.

Mean ﬂow in January Mean ﬂow in

December

90-day maximum

Mean ﬂow in February Base ﬂow index Low pulse count

Mean ﬂow in March 1-day minimum Low pulse duration

Mean ﬂow in April 3-day minimum High pulse count

Mean ﬂow in May 7-day minimum High pulse duration

Mean ﬂow in June 30-day minimum Rise rate

Mean ﬂow in July 90-day minimum Fall rate

Mean ﬂow in August 1-day maximum Number of reversals

Mean ﬂow in

September

3-day maximum Date of maximum

Mean ﬂow in October 7-day maximum Date of minimum

Mean ﬂow in

November

30-day maximum Number of zero ﬂow

days
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of the boxes) from the 1960s to the recent decade showed that

variability in high ﬂow was reduced. Whereas the median value

of annual ecodeﬁcit showed a low–high–low cycle from the

1960s to the 1980s and then increased in the recent two decades,

which indicates that streamﬂow in the dry period had a 10-years

period before the 1980s and a decreasing trend after the 1980s.

4.1.2. Changes in seasonal streamﬂow

The ecosurplus and ecodeﬁcit of seasonal ﬂow from 1961 to

2008 are shown in Fig. 5. Fig. 6 shows the boxplots of the decadal

statistic of the ecosurplus and ecodeﬁcit in four seasons, in which

the median values illustrated a similar temporal variation of the

metrics as shown in Fig. 5. It can be seen that both ecosurplus

and ecodeﬁcit in spring decreased generally, and became relatively

stable since 1990 (Fig. 5a). This ﬁnding indicates that streamﬂow

variability in spring was subsided in recent two decades. Summer

high ﬂow above the 75th percentile FDC decreased which was

illustrated by a slight decreasing tendency in summer ecosurplus

(Fig. 5b), whereas the summer low ﬂow decreased which was indicated by the signiﬁcant increasing trend in summer ecodeﬁcit

since the 1980s (Fig. 6b). Streamﬂow had the largest changes in

autumn when ecosurplus decreased and ecodeﬁcit increased as

shown in Fig. 5c. This indicates that autumn streamﬂow had a signiﬁcant decreasing trend in both high ﬂow and low ﬂow. Ranges of

the ecosurplus and ecodeﬁcit (given by the size of the boxes) illustrates that the variability in the autumn high ﬂow was reduced,

however the variability in the autumn low ﬂow was increased

(Fig. 6c). Fig. 5d shows the least variability in both high and low

ﬂows in winter among the four seasons, but it can be seen that

the winter high ﬂow slightly increased since the 1990s (also see

Fig. 6d).

As shown in Table 3 (also see Fig. 5a and b), in spring and

summer, ecosurplus (ecodeﬁcit) had a strong positive (negative)

Fig. 3. Changes in the annual eco-ﬂow metrics and the annual precipitation

anomaly in the period from 1961 to 2008.

Fig. 4. Boxplot of the decadal changes in annual ecosurplus and ecodeﬁcit in the period from 1961 to 2008 (the edges of the box are the 25th and 75th percentiles of metrics,

the red line inside the box are the median, and the black solid lines outside of the box are the maximum and minimum).

Fig. 5. Changes in the seasonal eco-ﬂow metrics and the precipitation anomaly in

the period from 1961 to 2008: (a) spring; (b) summer; (c) autumn; and (d) winter.
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streamﬂow in spring and summer were mainly caused by the

changes in seasonal precipitation. In autumn and winter, the correlation between eco-ﬂow metrics and precipitation is weaker than

the correlations in spring and summer (Table 3). As shown in

Fig. 5, precipitation anomalies in autumn and winter did not agree

with changes in autumn high ﬂow and winter high ﬂow. The autumn low ﬂow showed a much stronger decreasing trend than

the trend in precipitation anomaly. This ﬁnding implies other factors may possibly affect the streamﬂow changes. The evident decrease in autumn precipitation after the 1980s (see Fig. 5c) could

be an important factor contributing to the decrease in autumn

streamﬂow in the same period. Numerous large reservoirs in the

Upper Yangtze basin were constructed after 1980 (Table 1), and

water storage by these reservoirs could be another reason for the

decrease in autumn streamﬂow. Precipitation had no signiﬁcant

change in winter (Fig. 5d). However, an increase of winter high

ﬂow was found since 1990, implying that the increasing trend in

winter high ﬂow might be caused by the reservoir release.

