
Chapter 4
River Hydrology, Flow Alteration,
and Environmental Flow

Bernhard Zeiringer, Carina Seliger, Franz Greimel, and Stefan Schmutz

“The water runs the river.” This chapter focuses on the river flow as the fundamental
process determining the size, shape, structure, and dynamics of riverine ecosystems.
We briefly introduce hydrological regimes as key characteristics of river flow.
Hydrological regimes are then linked to habitats and biotic communities. The effects
of flow regulation as a result of human activities such as water abstraction (irrigation
and hydropower), river channelization, land use, and climate change are demon-
strated. Finally, methods to assess the environmental flow, the flow that is needed to
maintain the ecological integrity, are described, and examples of successful flow
restoration presented.

4.1 The Water Cycle and Hydrological Regimes

In temperate zones water received via precipitation is either stored in ice and snow
during winter or infiltrates into the groundwater and is released into rivers during
summer. Water cycles through stages of evaporation, water storage in the atmo-
sphere, precipitation, (sub)surface runoff, and storage in the ocean. The water cycle
and climatic conditions form the boundary conditions for the hydrological regimes
that define distinct seasonal and daily flow patterns. High altitude rivers receive
water mainly from glacial melt during summer with distinct diurnal melting peaks
following air temperature warm-up (glacial regime) (Fig. 4.1). At lower elevations
snow melting in spring causes seasonal peaks (nival regime), while periods of high
flow and floods due to rainfall can occur at any time of the year (pluvial regime).
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Tropical rivers are characterized by distinct flow cycles related to dry and wet
seasons. The tropical regime is similar to the pluvial regime, e.g., drought in the
dry season and abundant rainfall in the wet season. Depending on the local condi-
tions and position within the catchment, observed flow may represent a mixture of
hydrological regimes. Flow regimes are very important to understand the key
functions and processes of riverine ecosystems.

Catchments are hydrological units defined as the area collecting the water within
a given drainage divide or watershed (a drainage divide is the line that separates
neighboring drainage basins). All the catchments for all the tributaries of a river are
lumped together to form a river basin (e.g., Danube River Basin). The so-called
water balance of a given catchment or basin is calculated from water gains (precip-
itation) and losses (evapotranspiration and runoff) including storage phases (soil
water, groundwater, ice, snow). The observed discharge (m3/s) at distinct locations
within the catchment is determined based on meteorological and biogeophysical
factors (see Table 4.1).

The river flow determines the dynamics of the four-dimensional river system
(Ward 1989). Sediment and nutrient transport is closely linked to the longitudinal
dimension of flow. Floodplain dynamics depend on the lateral hydrological connec-
tivity and flood pulses (Junk et al. 1989). River groundwater interaction represents
the vertical dimension of flow dynamics and determines groundwater recharge and
groundwater contribution to river flow. The longitudinal, lateral, and vertical flow
pattern varies over time representing the fourth dimension of the four-dimensional
river system.

Fig. 4.1 Simple hydrological regimes (glacial, River Ötztaler Ache; nival, River Mur; pluvial,
River Stiefing; and tropical, River Niger). The monthly discharge coefficient (cm) is defined by the
ratio of the average monthly discharge and the mean discharge (hydrograph data over several years)
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4.2 Flow Determines Habitats and Biotic Communities

River flow determines processes that shape and organize the physical habitat and
associated biotic communities. Flow variability is a fundamental feature of river
systems and their ecological functioning (Poff et al. 1997). The natural flow of a
river varies on time scales of hours, days, seasons, years, and longer. Many years of
observation from a streamflow gauge are generally needed to describe the charac-
teristic pattern of a river’s flow quantity, timing, and variability (Poff et al. 1997).
River flow regimes show regional patterns that are determined largely by river size
and by geographic variation in climate, geology, topography, and vegetative cover.

The widely accepted natural flow paradigm (sensu Poff et al. 1997), where the
flow regime of a river, comprising the five key components of variability, i.e.,
magnitude, frequency, duration, timing, and rate of change, is recognized as central
to sustaining biodiversity and ecosystem integrity (Poff and Ward 1989; Karr 1991;
Richter et al. 1997; Rapport et al. 1998; Rosenberg et al. 2000). These components
can be used to characterize the entire range of flows and specific hydrologic
phenomena, such as floods or low flows, which are critical to the integrity of river
ecosystems.

