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Abstract: The idea of e-flows emerged as a result of the efforts to lessen the effects of river flow alterations. The role of e-flows in ecosystem protection and water resources management isn’t yet fully understood and practiced. This review summarizes the historical evolution of the concept and recaps the assessment methods; analyze impacts of river flow alterations, and identifying gaps in the focus of e-flows researches. A total of 303 articles published since 2010 were collected and assessed. Most of the publications are focused on describing the effects and management of river flow alterations. According to the findings of this meta-analysis, less attention is given for basin scale, social, policy aspects of e-flows. Moreover, the role, importance, and influence of groundwater in the e-flows is given minor attention. 
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1. Introduction
The global supply for freshwater has been continuously challenged due to population growth, changing lifestyles, changes in land use and land cover (LULC), and climate change causing endlessly increasing stress on rivers (Acreman et al., 2014; Laize, et al., 2014; WWF, 2018). In the effort to address the demand for freshwater, natural river flow regimes are modified by point source alterations and spatially–diffused alterations (Girolamo et al., 2017; Poff & Zimmerman, 2010; Poff & Matthews, 2013 ). 
River flow alteration has significant impacts on the timing, duration, and magnitude of downstream flows that restricts the various geomorphic processes leading to the rapid declining of ecosystem services (Poff, 2014;Richter & Thomas, 2007; Sinnatamby et al., 2020). It affects the social welfare besides affecting the rivers’ fundamental ecological significance, its role as agent for geomorphic change, vectors for connectivity, transport of material & organisms (Poff, 2014; Sponseller et al., 2013; Vietz & Finlayson, 2017).  
Understanding how water development and management affects river ecosystems is critical to ensure the values provided by these ecosystems are not lost (Wilding et al. 2014). A drive to mitigate these impacts through reservoir outflow modification has recently been stimulated (Gillespie et al. 2015). Such efforts to maintain and restore the values provided by river ecosystems and avert the impacts of river flow alterations gave rise to the concept of e–flows (Arthington et al., 2018; WWF, 2009). The complex relationships between water, society, and ecosystem processes and the role played by e–flows in the broader scope of socio–ecological sustainability, river ecosystem protection and restoration is not yet fully understood and practiced (Anderson et al. 2019). In a global water survey conducted, with stakeholders being water specialists, 88% of the water professionals accepted that e–flows maintenance is essential to maintain water resources sustainably to meet the long-term needs of people (Kumar and Jayakumar 2020). At present, there are key limitations in e–flows research and implementation with regards to the understanding of the relationships between the natural systems and the social world. The purpose of this review is to contribute for the refinement of the concept of e–flows and provide input for the knowledge base by identifying the gaps in the focus of e-flows researches.
2. Methods
This meta–analysis on e–flows is prepared by establishing a data base consisting of 303 scientific reports, journal articles, conference proceedings, and short communications collected from the search made on the Web of Science/Scorpion, Research4Life (https://portal.research4life.org/), Z–Library articles (https://z-lib.org/), Sci–hub (https://sci-hub.hkvisa.net/), and Google scholar (https://scholar.google.com/). The search for the articles was performed by using key words such as “environmental flows,” “ecological flow,” “instream flows”, “environmental watering”, “river flow alterations”, and the names of renowned authors in the area of e–flows such as Poff, Arthington, Tharme, Anderson, etc. The documents were screened and sorted into eight categories by reading their abstract and conclusions. The eight categories include those publications focused on the concept of flow–ecology relationship; methods of e–flows assessments; the effects, mitigations, implementations and management of river flow alterations; the evolution of the concept of e–flows; the social and policy aspects of e–flows; basin/regional level e–flows; documents relating e–flows with climate changes and hydrological aspects of e-flows such as flow quantification to protect and support the geomorphic facets and ecosystem fabrics.