4.1.3. Detail changes in streamﬂow

The difference of the mean value for each IHA metric (32 metrics

in total) between the two periods of 1991–2008 and 1961–1990 was

calculated and is given in Table 4. Among the 32 IHA metrics, 10 metrics showed a relative change exceeding 10%. The mean ﬂow in

September decreased by 16.3%, whereas the mean ﬂow in October

decreased by 19.8%, showing the largest changes among all the

monthly mean ﬂow metrics. This ﬁnding indicates a signiﬁcant

decrease in the autumn ﬂow, which is consistent with the increase

in the autumn ecodeﬁcit shown in Fig. 6c. The mean ﬂow in February

increased by 10.9% and this change contributed to the increase of

winter streamﬂow which is consistent with increase in the winter

ecosurplus shown in Fig. 6d. The mean ﬂow in March increased by

15.5% and is consistent with decrease in the ecodeﬁcit in spring

Fig. 6. Boxplot of decadal changes in the seasonal ecosurplus and ecodeﬁcit in the period from 1961 to 2008: (a) spring; (b) summer; (c) autumn; (d) winter (the edges of the

box are the 25th and 75th percentiles of metrics, the red line inside the box are the median, and the black solid lines outside of the box are the maximum and minimum).

Table 3

Correlation coefﬁcient between the eco-ﬂow metrics and seasonal precipitation.

Spring Summer Autumn Winter

Ecosurplus Ecodeﬁcit Ecosurplus Ecodeﬁcit Ecosurplus Ecodeﬁcit Ecosurplus Ecodeﬁcit

0.46 
0.59 0.61 
0.64 0.29 
0.45 0.35 
0.23
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which primarily occurred in winter, indicates increase in winter

streamﬂow and is also consistent with the increase in the winter

ecosurplus given in Fig. 6d. Base ﬂow index (i.e. the ratio of the

7-day minimum ﬂow to the annual mean ﬂow) increased by 12%

because of the increase in the 7-day minimum ﬂow and the decrease

in the annual mean ﬂow. Table 4 also illustrates the evident decrease

in the annual high and low pulse duration and rise rate, implying

that steamﬂow became more stable in the period from 1991 to 2008.

4.2. Impact of the Three Gorges Reservoir on ﬂow regime

It was known in the above section that changes in streamﬂow

might be associated with the changes in precipitation and reservoir

operation. The Three Gorges reservoir has a total capacity of

39.3 billion m3

, which was expected to have the largest inﬂuence

on the Yangtze River streamﬂow. Therefore it is desired to assess

the impact of the Three Gorges Reservoir.

The Three Gorges Dam was completed in 2003, and the reservoir started its testing operation in the same year. During this testing operation, the maximum water level of TGR was 135 m from

2003 to 2005, which was then increased to 156 m in the period

from 2006 to 2008. Therefore the period from 2003 to 2008 is

deﬁned as the post-TGR period. The impact of the reservoirs on

the ﬂow regime was closely related to the operation rules. Dams

typically reduce the peak ﬂows of a river, elevate low ﬂows, and

reduce downstream streamﬂow during water storing. TGR usually

stored water in autumn (mainly in October and November), and its

water level was raised to the maximum water level at the end of

autumn. The reservoir supplied water to the middle and lower

Yangtze River during December to May, and its water level was

reduced to the limited water level for ﬂood control at the end of

spring. In summer, TGR is primarily used to regulate large ﬂoods,

but allows small ﬂood to pass for a normal year.

According to the operation rules of TGR, the direct effect of TGR

on the river ﬂow regime might be reduction of the autumn ﬂow,

increase of the low ﬂow in spring and winter, and reduction of

the peak ﬂow in summer. Table 5 showed changes in the autumn

ecodeﬁcit, as well as the annual minimum and maximum ﬂows between the post-TGR period and the pre-TGR period from 1991 to

2002. From the pre-TGR period to the post-TGR period, the annual

mean value of autumn ecodeﬁcit increased from 0.087 to 0.096,

indicating that autumn streamﬂow decreased about 10%. The minimum ﬂows of 1–30-days increased about 10%, and the maximum

ﬂows of 1–30-days decreased about 6–13%.

