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INTRODUCTION

The science underlying environmental water allocations (environmental flows assessment science
or environmental water science) is based in the quantification of the linkages between hydrological
processes and components and various ecological variables. This understanding supports the recom-
mendations and establishment of a water regime needed to manage rivers (and other wetland sys-
tems) in a more ecologically and socially sustainable fashion (Chapter 1). Principles based in
hydroecological (or ecohydrological) theory and concepts (Acreman, 2016; Bunn and Arthington,
2002; Dunbar and Acreman, 2001; Hannah et al., 2007), combined with empirical literature and
stakeholder or indigenous knowledge guide and inform environmental water science and its practi-
cal application. Achieving a more quantitative understanding of ecological and social responses to
both natural flow variability and its alteration by humans is one of the fundamentally challenging
goals of environmental water science and assessment in order to achieve more precise and effective
environmental water regimes. The application of environmental water has largely been in the con-
text of managing existing water resources infrastructure (e.g., dams, diversion weirs, direct abstrac-
tion points), which are globally ubiquitous causes of hydrologic alteration (Richter and Thomas,
2007). However, environmental water science is also increasingly needed to contribute to achieving
conservation objectives through protection of flow regimes in rivers and basins under pressure from
proposed developments (Acreman et al., 2014a; Poff, 2014). Typically, the focus is on the ecologi-
cal response to purely hydrologic change, and less so on the other important environmental factors
that can be strongly modified by large infrastructure (Chapter 21), primarily thermal and sediment
regimes (Chapter 12). Further, environmental water science has disproportionately emphasized the
biophysical aspects of ecosystems (Tharme, 1996). There is growing attention, however, on the
social dimensions of environmental water, from inclusion of ecosystem services and their
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flow-linked dynamics (Chapter 8) through to the broader areas of culture, indigenous water, and
social justice (Finn and Jackson, 2011; Wantzen et al., 2016; Chapter 9).

Environmental flows science and assessment have been driven primarily by concerns over the
extent and rapid pace of deterioration in the biodiversity, ecological condition, and ecosystem func-
tion of rivers where natural flow regimes have been partially or completely regulated by humans
(Chapter 4). The scientific understanding of flow—ecological relationships is continually evolving,
as is the technical ability to characterize and analyze the biophysical features of rivers. We now have
the ability to ask sophisticated, complex questions that guide the setting of meaningful flow targets
to restore regulated rivers or to sustain the conservation values of rivers where new water develop-
ments are planned. However, achieving successful environmental water implementation requires
application of appropriate tools and methods (including modeling) that can lead to successful out-
comes. This process of linking predictive science to successful ecological and societal outcomes cre-
ates an important tension in environmental water, one that drives the further evolution of science and
methods.

Fundamentally, the framing of a particular environmental water management question determines
which methods and tools are required to adequately describe flow—ecology relationships
(Chapter 14) that help address that question. A wide range of frames exist: from single species to
entire ecosystem management, from short-term experimental flows to long-term flow regime modifi-
cation, from rapid desktop estimation to guidance for planning of new water infrastructure, and from
detailed field-based assessment of flows to achieve river restoration at individual sites, to assess-
ments spanning systems across a large landscape or region. Over the more than 50-year history of
environmental water science and assessment, the questions, approaches, and tools have advanced and
diversified, in response to changing societal objectives, world views, and values (Chapters 2, 7,
and 9), an increasing knowledge base (including indigenous knowledge), and significant advances in
modeling capabilities (Chapters 13 and 14).

As the global human population continues to increase and place more demand on freshwater
resources, and as climate change simultaneously imposes unprecedented challenges for sustainable
resource management, new questions and frameworks for managing environmental water are
emerging. These will be increasingly transdisciplinary and drive the development of novel
approaches that will move forward as hydroecological and social understanding increase through
research and monitored implementation of environmental water management actions.

FOUNDATIONS AND TYPES OF ENVIRONMENTAL FLOWS
ASSESSMENT METHODOLOGIES

Environmental flows assessments began in earnest in the late 1940s in snowmelt streams and
rivers of the western United States, where their main objective was to protect valuable cold-water
fisheries (Poff and Matthews, 2013; Tharme, 2003). Here, and in Europe, early minimum flow
recommendations were also being made to mitigate the problems of poor water quality at low flows
and for pollution control. Rapid progress in the 1970s was primarily a result of new environmental
and freshwater legislation coupled with demands for quantitative assessment of flows to protect
aquatic species impacted by dam construction, then at a peak in the United States. The US Clean
Water Act 1972 set the objective of restoring and maintaining the chemical, physical, and biological
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integrity of that nation’s waters. These foundations gave rise to more formalized hydrological,
hydraulic rating, and habitat simulation methods, which collectively stimulated global awareness
and developments of the science and implementation of environmental water. England, Australia,
South Africa, and New Zealand began to engage strongly in the topic in the 1980s, followed by
Brazil, Japan, and several countries of continental Europe (Arthington and Zalucki, 1998; Dyson
et al., 2003; Tharme, 2003). Each application brought fresh perspectives on the challenges and solu-
tions to streamflow management in different hydroclimatic, biophysical, and socio-political realms
(Acreman and Dunbar, 2004).

From the 1990s onward, within a putative modern era (Poff and Matthews, 2013; Fig. 11.1), the
evolution and expansion of the science and practice of environmental water were explosive. By
2002, a global review of environmental flows assessment literature and practice (Tharme, 2003)
identified over 207 methods and several broader frameworks used to assess the water requirements
of aquatic species, habitats, or ecosystem features, and support flow management practices to meet
ecological and, increasingly, also social targets. These methods were recognized to differ widely in
the extent to which they were capable of adequately representing the water needs of ecosystems
(Tharme, 2003). Several of the earlier methods, particularly, were largely carryover methods that
addressed water pollution and were, subsequently, seriously limited in their ability to satisfactorily
reflect the diverse water quantity needs of ecosystems and deliver truly sustainable ecological and
social flow outcomes.

Despite various strengths and limitations (Table 11.1), by the year 2000 these diverse environ-
mental flows assessment approaches were in use in at least 44 countries within six broad regions:
Australasia (Australia and New Zealand), the rest of Asia, Africa, North America, Central and
South America (including Mexico and the Caribbean), Europe, and the Middle East. Places that
had previously shown little or no activity in this area began to take environmental flows assessment
principles on board and to tailor existing approaches for local application, including additional
countries in Latin America, eastern Europe, southern and eastern Asia, and various African coun-
tries and river basins (Tharme, 2003). Recent developments in China, Kenya, Tanzania, Colombia,
and Brazil, among others, are now extending the influence of environmental water as a major plank
of water management, although implementation is not without challenges (Le Quesne et al., 2010;
Chapter 27). The concept of environmental water has a firm place in many intergovernmental
agreements (e.g., the Convention on Biological Diversity signed by 168 countries, https://www.cbd.
int/information/parties.shtml). Environmental water concerns are now integrated into water policy
and legislation in countries and regions as diverse as Australia, South Africa, Lesotho, New
Zealand, Costa Rica, Tanzania, Pakistan, Mozambique, China, the Philippines, the United States,
and the European Union (Acreman and Ferguson, 2010; Arthington, 2012; Hirji and Davis, 2009;
Le Quesne et al., 2010; Chapter 27). Speed et al. (2011) provide an interesting analysis of the ways
in which some environmental water concepts and frameworks have been linked with those of water
management in various countries.