3. [bookmark: _Toc93039561]The Concept of E–Flows
Rivers are unique, complex, and dynamic ecosystems that play a vital role in the maintenance of ecological health, economic prosperity, environmental sustainability, human welfare and disaster reduction (Palmer & Ruhi, 2019; USAID, 2018). River flow regimes determine the dynamics of longitudinal, lateral, vertical and temporal riverine pathway connectivity (Poff et al., 1997) through hydro–morphological and ecological processes and by providing a medium for matter and organisms to travel into neighboring habitats (Pringle, 2003). This connectivity regulates the continuous exchange of energy, solutes, water, and microorganisms with adjacent surroundings (Wu et al., 2020). 
In general, river flow regime and its components (magnitude, frequency, duration, timing, and rates of change of different flow levels) play prominent role on water chemistry, physical habitat, biological composition, life history cues for species, habitat–specific species interactions, and ecosystem services (Bunn and Arthington, 2002). Hence, river flow regime is considered as a “master variable” that regulates most components and processes of the river ecosystems (Karr, 1991; Power et al., 1995). The response to the ever increasing demand for freshwater, forced the alteration of river flows that gave rise to the emergence of the concept of e–flows (Arthington et al., 2018). The science and practice of e–flows embraces the full range of aquatic ecosystems, focuses on establishing a societally–acceptable threshold between water available for off–channel allocations and water to be retained within or returned to a waterbody to sustain ecosystems (Anderson et al., 2019).  
[bookmark: _Toc93039562]Moreover, the science and practice of e–flows is a promising strategy for integrating river management into the broader scope of ecological sustainability by making a delicate balance between the water needed for ecosystems and water needed for socio–economic systems (Arthington et al., 2010). It plays key role to protect and restore aquatic biodiversity, ecosystem integrity and ecological services (Arthington et al. 2018). The terms “ecological flows”, “instream flows”, “environmental watering”, “water allocations”, “minimum/normative flows”, and “environmental water requirements” convey much the same concept (Arthington et al., 2010; Davies et al., 2014; Davis & Hirji, 2003; King et al., 2015). While an ecological flow is perceived as the flow that is required to meet the ecological functions of aquatic biota, instream flows is interpreted by some to exclude floodplains that are important for lateral connectivity of riverine and terrestrial ecosystems (Dyson et al., 2008; King et al., 2015). The term “e–flows” is extensively used in numerous scientific publications and adopted for it accommodates all components of the river including natural flow variability, socio–economic and ecological aspects (Davis & Hirji, 2003; Dyson et al., 2008).  
The term was endorsed at the International River Symposium and International Environmental Flows conference (Brisbane, Australia, 2007) by more than 750 delegates from 50 nations. It was incorporated in the Brisbane Declaration (2007) which defined it as: “Environmental flow describes the quantity, quality and timing of water flows required to sustain freshwater ecosystems and the human livelihoods and well-being that depend on these ecosystems”. 
The Brisbane Declaration and Global Action Agenda of 2007 definition of e–flows missed to consider the social roles of rivers into consideration and hence was revisited in 2018 to include the “social & cultural dimensions of e–flows management” (Arthington et al., 2018) that was reinforced by the SDGs that explicitly link water and social relations. Thus, the 2018 Brisbane Declaration re–defined e–flows to accommodate the human cultures and economies as: “e–flows is the quantity, timing, and quality of freshwater flows and levels necessary to sustain aquatic ecosystems (including rivers, streams, springs, riparian, floodplain and other wetlands, lakes, coastal waterbodies, including lagoons and estuaries, and groundwater–dependent ecosystems) which, in turn, support human cultures, economies, sustainable livelihoods, and well–being” (Arthington et al., 2018). 
This definition forms the foundation for water resource management that is guaranteed by law in many countries (Brien et al., 2021). Moreover, it includes twin responsibilities of management, to balance the use and the protection of the water resource. In addition, whereas the word ‘Flow’ refers to a single value representing a proportion of the total annual flow, the word ‘Flows’ is preferred to reflects the temporal variability and all components of the flow regime (Gopal 2013). 
4. Evolution of the Concept of E–flows 
The historical underpinning of e–flows follows closely the rapid expansion of water management infrastructures that started to accelerate in the mid–20th century and its detrimental impacts to freshwater ecosystems (Poff and Matthews, 2013). The historical progress of e–flows can be categorized into four distinct phases. These are the foundation works phase (the time before late 1980), the emergence and synthesis phase (from late–1980s through mid–1990s); the consolidation and expansion phase (from mid–1990s through mid–2000s); and the globalization and new challenges phase (from mid–2000s to present) (Poff and Matthews, 2013) as summarized in table 1 below.  
5. [bookmark: _Toc93039563]Consequences of River Flow Alterations
Naturally recurring cycles of floods and droughts play vital role in shaping river ecosystem that influence the adaptation and survival of riverine biota (Lytle & Poff, 2004; Lytle et al., 2017). Interventions on natural river flow regime modify the magnitude and frequency of flow pulses including overbank flooding and all other aspects of the flooding regime by reducing the total flow and altering the seasonality of the flows (Schmied et al. 2014; Shaeri Karimi et al., 2012; Rolls & Bond, 2017). At present, there are clear evidences that altering flow regimes leads to social and ecological changes where the majority of these changes result in declining ecological status (Mcclain et al., 2014). 
For instance, dams uplift the base–flow above the normal conditions and significantly eliminate the natural periods of regular low–flows and create the phenomenon of ‘anti-droughts’(Bunn et al., 2006; McMahon & Finlayson, 2003). This process is associated with the creation of dry–season cold–water pollution that homogenize flood hydrographs and flow regimes (McMahon and Finlayson, 2003). This situation converts intermittent rivers to permanent flow regimes and brings about shifts in fish assemblage (Rolls and Arthington, 2014). On the other hand, aside from natural dynamics in discharge, artificial flow fluctuations with harmful impacts on aquatic ecology can be induced by the phenomenon of hydropeaking (Rolls and Bond, 2017). Hydropeaking is the discontinuous/ pulsing release of turbine water due to peaks of energy demand that causes artificial flow fluctuations downstream of reservoirs. It causes rapid changes in flow that impact freshwater ecosystems by frequent partial or entire drying of the stream channel and unstable, persistent habitats (Rolls and Bond, 2017). 
The phenomenon of hydropeaking may cause decline in fish population due to the rapid and frequent dewatering of riffles that contain developing eggs that severely increase egg mortality of riffle–spawning fish (Schmutz et al., 2015). Thus, increased flow variability due to hydropeaking alters species richness (Rolls and Bond, 2017). Due to increasing hydraulic forces, organisms may get abraded from underlying substrate and drift downstream or must invest significant amounts of energy to avoid downstream displacement during a hydropeaking event (Greimel et al., 2018). Figure 1 below summarizes the consequences of river flow alterations.
6. Environmental Flows Methods (EFMs)
[bookmark: _Toc93039565]E–flows assessment methods consist of a combination of social elements and scientific process for determining appropriate flow regimes for individual river given environmental, socio–economic and cultural objectives (Tickner et al., 2020; WWF, 2009). It simply focuses on how much of the original flow regime must continue to flow down and onto its floodplains in order to maintain the ecosystem (Tharme, 2003). More than 200 e–flows assessment methods have been developed to define the e–flows for a given river based on the type of issues, the management objectives, expertise, time and money available, and the legislative framework (Tharme, 2003). The overwhelming majority of these approaches remain based predominantly on hydrology; physical habitat simulation; and flow–ecology relationships (Anderson et al., 2019; Tharme, 2003 ).
Although all the methodologies, in principle, have the same goal to achieve a suitable e–flows regime of water bodies, they differ in their working principle, assumptions made during derivation, complexity, uncertainty, cost and time resources (Suwal et al., 2020). The methodologies began with simple approaches of Hydrological and the Hydraulic methods and gradually grew in complexity to Habitat Simulation and Holistic methods (Gopal, 2016). The assumption that river habitats/ecosystem functions degrade with reducing water availability in the river is taken up by hydrological and hydraulic rating methods. Although, habitat simulation assumes an “optimal” flow in the river for sustaining the river ecosystem (Jowett, 1997; Kuriqi et al., 2020), holistic methods are more comprehensive methods with e–flows designed to mimic the natural hydrograph (Williams et al., 2019). The following section describes the four major classes of e–flows assessment methods in details with representative examples.
6.1. Hydrologically Based Assessment Methods   
Hydrologically based methods (look–up–table approaches) represent the simplest set of techniques that depend on the assumption that if the streamflow and hydrologic character of a river are protected, then aquatic biota within the river ecosystem will also be protected (Caissie et al., 2015; Poff et al., 2017; Tharme, 2003). These are prescriptive approaches consisting of rapid, easy–to–use, and non–resource intensive methods that primarily use historical monthly or daily flow records for making e–flows recommendations (Arthington et al., 2004; Poff et al., 2017; Shaeri Karimi et al., 2012; Tharme, 2003). Historically, some hydrologically based e–flows methods have been applied as ‘minimum flow’ where everything above a given discharge is ‘fair game’ for water extractions (Caissie and Caissie, 2015) that result in a ‘flat–lined’ streamflow hydrograph that had significant impacts on rivers. Hydrological methods include the Range of Variability Approach (RVA) (Richter et al., 1997), the Montana method (Tennant, 1976), and Indicators of Hydrologic Alterations (IHA) (Richter et al., 1996). 
The RVA incorporates the concepts of hydrological variability and river ecosystem integrity (Richter et al., 1997). The approach begins with a comprehensive characterization of ecologically relevant attributes of a flow regime that translates into more simple, flow–based management targets which are subsequently used as guidelines for designing a workable management system capable of attaining the desired flow conditions (Richter et al., 1997). Accumulated research on the relationship between hydrological variability and river ecosystem integrity overwhelmingly suggests a natural flow paradigm, which states: the full range of natural intra– and inter– annual variation of hydrological regimes, and associated characteristics of timing, duration, frequency and rate of change, are critical in sustaining the full native biodiversity and integrity of aquatic ecosystems (Richter et al., 1997). The RVA identifies annual river management targets based upon a comprehensive statistical characterization of ecologically relevant flow regime characteristics (Richter et al., 1996). A set of management rules or a management system that will lead to attainment of the targets on an annual basis is then developed.

