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Abstract

:

This paper investigates hydrologic changes in the Yangtze River using long-term daily stream flow records (1955–2013) collected from four flow gauging stations located from the upper to the lower reaches of the river. The hydrologic regime is quantified using the Indicators of Hydrologic Alteration, which statistically characterize hydrologic variation within each year. Scanning t-test is applied to analyze multiple changes in the hydrologic regime at different time scales. Then, coherency analysis is applied to identify common changes among different hydrologic indicators and across different reaches of the Yangtze River. The results point to various change patterns in the five components of hydrologic regime, including the magnitude of monthly water conditions, magnitude and duration of annual extreme water conditions, timing of annual extreme water conditions, frequency and duration of high and low pulses, and rate and frequency of water condition changes. The 32 hydrologic indicators feature multiple temporal-scale changes. Spatial variations can be observed in the hydrologic changes of the upper, middle, and lower reaches of the river. Common changes in different reaches consist of hydrologic indicators including the monthly flow in October and the low-flow indicators. The monthly flow in October is dominated by decreasing trends, while the monthly flows between January and March, the annual minimum 1/3/7/30/90-day flows, and the base flow index are characterized by increasing trends. Low pulse duration and total days of low pulses feature downward trends. The coherency analysis reveals significant relationships between the monthly flow in October and the low-flow indicators, indicating that reservoir regulation is an important factor behind the hydrologic changes.
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1. Introduction


The hydrologic regime, which is crucial to riverine ecosystems, sets a template for ecological processes, evolutionary adaptations, and native biodiversity maintenance [1]. The concept of “natural flow regime,” which has emerged as a paradigm for river conservation and restoration [2], recognizes the full range of natural flow variability as a primary driving force for sustaining the ecological health of a river. The hydrologic regime is influenced by both climate and anthropogenic activities, and many studies of worldwide hydrologic changes have considered these two factors [3,4,5,6,7,8]. Anthropogenic activities that influence the hydrologic regime include land use [9], water diversion [10], and especially dam construction [11]. Dams provide numerous socio-economic benefits in terms of flood control, power generation, water supply, navigation, and recreation; however, dams disrupt river continuity and influence river hydrology, primarily by changing the timing, magnitude, and frequency of low and high flows. Ultimately, dams produce a hydrologic regime that differs significantly from the natural flow regime [6]. The altered hydrologic regime may influence riverine ecosystems by changing the natural habitat of native aquatic organisms, thereby affecting species structure and biodiversity; over time, these factors can influence the sustainable development of human society [12].



The Yangtze River, an important source of water, hydropower, and biological resources, plays a vital role in China’s economic development and ecological environmental conservation. Hydrologic changes in the Yangtze River and their associated ecological implications have attracted considerable attention from hydrologists, geomorphologists, and policy-makers. Huang et al. [13] documented flow complexity loss in the upper Yangtze River, attributing it to underlying surface condition changes influenced by human activities, especially reservoir construction. Yu et al. [14] analyzed the influence of the Gezhouba Reservoir and Three Gorges Reservoir, considering alterations in annual, seasonal, monthly, and daily flow. Gao et al. [15] further investigated the impact of the Three Gorges Reservoir on the flow regime in the middle and lower Yangtze River based on the Indicators of Hydrologic Alteration (IHA). The years when the reservoir began to store water were artificially designated as change points, and subsequent hydrologic changes were analyzed by comparing the regimes between the pre- and post-dam periods. Zhang et al. [16] applied scanning t-test to detect change points in monthly streamflow, ignoring variations in other hydrologic components like the magnitude, duration, and timing of annual extreme water conditions; the frequency and duration of high and low pulses; and the rate and frequency of water condition changes.



Based on these previous studies, the present study aims to accomplish the following objectives: (1) to investigate abrupt changes at different time scales in the hydrologic regime of the Yangtze River and discuss the implications of these changes; and (2) to investigate the possible impacts of reservoirs. One improvement over previous studies is the systematic analysis of multiple changes in the hydrologic regime, as characterized by the IHA. This study identifies spatial variations in the hydrologic changes by analyzing the streamflow in the upper, middle, and lower reaches. Common changes in the hydrologic regimes of the different reaches are then investigated using an improved coherency analysis method. The impacts of reservoirs are revealed through the changing features of hydrologic indicators and the coherency between related hydrologic indicators. The novelty of this study is embodied in the improved coherency analysis method, which can detect common changes in different hydrologic indicators and different reaches, thereby revealing possible impacts of reservoirs.




