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Abstract

:

The implementation of environmental flows is of the utmost importance for ecosystem protection and restoration in dammed rivers. A key challenge in optimizing dam regulation is the uncertainty of the ecohydrology relationship between flow release and ecological response. In the present paper, we develop a framework of dam classification to organize the categories of the ecohydrology relationship for implementing environmental flows. Dams are classified from three major categories that differ in dam properties, hydrological alteration, and downstream hydrobiological diversities based on the relationship of hydrology and ecology. Finally, 773 dams in China are screened and ranked into four classes involving a great diversity of environmental flow components. A classification of dams that utilizes the implementation of environmental flows is presented. (1) Class 1 includes dams with rare and endangered fish species in the downstream. It is the category with the highest priority for environmental flow releases and regulation, requiring continuous flow and flood pulse components for fish spawning and migration. (2) Class 2 includes dams with significant hydrological alteration in the downstream. It is the category with second priority for environmental flow releases and regulation, requiring natural hydrological regimes simulation or complete flow component recovery for optimizing the flow duration curve and mitigating adverse impacts of dam operation. (3) Class 3 includes dams with a high degree of regulation where there is urgency for environmental flow releases and regulation, requiring that minimum flow is guaranteed by cascade reservoir regulation. (4) Class 4 includes dams with a low degree of regulation where there is less urgency for environmental flow releases and regulation. This classification method is important for future research, including environmental flow release regulation and the effectiveness evaluation of environmental flow adaptive management. It will be useful for guiding the implementation of environmental flows.
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1. Introduction


Worldwide hydropower installed capacity rose to 1247 GW, and annual average generating capacity was 4185 TWh in 2016. There are about 50,000 reservoirs and dams (>15 m height) in the world, and millions of small reservoirs and dams [1]. For sustainable, clean, and cheap electricity under the Paris Agreement, and to mitigate climate change impacts and electricity shortage due to global population growth, dam construction will continue to increase. Global hydropower capacity may reach 2000 GW by 2050, and dam quantity and dimensions will continue to grow [2]. China is the world’s largest producer of hydropower with the largest increase in installed hydropower capacity in the world [3]. In order to realize the benefits of flood control, hydroelectricity, shipping, water supply, and irrigation, dam construction in China has increased rapidly in recent decades. Natural river ecosystems have been negatively impacted by dam construction and operation, and natural hydrological regimes have significantly changed since the 1950s [4]. Global degradation of freshwater ecosystems, biodiversity, and flood plains are related to dams [5,6,7]. Therefore, it is critical to mitigate the ecological impacts of dams while maintaining social and economic benefits. It is also necessary to integrate multiple considerations, including water resources management, environment, energy, and finances, into a complex model in the initial planning period. “Hydropower by Design” is a promising solution to the traditional development mode [8]. During the design period, eco-environmental protection measures should be designed for dams [9,10]. During the operation period, mitigation and restoration measures should be applied in the impacted reaches. Although it is impossible to restore natural flow after dam operation, the flow has been significantly improved by releasing environmental flows.



Over the past decade, many methods have been developed to support the implementation of environmental flows [11]. A key challenge in optimizing dam regulation is the uncertainty of the ecohydrology relationship between flow release and ecological response. ELOHA (The Nature Conservancy) predicts the response of hydrological alterations by defining similarities between ecological and hydrological conditions, and can be used to establish environmental flow standards at regional scales [12]. With respect to large dams and rivers, the relationship between hydrology and ecology has been considered for environmental flow assessment in China [13]. Generally, research is continuously refined from downstream of dams to specific micro-habitats, and it is increasing in complexity and deepening from hydrological methods to holistic methods. However, there are still shortages in macro-scale e-flow management, with a continuously increased demand for monitoring data, technical methods, and financial support. A lack of monitoring data was the main reason for completely limiting implementation.



As one of the most essential measures in ecosystem protection and restoration in damming rivers, environmental flow has been the primary factor in plan environmental impact assessment (Plan-EIA) and environmental impact assessment (EIA) in China. However, environmental flow implementation is still the most difficult problem for authorities, scientists, and other stakeholders [14,15]. It is important to assess environmental flow timely, based on monitoring and ecohydrology relationships such as those formed for dam relicensing for improvement in dammed rivers in United States, and minimum flow requirements have been written in water laws [16,17]. Though environmental flow could be optimized through comprehensive policies and adaptive management, the implementation still takes too much time. In China, 10% of the annual average flow was set as the minimum flow in EIA [18]. For different relevant environmental flow authorities in China, functional diversities in different dams were not considered enough due to the different management responsibilities, which made it difficult to determine priorities of flood control, hydroelectricity, irrigation, and ecological protection. The assessment framework of environmental flow provides perfect solutions based on scientific research, but it is difficult to apply in management due to complex indicators and a large amount of data [19]. There is no classified method in e-flow assessment, and implementation is the most critical problem in environmental flow management. The diversities of dam properties and functions, climate and morphology, and sensitive objects in the dammed reaches in environmental flow implementation should be taken more seriously.



