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Abstract

:

Construction of water conservancy projects has changed the hydrological situation of rivers and has an essential impact on river ecosystems. The influence modes of different factors on runoff alterations are discussed to improve the development and utilization of water resources and promote ecological benefits. The ecological hydrological indicator change range method (IHA–RVA) and the hydrological alteration degree method were integrated to evaluate the hydrological situation of the Min River in China. Based on six Budyko hypothesis formulas, the rates of contribution of climate change and human activities to runoff change are quantitatively analyzed. The results show that (1) the runoff of the Min River basin showed a significant decreasing trend from 1960 to 2019 and a sudden alteration around 1993; (2) the overall alteration in runoff conditions was 45% moderate and the overall alteration in precipitation was 37% moderate; (3) precipitation and potential evapotranspiration also showed a decreasing trend within the same period but the overall trend was not significant; (4) the contribution of climate variability to runoff alterations is 30.2% and the contribution of human activities to runoff alterations is 69.8%; human activities are the dominant factor affecting the alteration of the runoff situation in the Min River basin.
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1. Introduction


Hydrological conditions are critical drivers of river ecosystems and play an essential role in maintaining energy processes, biological interactions, and physical habitat conditions [1]. Climate variability and human activities are two critical factors influencing runoff alterations. Runoff formation is closely related to climate change, such as precipitation and potential evapotranspiration. Land use change and construction of large-scale water conservancy projects can change a river’s runoff and its original seasonal and annual distribution by affecting rainfall interception and actual evapotranspiration [2,3]. Runoff is severely disturbed in many parts of the world [4,5]. Liu et al. [6] found significant changes in the flow of 24% of the world’s large rivers. Li et al. [7] summarized long-term runoff records from 22 subbasins of the Yangtze River in China. They concluded that the construction of dams would impact hydrological factors such as water level, flow, and sand content in the downstream basin. The study of climate change and impact of human activities on runoff has become an essential scientific issue due to the importance of avoiding and reducing economic losses caused by frequent floods and severe drought disasters [8,9].



Effects of development and construction of large reservoirs on the degree of runoff change and its influencing factors have been a hot research topic at home and abroad. The most widely used method is the range of variability approach (RVA), which analyses the variability of the overall hydrological situation of a river [10,11]. This method, proposed by Richter [12], allows the river to be divided into different periods by human activity, climate change, etc. The extent to which the river’s hydrology changes in a sudden change year can be obtained by exploring hydrological indicators, which has been discussed by many scholars. Eum et al. [13] suggested that changes in flow magnitude and timing may lead to changes in reservoir operations using the range of variability approach (RVA) to assess each hydrological indicator to investigate the impact of changes in these indicators on the reservoir. Tonina et al. [14] suggested that changes in the vital hydrological indicators can significantly affect aquatic organisms’ diversity and population dynamics, with implications for habitat quality within a watershed. Pfeiffer et al. [15] found that changes can influence the water balance in river catchments in precipitation. Human activities such as dam construction, irrigation, and land use changes have significantly altered the hydrological state of rivers.



Changes in meteorological factors such as precipitation, temperature, and radiation are inextricably linked to alterations in the runoff. Many scholars have used hydrometeorological data to fit empirical relationships between the water and heat balances of different watershed types, confirming the validity of the Budyko hypothesis, which is that changes in river runoff are mainly caused by climate change and human activities [16]. The method is widely used in globally significant river basins [17,18]. Dividing the United States into seven study regions, Heidari et al. [19] concluded that the southern and southwestern United States are likely to experience prolonged droughts in future periods. At the same time, the western part is likely to experience more humid conditions. Xia et al. [20] quantitatively estimated runoff alterations in the upper reaches of the Han River based on the elastic coefficient method and the hydrological simulation method. They discussed the differences in runoff caused by natural and artificial factors, which showed that human activities have a more significant impact than natural factors. Exploring the assessment of changes in river runoff characteristics and the causes of their alterations is essential to understanding and predicting the impact of changes in river flow regimes on the ecology within river basins.



The Min River is a first-class tributary of the upper reaches of the Yangtze River. In recent years, construction of Min reservoirs has gradually gained attention, forming a cluster of terraced reservoirs containing strings and mixed links [21,22]. The construction of a reservoir impacts the climate within the Min River basin, which will inevitably cause changes in runoff and some disturbance to the ecosystem within the basin [23]. The existing studies on runoff changes and their factors in the Min River basin are limited to the study of trends and abrupt changes, lacking an understanding of the causes of changes in hydrological indicators before and after abrupt changes in runoff and the impact of changes in habitat quality on runoff. Composition, structure, and function of ecosystems, such as rivers and wetlands, are inextricably linked to their hydrological characteristics. Changes in habitat quality and land use can affect hydrological cycle processes of runoff, altering the spatial and temporal distribution of water resources [24]. Therefore, the study of hydrological changes in the Min River basin is essential to the ecological restoration and sustainable development of the upper Yangtze River basin.



In this paper, based on the previous studies, we use the ecohydrological indicator range of alteration (IHA–RVA) and the hydrological alteration method to evaluate the hydrological situation in the Min River basin and analyze the degree of influence of climate variability and human activities on the runoff in the Min River basin in a more objective way. FAO Penman–Monteith formula was used to calculate the potential evapotranspiration in the Min River basin. According to the long-term water balance formula, drying indicator, and six Budyko hypothesis formulas, the influence of climate change and human activities on the runoff was calculated. This study provides a reference for the Min River basin to cope with climate variability and develop and utilize water resources more rationally.




2. Study Area and Data Input


2.1. Study Area


The Min River is a first-class tributary on the upper left bank of the Yangtze River, originating at the southern foot of Min Mountain in Songpan, Sichuan, and is rich in freshwater fishery resources. As an essential source of water resources for the Chengdu Plain, the Min River has the Dujiangyan Water Conservancy Project, which provides the foundation for forming the “Land of Abundance”. It covers an area of 23,037 square kilometers. The Min River basin is composed of the main stream of the Min River, the Qingyi River, and the Dadu River (Figure 1). The lower reaches of the Min River are an essential habitat for fish and an important channel to communicate with the middle and upper reaches of the Min River and the Dadu River [25]. The Gaochang hydrological station, which is the subject of this study, is located at the confluence of the Dadu River and the Min River and is situated in the lower reaches of the Min River [26]. With the development of science and technology and the improvement of human living standards, the development of the Min River basin has increased dramatically in recent years. Significant changes have taken place in the water environment of the Min River basin, which has irreversible consequences for the ecological environment. In particular, the gradual construction of cascade hydropower stations in the Min River basin has brought a series of impacts on the runoff and fish resources in the lower reaches of the Min River. The Tongjiezi Reservoir in the Min River basin started to operate in 1993, which caused obvious original changes in the hydrological sequence in the high station control area.