2. Study Area and Data


The Yangtze River (Figure 1), located from 91° E to 122° E and 25° N to 35° N, is the longest river in China and the third longest river in the world. It originates in the Qinghai-Tibet Plateau, flows about 6300 km eastwards to the East China Sea, and drains an area of approximately 1.8 million km2. The Yangtze River basin lies in the monsoon region of East Asia’s subtropical zone, and it experiences mean annual precipitation of approximately 1090 mm [17]. Generally, spring lasts from March to May, summer lasts from June to August, autumn lasts from September to November, and winter lasts from December to February of the following year. Over 50,000 dams have been constructed in the Yangtze River basin, with many located in the upper reaches [18]. The dams’ total storage capacity is almost 180 billion m3, representing approximately 20% of the river’s annual runoff. The total reservoir volume has transitioned through four clear stages since the 1950s: (1) Total volume increased slowly until 1970; (2) Volume increased rapidly from 1970 to 1980; (3) Volume increased slowly from 1980 to 1995; and (4) Volume increased rapidly after 1995 [19]. Noticeably, the Three Gorges Reservoir, with a total storage capacity of 39.3 billion m3, began to operate in 2003. For more information about the distribution of major reservoirs in the Yangtze River basin, refer to Wang et al. [20].



This study selected four flow gauging stations (Table 1), namely Cuntan, Yichang, Hankou, and Datong, as data-gathering points for analyzing hydrologic changes. The Cuntan station is located upstream from the Gezhouba Dam and the Three Gorges Dam. Located at the confluence of the upper and middle reaches of the Yangtze River, the Yichang station is located 44 km downstream from the Three Gorges Dam and 6 km downstream from the Gezhouba Dam, at a point where the hydrologic regime is directly affected by the cascade reservoirs. The Hankou station is located in the middle reaches, 1.2 km below the confluence of the Yangtze River and its largest tributary, the Hanjiang River. The Datong station is located in the lower reaches, and it occupies a position at which it can monitor the runoff and sediment load from the Yangtze River to the East China Sea. Daily streamflow data for the four stations from 1 January 1955, to 31 December 2013, were collected from the Changjiang Water Resources Commission (China). No data is missing from the streamflow series.




3. Methods


3.1. Indicators of Hydrologic Alteration


The widely used Indicators of Hydrologic Alteration (IHA) contain a total of 33 hydrologic parameters (Table 2), which are categorized into five groups of hydrologic features [21]. The five groups consist of the magnitude of monthly water conditions, magnitude and duration of annual extreme water conditions, timing of annual extreme water conditions, frequency and duration of high and low pulses, and rate and frequency of water condition changes. The parameter “number of zero-flow days” is not used in this study because no zero-flow event occurred in the Yangtze River during the study period. Periods during which the daily flow is above the 75th and below the 25th percentile are labeled high and low pulses, respectively. The IHA parameters are calculated using non-parametric (median/percentile) statistics, which are useful because of the skewed (non-normal) nature of many hydrologic datasets. The hydrologic year is defined as lasting from April to March of the following year, according to the hydrologic features of the Yangtze River where the rainy season begins in April. Each IHA parameter is calculated for every hydrologic year and the results are further analyzed by scanning t-test to reveal multi-scale abrupt behaviors.




3.2. Scanning t-Test


Conventional methods such as the Mann-Kendall and Pettitt tests search for a single abrupt change in a time series. In contrast, the scanning t-test, which is the Student’s t-test grafted by the wavelet technique, can detect significant changes in sub-series averages on different time scales within a long time series [22]. The Student’s t-test assumes that the time series has a normal distribution; therefore, the IHA data are log-transformed to be normally distributed before the scanning t-test is applied.



Statistic    t ( n , j )    is defined as the difference in the sub-sample averages between every two adjoining sub-series with equal sub-series size    ( n )   , expressed as follows:


   t ( n , j ) = (    x ¯    j 2   −    x ¯    j 1   ) ×  n  1 / 2   ×   (  s  j 2  2  +  s  j 1  2  )   − 1 / 2     



(1)




where:


    {         x ¯    j 1   =  1 n    ∑  i = j − n   j − 1    x ( i )   ,  s  j 1  2  =  1  n − 1     ∑  i = j − n   j − 1      ( x ( i ) −    x ¯    j 1   )  2             x ¯    j 2   =  1 n    ∑  i = j   j + n − 1    x ( i )   ,  s  j 2  2  =  1  n − 1     ∑  i = j   j + n − 1      ( x ( i ) −    x ¯    j 2   )  2            