The RVA describes the natural range of hydrological variation using 32 different hydrological indices, which together describe the magnitude, timing, duration, frequency and rate of change that characterize the flow regime of the study river. Flow management targets are then set as ranges of variation for each parameter (WWF, 2009). On the other hand, in the ‘Montana Method’  e–flow regimes are prescribed on the basis of the average daily discharge or the mean annual flow (MAF) (Tennant, 1976). This method provides a table which indicates the percentage of the average (natural) flow required in the wet and dry season, to maintain conditions described as: “Optimum (60 to 100%), outstanding, excellent, good, fair or degrading, poor or minimal, and severe degradation (less than 10%)” (Tennant, 1976).
In general, 10% of the MAF is recommended as a minimum instantaneous flow to enable most aquatic life to survive; 30% MAF is recommended to sustain good habitat; 60–100% MAF provides excellent habitat; and 200% MAF is recommended for ‘flushing flows’ (Tennant, 1976). Field observations by Tennant revealed that when flows decrease from 30% MAF to 10% MAF, the habitat conditions experienced significant changes and rivers became significantly dewatered (Caissie and Caissie, 2015). 
On the other hand, the IHA is hydrologically based e–flows assessment method that has a software program developed by the US Nature Conservancy based on ecologically important parameters such as magnitude, frequency, timing, duration, and rate of change of annual flow regime (Richter et al., 1996). These parameters will be altered thereby affecting the biological communities where the detailed statistical treatment of these parameters gave rise to IHA (Richter et al., 1996; 1997). 
The IHA simply compares hydrologic attributes of a site before and after interventions using records of daily flow values to calculate 67 ecologically relevant flow data statistics (Richter et al., 1996). It is a good example of hydrological analysis tool that categorize flow levels into e–flows components including small floods, large floods, high–flow pulses or freshets, low flows, and extreme low flows (Mathews and Richter, 2007). Generally, hydrologically based e–flows assessment methods are desktop, prescriptive, inexpensive, and easy to use with simple data requirement with low confidence, and low resolution (Arthington et al., 2004; Poff et al., 2017). They are mainly used for reconnaissance level assessment and at the planning stage of water resource developments, or in situations where preliminary flow targets and exploratory water allocation trade–offs are required (Tharme, 2003). Moreover, they have been successfully incorporated in holistic methods, such as the Building Block Methodology (BBM)(King, 2010) and the Ecological Limits of Hydrologic Alteration (ELOHA) (Poff et al., 2010).  
Hydrologically based e–flows assessment methods have obvious shortcomings, the most serious being the elimination of ecologically important flow extremes and a lack of attention to flow timing (Poff et al., 2017). Moreover, there is absence of specific ecological support for the assumptions that particular flows will provide particular habitats and ecological condition (WWF, 2009). They are low resolution, low confidence answers that are difficult to defend if there is a conflict situation where someone tries to use more water than the recommended along with the danger of extrapolation to different regions (WWF, 2009). Although some hydrological approaches were usually favored due to their simplicity, they do not consider biological requirements and interactions of aquatic organisms (Li et al., 2015)
6.2. [bookmark: _Toc93039566]Hydraulic Rating Methods 
These are prescriptive methods that measure changes in simple hydraulic habitat available of stream geometry (wetted perimeter, depth, velocity, etc.) based on a single cross–section of the river that measures the shape of the channel (Arthington et al., 2004; Tharme, 2003). This cross–section is used as a surrogate for biological habitat, and allows for a rough assessment of changes to that habitat with changing flows (Tharme, 2003). Wetter perimeter is the distance along the bottom and sides of a stream channel cross–section in contact with water (Gippel and Stewardson, 1998). This method emerged while attempting to quantify how flowing water interacts with channel boundaries to create aquatic habitats of varying depth, velocity, and substrate that varied over time (Poff et al., 2017). The implicit assumption is that ensuring some threshold value of the selected hydraulic parameter at altered flows will maintain the biota and/or ecosystem integrity (Arthington et al., 2004; Tharme, 2003). For example, it is assumed that a 20% reduction in wetted perimeter will result in a 20% reduction in available habitat. 
E–flows are determined from a plot of the hydraulic variable(s) against discharge, commonly by identifying curve breakpoints where significant percentage reductions in habitat quality occur with decreases in discharge (Arthington et al., 2004). It is assumed that ensuring some threshold value of the selected hydraulic parameter at a particular level of altered flow will maintain aquatic biota and ecosystem integrity (Arthington et al., 2004). Commonly, a breakpoint, interpreted as a threshold below which habitat quality becomes significantly degraded, is identified on the response curve, or the minimum e–flows requirement is set as the discharge producing a fixed percentage reduction in habitat (Arthington et al., 2004; Tharme, 2003). The Wetter Perimeter method (Gippel and Stewardson, 1998), the Riffle Analysis method, Flow Event method, and Lotic Invertebrate Index for Flow Evaluation (LIFE) (Clarke et al., 2003) are some of the methods that fall under the hydraulic e–flows assessment methods.  
Hydraulic rating methods are inexpensive, relatively easy to apply and flexible according to available data but require field based data and can incorporate ecological habitat information (Arthington et al., 2004). On the other hand, these methods have the shortcomings from the simplistic assumptions of extrapolating from single cross–section to whole reaches of a river (WWF, 2009). Besides, it is low to medium confidence and difficult to defend if a conflict situation arises between users (Arthington et al., 2004; Poff et al., 2017; WWF, 2009).    
6.3. [bookmark: _Toc93039567]Habitat Simulation (Habitat Modeling/Habitat Rating Method) E–Flows Methods 
These methodologies are both prescriptive and scenario based approaches that make use of hydraulic habitat–discharge relationships, but provide more detailed, modelled analyses of both the quantity and suitability of the physical river habitat for the target biota (Arthington et al., 2004; Brown et al., 2020). Hence, e–flows recommendations are based on the integration of hydrological, hydraulic and biological response data (Poff et al., 2017). Flow–related changes in physical microhabitat are modelled in various hydraulic programs, typically using data on wetted perimeter, depth, velocity, substratum composition and cover; and more recently, complex hydraulic indices (e.g. benthic shear stress), collected at multiple cross–sections within each representative river reach (Poff et al., 2017; Tharme, 2003). Biological samplings of indicator species, combined with measurements of the hydraulic characteristics where they are caught, are used to populate the habitat part of the model (WWF, 2009). The combined hydraulic/biological model then calculates the area of preferred habitat available for the indicator species at different flows to infer the required flows (Caissie et al., 2015; Tharme, 2003). 