The four main categories of methods that were evident early on (Tharme, 1996, 2003) remain
relevant today—hydrological, hydraulic rating, habitat simulation, and holistic methods
(Table 11.1), but with expansion of holistic (ecosystem) approaches to include the kinds of regional
frameworks discussed in Section 11.5. The more recent methods continue to improve with regular
applications on the ground and through ongoing advances in the science. Although these types of
approaches continue to focus largely on rivers, many are applicable, with some modification, to
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other water bodies such as standing waters (e.g., marshes, lakes) that also experience natural spatial
and seasonal patterns in water-level fluctuations, wetting and drying, and connections with ground-
water (Arthington, 2012). Methods tend to be applied hierarchically (Tharme, 1996), from
hydrology-based approaches common and more appropriate in a precautionary, low-resolution
framing of environmental water requirements at a water resources planning level, to increasingly
comprehensive assessments using holistic methods. The broad types of methods described by
Tharme (2003) were also typically used for single or multiple river reaches within a river system.
Recent method developments to support more advanced river basin and broader landscape water
management are the subject of Section 11.5.
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FIGURE 11.1

Historical timeline for “modern” environmental water, showing emerging directions in the principles and concepts
that underpin the science and growth in the number and diversity of engaged institutions and practitioners.
Timelines are shown that fall into relatively discrete periods of types of activities. Timelines for participants
engaged in environmental water over time are shown to the left, for benchmark achievements in the center, and
for evolving dimensions of environmental water on the right. ELOHA, ecological limits of hydrologic alteration;
IWRM, Integrated Water Resources Management; NGO, nongovernmental organization, WFE-E, water, food, and
energy-environment nexus.

Source: Adapted from Poff and Matthews (2013)
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The first hydrological methods were simple, low-resolution estimates of the percentage of
annual, seasonal, or monthly flow volume (often termed the minimum flow) that should be left in
a river to maintain minimal fish habitat and/or acceptable stream condition (e.g., single
figure flow recommendations based on low-flow indices, derived from flow duration curves such
as Q95; Tharme, 2003). Hydrological methods are often called fixed-percentage or look-up
table methods, as they rely on formulae linked to historical flow records to estimate desirable
discharges. Unusual for its time, the Montana method (Tennant, 1976) stands apart from such
desktop approaches inasmuch as the look-up table of percentages of average annual flow, which
correspond to different degrees of desired river condition, was derived from an empirical base of
field-level flow habitat and ecological (fish) studies of many small US streams of specific bio-
physical character. Without appropriate validation for streams in new geographic regions or of
different types, the use of the tabulated flow levels carries the risk of setting environmental
water recommendations that are unsuitable (e.g., too high or too low) for local conditions;
untested extrapolations of this kind remain a challenge common to many environmental flows
assessment methods (Arthington, 2012). Hydrology-based methods have been variously elabo-
rated over the years, and in the last decade or so have substantively advanced by taking a more
regime-based approach that estimates a range of ecologically relevant streamflow characteristics
such as magnitude, frequency, timing, and the duration of specific flood and low-flow events
(e.g., Hughes and Hannart, 2003; Hughes et al., 2014; National Water Commission of Mexico,
2012; Richter et al., 2012).

Hydraulic rating methods emerged in parallel, with the intent to quantify how flowing water
interacted with channel boundaries to create aquatic habitats of varying depth, velocity, sub-
strate, and cover characteristics that varied over time with discharge pattern. The best known of
these wetted perimeter methods define a minimum acceptable discharge that maintains wetted
aquatic habitat for selected (representative and/or critical) channel cross-sections or stream
reaches. These foundational hydraulic habitat methods paved the way for habitat simulation
methods and associated tools (e.g., the Physical Habitat Simulation [PHABSIM] component of
the Instream Flow Incremental Methodology [IFIM]; Bovee, 1982) and later, sophisticated inno-
vations focused around two- and three-dimensional habitat modeling supported by spatially refer-
enced habitat mapping techniques (Chapter 13). Habitat simulation methods, by virtue of their
quantitative data and analytical demands, have been applied primarily to the description of habi-
tat flow conditions for a few species (usually valued fish). Although efforts to expand these
methods to the broader contexts of entire fish and macroinvertebrate communities have occurred,
including through modeling of a range of habitat types occupied by different functional guilds
(e.g., King and Tharme, 1994; Leonard and Orth, 1988; Parasiewicz, 2007), the many other
facets of the flow regime and complex ecosystem requirements of rivers (Bunn and Arthington,
2002; Poff et al., 1997) require different kinds of methods (Section 11.3). Habitat simulation
methods remain a vital and well-utilized tool, however, in desktop level (e.g., Hughes et al.,
2014), habitat (with a focus on individual species threatened by loss of critical habitats), and
holistic methods (Tharme, 2003). For examples of use in holistic frames, see Arthington et al.
(2003), Blake et al. (2011), Illaszewicz et al. (2005), King et al. (2000), O’Keeffe et al. (2002),
and USAID (2016).
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HOLISTIC ENVIRONMENTAL FLOWS ASSESSMENT METHODS
EVOLUTION OF PRINCIPLES AND APPROACHES

The holistic or whole ecosystem perspective emerged conceptually from the growth in scientific
understanding of flow—ecology relationships (see Section 6.3 and Chapter 14), as well as from a
pressing need to reflect the flow conditions necessary to maintain the structure and function of
entire ecosystems and the local communities and livelihoods they support (as was the case in South
Africa; Tharme and King, 1998). By the late 1980s, the focus of river restoration and conservation
or protection had begun to broaden well beyond individual species. Informed by advances in eco-
logical theory, community and ecosystem perspectives explicitly incorporated the principle that
hydrologic variability and disturbance are key to maintaining a dynamic aquatic environment that
provides varying conditions under which many species can coexist over time (e.g., Resh et al.,
1988). It similarly drew on new directions in geomorphological understanding of channel-forming
processes over the same period (e.g., Hill et al., 1991; Newson and Newson, 2000; Petts and
Calow, 1996; Rowntree and Wadeson, 1998).

This rapid transition to a new category of methods can be attributed to three separate strands of
research and application that emerged in this period and eventually coalesced into the foundation
of contemporary environmental water science (Fig. 11.1). One strand emerged simultaneously and
collaboratively in Australia (Arthington, 1998; Arthington et al., 1992) and South Africa (King and
Tharme, 1994; Tharme and King, 1998), where resource scientists were pursuing environmental
water assessment and allocations based on multiple ecological targets, using modern hydroecologi-
cal principles applied through expert judgment in specific, site-based river applications. These
researchers and practitioners made fundamental contributions to the conceptual framing and
elaboration of holistic environmental flows assessment frameworks to guide management of envi-
ronmental water allocations (e.g., benchmarking and flow restoration methods, Arthington and
Pusey, 2003; hierarchical application of methods and inclusion of social flow dependencies, King
et al., 2003; Tharme, 1996) that are still widely used today.