Environmental flow assessment is mainly based on ecohydrology relationships and focuses on specific dams and sensitive objects. There is an urgent need for environmental flow management and classification methods, in order to improve the effectiveness and efficiency of environmental flow implementation in different dams. Therefore, we propose a classification framework for environmental flow implementation based on the indicators of dam properties, hydrological regimes, and hydrobiological characteristics. This paper aims to analyze the hydrological and ecological indicators that are significantly impacted by dam operation, and to provide dam classifications for guiding the implementation of environmental flows.




2. Materials and Method


2.1. Classification Method


2.1.1. The Classification Framework


Three categories of indicators are proposed to establish the classification framework for environmental flow assessment and implementation (Figure 1): dam properties, hydrological regimes, and hydrobiological characteristics. Based on data analysis of the three categories, the urgency of environmental flow release and the optimization in different dams were screened and ranked. The priorities were then determined for management.



Firstly, dam properties were analyzed to estimate and assess the regulation performance of reservoirs. Based on studies based in California [20], development modes and main use were the two major and essential factors considered in this study, and reservoir storage capacity and degree of regulation (DOR) were chosen as classification indicators for dam properties.



Secondly, hydrological alterations were analyzed to assess the impacts of dam operation on the natural hydrological regimes. The range of observed flow before and after operation was analyzed to determine hydrological alterations, and observed flow data was collected from hydrological stations in the downstream of dams. Since the Indicators of Hydrological Alteration (IHA) has been shown to be effective [21], 14 hydrological alteration indicators were chosen from all indicators. Ranges of monthly average flow variability, the range of maximum 1-day flow variability, and the range of annual average flow variability were chosen as the specific quantitative hydrological indicators for hydrological alterations.



Thirdly, the quantity and protection class of rare and endangered fish species were analyzed to assess the impacts of dam operation on hydrobiology. Dam barriers might influence fish distribution and migration, and the loss of e-flow components has negative impacts on fish spawning and breeding. Because of the diversity of fish species in China, it is difficult to determine a unified environmental flow assessment criterion for fish species. From the main issue analysis of dam projects in China [22], the quantity, protection class, and the endangered category of rare and endangered fish species were chosen as specific hydrobiological indicators.



Dams were screened and classified based on this framework and were ranked by dam height, main use, degree of regulation, hydrological alteration, rare and endangered fish species categories, etc. As a result, a classification management list was made and applied in assessments and implementation, which can guide environmental flow management.




2.1.2. Dam Property Indicators


Dam property indicators present the disparity of dam height, main use, the degree of regulation, etc. Reservoir storage capacity ( V ) and the degree of regulation ( β ) were applied in this study.



Reservoir Storage Capacity ( V )


A hydrological regime is nearly natural in free-flowing rivers and is regulated according to main use. The degree of impact depends on dam height, reservoir storage capacity, regulation rules, etc., which means little hydropower might also largely affect the natural flow [23,24]. However, the impacts of little hydropower are relatively slight compared with large dams because of the latter’s large storage capacity. Therefore, reservoir storage capacity was identified and determined as one of the classification indicators.




Degree of Regulation ( β )


Environmental flow regulation is also affected by reservoir regulation rules. According to main use, regulation performance was divided into annual flow regulation, monthly flow regulation, daily flow regulation, etc. Taking dam impacts on hydrological regimes and natural flow recovery into consideration, reservoir regulation performance was considered among classification indicators, and the degree of regulation (DOR) was also considered. The DOR is the ratio of utilizable capacity and annual average runoff [25].


  β =  V u  / W .  



(1)







β is the degree of regulation (%),    V u    is the utilizable capacity (m3), and  W  is the annual average runoff in the dam site (m3).



DOR presents the regulation performance of a dam and is strongly correlated with hydrological alteration indicators, such as peak flow reductions and seasonal flow variation [26]. Limited by the quantity and distribution of hydro-stations and flow data availability, the DOR is much more convenient and effective in hydrological alteration assessment when there is no flow data. Research has shown that the natural flow is significantly changed when  β  is larger than 1 [27]. The DOR can be obtained from China Reservoirs and Dams (CR&D), where    V u    and  W  are dam properties, and the missing  W  can be obtained by hydrological modelling. For example, three-arc-second HydroSHEDS data coupled with a WaterGAP2 hydrological model have been applied for simulating  W  in California in the United States [28,29]. After comparing several runoff datasets, VIC (Variable Infiltration Capacity)-generated runoff data, which was in high precision after calibration, was selected for use in this study [30].



