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Given the threats to the regional river ecological flow, including the sharp increase in per capita water demand, the increase in the number of hydraulic engineering, and the strong seasonal runoff of rainfall recharge channels, we clarified the appropriate ecological flow thresholds for the middle reaches of Bailong River of northwest China. Based on the monthly runoff data in the Wudu Hydrological Station of Bailong River from 1990 to 2020, seven suitable hydrological methods were used to couple the estimation of the ecological flow in the middle reaches of Bailong River, which were tested by runoff satisfaction level analysis, using quadratic fit and 95% confidence interval to determine the monthly ecological flow and threshold of the river in the study area. The results by using the single hydrological methods showed that the calculation results from the monthly minimum ecological runoff calculation method, the improved RVA method, the Tennant method, and the DC method were four better estimation methods, which had a satisfaction level of more than 90% in the whole year. The improved RVA method and the Tennant method were more suitable for the diversion power station whose main task aimed at power generation. Although the economic benefits of hydropower stations were better when the improved RVA method was used to calculate ecological flow, the calculation results from the improved RVA method were tested and analyzed by the Tennant method, which were extremely poor from November to April in the following year, and could not meet the minimum ecological water requirements for the biological community in the river channel. While the other five methods all meet this requirement. We suggest that the minimum ecological flow in the middle reaches of the Bailong River maintained at 27.28 m3⁄s, and the maximum retained at 116.33 m3⁄s. The calculation results were in line with the dynamics of runoff in the study area, which could improve the accuracy of water ecological protection. The calculation results of this study could be used for the middle reaches of the Bailong River and may provide a reference for follow-up ecological restoration research and management in similar ecological zones.
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1 INTRODUCTION
With the population growth as well as economic and social development, human intervention in regional soil and water resource and the surrounding ecological environment has been continuously intensified, among which human activities such as damming, sand panning, and shipping have significantly changed the hydrological situation of rivers, leading to increasingly prominent problems such as river drying, aquatic species extinction and ecological environment degradation (Angus Webb et al., 2013; Brown et al., 2015; Ren et al., 2018; Harper et al., 2022). As the main living water source for most urban and village residents, the reasonable and accurate measurement of ecological flow within inland river channels has become an important part of protecting the ecological security of rivers and lakes and promoting regional coordinated sustainable development (Wu and Chen, 2018; Hairan et al., 2021). According to incomplete statistics, about 1/3 of global inland river runoff originates from recent rainfall recharge, and in the global warming environment, extreme weather is occurring frequently. The intensity (duration) of these precipitation extremes is intensifying (decreasing), persistent high temperatures, droughts and erratic rainfall are becoming increasingly synchronised, and a sense of crisis is increasingly evident in the process of balancing the relationship between water allocation, use and ecological and economic development (Bevacqua et al., 2022; Yin et al., 2022; Yin et al., 2023). This general environment will result in frequent intra- and inter-annual instability in rainfall-supplemented river runoff, which greatly affects the accuracy of rivers and lakes even ecological protection decisions in the basin (Wu and Chen, 2018; Kang et al., 2020). Therefore, how to accurately determine the ecological flow of rivers, then scientifically allocate water rights, rationally develop water resources, and protect water ecological security has become a hot global research topic and an urgent problem to be solved (Bhaduri et al., 2016).
The research on river ecological flow began in the early 1940s (Poff and Matthews, 2013), and the concept of basic ecological environment water demand was proposed by Gleick at the end of the last century (Gleick, 1998), after which he deepened and enriched this concept. At the beginning of this century, with the “European Union Water Framework Directive,” The Nature Conservancy of the United States, China’s “Guidelines for Ecological Water Demand Assessment of Rivers and Lakes (Trial) (SL/Z 479-2010)” and other relevant authorities and provisions promulgated as well as the definition and further analysis on the concept of Environmental Water Demand (or Ecological Water Demand) proposed and promoted, domestic and foreign research on the ecological water demand of rivers and lakes began to develop rapidly (Poff and Matthews, 2013). At present, there are more than 200 methods for calculating ecological flow in rivers worldwide (Tharme, 2003), mainly including: i) The hydrological methods (Shaeri Karimi et al., 2012; Abdi and Yasi, 2015; Dai et al., 2019), through which are simple and convenient to calculate the ecological flow, such as the Tennent method, Average Flow method of the Driest Month in the Last 10 Years (Ministry of Water Resources of the People’s Republic of China, 2015), and Typical Hydrological Frequency Year method (Yao et al., 2021), etc.; ii) The hydrodynamic methods, which takes hydraulic elements (or hydraulic parameters) as influencing factors (also called hydraulic index methods) (Abdi and Yasi, 2015; Książek et al., 2019), such as Wet Cycle method (Gippel and Stewardson, 1998), R2CROSS method (Mosley, 1982), etc.; iii) The habitat simulation methods (also known as habitat quorum methods, or habitat simulation methods) that relate biological communities in the region with hydrological information, such as IFIM method (Instream Flow Incremental Methodology) (PHABSIM for Windows User’s Manual and Exercises, 2022), etc.; iv) The holistic or integrated analysis methods that combines multiple natural information in the area, such as BBM method (Building Block Methodology) (Hughes, 2001), Overall Research method (Liu et al., 2016), etc.