Habitat simulation methodologies provide more detailed, modelled analyses of both the quantity and suitability of the physical river habitat for the target biota by making use of hydraulic habitat–discharge relationships (Arthington et al., 2004). The emphasis on quantification of physical habitat using field data from multiple cross–sections to define the hydraulic aspects of microhabitats along a stream make these methods differ from hydraulic methods (Poff et al., 2017; Tharme, 2003). Hence, in habitat simulation methods e–flows recommendations are made based on the integration of hydraulic, hydrological, and biological response data. The Habitat Simulation methods are based on modelling of quantity and suitability of physical habitat available to target species under different flow regimes. They have been applied primarily to the description of habitat flow conditions for a few species (usually valued fish) because of their quantitative data and analytical demands  (Sedighkia et al., 2016). The Habitat Quality Index (HQI), Physical Habitat Simulation Model PHABSIM, and In–stream Flow Incremental Method (IFIM) are few of the types of habitat simulation methods. 
Although habitat simulation methods are expensive, labor and time intensive; they are known have high scientific acceptability, with better resolution and confidence to defend outcomes as they are interactive and use flexible approaches to assess different flow scenarios that require field data (Arthington et al., 2004; Poff et al., 2017; Tharme, 2003; WWF, 2009). Habitat simulation methods are mainly focused to commercially important target species rather than ecosystem requirements, their recommendations are not transferable to other river systems (all experimental parts must be repeated to other river systems) involving all the complex computer programing, and low resolution of other aspects such as sediment transport, water quality, and socio–economic aspects (Poff et al., 2017; WWF, 2009).
6.4. [bookmark: _Toc93039568]The Holistic E–Flows Assessment Methods
Holistic methodologies prescriptive and scenario based interactive approaches that consider the whole river ecosystem which associates e–flows with all biotic and abiotic components of the river ecosystem, including groundwater and estuaries (Gopal, 2016). They are underpinned by the concept of the “natural flows paradigm” (Poff et al., 1997). In these methods ecosystem components are commonly considered holistically including geomorphology, hydraulic habitat, water quality, riparian and aquatic vegetation, macroinvertebrates, fish and other vertebrates with some dependency upon the river/riparian ecosystem (i.e. amphibians, reptiles, birds, mammals) (Arthington et al., 2004). Holistic methodologies attempt to recommend e–flows regime by using multi–disciplinary specialist team approach, modelling relationships between flow and ecological, geomorphological and social responses to meet a pre–defined set of environmental objectives (Poff et al., 2017; WWF, 2009). The application of the most widely used hydrologic, hydraulic and habitat simulation methods produce a single flow level or a narrow representation of flow variability that favored the emergence of holistic e–flows assessment method (Poff et al., 2017; Tharme, 2003).
The conceptual framing of holistic e–flows assessment framework is based on multiple ecological targets using modern hydro–ecological principles applied through expert judgment in specific, site–based river applications (Poff et al., 2017). A long–term hydrologic time series of daily or monthly flows has been used to derive a set of static flow metrics that quantify various aspects of the magnitude, frequency, timing, duration, and rate–of–change in discharge as a fundamental aspect of holistic approaches (Poff et al., 2017). 
The basis of holistic approach is the systematic construction of a modified flow regime, through a bottom–up process, top–down process or combination of these that requires considerable multidisciplinary expertise and input (Poff et al., 2017). In the bottom–up approach, modified flow regime is constructed systematically from scratch on a month–by–month (or more frequent) and element–by–element basis by adding flow components to a baseline of zero flows, where each element represents a well–defined feature of the flow regime intended to achieve particular ecological, geomorphological, water quality, social or other objectives (Tharme, 2003). The top–down process attempts to address the question, “How much can we modify a river’s flow regime before the aquatic ecosystem begins to noticeably change or becomes seriously degraded?” (Arthington et al., 2004). It is generally scenario–based approaches where e–flows are defined in terms of acceptable degrees of departure from the natural (or other reference) flow regime, rendering them less susceptible to any omission of critical flow characteristics or processes than their bottom–up counterparts (Bunn, 2016; Tharme, 2003).
The BBM (a bottom–up approach), the Downstream Response to Imposed Flow Transformation (DRIFT) methodology (top–down approach), the Benchmarking Methodology (top–down approach), the Desktop Reserve Model (DRM), Savanah Method, ELOHA, and expert panel (specialists’ team based method) are just few of the holistic e–flows assessment methods. The main advantages of holistic methods are their interactive nature that considers the ecosystem holistically involving multi–disciplinary experts of riverine processes that gives high confidence answer and defensibility of recommendations (Arthington et al., 2004). Although holistic methods are flexible in response to data availability and have the potential for regionalization of recommendations, they are very expensive and exposed to subjectivity of experts bias (Arthington et al., 2004; Poff et al., 2017; WWF, 2009).       
Recent advances in e–flows assessment revealed that combinations of methods like hydraulic and hydrological (Książek et al., 2019), hydrological–hydrodynamic–habitat modelling approach (Stamou et al., 2018) and integrated method (Wei et al. 2019) are being practiced for the betterment of e–flows assessment along with holistic methods. Moreover, a three–level framework for e–flows assessment and implementation, described henceforth, has been developed in order to advance the effectiveness of e–flows assessment and implementation (Opperman et al., 2018; Poff et al., 2017). It is a flexible and iterative framework for selecting appropriate holistic methods applicable in diverse settings, ranging from river–specific to regional–scale with relatively few data to those with extensive data is proposed in the pursuit of ecologically sustainable water management (Opperman et al., 2018; Poff et al., 2017).
6.5. [bookmark: _Toc93039569]The Three–Level Framework for E–Flows Assessment and Implementation
This framework builds on earlier hierarchical methods and frameworks for participatory and collaborative e–flow assessment. Opperman et al. (2018) indicated that the three levels can be viewed as sequential steps but, in some cases, a lower level may address a management need and lead toward implementation without requiring a higher level. In many cases, opportunities exist to implement one or more flow recommendations immediately, while various constraints and/or uncertainties prevent other recommendations from being implemented without further analysis and refinement. 
Level 1: Holistic Hydrologic Desktop Methods
This method can be considered as a “desktop” method conducted by a small team where no new data are collected as it utilizes “look–up tables” to define a flow level (e.g., % of MAF). Since, the “look–up” desktop methods are inexpensive and quick; they provide overly simplistic flow levels that do not fully account for river functions and processes (Opperman et al., 2018). It is appropriate for developing initial flow recommendations for a river or for regional planning, and preliminary standard setting, and serves to provide the information that serve as foundation for higher level approaches (Opperman et al., 2018). The holistic hydrologic desktop approach synthesizes hydrologic data measured or modeled daily or monthly streamflow and basic principles of biophysical processes of rivers flow regime and key riverine resources (Opperman et al., 2018; Hughes et al., 2014). In cases where specific information on a focal river is missing, practitioners can draw on broader literature with an emphasis on information related to similar river types in terms of geomorphology, drainage area, valley characteristics, and ecosystems (Hughes et al., 2014). 
