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Abstract

:

Environmental flows (e-flows) are important for river protection and restoration under degraded ecological conditions. With increasing public desire for and pursuit of sustainable development, e-flows are widely used to reflect the hydrological regime requirements for sustaining freshwater ecosystems and human livelihoods. Over the past 40 years, e-flows implementation has shifted from static minimum flows to dynamic flow components. However, e-flows standards used to manage flow releases from dams are to a great extent based on expert judgement and government supervision. These attributes make it difficult to effectively implement e-flows in the non-stationary world. The primary focus of this paper is to review the history, management systems and scientific basis of e-flows in China. Firstly, the study classifies the development phases into four periods and then analyses the underpinning legal system for e-flows implementation in each period, including the laws, regulations, policies and responsible authorities. Finally, the scientific basis and methods for e-flows determination and assessment were analyzed. The study showed that: (1) e-flows have been officially regarded as ecological flow in China, which evolved from minimum flow, and the contents and connotations are still broadening; (2) currently, there are too many authorities related to e-flows and complicated legal documents in China which lead to ineffective implementation; (3) the scientific basis of e-flows is enriched from the relationship between hydrological alteration and ecological response, so that the practices will be more holistic in China. Despite the successful practices of e-flows implementation in large rivers, there are challenges for implementing future e-flows in small rivers. This study recommended that future e-flows implementation be integrated with sustainable water management by setting clear responsibilities for governments, ministries, and other stakeholders.
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1. Introduction


Environmental flows (e-flows) lie in ecological science and environmental realms. The concept of e-flows was historically developed in response to the degradation of aquatic ecosystems caused by the overuse of water [1]. In many countries, minimum flow requirements were estimated in the initial stage of water allocation, due to data limitations [2]. It was not until the flow-ecology relationship was proposed that the adaptive management loop of effective e-flows implementation closed [3]. Next, adaptive management promoted the optimization of e-flows by quantifying the ecological response to hydrological alteration, and ensured the effectiveness of the implemented management actions [4,5,6]. The scientific basis was then enriched from economic integration and modelling development [7,8]. However, managing sustainable water planning through e-flows requires more holistic integration between science and practice to bridge the gap among scientists, engineers, managers and other stakeholders, especially in developing countries [9,10]. Sustainability is a balancing act. The United Nation’s 1987 Report of the World Commission on Environment and Development noted that sustainable development meets the needs of the present without compromising the well-being of future generations. The concept has continued to expand in scope. The new 2030 Agenda for Sustainable Development represented a significant step forward for the integration of e-flows into Integrated Water Resources Management (IWRM). In order to achieve China’s 2030 sustainable development goals for ecological systems, managers have to ensure that river base flows and variable flows meet the requirements of all ecosystem objectives. In addition, scientific knowledge suggests that the flow-ecology relationships and adaptive management of Chinese government must be enhanced in the non-stationary world [11].



E-flows were first defined in the Brisbane Declaration in 2007 and revised in 2018 [12]. Since then, e-flows releases have become one of the main issues in the operation period of dam projects, while increased dam projects have led to the degradation of river ecosystems [13]. The development of e-flows in China has been similar to other countries, and a common definition was achieved in 2006. It was defined as the amount of water reserved for aquatic ecosystems, or released into them, for the specific purpose of maintaining the status of aquatic ecosystems. Over the past several decades, the implementation of e-flows adaptive management on hundreds of dam projects has promoted scientific research and management [14]. As a result, many policies and regulations for guiding e-flows determination and assessment throughout the management process were published. However, there are too many authorities responsible for e-flows management, as well as too many ineffective regulations with varying measures of success. As a result, the release of e-flows has been based to a great extent on expert judgement and government supervision rather than standardized guidelines. Given the complexity and relative uncertainty inherent in the relationships between e-flows and environmental objectives, e-flows management systems must be adaptive.



This study reviewed the development of e-flows implementation in China. Then, the temporal period classification and relevant policies and institutions were assessed. The review concludes with a discussion regarding the future directions of scientific research based on integration of e-flows with national policies, as well as recommendations for the management of environmental sustainability.