As shown in Fig. 7, the minimum ﬂows changed periodically

before 2003, but increased continuously since TGR started operation in 2003. Changes in seasonal precipitation between the preand post-TGR periods were illustrated in Table 6. Precipitation in

spring and winter had slight increases, therefore the increases in

1–30 days minimum ﬂows were mainly caused by the TGR releases

of water. Comparing the change in summer precipitation with the

change in 1–30-days maximum ﬂows between the pre and postTable 4

Changes in the annual mean values of the IHA metrics at the Yichang hydrological

gauge between the periods 1961–1990 and 1991–2008.

1961–1990 1991–2008 Relative change

(%)

Mean ﬂow in January (m3

/s) 4174 4520 
4.91

Mean ﬂow in February (m3

/s) 3747 4155 10.92

Mean ﬂow in March (m3

/s) 4185 4831 15.45

Mean ﬂow in April (m3

/s) 6634 6967 5.02

Mean ﬂow in May (m3

/s) 11,725 11,205 
4.43

Mean ﬂow in June (m3

/s) 18,243 18,009 
1.29

Mean ﬂow in July (m3

/s) 29,720 29,109 
2.06

Mean ﬂow in August (m3

/s) 26,199 26,290 0.35

Mean ﬂow in September

(m3

/s)

26,919 22,536 
16.28

Mean ﬂow in October (m3

/s) 19,110 15,334 
19.76

Mean ﬂow in November

(m3

/s)

10,102 9570 
5.27

Mean ﬂow in December

(m3

/s)

5778 5837 1.03

1-day minimum (m3

/s) 3405 3524 3.47

3-day minimum (m3

/s) 3427 3572 4.24

7-day minimum (m3

/s) 3471 3642 4.94

30-day minimum (m3

/s) 3641 3921 7.69

90-day minimum (m3

/s) 4040 4489 11.11

1-day maximum (m3

/s) 49,800 46,638 
6.35

3-day maximum (m3

/s) 47,954 45,226 
5.69

7-day maximum (m3

/s) 42,882 41,960 
2.15

30-day maximum (m3

/s) 33,623 34,268 1.92

90-day maximum (m3

/s) 28,061 26,896 
4.15

Base ﬂow index 0.25 0.28 12.00

High pulse duration (days) 23 20 
14.04

high pulse count 6 6 0.00

Low pulse duration (days) 50 24 
52.00

low pulse count 3 4 33.33

Rise rate (m3

/s/day) 1323 1262 
19.08

Fall rate (m3

/s/day) 800 805 
3.64

Number of reversals 82 90 9.76

Date of maximum 211 220 4.27

Date of minimum 57 52 
8.77

Note: The number in bold means relative change is larger than 10%.

Table 5

Changes in the annual mean of autumn ecodeﬁcit, as well as annual minimum and

annual maximum ﬂows between the periods 2003–2008 and 1991–2002.

Pre-TGR period

(1991–2002)

Post-TGR period

(2003–2008)

Relative

change (%)

Autumn ecodeﬁcit 0.087 0.096 10.35

1-day minimum

ﬂow (m3

/s)

3404 3763 10.56

3-day minimum

ﬂow (m3

/s)

3457 3803 10.02

7-day minimum

ﬂow (m3

/s)

3534 3857 9.14

30-day minimum

ﬂow (m3

/s)

3794 4175 10.04

1-day maximum

ﬂow (m3

/s)

47,582 44,750 
5.95

3-day maximum

ﬂow (m3

/s)

46,146 43,388 
5.98

7-day maximum

ﬂow (m3

/s)

43,055 39,769 
7.63

30-day maximum

ﬂow (m3

/s)

35,806 31,191 
12.89

Fig. 7. Changes in annual minimum streamﬂow in the period from 1991 to 2008.
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in addition to the precipitation decrease (also see Fig. 8). Slight decrease in autumn precipitation but signiﬁcant decrease in autumn

streamﬂow implies that water storing by TGR was the major cause

for reduction of streamﬂow in autumn.

Impact of TGR water storing on ﬂow regime was most signiﬁ-

cant in the years of 2006, 2007 and 2008 since it started regular

operation from 2006. Fig. 9 shows the annual FDC in these 3 years.