Level 2: Holistic Expert Panel E–Flow Assessment
This method does not require new data collection, but can draw on considerably more information than does a Level 1 process by utilizing an expert panel assessment, professional judgment supported by literature review, and quantitative analysis of existing data, including the types of analyses conducted during a Level 1 process to generate flow recommendations (Opperman et al., 2018). The expert panel assigned to develop a set of flow recommendations is composed of broad range of disciplines, including those who understand the linkages between flows and the cultural and economic values and biophysical sciences. This Level can be conducted in places with very limited existing data to places with extensive existing data involving the BBM and DRIFT (Opperman et al., 2018; Hughes et al., 2014). In this method expert panels conveniently fill knowledge gaps for ecosystem components for which sufficient data to rigorously quantify flow relationships are lacking (Opperman et al., 2018). The Level 2 holistic expert panel e–flows assessment involves seven steps.  
Level 3: Holistic Research–Driven Flow Assessment
This level is necessary to resolve uncertainties and overcome constraints to implementation by sharing many steps with a Level 2 process (Opperman et al., 2018). This framework suggests that lower levels can be carried out first because they may lead to some changes to operations or policies relatively quickly and these changes can initiate ecosystem restoration, provide an opportunity for learning and potentially increase the profile and support for the assessment and implementation process (Opperman et al., 2018; Hughes et al., 2014). A Level 3 process is characterized by greater upfront investment in more sophisticated methods for examining trade–offs and predicting results from operational changes or flow allocation rules (Opperman et al., 2018). This process provides opportunities for dialogue between researchers and managers to understand potential constraints to pursue alternative solutions. 
7. [bookmark: _Toc93039570]Statistics of E–flows Publications since 2010
The result of the meta–analysis of the database that consisted of the 303 documents focusing on e–flows is displayed in Figure 2. As can be witnessed from the figure, 11.88% publications were focused on communicating the concept of flow–ecology relationships while 20.46% focused on methods of e–flows assessments. Most of the publications 33.00% focused on the effects, mitigation, implementation and management of river flow alterations. The least number of publications (3.30%) are focused on the role, importance, and influence of groundwater in the e-flows.
The good news about this result is the beginning of the inclusion of the concept and implementation of e–flows in water related policy (7.26%) and scaling the concept from river level to basin and regional level (4.62%). Apart from these, 15.51% gives attention to relate e – flows with climate change, while 3.96% prominently describe the historical underpinnings of e–flows.   
8. Limitations, Challenges and Myths around E–flows    
The basis of the science and implementation of e–flows has been clearly established based on the relationship between attributes of the flow regime and ecological responses (Arthington et al., 2006; Poff & Zimmerman, 2010). This establishment has innate limitations, challenges, and myths. Davies et al., (2014) indicated the lack of fundamental long–term monitoring and evaluation, focus on method development at the expense of monitoring and evaluation, and little research effort directed at explicitly defining flow–ecology linkages as the limitations impeding the successful delivery of e–flows. On the other hand, e–flows assessment methods focused on minimum flow levels or single species fail to capture the complexity of the relationships between flow and the processes through which rivers produce a range of ecosystem services (Opperman et al., 2018). The key challenge of e–flows policy is the transition from high–level aspiration to actual implementation (Hirji and Davis, 2009).  
While, e–flows is expanding and transitioning from an era of aquatic conservation and ecological integrity to a period of explicit social–ecological sustainability (Poff and Matthews, 2013), it has been facing severe challenges. The challenges include lack of political will and public support; constraints on resources, knowledge and capacity; institutional barriers and conflicts of interest; imperfect understanding of costs and benefits, changing livelihood patterns; and view of emerging audiences and users (Harwood et al., 2017; Quesne et al., 2010). The absence of vibrant models that could account for human and ecosystem requirements and the lack of conducive legislative environment (Harwood et al., 2018; Tickner et al., 2017), global environmental change and climate adaptation (Poff and Matthews, 2013), and absence of no single e–flows assessment method that works best in all situations (Opperman et al. 2018) are also among the challenges. In general, the successful application of the concept of e–flows requires the input of diverse and reliable stakeholders to define and refine anticipated social and ecological outcomes (Jackson et al., 2015; Tickner et al., 2017).
Apart from these challenges, some definitions, other than the Brisbane Declaration 2018, are solely focused on environment and skewed the rationale of people to think e–flows are only for environment and it applies only in arid areas (Harwood et al., 2017; Quesne et al. 2010; Moore, 2004). Moreover, other myths including e–flows is only for restoring depleted rivers and it is the same as minimum flow have been hampering the proliferation of e–flows (O’Keeffe, 2012). The other, important challenge for e–flows research and implementation is to understand natural systems in relation to the social world, in line with what those who seek to advance hydro–social thinking are trying to do (Wesselink et al., 2017), and to appreciate rivers and their flow regimes as social–ecological systems (McGinnis and Ostrom, 2014). 
In recent critical analysis on e–flows, Bhuiyan (2022) raised seven critical questions and challenged the current e–flows practices. Some of his challenges are focused on the truthfulness and attainability of the existing e–flows criteria and thresholds; the e–flows assessment methods that do not consider seasonal variations and the practice of constant e–flows value throughout the year; and the unjustifiable similar e–flows criteria used for all types of rivers. These challenges remain to be solved through time. 
9. [bookmark: _Toc93039571]Conclusion
River flow alteration causes significant changes in river ecosystem services. It affects the downstream flux of water, sediment, and nutrients, and blocking species movement. Moreover, it is accompanied by disruption of longitudinal connectivity and conversion of large sections of river from lotic to lentic habitats. It also eliminates extreme events that have strong implications for community stability. Unless managed sensibly, flow alterations can cause environmental disasters like the case of Lake Chad and Aral Sea. 
E–flows is an important concept that plays pivotal role in the struggle to alleviate the consequences of river flow alterations leading towards sustaining and restoring riverine ecosystem services by making a delicate balance between water needed for the ecological and socio–economic systems. It tries to integrate river management into the broader scope of ecological sustainability, river ecosystem protection and restoration. Researches published since 2010 are more skewed and focused on the consequences of river flow alterations, mitigations and management from natural ecosystem perspective. However, it is essential to equally focus on scaling up the issues to basin or regional level including social and policy aspects.  
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Table 1: Summary of the evolution of the concept of e–flows
	Period/Phases
	Characteristic features of the phases
	References