Different estimation methods of river ecological flow have corresponding proposed backgrounds and application scopes. Among them, the hydrological methods are based on multi-year hydrological elements of the river. It is simple to calculate and has strong operability, and is widely used by scholars and institutions in many developing countries (Shaeri Karimi et al., 2012; Abdi and Yasi, 2015). However, different hydrological methods have a different focus when calculating ecological flow in different rivers. For rainfall recharge rivers, due to the influence of extreme weather such as heavy rainfall and continuous drought, the inter-annual fluctuation of runoff is big, resulting in great differences in the final calculation results (Zhang et al., 2022). Therefore, the objectives of the present study were to determine: 1) To compare the differences in the calculation results of seven hydrological methods for calculating ecological flow applied in the study area; 2) To establish a set of hydrological methods by coupling a variety of methods that were consistent with the calculation of rainfall supplementary runoff ecological flow. 3) Using the combining polynomial fitting method and 95% confidence interval to explore the threshold range of ecological flow value. It is worth mentioning that the seven hydrological methods applied in this study are very applicable to calculating the ecological flow of rainfall supplemental runoff. Unfortunately, the selection of the most appropriate calculation methods requires a comprehensive analysis of the study area and is also beyond the scope of this study. Thereby, this methodological study is to provide a reference for accurate and scientific analysis and calculation of ecological flow in rainfall supplemental runoff-type channels.
2 MATERIALS AND METHODS
2.1 Study area
The middle reaches of Bailong River basin were selected as the study area, which is located between the 103°30′E and 105°40′E and between the 32°20′N and 34°10′N (Zhou, 2014). The Bailong River is the largest tributary of the Jialing River, a first-class tributary of the Yangtze River. It originates from Langmu Temple, Luqu County, Gansu Province, China. The total length of the river is 576 km, the drop between the river source and estuary is 3,607 m, and the average ratio drop of the river is 0.54%. The river runoff is mainly recharged by rainfall, and the average annual runoff is 389 m3⁄s. There are abundant hydraulic resources available for development, and many hydropower stations have been put into operation, such as the Qilin Temple Hydropower Station and the Bikou Hydropower Station, etc. The general situation of the water system and the distribution of hydrological stations in Bailong River Basin were shown in Figure 1.
[image: Figure 1]FIGURE 1 | Overview of the water system and hydrological station distribution in Bailong River Basin, China.
2.2 Data collection
In this study, the Wudu Hydrological Station in Bailong River was selected as the study hydrological station, which is located in the urban area of Longnan City with a large population and a high level of hydropower development, a more important hydrological control station in the Bailong River basin. The basic data sources mainly originated from “Gansu Provincial Water Resources Bulletin” (Gansu Provincial Water Resources Department, 2020) and the actual measurement data by the Wudu Hydrological Station. Additionally, a total of 31 years of runoff data from 1990 to 2020 and those of multi-year average monthly runoff from 1956 to 2020 were also obtained.
2.3 Methodologies of data analysis
This study refers to the relevant research in the same type of area and selects the following seven methods based on the local hydrological conditions as the assessment methods to determine the ecological flow in the middle reaches of the Bailong River.
2.3.1 NGPRP method
The NGPRP method (Northern Great Plains Resource Program method) calculates the ecological flow in the river channel as follows: i) Dividing the known historical runoff data in the study area into three groups: wet years, normal years, and dry years; ii) Regarding the runoff in the normal year corresponding to the 90% guarantee rate as the ecological flow (Dai et al., 2019).