2.2. Data Input


In the study, we used the daily meteorological element data from 1960 to 2019 of 13 basic stations of the Min River basin released by the Meteorological Observation Center of the China Meteorological Administration. The basic stations of the meteorological stations were distributed all over the Min River basin (Figure 1). The meteorological data are from the China Meteorological Data Network (http://data.cma.cn) (accessed on 1 August 2020). Considering the distribution of rivers in the Min River basin, the daily flow data from 1960 to 2019 of the Gaochang hydrological station at the confluence of the Dadu River, a tributary of the Min River, and the lower reaches of the mainstream were selected. The data come from the “Yangtze River Basin Hydrological Yearbook”.





3. Methods


3.1. Trend and Alteration Analysis


The hydrological alteration process of the river is very complex, and in order to analyze the trend and sudden alteration tests of runoff alterations at the Gaochang hydrological station and precipitation conditions within the Min River basin, the Mann–Kendall test, the cumulative distance level method, and the sliding t-test method were mainly used in this study [27,28,29]. Three test methods were used to test the runoff and precipitation series alteration to select the alteration year.



The Mann–Kendall test (M−K) is a nonparametric statistical test method widely used in hydrometeorological time series. In the M–K trend test, a positive statistic indicates an increasing trend, otherwise—a decreasing trend. Statistical variables are defined as follows:


  U  F K  =    |   S K  − E  (   S K   )   |      V a r  (   S K   )       (  K = 1 , 2 , ⋯ n  )   



(1)




where    S K    is the cumulative number of sample symbols;   E  (   S K   )    is the sample mean;   V a r  (   S K   )    is the sample variance. Variable   U  B K    is calculated according to the sequence’s reverse time sequence, and the curves formed by the two statistical sequences are recorded as UF and UB, respectively.



The sliding t-test divides the original sequence into two sequences (before and after) and judges whether there is an alteration in the original time series by judging whether the mean of the two sequences is different. Set a specific moment as the reference point, and the capacities of the two samples before and after the reference point are    n 1    and    n 2   , respectively, and the statistic t is constructed as follows:


  t =      X 1   ¯  −    X 2   ¯    S ·    1   n 1    +  1   n 2         



(2)






  S =      n 1   S 1 2  +  n 2   S 2 2     n 1  +  n 2  − 2      



(3)




where X1, X2 is the sample mean, S1, S2 is the sample variance. The statistic t obeys the t distribution with degrees of freedom   V =  n 1  +  n 2  − 2  . Given a significant level  α , if    | t |  >  t  1 −  α 2     , it is considered that an alteration occurred before and after the reference point. There is a significant difference between the two subsequences before and after the reference point. If the alteration time t is positive, a decreased alteration occurs. Otherwise, an increased alteration occurs.



The cumulative distance level method is a nonlinear statistical method that reflects sequence changes through a curve. From the fluctuation of the cumulative anomaly curve, the evolution trend and change of the series can be judged, and the abrupt change point can be judged according to the turning point of the cumulative anomaly curve. The cumulative distance level method can better distinguish the interannual variation of runoff and precipitation, help calculate the annual runoff and precipitation anomalies and accumulate them year by year to obtain the cumulative anomaly curve.




3.2. IHA–RVA Method


To quantitatively analyze the influence degree of reservoir construction on river hydrology, in 1996, Richter et al. proposed five groups of 32 indicators of hydrological alteration (IHA) from the five dimensions of change rate, duration, frequency, size, and time of occurrence (Table 1), whose sequence information is easy to collect and easy to use. The IHA was combined with the range of variability approach (RVA) to analyze the degree of change in the hydrological regime before and after abrupt changes [30]. The formula is as follows:


   D i  =  |     N  o i   −  N e     N e     |  × 100 %  



(4)




where    D i    is the degree of hydrological alteration of the  i  IHA indicator;    N  0 i     is the number of years that fall within the RVA target threshold for the  i  IHAs observed after the disturbance (the IHA threshold range is the number of years of observation);    N e    is the number of years after the alteration.    D i    of 0–33% belongs to low change; 33–67%—moderate change; 67–100%—high change.



The degree of hydrological alteration of individual indicators cannot reflect the overall degree of alteration, so this paper uses the overall degree of hydrological alteration    D o    to reflect the overall alteration of runoff and precipitation; the calculation principle is detailed in the literature; the formula is as follows [31]:


   D o  =    (   1 n     ∑   i = 1  n    D i    2   )    0.5    



(5)




where  n  is the number of indicators and the judgment standard of    D o    is the same as that of    D i   .




3.3. Estimation of Potential Evaporation


In this study, the potential evapotranspiration was calculated using the FAO Penman–Monteith formula, which has been widely used by domestic and international scholars:


  E  T 0  =   0.408  (   R n  − G  )  + γ   900   T + 273    μ 2   (   e s  −  e a   )    Δ + γ  (  1 + 0.34  μ 2   )     



(6)




where   E  T 0    is the potential evaporation (mm/d);  Δ  is the slope of the saturation water pressure curve (Kpa/°C);    R n    is the net surface radiation (MJ/m2 d);  G  is the soil heat flux (MJ/m2 d);  γ  is the dry and wettable constant (Kpa/°C);  T  is the average daily air temperature (°C);    μ 2    is the wind speed at 2 m (m/s);    e s    is the saturation water pressure (KPa);    e a    is the actual water pressure (KPa). The above meteorological data were obtained from the China Meteorological Data Network, and the specific calculation process is shown in [32].




3.4. Quantitative Analysis of Runoff Situation Alterations


Alterations in the runoff within the Min River basin should take both climate and human activities into account, calculated as follows:


  Δ Q = Δ  Q C  + Δ  Q H   



(7)






   η C  =  Q C  / Δ Q × 100 %  



(8)






   η H  = Δ  Q H  / Δ Q × 100 %  



(9)




where   Δ Q   is the difference between streamflow alterations;   Δ  Q C    and   Δ  Q H    are the amounts of runoff alteration caused by climate variability and human activities;    η C    and    η H    are the contribution rates of climate variability and human activities [33].



