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As the social economy is further developed, there have been increasingly severe ecological and environmental issues. For instance, rivers located in mountainous areas are often encountered with the issue of zero flow. The ecological base flow was put forward to ensure the continuous flow of rivers, to realize the minimum ecological function, and to meet the most fundamental requirements of sustaining the river ecosystem. Wulong River Basin in Yantai City of China was taken as example here. Based on the runoff data collected in the Tuanwang Hydrological Station from 1960 to 2016, the measured runoff data was restored to natural runoff sequence by adopting the item-by-item investigation method. The different ecological base flows of Wulong River were calculated by adopting the Tennant Method, the Qp90 Method, the Texas Method, the Base Flow Ratio Method, the Tessman Method, and Wetted Perimeter Method. The research findings have shown that the Base Flow Ratio Method proves to be the optimal approach for calculating the ecological base flow of Wulong River. Based on the analysis of the assurance degree of ecological base flow, the period from April to June is the period with the lowest assurance degree of ecological base flow.
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INTRODUCTION
Keeping enough flowing water in the river is the premise of maintaining the basic ecological function of the river and the basis of ensuring the stability and dynamic balance of the ecosystem. This flow is defined as ecological base flow. Therefore, a certain basic flow should be reserved to prevent the river from cutting off or shrinking during the development of water resources. Human activities and the construction of water conservancy engineering facilities have reduced the self- repair ability of natural rivers, and the ecological environment of rivers has been damaged (Liu et al., 2020; Chen et al., 2021). In addition, the sustainability of natural rivers has been greatly affected by the over exploitation of water resources such as agricultural irrigation. Therefore, it is of practical significance to study and determine the ecological base flow of rivers.
Studies on the calculation of ecological base flow of rivers began in the 1940s and have experienced rapid developments since the 1970s. Judging from the statistics of 2003, over 200 methods are available for estimating the ecological water demands of the river. These methods are mainly divided into four categories, namely, the Hydrological Index Method, the Hydraulics Method, the Integral Analysis Method, and the Habitat Method (Sakke et al., 2018; Zhang et al., 2022). In addition, there are a few calculation methods other than the aforementioned approaches (Tharme, 2003). Hydrological method is based on observation data and mathematical statistical analysis, and most rivers in China have a long series of hydrological data, so it is efficient and simple. By analyzing the applicability of the four major methods, Zhong et al. (2006) believes that the Hydrological Index Method is the optimal method for studying the rivers in China. Given that the studies on ecological base flow began late in China, domestic scholars have mostly adopted overseas methods during the early stage (Zhang and Xiong, 2017; Singh et al., 2019; Chacko et al., 2021). Subsequently, some domestic scholars have improved their calculation methods based on the actual circumstances of the study area. For instance, Lin (2017) adopted the overclocking method to avoid the impact imposed by extreme events. Yang et al. (2016) resorted to the optimized method of hydrograph to improve the measured flow data, which can be directly applied to rivers subject to the influence of human activities. Wu et al. (2011) took into account of the process of annual runoff and the disparity between high flow, normal flow and low flow years, and adopted the Base Flow Ratio Method to calculate the ecological base flow. Huang et al. (2007) introduced the seasonal coefficient and the environmental gradient ration to reveal the silt-laden and seasonal features of the Yellow River. Liu et al. (2007) developed the Ecological Hydraulic Radius Model, avoiding the uncertainty derived from the calculation of the catastrophe point via the Wetted Perimeter Method. Neubauer et al. (2008) developed a minimum flows and levels (MFLs) method to simulate long-term system hydrology. Based on the features of seasonal rivers and the principle of determining ecological flow, Yang and Zhang (2018) measured the ecological flow of the river by stages, which effectively addressed the contradiction between ecological and economic uses of water. Huang et al. (2019) took into account the influence of hydrological variation and identified the significant impact imposed by water conservancy projects on ecological water level. Through the comparative analysis of the calculation results of each method, the suitable calculation method of the reach is selected and the ecological base flow value of each month is determined. The calculation results can provide reference for ecological management and protection of this river.
Overview of the study area
Yantai City is located in the east of Jiaodong Peninsula, and the city’s GDP ranks third in Shandong Province. With the per capita water resource amounting to less than 1/5 of that of China nationwide, Yantai City is faced with the severe shortage of water resources. The ecological water demands of local rivers can hardly be satisfied for a long time, and the local ecological environment is deteriorating increasingly. According to the survey of freshwater fish resources in Shandong Province (Cao et al., 2013), there are less than 10 freshwater fish species in Yantai City and its subordinate counties, ranking in the bottom of Shandong Province. It is necessary to properly allocate water resources and develop unconventional water sources in Yantai City, so as to meet the ecological water demands for both production and daily life. In this respect, the calculation of ecological base flow lays the foundation for relevant work.
In Yantai City, the local rivers are all mountainous ones and streams fed by rainwater, with the small basin, short river channel and often cutoff flow. In addition, the river channel cross-section is typically wide and shallow. In the region, the rivers with large basin areas include Huangshui River, Dagujia River and Wulong River, which all find their way to the sea. Due to the increase of water diversion and storage capacity, these rivers are faced with the no-flow issue on a frequent basis.
In this study, Wulong River Basin was selected, the largest basin, in Yantai City, as the research object. The basin (illustrated in Figure 1), a low mountainous and hilly area, lies in the central part of Jiaodong Peninsula. It features a main stream length of 130 km and a basin area of 2,810 km2. The annual average precipitation amounts to 698.1 mm, whereas the precipitation in the flood season accounts for 74.1% of the annual precipitation, which mostly takes place as rainstorm. Since the 1980s, the basin has been encountered with zero flow for numerous times, and the ecological environment of the river has increasingly deteriorated.
[image: Figure 1]FIGURE 1 | Wulong river basin.
Data of the study area
In this study, Tuanwang Hydrological Station locates in the Wulong River basin, of which control basin area amounts to 2,445 km2, accounting for 87.6% of the total basin area. Established in 1951, the Tuanwang Hydrological Station has collected the measured runoff data on a consecutive monthly scale from 1960 to 2016. Given that the runoff process in the basin is subject to significant impact imposed by human activities, it is necessary to conduct reduction calculation of the natural runoff.
MATERIALS AND METHODS
Natural runoff restoration
Given that the runoff process in the basin is subject to significant impact imposed by human activities, the measured runoff sequence is inconsistent. Therefore, it is necessary to conduct restoration calculation (Li and Wei, 2015; Zhang et al., 2019; Quan et al., 2021).
The item-by-item investigation method was adopted during the reduction of runoff. This method is based on the results of multiple hydrological surveys, and the water balance Equation 1 is applied to reduce the measured runoff sequence of the Tuanwang Hydrological Station from 1960 to 2016 to natural runoff sequence, which helps to reduce the impact imposed by various sorts of projects on natural runoff. Although the alteration of the underlying surface could also impose an impact on the formation of runoff, such impact on the study area is too limited to take into account during the reduction calculation,
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where, WN refers to the reduced natural runoff; WM refers to the measured runoff; Wi refers to the reduction amount, including the loss derived from agricultural irrigation, industrial water use and urban living water use, the variable of reservoir water storage, the cross-basin (or cross-section) water diversion and the river flood diversion and flood loss of dam breach.
Methods of ecological base flow