The natural flow regime organizes and defines river ecosystems. In rivers, the
physical structure of the environment and, thus, of the habitat is defined largely by
physical processes, especially the movement of water and sediment within the
channel and between the channel and floodplain. The physical habitat of a river
includes sediment size and heterogeneity, channel and floodplain morphology, and
other geomorphic features. These features form as the available sediment, woody
debris, and other transportable materials are moved and deposited by flow. Thus,
habitat conditions associated with channels and floodplains vary among rivers in
accordance with both flow characteristics and the type and the availability of
transportable materials. Within a river, different habitat features are created and
maintained by a wide range of flows (Poff et al. 1997).

Generally, the shaping of hydro-morphological channel and floodplain features
(e.g., river bars and riffle-pool sequences) happens continuously. But the dominant,
shaping processes occur in episodes of bank-full discharges (see Chap. 3). It is
important that these flows are able tomove bed or bank sediment and occur frequently
enough to continually modify the river channel (Wolman and Miller 1960).

Table 4.1 Meteorological and biogeophysical factors determining river flow

Meteorological factors Biogeophysical factors

– Type of precipitation (rainfall, snow)
– Rainfall amount, intensity, duration, and
distribution over the drainage basin
– Precipitation that occurred earlier and
resulting soil moisture
– Meteorological conditions that affect
evapotranspiration and infiltration

– Drainage area
– Elevation
– Topography, terrain slope
– Basin shape and drainage network patterns
– Soil type, land use, and vegetation
– Ponds, lakes, reservoirs, sinks, etc. in the basin,
which prevent or delay downstream runoff
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The diversity of instream and floodplain habitat types has stimulated the evolu-
tion of species that use the habitat mosaic created by hydrologic variability. For
many riverine species, completion of the life cycle requires an array of different
habitat types, whose availability over time is regulated by the flow regime
(Greenberg et al. 1996).

Aquatic organisms have evolved life history strategies primarily in direct response
to natural flow regimes (Bunn and Arthington 2002). The physical, chemical, and
biological characteristics of rivers are primarily affected by flow variation as a “master
variable.” Changes in discharge are a form of disturbance, but a moderate level of
hydrological variability enhances biological diversity (sensu Connell 1978; Ward and
Stanford 1983; Bunn and Arthington 2002). River biota have evolved adaptive
mechanisms to cope with habitat changes that result from natural flow variation, and
indeed many species rely on regular or seasonal changes in river flows to complete
their life cycles (Poff et al. 1997). For detailed discussions of the ecological effects
(and knock-on social and economic implications) of hydrological alterations on
riverine ecosystems, with impacts ranging from genetic isolation through habitat
fragmentation to declines in biodiversity, floodplain fisheries, and ecosystem services,
see Ward (1982), Petts (1984), Lillehammer and Saltveit (1984), Armitage (1995),
Cushman (1985), Craig and Kemper (1987), Gore and Petts (1989), Calow and Petts
(1992), Boon et al. (1992, 2000), Richter et al. (1998), Postel (1998), Snaddon et al.
(1999), Pringle (2000), World Commission on Dams (2000), Bergkamp et al. (2000),
and Bunn and Arthington (2002).

Bunn and Arthington (2002) propose that the relationship between biodiversity
and the physical nature of the aquatic habitat is likely to be driven primarily by large
events that influence channel form and shape (principle 1) (Fig. 4.2). However,
droughts and low-flow events are also likely to play a role by limiting overall habitat
availability. Native biota have evolved in response to the overall flow regime. Many
features of the flow regime influence life history patterns, especially the seasonality
and predictability of the overall pattern, but also the timing of particular flow events
(principle 2). Some flow events trigger longitudinal dispersal of migratory aquatic
organisms, and other large events allow access to otherwise disconnected floodplain
habitats (principle 3). Catchment land-use change and associated water resource
development inevitably lead to changes in one or more aspects of the flow regime
resulting in declines in aquatic biodiversity via these mechanisms. Invasions by
introduced or exotic species are more likely to succeed at the expense of native biota
if the former are adapted to the modified flow regime (principle 4).

4.3 Flow Regulation

The global increase in water demand has resulted in a conflict between using rivers
as water and energy sources and the need to conserve rivers as intact ecosystems
(Dynesius and Nilsson 1994; Abramovitz 1995; Postel 1995; McCully 1996; World
Commission on Dams (2000). This ongoing conflict has stimulated a growing field
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of research dedicated to assessing the requirements of rivers for their own water, to
enable satisfactory tradeoffs in water allocation among all users of the resource and
the resource base itself (the river) (Tharme 2003).