The elasticity coefficient method was chosen to calculate   Δ  Q C    and   Δ  Q H    based on the basin long-time water balance equation (  Q = P −  E α   ), the dryness index (  ϕ =  E 0  / P  ) calculation, and six formulas based on the Budyko hypothesis (Table 2), with the following equations:


  Δ  Q C  =  ε P   Q P  Δ P +  ε   E 0     Q   E 0    Δ  E 0   



(10)






    ε P  = 1 +    ϕ ′   ( ϕ )    1 − F  ( ϕ )      ,   and    ε   E 0    = 1 −  ε P    



(11)




where  Q ,    E 0   , and  P  are the multiyear average runoff, potential evapotranspiration, and precipitation, respectively;   Δ  E 0    and   Δ P   are the alterations in potential evapotranspiration and precipitation before and after the impact, respectively;    ε P    and    ε   E 0      are the elasticity indices of runoff to precipitation and potential evapotranspiration, respectively [34]. Budyko considers   F ( )   a universal function, a hydrothermal coupling balance equation independent of water balance and energy balance. The research has attracted widespread attention and spawned many similar theoretical explorations of multiyear water balances. In this study, six widely used hydrothermal coupling balance equations were used to quantitatively analyze the rate of contribution of climate change and human activities to the runoff change. As shown in Table 2,   F  ( ϕ )    and    F ′   ( ϕ )    are the six Budyko hypothesis formulas and their derivation formulas.




3.5. Land Use Transfer Matrix


The land use transfer matrix mainly describes the mutual transformation relation-ship between various land types, which can reflect the quantity and direction changes of different land types in a specific and comprehensive manner [41]. The formula is as follows:


   S  i j   =  (       S  11      ⋯     S  1 n        ⋯   ⋱   ⋯       S  n 1      ⋯     S  n n        )   



(12)




where S represents the land type area, n is the land type, and Sij represents the area of land type i converted to type j (i, j = 1, 2, 3, …, n).



This study uses five periods of remote sensing data (1980, 1990, 2000, 2010, 2020) in the study area to analyze its changes. According to the characteristics of land use types, the realm study area is divided into six categories: forest, grassland, cropland, wetland, barren land, and construction land.





4. Results and Analysis


4.1. Mutagenicity Analysis


Using the M–K test method, it can be seen that the intersection of the runoff and precipitation statistics of the two curves of UF and UB is at the 0.05 significance level, which indicates that the hydrological situation of the Min River basin may have changed abruptly in 1993 and 1997 (Figure 2a,d). From the results of the sliding t-test method, it can be concluded that the intra-annual distribution uniformity of the runoff volume passes the 0.05 significance level and the intra-annual distribution uniformity of the precipitation volume does not pass the 0.05 significance level. It can be seen that the annual runoff volume showed abrupt alterations in 1968 and 1993, and the years of abrupt alterations in annual precipitation were 1990 and 1993 (Figure 2b,e). The cumulative distance level method shows that the annual runoff had the maximum value in 1993 and 2002, and the annual precipitation had the maximum value in 1993 (Figure 2c,f). Combining the above three methods, 1993 was chosen as the year of the sudden alteration in the annual runoff and the annual precipitation in this study. The daily runoff data from the Gaochang hydrological station and the daily precipitation data from the Min River basin were divided into base period Ta (1960–1993) and alteration period Tb (1994–2019).




4.2. IHA Hydrological Indicator Alteration Degree Analysis


As climate variability and human activities are important factors affecting runoff alterations, considering only daily flow alterations can only describe the changing state of the Min River basin at the macroscopic level, and to further analyze the causes of the runoff alterations in a more detailed way, recording and analysis of the climate variability data are essential. Precipitation has a direct impact on runoff alterations in climate variability. Considering daily precipitation data, they can reflect not only the rise and fall of rivers directly, but also the alterations of aquatic organisms and riparian habitats. Table 3 shows the degree of change of 32 hydrological indicators in five groups before and after abrupt changes in the runoff and precipitation. The influence of reservoir construction on rivers is discussed by changing 32 hydrological indicators.



Average flow and precipitation of each month: As can be seen from Table 3, the average monthly flow at the Gaochang hydrological station increased to different degrees after an abrupt alteration, while the average monthly precipitation in the Min River basin increased and decreased, but the increase and decrease were more moderate; the alteration of the average monthly flow was high in May and medium and low in other months; the alteration of the average monthly precipitation was high in July. After 1993, the number and storage capacity of reservoirs increased significantly, which increased the runoff after the alteration and caused specific disturbance to the reproduction of aquatic organisms.



Annual extreme flow and precipitation: The annual mean extreme minimum flow at the Min River basin’s Gaochang hydrological station generally increased after an abrupt alteration, while the extreme values showed different degrees of decrease, of which the minimum seven-day flow was highly altered, and the rest were altered to a moderate or small degree. The reservoir construction and operation after 1993 affected the original flow polarity alteration process of the river. The annual extreme precipitation alteration range is more drastic, which influences the flow alteration. Such extreme daily alterations in the precipitation are frequent and unpredictable, and extreme alterations in the precipitation can lead to alterations in the natural river hydrological processes, causing disturbances to species that are not adapted to frequent alterations in the water flow.



Timing of the annual extreme flow and precipitation occurrence: After the sudden hydrology alteration at the Gaochang hydrological station, the time of occurrence of the annual maximum flow and the annual minimum flow was changed at a low degree, indicating that the alteration of hydrological indicators in this group had a little alteration on biological abundance. The annual precipitation alterations were low, and climate variability had no significant effect on the time of occurrence of the annual extreme flow.



Frequency and duration of high and low flow (precipitation): After the alteration, the number of flow pulses changed moderately, and the pulse duration changed to a small degree. The precipitation indicators are all low-level changes, and the impact is negligible. The high and low diachronic changes of runoff and precipitation affect the structure and function of the river ecosystem, change the soil water content on both sides of the river, and make the riparian vegetation disappear [42].



The rate of alteration and frequency alteration of flow and precipitation. After the abrupt alteration, the rate of flow increases, and the number of reversals have different degrees of increase, and the rate of flow decrease reaches 100% as high change, which makes the allowable range of flow alteration decrease. The annual precipitation decline rate of 78% is highly altered, and the annual precipitation reversal number of 38% reaches moderate change, indicating that climate variability has a certain impact on the flow alteration rate and frequency alteration. The rate and frequency of flow alterations affect the pattern of river rise and fall, thus affecting the survival and reproduction of aquatic organisms. The ecosystem has a limited ability to withstand external alterations, and a reduced range of flow alterations can affect the growth of organisms on both sides of the river, while too frequent flows can destabilize flora and fauna.



Overall degree of alteration of flow and precipitation: The change degree of 32 hydrological indicators of the runoff and precipitation is drawn as a radar map (Figure 3), which can more intuitively show the change of the hydrological situation of the Min River before and after the alteration. It can be seen from the figure that there were four high changes in the hydrological alteration degree indicator in the Min River basin, namely the average flow in May, 7-day minimum, fall rate, and reversals, 15 moderate changes; the rest are low changes. Among the precipitation alteration indicators in the Min River basin, except for the average precipitation in July, the base index, and the decline rate, which were highly altered, the rest were all altered to a moderate and small degree.