Considering cascade reservoir under the same regulation system and cascade regulation impacts, the cumulative degree of regulation (Cum.DOR) was also considered. Cum.DOR is the ratio (%) of the total utilizable capacity of cascade reservoirs     ∑ 1 i    V  u  ( x )      and the annual average runoff  W  in the dam sites.


   β c  =   ∑ 1 i    V  u  ( x )    / W .  



(2)









2.1.3. Hydrological Alteration Indicators


The impacts of dam operation on hydrological regimes can be quantified by determining the percent deviation of selected indicators from the natural flow regime, while ecological monitoring data are needed for establishing ecohydrology relationships. Detailed methods to compare the flow before (pre-impact flow) and after dam (post-impact flow) operation include the Indicators of Hydrological Alteration (IHA) software and the range of variability approach (RVA) [31]. There is an extensive hydrological monitoring network in China, and there are hydro-stations below the dams. However, the data series of the hydro-station varies. For hydrological stations with insufficient data series, flow data can be obtained based on hydrological models, such as conceptual models and distributed hydrological models. The most popular hydrological models in China are the Xin’anjiang model, the Soil and Water Assessment Tool (SWAT), and VIC. As previously mentioned, VIC-derived flow data were applied in this study [32,33,34]. The input data for VIC were national rainfall, temperature, and wind data of 0.25 × 0.25, and the output flow data series was of 1952–2012. For this study, we applied a simplified measure of the degree of alteration of selected indicators from pre-impact to post-impact flow. Fourteen hydrological alteration indicators were considered and calculated in IHA software: Twelve indicators of the range of monthly average flow (   D m   ), the range of maximum 1-day flow (   D  m a x    ), and the range of annual average flow (   D a   ).



Range of Monthly Average Flow (   D m   )


There are twelve indicators of the range of monthly average flow (   D m   ), one for each month of the year.    D m    is the ratio (%) of post-impact monthly average flow and pre-impact monthly average flow, calculated using more than 20 years’ flow data.


   D  m  ( i )    =  (   Q  o  ( i )    −  Q  n  ( i )     )  /  Q  n  ( i )    .  



(3)







   Q  o  ( i )      is observed post-impact monthly average flow (m3/s),    Q  n  ( i )      is observed pre-impact monthly average flow (m3/s).  i  is the month under consideration.




Range of Maximum 1-Day Flow (   D  m a x    )




    D  m a x   =  (   Q  o  (  m a x  )    −  Q  n  (  m a x  )     )  /  Q  n  (  m a x  )    .   



(4)







   Q  o  (  m a x  )      is the observed post-impact maximum 1-day flow (m3/s), and    Q  n  (  m a x  )      is observed pre-impact maximum 1-day flow (m3/s).




Range of Annual Average Flow (   D a   )


The    D a    determination method is different from    D m    and    D  m a x    . The Pearson product-moment correlation coefficient (r) was applied for    D a    quantitative calculation by setting up regression analysis and correlation analysis of post-impact and pre-impact monthly average flow. We applied 0.5 as the threshold of annual average flow variability, and flow changed significantly while r < 0.5.


   D a  =    C o v   (   Q o  ,  Q n   )     σ   Q o    ·  σ   Q n      .  



(5)







   C o v   (   Q o  ,  Q n   )    is the covariance of the observed monthly average flow post-impact and pre-impact, and    σ   Q o    ·  σ   Q n      is the product of the standard deviations of monthly average flows post-impact and pre-impact.





2.1.4. Hydrobiological Indicators


Hydrobiological indicators reflect the impacts of barriers on aquatic ecosystems, and rare and endangered fish species are most sensitive to, and indicative of, river ecosystem health changes [35]. Coupled with relevant objects of management authorities (e.g., Ministry of Ecology and Environment, Ministry of Agriculture), rare and endangered fish species are always of greatest concern. Fish species, especially the rare and endangered fish species and their habitats, are two of the major concerned hydrobiological indicators in the Plan-EIA and EIA of dam projects. After dam operation, rapid fish species and population degradation resulted from insufficient mitigation measures in the operation and regulation plans [36]. Although other species such as benthic macroinvertebrates indicate dam impacts [37,38], large-scale data are difficult to obtain. Therefore, the quantity, protection class, and the endangered category of rare and endangered fish species were selected as hydrobiological indicators.