2. History


2.1. Emergence


The history of e-flows in China can be traced back to the 1970s, originating in northwestern China. The origin of e-flows arose from the discussion of minimum flows, which focused on the minimum flow determination in northwestern China [15]. After the book “Limits to Growth” was published in 1972, its findings sparked a worldwide controversy about the Earth’s capacity to withstand constant human and economic expansion. As a result, the first Chinese environmental agency was set up, and in 1973 the National Environmental Protection Institution was founded. E-flows’ relevant concepts were introduced to China during this period with several implementations of minimum flows. However, water resource agencies were the implementation authorities, and a river-by-river assessment of minimum flows was performed. In addition, some achievements such as the “Primary Discussion on Environmental Flow Demand” were published during this time. There were no clear definitions of e-flows and sustainable water uses, and the implementations focused on maintaining the minimum flow for hydrological connectivity.




2.2. Development


E-flows in China were developed in the 1980s, while global sustainable research advanced. Sustainable development was first defined in “Our Common Future” by the World Commission on Environment and Development in 1987. China’s Environment Protection Agency was founded from the National Environmental Protection Institution in 1982. For water pollution prevention in most rivers and lakes, environmental water assessment was required and addressed in the national water resource planning issued by Chinese State Council, along with the introduction of global e-flows methods. Environmental and water resource institutions worked together on e-flows during this period, stressing the maintenance of water for hydrological connectivity and prevention of water pollution. Some representative achievements during this period were the “Allocation Plan of Yellow River’s Available Water Supply” issued by the State Council in 1987, which is still in use today, and the “Handbook on Water Resource Protection” published in 1988. Most important was the publication of the “Environmental Protection Law of the People’s Republic of China” in 1989. These documents and their philosophies guided the primary water use practice in China, and promoted scientific research of sustainable water use.




2.3. Expansion


E-flows research and practices expanded in the 1990s. With the publication of the “Rio Declaration” and “Agenda 21”, China developed the “China Agenda 21” in 1992, aimed at the sustainable development of the society, economy and environment. River ecosystem protection and restoration became the main focuses of e-flows implementation, while the contradictions of water users became increasingly acute. E-flows were derived from multiple relevant concepts such as ecological flow, ecological suitable flow, ecological acceptable flow, etc., and the methods were widely applied in different regions and basins [16]. Taking regional differences and functional diversities into consideration, e-flows shifted from rivers to project-specific assessment during this period [17]. Despite the fact that methods and models were developed, and the e-flows were considered in water resource planning and allocation, the problems among water uses remained acute due to ineffective management.




2.4. Consolidation and Challenges


Since the turn of the 21st century, the implementation of e-flows has improved [18]. The “Law of the People’s Republic of China on Environmental Impact Assessment” was published in 2002, and set the EIA as the prefix condition of project construction. During this period, the State Environmental Protection Administration and Ministry of Water Resources cooperated with environmental flow management. It was not until 2006 that the official e-flows determination regulation (Technical Guide for Environmental Impact Assessment of River Ecological Flow, Cold Water, and Fish Passage Facilities for Water Conservation Construction Projects (Trial), “Technical Guide 2006” for short) was issued by the State Environmental Protection Administration. And 10% of the annual average flow was set as the minimum flow that a dam project should release in the Environment Impact Assessment (EIA) phase. While the minimum flow was more operable, the holistic considerations were less operable in implementation without scientific assessment and strict supervision [19]. After the “Brisbane Declaration” was released in 2007, more social water demand and sustainable projects were integrated into China’s e-flows management system by reinforcing the technical guide. And e-flows determinations were improved year by year through strict environmental management [20]. As early as the Third Plenary Session of the 18th CPC Central Committee in 2013, Chinese President Xi Jinping pointed out that we should realize that the country’s mountains, rivers, forests, land and lakes form a community of shared life. Humanity and ecosystems form a community of shared life by which people construct ecological civilization and achieve the goal of “beautiful China”, and this was further reinforced in the 19th Committee in 2017. To achieve the 2015 environmental sustainable development goals as defined by the Millennium Development Goals (MDG), China began national ecological civilization construction [21]. E-flows became important parts of water ecological civilization construction.



A greater transformation took place in 2015, when the 2030 Agenda for Sustainable Development was published, and China began to pursue green development and “beautiful China”. The “Environmental Protection Law of People’s Republic of China and the Law of the People’s Republic of China on Environmental Impact Assessment” were updated with particular emphasis on e-flows. In addition, ecological compensation pilot demonstrations in some small hydropower projects were successful in releasing e-flows by feed-in tariffs. From the State Council to local governments, the philosophy of sustainable development became ubiquitous, and multiple ministries worked together for e-flows implementation. However, challenges arose among multiple ministries collaborating in the joint parts (e.g., river chief policy in connection with hydropower projects, and power dispatching in connection with water regulation).