A second source of activity was more academic, developing from investigation of how hydro-
logic disturbance in free flowing rivers could be analyzed statistically and classified across large
hydroclimatic gradients. Following on Resh et al.”s (1988) articulation of the critical role of distur-
bance (extreme hydrologic events) in shaping the structure and function of lotic ecosystems, Poff
and Ward (1989, 1990) developed a streamflow classification scheme based on flow metrics
defined specifically to be ecologically relevant in covering the full range of hydrologic variation
(from zero flow to peak flows). Similar regime-based ideas emerged in the United Kingdom
(Gustard, 1979), Australia (Hughes and James, 1989), New Zealand (Biggs et al., 1990), and South
Africa (Joubert and Hurly, 1994), as well as at the global scale (Haines et al., 1988). Flow metrics
were extracted from long-term hydrographic data for unimpaired rivers to reveal geographically
variable patterns of streamflow variability characterized by magnitude, frequency, duration, timing,
and predictability of flow levels judged to be functionally important to riverine community and
ecosystem processes. The focus on the theoretical role of natural disturbance regimes in regulating
species performance and shaping whole communities and ecosystem states laid a strong foundation
for future environmental water science and its application to rivers where hydrologic regimes, par-
ticularly their temporal variability and disturbance characteristics, were modified by dams or exten-
sive water abstraction.
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A third strand arose from the general perspective of river conservation and a desire to provide a
method to enable managers to easily understand and more effectively manage the interrelationships
between the types of flow alteration by dams and the ecological impairment downstream of them.
The Indicators of Hydrologic Alteration (IHA) software program was developed by The Nature
Conservancy and partners (Mathews and Richter, 2007; Richter et al., 1996) as a tool that calculated
a diverse range of simple, but meaningful statistical metrics to characterize the alteration (in magni-
tude, frequency, duration, timing, rate-of-change, and variability) of the ecologically relevant compo-
nents of an impaired flow regime. This readily available tool could be employed simply and
universally in methods such as the range of variability approach (RVA; Richter et al., 1997), wher-
ever there are discharge time series of pre- and/or postimpact hydrographs. The desktop IHA program
has been highly successful, providing a common technical platform for assessment and comparison
of flow alteration (as well as trend and seasonal comparative analyses) in rivers across the globe.

These three strands coalesced under the natural flow regime paradigm (Poff et al., 1997;
Richter et al., 1997; Stanford et al., 1996), which later formed one of the foundational principles of
the Brisbane Declaration (2007), an influential call for universal implementation of environmental
water (see Arthington et al., 2010). The natural flow regime (NFR) paradigm provided a theory-
based approach to understand the ecological roles of dynamic flow regimes, and a basis for evaluat-
ing the ecological consequences of flow alteration in any particular hydroclimatic setting (Bunn
and Arthington, 2002; Lytle and Poff, 2004). It also supported frameworks for guiding environmen-
tal water efforts of two main types—environmental water to support the conservation of minimally
impaired rivers and environmental water to guide restoration of highly flow-altered rivers
(Arthington et al., 2010). The former circumstance requires maintaining components of an NFR to
conserve biodiversity and ecosystem functions and services, whereas the latter is concerned with
the restoration of key ecologically and socially relevant flow characteristics that have been lost
through regulation or water abstraction.

A fundamental aspect of holistic approaches has been to use a long-term hydrologic time series
of daily or monthly flows to derive a set of static flow metrics that quantify various aspects of the
magnitude, frequency, timing, duration, and rate-of-change in discharge. The question as to which
of many hundreds of flow metrics to use to characterize flow alteration in rivers has been
approached in many ways, with the option to identify a final smaller, nonredundant suite through
statistical filtering of metrics that are highly intercorrelated or convey redundant information
(Olden and Poff, 2003). However, final selection of metrics is often largely arbitrary or highly
context-dependent. Another approach to constrain metric selection has been to focus on key func-
tional aspects of the flow regime that have clear ecological significance (e.g., Arthington and
Pusey, 2003; Mathews and Richter, 2007; Yarnell et al., 2015). Regardless of the number of
metrics used, the basic approach to quantifying hydrologic alteration has been to compare a current,
modified hydrograph against a preimpact baseline hydrograph, which has generally been considered
to reflect the natural range of variation (Auerbach et al., 2012; Richter et al., 1996) in ecologically
relevant flow dimensions for a particular stream or river.

This general approach has allowed great ability to statistically compare river flow regimes in
different hydroclimatic and geologic settings across large geographic extents. This facilitated
classification of flow regime types, which in turn provided a template for how to stratify streams
and rivers into hydrological classes that could be treated as similar management units (Arthington,
et al., 2006; Poff et al., 2010). Flow typologies for unregulated (natural) rivers have proliferated
over the years, and are available nationally for, among others, the United States (McManamay
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et al., 2014; Poff, 1996; Poff and Ward, 1989), Australia (Hughes and James, 1989; Kennard et al.,
2010), New Zealand (Biggs et al., 1990), and individual large river basins such as the Huai River,
China (Zhang et al., 2012), the Ebro River, Spain (Solans and Poff, 2013), and the Magdalena
River Basin, Colombia (Walschburger et al., 2015). Some international comparisons of flow differ-
ences have also been pursued (e.g., Poff et al., 2006a,b). Extensive stream gauge networks have
also allowed for the quantification of hydrologic alteration of regulated rivers (Carlisle et al., 2010;
Mackay et al., 2014) and calls for a regulated river classification (Poff and Hart, 2002). However,
streamflow classification systems for regulated rivers have not been developed as successfully, in
part because of the somewhat idiosyncratic nature of flow alteration below dams (Mackay et al.,
2014; McManamay et al., 2012; Poff et al., 2007).

A SURVEY OF HOLISTIC METHODS

The ease with which hydrologic data can be manipulated and placed into an ecologically
relevant context led to new tools that could potentially guide environmental water assessment.
For example, the RVA (Richter et al., 1996) was proposed as a simple rule to sustain a normative
pattern of hydrologic variability (Stanford et al., 1996) in regulated rivers in the absence of strong
empirical flow—ecology relationships. A similar hydrological approach of using sustainability
boundaries around the natural (historical or other baseline) flow regime to establish presumptive
guidelines for environmental water assessment has also been proposed, though rarely applied to date.
There has, however, been a politically mobilized operational rule curve for Owen Falls Dam on the
White Nile in Uganda, based on similar principles and in place since 1954 (M. McClain, pers.
comm.). The approach uses risk-based envelopes reflecting decreasing levels of ecosystem protection
with greater departure from the reference flow regime (Brizga et al., 2002; Richter et al., 2012). One
disadvantage to this approach is that it is based on a statistical comparison of long hydrological time
series and therefore not designed to guide short-term operations of dams to deliver environmental
water. A similar precautionary, regime-based approach to setting environmental water regime
standards is under development in the Magdalena Basin, Colombia (R. Tharme, pers. comm.).

The building block methodology (BBM; King and Louw, 1998; King et al., 2000) has been
applied numerous times and at various levels of resolution in South Africa, as one of the standard
methods for ecological reserve determination (King and Pienaar, 2011). It has also been adapted
for local application in eastern African river basins (e.g., Rufiji Basin, Tanzania; USAID, 2016).
In South Africa, environmental water regime prescriptions from available BBM applications have
been grouped according to river hydrology, to extract more general hydroecological principles to
guide assessment in rivers of contrasting hydrology such as the desktop reserve model (Hughes and
Hannart, 2003). Its successor, the habitat flow-stressor response method, which is well aligned with
the local holistic methods, is now widely applied for desktop-level reserve determination (Hughes
et al., 2014). Some holistic methods, such as the BBM (e.g., Alfredsen et al., 2012) and Savannah
method (Warner et al., 2014), have been developed for more proximate operational use for dynamic
flow allocation.

The Downstream Response to Imposed Flow Transformation (DRIFT) methodology (King
et al., 2003) evolved out of the BBM as a top-down, scenario-based alternative founded on a simi-
lar basis of flow—ecology relationships. King et al. (2003) developed DRIFT to meet the demand
for a rigorous and transparent approach with the capacity to evaluate alternative scenarios of water
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management in data-rich and data-limited situations. The DRIFT methodology involves a robust
collection of field and desktop procedures, database systems, and decision support tools for proac-
tive planning of environmental water regimes for rivers (King et al., 2003). The DRIFT framework
has been refined through many applications in major river basins in Africa and southeast Asia. It
merged into a platform for Integrated Basin Flow Assessment, which can assess future development
options in terms of potential changes in a wide range of river characteristics (e.g., channel configu-
ration, riparian forests, estuarine water quality, and invasive species) and flow-related ecosystem
services (e.g., food fish; Arthington et al., 2003), societal health, and well-being (Brown and
Watson, 2007; King and Brown, 2010; King et al., 2014).