The Quantity of Rare and Endangered Fish Species ( n )


The quantity of rare and endangered fish species is a main constraint and limitation of dam construction, as rare and endangered species demand good aquatic conditions and a proper hydrological flow regime. After dam operation, e-flow below dams with downstream rare and endangered fish species is in demand, and certain multi-flow components, or a specific flow duration curve, that guarantee fish spawning and migration are required. An environmental flow duration curve depends on the quantity and distribution of rare and endangered fish species. Coupled with impacted segments of barriers on rare and endangered fish species, hot spots of China’s inland freshwater fish diversity, endemic species and endangered species were intersected, and the dammed segments of high priority for fish habitat protection, which need to enhance e-flow discharge, can be determined.




Protection Class of Rare and Endangered Fish Species (   L P   )


The protection class in China is from the List of State Key Protected Wild Animals, which was approved by the State Council PRC in 1988. The protection class of important fish species in China is divided into two classes of protection by the State Council.




Endangered Category of Rare and Endangered Fish Species (   L E   )


The endangered category represents the population changes of rare and endangered fish species. There are many reasons why endangered fish increase, including fishery over-exploitation, water pollution, habitat loss resulting from water resource exploitation and hydropower development, etc. According to the China Red Data Book of Endangered Animals: Pisces, there are four categories: extinct (4 species), rare (23 species), endangered (28 species), and vulnerable (37 species). Species falling into these categories include 52 species of carp, 11 species of clam, 5 species of sturgeon, 6 species of salmon trout, and 18 other species (e.g., eel). In addition, the IUCN red list also provides a reference for classification in this study.





2.1.5. Screening and Ranking


This is a synthesis of existing techniques and expert experience to rank the dams. It consists of 4 main components according to the classification framework, so as to rank dams based on real and potential impact. Through the above calculations, we can obtain the level of each attribute and account for the possibilities of any dam. Considering all dam types, the different attribute levels are arranged and combined according to expert knowledge. In order to screen the dams and simplify the framework, all types need to be ranked according to these attributes. In this study, dams were screened after analysis of classification indicators, and the contribution of impacts on environmental flow release and regulation was ranked according to the three categories as follows: dam height (>1.8 m), reservoir storage capacity (>1 billion m3), main use, the degree of regulation, hydrological alteration, and the rare and endangered fish species category (Protection Class I & II, endangered category (EN)).



Environmental flow management classes were determined based on the three categories, and could be divided into four classes. Each class supported ecohydrology relationships and environmental flow management. Items could be included in the same class, while dam variables reached a threshold of the indicators, and all the last dams could be included in the fourth class. The setting of indicator thresholds depends on the impacts on the hydrological regime and fish species (Table 1). Except for the quantitative indicators and criteria, indicators such as main use of the dam were also considered for identifying main use. Research on flow alterations in global dammed rivers showed that threshold might be 20–50% [39]. Therefore, we applied 50% as the threshold of    D m    and    D  m a x     for river ecosystem health in this study. For the range of annual average flow variability, we hypothesized that r ≥ 0.75 was a good condition, 0.75 > r ≥ 0.5 was a normal condition, and r < 0.5 was a bad condition.





2.2. Data Preparation


2.2.1. Dam Data


According to the Bulletin of First National Census for Water, there were 98,002 reservoirs (storage capacity ≥ 100,000 m3) and 46,758 hydropower stations by the end of 2011, including 756 large reservoirs, 3938 medium reservoirs, and 93,308 small reservoirs [40]. China’s Reservoirs & Dams Database (CR&D, Tables S1 and S2) was built by integrating several existing datasets, including the Global Reservoirs and Dams database (GRanD) from the Global Water Systems Project (dam height > 1.8 m and reservoir capacity > 60,000 m3) [41,42], a database of dam projects approved by China’s Ministry of Ecology and Environment since 2001, etc. By identifying and revising dam coordinates, a GIS format layer and an attribute table were established based on the ArcGIS 10.3 platform based on the National Basic Geographic Database and true orthorectified satellite images. There was a total of 773 dams in CR&D after revision and editing by comparing with relevant literature and open government sources. The statistical indicators were dam name, basin, administrative region, operated date, dam height, reservoir storage capacity, and main use.




2.2.2. Hydrological Data


Hydrological data are mainly river reach layers, hydro-station layers, and flow data. The river reach layers are from the National Basic Geographic Database, including five level reaches and administrative areas. The hydro-station location data are from China’s hydrological station distribution map, including 9154 hydro-stations (data source: http://www.resdc.cn). According to the dam distribution map, downstream hydro-stations were identified. At the same time, taking dam operation time into account, we checked that there were flow data available from the hydro-stations before the dam operated. Although China’s hydro-stations are widely distributed, typical hydro-stations representing the dammed impacts on the flow were not abundant. After analysis and integration of the hydro-station distribution map, the dam distribution map and the national river reaches map, 367 hydro-stations in the downstream of the dams were identified in Google Earth. Observed flow data of hydro-stations were collected from the Yearbook of Hydrology and Water Resources Bulletin, and the missing flow data were generated by the VIC model instead.