1) Tennant Method. Researchers take a certain percentage (usually ranging between 10% and 30%) of the annual average natural runoff as the ecological base flow (Men and Liu, 2008; Li and Kang, 2014). When the percentage reaches 10%, the basic ecological function could be guaranteed for the river. When the percentage reaches 30%, a better habitat could be formed for the majority of creatures (Zhong et al., 2006; Tennant, 2011). In this study, in order to take into account the seasonal variation of river flow in the study area, the seasonal coefficient was given accordingly.
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where, QDi refers to the monthly average flow of a typical year, QT refers to the annual average flow of multiple years under natural conditions, whereas the average value of multiple normal flow years is selected as the value of the typical year.
Description of river flow through the improved Tennant Method is shown in Table 1.
TABLE 1 | Description of river flow through the improved tennant method.
[image: Table 1]2) Base Flow Ratio Method. The varying hydrological years could be divided into wet years, normal years, dry years and extremely dry years. In addition, based on the water conditions in different periods of the year, a specific year could be divided into high flow period, normal flow period and low flow period. Subsequently, the base flow ratios were calculated in varying periods, and Base Flow Ration Method was proposed (Wu et al., 2011).
Ecological base flow can be calculated by the following equations,
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where, Ti refers to the known base flow ratio of typical year i; i refers to 1, 2, 3, 4, correspondingly to wet year, normal year, dry year and extremely dry year, usually Ti+1 > Ti; Qi refers to the average discharge of typical year I;μ refers to reduction coefficient, here is 0.4 (Arthington et al., 2006).
3) Qp90 Method. Based on the long-term runoff serials of natural monthly average flow, the average flow of the driest month of each year was selected and its frequency was obtained accordingly. In addition, the frequency at 90% of the driest month was chosen as the minimum ecological water demand. For seasonal rivers, the no-flow period caused by seasonal factors is excluded.
4) Wetted Perimeter Method. The relationship curve between wetted perimeter and the runoff was established (Ji et al., 2010). The flow in the vicinity of the inflection point of the curve represents the minimum ecological water demand. There are mainly two methods for determining the inflection point, namely, the Maximum Curvature Method and the Slope Method. The slope method may have subjective defects in determining the inflection point, while the maximum curvature method can avoid such defects and objectively determine the ecological base flow (Song et al., 2007).
5) Texas Method (Yu et al., 2013). In general, researchers select a certain percentage of the monthly runoff with the guaranteed rate of 50% as the ecological base flow, whereas 20% of monthly runoff is selected for the northern river.
6) Tessman Method (Karakoyun et al., 2016). The ecological base flow was calculated based on the ratio of monthly average flow to annual average flow. When the method is applied, the following three requirements should be followed.
1) When the monthly average flow amounts to less than 40% of the annual average flow, then the monthly average flow would be taken as the ecological base flow;
2) When the monthly average flow amounts to over 40% of the annual average flow, then 40% of the annual average flow would be taken as the ecological base flow;
3) When the monthly average flow exceeds the annual average flow, then 40% of the monthly average flow would be taken as the ecological base flow.
RESULT ANALYSIS
Restoration of runoff sequence
The measured runoff sequence of the Tuanwang Hydrological Station was restored to natural runoff sequence by adopting the item-by-item investigation method. The results of reduction are specified in Table 2.
TABLE 2 | Comparison of the measured runoff and reduced runoff in 1960–2016 (Unit: million m³).
[image: Table 2]Subsequent to the application of the method, the reduced runoff has experienced significant increases compared with the measured runoff. The measured runoff is 67.52 million m3 less than the natural runoff, accounting for 15% of the total. If the measured runoff is taken to calculate the ecological base flow, such calculation would eventually result in huge errors.
Analysis of results of the ecological base flow