Another widely applied holistic framework is the Benchmarking Methodology (Brizga et al.,
2002), used to set provisional limits on levels of hydrological alteration in many relatively undevel-
oped rivers in the coastal catchments of Queensland, Australia (see Arthington, 2012).
Comparisons are made between near-natural reference reaches and a set of benchmark reaches that
have experienced differing levels of impact resulting from existing water resource development
(e.g., dams, weirs, pumped abstraction, or interbasin transfers of water). It can generate many sce-
narios of hydrologic alteration that are used to forecast likely ecological consequences and thus
inform recommendations for flow regime implementation (Arthington, 2012). A limitation of this
methodology is that it cannot be applied in places with few existing water infrastructure develop-
ments, because they are required to provide the negative benchmarks and ecological condition rat-
ings that underpin risk assessment of future flow regime changes.

A generic framework for environmental water assessment that is holistic in scope, scenario-
based, and that integrates scientific and social processes, has been developed and piloted in China
(Gippel and Speed, 2010; Speed et al., 2011). It utilizes conceptual models of flow interrelation-
ships with ecology, geomorphology, and water quality, to help establish environmental water
release rules to maintain riverine and riparian ecological assets in a state of health that matches the
agreed management objectives of stakeholders. Addressing river flows using a consistently applied
environmental flows assessment methodology (e.g., some form of holistic ecosystem approach,
Acreman and Ferguson, 2010) is also a goal of the Water Framework Directive (WFD) of the
European Union (Council of the European Communities, 2000). The WEFD sets the policy frame-
work for restoration of aquatic ecosystems to good ecological status (referenced to aquatic biology)
in most European rivers, lakes, and wetlands by 2015 (see also recent guidance under the European
Commission, 2015).

A common challenge in the application of any environmental flows assessment method is how
to characterize and account for uncertainty in relationships between flow alteration and ecological
(or social) responses (Arthington et al., 2007; Stewart-Koster et al., 2010). Risk-based and probabi-
listic methods such as Bayesian methods and networks (Chapter 14) are a clear growth avenue for
holistic methods to improve decision making in the face of such uncertainty. For example, the
holistic method, Probflo, incorporates probabilistic elements of Bayesian network modeling and
ecological risk assessment to evaluate probable socio-ecological consequences of altered flows and
establish environmental water requirements for rivers, and it has been applied in Lesotho (Dickens
et al., 2015). Efforts are also underway in several regions (e.g., in the Mara River Basin of Kenya
and Tanzania) to further tailor Probflo for landscape-level application, borrowing from the architec-
ture of Ecological Limits of Hydrologic Alteration (ELOHA) (Section 10.5). Bayesian network
models that effectively integrate indigenous and scientific knowledge (Jackson et al., 2014) have
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supported environmental water decision making in the Daly River, Australia, showing, for example,
that if current extraction entitlements were to be fully utilized, significant impacts on the popula-
tions of two iconic fish species would occur (Chan et al., 2012).

FLOW—ECOLOGY AND FLOW ALTERATION—ECOLOGICAL
RESPONSE RELATIONSHIPS

At the core of environmental water science and assessment is the relationship between attributes of
the flow regime and ecological responses to natural flow variability and to flow alterations, so-
called flow—ecology relationships or flow alteration—ecological response relationships, respec-
tively (Arthington et al., 2006; Poff et al., 2010). A tension that has persisted in environmental
flows assessment science and application is the question of how much empirical testing of these
hydroecological relationships is needed to justify curtailment of water development or flow restora-
tion actions, both of which are often costly and socially challenging to implement. The first princi-
ples argument that ecologically relevant components of a flow regime should be retained or
restored is generally supported by ecological theory (Bunn and Arthington, 2002; Monk et al.,
2007; Poff and Ward, 1989; Poff et al., 1997). In the absence of quantitative understanding of how
specific levels of magnitude, frequency, duration, and timing can be combined to achieve a desired
level of ecological response, the principle of mimicking aspects of the NFR is often invoked from
the conservation perspective of the so-called precautionary principle (sensu Myers, 1993).

However, a full restoration of natural flow pattern and timing is hardly feasible or necessarily
desirable (Chapter 10) below all dams; therefore, the question arises: how much flow conservation
(protection) or restoration is needed to effectively preserve or restore the ecosystem to some stated
or desired level of condition? This question is long-standing in environmental water science
(Richter et al., 1997), but human preferences are now acknowledged as a critical component of set-
ting environmental water objectives (Acreman et al., 2014a; Brisbane Declaration, 2007; Poff et al.,
2010). Setting specific restoration targets requires adequate empirical understanding of the relation-
ship between flow alteration and ecological response (Arthington et al., 2006; Davies et al., 2014).
Of importance here is whether there are critical thresholds above or below which key functions or
elements of the ecosystem are impaired or lost (Arthington et al., 2006). These may include sufficient
high flow to connect the river with its floodplain, or move sediment (Yarnell et al., 2015), or low
flows that maintain within-channel connectivity between shallow (e.g., riffle) areas. Many
flow—ecology relationships are better expressed as continuous curves and, therefore, pose greater
challenges in identifying potential thresholds of change to guide management decisions. Irrespective
of the nature of the flow—ecology relationship(s), the level of environmental water allocated should
be decided using informed judgment or through a negotiated socio-political trade-off among all
resource uses and users, including the river ecosystem (Acreman et al., 2014b; Arthington, 2012).

A persisting challenge for environmental water science is to develop robust and, if possible,
transferrable flow—ecology relationships (Chapters 13 and 14). Environmental water knowledge
generally derives from empirical flow—ecology relationships discovered through both extensive
observational studies and manipulating and monitoring dam releases (see Poff et al., 2003), and
a large body of environmental water knowledge has accumulated through these avenues
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(Arthington, 2012; Olden et al., 2014; Chapter 14). However, environmental water knowledge
can also be cogenerated by including local or indigenous perspectives on hydroecological rela-
tionships (Jackson et al., 2014). Given the many ways that flow variables and ecological
response variables can be (and have been) defined and associated with one another at numerous
spatial and temporal scales, generalization and transferability have proven a challenge. To date,
generalized flow—ecology relationships that apply across hydroclimatic gradients and complex
types of hydrologic alteration caused by dams have proven difficult to extract (Carlisle et al.,
2011; Lloyd et al., 2003; Olden et al., 2014; Poff and Zimmerman, 2010; Webb et al., 2015).
One incompletely explored avenue for developing a framework for generalization and transfer-
ability is the notion that rules could be developed for different hydrological types of streams
(Arthington et al., 2006; Kennard et al., 2010; Poff and Ward, 1989; Reidy Liermann et al.,
2012). Alternatively, different stream types may respond to dams and forms of flow regulation
in particular ways (McManamay et al., 2012; Mackay et al., 2014; Poff and Hart, 2002; Poff
et al., 2007; Rolls and Arthington, 2014). These avenues toward generalization and transferabil-
ity merit more research.