Equation (5) was used to calculate the change degree of hydrological indicators in five groups and the whole. It can be seen from Table 4 that the overall change of the runoff is 45% (moderate change). The overall change in the precipitation is 37% (moderate). The change of the precipitation in the Min River is small, indicating that human activities such as reservoir construction have a more significant impact on the runoff.




4.3. Analysis of the Alterations in Runoff Conditions


In the selected hydrological series of the Min River basin, the annual runoff volume alterations has some oscillations and is unstable, with a slight upward trend in the Ta stage and a significant downward trend in the Tb stage, and the annual runoff volume has a decreasing trend in general; according to the trend test analysis, the test statistic is −2.76, which passes the 95% significance level test; the maximum value of the annual runoff volume was 1004.54 × 108 m3 (1990); the minimum value was 635.17 × 108 m3 (2006); compared with the Ta period, the annual runoff in the Tb period decreased by 10.46%. The yearly precipitation fell in both the Ta and Tb periods, and according to the trend test statistic of −1.52, the trend was not significant, and the decrease was not evident in many years; the maximum value of annual precipitation is 1286.78 mm (1990), and the minimum value is 808.17 mm (2006); compared with the Ta period, the yearly rainfall in the Tb period decreased by 6.33%. The annual evapotranspiration fluctuated violently, and the Ta phase showed an apparent decreasing trend. After the breakthrough, the Tb phase increased by 4.9% compared with the Ta phase, showing a general decreasing trend (Figure 4). The multiyear precipitation in the Min River basin is on a downward trend, but the overall decline is not significant. We know that the annual runoff of the Min River also shows a decreasing trend, which indicates that the alteration of precipitation has a certain impact on the annual runoff.



The calculated results of the runoff situation alterations in Table 5 show the degree of influence of climate variability and human activities on annual dimensions. The elasticity coefficient of runoff to precipitation is 0.83; the contribution of climate variability and human activities to the runoff alteration is 30.20% and 69.80%, respectively.




4.4. Impact of Land Use Change on Runoff Changes in the Watershed


In recent years, the rapid development of population and economy in the Yangtze River basin has led to a change in vegetation cover. The vegetation cover had improved since 1989 when the state started to take various soil and water conservation engineering measures in the Yangtze River basin. Figure 5 shows the land use changes in the Min River basin in different periods (1980, 1990, 2000, 2010, 2020).



The land cover change in the Min River basin from 1980 to 2020 shows fluctuating changes: the grassland area coverage increased from 42.15% to 42.58% (105 km2) (Table 6); the construction land area changed more between 1980 and 2020 (0.23%), which indicates that with the continuous industrialization and urbanization, the construction land area increased gradually with time; the decreasing and then increasing trend in barren land area and the decrease in the forest, cropland, and wetland area indicate that human activities have had an impact on the habitats in the watershed. In recent years, human activities in the Min River basin have increased significantly, leading to a rapid increase in the proportion of land used for construction and a decrease in wetland areas.



The evolution of land types and land use patterns in the Min River basin are analyzed in Table 7. The watershed area decreased by 9 km2 in 1980–2020, converting mainly to grassland and barren land, indicating the severity of soil erosion. Since the implementation of soil and water conservation measures in 1980, the forested area showed a trend of growth followed by a decrease during this period. With the development of hydropower projects and the dramatic increase in human activities, the total forested area continued to decrease (230 km2). Grassland and construction land increased by 100 km2 and 321 km2, respectively, with the most dramatic increase in the construction area during 1980–2020.





5. Discussion


5.1. Impact of Climatic Factors on the Runoff


Climatic factors are among the main reasons for the change in the runoff. Climate change directly affects evapotranspiration and distribution of its components, precipitation, water absorption, and utilization efficiency of plants, etc., which in turn affects changes in hydrological regimes such as runoff and flood processes in the basin. Precipitation is the primary source of runoff, and its changes directly impact the runoff [43]. Hasan et al. [44] calculated the effects of temperature and precipitation on the runoff. They concluded that the impact of precipitation on the runoff is five times that of temperature, and the response of the runoff to precipitation changes is strongly nonlinear compared to temperature.



As shown in Figure 6a, the precipitation–runoff depth double accumulation curve is a straight line in the natural state. If natural changes such as extreme precipitation occur, the curve shifts. Compared with the reference period, the slope of the short period in the Min River basin showed a decreasing trend. The precipitation–runoff depth double accumulation curve shifts downward, indicating that the runoff decreases under the same rainfall. Hence, precipitation has a particular impact on the runoff change in the basin. However, it is not the key influencing factor. The slope of the potential evaporation after the abrupt change also showed a downward trend. Figure 6b shows that the potential evapotranspiration–runoff depth double accumulation curve shifted to a certain extent. The correlation coefficient between runoff depth and potential evapotranspiration has a downward trend. It can be seen that the correlation between potential evapotranspiration and runoff depth is weak, so potential evapotranspiration has little impact on runoff changes [45]. The water balance equation based on the Budyko hypothesis shows that the contribution rate of climate change to the runoff is 30.20%, and the impact of climate change on the runoff is small.




5.2. The Impact of Human Activities on the Runoff


In addition to climate change, human activities also play a crucial role in changing hydrological regimes. The construction of water conservancy projects and the transformation of land use affect the mechanism of runoff and confluence and change the spatial and temporal distribution characteristics of water resources. The Min River is rich in water resources and ecological resources. The operation of the reservoir is an essential factor affecting the sudden change of the hydrological regime of the river. In recent years, human development of hydropower resources in the Min River has increased significantly [46]. The number of reservoirs and the storage capacity of the pools have gradually increased. By the end of 2019, more than 870 large, medium, and small reservoirs have been built in the Min River, with a cumulative total storage capacity of about 15.3 billion m3. Currently, there are 22 reservoirs under construction in the basin, with a full storage capacity of about 3.88 billion m3. Within the Gaochang control area, the Gongzui and Tongjiezi reservoirs were put into operation in 1972 and 1993, and the Zipingpu and Puegou reservoirs were put into operation in 2006 and 2009, respectively [47]. Cascade power stations have a significant impact on the ecological environment in the basin and have a substantial effect on the runoff. The impact of water conservancy projects on the aquatic ecological environment is long-term, slow, potential, and extraordinarily complex and is often the superposition of various water conservancy projects.