	· The time period until the late 1980s that is conceived as the phase of foundation works 

	· In 1915, in a move to recognize the aesthetic value of a river, Oregon prohibited the diversion of water from certain streams that sustained the spectacular falls of the Columbia River Gorge.
	(Lamb et al., 1987)

	
	· In 1917 agreement from India shows that the British colonial government recognized the importance of flows for religious purposes on the Ganges River and duly amended plans for water infrastructure following interjections from local rulers. 
	(Anderson et al. 2019) 

	
	· During the 1950s–1960s, Donald Tennant forwarded the first generalized set of e–flows recommendations based on hundreds of observations about flow–altered and unaltered rivers in Montana, Wyoming, and Nebraska. He devised the Montana Method for calculating minimum, moderate, and excellent flow levels to protect aquatic resources downstream from dams based on varying percentages of average annual or seasonal flow. E-flows were commonly not about delivering flows, but setting limits on what can be taken from naturally–flowing rivers.
	(Davies et al., 2014; Tennant, 1976)

	
	· Between 1960s–1970s, scientists in southern Africa investigated the intricate relationships between the livelihoods of the Thonga people and floodplain dynamics along the Pongola River. Their studies informed recommendations for managed flow releases from an upstream impoundment to meet fishery and other downstream tribal needs.
	(Anderson et al. 2019) 

	
	· In 1976 the symposium & specialty conference on instream flow needs was presented by the Western Division of American Fisheries Society & Power Division of the American Society of Civil Engineers.
	(Annear, 1998)


	
	· Between 1970s – late 1980s witnessed a shift from equating e–flows with hydrology based minimums to greater recognition of relationships between flow & hydraulic conditions linked to physical habitat for aquatic organisms & to recreational uses of water.
· Direct effects of river flows on recreational attributes of rivers and indirect or longer–term effects related more to the form and function of river channels and riparian habitats were distinguished. 
	(Tharme, 2003)
(Anderson et al. 2019) 

	
	· In general, prior to the 1980s, e–flows was practiced in a ‘reductionist’ mode of aiming to secure minimum flows for singles species (usually a valued game fish) below individual large dams, mostly in the U.S.A. and western Europe.
	(Acreman & Dunbar, 2004; Tharme, 2003)

	· The time from the late–1980s through mid–1990s regarded as the  e – flows emergence and synthesis phase
	· The U.S. Forest Service developed an approach to identify channel maintenance flows to reflect the original intention of national forest protection defined in the Organic Admin. Act of 1897.
	(Schmidt et al., 2004)

	
	· Awareness of the inherent variability in a river’s hydrologic regime & the importance of this variability to multiple aspects of a river’s ecology grew & there were increasingly conservation & management challenges posed by widespread river alteration, particularly by hydropower dams. 
	(Poff et al., 1997)


	
	· Around this time, ecological theory began to inform resource management generally about the importance of hydrologic dynamics in maintaining ecosystem structure and functions, and how individual species were embedded in webs of interactions mediated by environmental conditions.
	(Acreman & Dunbar, 2004; Tharme, 2003)

	
	· Conservation by e–flows practitioners began to focus on multiple ecological targets, not just individual species of fish which was valued by society & on particular sites (below large dams) requiring restoration or conservation as it was practiced before the 1980s.
	(Arthington et al., 1992; Poff & Matthews, 2013; Tharme, 2003)

	
	· An explicit focus was given to how humans alter flows and there was a move toward a unifying approach that bridged academia and practitioners. The focus was largely scientific and technical involving the conceptualization and measurement of natural flow variability and dam–induced alterations.  
	(Poff & Matthews, 2013)