More than half of the world’s accessible surface water is already appropriated by
humans, and this is projected to increase to 70% by 2025 (Postel 1998). Water
resource developments such as impoundments, diversion weirs, interbasin water
transfers, run-of-river abstraction, and exploitation of aquifers, for the primary uses
of irrigated agriculture, hydropower generation, industry, and domestic supply, are
responsible for unprecedented impacts to riverine ecosystems, most of which result

Fig. 4.2 The natural flow regime of a river influences aquatic biodiversity via several interrelated
mechanisms that operate over different spatial and temporal scales. The relationship between
biodiversity and the physical nature of the aquatic habitat is likely to be driven primarily by large
events that influence channel form and shape (principle 1). However, droughts and low-flow events
are also likely to play a role by limiting overall habitat availability. Many features of the flow regime
influence life history patterns, especially the seasonality and predictability of the overall pattern, but
also the timing of particular flow events (principle 2). Some flow events trigger longitudinal
dispersal of migratory aquatic organisms, and other large events allow access to otherwise discon-
nected floodplain habitats (principle 3). The native biota have evolved in response to the overall
flow regime. Catchment land-use change and associated water resource development inevitably
lead to changes in one or more aspects of the flow regime resulting in declines in aquatic
biodiversity via these mechanisms. Invasions by introduced or exotic species are more likely to
succeed at the expense of native biota if the former are adapted to the modified flow regime
(principle 4) (Bunn and Arthington 2002) (© Environmental management, Basic principles and
ecological consequences of altered flow regimes for aquatic biodiversity, 30, 2002, p. 493, Bunn
SE, Arthington AH. With permission of Springer.)

4 River Hydrology, Flow Alteration, and Environmental Flow 71



from alterations to the natural hydrological regime (Rosenberg et al. 2000). Almost
all large river basins are already impacted by large dams (Nilsson et al. 2005).

About 60% of the world’s rivers are estimated to be fragmented by hydrologic
alteration, with 46% of the 106 primary watersheds modified by the presence of at least
one large dam (Revenga et al. 1998, 2000).Dynesius andNilsson (1994) calculated that
77% of the total discharge of the 139 largest river systems in North America, Europe,
and the republics of the former Soviet Union is strongly ormoderately affected byflow-
related fragmentation of river channels.Moreover, they observed that large areas in this
northern third of the world entirely lack unregulated large rivers. EUmember countries
regulate the flowof around 65%of the rivers in their territories, while inAsia, just under
50% of all rivers that are regulated have more than one dam (World Commission on
Dams 2000). Flow regulation through impoundment represents the most prevalent
form of hydrological alteration with over 45,000 large dams in over 140 countries
(World Commission on Dams 2000); a further 800,000 small dams are estimated to
exist worldwide (McCully 1996). The top five dam-building countries (China, United
States, India, Japan, Spain) account for close to 80% of all large dams worldwide, with
China alone possessing nearly half the world total (World Commission on Dams 2000,
cited in Tharme 2003). Dam development is expected to continue, withmore than 3700
large hydropower dams alone currently planned or under constructionworldwide (Zarfl
et al. 2014).

4.4 Human Alteration of Flow Regimes

Human alteration of flow regime changes the established pattern of natural hydro-
logic variation and habitat dynamics. Modification of natural hydrologic processes
disrupts the dynamic balance between the movement of water and the movement of
sediment that exists in free-flowing rivers (Dunne and Leopold 1978).

Typical sources of alteration of flow regimes are (after Poff et al. 1997):

• Dam
• Water diversion
• Urbanization, sealing, drainage
• Levees and channelization
• Groundwater pumping

Dams, which are the most obvious direct modifiers of river flow, capture both low
and high flows for flood control, electrical power generation (Fig. 4.3), irrigation and
municipal water needs, maintenance of recreational reservoir levels, and navigation.
Dams capture sediments moving down a river, with many severe downstream conse-
quences (e.g., erosion of fine sediment in the downstream section). The coarsening of
the streambed can, in turn, reduce habitat availability for aquatic species living in or
using interstitial spaces (Chien 1985). Beside flow regulation as a consequence of dam
construction, rivers get fragmented and loose its natural connectivity (see Chap. 6).

Dams also lead to reduction of the magnitude and frequency of high flows,
leading to deposition of fines and sealing in gravel and channel stabilization and
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narrowing. Sealing and land drainage increase the magnitude and frequency of high
flows, leading to bank and riverbed erosion and floodplain disconnection. Further-
more, reduced infiltration into soil reduces base flows. Levees and channelization
reduce overbank flows, leading to floodplain deposition and channel restriction,
causing downcutting and restraining channel migration and formation of secondary
channels. Groundwater pumping lowers water table levels and further reduces plant
growth. The loss of vegetation leads to streambank stability erosion and channel
downcutting.