Land use change is the most direct manifestation of human activities. The gradual increase in land activities such as deforestation and reclamation of lakes impact the rivers in the basin [48]. Zhou et al. [49] analyzed the impacts of climate change, land use, and water conservancy projects in the Jialing River basin in China in the past 60 years. Land use change may cause environmental problems such as time and space changes in water resources in the basin, soil erosion, or low-end weather events. The reduction of cropland and forests and the increase in construction land in the Min River basin affect the runoff, precipitation, and evaporation, changing the water resources’ spatial and temporal distribution [50]. Land use change in the Min River basin is one of the influencing factors of the runoff change in the basin, but its impact is smaller than that caused by the construction of water conservancy projects. The contribution rate of human activities to the runoff change was 69.80%, and the human activity factor played a dominant role in the process of runoff change. Active consideration should be given to the use of human activities in water allocation, power generation, shipping, etc., in the study area to promote the development of ecological water benefits.





6. Conclusions


According to the Mann–Kendall method, the cumulative distance level method, and the sliding t-test method combined with the reservoir construction, the abrupt year of runoff and precipitation was 1993. The annual runoff, precipitation, and evapotranspiration show a downward trend.



Using the RVA method to conduct a comprehensive analysis of 32 hydrological indicators and 32 precipitation indicators at the Min River basin’s hydrological stations, the overall hydrological change at the Gaochang hydrological station was 45% (moderate change). Considering the influence of precipitation on the alteration of runoff, the overall change of rain in the Min River basin was 37% (moderate change). At the same time, human activities such as water conservancy-related construction have brought resources and convenience to people and also caused alterations to the hydrological situation in the basin, thus causing damage to the ecological function of the rivers and alterations to the habitat of aquatic organisms.



The contribution rates of climate variability and human activities to the Min River runoff were 30.20% and 69.80%, respectively. Human activities were the dominant factor influencing the Min River basin’s runoff situation. Climate factors have a smaller influence on runoff alterations.



The Min River basin has seen an increase of 321 km2 in built-up area and a corresponding decrease in the wetland, forest, and cropland area (in terms of land use) from 1980 to 2020, and land use changes in the Min River basin have become a factor leading to runoff changes in the area that cannot be ignored.







Author Contributions


W.G. and H.Z.: data curation, writing—original draft preparation, methodology, funding acquisition; L.H. and X.J.: conceptualization, supervision, funding acquisition; H.W.: conceptualization, supervision, project administration. All authors have read and agreed to the published version of the manuscript.




Funding


We appreciate the contributions of the experts who participated in this review. This study was supported by the National Nature Science Foundation of China (Grant No. 51779094); the Water Conservancy Science and Technology Project of Guizhou Province (KT202008); the Wisdom Introduction Project of Henan Province (GH2019032); North China University of Water Resources and Electric Power Master’s Innovation Ability Improvement Project (YK-2021-29).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yuan, Y.; Zhang, C.; Zeng, G.; Liang, J.; Guo, S.; Huang, L.; Wu, H.; Hua, S. Quantitative assessment of the contribution of climate variability and human activity to streamflow alteration in dongting lake, China. Hydrol. Processes 2016, 30, 1929–1939. [Google Scholar] [CrossRef]

	



Nie, N.; Zhang, W.; Liu, M.; Chen, H.; Zhao, D. Separating the impacts of climate variability, land-use change and large reservoir operations on streamflow in the Yangtze River basin, China, using a hydrological modeling approach. Int. J. Digit. Earth 2021, 14, 231–249. [Google Scholar] [CrossRef]

	



Nilsson, C.; Svedmark, M. Basic principles and ecological consequences of changing water regimes: Riparian plant communities. Environ. Manag. 2002, 30, 468–480. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Zhao, G.; Tian, P.; Mu, X.; Tian, X.; Feng, J.; Bai, Y. Runoff changes in the major river basins of China and their responses to potential driving forces. J. Hydrol. 2022, 607, 127536. [Google Scholar] [CrossRef]

	



Moniruzzaman, M.; Thakur, P.; Kumar, P.; Alam, A. Decadal Urban Land Use/Land Cover Changes and Its Impact on Surface Runoff Potential for the Dhaka City and Surroundings Using Remote Sensing. Remote Sens. 2020, 13, 83. [Google Scholar] [CrossRef]

	



Liu, C.; Sui, J.; Wang, Z.Y. Sediment load reduction in Chinese rivers. Int. J. Sediment Res. 2008, 23, 44–55. [Google Scholar] [CrossRef]

	



Li, B.; Chen, N.; Wang, W.; Wang, C.; Schmitt, R.; Lin, A.; Daily, G. Eco-environmental impacts of dams in the Yangtze River Basin, China. Sci. Total Environ. 2021, 774, 145743–145755. [Google Scholar] [CrossRef]

	



Zhao, G.; Tian, P.; Mu, X.; Jiao, J.; Wang, F.; Gao, P. Quantifying the impact of climate variability and human activities on streamflow in the middle reaches of the Yellow River basin, China. J. Hydrol. 2014, 519, 387–398. [Google Scholar] [CrossRef]

	



Li, F.; Zhang, G.; Xu, Y. Separating the Impacts of Climate Variation and Human Activities on Runoff in the Songhua River Basin, Northeast China. Water 2014, 6, 3320–3338. [Google Scholar] [CrossRef]

	



Richter, B.; Baumgartner, J.; Powell, J.; Braun, D. A method for assessing hydrologic alteration within ecosystems. Conserv. Biol. 1996, 10, 1163–1174. [Google Scholar] [CrossRef]

	



Guo, W.; Hu, J.; Wang, H. Analysis of Runoff Variation Characteristics and Influencing Factors in the Wujiang River Basin in the Past 30 Years. Int. J. Environ. Res. Public Health 2021, 19, 372. [Google Scholar] [CrossRef] [PubMed]

	



Richter, B.; Baumgartner, J.; Wigington, R.; Braun, D. How much water does a river need. Freshw. Biol. 1997, 37, 231–249. [Google Scholar] [CrossRef]

	



Eum, H.; Dibike, Y.; Prowse, T. Climate-induced alteration of hydrologic indicators in the Athabasca River Basin, Alberta, Canada. J. Hydrol. 2017, 544, 327–342. [Google Scholar] [CrossRef]

	



Tonina, D.; Luce, C.; Rieman, B.; Buffington, J.; Goodwin, P.; Clayton, S.; Barry, J.; Berenbrock, C. Hydrological response to timber harvest in northern Idaho: Implications for channel scour and persistence of salmonids. Hydrol. Processes 2008, 22, 3223–3235. [Google Scholar] [CrossRef]

	



Pfeiffer, M.; Ionita, M. Assessment of Hydrologic Alterations in Elbe and Rhine Rivers, Germany. Water 2017, 9, 684. [Google Scholar] [CrossRef]

	



Shen, Q.; Cong, Z.; Lei, H. Evaluating the impact of climate and underlying surface change on runoff within the Budyko framework: A study across 224 catchments in China. J. Hydrol. 2017, 554, 251–262. [Google Scholar] [CrossRef]

	