3. Management System


3.1. Responsible Institutions


Multiple ministries have been involved in the management of e-flows in China. More than 20 ministries are set under the State Council of Chinese Government, and there are as many as nine ministries involved in e-flows management. The Ministry of Environment Protection (MEP), Ministry of Water Resources (MWR) and the National Energy Administration (NEA) are the three main ministries responsible for e-flows implementation, ranging from the planning to the construction of dam projects (Table 1). The MEP is responsible for e-flows release determination in the planning and design period, which is enforced in Plan-EIA and EIA for water relevant projects. “Three Simultaneities” is the major measure for guaranteeing e-flows releases in the construction period, and there are still no effective measures of e-flows releases in the operation period. E-flows release optimization and adaptive management methods though post-project EIA are currently under discussion. The MWR is mainly responsible for e-flows protection in freshwater ecosystems and e-flows pre-assessment before Plan-EIA and EIA, which are mainly undertaken in the water resource allocation in the plan and design period. Also, the MWR is responsible for e-flows restoration of degraded-rivers in an operation period. Assessment of green, small hydropower stations by the MWR is effective for e-flows release of small hydropower projects. Due to the ineffectiveness of supervision in large dams, ecological civilization constructions for the whole process management are being built. The NEA is responsible for the approval of hydropower projects in the plan and design period, with the assistance of MEP in e-flows assessment. Despite the fact that the NEA is not directly responsible for e-flows implementation, the MEP and NEA worked on e-flows management by jointly issuing several letters. For better e-flows management of hydropower projects, sustainable hydropower assessment guidelines including e-flows assessment and optimization should be published soon.




3.2. Legal Instruments


A great number of relevant e-flows documents have been published over the last 10 years (Supplementary Table S1). Despite the fact that the legal framework was already very strict in e-flows management from planning to construction periods, there has been a need for an e-flows assessment of river ecosystems and adaptive management of reservoir regulation during the operation period.



E-flows implementation began in the 1970s, at which time there was no official regulation. It was not until 1987 that the first official regulation of water allocation for the Yellow River was approved and issued by the State Council. The allocation plan is still working now, and the “Regulations on Water Regulation of the Yellow River” was issued in 2006 for the IWRM. The “Technical Guide 2006” was jointly drafted by multiple ministries, and published as a government letter for all rivers in China. The principles and fundamentals of e-flows were established in this guide, which ruled “the minimum flow should not be less than 10% of the annual average flow in the dam site”. The guide leads a series of regulations (Table 2) drafted by the MWR and NEA for e-flows assessment, and the minimum flow releases have been guaranteed since 2006.



However, e-flows were not fully implemented due to the lack of monitoring and supervision. It was not until recent years that the central governments realized the importance of guaranteeing e-flows and began to strengthen inspection and supervision by penalized local governments, stakeholders, and hydro-plant owners. At present, the “Action Plan for Prevention and Control of Water Pollution and the Water Law of the People’s Republic of China (2016 Amendment)” are two major laws, acting as the top implementation guides, which stress the importance of e-flows. More appropriate ways of enforcing and promoting sustainable e-flows implementation are under discussion, such as renewing the “Technical Guide 2006”, improving the minimum flow constraints from 10% of the annual average flow, and learning from Swiss Green Hydropower to build the “Standard for Evaluation of Green Small Hydropower Stations”. This standard is useful for promoting green development by enforcing e-flows releases for small hydropower stations. As a result, there are rewards to raising hydroelectricity prices for those stations which have been awarded green certifications.





4. Scientific Basis and Validation


4.1. Common Methods


There have been more than 200 different generic methods developed to calculate e-flows around the world [22,23]. Each method should be used in different situations depending on the specific purposes and the type of issues being addressed. For the Chinese government, there are some common and proven methods used in the planning and design period, which were suggested in the legal instruments. Since the release of the “Technical Guide 2006”, hydrological, hydraulic and habitat simulation methods have been recommended in the assessment of e-flows release, and the assessment results of all of the projects can be found on the official website of the MEP.