4.5 Ecological Responses to Altered Flow Regime

In a comprehensive review, Poff and Zimmerman (2010) reported that almost all
published research found negative ecological changes in response to a variety of
flow alteration (Table 4.2). Only in few instances did values for ecological response
metrics increase, indicating shifts in ecological organization, such as increase in
non-native species or non-woody plant cover on dewatered floodplains. This also
confirms earlier summaries of ecological response to flow regime alterations (Poff
et al. 1997; Bunn and Arthington 2002; Lloyd et al. 2003).

Fig. 4.3 Scheme of a diversion power plant and residual flow stretch (hydropower plant
Hohenstein at the River Krems, Austria). Main river (blue solid line), small tributaries (blue dashed
line), residual flow stretch (red solid line), and diversion channel (black dashed line)
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Table 4.2 Alterations in flow components and common ecological response (modified after Poff
et al. 1997; Poff and Zimmerman 2010)

Flow component Alteration Ecological response

Magnitude Flow stabilization
(loss of extreme high
and/or low flows)

(a) Reduced diversity
Loss of sensitive species
Altered assemblages and dominant taxa
Reduced abundance
Increase in non-natives

(r) Seedling desiccation
Ineffective seed dispersal
Terrestrialization of flora
Lower species richness
Encroachment of vegetation into channels
Increased riparian cover
Altered assemblages

Greater magnitude of
extreme high and/or
low flows

(a) Life cycle disruption
Reduced species richness
Altered assemblages and relative abundance of
taxa
Loss of sensitive species

Frequency Decreased frequency
of peak flows

(a) Aseasonal reproduction
Reduced reproduction
Decreased abundance or extirpation of native
fishes
Decreased richness of endemic and sensitive
species
Reduced habitat for young fishes

(r) Shift in community composition
Reductions in species richness
Increase in wood production

Duration Decreased duration of
floodplain inundation

(a) Decreased abundance of young fish
Change in juvenile fish assemblage
Loss of floodplain specialists in mollusk
assemblage

(r) Reduced growth rate or mortality
Altered assemblages
Terrestrialization or desertification of species
composition
Reduced area of riparian plant or forest cover

Prolonged low flows (a) Concentration of organisms
Downstream loss of floating eggs

(r) Reduction or elimination of plant cover
Diminished plant species diversity
Desertification of species composition

Prolonged inundation (a) Loss of riffle habitat

(r) Change in vegetation functional type
Tree mortality

(continued)
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Taxonomic groups, e.g., fish, macroinvertebrates, and riparian vegetation, show
biota-specific responses (abundance, diversity, and demographic parameters) to flow
alteration depending on the flow components affected (magnitude, frequency, dura-
tion, timing, rate of change). Most of the studies on ecological changes report
responses to altered flow magnitude associated with flow stabilization due to water
abstraction or water withdrawals for irrigation. For the most part instream taxa react
negatively to alteration of flow magnitude. Alterations in flow frequency, referring
mainly to decreases in frequency of floods, resulted in negative ecological responses
by macroinvertebrates and fish. Riparian communities usually decline in response to
flow frequency alteration; but also some increases are indicated (e.g., wood produc-
tion). Alterations in flow duration, mostly in the form of changes in the duration of
floodplain inundation, are primarily associated with decreases in both instream and
riparian communities. Similarly, changes in the timing of flows due to loss of
seasonal flow peaks reduce both aquatic and riparian communities (Poff et al.
1997; Poff and Zimmerman 2010). The rate of change is an important component
of the natural flow regime, commonly altered by hydropeaking, which causes
detrimental effects on instream and riparian communities (see Chap. 5).

Fish respond negatively to changes in flowmagnitude, whether the flows increase
or decrease. Fish metrics decrease sharply in response to reduced flows (see Figs. 4.4,
4.5 and 4.6). Diversity shows a clear decline, especially where changes in flow
magnitudes exceed 50%. Therefore, fish are sensitive indicators of flow alteration.
Compared to this, macroinvertebrates or riparian species are not such reliable indi-
cators, since they do not consistently respond to changes in flowmagnitude. Riparian

Table 4.2 (continued)

Flow component Alteration Ecological response

Timing Shifts in seasonality of
peak flows

(a) Disruption of spawning cues
Decreased reproduction and recruitment
Change in assemblage structure

Increased
predictability

(a) Change in diversity and assemblages structure
Disruption of spawning cues
Decreased reproduction and recruitment

Loss of seasonal flow
peaks

(a) Disruption of migration cues
Loss of accessibility to wetlands and backwaters
Modification of food web structure

(r) Reduced riparian plant recruitment
Invasion of exotic riparian plant species
Reduced plant growth and increased mortality
Reduction in species richness and plant cover