	
	· During this period, native biodiversity and ecosystem services were sustained based on a range of flows characteristic such as magnitude, frequency, duration, timing, predictability and rate of change is realized. 
	(Arthington et al., 2018)  

	· The time period from mid–1990s through mid–2000s that is perceived as the e–flows consolidation & expansion phase

	· During this period, the natural flow regime concept, the normative flows concept, and the indicators of hydrologic alteration method were published that encapsulate the basic idea that a range of flows with characteristic magnitude, frequency, duration, timing, and rate of change are required to sustain native biodiversity and ecosystem functions. 
	(Poff et al., 1997; Richter et al., 1997; Stanford et al., 1996) 

	
	· In the mid–1990s the focus was largely scientific and technical, involving conceptualization and measurement of natural flow variability and dam–induced alteration. The audiences for this effort had been those explicitly engaged in river conservation and ecology, such as academic researchers, restoration practitioners, and environmental NGOs.
	(Poff & Matthews, 2013)

	
	· This period marked an advance in e–flows through a broadened view to an ecosystem level, greater involvement from various stakeholders in establishing goals for river flow management, and recognition of socio–economic dependencies on flows & consequences of altered flows for human communities.  
· Social considerations were limited to descriptions of how altered flows could affect vulnerable people; measured impacts typically related to subsistence reliance on fish and other aquatic resources, rather than being used as metrics to help set environmental flow recommendations around underlying human interactions with rivers.
	(Anderson et al., 2019)

	
	· Scientists and practitioners working on e–flows began to focus on how to manage rivers in an ecologically sustainable fashion and the principles of flow change was articulated with documented ecological effects. 
	(Bunn & Arthington, 2002)  

	
	· Popular writing notably the book by Postel and Richter concerning e–flows elevate public and broad scientific awareness about the global loss of freshwater ecosystem integrity & biodiversity. 
	(Poff & Matthews, 2013)

	
	· New methodologies that incorporated societal goals for the future ecological condition of a river when setting flow objectives were developed such as the Building Block Methodology (BBM) in South Africa and the Downstream Response to Imposed Flow Transformations (DRIFT)
	(Anderson et al., 2019)

	
	· The International Union for Conservation of Nature (IUCN), the expertise in the World Wildlife Fund and Conservation International promoted, embraced and involved in e–flows.
	(Dyson et al., 2008; WWF, 2009)

	
	· The academia began to see e–flows as a new and potentially powerful policy tool that could be formally incorporated into Integrated Water Resources Management & NGOs facilitated incorporation of the e–flows concept into policy statements around the financing of large dams in the developing world. 
	(Davis & Hirji, 2003; Hirji & Davis, 2009; WCD, 2001; WWF, 2009) 

	
	· Water resources engineers began to explore how dam operation schemes might be modified based on flow alteration principles to allow for downstream ecological benefit beyond minimum flows.
	(Suen & Eheart, 2006) 

	
	· This period culminated with the 2007 Brisbane Declaration. This event, held at the 10th annual Brisbane River Symposium, brought together more than 800 scientists, engineers, resource managers, economists and policy makers from 57 countries. The declaration was pivotal in worldwide research and policy on e–flows.  
	(Poff & Matthews, 2013)

	
	· Globalization has increasingly transformed and unified the science and practice of e–flows and the most important cornerstone of the concept of e–flows was laid in 2007 by setting a common definition and global action agenda to advance the concept by bringing the diverse experience of the practitioners. 
	(Anderson et al., 2019; Arthington, et al., 2018; Tickner et al., 2020) 

	
	· The 2007 Brisbane Declaration defined ‘‘e–flows” as the quantity, timing & quality of water flows required to sustain freshwater and estuarine ecosystems & the human livelihoods and well–being that depend upon these ecosystems’’.
	

	· The time period from mid–2000s onwards that is perceived as the globalization and new challenges phase of the concept of e– flows 

	· There is a better global awareness about the concept of e–flows by many including hydrological modelers, scientists, water agencies, environmental NGOs, engineers and regulatory institutions.
	(Poff and Matthews 2013)

	· 
	· There are efforts for expanding the scale of e–flows from individual dams to regional and basin–wide planning and infusing more ecological empiricism in the science.  
	

	
	· Analysis of publications during this phase revealed that “e–flows” was cited on hundreds of publications and on over 30 scholarly books endorsing the essence of the concept.
	(Arthington et al. 2018)

	
	· During this period, global databases of the world’s large dams were assembled that allowed assessing the effects of dams on global river flow, sediment capture, and river ecosystem fragmentation. 
	(Lehner et al. 2011)

	
	· A major scientific challenge during this period arose as academics and practitioners began to re–examine some of the basic scientific assumptions used in e–flows practice, such as the strength of evidence for ecological response to specific types of hydrologic alteration and biological adaptations to historic flow variability. 
	(Lytle & Poff, 2004; Poff & Zimmerman, 2010)

	
	· The concept of ‘e–flows’ had come to appreciate emerging challenges such as social and cultural dimensions and emphasized for the participation of people of all walks of life at equal and full levels, respect for their rights, responsibilities and systems of governance in e–flows decisions. Thus, it reshaped itself to accommodate the increasing uncertainties associated with climate change, ecological variability and immerging societal contexts.
	(Anderson et al., 2019; Arthington et al., 2018; Poff, 2018)

	
	· In 2018, the revised Brisbane Declaration, polished the description of the term to include the human cultures and economies and stated e–flows as: the quantity, timing, and quality of freshwater flows and levels necessary to sustain aquatic ecosystems (including rivers, streams, springs, riparian, floodplain and other wetlands, lakes, coastal waterbodies, including lagoons and estuaries, and groundwater–dependent ecosystems) which, in turn, support human cultures, economies, sustainable livelihoods, and well-being.    
	(Anderson et al., 2019; Arthington et al., 2018)

	
	· While the concept of e–flows made immense contributions leading to international agreements and national policies, the declining condition of freshwater biodiversity and aquatic ecosystems continues to escalate. Thus, the major challenges remain unsolved in solving the entire issues of protecting and restoring riverine ecosystems  
	(Arthington et al., 2018; Bunn, 2016; Reis et al., 2017; Reid et al., 2019)

	
	· The regional Ecological Limits of Hydrologic Alteration (ELOHA) framework emerged, and with it a river basin approach that articulates and quantifies testable hypotheses of ecological responses to altered flows to guide e–flows determination. The ELOHA incorporates human dimensions into e–flows setting through explicit consideration of societal preferences for flow conditions and through its commitment to adaptive management.
	(Poff et al. 2010) 




Table 2: Steps in a level 2 process adopted from (Opperman et al., 2018) 
	Step
	Description

	Orientation workshop
	A workshop for stakeholders and potential contributors; the organizers describe the forthcoming process and primary objectives, and ask stakeholders to suggest additional participants and sources of data and information. This meeting also initiates the dialogue on specific objectives.