(2)




where:    j = n + 1 , n + 2 , … , N − n + 1    serves as the reference time point. The sub-sample size may vary as    n = 10 , 11 , … , < N / 2   , or it may be selected at suitable intervals. The significance level is set as 0.05   (  t  0.05   )   . Since the significance level varies with   n   and   j  , the test statistic is normalized as follows to make values comparable:


    t r  ( n , j ) = t ( n , j ) /  t  0.05     



(3)




when     |   t r  ( n , j )  |  ≥ 1.0   , the abrupt change is significant at the 95% confidence level. Meanwhile,     t r  ( n , j ) ≥ 1.0    denotes significant increases, and     t r  ( n , j ) ≤ − 1.0    denotes significant decreases.




3.3. Coherency Analysis


The coherency of abrupt changes between two series is originally defined as follows [23]:


    t  r c   ( n , j ) = s i g n [  t  r 1   ( n , j )  t  r 2   ( n , j ) ]   {  |   t  r 1   ( n , j )  t  r 2   ( n , j )  |  }   1 / 2     



(4)







The coherency of abrupt changes between more than two series    ( m ≥ 2 )    is improved as


     i f   s i g n [  t  r 1   ( n , j ) ] = s i g n [  t  r 2   ( n , j ) ] = … = s i g n [  t  r m   ( n , j ) ]         t  r c   ( n , j ) =   |   t  r 1   ( n , j )  t  r 2   ( n , j ) …  t  r m   ( n , j )  |   1 / m       e l s e         t  r c   ( n , j ) = −   |   t  r 1   ( n , j )  t  r 2   ( n , j ) …  t  r m   ( n , j )  |   1 / m       



(5)







Equation (5) yields the same results as Equation (4) when    m = 2   . The series have significant changes in the same direction when     t  r c   ( n , j ) ≥ 1   , and they have significant changes in opposite (increasing or decreasing) directions when     t  r c   ( n , j ) ≤ − 1   .





4. Results


4.1. Changes in Hydrologic Regime at the Cuntan Station


Figure 2 shows the IHA results at the Cuntan station, which are further analyzed by scanning t-test to reveal multi-scale changes. Figure 3 shows multiple changes on different time scales in the hydrologic regime at the Cuntan station. Red lines indicate increasing trends after change points, and blue lines indicate decreasing trends after change points. Thick red and blue lines denote significant change points. The meanings of the line styles are the same for all subsequent figures. The x-axis denotes the year, and the y-axis denotes the time scales, in units of years. The time scales and the time at which the change point occurs can be identified by the regions circled with thick red or blue contours.



The change patterns are different across different hydrologic indicators. Figure 3(1)–(12) display change points for the magnitude of monthly flows. Different change properties for monthly flow can be identified during different time intervals. The tendency of the monthly flow in October is dominated by a decreasing trend. A significant decrease can be detected around 1970 on a short time scale of 10 years. Another significant decrease can be identified around the mid-1990s at all time scales, implying reduced streamflow in October after the change points. Meanwhile, change patterns for monthly flows in January, February, and March are similar. A decreasing tendency dominates before 1980, and an increasing tendency dominates after 1980. For January’s monthly flow, a significant reduction can be detected around 1970 at all time scales. Significant increases appear in both the mid-1980s and 2000, at time scales below 15 years. Regions at time scales above 15 years after the mid-1980s are characterized by a significant increasing trend. For the monthly flows of the remaining months, including April through September as well as November and December, significant change points are distributed sporadically within time scales versus time space.



Figure 3(13)–(23) portray multiple abrupt behaviors in the magnitude and duration of annual extreme water conditions at the Cuntan station. Change patterns of the low-flow indicators are similar, including the 1-day minimum, 3-day minimum, 7-day minimum, 30-day minimum, 90-day minimum, and base flow index. The low-flow indicators increase significantly after 1980 at time scales greater than 20 years. Change characteristics at time scales of less than 15 years are relatively complicated, and two significant increases can be detected around 1985 and 2000. For the high-flow indicators, including the 1-day maximum, 3-day maximum, 7-day maximum, 30-day maximum, and 90-day maximum, no significant change point emerges at time scales greater than 20 years. Increasing and decreasing changes are intermittent in different years at time scales of less than 15 years.