Use the percentage of anomalies to determine the wet, normal and dry years of a long series of historical runoff data. The calculation equation was as following:
[image: image]
where: [image: image]—the percentage of anomalies of the runoff data, %; [image: image]—the monthly average flow in the [image: image]-th year, m3/s; [image: image]—the average value of the runoff data within n years. The results of the year-type classification were shown in Table 1.
TABLE 1 | Classification basis of the year types.
[image: Table 1]The percentage of anomalies and average annual flows for each of the year in the normal flow year group (a total of 9 years) were shown in Table 2, and the year corresponding to the 90% cumulative frequency was 1998. The final ecological flow values were obtained for each month of the year.
TABLE 2 | Percentage of anomalies and average annual flow in each year’s group.
[image: Table 2]2.3.2 Improved dynamic calculation method
The dynamic calculation method introduces the contemporaneous mean ratio as an index to calculate the ecological water demand of the river, which is more suitable for the natural runoff characteristics of the river (Pan et al., 2013). In the original method, the improved dynamic calculation method introduces the mean ratio of annual runoff to the multi-year average method runoff under the 90% guarantee rate corresponding to the P-III curve. This method reduces the influence of decreasing or increasing ratio in the same season in the calculation process due to the increase or decrease of the runoff data time series, thus reducing the error of the ecological flow value (Zhao et al., 2018). The calculating steps of the improved dynamic calculation method are as follows.
① According to the known long series of historical runoff data, the average monthly flow for a long time was calculated, and the calculation equation was as following:
[image: image]
② The P-III curve adaptation method was used to determine the annual runoff value of the river under a 90% guarantee rate, and the alignment results were shown in Figure 2. The results of the multi-year monthly mean flow ([image: image]), variation coefficient CV, deviation coefficient CS and annual river runoff q90% for the 90% guaranteed rate were shown in Table 3.
[image: Figure 2]FIGURE 2 | Historical flow-frequency curve of Wudu Hydrological Station.
TABLE 3 | P-III curve wiring results.
[image: Table 3]③ The mean value ratio in the same season was obtained using the annual runoff value ratio [image: image] of the river channel under 90% guarantee rate to the average runoff in each month for a long time. The calculating method was Eq. 3, and the mean value ratio in the same season was 0.72.
[image: image]
④ The ecological flow in the river in this study area was calculated for each month, and the equation was as following:
[image: image]
where: [image: image]—Multi-year average monthly flow for month i of the year, m3⁄s; [image: image]—Runoff for month [image: image] of the year [image: image], m3⁄s; [image: image]—A total year number of the historical runoff information in the long series; [image: image]—The annual river runoff volume under 90% guarantee rate, which was calculated using the P-III curve alignment method, m3⁄s; [image: image]—The mean ratio in the same season; [image: image]—Monthly ecological flow in the study area in the river channel, m3⁄s.
The ecological flow of the river at Wudu Hydrological Station was calculated according to Eq. 4; Table 3, and the calculation results in ③.
2.3.3 Improved RVA method
The RVA method (Range of Variability Approach method), also known as the range of variation method or the range of variability method, was proposed by Richter et al. (1997), which considers the changes in hydrological elements such as flow, duration, and frequency before and after human impact (construction of hydraulic engineering, etc.) on the river and its environment as well as stipulates that 25% and 75% of the incoming water frequencies are the upper and lower limits of the estimated river ecological flow, that is, the RVA threshold. Many scholars have continuously improved and revised the RVA method. Zhang et al. (2017) proposed the improved RVA method to divide the annual rainfall into four seasons including the non-flood season, pre-flood season, main flood season, and post-flood season, and calculated the ecological flow, respectively. To a certain extent, the improvement reduced the influence of the small ecological flow value calculated in the dry season due to the small range of the RVA threshold values in the same season. The minimum ecological flowvalue of the river for the non-flood, pre-flood, and post-flood seasons in the study area were calculated according to Eq. 5, while that for the main flood season was calculated by Eq. 6. The results of the calculations were shown in Table 4.
[image: image]
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where: [image: image]—Minimum ecological flow value of the river; [image: image]—Runoff corresponding to the upper limit of the RVA threshold (p = 25%); [image: image]—Flow rate corresponding to the lower limit of the RVA threshold (p = 75%).