Kazemi, H.; Sarukkalige, R.; Badrzadeh, H. Evaluation of streamflow changes due to climate variation and human activities using the Budyko approach. Environ. Earth Sci. 2019, 78, 713. [Google Scholar] [CrossRef]

	



Wang, D.; Hejazi, M. Quantifying the relative contribution of the climate and direct human impacts on mean annual streamflow in the contiguous United States. Water Resour. Res. 2011, 47, 411–427. [Google Scholar] [CrossRef]

	



Heidari, H.; Arabi, M.; Warziniack, T.; Kao, S. Assessing Shifts in Regional Hydroclimatic Conditions of U.S. River Basins in Response to Climate Change over the 21st Century. Earth’s Future 2020, 8, 1657–1671. [Google Scholar] [CrossRef]

	



Xia, J.; Ma, X.; Zou, L. Quantitative analysis of the effects of climate change and human activities on runoff in the upper Hanjiang Rvier basin. South-North Water Transf. Water Sci. Technol. 2017, 15, 1–6. [Google Scholar]

	



Huang, J.; Yang, W.; Yang, X.; Deng, B. The Influence of Eco-water Retrieved by Quantitative Remote Sensing on Runoff in Upper Minjiang River Basin. Earth Sci. Res. J. 2016, 20, E1–E6. [Google Scholar] [CrossRef]

	



Lu, C.; Jin, Z.; Lin, M.; Li, Q.; Wang, Y. Impact of Reservoir Construction on Water and Sediment Transport in Minjiang River Basin, China. J. Yangtze River Sci. Res. Inst. 2020, 37, 9–15. [Google Scholar]

	



Cui, X.; Liu, S.; Wei, X. Impacts of forest changes on hydrology: A case study of large watersheds in the upper reaches of Minjiang River watershed in China. Hydrol. Earth Syst. Sci. 2012, 16, 4279–4290. [Google Scholar] [CrossRef]

	



Li, J.; Cai, C.; Zhang, F. Assessment of Ecological Efficiency and Environmental Sustainability of the Minjiang-Source in China. Sustainability 2020, 12, 4783. [Google Scholar] [CrossRef]

	



Li, C.; Ge, J.; Liu, S.; Sun, P. Analysis on landscape pattern and eco-hydrological characteristics at the upstream of Minjiang River, China. Acta Ecol. Sin. 2006, 4, 455–462. [Google Scholar]

	



Gierszewski, P.; Habel, M.; Szmańda, J.; Luc, M. Evaluating effects of dam operation on flow regimes and riverbed adaptation to those changes. Sci. Total Environ. 2019, 710, 136202. [Google Scholar] [CrossRef] [PubMed]

	



Sun, P.; Sun, Y.; Zhang, Q.; Wen, Q. Temporal and spation variation characteristics of runoff processes and its causes in Huaihe Basin, China. J. Lake Sci. 2018, 30, 497–508. [Google Scholar]

	



Xue, D.; Zhou, J.; Zhao, X.; Liu, C.; Wei, W.; Yang, X.; Li, X.; Zhao, Y. Impacts of climate change and human activities on runoff change in a typical arid watershed, NW China. Ecol. Indic. 2021, 121, 107013–107023. [Google Scholar] [CrossRef]

	



Pirnia, A.; Golshan, M.; Darabi, H.; Adamowski, J. Using the Mann–Kendall test and double mass curve method to explore stream flow changes in response to climate and human activities. J. Water Clim. Change 2019, 10, 725–742. [Google Scholar] [CrossRef]

	



Tian, X.; Zhao, G.; Mu, X.; Zhang, P.; Tian, P.; Gao, P.; Sun, W. Hydrologic alteration and possible underlying causes in the Wuding River, China. Sci. Total Environ. 2019, 693, 133556. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Zheng, F.; Liu, W. Spatiotemporal characteristics of reference evapotranspiration during 1961-2009 and its projected changes during 2011-2099 on the Loess Plateau of China. Agric. For. Meteorol. 2011, 154, 147–155. [Google Scholar] [CrossRef]

	



Liang, W.; Bai, D.; Wang, F.; Fu, B.; Yan, J.; Wang, S.; Yang, Y.; Long, D.; Feng, M. Quantifying the impacts of climate change and ecological restoration on streamflow changes based on a Budyko hydrological model in China’s Loess Plateau. Water Resour. Res. 2015, 51, 6500–6519. [Google Scholar] [CrossRef]

	



Tang, Q.; He, X.; Bao, Y.; Zhang, X.; Guo, F.; Zhu, H. Determining the relative contributions of climate change and multiple human activities to variations of sediment regime in the Minjiang River, China. Hydrol. Processes 2013, 27, 3547–3559. [Google Scholar] [CrossRef]

	



Zhang, Q.; Sun, P.; Jiang, T.; Tu, X.; Chen, X. Spatio-temporal patterns of hydrological processes and their responses to human activities in the Poyang Lake basin, China. Hydrol. Sci. J. 2011, 56, 305–318. [Google Scholar] [CrossRef]

	



Zhang, L.; Dawes, W.; Walker, G. Response of mean annual evapotranspiration to vegetation change at catchment scale. Water Resour. Res. 2001, 37, 701–708. [Google Scholar] [CrossRef]

	



Fu, B. On the calculation of the evaporation from land surface. Chin. J. Atmos. Sci. 1981, 5, 23–31. [Google Scholar]

	



Schreiber, P. Ber die Beziehungen zwischen dem Niederschlag und der Wasserführung der Flüsse in Mitteleuropa. Meteorol. Z. 1904, 21, 441–452. [Google Scholar]

	



Budyko, M. Evaporation under Natural Conditions; Gidrometeorizdat: Leningrad, Russia, 1948. [Google Scholar]

	



Pike, J. The estimation of annual run-off from meteorological data in a tropical climate. J. Hydrol. 1964, 2, 116–123. [Google Scholar] [CrossRef]

	



Ol’dekop, E. On evaporation from the surface of river basins. Trans. Meteorol. Obs. 1911, 4, 200. [Google Scholar]

	



Wan, L.; Liu, H.; Gong, H.; Ren, Y. Effects of Climate and Land Use changes on Vegetation Dynamics in the Yangtze River Delta, China Based on Abrupt Change Analysis. Sustainability 2020, 12, 1955. [Google Scholar] [CrossRef]

	



Guo, W.; Li, Y.; Wang, H.; Cha, H. Temporal variations and in fluencing factors of river runoff and sediment regimes in the Yangtze River, China. Desalination Water Treat. 2020, 174, 258–270. [Google Scholar] [CrossRef]

	



Olichwer, T.; Tarka, R. Impact of climate change on the groundwater run-off in south-west Poland. Open Geosci. 2015, 7, 1–14. [Google Scholar] [CrossRef]