The Tennant Method is the most commonly used method for calculating the ecological base flow. For instance, Wang et al. (2017) adopted this method to determine the annual ecological base flow of the Tuanwang Hydrological Station. The annual ecological water demand amounted to 49.53 million m3, and variation existed between the flood season and the non-flood season. This study has taken into account the impact imposed by seasonal factors. Based on the Tennant Method, the seasonal coefficient was used to calculate the ecological base flow in different periods, and the approach is used as a reference for the calculation results of other methods.
Reduction coefficient μ is much more important while using Base Flow Ratio Method. In this study, 20% of the base flow ratio in the wet year was adopted to calculate the base flow ratio of other types of years, according to the range value of Tennant Method (Wu et al., 2011). Each μ was obtain by Eq. 3 in Table 3.
TABLE 3 | Reduction coefficient (μ) in different typical years.
[image: Table 3]Other four additional methods were selected to calculate the ecological base flow of Tuanwang Hydrological Station. The results are specified in Table 4.
TABLE 4 | Results of the ecological base flow with different calculation methods (Unit: m³/s).
[image: Table 4]The results show that the use of different calculation methods could lead to varying results of the ecological base flow to some extent. The values of ecological base flow calculated by Tennant method, Qp90 Method, Base Flow Ratio Method and Texas Method are smaller. These four methods can be preferred in areas with relatively less water resources. The ecological base flow calculated by Wetted Perimeter Method and Tessman Method is larger, which is suitable for determining ecological base flow in rivers with sufficient water resources. Judging from the flow in the flood season and the non-flood season, the ecological base flow calculated with the Qp90 Method and the Wetted Perimeter Method are often used as the minimum ecological base flow, failing to reflect the intra-annual variation of ecological base flow. Tennant Method has shown better results in that it has taken into account the impact imposed by seasonal factors and the seasonal coefficient was used to calculate the ecological base flow in high flow period and in dry season separately. The Base Flow Ratio Method, the Texas Method and the Tessman Method are adopted to calculate the ecological base flow based on monthly data, which can better reflect the varying results of the ecological base flow in different months. Judging from the annual flow hydrograph, the Base Flow Ratio Method and the Tessman Method are the optimal approaches, which are able to reflect the evident rising and falling water processes during the year. However, the base flow ratio method can better reflect the intra-annual variation of ecological base flow. Judging from the results of the calculation of ecological base flow, the value calculated by the Tennant Method is the smallest, indicating that the value deduced by other methods can meet the requirements of ecological base flow. However, the ecological base flow measured by the Qp90 Method amounts to 0.43 m3/s, which can merely be used as the minimum ecological flow to ensure the continuous flow of the river in the low water period, while failing to satisfy the other ecological functions of the river in the flood season. The ecological base flow measured by the Wetted Perimeter Method amounts to 3.25 m3/s, larger than the annual average flow in low flow period, which is unsuitable for the minimum ecological base flow. The ecological base flow measured by the other three methods is larger than that calculated with the Tennant Method. Specifically, the calculation results based on the Tessman Method are too large due to the influence of extreme value, and given that the study area is faced with water resource constraints, it is unsuitable to adopt the Tessman Method.
Additionally, significant differences exist in the flow of Wulong River basin among different target years. Therefore, rather than being the same for different target years, the ecological base flow ought to correspond with the variation for the varying years. The ecological base flow calculated with the Tennant Method proves to be comparable to that of the extremely dry year deduced by the Base Flow Ratio Method. The results for different target years based on the latter method could not only reflect the seasonal variation, but also meet the requirements of ecological base flow in different target years, which prove to be in better consistence with reality. Hence, the Base Flow Ratio Method is the most suitable approach for studying the significant intra-annual and inter-annual variation in the flow of the study area.
Guaranteed rate of the ecological base flow