TABLE 4 | Ecological Flow values calculated by the improved RVA method for each month at Wudu station.
[image: Table 4]2.3.4 Monthly minimum ecological runoff calculation method
This method reduces the errors in ecological flow calculation due to uneven distribution of precipitation in each month of the year with seasonal characteristics, and the calculated value fits the characteristics of intra-annual variation of river runoff, which is more consistent with the calculation of the river ecological flow based on rainfall recharge (Wu et al., 2020).
The calculating steps are as follows: 1) From the known historical long series runoff data, pool the runoff volume of January each year and take the minimum value as the ecological flow of January; 2) Obtaining a total of 12 ecological flow values in February, March, ....., and December following above method.
2.3.5 DC method
The DC method (Duration Curve method) (Tharme, 2003) is an improved method of the Flow Duration Curve (FDC) method (Men et al., 2012). Various indexes can be obtained in the calculation of river ecological flow by the DC method: multi-year average minimum ecological flow, typical annual minimum ecological flow, minimum ecological flow in four seasons, and monthly ecological flow. Therefore, the flow rate [image: image] (the minimum flow value of the protected river) corresponding to the cumulative frequency p = 95% in each month of the year was selected to calculate the river ecological flow according to the DC method. The calculation steps are as follows:
Firstly, sorting the long series of historical runoff data of no less than 20 years from the maximum to minimum recorded as [image: image], ([image: image]), in which [image: image] is the maximum runoff in the long series of historical data and [image: image] indicates the minimum. Secondly, calculating the cumulative frequency corresponds to the monthly runoff in the historical year according to Eq. 7. Thirdly, plotting the historical curve (Figure 3). Finally, determining the ecological flowbased on the corresponding cumulative frequency.
[image: image]
where: [image: image]—the percentage of anomalies of the runoff data, %; [image: image]—ordinal number corresponding to the sorting of the runoff; [image: image]—the total year number of historical runoff data.
[image: Figure 3]FIGURE 3 | Cumulative frequency corresponding to multi-year average runoff in January.
By accurately fitting the cumulative frequency curve corresponding to the multi-year average runoff in January (Figure 3), the runoff corresponding to a cumulative frequency of 95% was selected to calculate the ecological flow value using the DC method.
2.3.6 Improved monthly frequency calculation method
The monthly frequency calculation method divides the month of the year into three seasons (wet water season, 50% guaranteed rate; normal water season, 70% guaranteed rate; and dry water season, 90% guaranteed rate). The runoff obtained under the guaranteed rate for these three seasons are always used as the ecological flowvalue of the river (Dong et al., 2012). To avoid the lack of ecological flowvalues when seasonal river breaks occurred, we did not divide the season of the year in the improved monthly frequency method and took 50% as the guaranteed rate for each month within the year to calculate the corresponding ecological flow values (Chen, 2005).
2.3.7 Tennant method
The Tennant method, also known as the Montana method, uses the percentage of the average annual runoff in a river as a benchmark for evaluating the biological ecological water demand (Karakoyun et al., 2018) and is one of the most widely used methods for calculating river ecological flow through hydrology (Tennant, 1976). Around 1974, Donald Leroy Tennant (1976) conducted the “Montana method” test and the correlation analysis by the “Montana method” under different flow regimes in hundreds of rivers of 24 states in the United States (Hamidifar et al., 2022), and the results showed that: i) The minimum instantaneous flow to maintain the survival conditions of aquatic organisms in the habitat for a short season was 10% of the annual average flow; ii) The base flow in maintaining good living conditions for most aquatic organisms in the habitat was 30% of the annual average flow; iii) The flow used to provide excellent biological habitat for most aquatic organisms in the habitat during the main growing season and the rest of the resting phase was 60% of the average annual flow.
The Tennant method calculation steps are as follows: firstly, dividing the months of the year into the dry season (general water use season: October–March of the next year) and the wet season (fish spawning and rearing season: April–September), and then the ecological flow of this river stretch was calculated according to the Tennant method assessment criteria. The evaluation criteria of the Tennant method were shown in Table 5.
TABLE 5 | Calculating ecological flow assessment criteria in the Tennant method.