It was extremely dry in 2006, and the precipitation anomalies were


126 mm and 
4 mm in summer and autumn, respectively. The

high ﬂow above the 20th percentile of FDC was signiﬁcantly reduced due to the decrease of summer precipitation. The ﬂow deﬁ-

cit between the 20th and 60th percentiles of FDC typically occurred

in autumn and this could mainly result from the water storing of

TGR. It was a normal water year in 2007, ﬂow deﬁcit between

the 20th and 60th percentile of FDC was mainly caused by TGR

water storing. The precipitation anomalies were 
19 mm and

2 mm in the summer and autumn in 2008, respectively. Therefore

there was a slight decrease in high ﬂow and relatively less deﬁcit in

the median ﬂows. The low ﬂows below the 60th percentile of FDC

in these 3 years were generally above the 25th percentile annual

FDC, and this was due to the TGR water release.

It would be noted that the annual minimum ﬂows typically occurred in winter when TGR elevated its downstream river ﬂow,

which was not shown by the annual eco-ﬂow metrics (see

Fig. 3). Therefore, the seasonal-scale analysis (see Fig. 5 and Table

4) are more important for detecting different impacts of climate

variability and reservoir operation rather than annual-scale analysis of low and high ﬂows. In addition, the ﬂow duration curves (see

Fig. 9) offer ﬁne resolution analysis that is necessary for hydrologic

understanding.

4.3. Comparison between the eco-ﬂow metrics and the IHA metrics

To understand the relationship between the seasonal eco-ﬂow

metrics and the IHA metrics, the correlation coefﬁcient between

the time series of the seasonal eco-ﬂow metrics and the time series

of the IHA metrics from 1961 to 2008 were calculated. As shown in

Table 7, most IHA metrics were found to be strongly correlated

with one or two eco-ﬂow metrics. Monthly mean ﬂow metrics

showed strong correlation with eco-ﬂow metrics in the same season. This ﬁnding suggests that seasonal eco-ﬂow metrics could

represents the major changes in monthly streamﬂow. Decrease in

autumn streamﬂow and increase in winter streamﬂow were both

identiﬁed by the eco-ﬂow metrics and the IHA metrics. Table 7 also

illustrates strong correlations between eco-ﬂow metrics and magnitude of the extreme ﬂow. The annual minimum ﬂow at different

durations showed strong correlations with winter ecosurplus and

ecodeﬁcit. Similarly, the annual maximum ﬂow at different durations showed strongly correlation with summer ecodeﬁcit. The rise

rate and fall rate were found to be strongly correlated with summer ecodeﬁcit, and the duration of high ﬂow pulse was found to

be strongly correlated with the summer ecosurplus. This ﬁnding

suggests the eco-ﬂow metrics also indicate changes in ﬁne resolution components of ﬂow regime changes including magnitude of

extreme ﬂows, change rate, and duration of high pulse, which are

characterized by the IHA metrics. Only a few IHA metrics showed

weak correlations with eco-ﬂow metrics, including low ﬂow count

and duration, date of maximum and minimum ﬂow, and number of

reversals. The results indicate that the eco-ﬂow metrics might lose

some information on the ﬂow regime, particularly on the frequency and duration of the low ﬂow pulse and the timing of high

or low ﬂows, because ecosurplus and ecodeﬁcit metrics are based

on FDCs, which do not account for the timing or duration of a particular ﬂow event.

The above analysis implies that the eco-ﬂow metrics could provide a good representation of a large number of IHA metrics and

can capture the primary characteristics of changes in the IHA metrics in the case study of the Upper Yangtze River. Combination of

the eco-ﬂow metrics and the IHA metrics can provide a powerful

approach for measuring the degree of ﬂow regime changes and

Table 6

Changes in seasonal precipitation between the periods 2003–2008 and 1991–2002.

Pre-TGR period

(1991–2002)

Post-TGR period

(2003–2008)

Relative

change (%)

Spring

precipitation

(mm)

158.4 162.4 2.51

Summer

precipitation

(mm)

435.0 401.7 
7.66

Autumn

precipitation

(mm)

179.0 176.4 
1.48

Winter

precipitation

(mm)

32.3 32.6 1.03

Fig. 8. Changes in annual maximum streamﬂow in the period from 1991 to 2008.

Fig. 9. Annual ﬂow duration curves in 2006, 2007 and 2008.
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the river ecosystem.