In the beginning, hydrological based methods (e.g., Tennant, 7Q10, MAF, etc.) were widely used due to insufficient ecological and topographic data, and 10% of the annual average flow was set as the minimum flow, even though it was not a scientific-driven method. In continuous implementation and monitoring, hydraulic methods and habitat simulation methods (e.g., R2cross, Wetted parameter method, eco-hydraulics method, etc.) were applied and improved (e.g., ecological hydraulic radius) in practice. Currently, e-flows are determined by expert judgement. All of the environmental objectives should be considered in the process. Flow duration curves were created as an accumulation of the flows for each objective. In addition, other factors such as natural flow regime, flood pulses and ecological regulation were integrated into e-flows assessment results before approval [24].



There are additional methods not suggested in the guidelines, such as the flow and ecological response method [25]. The scientific basis of these methods are flow-ecology relationships, which require long-term monitoring of ecological and hydrological data, multi-disciplinary collaboration, and extensive financial support. For river protection, these methods were useful for considering all the water users. This study aims to improve the existing management system by promoting a more holistic approach, and by determining how to apply and promote e-flows adaptive management for environmental sustainable development.




4.2. Validation Practices


There were many practices and validations described in the “Technical Guide 2006” and the letters which followed. As approved by the MEP, e-flows were holistically considered for some dam projects including hydropower projects (Supplementary Table S2) and water conservancy projects (Supplementary Table S3) in the past five years. Five representative hydropower projects (Duobu, Xiasajiang I, Yebatan, Ma’erdang and Batang Hydropower Project) and five water conservancy projects (Pingtan and Minjiang Estuary Water Resources Allocation Project, Huangshui North Canal Phase II Irrigation project, A’gang Reservoir Project, Nalinggele Water control project and Chao’er River to Xiliaohe River Water Transfer Project) were chosen from all the projects where e-flows were implemented to explain the effectiveness of e-flows assessment and release (Figure 1).



At least two periods of the flow process were considered for the projects (Table 3), and the flood peaks were required to be generated in special periods such as fish spawning seasons. The Ma’erdang hydropower station must maintain natural flow without inner day peak regulation in the fish spawning period (e.g., Gymnocypris eckloni Herzensten, Gymnodiptychus pachycheilus, Triplophysa pappenheimi). For the Batang hydropower station, ecological operation was required for 10 days every month during the fish spawning period. Water transfer projects were among the most complex of water conservancy projects, because multi-reservoirs and the spatial transfer of water resources were involved (e.g., the Chao’er River to Xiliaohe River Water Transfer Project). On the basis of the above, it can be concluded that e-flows have been enhanced after 10 years of practice, and e-flows implementation have become much more complex.



However, e-flows implementation was less effective when reservoir inflow was less than the required e-flows. In order to solve this problem and increase the reliability of e-flows release, we have performed some experiments such as e-flows regulation, cascade reservoir operation, integrated watershed resource management.




4.3. Pilot of the Three Gorges Reservoir


More than 30 large dams have been constructed along the upper reaches of the Yangtze River and its tributaries. The natural flow and thermal regime in the downstream of the Three Gorges Dam (TGD) were affected, which were required for the reproduction of four major Chinese carps [26]. The ecological operation of the Three Gorges Reservoir (TGR) began from 2011, aimed at facilitating the breeding of four major species of Chinese carp (black carp, grass carp, silver carp, and bighead carp). In combination with the requirements for emptying the storage capacity, and in accordance with the upstream water regime, 1–2 rising processes (lasting for about 10 days each) were completed throughout the operation. A discharge of 11,000 m3/s at the Yichang Hydrometrical Station was used as its initial discharge; this was increased by 8000 m3/s within six days, and finally increased to 19,000 m3/s, with an average daily rising amplitude of the water level of no less than 0.4 m. Monitoring results for an ecological operation test showed that it promoted the breeding and increased the amount of eggs spawned during the operation period [27]. Aside from an operation for fish, an ecological operation for estuary desalinization was conducted by the TGR from 21 February to 3 March 2014, and mitigated the serious impact caused by salty tide intrusion upstream, while also relieving the water shortages in the middle and lower Yangtze River. Beginning in 2017, an ecological operation based on cascade reservoirs (TGR and Gezhouba Reservoir in the middle stream, Xiangjiaba Reservoir and Xiluodu Reservoir in the upstream) has been planned for multiple environmental objects.