Figure 3(24),(25) show changes in the timing of annual extreme water conditions at the Cuntan station. Change points are distributed sparsely at time scales of less than 15 years, and no significant change is detectable at longer time scales. Figure 3(26)–(29) show multi-scale changes in the frequency and duration of high and low pulses. Low pulse count and low pulse duration are also low-flow indicators. After the mid-1980s, the low pulse count experiences an increasing trend, while low pulse duration is characterized by a decreasing trend. A low pulse with a long duration can be disrupted to form several low pulses with short durations, and this may result in a reduction in the total days of low pulses, as shown in Figure 4. The total days of low pulses decreases after the late 1980s and further decrease after the late 1990s at short time scales of less than 15 years. Regions with longer time scales are dominated by decreasing change points after the late 1980s. High pulse count and high pulse duration are high-flow indicators, which do not dramatically change. Only a few intermittent significant change points can be identified at short time scales.



The last three sub-figures in Figure 3 show different trends in the rate and frequency of water condition changes. The rise rate is characterized by decreasing changes, and the number of reversals is characterized by increasing changes. The fall rate features intermittent downward and upward trends. Factors affecting the rate and frequency of changes in water conditions are complex, including the intensity and duration of precipitation, land surface, the regulation of river channels, and the influence of reservoirs.




4.2. Changes in Hydrologic Regime at the Yichang Station


The Gezhouba Reservoir is a run-of-river reservoir, and its influences on downstream sediment and flow regimes are limited; in contrast, the effects of the Three Gorges Reservoir are prominent due to its large storage capacity [14,24]. Any differences between the changes in hydrologic regimes at the Yichang and Cuntan stations should be mainly attributable to the streamflow from the tributaries located between the two stations, the storage capacity of the river channel between the two stations, and the influence of the Three Gorges Reservoir.



IHA results for the Yichang station are shown in Figure 5, and the change points of the hydrologic regime on different time scales are shown in Figure 6. Some obvious changes can be observed in the monthly flow series. The monthly flow in September exhibits a significant reduction after 1990. Similarly, the monthly flow in October shows signs of a significant reduction after the late 1990s. No significant change point is identifiable after 2000 in the monthly flow for October at the Cuntan station. Therefore, any streamflow reduction after 2000 at the Yichang station can be attributed to the impoundment of the Three Gorges Reservoir. Comparatively, patterns in the distribution of change points for the monthly flows from January through March at the Yichang station are in approximate agreement with those at the Cuntan station.



The low-flow indicators for the magnitude and duration of annual extreme water conditions are characterized by an increasing trend, especially after 2000. No significant change is detected in the date of maximum, while an obvious change can be found in the date of minimum. Both decreases and increases in the date of minimum imply that the 1-day annual minimum flow occurs earlier. The data show that the 1-day annual minimum flow usually occurs between January and March in years before 2006, while it occurs in December in the last year after 2006, implying an earlier date than in previous years (Figure 5(24)). Low pulse count and low pulse duration are characterized by upward and downward trends, respectively, after 1980. Figure 7 shows the changes in the total days of low pulses at the Yichang station. The total low-pulse days decrease after the late 1980s and further decrease after 2000. The rise rate is characterized by a downward change, and the number of reversals is characterized by an upward change. The fall rate remains relatively stable, and sparse change points can be detected.



The distribution of significant change points for October’s monthly flow is similar to that of the low-flow indicators, like the monthly flow in February, annual extreme low water conditions, base flow index, low pulse duration, and total days of low pulses. Figure 8 displays the coherency between October’s monthly flow and the low-flow indicators. Red lines show positive correlations, and blue lines indicate negative correlations. Thick lines denote significance. The coherency analysis reveals significant negative correlations between the monthly flow in October and the monthly flow in February, 1-day minimum flow, 3-day minimum flow, 7-day minimum flow, 30-day minimum flow, and base flow index after 2000 at time scales of less than 15 years. The coherency analysis also reveals significant positive correlations between the monthly flow in October and both low pulse duration and total days of low pulses at time scales of less than 15 years. The hydrologic regime at the Yichang station is affected directly by the Three Gorges Reservoir, which stores water in October and supplies water in the dry season. The coherency analysis reveals the influence of the Three Gorges Reservoir on the downstream hydrologic regime.