2.2.3. Hydrobiological Data


According to the China Red Data Book of Endangered Animals: Pisces and the List of State Key Protected Wild Animals, 16 protected fish species and 92 rare and endangered fish species were identified in this study, including their protection class and endangered category (Tables S3–S5). China’s inland freshwater fish studies began in the 1970s, but large-scale fish distribution research and GIS (geographic information system) integrated studies are relatively scarce due to fish migration and river reaches. Even though a GIS-based fish geo-spatial database was established in some research [43], they were at more of a regional distribution than a reach distribution and took little account of reach diversity. This study aimed to classify the impact of barriers on fish species, and it is necessary to identify the relationship between specific dam projects and rare and endangered fish species. Through literature retrieval, we determined our method based on Santos et al. [44], who divided the distribution of rare and endangered fish species into the 1–5 grade river reach layers in China. Dam layers were overlain to determine fish habitat rescue protection segments (Table S6), and fish species, protection class, and the endangered category were assigned into the attribute table of the layers.






3. Results


3.1. Classification of Dam Properties


There are differences in dam classification between China and many other countries. Dams in China are classified mainly based on the storage capacity and safety level, while dams in other countries are more commonly classified based on dam height or dam break risk. According to ICOLD’s definition, a large dam has a height larger than 15 m or a height of 5–15 m with a reservoir storage capacity of more than 3 million m3. Dam heights in this study were ranked into 0–5 m, 5–15 m, 15–30 m, 30–60 m, 60–100 m, 100–200 m, and >200 m, and storage capacity was ranked into 0.1–1, 1–10, 10–100, 100–1000, and >1000 million m3. Our results reveal that all 773 dams in the CR&D may be classified from medium to large. The largest number of dams are 30–60 m high, and have reservoirs with a storage capacity between 10 and 100 million m3. Four hundred twenty-six dams had a clear main use, the most common of which was irrigation (Figure 2).



For the degree of regulation, it is considered that    β    < 0.02 is no regulation, 0.02–0.08 is seasonal flow regulation, 0.08–0.3 is annual flow regulation, and larger than 0.3 is multi-year flow regulation.  β  is about 0.5 for reservoirs with irrigation as the first priority development target. The impacts of run-of-river hydropower stations and daily flow regulated hydropower stations on flow alteration were both small compared with annual flow-regulated hydropower stations and multi-year flow-regulated hydropower stations. However, a higher degree of flow-regulated hydropower stations can optimize the distribution and regulation of monthly and annually runoff, and hydroelectricity and water storage for e-flow could be balanced. Therefore, e-flow regulation should be applied in most dams with higher  V  and  β , which were calculated in CR&D. The results showed that most dams and reservoirs in the CR&D are multi-year flow regulation types, the  β  of 587 dams was larger than 0.5, the  β  of 491 dams was larger than 0.75, and the  β  of 227 dams was larger than 2. Dams with large  β  values were mainly located in the Liaohe River Basin, the Haihe River Basin, the Yangtze River Basin, and the Southeastern River Basin (Figure 3).




3.2. Classification of Hydrological Alteration


Results show alterations of downstream hydrological regimes after dam operation. Eight typical dam projects with different main uses, including flood prevention, hydroelectricity, and irrigation, and different degrees of regulation, including annual flow regulation, seasonal flow regulation, and daily flow regulation, were analyzed in this study (Table 2). Fourteen ranges of variability indicators were calculated for each dam project before and after dam operation.



3.2.1. Range of Monthly Average Flow Variability (   D m   )


   D m    varied greatly among different dams, and    D m    of Xiaolangdi, Liujiaxia, Gaoguang, and Hemianshi were higher than 0.5 in several months. For dams with flood control as the main development target,    D m    was usually less than 0.5. Among them, the    D m    of Xiaolangdi in June was very high mainly because of water-sediment regulation. For dams with irrigation as the main development target,    D m    was very high in irrigation months, due to increased agricultural water abstractions (Figure 4).




3.2.2. Range of Maximum 1-Day Flow (   D  m a x    )


The change in the maximum 1-day flow indicates the degree of peak load shaving after dam operation. The reduction of maximum 1-day flow or flood peak flow has adverse impacts on the stimulation of fish spawning and floodplain overbank process. For example, the    D  m a x     of Xiaolangdi was −0.41 mainly due to the reduction of large and medium floods (Figure 5).