Rate of change Rapid changes in river
stage

(a) Drift (washout) and stranding

Accelerated flood
recession

(r) Failure of seedling establishment

Taxonomic identity of organisms: aquatic (a) and riparian (r)
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Fig. 4.4 Percent change in fish abundance, demographic parameters, and species diversity (and/or
richness) with respect to percent alteration of flow magnitude. Percent change for both fishes and
flow magnitude represents alteration relative to a pre-impact or “reference” condition. Alteration in
flow magnitude includes changes in peak flow, total or mean discharge, baseflow, or hourly flow
(Poff and Zimmerman 2010) (source: Poff and Zimmerman (2010). Ecological responses to altered
flow regimes: a literature review to inform the science and management of environmental flows.
Freshwater Biology, 55(1), 194–205, reproduced with permission of John Wiley & Sons, Ltd.,
© 2009 Blackwell Publishing Ltd, Freshwater Biology, 55, 194–205)

Fig. 4.5 Length distribution of brown trout at River Unrechttraisen (a) full water section and (b)
residual flow section (adapted from Zeiringer 2008b)

Fig. 4.6 Biomass of brown trout in River Ybbs in full flow section (reference) and residual flow
sections, ordered along the river course (adapted from Zeiringer et al. 2010)

76 B. Zeiringer et al.



responses can be associated with decreases in flood peaks, leading to reduction or
elimination of overbank flooding (Poff and Zimmerman 2010) (Fig. 4.7).

Aquatic and riparian species respond to multiple hydrologic drivers, and overlap in
their occurrence and impacts often confounds analysis (Poff and Zimmerman 2010).
Changes in magnitude of high flows are often accompanied by changes in frequency,
and either or both of these may influence biological response (Fig. 4.8). Additionally,
other environmental characteristics, like water temperature (Fig. 4.9) or sediment
regime (Fig. 4.10), may affect biota independently or in association with flow
alteration.

Fig. 4.7 Encroachment of vegetation into river channel, example residual flow stretch River
Gölsen

Fig. 4.8 Hydrological effects of water abstraction, (a) natural hydrograph, and (b) reduced and
moderated flow in the residual flow section at the HPP Reichenau/River Schwarza (adapted from
Zeiringer 2008a)
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Poff and Zimmerman (2010) mentioned that there are no studies reported that
focus primarily on ecosystem functional responses (e.g., riparian production, nutri-
ent retention), even though many ecological processes are clearly flow dependent
(Hart and Finelli 1999; Doyle et al. 2005, cited in Poff and Zimmerman 2010). They
emphasized that this absence points to an obvious research gap in the environmental
flows research.

4.6 Environmental Flow

Environmental flow (EF) is the quantity or volume of water required over time to
maintain river health in a particular state, where the state has to be predetermined or
agreed upon based on a trade-off with other considerations (Acreman and Dunbar 2004).
Such quanta are captured by a variety of terms, including the environmental flow
(regime), instream flow, environmental allocation, or ecological flow requirement, to
distinguish these from compensation flows (Gustard et al. 1987, cited in Acreman and
Dunbar 2004). The latter have been set for other purposes, such as downstream human

Fig. 4.9 Change of water quality due to water abstraction (a) water temperature increase River Mur
during summer (adapted from Zeiringer et al. 2008) and (b) algae bloom River Lassing

Fig. 4.10 Morphological effects of water abstraction, e.g., reduction of flow velocity and shear
stress, change of flow and substrate patterns, silting up of interstitial (clogging), reduced water
depth, and reduced wetted width (a) River Aschbach and (b) and (c) River Mur
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uses (e.g., irrigation, hydropower), pollutant dilution, or navigation. The first approaches
to quantifying EFs only focused onminimum flow, based on the idea that all river health
problems are associated with low flows.

Although there is no generally agreed definition or term (IWMI 2005), it is widely
accepted (e.g., Poff et al. 1997; Karr 1991; Bunn and Arthington 2002; Postel and
Richter 2003; Annear et al. 2004) that not only the quantity of discharge is decisive
but that also the timing and discharge dynamics are key factors for sustaining and
conserving native species diversity and ecological integrity of rivers.

4.6.1 The Concept and Definitions of Environmental Flow

The concept of EF historically was developed as a response to the degradation of
aquatic ecosystems caused by overuse of water. In this context EF may be defined as
the amount of water that is left in an aquatic ecosystem, or released into it, for the
specific purpose of managing the condition of that ecosystem (Arthington et al.
2006; Brown and King 2003). Despite the fact that the concept of EF has existed for
over 40 years (including other terminology, such as instream flows), there is still no
unified definition for it (Moore 2004). This lack of uniform agreement for a
definition of EF can be illustrated by looking at a sample of the ways in which it
has been defined in the literature by researchers and organizations involved in
assessing and implementing the concept all around the world over the last decades.
In these definitions of environmental flows, there are always two key aspects of the
concept included: the flow regime that should be considered and the level of
conservation for the ecosystem that is intended.