	



Hasan, E.; Tarhule, A.; Kirstetter, P.-E.; ClarK, R.; Yang, H. Runoff sensitivity to climate change in the Nile River Basin. J. Hydrol. 2018, 561, 312–321. [Google Scholar] [CrossRef]

	



Wei, R.; Liu, Y.; Zhang, T.; Zeng, Q.; Dong, X. Attribution Analysis of Runoff Variation in the Upper-Middle Reaches of Yalong River, China. Resour. Environ. Yangtze Basin 2020, 29, 1643–1652. [Google Scholar]

	



Peng, T.; Tian, H.; Singh, V.; Chen, M.; Liu, J.; Ma, H.; Wang, J. Quantitative assessment of drivers of sediment load reduction in the Yangtze River basin, China-ScienceDirect. J. Hydrol. 2020, 580, 124242–124259. [Google Scholar] [CrossRef]

	



Yang, K.; Chen, T.; Ao, T.; Zhang, X.; Gao, D. Response of runoff in the upper reaches of the Minjiang River to climate change. J. Water Clim. Chang. 2022, 13, 260–273. [Google Scholar] [CrossRef]

	



Wen, Z.; Wu, S.; Chen, J.; Lue, M. NDVI indicated long-term interannual changes in vegetation activities and their responses to climatic and anthropogenic factors in the Three Gorges Reservoir Region, China. Sci. Total Environ. 2017, 574, 947–959. [Google Scholar] [CrossRef]

	



Zhou, Y.; Li, D.; Lu, J.; Yao, S.; Jin, Z.; Liu, L.; Lu, X. Distinguishing the multiple controls on the decreased sediment flux in the Jialing River basin of the Yangtze River, Southwestern China-ScienceDirect. Catena 2020, 193, 104593–104604. [Google Scholar] [CrossRef]

	



Xu, J.; Liu, R.; Zhang, J.; Ji, Q.; Xiao, Z. Seasonal variations of water quality response to land use metrics at multi-spatial scales in the Yangtze River basin. Environ. Sci. Pollut. Res. 2021, 28, 37172–37180. [Google Scholar] [CrossRef] [PubMed]








[image: Water 14 01093 g001 550] 





Figure 1. Min River basin map, first-class tributaries of the Yangtze River in China. 
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Figure 2. Alteration test analysis curve. (a) Runoff: M—K; (b) runoff: sliding t-test; (c) runoff: cumulative distance level; (d) precipitation: M—K; (e) precipitation: sliding t-test; (f) precipitation: cumulative distance level. 
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Figure 3. Schematic diagram of the hydrological change degree. (a) Schematic diagram of the hydrological change degree at the Gaochang station; (b) schematic diagram of the precipitation change degree in the Min River basin. 
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Figure 4. (a) Trend chart of the annual runoff and the annual precipitation in the Min River basin before and after the sudden alteration; (b) trend chart of the annual runoff and the annual evapotranspiration in the Min River basin before and after the sudden alteration. 
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Figure 5. Land use map of the Min River basin in different periods. 
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Figure 6. (a) Precipitation—runoff depth double accumulation curve in the Min River basin; (b) potential evapotranspiration—runoff depth double accumulation curve in the Min River basin. 
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Table 1. Summary of hydrological parameters used in the IHA.
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	IHA Statistics Group
	Hydrological Parameters





	Group 1: Monthly average
	Monthly average streamflow (precipitation)



	Group 2: Size and duration of annual extremes
	Annual average 1, 3, 7, 30, 90 d minimum and maximum streamflow (precipitation), base index



	Group 3: Time of year when extreme conditions occur
	Date of occurrence of the maximum and minimum one day of the year (Roman day)



	Group 4: Frequency and duration of high and low pulses
	Average number of high and low pulses per year and the duration of the pulses



	Group 5: Rate and frequency of change
	Annual average rates of increase and decrease and the number of reversals







Note: The base index is the ratio of the annual minimum seven-day flow (precipitation) to the annual mean. The number of reversals refers to the number of times the daily flow or precipitation changes from increasing to decreasing.
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Table 2. Common expressions based on the Budyko hypothesis.
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	Serial No.
	    F  ( ϕ )     
	     F ′   ( ϕ )     
	Literature Source





	1
	    (  1 + ω ϕ  )  /  (  1 + ω ϕ + 1 / ϕ  )  , ω = 1   
	    (  ω  + 2  ω / ϕ − 1 + 1 /  ϕ 2   )  /    (  1 + ω ϕ + 1 / ϕ  )   2    
	Zhang [35]



	2
	   1 + ϕ −    (  1 +  ϕ a   )    1 / a   , a = 2.5   
	   1 −    (  1 +  ϕ a   )    1 / a − 1    ϕ  a − 1     
	Fu [36]



	3
	   1 −  e  − ϕ     
	    e  − ϕ     
	Schreiber [37]



	4
	      [  ϕ t a n h  (  1 / ϕ  )   (  1 −  e  − ϕ    )   ]    0.5     
	      0.5  [  ϕ t a n h  (  1 / ϕ  )   (  1 −  e  − ϕ    )   ]  − 0.5   ×  [  t a n h  (  1 / ϕ  )  − s e c  h 2   (  1 / ϕ  )  / ϕ  (  1 −  e  − ϕ    )        + ϕ t a n h  (  1 / ϕ  )   e  − ϕ   ]      
	Budyko [38]



	5
	      (  1 +  ϕ  − 2    )    − 0.5     
	   1 /  [   ϕ 3     (  1 +    (  1 / ϕ  )   2   )    1.5    ]    
	Pike [39]



	6
	   ϕ t a n h  (  1 / ϕ  )    
	   t a n h  (  1 / ϕ  )  − 4 /  [  ϕ    (   e  − 1 / ϕ   +  e  1 / ϕ    )   2   ]    
	Ol’dekop [40]
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Table 3. Statistical table of IHA indicators before and after the alteration of the Min River.
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IHA Indicators

	
Pre-Alteration, 1960–1993

	
Post-Alteration, 1994–2019

	
    Change    D i  ( % )    




	
Flow

	
Precipitation

	
Flow

	
Precipitation

	
Flow

	
Precipitation






	
Ⅰ

	
January

	
758.5

	
0.135

	
836.5

	
0.117

	
43 (M)

	
30 (L)




	
February

	
709

	
0.27

	
788.5

	
0.229

	
43 (M)

	
22 (L)




	
March

	
819

	
0.558

	
965.5

	
0.535

	
10 (L)

	
11 (L)




	
April

	
1053

	
1.282

	
1268

	
1.423

	
21 (L)

	
11 (L)