Over the recent years, as the social economy is further developed, there have been growing demands for water resources. Consequently, the runoff of Wulong River has experienced gradual declines. Comparing the measured monthly flow in 57 years from 1960 to 2016 with the ecological base flow, the guaranteed rate of annual average flow was analyzed in different months of nearly 57 years as well as the guaranteed rate of ecological base flow over the past few decades respectively. In the study, the guaranteed rate was calculated by using the ratio of measured monthly average flow Q to ecological base flow QS,
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where, QM measured monthly average flow.
The guaranteed rate of different months is shown in Table 5. The period with low guaranteed rate is neither the low flow period with little water nor the flood season with larger ecological base flow. Instead, it is the period between April and June of the normal flow period. Moreover, June is identified as the period with the lowest guaranteed rate. On the one hand, the study area has not ushered in the flood season from April to June, and consequently the rainfall is still relatively limited. On the other hand, this period happens to be the peak period of agricultural water use, and it is necessary to divert water for irrigation. As a result, the actual flow of the river is relatively small or even dry from April to June.
TABLE 5 | Guaranteed rate of ecological base flow of each month by base flow ratio method and tennant method.
[image: Table 5]Judging from the guaranteed rate of ecological base flow from 1960 to 2016 (as shown in Figure 2), the rate was high prior to the year 1980, but has shown a significant downward trend ever since. Especially during the period from 1999 to 2000, when severe drought took place for two consecutive years, the guaranteed rate was rather low, which amounted to merely 30% in 1999, only to improve after 2004 overall. Two factors have led to the low guaranteed rate. First, the annual average flow from 1980 to 2004 was about 20% less than the annual average value of the entire research period. Second, since the reform and opening up, the water demands of Yantai City have surged with the rapid industrial and agricultural development.
[image: Figure 2]FIGURE 2 | Guaranteed rate of ecological base flow over the study period.
There is little difference between the guaranteed rate calculated by the Tennant Method and the Base Flow Ratio Method. Compared with the conventional Tennant Method, the Base Flow Ratio Method can better reflect the variation of ecological base flow in different target years, lead to a better ecological environment, and promote the restoration of local river ecosystem. Therefore, the Base Flow Ratio Method is suitable for areas with uneven intra-annual and inter-annual distribution of water resources (Zhao et al., 2021; Liu et al., 2022).
CONCLUSION
1) The measured runoff sequence was restored to natural runoff sequence by adopting the item-by-item investigation method. From 1960 to 2016, the annual average value of the natural runoff reduction amounted to 67.52 million m3, justifying the necessity of the runoff restoration sequence.
2) The Tennant Method, the Qp90 Method, the Base Flow Ratio Method, the Wetted Perimeter method, the Texas Method and the Tessman Method were adopted respectively to calculate the ecological base flow of Tuanwang Hydrological Station in Wulong River basin. Our research findings have shown that the Tennant Method, the Base Flow Ratio Method, and the Texas Method are applicable to the calculation of the ecological base flow of Yantai, and in particular, the Base Flow Ratio Method proves to be the optimal approach. The Qp90 Method is more suitable for calculating the ecological base flow during the dry season. In addition, the Base Flow Ratio Method is suitable to calculate the ecological base flow in different target years of Tuanwang Hydrological Station, and the calculation results correspond with the uneven intra-annual and inter-annual distribution of water resources in the study area.
3) Based on the compare of the ecological base flow calculated by the Base Flow Ratio Method with the historical measured runoff sequence, the guaranteed rate of ecological base flow was analyzed for Tuanwang Hydrological Station. In terms of the monthly value, the guaranteed rate of ecological base flow from April to June is low, during which the ecological water demands are prone to contradict with the agricultural water demands. In terms of the period from 1960 to 2016, ever since 1980, the guaranteed rate of ecological base flow has experienced significant declines in the Tuanwang Hydrological Station. This results from the growing water demands for both production and life, which have even led to zero flow of the river. Therefore, it is necessary to properly allocate water resources in the area so as to improve the ecological environment.
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Tennant method 031 022 030 035 0.36 047 243 7.02 322 0.60 065 046 137