3.2.3. Range of Annual Average Flow Variability (   D a   )


   D a    was determined based on r analysis. The results showed that the    D a    of most dams were not significant (r > 0.9) and kept annual flow components before dam operation.    D a    of several dams were relatively significant (r < 0.5). For example, flow alterations showed negative correlation in the Xiaolangdi dam, and this is mainly a result of the operation and regulation of storing and discharging muddy water (Figure 6).





3.3. Classification of Hydrobiological Indicators


The distribution of segments containing rare and endangered fish species was identified (Tables S7 and S8). As a result, there were three major distribution areas for 92 endangered fish species, most of them were species endemic to China. The first area included the mainstream and tributaries of the Yangtze River, especially the middle and upper reaches of the Yangtze River. The second area included the Lancangjiang River, the Nu River, and Dianchi Lake in Yunnan. The third area included the Heilongjiang River and the Wusulijiang River in Northeast China. In addition, some species were distributed in the Tarim River in Xinjiang as well as in the middle and upper reaches of the Yellow River. The endangered category and distribution data of rare and endangered fish species were assigned into the ArcGIS attributes table on the basis of the IUCN endangered category. After overlaying layers of rare and endangered fish species distribution and dam distributions, 27 dams with rare and endangered species in the downstream were identified, among which were eight species in the downstream of the Manwan dam in the Lancangjiang River and five species in the lower reaches of the Three Gorges Dam and the Gezhouba Dam in the Yangtze River (Figure 7). Though there were more rare and endangered fish species in the Lancangjiang River, the highest protection class was II, while the highest endangered category was VN. There were fewer rare and endangered fish species in the lower reaches of the Yangtze River, but the protection class and endangered category were relatively higher, including the national protection fish species white sturgeon (Protection Class I, CR), Chinese sturgeon (protection class I, CR), and Chinese high fin banded shark (Protection Class II, EN).




3.4. E-Flow Management Classes


As a result, a classification management list was made and could be applied in e-flow assessment and implementation. Based on the above three categories, dams were screened and ranked to a classification list. The rare and endangered fish species were mainly distributed in the mainstreams of large rivers. By overlaying the hot spot layers of fish diversities with the maps of dam distribution and fish habitat rescue protection segments, priority segments of fish habitats protection were identified and determined. For these segments, ecological regulation should be implemented through cascade reservoirs regulation for e-flow optimization. There are fewer endangered fish species in the tributaries with small hydropower stations, and the degree of regulation and hydrological alteration should have more attention paid to it in e-flow assessments. As a result, four management classes were established for e-flow assessment and implementation (Figure 8).



(1) Class 1: dams with rare and endangered fish species in the downstream. Dams in this class should consider e-flow more for fish spawning, migration, and other sensitive ecological water demands. Integrated with reservoir regulation performance or cascade reservoir regulation, e-flow adaptive management should be promoted in these dams for fish species to be able to complete their life cycle, including spawning and breeding. We identified 27 dams out of the total of 773 dams that have national rare and endangered fish species in their downstream reaches. Meanwhile, if China’s endemic fish species and provincial conservation fish species are considered, there would be many more dams in Class 1. Species that are extinct in the wild with no possibility of recovery by ecological regulation, such as the white sturgeon, were not considered in this study. Other species such as the Chinese sturgeon and four major Chinese carps have already recovered by the regulation of a cascade of reservoirs in the middle and lower parts of the Yangtze River. Some species such as the Chinese high fin banded shark and Sichuan taimen were not in a high protection class or endangered level, but the existing population was relatively small and required further protection based on e-flow discharge and regulation.



(2) Class 2: dams with significant hydrological alterations in the downstream, especially those with a    D m    and    D  m a x     larger than 0.5. For these dams, e-flow component recovery was the major target besides main use. In this study, we considered dams with a  β  larger than 0.5, a  V  larger than 100 million m3, and a dam height larger than 30 m to have more impacts on downstream flow variations. In order to mitigate the adverse impacts, the main use of flood control, hydroelectricity, and irrigation should be combined into systematic allocations of e-flow water and guaranteed measures. E-flow could then be guaranteed under insufficient reservoir inflow conditions.



(3) Class 3: dams with a high degree of regulation. Since dam height did not directly connect to hydrological alteration, the reservoir storage capacity was large for the numbers of dams of which the  β  and the range of hydrological alterations were very high. Therefore, hydrological alteration was considered significant when    β    > 0.5, and 0.5 was set as the threshold for e-flow management. For these dams, a minimum e-flow should be guaranteed and could be regulated and achieved by controlling the discharge.



(4) Class 4: dams with no regulation and daily flow regulated hydropower stations with a low  β . Mostly, rare and endangered fish species and other ecological sensitive objects were not distributed in the downstream reaches of these dams. E-flow assessment is not emphasized for these dams because downstream flow regimes have not been significantly altered.