4.3. Changes in Hydrologic Regime at the Hankou Station


Differences in patterns of hydrologic changes at the Hankou station, in contrast to those at the Yichang station, are mainly caused by the streamflow from the Hanjiang River, runoff regulation at the Dongting Lake, and the river channels between the Yichang and Hankou stations. IHA results for the Hankou station are shown in Figure 9, and multiple changes in the hydrologic regime on different time scales are shown in Figure 10. A significant reduction in April’s monthly flow can be detected in the late 1990s at all time scales. For the monthly flow in May, significant decreases can be detected around 1980 at all time scales, and significant increases can be detected in the late 1980s at a time scale of 10 years. No significant change point is identifiable in the monthly flows for June and August. For July’s monthly flow, a significant increase is identified around 1980 at time scales exceeding 15 years, and a significant decrease is identified after 2000 at shorter time scales. The tendency of the monthly flow in October is dominated by a downward trend, while the tendency of the monthly flow between January and March is characterized by an upward trend. Some sporadic significant change points can also be detected in the monthly flow of the other months, implying flow fluctuations at different time scales.



For the magnitude and duration of annual extreme water conditions, the low-flow indicators are characterized by increasing trends. For the high-flow indicators, significant increasing change points are detected in the 1980s at different time scales, and significant decreasing change points are detected in 2000 at a time scale of about 12 years. For the date of minimum, a significant decrease at time scales of less than 12 years is detected around 1970, while a significant increase at time scales exceeding 15 years is found around 1990. As stated in Section 4.2, both the decrease and increase of the date of minimum imply that the 1-day annual minimum flow occurs earlier. The 1-day annual minimum flow usually occurs between January and March before 1990 and sometimes occurs in December of the last year after 1990, indicating an earlier date than in previous years (Figure 9(24)). For the date of maximum, positive changes imply that the 1-day annual maximum flow occurs earlier, while negative changes imply that the 1-day annual maximum flow occurs later. The late 1960s and 1970s feature a significant decrease and increase, respectively, at time scales of less than 12 years.



Some significant positive changes appear in low pulse count, and some significant negative changes are found in low pulse duration. Figure 11 charts the changes in total days of low pulses at the Hankou station. A significant reduction in the total days of low pulses can be detected in 1980 at all time scales. High pulse count is characterized by a decreasing trend in the late 1980s at time scales larger than 20 years, and no significant change affects high pulse duration. The tendency of the rise rate is dominated by a decreasing trend. For the fall rate, a significant positive change point at time scales of 10 years is only detected in 1970, with no change point occurring after that time. Two primary changes are detected in the number of reversals, a significant increase after 1970 and a significant decrease after 1990.




4.4. Changes in Hydrologic Regime at the Datong Station


The IHA results for the Datong station are displayed in Figure 12, and the multi-scale change features are shown in Figure 13. Significant decreases are detected around 2000 and 1980 in the monthly flows of April and May, respectively. No significant change can be found in June’s monthly flow. The monthly flow in July first increases after 1990 and then decreases after 2000. Intermittent significant increases and decreases can be identified at different time scales in the monthly flows of August through September and November through December. The tendency of the monthly flow in October is dominated by a downward trend, while the tendency of the monthly flows between January and March is dominated by an upward trend.



For the magnitude and duration of annual extreme water conditions, all of the low-flow indicators are characterized by significant positive changes. For all of the high-flow indicators, significant increases are detected around 1990 and significant decreases are detected around 2000. At time scales of less than 13 years, a significant increase in the date of minimum is detected in the late 1980s, and a significant decrease is detected in the late 1990s; this finding implies that the 1-day annual minimum flow occurs earlier. A significant increase in the date of maximum can be identified in the late 1970s, indicating that the 1-day annual maximum flow occurs later. No significant change is detected in low pulse count, but a significant decrease can be found in low pulse duration. The change in low pulse duration is approximately in line with that of the total days of low pulses, with a significant reduction appearing after 1980 (Figure 14). Sparse significant change points can be detected in high pulse count and high pulse duration. The rise rate remains relatively stable, but the fall rate obviously fluctuates with significant positive and negative changes. The number of reversals is characterized by a significant reduction after the mid-1980s.