Selected definitions of EF:

• Arthington and Pusey (2003) define the objective of environmental flows as
maintaining or partially restoring important characteristics of the natural flow
regime (i.e., the quantity, frequency, timing, and duration of flow events, rates of
change, and predictability/variability) required to maintain or restore the biophys-
ical components and ecological processes of instream and groundwater systems,
floodplains, and downstream receiving waters.

• Brown and King (2003) state that environmental flows is a comprehensive term
that encompasses all components of the river, is dynamic over time, takes
cognizance of the need for natural flow variability, and addresses social and
economic issues as well as biophysical ones.

• Dyson et al. (2003) in the IUCN guide on environmental flows define the concept
as the water regime provided within a river, wetland, or coastal zone to maintain
ecosystems and their benefits where there are competing water uses and where
flows are regulated.

• Tharme (2003) defines an environmental flow assessment (EFA) as an assessment
of how much of the original flow regime of a river should continue to flow down
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it and onto its floodplains in order to maintain specified, valued features of the
ecosystem.

• Gupta (2008) defines EFs as discharges of a particular magnitude, frequency, and
timing, which are necessary to ensure that a river system remains environmen-
tally, economically, and socially healthy.

• Environmental flows can be described as “the quality, quantity, and timing of
water flows required to maintain the components, functions, processes, and
resilience of aquatic ecosystems which provide goods and services to people”
(Hirji and Davis 2009).

EF is a management concept, and thus it should vary in response to actions or
processes that are used and understood by management. Generally, certain human
activities create a water demand that requires the development of infrastructure
(diversion weirs, dams, etc.). The presence and operation of this infrastructure
produces modifications of the natural flow regimes that affects the biophysical
conditions of ecosystems. Environmental flows can help to restrict water use, to
define the maximum limits of hydrological alteration to maintain a certain biological
condition and may appear as a basic tool for the recovery of certain species affected
by the modification of aquatic habitats (Navarro and Schmidt 2012). A combination
of Arthington and Pusey and Tharme definitions (2003) might consider the most
basic and relevant aspects of the concept of environmental flows: environmental
flow is the proportion of original flow maintaining or restoring biophysical compo-
nents, ecological processes, and services of instream and groundwater systems,
floodplains, and downstream receiving waters.

4.6.2 Assessing and Implementing Environmental Flows

In many countries a variety of approaches for assessing EF were developed with
varying complexity, e.g., look-up tables (preliminary assessment level), desktop
analyses and functional analyses (intermediate assessment level), and finally hydrau-
lic habitat modeling (comprehensive assessment level), which we describe in more
detail below (see also Table 4.3). Some address just parts or the river system, while
others are more holistic (Tharme 2003; Acreman and Dunbar 2004). Currently, there
exist at least 200 environmental flow methods classifiable in four major categories
according to focus, complexity, and cost and time effectiveness: (1) hydrological
methods, (2) hydraulic rating, (3) habitat simulation models, and (4) holistic meth-
odologies (Dyson et al. 2003; Tharme 2003; Arthington et al. 2004; Richter et al.
2006; King et al. 2008).

Hydrological Analyses (also called desktop analyses) are mostly based on simple
minimum flow thresholds derived from hydrographs (e.g., mean annual flows,
monthly flows, high/low flows, and Q95%) (Barker and Kirmond 1998). For
example, the Tennant or Montana method (Tennant 1976) defines EF values as
percentage of the average daily discharge or mean annual flow (MQ) with 10% MQ
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considered as minimum flow and 60–00% MQ considered the flow range necessary
to provide optimal habitat conditions. More complex hydrological indices are the
indicators of hydrologic alteration (IHA) (Richter et al. 1996), the range of variabil-
ity approach (RVA) (Richter et al. 1997), and the indicators of hydrologic alteration
in rivers (IAHRIS) (Martinez and Fernandez 2010). RVA, for example, uses
32 hydrological parameters (their range and variation) as indicators of hydrological
alteration (IHA; Richter et al. 1996) to characterize ecologically relevant attributes of
the local flow regime and to translate them into defined flow-based management
targets. The method suggests a natural flow paradigm including the full range of
natural intra- and interannual variation of hydrological regimes and associated
characteristics of timing, duration, frequency, and rate of change as critical factors
to sustain the integrity of the riverine ecosystem (Richter et al. 1997). Hydrological
methods rely primarily on historical hydrological data, requiring flow measurements
over long time periods. Although hydrological data collection is resource demand-
ing, the application of such methods itself is time- and cost-effective and simple.
Although such methods consider flow dynamics, they only indirectly address
requirements of aquatic biota. Therefore, they are not considered appropriate as
stand-alone methods, but often are used as initial desktop analyses to assist more
complex environmental flow methodologies (Theodoropoulos and Skoulikidis
2014). In fact, these methods lack ecological relevance and sensitivity to individual
rivers and are considered as inadequate to provide the data needed to sustain
ecological integrity.