4. Discussion


In addition to the intended and desirable effects of dams, numerous studies have also documented their adverse consequences, including impacts on hydrological connectivity [45], flow regulation [41], sediment delivery [46], and biodiversity [47]. In order to mitigate the impacts, environmental protection measures have been planned and designed in damming rivers, such as e-flow, fishway passages, fish habitat protection measures, etc. [48]. Large dams reduce fish diversity but also block fish migration that connects populations and enables species to complete their life cycles. The released flow by e-flow implementation is effective in recovering fish spawning productivity for fish biodiversity protection, which has been proved in the Three Gorges Dam [49]. Watershed scale e-flow could be protected by enhancing the water licensing [50], and it is necessary to integrate multi-models that consider water resource management, the environment, energy, and finances into a dam model in the planning period from project scale to watershed scale. There is still no systematic conservation plan over the entire process or at the basin scale in China. The hydropower designs proposed by TNC and the Systematic Conservation Plan proposed by the WWF were both very good policies for river ecosystem protection and for e-flow implementation [51]. However, they have not been applied in operation periods for building ecohydrology relationships. The river hydropower plans have mostly been finished already and the current urgency relates to how e-flow can be managed and optimized in operation period. The e-flow implementation in China is critical because the threshold value of minimum flow (10% of annual average flow) is still the basis for e-flow implementation and supervision, and there is no classified consideration for different dams. Categories can be better formed on the basis of this study, and indicators are the most important.



Dam projects can be classified into many different types in different countries in the world, and have been mastered by many different ministries in China. Hydropower projects have been mastered by the National Energy Administration, and water resource-relevant projects have mainly been mastered by the Ministry of Ecology and Environment and the Ministry of Water Resources. Therefore, dam projects will be considered differential according to their mastered ministries for e-flow implementation in future research. In this paper, the indicator criteria for classification was hypothesized based on existing research. A 0.5 value was set as the threshold for    D m    and    D  m a x    , and 0.75 was set as the threshold for    D a   , which is mainly based on the threshold of the IHA and RVA. Even though they have been applied in many studies, some thresholds should be further proved, such as the range of hydrological alteration [52]. The watershed diversity of the threshold values should be considered. The hydro-station distribution and hydrological data were not available, which resulted in difficulties in terms of hydrological alteration in watershed implementation, and higher accuracy hydrological simulation tools for assessing e-flow were in need [53].



Dams can reduce fish access to floodplain habitats that are essential nursery areas and feeding grounds. In this paper, only fish fauna was considered in terms of hydrobiological characteristics for classifying sensitive ecological water demand. For biodiversity protection, avifauna in wetlands should also be considered if possible. We determined ecohydrology relationships between Xiaolangdi Dam operation and the avifauna response of four downstream wetlands. The results showed a good correlation between ecological regulation and the quality of the wetlands and species of avifauna. Since China’s wetland conservation and protected avifauna is unavailable, we hope to take global wetland data into consideration. E-flow adaptive management exists in many countries. A transferable framework for implementation has been established in Europe, and e-flow has improved through ecological response monitoring [54]. Few large dams can finish an adaptive management cycle and have enough funds for ecological response monitoring. More funds are in need for e-flow implementation in China.




5. Conclusions and Recommendations


This study developed a dam classification method for environmental flow assessment and implementation. Based on an analysis of 773 dams in China applying criteria related to dam properties, the degree of hydrological alteration, and the conservation value and status of downstream river reaches, four management classes were established. A minimum flow of 5–10% of annual average flow has been the official demand for e-flow release during the last 10 years of practice. However, considering the diversity of dam classes identified, the single threshold is not sufficient to achieve the sustainable development goals of 2030. This study provides a classification framework to assist in improving national e-flow management, technically supporting watershed and regional e-low assessment. In e-flow assessment and implementation of specific dams, ecological investigations and monitoring still need to be implemented according to the established protection objects and ecohydrology relationships between e-flow and environmental objects. Because of the limited e-flow research, management, and practice in dam projects, comprehensive adaptive management is needed for future implementation. We recommend five topics for future research.



5.1. Systematic River Conservation and Habitat Restoration


Combined with existing practices on river ecosystem conservation, multi-ministry coordination of e-flow monitoring and management should be considered in an integrated network. Based on the systematic monitoring of river hydrology, sediment, water quality, sensitive objects, and dam operation, determination methods of the priority protection segments of fish habitats should be improved. In addition, tributary habitat alternative research and the fish habitat protection and restoration of mainstreams and tributaries should be improved.