4.5. Common Changes in Hydrologic Regimes of the Four Stations


Some anthropogenic activities like reservoir construction may result in common changes in the hydrologic regimes of the upper, middle, and lower Yangtze River. Coherency analysis of the results displayed in Figure 2 through Figure 14 reveals common changes in the hydrologic regimes of the Cuntan, Yichang, Hankou, and Datong stations (Figure 15). Significant positive relationships at various time scales among the four stations are primarily evident in the monthly flow in October and in the low-flow indicators, including the monthly flows between January and March, annual minimum 1/3/7/30/90-day flows, base flow index, low pulse duration, and total days of low pulses. The monthly flow in October and the low-flow indicators follow opposite change patterns; the monthly flow in October is characterized by a decreasing trend, but the low-flow indicators are characterized by an increasing trend. These change patterns are the expected results of reservoir regulation. Most of the reservoirs in the Yangtze River basin store water at the end of the flood season with low flood risk and release water in the dry season. Climate change is another important factor affecting the hydrologic regime. The flows in October from the Dongting Lake and the Poyang Lake also decrease, mainly as a result of reduced precipitation caused by climate change [15].



Negative coherency can only be detected in the number of reversals, implying different change properties among the four stations in terms of this indicator. Significant increases can be identified after the late 1980s in the Cuntan and Yichang stations, while significant decreases can be found after the late 1980s in the Hankou and Datong stations. The factors affecting the number of reversals are relatively complex, including the characteristics of precipitation, the regulations of river channels, the influence of reservoirs, and the buffering effect of lake systems.





5. Discussion


This study demonstrates that the strategy of coupling IHA data and scanning t-test is effective in analyzing various changes to the hydrologic regime of the Yangtze River at different time scales. The improved coherency analysis method is effective in detecting common changes across different hydrologic series, like the coherency among the hydrologic regimes of the upper, middle, and lower reaches of the Yangtze River. This method resolves the limitation of the original algorithm, which can only detect common changes between two hydrologic series. Combining the IHA method, scanning t-test and improved coherency analysis can also help to analyze multiple changes in the hydrologic regimes of other large rivers.



The different patterns of hydrologic changes at the Cuntan, Yichang, Hankou, and Datong stations may be a result of the uneven spatial distribution of precipitation changes, as well as the hydraulic regulation of river channels and lakes like the Dongting Lake and the Poyang Lake. Analysis of precipitation trends for the upper, middle, and lower Yangtze River basin and of runoff trends for the Yichang, Hankou, and Datong stations indicates that the runoff trends are strongly correlated with the precipitation trends [25]. Both climate change and anthropogenic activities, such as reservoir construction, water withdrawal, and inter-basin water transfer, may also affect the hydrologic regime of the Yangtze River [26,27]. The individual roles that climate change and anthropogenic activities play in hydrologic alteration need to be further analyzed in future research.



The common changes identified in the hydrologic regimes of the upper, middle, and lower Yangtze River are decreased monthly flow in October and increased low-flow indicators, both of which are strongly affected by reservoir regulation. Reservoirs function by impounding water to create a supply for the dry season, and this process unavoidably reduces flow during impoundment. Maintaining a water supply during the dry season is beneficial for socio-economic development and ecological environmental protection. The impacts of reservoir regulation on the hydrologic regime will become more significant as more reservoirs are constructed in the Yangtze River basin. The indicators that characterize the hydrologic regime during the seasons of reservoir impoundment and water supply may also experience more significant alterations. Furthermore, the high-flow indicators, including the monthly flows during flood seasons, annual maximum 1/3/7/30/90-day flows, and high pulse count and duration may experience significant changes because of the increased flood-control capacity of reservoirs.



Reservoir-induced alterations in the hydrologic regime of the Yangtze River unavoidably influence water allocation among different water users. In stream ecological water requirements may not be guaranteed during some months, particularly during the time in which reservoirs store water [28]. One example of the ecological challenges posed by reservoir construction is the dilemma of Acipensersinensis, or the Chinese sturgeon, an anatropous species of fish that spawns in the Yangtze River and the Pearl River in China. Historically, the species’ spawning habitats were distributed in the lower reaches of the Jinsha River and the upper reaches of the Yangtze River [29]. However, the migration route of the adult fish is now blocked by the Gezhouba Dam; as a result, Chinese sturgeon are forced to propagate in a new spawning ground less than 7 km long, located in the main stem of the Yangtze River, downstream from the Gezhouba Dam. The species’ population has declined dramatically since the construction of the Gezhouba Dam in 1981, and it experienced a further decline with the 2003 impoundment of the Three Gorges Reservoir, which stores water and changes the downstream hydrologic regime during the spawning period [30]. These changes in hydrologic conditions negatively influence the Chinese sturgeon’s spawning and hatching conditions [31]. Adjusting the impoundment schedule of the Three Gorges Reservoir to restore the hydrologic regime over the spawning habitat in October is a crucial step that can be taken to improve habitat suitability for the Chinese sturgeon, particularly in dry years [29,32].