Hydraulic Rating methods use simple hydraulic variables and propose EF through
the quantifiable relationship between water discharge and instream habitats (Trihey
and Stalnaker 1985). Hydraulic rating methods try to incorporate channel-discharge
relationships. The generic wetted perimeter method (Reiser et al. 1989, cited in
Tharme 2003) is the most applied hydraulic rating approach worldwide. River
integrity is directly related to the quantity of wetted perimeter. The modeled rela-
tionship between wetted perimeter and discharge is used to determine minimum or
preservation flows. The flow events method (FEM; Stewardson and Gippel 2003)
evaluates the frequency of hydraulically relevant flow indices (selected by experts)
under alternate flow regimes (Acreman and Dunbar 2004). It consists of five steps:
After preparing a list of ecological factors affected by flow variation, different flow
events and their distribution in time are analyzed. Then hydraulic parameters (e.g.,
wetted perimeter) at these different flow events are modeled. A comparison and
evaluation of different flow management scenarios with regard to ecological conse-
quences leads to the specification of certain flow rules (Stewardson and Gippel
2003). However, these methods have been currently replaced by more sophisticated
hydraulic/habitat simulation methods (described below).

Habitat Simulation methods combine flows with habitat availability for selected
indicator species and life stages. Waters (1976) invented the concept of weighted
usable area (WUA), which was used by the US Fish and Wildlife Service to develop
the computer model PHABSIM (Physical Habitat Simulation model, Bovee 1982).
Available habitat is weighted by its suitability for certain species under different flow
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scenarios (Acreman and Dunbar 2004). PHABSIM is embedded into the Instream
Flow Incremental Methodology (IFIM; Bovee and Milhous 1978; Reiser et al. 1989)
providing a tool for calculating suitable EF. Physical habitat (flow velocity, water
depth, substrate) is monitored in the field and/or modeled using mainly 1-D or 2-D
hydraulic models or habitat modeling software, such as TELEMAC (Galland 1991),
PHABSIM (USGS 2001), CASiMiR (Schneider et al. 2010), and RIVER 2D
(Steffler and Blackburn 2002). Habitat preferences for target organisms are retrieved
from field observations or literature, and habitat availability is then calculated
through the modeling software for different discharges (for more details, see
Chap. 7).

Holistic Methodologies require multidisciplinary input and expertise (Tharme 1996,
2000; King et al. 2008; Arthington 1998), address flow requirements of multiple
ecosystem components (fish, benthic fauna, macrophytes, riparian vegetation) at
various spatial temporal scales, and target a flow regime going beyond simple
minimum flow definitions. Examples are the building block methodology (BBM)
(Tharme and King 1998; King et al. 2008), the downstream response to imposed flow
transformations (DRIFT) (King and Brown 2006), and the ecological limits of
hydrologic alteration (ELOHA) (Poff et al. 2010). Field data on a monthly basis are
required to construct a flow regime from scratch (bottom-up approaches, BBM, and
ELOHA). In contrast, top-down approaches (e.g., DRIFT) are generally scenario
based, defining environmental flows as acceptable degrees of divergence from the
natural/reference flow regime, being less susceptible to any omission of critical flow
characteristics or processes than their bottom-up counterparts (Bunn 1998). More
detailed, the building block methodology states that aquatic organisms rely on basic
elements (i.e., building blocks) of the flow regime (e.g., low flows, medium flows,
and floods). In this method EF is assessed by an expert-based combination of building
blocks. The expert panel assessment method (Swales and Harris 1995), the scientific
panel approach (Thoms et al. 1996), or the benchmarking methodology (Brizga et al.
2002) tries to evaluate how much a flow regime can be altered before the integrity of
the aquatic ecosystem is altered or seriously affected. Also ELOHA is based on the
premise that increasing degrees of flow alteration enforce increasing ecological
change. The evaluation of the relationship relies on the testing of plausible hypoth-
eses stated by experts. Ecological response variables are most suitable if they react to
flow alterations, allow validation using monitoring data, and are esteemed by society
(e.g., for fishery) (Poff et al. 2010).