	
May

	
1990

	
2.535

	
1840

	
2.435

	
77 (H)

	
44 (M)




	
June

	
3470

	
4.314

	
3390

	
4.509

	
21 (L)

	
22 (L)




	
July

	
5615

	
5.077

	
4710

	
4.405

	
55 (M)

	
78 (H)




	
August

	
5230

	
4.805

	
4310

	
3.988

	
43 (M)

	
22 (L)




	
September

	
4875

	
3.965

	
3905

	
3.573

	
36 (M)

	
11 (L)




	
October

	
3095

	
1.464

	
2725

	
1.3

	
21 (L)

	
56 (M)




	
November

	
1755

	
0.323

	
1540

	
0.311

	
55 (M)

	
11 (L)




	
December

	
1130

	
0.125

	
1145

	
0.1

	
44 (M)

	
33 (M)




	
Ⅱ

	
1-day minimum

	
578.5

	
0

	
598.5

	
0

	
21 (L)

	
3 (L)




	
3-day minimum

	
601.8

	
0.007

	
645.5

	
0

	
55 (M)

	
56 (M)




	
7-day minimum

	
625.4

	
0.041

	
705.1

	
0.0241

	
67 (H)

	
22 (L)




	
30-day minimum

	
677.2

	
0.180

	
760.7

	
0.142

	
43 (M)

	
22 (L)




	
90-day minimum

	
780.9

	
0.472

	
864.3

	
0.511

	
43 (M)

	
22 (L)




	
1-day maximum

	
16,050

	
23.41

	
12950

	
23.47

	
47 (M)

	
44 (M)




	
3-day maximum

	
12,620

	
14.58

	
9967

	
13.27

	
32 (L)

	
44 (M)




	
7-day maximum

	
9877

	
10.34

	
7886

	
10.17

	
32 (L)

	
44 (M)




	
30-day maximum

	
7436

	
7.182

	
5927

	
7.309

	
32 (L)

	
11 (L)




	
90-day maximum

	
5857

	
6.028

	
4802

	
5.81

	
43 (M)

	
11 (L)




	
Base index

	
0.2272

	
5

	
0.291

	
12

	
43 (M)

	
81 (H)




	
Ⅲ

	
Date of the minimum

	
37.5

	
9

	
38.5

	
4

	
9 (L)

	
29 (M)




	
Date of the maximum

	
212.5

	
208

	
214.5

	
210

	
21 (L)

	
29 (M)




	
Ⅳ

	
Low pulse count

	
4

	
35

	
8

	
34

	
43 (M)

	
33 (M)




	
Low pulse duration

	
5

	
2

	
2

	
2

	
21 (L)

	
3 (L)




	
High pulse count

	
8

	
36

	
10

	
38

	
38 (M)

	
39 (M)




	
High pulse duration

	
4

	
2

	
3

	
2

	
9 (L)

	
3 (L)




	
Ⅴ

	
Rise rate

	
141

	
0.8

	
130

	
0.811

	
21 (L)

	
22 (L)




	
Fall rate

	
−108.5

	
−0.79

	
−150

	
−0.789

	
100 (H)

	
78 (H)




	
Number of reversals

	
151

	
218

	
184

	
215

	
89 (H)

	
38 (M)








Note: H—high change; M—moderate change; L—low change. Unit description: flow rate (m3/s); precipitation (mm); rate of rise, fall rates (m3 s−1 d−1); low pulse count, high pulse count, number of reversals (times); low pulse duration, high pulse duration, date of the minimum, date of the maximum (day).
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Table 4. Overall Min River discharge and precipitation change degree.
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Category

	
Hydrology Precipitation Change Degree

	
    Overall   Degree   of   Change    D o     




	
Group Ⅰ

	
Group Ⅱ

	
Group Ⅲ

	
Group Ⅳ

	
Group Ⅴ






	
Gaochang station

	
43 (M)

	
43 (M)

	
16 (L)

	
31 (M)

	
78 (H)

	
45 (M)




	
Precipitation

	
32 (L)

	
39 (M)

	
29 (L)

	
26 (L)

	
52 (M)

	
37 (M)








Note: H—high change; M—moderate change; L—low change.
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Table 5. Calculation results of alterations in the runoff regime.
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	Indicator
	Zhang
	Fu
	Schreiber
	Budyko
	Pike
	Ol’dekop
	Mean





	   ε p   
	0.59
	0.92
	0.93
	0.63
	0.94
	0.96
	0.83



	   Δ  Q c   (  m m  )    
	−22.94
	−28.16
	−28.54
	−23.79
	−28.68
	−28.89
	−26.83



	   Δ  Q H   (  m m  )    
	−65.92
	−60.70
	−60.32
	−65.07
	−60.18
	−59.97
	−62.03



	    η C   ( % )    
	25.82
	31.69
	32.11
	26.77
	32.27
	32.51
	30.20



	    η H   ( % )    
	74.18
	68.31
	67.89
	73.23
	67.73
	67.49
	69.80
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Table 6. Changes of land use types in different periods in the Yangtze River basin.
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Land Type

	
Area Ratio (%)

	
Area Change Rate (%)




	
1980

	
1990

	
2000

	
2010

	
2020

	
1980–2020






	
Grassland

	
42.51

	
42.54

	
42.64

	
42.76

	
42.58

	
0.07




	
Forest

	
38.17

	
38.14

	
38.04

	
38.01

	
38.00

	
−0.17




	
Cropland

	
15.8

	
15.74

	
15.57

	
15.19

	
15.57

	
−0.23




	
Barren land

	
2.03

	
2.05

	
2.05

	
2.07

	
2.15

	
0.12




	
Construction land

	
0.78

	
0.84

	
1.01

	
1.25

	
1.01

	
0.23




	
Wetland

	
0.71

	
0.69

	
0.69

	
0.72

	
0.69

	
−0.02
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Table 7. Transfer matrix of land use from 1980 to 2020 (km2).
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Period

	
Land Type

	
2020




	
Cropland

	
Grassland

	
Forest

	
Construction Land

	
Wetland

	
Barren Land

	
Total






	
1980

	
Cropland

	
21,112

	
24

	
32

	
316

	
16

	
0

	
21,500




	
Grassland

	
12

	
56,302

	
1129

	
4

	
18

	
381

	
57,846




	
Forest

	
53

	
1347

	
50,519

	
4

	
14

	
10

	
51,947




	
Construction land

	
2

	
1

	
2

	
1049

	
0

	
0

	
1054




	
Wetland

	
10

	
20

	
8

	
2

	
911

	
17

	
968




	
Barren land

	
0

	
252

	
27

	
0

	
0

	
2490

	
2769




	
Total

	
21,189

	
57,946

	
51,717

	
1375

	
959

	
2898

	
136,084
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