6. Conclusions


This paper’s analysis of daily streamflow data from four flow gauging stations along the main stem of the Yangtze River reveals multiple changes over time to the hydrologic regime. These findings indicate the effectiveness of coupling the IHA method and scanning t-test. The following conclusions can be drawn from this analysis:



(1) Various change patterns can be identified in the five components of the hydrologic regime, which are the magnitude of monthly water conditions, magnitude and duration of annual extreme water conditions, timing of annual extreme water conditions, frequency and duration of high and low pulses, and rate and frequency of water condition changes. The 32 hydrologic indicators are characterized by different changes in different time scales. Spatial variations can be observed in the hydrologic changes across the Cuntan, Yichang, Hankou, and Datong stations.



1a. At the Cuntan station, the monthly flow in October decreased around 1970 at a time scale of 10 years and in the mid-1990s at all time scales. The monthly flows in January, February, and March increased after 1980. The low-flow indicators increased after 1980 at time scales exceeding 20 years. For the high-flow indicators, increasing and decreasing changes occurred intermittently during different years at time scales of less than 15 years. After the mid-1980s, low pulse count increased and low pulse duration decreased. The total days of low pulses decreased after the late 1980s, and they were further reduced after the late 1990s at time scales of less than 15 years. The rise rate was characterized by decreasing changes, and the number of reversals was characterized by increasing changes. The fall rate featured intermittent downward and upward trends.



1b. At the Yichang station, September’s monthly flow experienced a significant reduction after 1990, and October’s monthly flow experienced a significant reduction after the late 1990s. The magnitude and duration of annual extreme water conditions increased, especially after 2000. After 1980, low pulse count and low pulse duration were characterized by upward and downward trends, respectively. The total days of low pulses decreased after the late 1980s and decreased further after 2000. The rise rate was characterized by a downward change, and the number of reversals was dominated by an upward change. The fall rate remained relatively stable, and few change points were detected.



1c. At the Hankou station, the monthly flow in April decreased in the late 1990s at all time scales, while the monthly flow in May decreased around 1980 at all time scales and increased in the late 1980s at a time scale of 10 years. The monthly flow in July increased around 1980 at time scales exceeding 15 years and decreased after 2000 at shorter time scales. The monthly flow tendency in October was dominated by a downward trend, while the monthly flow tendencies between January and March were characterized by upward trends. The low-flow indicators showed increasing trends. The high-flow indicators increased during the 1980s at different time scales and decreased in 2000 at a time scale of about 12 years. The total days of low pulses decreased in 1980 at all time scales, and high pulse count decreased in the late 1980s at time scales exceeding 20 years. The tendency of the rise rate was dominated by a decreasing trend.



1d. At the Datong station, significant decreases were detected around 2000 and 1980 in the monthly flows of April and May, respectively. The monthly flow in July increased after 1990 and decreased after 2000. The tendency of the monthly flow in October was dominated by a downward trend, while the tendencies of the monthly flows between January and March were dominated by upward trends. The low-flow indicators were characterized by significant positive changes, and the high-flow indicators increased around 1990 and decreased around 2000. The change in low pulse duration approximately aligned with that of total days of low pulses, with a significant reduction occurring after 1980. The number of reversals decreased after the mid-1980s.



(2) The improved coherency analysis method is effective in detecting common changes across different hydrologic series. Some common changes in the hydrologic regimes of the upper, middle, and lower reaches of a river can be revealed through coherency analysis. This study identified similar change patterns at different points in the Yangtze River in hydrologic indicators including the monthly flow in October and the low-flow indicators, which comprise the monthly flows between January and March, annual minimum 1/3/7/30/90-day flows, base flow index, low pulse duration, and total days of low pulses. The monthly flow in October decreased, but the low-flow indicators increased.



(3) The influence of reservoirs represents an important factor behind hydrologic changes. The monthly flow in October and the low-flow indicators followed opposite change patterns due to reservoir regulation. The reservoirs store water in October, reducing downstream runoff. The impounded water is then supplied in the dry season, leading to the increased base flow and the decreased low pulse duration.
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Figure 1. Locations of the Yangtze River and the flow gauging stations. 
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Figure 2. IHA series of the Cuntan station. 
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Figure 3. Change points on different time scales of the hydrologic regime at the Cuntan station. 
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Figure 4. Changes in total days of low pulses at the Cuntan station: (a) annual values; (b) abrupt behaviors. 
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Figure 5. IHA series of the Yichang station. 
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Figure 6. Change points on different time scales of the hydrologic regime at the Yichang station. 
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Figure 7. Changes in total days of low pulses at the Yichang station: (a) annual values; (b) abrupt behaviors. 
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Figure 8. Coherency between monthly flow in October and low-flow relevant indicators at the Yichang station. 
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Figure 9. IHA series of the Hankou station. 