Several modified approaches have also been proposed and implemented, e.g.,
trying to shift the assessment scale from the micro- to meso-habitat (e.g., Parasiewicz
2007), but their general concept is based on one of the four principles mentioned
above. Although progress in environmental flowmethodologies is fast and becoming
very sophisticated, there still remains a critical need for greater understanding of flow-
ecological response relationships and enhanced modeling capacity to support river
flow management and ecosystem conservation (Arthington et al. 2010).

While (1) current EF determinations are often prescriptive and not negotiable
(i.e., consequences of noncompliance are not discussed) and (2) socioeconomic
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impacts are not adequately considered (cost-benefit of water resource develop-
ments), the DRIFT method (King et al. 2003) tries to incorporate all aspects of the
river ecosystem as well as socioeconomic aspects on the basis of scenario assess-
ments. It consists of four modules:

• The biophysical module evaluates changes of the ecosystem (e.g., hydrology,
hydraulics, geomorphology, water quality, riparian vegetation, aquatic plants,
organisms, etc.) in response to altered flow.

• The socioeconomic module covers all relevant river resources.
• The scenario-building module optimizes flow.
• The economic module considers compensation costs of each scenario.

DRIFT is usually used to build scenarios, but can also be used to set flows for
achieving specific objective (e.g., optimizing ecological condition through combi-
nations of dam releases; different timings, magnitudes, and durations; Acreman and
Dunbar 2004).

Although many different methodologies exist, it is still a challenge to translate the
knowledge of hydrologic-ecological principles into specific management rules (Poff
et al. 2003). The selection of the appropriate methodology depends on matching the
available resources (e.g., time, money, and data) to the question of concern. Envi-
ronmental flow assessments should be incorporated into the planning phase of any
proposed use of river resources that changes flows, especially hydropower plants.
Finally, it has to be kept in mind that each EF assessment, whether calculated by a
simple rule of thumb or by a holistic method, has to be evaluated with regard to its
biological relevance and effectiveness for the specific river to be assessed. Therefore,
the selected EF has to be monitored and, if necessary, adapted accordingly.

Recently, environmental flow assessments have been shifted toward more holistic
approaches (Arthington and Pusey 2003; Tharme 2003; King et al. 2008), demand-
ing assessment of the requirements of all ecosystem components through judgment
from multidisciplinary teams of scientific experts. Furthermore, at the same time
habitat modeling techniques have significantly advanced, offering a greater basis to
incorporate data-driven approaches, in the holistic perspective. As a result, habitat
modeling applications can now be used to assess the flow requirements of various
ecosystem components. This concept is also adopted and incorporated in a three-
level (preliminary/intermediate/comprehensive) approach proposed in the EFs
Guidance Document of the European Commission (2015), highlighting the need
for data-driven holistic environmental flow assessments and using habitat modeling
for optimum visualization of the information to stakeholders and water managers
(see Table 4.3).

Even though there is no simple choice for which method is the most suitable to
assess environmental flow, Acreman and Dunbar (2004) suggest that the main
driving force for choice of method is the type of issue to be addressed (i.e., scoping,
basin planning, impact assessment, and river restoration). Scoping includes large-
scale assessment and national auditing, where the focus encompasses many river
basins. Therefore, a rapid method, such as a look-up table, would be most relevant.
Basin planning involves the assessment of EFs throughout an entire river basin. Such
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assessment can be started using look-up tables, but increasing the level of detail
assessed requires following up with a desktop approach. Environmental flow assess-
ment often involves impact assessment and mitigation of flow modifications (e.g.,
dams, abstractions). Where the impact is spread over several sites within a river
basin, it may be useful to make initial assessments of the impact around the basin
using a desktop method before more specific functional analysis or hydraulic habitat
modeling is undertaken as part of a holistic approach (Acreman and Dunbar 2004).
The holistic approaches allow assessment of the benefits of any restoration activities
(e.g., reduced abstractions, release from reservoirs, structural measures, and mor-
phological river restoration). Some pros and cons useful in selecting different
approaches are summarized in Table 4.3.

4.7 Conclusions

Nowadays, hydrological processes forming riverine ecosystems are well understood,
and the importance of flow for maintaining the ecological integrity is well perceived.
Human uses have altered the hydrological regime of running waters and degraded
riverine ecosystems. A number of environmental flow assessment methods have
been developed ranging from simple hydrological methods over habitat flow models
to more comprehensive methodologies including socioeconomic aspects. While
much effort has been dedicated to the development of those methods, the biological
effectiveness of environmental flow regulations has been evaluated only in few
cases. Further research is necessary to better understand the response of biota and
riverine ecosystems to flow restoration by holistic assessments including interactions
with river morphology, sediment transport, groundwater, and floodplain dynamics.
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