[image: Table 5]Since the Tennant method has more typical data characteristics when calculating ecological flow values in rivers, it was used in this study as a comparative method to test and analyze the results of ecological flow calculation by various hydrological methods (Guo et al., 2009). According to the characteristics of runoff and rainfall distribution in the study area, the months of the year are divided into the dry season (general water use season: November–April of the following year) and the wet season (fish spawning and fattening season: May to October), and the 10% of the average annual flow during the dry season and 30% of the average annual flow during the wet season were selected as the ecological flow of the river.
3 RESULTS AND ANALYSIS
3.1 Estimation results
Taking the middle reaches of Bailong River basin as the study area, the river ecological flow was calculated, and the historical hydrological data of the Wudu Hydrological Station were analyzed and calculated according to the previous seven methods. The results were shown in Figure 4A.
[image: Figure 4]FIGURE 4 | Ecological flow for each month of the year calculated by various methods at Wudu Hydrological Station. (A) shows the ecological flow values calculated by seven methods. (B) shows the ‘abrupt change’ in ecological flow calculated by various methods for the months of May-July.
On the whole, the distribution patterns of the ecological flow values calculated by each hydrological methods were consistent with the multi-year monthly average flow (1956–2020), not only reflecting the change of ecological flow with seasonal rainfall replenishment or deficit of runoff but also conforming to the variation of the actual survival water demand of biological communities in the rivers during the reproductive season (fish spawning and nursery season) and the general water use season described in the Tennant method.
Taking the multi-year average monthly runoff curve and the Tennant method calculation results curve were used as a reference, the calculation results for the seven methods selected for this study were grouped into three categories: i) The results were closed to multi-year average monthly runoff. Includes the improved monthly frequency calculation method. Due to the high demand for domestic water and agricultural irrigation on both sides of the Wudu Hydrological Station, the ecological flow should be less than the average monthly runoff, so this method calculation results were on the large side; ii) The results were closed to the Tennant method calculation results. Includes the improved RVA method. The results obtained by this method were calculated based on the minimum ecological flow in the river. Therefore, it could be used as a lower limit for the ecological flow of the river in this study. However, the determination of a lower limit ecological flow requires further analysis and calculation; iii) The results lay between the multi-year average monthly runoff curve and the Tennant method calculation results curve. A total of four methods, including the DC method, the NGPRP method, the Improved Dynamic Calculation method, and the Monthly minimum ecological runoff calculation method. All four methods focus on the study of the guaranteed rate of runoff for each month of the year and had similar calculation principles. Although the calculations were superior, further analysis was required to avoid sudden changes in ecological flow caused by extreme weather, as shown in Section 3.2 of this study.
As shown in Figure 4B, the results of the NGPRP method had an “inflection point” in May. Comparison with multi-year average monthly runoff, which was no non-linear change from May to June. On the one hand, as the NGPRP method was used to calculate, 1998 was the year corresponding to the 90% guarantee rate of the normal water year group, while the low rainfall, relatively high evaporation capacity and water demand in June of that year, and the predominance of rainfall recharge for river runoff in this study area, resulted in a smaller runoff volume in that month than the multi-year average monthly runoff volume, as well as a dramatically smaller ecological flowvalue. On the other hand, for all six methods except the NGPRP method, the results in June follow the same trend as the multi-year average monthly runoff. Therefore, compared to the calculation results of the remaining six methods, the NGPRP method calculation results had another “inflection point” in August for similar reasons as described above. To sum up, the occurrence of the “inflection point” was an accidental phenomenon, which had no significant impact on the calculation of the river ecological flow values in the study area.
As shown in Figure 4A, the ecological flow values calculated by the various methods varied from 11.12 to 62.69 in standard deviations within the same month, with a large level of dispersion. To determine the river ecological flow values at Wudu Hydrological Station of Bailong River Basin with a more scientific and reasonable way, it was necessary to further analyze the accuracy of the calculation results using above mentioned methods, as shown in Section 3.2 and Section 3.3 of this study.