A key working premise (assumption) of environmental water assessment has been that flow is
a master variable and alteration of the flow regime leads directly to significant ecological
responses. Environmental water has primarily and deliberately focused on flow management,
because preventing or reversing flow alteration is a necessary condition to sustain or restore the
ecological integrity of riverine species and ecosystems. Moreover, reregulation of the flow regime
below a dam is relatively easily achieved compared to other types of environmental modification
such as altered thermal and sediment regimes. However, from the fuller perspective of riverine
ecology, we would expect to only partially explain flow—ecology relationships if we do not
include key partially independent variables such as temperature (Olden and Naiman, 2010), sedi-
ment (Wohl et al., 2015), and species interactions (Shenton et al., 2012). Thus, the noisy
flow—ecology relationships that emerge from literature reviews (e.g., Olden et al., 2014; Poff and
Zimmerman, 2010) are to be expected.

Expanding the environmental water domain to include other key drivers of ecological process and
pattern is not a new idea (e.g., Olden and Naiman, 2010; Poff et al., 2010; Chapter 22). Relationships
between flow, thermal, and sediment alteration are likely to be site-specific (or perhaps stream
class-specific), raising further challenges in how to adequately characterize environmental change in
a generalized, quantitative, and transferrable framework that can guide effective ecological conserva-
tion or restoration. Comodeling of thermal and flow conditions is not well developed, but could be
improved to help guide reoperation of flow depth releases to improve downstream temperature
regimes for ecological recovery (e.g., see Maheu et al., 2016; Olden and Naiman, 2010).

Incorporation of sediment dynamics and channel structure has proven more challenging for
environmental water science and implementation, and the need has been long recognized (Hill
et al., 1991; Newcombe and Jensen, 1996; Poff et al., 2006 a,b; Rowntree and Wadeson, 1998;
Tharme, 1996). Modeling the natural sediment regime is difficult (Wohl et al., 2015) because sedi-
ment dynamics depend on many catchment characteristics (soils, geology, topography, vegetation)
and regional precipitation regime. It is important, however, because in regulated rivers where sedi-
ment dynamics are severely out of balance due to upstream storage of sediment by a dam, the
hydraulics of habitat can change dramatically, such that flow restoration can lead to further habitat
modification downstream rather than habitat restoration (see Wohl et al., 2015; Yarnell et al.,
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2015). Thus, hydrology-based models that fail to account for flow interactions with the channel
boundaries and transport of sediment will incompletely capture habitat dynamics and ecological
response potential below many dams due to the sediment—water disequilibria.

There is a need to integrate hydraulic and hydrologic models into environmental water applica-
tions (Chapter 13); however, a particular challenge is the issue of scale. Hydraulic habitat models
are data hungry and best applied at local (reach) scales. The regional nature of many environmental
water applications (see below) places logistical and cost constraints on the extent to which hydrau-
lic models and data can be employed in multisite models. Simple geomorphic classification of
stream reaches across stream networks (based on slope, geology, etc.) can act as first-order hydrau-
lic surrogates (Poff et al., 2010), but a better approach will be to develop hydraulic regionalization
models (e.g., Wilding et al., 2014) that can be combined with hydrologic models to provide insight
into habitat structure and dynamics across many sites simultaneously.

FROM LOCAL TO REGIONAL SCALES OF ENVIRONMENTAL
WATER ASSESSMENT

In the past, environmental water methods have generally focused on management of flow regimes
in the highly regulated sections of rivers downstream of major water storages. These reaches are
often in need of significant flow management to attain some desired ecological condition; however,
the consensus among riverine scientists is that ecological impairment from flow alteration is not
restricted to river reaches immediately below dams (Acreman et al., 2014b; Bunn and Arthington,
2002; Dudgeon et al., 2006; Nilsson et al., 2005; Poff and Matthews, 2013). Consequently, a broader
scope for environmental water management would extend to entire river systems in a regional
context, where the network may include a mix of regulated and still undeveloped streams/rivers.
Developing a regional (or multisite) environmental water approach is made difficult by the lack of
detailed hydrologic and/or ecological information at poorly studied localities, and by the reality
that most unstudied sites do not have records of known reference (prealteration) conditions
(Flotemersch et al., 2015). Arthington et al. (2006) addressed this challenge by proposing to clas-
sify streams in a region into similar streamflow regime types based on unimpaired hydrology; the
range of variation in the flow components defining the NFRs across the replicate, unimpaired
streams for that class type could be considered as the bounds for reference hydrologic conditions.
Localities with ecological data could be assigned to a particular flow class and then flow—ecology
relationships generalized for unstudied streams in that same class. Through modeling, flow-altered
streams could be assigned to the most appropriate unimpaired flow regime type, such that even
unstudied, flow-altered streams could be statistically assigned a reference condition. For example,
highly seasonal snowmelt-driven streams have different hydrologic conditions of magnitude, fre-
quency, timing, duration, and rate-of-change than do stable groundwater-dominated streams (see
Arthington et al., 2006; Poff and Ward, 1989) and the ecological effects of flow alteration by dams
on these different types of rivers should manifest differently. This approach has an explicit empiri-
cal, hypothesis-driven foundation.

The ELOHA (Poff et al., 2010) extended the Arthington et al. (2006) approach by formalizing a
scientific and social framework that can be used to guide the setting of flow prescriptions at the
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stream reach scale throughout entire stream networks (Fig. 11.2). ELOHA is a framework that
represents a coalescence of precursor methods and approaches in environmental water science and
assessment. It provides a multistep process of building a hydrologic foundation (modeled hydro-
graphs for ungauged stream segments), streamflow classification, a further geomorphic substratifi-
cation, assigning flow-altered streams to preimpact reference stream types, developing
flow—ecology and flow alteration—ecological response relationships for stream types, and incorpo-
rating social preferences in the environmental water ecological targets. A guiding principle of
ELOHA is that ecological responses to particular features of the altered flow regime can be inter-
preted most robustly and usefully when there is some mechanistic or process-based relationship
between the ecological (or social) response and the particular flow regime component (Poff et al.,
2010). Flow alteration—ecological response relationships can be compiled from existing data, or
new data collected along a flow regulation gradient, and tested statistically to determine the form
(e.g., threshold, linear) and degree of ecological change (positive or negative) associated with a par-
ticular type of flow regime alteration (Arthington et al., 2000).

STEP 1. Hydrological foundation STEP 2. Stream classification

h Stream : Geomorphic

YIrOIpEs stratification
classification

Hydrological models

and stream gauges STEP 3. Flow alteration

Baseline
hydrographs

Degree of ’ Hydrologic
hydrologic alteration by
dlteration river type

Developed
hydrographs

STEP 4. Flow-Ecology Relationships

Flow—ecology Ecologlcal
hypotheses data

Flow alteration—ecological
response relationships

Adaptive adjustments t

FIGURE 11.2

Framework for determining environmental water requirements for multiple sites throughout a region (river
network([s]) as presented by the Ecological Limits of Hydrologic Alteration (ELOHA). Stars indicate steps in the
scientific process where the assumption of stationarity is implicit. Implementation, monitoring, and adaptive
refinement of the recommended flows form part of the intimately linked social process, which can trigger
additional scientific analysis or generation of new knowledge.

Source: Modified from Poff et al. (2010)
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The ELOHA framework can be applied at various degrees of resolution in hydrologic data,
hydroecological understanding, and ecosystem types. For example, Zhang et al. (2012) demonstrate
how flow classification based on monthly flow records, although not ideal, can provide useful
insights to support environmental water assessments and restoration in rivers where daily flow
records are typically unavailable. Similarly, Sanderson et al. (2012) used monthly hydrologic data
to assess potential risk to socially valued ecosystem components due to river damming and stream
diversion throughout a small river basin. Studies following the ELOHA framework are developing
new hydroecological knowledge for hydrological river classes in several regions (e.g., James et al.,
2016; Mackay et al., 2014; McManamay et al., 2013; Rolls and Arthington, 2014).