Figure 9. IHA series of the Hankou station.



[image: Water 08 00408 g009]







[image: Water 08 00408 g010 1024] 





Figure 10. Change points on different time scales of the hydrologic regime at the Hankou station. 
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Figure 11. Changes in total days of low pulses at the Hankou station: (a) annual values; (b) abrupt behaviors. 
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Figure 12. IHA series of the Datong station. 
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Figure 13. Change points on different time scales of the hydrologic regime at the Datong station. 
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Figure 14. Changes in total days of low pulses at the Datong station: (a) annual values; (b) abrupt behaviors. 
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Figure 15. Coherency between hydrologic regimes of the four stations. 






Figure 15. Coherency between hydrologic regimes of the four stations.



[image: Water 08 00408 g015]







[image: Table] 





Table 1. Flow gauging stations at the main stem of the Yangtze River.
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Flow Gauging Station

	
Location

	
Drainage Area (104 km)

	
Distance to Estuary (km)

	
Period of Record






	
Cuntan

	
(106.6° E, 29.6° N)

	
86.66

	
2495

	
1955–2013




	
Yichang

	
(111.3° E, 30.7° N)

	
100.55

	
1837

	
1955–2013




	
Hankou

	
(114.3° E, 30.6° N)

	
148.80

	
1136

	
1955–2013




	
Datong

	
(117.6° E, 30.8° N)

	
170.54

	
624

	
1955–2013











[image: Table] 





Table 2. Indicators of Hydrologic Alteration.
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IHA Group

	
Hydrologic Parameter (units)

	
Abbreviation






	
Group 1: Magnitude of monthly flows

	
Median flow of April (m3/s)

	
April




	
Median flow of May (m3/s)

	
May




	
Median flow of June (m3/s)

	
June




	
Median flow of July (m3/s)

	
July




	
Median flow of August (m3/s)

	
August




	
Median flow of September (m3/s)

	
September




	
Median flow of October (m3/s)

	
October




	
Median flow of November (m3/s)

	
November




	
Median flow of December (m3/s)

	
December




	
Median flow of January (m3/s)

	
January




	
Median flow of February (m3/s)

	
February




	
Median flow of March (m3/s)

	
March




	
Group 2: Magnitude and duration of annual extreme flows

	
Annual 1-day minimum flow (m3/s)

	
1-day minimum




	
Annual 3-day minimum flow (m3/s)

	
3-day minimum




	
Annual 7-day minimum flow (m3/s)

	
7-day minimum




	
Annual 30-day minimum flow (m3/s)

	
30-day minimum




	
Annual 90-day minimum flow (m3/s)

	
90-day minimum




	
Annual 1-day maximum flow (m3/s)

	
1-day maximum




	
Annual 3-day maximum flow (m3/s)

	
3-day maximum




	
Annual 7-day maximum flow (m3/s)

	
7-day maximum




	
Annual 30-day maximum flow (m3/s)

	
30-day maximum




	
Annual 90-day maximum flow (m3/s)

	
90-day maximum




	
Number of zero-flow days

	




	
Base flow index (annual 7-day minimum flow divided by annual mean flow)

	
Base flow index




	
Group 3: Timing of annual extreme flows

	
Julian date of annual 1-day minimum flow

	
Date of minimum




	
Julian date of annual 1-day maximum flow

	
Date of maximum




	
Group 4: Frequency and duration of high and low pulses

	
Number of low pulses in each hydrologic year

	
Low pulse count




	
Median duration of low pulses (days)

	
Low pulse duration




	
Number of high pulses in each hydrologic year

	
High pulse count




	
Median duration of high pulses (days)

	
High pulse duration




	
Group 5: Rate and frequency of flow changes

	
Rise rate (Median of all positive differences between consecutive daily values) (m3/s/day)

	
Rise rate




	
Fall rate (Median of all negative differences between consecutive daily values) (m3/s/day)

	
Fall rate




	
Number of flow reversals

	
Number of reversals
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