5. Conclusions


Since the first minimum flow practice in the 1970s in northwestern China, e-flows science and implementation in China have been greatly improved through sustainable water use practices and scientific research. Despite the fact that e-flow practices and research have been conducted, they are still not used as an operational implementation measure in China. After ecological civilization was proposed, so as to realize the 2030 SDG and “beautiful China” goals, more practices and pilot demonstrations involving ecological watersheds, sustainable hydropower assessment, and sustainable development in the Yangtze River Economic Zone, and the River Chief have been performed. At present, e-flows provide a sound basis for the complete achievement of these strategic goals. E-flows are society’s response to the progressive deterioration of aquatic ecosystems due to intensive use of water resources. There is no doubt that e-flows are an essential part of maintaining or restoring aquatic ecosystems where hydrological alterations have led to their degradation.



It is important to improve the implementation efficiency of e-flows. Challenges continue to exist in e-flows science and implementation. Various researchers have demonstrated the importance of flow human activities on regional aquatic ecosystems. Different environmental disturbance factors were proposed in the research, especially in the determination, management policies and implementation strategies of e-flows. There are two main urgent difficulties for further establishing e-flows in China. Firstly, the e-flows concepts were revised in 2017, and China’s ecological flow concept needs to be revised for ecological civilization and international hydropower investment. There is no common method for e-flows determination considering spatial and temporal differences in China, such as seasonal rivers, mountain rivers, damming rivers. Thus, an e-flows calculation framework based on hydrogeological conditions, geomorphological features, climatic characteristics, and the impacts of human activities would support sustainable water management. Secondly, e-flows relevant issues involve multiple ministries in China, which is one of the greatest difficulties in implementation. In addition, the amount of policies, norms and industry guidance on how to determine, manage and implement the e-flows in China is increasing. Although there are comprehensive management regulations to supervise the implementation, the process of establishing reasonable e-flows standards is beset with difficulties. For example, the deficiency of hydrological data, the difficulty in obtaining habitat information, and the high budget for monitoring ecological data do impede the pursuit of e-flows. Therefore, in order to ensure the rational formulation and effective implementation of e-flows, multi-disciplinary scientists, engineers and managers are required to work together. Fortunately, the MEP and MWR have reached a common view in e-flows and gap reduction. A watershed monitoring system is planned for e-flows implementation to conduct flow-ecology relationships.



The effectiveness of e-flows implementation is a complex and challenging task involving multiple aspects. It is based not only on research on the theoretical knowledge of e-flows, but also on the basis of the actual engineering conditions and the coordination of multiple parties for development. From this study, development history of e-flows in China and diverse experiences of e-flows practitioners across regions and disciplines have been brought together. It provides evidence of the national dimensions of freshwater ecosystem degradation, and decades of research, engineers, managers and other stakeholders to protect aquatic ecosystems by e-flows implementation. In spite of shortcomings, it helps researchers to better understand some specific problems in China’s e-flows implementation. Furthermore, incorporating e-flows into ecological civilization could build further momentum for e-flows implementation to be the central element of sustainable water resource management.
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Figure 1. Distribution map of hydropower and water conservancy projects approved by the Ministry of Environment Protection (MEP). 
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Table 1. Relevant ministries for environmental flows (e-flows) and their responsibilities.
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	Ministry
	Responsibilities
	Plan Period
	Design Period
	Construction Period
	Operation Period





	MEP
	E-flows release determination in Plan-EIA and EIA of water relevant projects, and water pollution prevention. E-flows release supervision in operation period
	Plan-EIA
	EIA
	Three simultaneities
	Post-project EIA



	MWR
	E-flows release pre-assessment before Plan-EIA and EIA of water conservancy projects, along with e-flows recovery in river ecosystem protection and restoration
	Watershed planning
	Assessment of water-draw and utilization
	Environmental protection measures design and construction
	Green small hydropower stations



	NEA
	E-flows release pre-assessment before Plan-EIA and EIA of hydropower projects
	River hydropower development plan and approval
	Hydropower projects approval
	Engineering construction supervision
	Sustainable hydropower assessment
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Table 2. Regulations, guidelines and codes on e-flows in China.
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	Institution
	Year
	Instruments
	Document Number





	The State Council
	2006
	Regulations on Water Regulation of the Yellow River
	Order No.472



	The State Council
	2015
	Notice of the State Council on Issuing the Action Plan for Prevention and Control of Water Pollution
	GF (2015) No.17



	NPCSC
	2016
	Water Law of the People’s Republic of China (2016 Amendment)
	Order No.48 of the President



	NDRC
	2007
	Specification for environmental protection design of water conservancy and hydropower project
	DL/T 5402



	NEA
	2010
	Specification on compiling hydropower planning of river
	DL/T 5042



	NEA
	2015
	Code for post assessment of environmental impacts of river