The ELOHA framework can be used under widely differing governance and management sys-
tems (Pahl-Wostl et al., 2013) and more explicitly include indigenous knowledge, cultural services,
and other social dimensions (Finn and Jackson, 2011; Jackson et al., 2014; Martin et al., 2015). In
southern Mexico, for instance, ELOHA is being piloted for a collection of small coastal basins in
Chiapas State, reflecting a diversity of river types, socio-economic contexts, and institutional
arrangements for water management (Haney et al., 2015). Finn and Jackson (2011) propose a modi-
fied form of ELOHA with the potential capability to address the qualitative elements of indigenous
people’s ideas, beliefs, and socio-cultural relationships to water and rivers developed over many
centuries of close interaction with aquatic ecosystems and dependence upon aquatic resources.

The framework has been adopted by US regulatory agencies (Kendy et al., 2012), and used as a
foundation for regional river basin planning (e.g., see de Philip and Moburg, 2010, 2013) and mul-
tisite analysis of hydroecological impairment and prioritization of flow restoration (Martin et al.,
2015; Sanderson et al., 2012). Applications of ELOHA in flow regime restoration in the Cheoah
River (Upper Tennessee River Basin) demonstrated that, whereas fish richness did not increase as
expected, recommended increases in flow magnitude reduced riparian encroachment within 4 years
after flow restoration, as predicted from relationships between flow alteration and riparian
responses (McManamay et al., 2013). In Colombia’s Magdalena-Cauca Basin, a decision support
system for basin water management has been evolving over the last few years, at both whole basin
and lower administrative scales, that integrates ELOHA with elements of the Water Evaluation and
Planning System software tool (http://www.weap21.org, see an example in Thompson et al., 2012)
and IHA. It allows preliminary analyses to be made of future cumulative socio-ecological impacts
by river type and of different scenarios of hydrological regime alteration across the river network
(e.g., from urban water abstractions, planned and existing hydropower projects and irrigation). If
implemented, it will enable environmental water to be set and adaptively monitored at management
points of interest basin-wide (R.E. Tharme, pers. comm.).

The application of environmental water science at both the regional and local scales highlights
the importance of appropriate tool selection in environmental water assessment and management
(Fig. 11.3). Local, at-a-site application typically employs detailed hydrologic measurement (from
streamflow gauges), high-detail hydraulic models, and potentially fine-scale ecological responses
(e.g., species population dynamics or changes in abundance) supported by ecological modeling and
with monitoring over time. Experimentation has occurred at this scale to test flow—ecology rela-
tionships and ecological responses to flow management (see review by Olden et al., 2014).

By contrast, regional methods involve modeling at unstudied locations and therefore generally
rely on statistical tools and remote sensing to transfer information from studied reaches to locales
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FIGURE 11.3

General scaling relationships in environmental water. Spatial grain of environmental water application (X-axis)
ranges from local (single-site reach) to regional (multiple sites or whole stream networks) to biogeographic
(where species replacements and shifting species pools naturally occur). Along this axis the tools that are
available to characterize hydrologic setting, hydraulic conditions, and ecological relations vary. The Y-axis
reflects methods of environmental and ecological data acquisition, from observation of existing conditions
relationships, to modeling of relationships, to experimental manipulations of systems to observe responses.
Observations can be collected at all spatial extents, and modeling can extend over large extents, but experiments
are local in scope due to expense and logistics. The Z-axis shows the timescales over which different types of
ecological responses occur. Ecological states (small triangular polygon) are species-based response variables that
are limited to seasonal to annual turnover or response times within species’ geographic ranges. Ecological rates
(small rectangular polygon) are high-frequency response variables that can be measured over short timescales
(days) (e.g., population growth or death rates, biogeochemical exchange rates) but that are applied at the local
scale given data requirements. Ecological traits (large triangular polygon) are integrative measures of species
function or performance (e.g., functional groups, life-history modes, dispersal ability) that can be generalized
across species and hence biogeographic boundaries. Traits can be selected to reflect a range of temporal scales,
from annual (e.g., inundation regime required) to daily (e.g., tolerance of transient extreme conditions). See text

for further discussion.

that lack site-specific data. The broader extent is associated with lower information availability.
Coarser hydrologic characterization (based on model calibration to a few gauges in the region)
leads to the need for flow classification. Detailed hydraulic modeling is infeasible, so some kind of
regionalization based on geomorphic surrogates is needed to generate surrogates of fine-scale
hydraulics (e.g., Wilding et al., 2014; Chapter 13). Coarse-grained ecological metrics are also more
appropriate, given the prohibitive cost of monitoring multiple sites.
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NEW CHALLENGES FOR ENVIRONMENTAL WATER: MOVING FROM
STATIC SYSTEMS TO NONSTATIONARY DYNAMICS

Environmental water science and assessment, like the broader supporting fields of water resources
and conservation ecology, have long operated under the assumption of climatic stationarity, for
instance precipitation and runoff processes occur within some statistically describable range of vari-
ation. The presumption of a stable climate created a scientific and management perspective that
conveniently allowed environmental water to treat hydrologic variation and hydroecological
dynamics in relatively static terms. Dynamic flow regimes from reference sites could be character-
ized by time-averaged statistical properties of ecological relevance such as average values (or stan-
dard deviations) of the frequency, duration, and timing of particular flow magnitudes. Similarly,
ecological response variables could be treated in terms of alteration from some dynamically equili-
brial, historical (reference) state (Poff, 2014).

In the last decade it has become clear that the global climate system is nonstationary (Milly
et al., 2008) and that hydrologic baselines are dynamically changing, such that future hydrologic
regimes will, in many locations, be significantly different from those of today (e.g., Laize et al.,
2014; Reidy Liermann et al., 2012). Reliance on the assumption of historical flow conditions is no
longer feasible for long-term planning in most systems due to rapid climate change and other
sources of change, including population growth and increasing water demand (Acreman et al.,
2014a; Kopf et al., 2015; Poff et al., 2016). In addition, natural ecological communities are rapidly
changing with the spread of nonnative species and human-caused degradation (Humphries and
Winemiller, 2009), making ecological restoration targets dynamic and variable (Moyle, 2014;
Rahel and Olden, 2008).

Climatic and other sources of nonstationarity have thrust the science and management of
environmental water into a new era. There is now a need to transition from a largely static to a
more dynamic perspective, what has been referred to as a process-based understanding and
framework for management of rivers (e.g., Beechie et al., 2010). This fundamentally means
moving beyond strong reliance on simple correlations between flow variables and ecological
responses to a more nuanced understanding of how ecological systems respond to dynamic
hydrologic variation. New forms of ecological modeling that emphasize hydroecological process
relationships (Chapter 14) can help guide targeted management in a more uncertain future.

Of course, even in highly modified and transient conditions, ecological principles of what might
be called natural flows thinking will remain important (Acreman et al., 2014a; Auerbach et al.,
2012; Kopf et al., 2015) and historical pattern—process relationships will continue to provide a key
understanding of the historical and evolutionary context of species adaptations and ecosystem
responses to environmental change (see Wiens et al., 2012 for a broad, comprehensive treatment of
this issue). Understanding pattern—process relationships of the past helps us to manage the chal-
lenges of the present and predict possible futures under changing climates and novel ecological,
social, and political environments. Existing frameworks such as ELOHA will continue to guide
regional environmental water assessments; however, adjustments will need to be made due to cur-
rent reliance on stationarity assumptions (see Fig. 11.2 notations), but the required evolution of
environmental water in a nonstationary world will pose challenges because environmental water
management is likely to become more locally contingent and to entail the loss of the relative
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comfort of fixed management targets that could be presumed under the long-held assumptions of
climatic and ecological stationarity.