5.2. E-Flow Optimizing Benefits and Cost Evaluation


E-flow optimization results in hydroelectricity loss and ecological improvement. Since legal e-flow levels of existing dams have already been set, it is difficult to change them, especially to raise the threshold values of minimum flow. In order to improve e-flow release, ecological benefits and the hydroelectricity cost evaluation of e-flow optimizations need to be estimated and determined. Only by integrating e-flow regulation into the unified electricity deployment of grid dispatch can e-flow be improved. With the gradual protection of ecological compensation mechanisms, coupled with constant encouragement toward hydropower station owners, the e-flow duration curve could be improved and optimized.




5.3. E-Flow Guarantee and E-Flow Storage Capacity


One difficulty in e-flow management was that the e-flow was not included or guaranteed in the design of most dams from the beginning. Though water for irrigation, urban water use, and industrial water use have been guaranteed, e-flow has not been considered in the design stage. E-flow should be 100% guaranteed in theoretical design, but this is usually the case with reservoir inflow, while the inflow is lower than e-flow in practice. Therefore, it is urgent that e-flow guarantees in the design period be implemented as soon as possible, and that integration with e-flow regulation capacity design be enhanced. E-flow should be considered in the master planning of water resource allocation in watershed water use, and e-flow duration curve optimization and e-flow regulation should be systematically integrated into the design to guarantee e-flow improvement.




5.4. Multi-Threshold Value Determination Method


The minimum e-flow was always efficient in e-flow management. To improve the single threshold value applied in national e-flow management, four thresholds of the four dam classes should be determined in future research. E-flow regionalization and regional e-flow threshold values have been discussed, and the results were not good [55,56]. For further e-flow research in classified dams, the threshold value for each class should be discussed. The existing e-flow threshold value determination method is based on regression analysis and cumulative frequency analysis of e-flow in operated projects, and the multi-threshold value of each category should be scientifically based on water-sensitive objects.




5.5. Avifauna and Wetland Indicators Integration


Except for rare and endangered fishes, downstream wetlands or floodplains are another sensitive object that needs more attention. Fish fauna and avifauna in the wetlands demand an e-flow duration curve. The international important wetlands and their fish fauna and avifauna should be considered in further research. Integrated with the classification method, more typical indicators should be considered for establishing a rapid and holistic classification method.
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Figure 1. Dam classification framework for environmental flow implementation. 
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Figure 2. Dam classification based on dam properties. 
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Figure 3. Dams and  β  distribution. 
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Figure 4. Range of monthly average flow variability. 
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Figure 5. Range of maximum 1-day flow variability. 
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Figure 6. Range of annual average flow variability. Note: BO: before operation; PO: post-operation; r: correlation coefficient. 
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Figure 7. Dam distribution with rare and endangered fish species in the downstream. 
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Figure 8. Management classes for environmental flow assessment and implementation. 
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Table 1. Screening and ranking criteria.
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Category

	
Indicators

	
Criteria






	
Dam properties

	
Dam height

	
≥1.8 m




	
Reservoir storage capacity

	
≥1 billion m3




	
The degree of regulation

	
≥0.02




	
Hydrological alteration

	
The range of monthly average flow variability

	
≥0.5




	
The range of maximum 1-day flow variability

	
≥0.5




	
The range of annual average flow variability

	
≥0.75




	
Hydrobiological characteristics

	
The quantity of rare and endangered fish species

	
 n  > 0




	
The protection class of rare and endangered fish species

	
Protection Class: I

Protection Class: II




	
The endangered category of rare and endangered fish species

	
Critically Endangered (CR) and Endangered (EN) included, Vulnerable (VU) considered.
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Table 2. Typical dam characteristics.






Table 2. Typical dam characteristics.





	No.
	Dam Name
	1st Priority Development Target
	Regulation Performance
	Operation Time
	Observed Flow Data





	1
	Three Gorges
	Flood control
	Incomplete seasonal flow regulation
	2003
	1982–2014



	2
	Xiaolangdi
	Flood control
	Incomplete annual flow regulation
	2002
	1987–2014



	3
	Liujiaxia
	Hydroelectricity
	Incomplete annual flow regulation
	1968
	1956–1986



	4
	Er’tan
	Hydroelectricity
	Seasonal flow regulation
	2000
	1953–2012



	5
	Shiquan
	Hydroelectricity
	Incomplete seasonal flow regulation
	1973
	1956–1986



	6
	Bapanxia
	Hydroelectricity
	Daily flow regulation
	1975
	1967–1987



	7
	Hemianshi
	Irrigation
	Incomplete seasonal flow regulation
	1974
	1956–1984



	8
	Gaoguang
	Irrigation
	Incomplete seasonal flow regulation
	1973
	1970–1987











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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