3.2 Preliminary analysis
3.2.1 Satisfactory level analysis
The ecological flow satisfactory level analysis of each method to calculate ecological flow values is a frequent evaluation method often used by many scholars and management agencies in the process of determining the ecological flow (Ge et al., 2019). The evaluation method is based on the preliminary calculation of ecological flow values for each month of the year by each method compared with historical data of monthly runoff, which is calculated as follows:
[image: image]
where: [image: image]—the level of ecological flow satisfaction, %; [image: image]—the total number of months in which the monthly runoff is greater than or equal to the ecological flow of the month in the historical runoff data corresponding to a certain month; [image: image]—the total year number of historical runoff data. The ecological flow satisfactory level of the Wudu Hydrological Station was calculated according to each method as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Monthly ecological flow satisfactory level within the year. (A) shows the Satisfactory level of ecological flow calculated according to the NGPRP method. (B) shows the Satisfactory level of ecological flow values calculated according to the Improved dynamic calculation method. (C) shows the Satisfactory level of ecological flows calculated according to the Improved RVA method. (D) shows the Satisfactory level of ecological flows calculated according to the Monthly minimum ecological runoff calculation method. (E) shows the Satisfactory level of ecological flows calculated according to the DC method. (F) shows the Satisfactory level of ecological flows based on the Improved monthly minimum frequency calculation method. (G) shows the Satisfactory level of the ecological flow calculated according to Tennant’s method.
As can be seen from Figure 5, the Tennant method, the monthly minimum ecological runoff calculation method, the DC method, and the improved RVA method had satisfactory levels of more than 90% in each month of the year. However, under the improved monthly frequency calculation method, since the ecological flow value in each month was calculated according to the monthly runoff corresponding to the 50% guarantee rate, the calculated satisfactory level was 51.61%. The other two methods (the NGPRP method and the improved DC method) showed a low or extremely low level of satisfaction in the rest of the months, although the satisfactory levels were higher in January, February, and March, with more than 90%. Taking the NGPRP method as an example, this was mainly due to the representative year selected in the calculation process. The ratios of annual mean ecological flow values in May and August exceed 85%, thus showing a low-level ecological flow satisfaction in Figure 5, a phenomenon that also fully illustrates the disadvantages in the single hydrological method calculation of river ecological flow values the occasional extreme deviation (Liu et al., 2016).
3.2.2 Economic benefit test analysis
The unique geological resources and water resources conditions of Bailong River basin promoted the development and construction of many large, medium, and small hydroelectric projects in the study area, among which most of the hydropower stations took power generation as their main task, often leading to the economic benefits and ecological protection conflict (Shen and Xie, 2020). Therefore, we conducted the economic benefit analysis on river ecological flow to provide theoretical analysis for the determination of ecological flow, but the main research object of the economic benefit test analysis was the diverse type power station taking power generation as the main or only task. The principle of this method was in line with the characteristic that the flow rate of power generation quoted by the turbine of the diverse type of power station determined the economic benefit of the power station within a certain range. In the research process of this study, we adopted Jinping Power Station close to Wudu Hydrological Station on Bailong River as the reference benchmark, which is located in Liangshui Town, Wudu District of Gansu Province and is a typical artificial open channel diversion power station, with the main design task of power generation. The flow rate used to generate electricity was 176 m3⁄s. The calculation results were shown in Figure 6.
[image: Figure 6]FIGURE 6 | Percentage of monthly ecological flow in a generation diversion one within the year.
As shown in Figure 6, the 6 months of January–April, November and December had the lowest percentage of cited flow in power generation, calculated using the improved RVA method and Tennant method, indicating that in such case the power generation efficiency of the Jinping Hydropower Station on Bailong River was much better, while the ecological flow released from the sluice gate was less, thereby, further research was needed to determine whether the limited ecological flow could meet water demand of normal survival of the aquatic biological community in this river section. Each of the remained five methods respectively accounted for about 17% of the total calculated results of the 6 months, with no significant difference. The calculated results by the improved RVA method, DC method, monthly minimum ecological runoff method, and Tennant method from May to October accounted for about 8%, indicating that the economic benefit of the hydropower station under such flow allocation was relatively better, which could both meet the ecological flow demand in the river channel and obtain high economic benefits at the same time. From the perspective of the whole year, the calculation results by the NGPRP method and the improved monthly frequency calculation method accounted for a large proportion of each month within the year. For hydropower plants whose main task aiming at generating electricity, such flow allocation would affect the profitability of hydropower plants to a greater extent. Therefore, it is necessary to further balance the relation-ship between environmental protection and economic benefits.
3.2.3 Tennant method test analysis
The Tennant method test analysis was introduced to determine the mean ratio of ecological flow in each category to annual average monthly runoff (Table 5), and the comparative analysis was carried out during the breeding season of aquatic organisms (fish spawning and nursery season) and general water use season in the river channel. The calculated results were shown in Table 6.