A key challenge associated with nonstationarity is to broaden the scope and scale and put envi-
ronmental water into a larger landscape context of stream connectivity (Poff and Matthews, 2013).
This challenge is driven by several factors, including the global biodiversity crisis and degradation
of freshwater ecosystems (Dudgeon et al., 2006; Strayer and Dudgeon, 2010) and the competing
societal demands for a shrinking freshwater resource. Environmental flows assessments will
increasingly be applied beyond a multisite perspective, embodied in ELOHA, to a multibasin-scale
perspective where water infrastructure’s impact on regional diversity becomes part of a broader
conservation or adaptation planning framework that accounts for habitat connectivity and species
movements in hydrologically altered and fragmented stream networks (e.g., Jager et al., 2015; Poff,
2009; Winemiller et al., 2016). Conservation (or preservation) and restoration goals will need to be
articulated in the context of competing human needs for freshwater, as exemplified in the contem-
porary basin-scale framing of water resources management as the nexus of food, water, and energy.

Environmental water is likely to evolve rapidly over the coming years, due to increasing human
demand for water coupled with degrading aquatic ecosystems. Two fundamental challenges face
the science of environmental water assessment in its quest to provide sound guidance and support
to society on the management of human-impacted rivers to sustain or promote ecological integrity.
These challenges focus on a necessary broadening of traditional approaches in environmental water
science, with respect both to hydrologic characterization and ecological (and increasingly, also
social) responses.

HYDROLOGY: REGIMES AND EVENTS

The hydrologic regime represents a template that influences how well species will persist and be
capable of accommodating natural (and manmade) hydrologic change (Poff et al., 1997; Puckridge
et al., 1998). Species have morphological, behavioral, or physiological traits that allow them to
flourish under different types of hydrologic variation. Large differences in magnitude, frequency,
duration, and timing of flow events among streams lead to the expectation of patterns of species
abundance and persistence in hydrologically distinct streams (Poff et al., 1997). The relative stabil-
ity of the global climate over the last approximately 10,000 years of the Holocene period has
allowed hydrologists to consider the historical (instrumental) record to capture reasonably well the
long-term, climatically driven flow regime, although pervasive land-use change has modified
rainfall-runoff processes in long-settled regions (Acreman et al., 2014a).

Regime-based thinking has dominated environmental water over the last decades, but nonstatio-
narity is presenting new challenges and alternative modes of framing how hydrologic alteration
drives ecological responses. Individual hydrologic events often act as critical disturbances that may
individually exert large and lasting effects on local populations or habitat structure. Thus, a focus
on patterns of more immediate antecedent flows is arguably just as important as regime-based
metrics in understanding and managing flow—ecology relationships. This perspective is increas-
ingly relevant for management of nonstationary regimes where increasing variance in extremes is
expected, exposing species to more frequent or intense extreme hydrologic events and perhaps
simultaneously exacerbating extinction risk for small populations living in fragmented habitats
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(Olden et al., 2007). Natural flow regimes are already shifting (e.g., snowmelt timing in western
US streams; Stewart et al., 2005) and are projected to do so at an accelerated pace in the coming
decades (e.g., Laize et al., 2014; Reidy Liermann et al., 2012). These trends suggest that environ-
mental water management in the future will need to pay particular attention to novel sequences of
hydrologic events that may shape ecosystems in new ways.

In some locations, environmental water applications are being specifically cast in the context of
restoring specific elements of the flow regime that support the life-history needs of one or more tar-
get species, for example timed flow releases to aid cottonwood tree recruitment (Rood et al., 2003),
or to give advantage to native fishes (Kiernan et al., 2012), or to eliminate recruitment bottlenecks
for aquatic insects below hydropeaking dams (Kennedy et al., 2016). In situations where water is
highly contested, environmental water releases are likely to be judged not only in terms of their
measurable ecological benefits but also in terms of economic efficiency and other social considera-
tions (Chapter 27; Poff and Schmidt, 2016). Thus, climate change that brings heightened uncer-
tainty about future water availability will place new constraints on environmental water. However,
new opportunities for environmental water management are likely to arise as well, such as the use
of dams to provide cool water for downstream fishes (Thompson et al., 2012), or to provide flow
refuges for species of interest (Shenton et al., 2012), or to manage against extreme low-flow
conditions that may disadvantage native versus nonnative fishes (Ruhi et al., 2015). These kinds of
strategic releases may be adjusted to achieve varying management in response to natural inter-
annual variability of flow events, such as dry versus wet years, as occurs frequently in South
African holistic reserve determinations (R.T. Tharme, pers. obs.) and has been proposed for some
environmental water projects in the United States (Muth et al., 2000).

ECOLOGY: STATES, RATES, AND TRAITS

Nonstationarity applies to the ecological domain as well, insofar as riverine species distributions
and local composition of communities are being reshuffled in response to human-assisted spread of
nonnative species (Olden et al., 2004) and to species range changes in response to climate change
(Rahel and Olden, 2008).

In the practice of environmental water, the broad question is what are the appropriate ecological
performance indicators that can be used to gauge success of flow management? Environmental
water science and practice have been mostly framed in terms of relatively static ecological endpoints
such as ecosystem states, for example community composition or maintenance of key ecosystem
features (riparian structure and condition) or target species populations (Arthington et al., 2006; Poff
et al., 2010). This state-based approach has employed the implicit assumption that habitat is limiting
and flow restoration improves ecological condition by providing more habitat for species that are
often assumed to be adapted to the local flow regime (see Lytle and Poff, 2004). The dynamic
processes that underlie the assembly of ecosystem states (e.g., connectivity to source populations and
variable species’ dispersal abilities, differential growth and mortality rates among species, species
interactions of competition, predation, and facilitation) are typically ignored in environmental water
science and assessment. However, increasing hydrological and ecological variance under nonstatio-
narity will, inevitably, present novel conditions outside of historical, reference-based understanding.
Consequently, predicting ecosystem states will require a more process-based (or mechanistic)
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understanding of key hydroecological linkages to guide flow management toward particular
ecological endpoints (Beechie et al., 2010; Poff and Matthews, 2013).

Additional ecological endpoints beyond ecosystem states are needed to achieve a greater process
basis in environmental water science and practice. One would be underlying biological and ecologi-
cal rates, which can be conceived at the ecosystem level (i.e., rates of nutrient cycling or of produc-
tion, e.g., Doyle et al., 2005) or at the individual or species population level such as
environmentally sensitive and dynamic changes in growth, mortality, and colonization rates (e.g.,
Auerbach, 2013; Bond et al., 2015; Lancaster and Downes, 2010; Lytle and Merritt, 2004; Yen
et al., 2013). These dynamic ecological representations correspondingly demand more attention to
dynamic hydrologic processes such as the magnitudes and sequencing of extreme events that may
create nonlinearities in ecological response beyond the simple averaging approach of traditional
hydrologic statistical metrics (e.g., Ruhi et al., 2015; Shenton et al., 2012). Process-based environ-
mental water management has been proposed (Anderson et al., 2006) but not widely employed.
One significant challenge with a purely process-based approach is that it is often difficult to collect
detailed information necessary to model population dynamics for more than a few species (e.g.,
Shenton et al., 2012). Thus, this approach may be most suitable for local applications or for particu-
lar species of concern where financial resources and scientific capacity are available.