4.4. Possible impacts of ﬂow regime change

From the above analysis, the major changes in the ﬂow regime

include: (1) the signiﬁcant decrease in the autumn streamﬂow and

(2) the increase in the winter and spring streamﬂow, particularly

after TGR was constructed.

The decrease in autumn streamﬂow started in the 1990s, before

the TGR was constructed. In the post-TGR period, the water storing

of the TGR in autumn intensiﬁed this decreasing trend. This condition might result in an imbalance between supply and demand in

the middle and lower Yangtze and threaten the aquatic ecosystems

in autumn. For example, the habitat availability for aquatic organisms and food supply for aquatic animals may be reduced (Poff

et al., 1997), and the spawn of some important species such as Chinese sturgeon may also decline because of the changing conditions

of the river discharge, water temperature and oxygen. Another

problem might be the reduction in the water level of lakes downstream of the dam, especially in autumn. In fact, the decrease of the

water levels in the Dongting Lake and the Poyang Lake in recent

years, made navigations in these two lakes difﬁcult and resulted

in decreased water supply in the lake surrounding areas in autumn.

Along the middle and lower reaches of Yangtze River there were

several large cities under rapid development and fertile farmlands

over large areas. Decrease in autumn streamﬂow would potentially

inﬂuence on water supply to the cities and agricultural water uses

for autumn planting since the spring wheat and rape are two common crops in the middle and lower reaches of Yangtze River.

Decreases of the high ﬂows in autumn and summer especially in

recent years might reduce bedload transport and result in instability of the channel form. The hydraulic connection between the

channel and ﬂoodplains may also be reduced, resulting in a decrease in nutrient and organic matter exchanges between the river

ecosystem and ﬂoodplain. A similar change has been reported in 21

rivers in the United States by Magilligan et al. (2003).

Increases of low ﬂows in spring and winter by TGR release

would beneﬁt the navigation and water supply along the middle

and lower Yangtze during the dry season. However, an increase

in low ﬂow might have some ecological consequences. For example, Marchetti and Moyle (2001) reported that increase of low ﬂow

created conditions unfavorable to native species, but favorable to

non-natives in the Lower Putah Creek in California. Sparks (1995)

found that an increase of low ﬂow raised alluvial water tables under ﬂoodplains, thereby affecting riparian vegetation in the Mississippi River.

Reservoir constructions in the upper streams of the Yangtze

River have been accelerated in the 21st century to meet the

increasing energy requirement and larger changes in ﬂow regime

will be expected (Jin et al., 2010). The operation of TGR is facing

a great challenge from the changes in its inﬂow and the ecosystem

demand in its downstream.

5. Conclusion

Using long-term daily river discharge data of the Upper Yangtze

River, changes in the eco-ﬂow metrics, i.e., ecosurplus and ecodeficit, at the Yichang hydrological gauge were calculated and compared with the widely used IHA metrics. The characteristics and

attribution for the changes in ﬂow regime were analyzed based

on these metrics and annual and seasonal precipitation anomalies,

Table 7

Correlation coefﬁcient between the eco-ﬂow metrics and the IHA metrics.