TABLE 6 | Tennant method analysis of monthly ecological flow within the year.
[image: Table 6]Table 6 revealed that the calculated results from the improved RVA method showed extremely poor performance in January, February, March, April, November, and December, which could not meet the minimum instantaneous flow rate for aquatic organisms to maintain habitat survival conditions in a short season of the river, so that the ecological function of this river section could not maintained. Therefore, these data should be excluded from the subsequent overall analysis of the river ecological flow, which could reduce the error of the overall analysis.
3.3 Comprehensive analysis
In determining the reasonable thresholds for river ecological water demand, it is necessary to clarify the variability characteristics of natural runoff (As shown in Figure 4) to meet the specific ecological function objectives in various reaches of the river at different times within a year (Pan et al., 2013). To reduce the influence on the river ecological flow calculation results due to the extreme rainfall conditions within a year, the satisfactory level of ecological flow, economic benefit, and Tennant method analysis were combined, and the Origin 2021 software was applied in fitting comparison analysis of the monthly ecological flow obtained by each method within a year. Simulation analysis showed that the final fitted equation was optimally simulated by a quartic polynomial, with R2 marked as the maximum and the reliability the highest. The specific fitting results were shown in Figure 7.
[image: Figure 7]FIGURE 7 | Ecological flow threshold fitting analysis.
Related studies had shown that the 95% Confidence Interval (CI) was often used as a reference value to determine the interval for estimating the overall parameters of hydrological sample statistics (Babbar, 2014; Jiang et al., 2015; Wang et al., 2018). In the present study, this method was also used to quantify the upper and lower limits of the ecological flow of the river. The month ecological flow threshold interval of Wudu Hydrological Station in Bailong River Basin was shown in Table 7.
TABLE 7 | Upper and lower threshold of the ecological flow.
[image: Table 7]To ensure the reliability and reasonableness of the fitted results, we once again analyzed the satisfactory level and Tennant method for fitted values of each month’s ecological flow, and the specific calculation results were shown in Table 8.
TABLE 8 | Evaluation of fitted monthly ecological flow.
[image: Table 8]4 DISCUSSION
4.1 Evaluation of fitted monthly ecological flow
The results of ecological flow calculated based on one hydrological method have low confidence, but after coupling multiple hydrological developments and taking 95% confidence intervals, all the ecological flow values were satisfied to a high level (McCluney et al., 2014). As shown in Table 8. It could be seen that the monthly ecological flow values in the middle reaches of Bailong River basin (Wudu Hydrological Station) might meet the requirements of the inter-annual variation of monthly runoff and had a relatively high satisfactory level for the monthly runoff in the last 31 years, which were also sufficient for the minimum ecological water demand of the aquatic communities in the river during the dry and wet seasons. Thus, the results could be used as a reference value for the ecological flow at Wudu Hydrological Station in Bailong River Basin, providing theoretical reference for relevant research and management institutions.
The calculation results showed a high satisfactory level for the survival needs of the runoff and biological communities, which was mainly because the coupled assessment ecological flow of multiple hydrological methods established a threshold range for the survival needs of aquatic species at different times in the study area. Firstly, the selection of the calculation method was mainly in line with the river runoff types of rainfall recharge, meeting the characteristics of the temporal and spatial variation of river runoff with rainfall (Han et al., 2012). Secondly, when coupling multiple hydrological methods were applied to evaluate the ecological flow threshold in Bailong river middle reaches, the data that were beyond the evaluation range in the preliminary calculation results from the seven calculation methods were deleted, making this data more reliable overall. Finally, Origin 2021 was used to perform quadratic fitting and 95% confidence interval threshold calculations obtained from the three test methods, making the model more generalizable and better fitting, thus reducing the underfitting impact on the calculated results and improving fitting accuracy and science (Li and Lin, 2022).