	Build the information base
	This second step encompasses the key components of a Level 1 process–the hydrological analysis and literature review, generating a summary report with information on hydrological patterns, including hydrological alteration, and a review of research and data available for the river basin with an emphasis on the linkages between the flow regime and important biophysical processes. Distributed in advance of the expert panel flow workshop.

	Expert panel flow workshop
	The flow workshop includes participants from a broad range of disciplines (e.g., river and riparian ecologists, hydrologists, geomorphologists, fisheries and wildlife biologists, and social scientists who understand cultural, economic and recreational values of the system) drawn from a spectrum of organizations–academia, private sector, Non–Governmental Organizations, and resource agencies representing Federal, Tribal, state and local governments. The objective of the workshop is to recommend a comprehensive environmental flow regime.

	Dialogue with managers
	Scientists and practitioners begin a dialogue with water managers and users about the feasibility of implementing the various initial flow recommendations. Through this dialogue, scientists and water managers identify opportunities for initial changes to operations that can serve as experimental releases and flow recommendations that cannot be implemented without further study or due to various constraints

	Initial operational changes and flow experiments
	Relatively rapid implementation of at least a sub-set of recommended flow components those are clearly feasible within current operational requirements.

	Targeted research and modeling
	To resolve uncertainties or to find solutions to implementation constraints, participants can develop a research and modeling program. Developing this program will generally require additional funding and moves the process toward Level 3.

	Long–term implementation, monitoring & adaptive management
	To be durable, an e–flow program must move beyond initial recommendations and experimental implementation and toward long–term implementation. This will generally require that the new flow regime be articulated within the policies that govern water management for that river. 























Table 3: Characteristics of the three levels of flow assessment & implementation adopted from (Opperman et al., 2018) 
	Level of e–flows assessment & implementation
	Degree of confidence required
	Appropriate application

	Level 1–holistic hydrologic desktop
	Low 
	Precautionary, first–cut flow recommendations for planning

	Level 2–holistic expert panel
	Moderate 
	Opportunities exist to protect or experiment with flow regime (i.e., some degree of operational or management flexibility)

	Level 3–holistic research–driven
	High 
	High degree of certainty is required before changes in flow management or policy can be considered



























Figures 
modification of biotic composition, trophic structure, carrying capacity, and distribution of riverine biota (Sofi et al., 2020)
convert habitat from lotic into lentic & favors lentic habitat organisms (Abril et al., 2015). reduces wood decomposition due to reduced physical movement & abrasion of detritus (Abril et al., 2015). 


contribute for false alarms & make organisms suffer by decoupling the cue & the consequences through small water releases from dams that don’t cause floods (Lytle & Poff, 2004).
send out confusing signals to biota with very specific requirements for increased water flows  & water quality to stimulate their need to breed (Lynch et al., 2019; Brien et al., 2021)

affect migration of organisms to complete their lifecycles and contribute to the functioning of the ecosystem both upstream and downstream portions of the river (Brien et al., 2021).
dictates the evolutionary adaptations of many river biotas (Bunn and Arthington, 2002). Accompanied by suffocating cobbled habitats by silt,
change in thermal regimes, habitat loss and fragmentation, altered water quality, loss of important life–history cues and decline of resilient riverine communities (Bunn & Arthington, 2002;  Strona & Lafferty, 2016).
the increases & decreases in flow regime components negatively influence the local community structure & occurrence of fishes & micro–invertebrate (Rolls & Arthington, 2014; Sui et al., 2014)
reduced cover of bryophytes and macro–algae due to desiccation and encroachment of terrestrial and non–native aquatic species into the riparian and channel zone, lower ecosystem productivity and create abandoned floodplains (Catford et al., 2014; Reynolds et al., 2013)
changes in the energy dynamics, physico–chemical & ecosystem processes (Rolls and Bond, 2017)
River flow alterations are accompanied by:
causes hydropeaking and its concomitant impacts (Rolls and Bond, 2017) 
physical movement and abrasion of detritus (Abril et al., 2015). 


reduce the interaction between the channel and the floodplain affecting the floodplain processes which regulate water quality & biodiversity (Gopal, 2016).
disruption of longitudinal connectivity and conversion of large sections of river from lotic to lentic habitats and eliminate extreme events that have strong implications for community stability and robustness (Bunn & Arthington, 2002; Strona & Lafferty, 2016).

while high–flows might be sufficiently high to dislodge organisms from the streambed (Rolls and Bond, 2017), prolonged low–flow, might lead to the shrinking of habitats (Sofi et al., 2020) that creates potential opportunities for invasions by taxa with broad environmental tolerances (Kannan et al., 2018; Rolls et al., 2012; Stromberg et al., 2007)
deposition of fines and sealing in gravel and causes stabilization of the river channels that increase the magnitude and frequency of high flows which subsequently cause bank and riverbed erosion and floodplain disconnection (Sofi et al., 2020).
Figure 1: Consequences of river flow alterations
low flows are affected due to a withdrawal of water and the high flows are reduced due to the flood control operations (Pfeiffer & Ionita, 2017; Poff et al., 2010). Rapid changes in the flow regime lead to the loss of habitats (Liu et al., 2016; Liu Yang et al., 2018)

affect abundance, recruitment, & distribution of aquatic biota as organisms have different preferences and tolerance limits for different water quality parameters (Sofi et al., 2020). 
affect the downstream flux of water, sediment, and nutrients, modifying water temperatures, & blocking species movement
reduced cover of bryophytes and macro–algae due to desiccation & encroachment of terrestrial & non–native aquatic species into the riparian and channel zone, lower ecosystem productivity and create abandoned floodplains
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