Spring Summer Autumn Winter

S D S D S D S D

Mean ﬂow in January 0.12 
0.26 
0.11 0.11 0.04 0.07 0.66 
0.69

Mean ﬂow in February 0.17 
0.42 
0.24 0.10 
0.07 0.20 0.57 
0.55

Mean ﬂow in March 0.60 
0.55 
0.14 0.14 
0.09 0.38 0.39 
0.41

Mean ﬂow in April 0.73 
0.53 
0.13 
0.08 0.06 0.13 0.16 
0.14

Mean ﬂow in May 0.71 
0.64 0.01 
0.25 0.10 0.14 0.08 0.12

Mean ﬂow in June 0.23 
0.39 
0.07 
0.36 
0.14 0.05 0.26 
0.20

Mean ﬂow in July 
0.04 
0.01 0.53 
0.55 
0.01 
0.25 
0.23 0.05

Mean ﬂow in August 
0.11 0.02 0.62 
0.60 0.18 
0.31 
0.08 0.19

Mean ﬂow in September 
0.14 0.29 0.11 
0.31 0.71 
0.71 
0.03 0.14

Mean ﬂow in October 0.09 0.16 
0.13 
0.32 0.54 
0.67 0.13 
0.09

Mean ﬂow in November 0.13 
0.07 
0.15 
0.26 0.14 
0.56 0.08 
0.17

Mean ﬂow in December 0.02 
0.06 0.02 
0.10 0.15 
0.48 0.08 
0.09

1-day minimum 0.30 
0.43 
0.21 0.03 
0.01 0.03 0.57 
0.46

3-day minimum 0.29 
0.44 
0.20 0.03 
0.03 0.06 0.57 
0.46

7-day minimum 0.27 
0.45 
0.19 0.02 
0.03 0.07 0.59 
0.48

30-day minimum 0.24 
0.47 
0.24 0.08 
0.08 0.17 0.61 
0.54

90-day minimum 0.43 
0.50 
0.17 0.13 
0.10 0.30 0.58 
0.59

1-day maximum 
0.10 0.19 0.37 
0.56 0.29 
0.34 
0.28 0.06

3-day maximum 
0.08 0.16 0.34 
0.58 0.30 
0.34 
0.27 0.03

7-day maximum 
0.04 0.10 0.41 
0.62 0.35 
0.29 
0.23 0.04

30-day maximum 
0.11 0.07 0.61 
0.65 0.30 
0.33 
0.17 0.22

90-day maximum 
0.06 0.07 0.61 
0.68 0.38 
0.47 
0.12 0.16

Base ﬂow index 0.04 
0.24 
0.35 0.65 
0.33 0.58 0.36 
0.35

High pulse duration 
0.03 0.08 0.50 
0.37 0.48 
0.29 0.04 
0.01

High pulse count 0.16 
0.03 
0.27 
0.13 
0.20 
0.20 0.01 0.00

Low pulse duration 
0.09 0.03 
0.18 0.03 
0.11 0.00 
0.14 
0.26

Low pulse count 0.08 
0.09 0.10 0.11 0.00 0.24 0.25 
0.04

Rise rate 0.10 0.05 0.20 
0.52 0.31 
0.52 
0.32 0.24

Fall rate 0.09 
0.21 0.30 
0.52 0.15 
0.43 
0.18 0.15

Number of reversals 
0.15 
0.18 
0.03 0.27 
0.33 0.32 0.20 
0.26

Date of maximum 
0.26 0.19 0.01 0.04 0.40 
0.17 0.17 
0.04

Date of minimum 
0.28 0.30 0.01 
0.06 0.14 
0.12 
0.13 0.01

Note: S means ecosurplus, D means ecodeﬁcit. The number in bold means the correlation is signiﬁcant at a = 0.001.
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major ﬁndings are as follows:

(1) Ecosurplus and ecodeﬁcit-ﬂow metrics were useful for analyzing the annual and seasonal changes in streamﬂow. IHA

metrics provided more detailed information of the ﬂow

regime. Combination of the eco-ﬂow metrics and the IHA

metrics provide a sufﬁcient measure of ﬂow regime change

in the Upper Yangtze River.

(2) Annual streamﬂow evidently decreased. The decrease in

annual precipitation was the primary factor facilitating

these changes. The most noticeable change in the seasonal

ﬂow was the decrease in autumn streamﬂow after the

1980s. This resulted from the decrease in precipitation and

was intensiﬁed by reservoir water storage. The summer ﬂow

was also found to decrease after the 1980s, a ﬁnding that is

consistent with the decreasing trend of precipitation. The

increase in the winter streamﬂow was observed in the two

most recent decades, which resulted from the reservoir

release.

(3) Changes of the ﬂow regime might have negative impacts on

the river ecosystem. The decrease in autumn streamﬂow

may result in a deﬁciency of water supply to the river ecosystem and a reduction in habitat availability. This decrease

may also affect the spawning of some ﬁsh species. The

decrease in summer and autumn high ﬂow may reduce

nutrient and organic matter exchanges between the aquatic

ecosystem and ﬂoodplain. The increase in low ﬂow in winter

may create conditions unfavorable to native species, but

favorable to non-natives.

(4) TGR elevated the extremely low ﬂow in downstream during

the dry season and reduced peak ﬂow in summer after its

impounding. The decrease in autumn precipitation since

the 1990s, presents a serious challenge for TGR in terms of

reservoir water storage and ecosystem requirement in the

downstream, suggesting that TGR has to start storing water

earlier than its designed schedule to mitigate the negative

impacts on river ecosystem in the downstream and to maintain its water storage for power generation.
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