One possible way to suffuse environmental water science with more process-based understand-
ing at the community and ecosystem scales would be to take a more general, functional approach
to species characterization, for instance traits of species rather than identities of species as eco-
logical response units. Traits are organismal attributes that can be effectively related functionally
(mechanistically) to environmental conditions (Poff, 1997; Verberk et al., 2013; Webb et al.,
2010). Trait assignments have been assembled for various types of species including stream
insects (Poff et al., 2006 a,b), fish (Mims et al., 2010, 2012; Olden et al., 2008), and riparian flora
(Merritt et al., 2010). There are a growing number of traits-based or functional analyses of eco-
logical response to hydrology, hydrologic alteration (or to climate change) that perhaps provide a
middle ground of complexity between state-based and process-based analyses.

CONCLUSION: GUIDING ELEMENTS FOR BEST PRACTICE
IN ENVIRONMENTAL FLOWS ASSESSMENT

We can view the development and evolution of environmental flows assessment as one of increas-
ing technical sophistication and expanding focus, from single species to whole ecosystems to socio-
ecological sustainability, as well as to more strongly empirically based flow—ecology relationships
(Acreman et al., 2014b; Arthington, 2015; Poff and Matthews, 2013). Advances have helped pro-
mote the widespread recognition of the importance of environmental water for sustainable water
management policies and water allocation plans, but schemes for active implementation lag behind
on a global scale (Le Quesne et al., 2010; Chapter 27; Table 11.1). In this process of advancement
and innovation, several critical elements of a full understanding of human alteration of aquatic sys-
tems have been underdeveloped. Among them are the inclusion of other key environmental drivers
(sediment and temperature regimes) and hydraulic modeling, as well as a greater appreciation of
the importance of flow sequences (not just long-term averages). From an ecological perspective,
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development of a more pluralistic and regionally calibrated approach to a range of ecological
responses (states, rates, and traits) is now needed to improve the scientific foundations of environ-
mental water. This is especially as pressures on limited freshwater resources increase with expand-
ing human population growth and water demand and as systems becoming increasingly
nonstationary hydrologically and ecologically with rapid climate change. The social sciences
dimensions of environmental water, including an appreciation of the major social drivers, the con-
ceptual foundation and empirical knowledge of important relationships between flow regime
change and social responses, and methodology integration, also remain weakly developed.

Addressing these various, diverse elements is necessary to achieve more effective environmental
water science and practice and to redress the persistent gap in implementation. To this end,
we believe that environmental water can build on its past accomplishments, continue to innovate,
and be successfully applied in a variety of settings. Here, we offer a set of general guiding princi-
ples or elements that are most likely to promote the successful progression and implementation of
environmental water, for instance those that will facilitate achieving desirable outcomes for river
ecosystems and for people and societies.

Guiding Element 1: Clearly and quantitatively describe flow—ecology and flow—social rela-
tionships. Flow—ecology relationships will continue to provide the foundation of environmental
water applications (Chapter 14). Clear specification of flow—ecology relationships is key to shap-
ing justifiable management expectations and ecological restoration objectives and hence to environ-
mental water success (Davies et al., 2014; Poff and Schmidt, 2016). There are innumerable
possible relationships that can form the foundation of an environmental water application. Selection
of the most appropriate relationships for each environmental water application reflects a balance of
ecological understanding, hydrologic modeling capacity, and management potential (Poff et al.,
2010). Further, the selection and modeling of flow—ecology relationships must be understandable
to managers, government agencies, and the public, as should the uncertainty contained in these rela-
tionships (Chapter 14).

Guiding Element 2: Engage stakeholders to collaboratively set environmental water vision and
objectives. It is increasingly clear that environmental water restoration (or conservation) objectives
are most likely to be achieved when they are collaboratively generated and agreed upon by multiple
stakeholders, not just scientists (Chapter 7; Rogers, 2006). Science alone cannot objectively identify
what the endpoints of environmental water restoration should be, because endpoints must reflect
social values and appropriate socio-ecological goals of concern (Acreman et al., 2014b; Jackson
et al., 2014; Roux and Foxcroft, 2011). This will require, in many instances, an explicit integration
of social sciences and indigenous or stakeholder knowledge into the descriptions of relationships
with flow (see Guiding Element 1).

Guiding Element 3: Carefully identify what can be attained (and what cannot) from an imple-
mentation of environmental water regimes. Flow manipulations alone are limited in terms of full
ecosystem restoration, and other factors (e.g., highly altered thermal or sediment regimes,
increasing urbanization or demographic shifts) may limit the extent to which flow management
alone can achieve desirable outcomes. Objective assessment of the feasibility of achieving a
stated environmental water objective is critical to building credibility of environmental water sci-
ence as it is applied in ever more complex water resources settings (Acreman et al., 2014b),
including climate change (Poff et al., 2016). Appreciating the basin management context and
understanding the opportunities for integrated land and water resources management are also
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important when defining the scope and potential for environmental water to meet ecological tar-
gets (King and Brown, 2010).

Guiding Element 4: Clearly identify at what spatial and temporal scale environmental water
applications are appropriate and intended. A range of possible environmental water frameworks
exist that are appropriate across a range of spatial and temporal scales (Table 11.1; Figs. 11.2 and
11.3). Trade-offs in modeling precision and ecological prediction are associated with scale of appli-
cation; therefore, it is critical to clearly identify scale and to identify which specific methods and
tools can best be employed. Similarly, the social spheres of influence and factors for inclusion dif-
fer with such changes in scale.

Guiding Element 5: Make efforts to engage with the proponents and engineers of new water
infrastructure developments or proposed relicensing opportunities for existing infrastructure. Early
engagement with water resources developers helps create a bridge between impact assessments
(project or strategic planning) and the environmental water process, helps target necessary baseline
data collection on potential risks to regime change, and calls attention to the implications for down-
stream people and ecosystems of water development and management. Early engagement has the
potential to more effectively influence project design (e.g., Richter and Thomas, 2007), operational
regimes, and of course also decisions on the placement of infrastructure in river networks (e.g.,
King and Brown, 2010; Opperman et al., 2015; Poff et al., 2016), all of which play pivotal roles in
securing environmental water.

Guiding Element 6: Consider how environmental water goals and applications embed within
and interact with other realms of influence that emerge with water governance and management at
system scales. Environmental water frameworks are increasingly of interest to larger spheres of
management, social, and economic influence (see Fig. 11.1), such as systematic conservation plan-
ning (Nel et al., 2011), Integrated Water Resources Management (IWRM; Overton et al., 2014),
and associated water allocation systems (Chapter 17). Socio-economic dimensions and governance
contexts are increasingly recognized as critical to incorporate into environmental water assessments
and effective management (Arthington et al., 2010; King et al., 2014; Pahl-Wostl et al., 2013).
Environmental water applications should seek points of connection to these broader spheres of
interest, in order to increase the social relevance and visibility of the environmental water
activities.

Guiding Element 7: Incorporate nonstationarity and process-based understanding into envi-
ronmental water science and implementation to meet a new future. A key challenge to environmen-
tal water science and an emerging and enduring context for environmental water applications is the
issue of nonstationarity in hydrologic and ecological (and probably socio-political) conditions.
Reference hydrologic and ecological conditions are increasingly impractical to establish, raising the
need to shift many environmental water projects from a restoration focus to an adaptation focus
(Palmer et al., 2009; Poff and Matthews, 2013; Poff et al., 2016; Thompson et al., 2014).
Environmental water implementation can be a major element of more broad-based climate change
adaptation in water resources (Matthews et al., 2009). Critical to meeting this challenge is the need
for environmental water science to develop a better process-based understanding of hydroecologi-
cal relationships, to allow for more dynamic management of regulated and highly modified river
systems in order to meet, often by design, socially desired ecological targets that may be shifting
through time as human population growth and climate change continue to accelerate the alteration
of hydrologic systems into the future.
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