Base Wet 072 052 090 148 142 2.09 1888 2348 10.74 305 189 L10 552

ﬂr::; Normal 065 059 076 141 171 1.67 7.8 2120 8.98 145 1.00 061 393

method  Dry 040 037 0.64 121 0.85 151 851 14.80 531 137 083 057 3.03
Extremely 038 037 046 048 051 133 554 7.10 346 1.00 080 025 181
dry

Texas method 041 038 055 063 053 0.49 441 10.68 256 088 059 046 1.88

Qoo method 043 043 043 043 043 043 043 043 0.3 043 043 043 043

Wet perimeter 325 325 335 325 325 325 325 325 325 335 325 325 325

method

Tessman method 251 2.08 318 445 423 5.84 1753 2583 1127 584 446 319 7.53
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Overflowing or maximizing = 200s; (48-72/h)
The best range 60-1005; 60-100s;
Best 40s; 605,
Very good 305, 505,
Good 205, 405,
Normal or poor 105, 305,
Poor or minimum 105, 105,
Very poor 0-105; 0-105,
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Method January  February March  April May June July August September October November Deceml

Tennant 100 100 097 088 084 08 085 092 089 093 094 098
Base flow ratio method  Wet year 093 098 092 083 07 087 095 100 094 098 099 100
Normal year 100 100 100 079 08 0% 100 099 100 100 100
Dry year 097 099 095 08 081 075 09 092 095 095 098
Extremely dry year 100 100 089 067 036 058 06l 049 0.60 065 095
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