4.2 Credibility demonstration of coupled multiple hydrological methods for calculating ecological flow
In this study, our work was consistent with the characteristics of runoff changes in Bailong River’s middle reaches, and the satisfactory level of water ecological protection was maintained at a relatively high level, which was of great significance for water ecology management and protection in Bailong River’s middle reaches. Domestic and foreign research on ecological water demand has undergone nearly half a century of development. Although some studies have been conducted in some regions using related methods, due to the influence of uncertain factors such as the large span of river basins, runoff variation population dynamics, and the prevalence of specific case studies and analyses, the concept and connotation of ecological flow has not been uniformed, although many countries have issued corresponding regulations on ecological civilization at national levels (Han et al., 2012; Chen et al., 2016). As the largest tributary in Jialing River, Bailong River has an abundant water volume, which is responsible for various major tasks such as residential water demand in southern Gansu Province and northern Sichuan Province, ecological water demand and hydroelectric power generation, among others. Previous research found that protecting river water ecological security and biodiversity was of great significance for maintaining regional coordination and unity, as well as green and healthy development (Shenton et al., 2012; Wang et al., 2017). We used the multi-year average monthly runoff from 1956 to 2020 as a comparison and made a comparison description of the preliminary calculation results of ecological flow in the middle reaches of Bailong River. The inadequacy of this study is that the known hydrological data has not been analyzed by proper methods such as models or empirical formulas, thereby further re-searches on this aspect need to have proceeded in the future.
4.3 Application of multiple hydrological methods coupled to calculate ecological flow in watershed management
The coupling of multiple hydrological methods to calculate ecological flow is mainly applied to water ecology restoration and water resource allocation management in some of the basins in China (Wu et al., 2022). The amount of inland river water resources has gradually become a major influencing factor for regional economic development, and in order to avoid over-exploitation of water resources and to protect aquatic biodiversity and the original ecological structure of the river, rational allocation of water resources has gradually been emphasized, and government agencies have developed mechanisms for dividing water rights of watershed water resources to balance water for domestic, agricultural irrigation, hydropower generation and ecological water demand (Liu, 2012). Taking the Yellow River as an example, over-exploitation of river water will not only affect the normal survival of aquatic organisms in the river, but also cut off the flow of the river downstream (Yin, 2002). As the ecological flow of the river is related to the normal survival of aquatic organisms and regional water resources distribution, and the hydrological method to calculate ecological flowis a low-cost, simple and fast method, many scholars have conducted research in this area, but there are differences in the ecological flow calculation methods and evaluation methods for different types of rivers (Ma et al., 2019). Su et al. (2022) used six hydrological methods to calculate the ecological flow in Dahuangkou estuary of the Xi River based on the hydrological data of the river before the anthropogenic disturbance, and the calculated results were compared with those based on the simulation of the fish spawning habitat in this river section in related studies, and the satisfactory level was high. Ren et al. (2018) proposed a complex ecological flow study framework, which considered the impact of intra and inter-annual variation of runoff caused by climate change on ecological flow, but the final calculated ecological flow values were not analyzed in terms of the satisfactory level, and their generalizability needs further analysis. The ecological flow threshold calculation method proposed in this study not only took into account the influence of river type on the calculation method, but also removed the data with low satisfactory levels from the calculation results through various satisfactory level analysis methods, effectively improving the accuracy of the calculation of ecological flow thresholds in rivers, which can provide a reference for the calculation of ecological water demand in watershed water management for rivers where rainfall is the main form of recharge runoff.
5 CONCLUSION
In this study, we assessed the performance of ecological flow in river by comparing multiple hydrological methods, using multiple hydrological methods coupled to assess ecological flow, while evaluating the results, and applied it to the Jinping Hydropower Station, where the Wudu Hydrological Station of Bailong River is located, to obtain ecological flow thresholds for each month of the year at the Wudu Hydrological Station. The coupling of multiple hydrological methods to assess river ecological flow took into account the differences between inter-annual monthly variations in river runoff, primarily in the form of rainfall rechange runoff, and the single hydrological method when calculating river ecological flow, and took into account the analysis of ecological flow satisfactory level, the analysis of economic benefits of hydropower station. The Tennant’s method test analysis and the comprehensive analysis, the overall satisfactory level of the calculation results was higher than the satisfactory level of the single hydrological method results, and the results were more practical than the results of the Tennant method test analysis alone, in line with the ecological meaning, and meet the water needs of the biological communities within the river, which could be used as a reference value for the ecological flow threshold in the river of study area. Furthermore, the conflict between power generation benefits and ecological protection during fish spawning and growth seasons would have an impact on the guaranteed rate of ecological flow, necessitating gradient cooperation, joint scheduling, and reasonable development of water conservancy projects upstream and downstream of the river.
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