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Abstract Water flow, volume discharge per unit time, is a master variable influencing much of the river environment
and having profound effects on most of the biota, either directly or indirectly. Nevertheless, after decades of research
and much accumulated knowledge, there remains much uncertainty about how to set environmental standards for
flows that protect ecosystem components, including salmonids. This paper provides an overview of the findings of a
conference on Flows and Salmonids. The aim of the conference and the papers that form this special issue is to
update this information for salmonids, from which four key points are distilled that might influence future direction.
(1) Fish responses to flow are very variable and flow effects are highly confounded with other related variables, which
are often the proximate factors and need to be taken into account. (2) Meta-analysis of previous studies has yet to be
achieved because a hydromorphological template against which to gather and display such data has not yet been
satisfactorily defined. (3) Some deviation from natural conditions may not necessarily be as detrimental for salmonids
as sometimes stated. (4) Local investigations of flow impacts and solutions based on local conditions, and bringing in
diverse disciplines and stakeholders, appear to offer the most pragmatic and effective approach to defining and
implementing protective flows. Adaptive management offers a route for such collaborative studies, and its use is
strongly encouraged.
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its modifications should be a focus for freshwater ecol-
ogy and subject to well-understood, scientifically based
management. However, the contemporary debate over

Introduction

The flow of water down rivers is a master variable influ-

encing the structure of channels, aquatic ecosystem func-
tion and the ecological adaptations of riverine biota
(Arthington et al. 2006, 2010). The removal of water
and the modification of flow patterns are two of man’s
oldest and potentially most damaging impacts on the
aquatic environment and are rapidly increasing because
of the growing demands on water resources for supply,
energy production and agricultural and industrial expan-
sion as well as flood alleviation (Postel et al. 1996).
Therefore, of all environmental impacts, river flow and

how best to protect rivers, through flow standards or
other approaches (e.g. Acreman & Dunbar 2004; Sou-
chon et al. 2008; Poff et al. 2010), is testament that this
is only an emerging science. There are some fundamen-
tal differences in approach to establishing the flow
requirements of fish, exemplified by the debate over the
merits of the instream flow incremental methodology
(IFIM) family of hydraulic, habitat-based, empirical
methods (e.g. Dunbar ef al. 2012) vs those promoting
the maximisation of fitness through foraging and ener-
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getics processes governing habitat patch quality (e.g.
Armstrong & Nislow 2012), but both camps note the
opportunities for combined approaches. Uncertainties
over the science and considerable knowledge gaps have
affected capacity to implement flow management at least
in the United Kingdom, but the problems may go dee-
per. Raven (2006) drew attention to the apparent demise
of freshwater ecological sciences in the British Isles, rep-
resenting a systemic change in science direction and
funding. On the other hand, the (almost) synonymous
topics of hydroecology, ecohydrology and ecohydromor-
phology are now acquiring status as a single discipline
(here we call it hydroecology, following Wood et al.
2007) in its own right (Zalewski 2002; Wood et al.
2007; Vaughan ef al. 2009; Newson et al. 2012), and
this bodes well. The imperative for good understanding
and management of river flows has never been stronger,
so now is a good opportunity to review the position and
to push for the collaboration and resources that are
widely recognised as necessary to improve knowledge
and practice.

The debate over flow management in the United King-
dom has accelerated in the last 20 years because of
changing legislation (principally the EU Water Frame-
work Directive (WFD. 2000/60/EC), the increasing
demand for water and renewable energy sources and the
impact of climate change (Bowles & Henderson 2012;
Mainstone et al. 2012). Consequently, tensions over
allocation of water supply amongst consumptive, renew-
able energy and conservation purposes are high and
increasing. The symposium and workshop organised by
the Atlantic Salmon Trust in York, UK in 2010 (http://
www.atlanticsalmontrust.org/assets/flows-workshop-
report.pdf), the source of the papers in this edition, pro-
vided an opportunity to review the state of the science
behind flow management for salmonids in the British
Isles. This paper summarises the key findings and con-
clusions of this symposium.

The search for simplicity in a complex
environment

The need to convey environmental protection and flow
regulation through legislation has understandably
brought a tendency to simplify, for example, by reducing
the continuous diversity of river types into river typolo-
gies (see Noble ef al. 2007; Schmutz et al. 2007; Cowx
et al. 2012) and by reducing the continua of biotic flow
responses to class intervals and thresholds that are
expected to transfer across the infinite variety of channel
morphologies and environmental circumstances. Some
classification is necessary reductionism, and the WFD
ecological status classes offer structure to huge natural
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complexity that is essential for regulation. However, in
the case of WFD flow standards (Acreman et al. 2008,
2009), simplicity has not brought benefits because their
effectiveness is contested, particularly in the context of
heavily modified water bodies (HMWBs) where the arti-
ficial flow regimes distort the normal associations
between channel morphology, hydrological regimes and
ecology (Acreman et al. 2009; Acreman & Ferguson
2010). Therefore, a first principle is to acknowledge and
work with the natural complexity, where appropriate,
rather than try to tame it by over-reductionist classifica-
tions and universal standards. This brings not only bio-
logical realism, but also difficulties of specifying
systematically the ecological outcome of flow manage-
ment, coupled with the resource issues of having to
develop multiple models in site- or region-specific con-
texts. Some balance is required, but this has not yet been
satisfactorily met.

Salmonids in ecosystems

The focus of this symposium and workshop was on
migratory salmonids, which raises the questions: can
individual species be considered in isolation from other
ecosystem components and how representative are sal-
monids of ecosystem sensitivity in their relevant river
types? There are good reasons to suggest that they may
be good ecological indicators. Migratory salmonids
occupy dispersed habitats at widely contrasting scales
during their life cycle (Armstrong & Nislow 2012; Mal-
colm et al. 2012), and are dependent upon suitable flow
and morphological conditions throughout the rivers and
estuaries that they inhabit (Bendall ef al. 2012; Dunbar
et al. 2012; Milner et al. 2012; Newson et al. 2012).
There are demonstrable, if inconsistent, dependences
between fish and other trophic levels (Kelly-Quinn 1990;
Power 1992; Orth 1995), but if prescribed flow regimes
protect salmonids will they protect other components of
the ecosystems and offer indicator value? The answer is
a tentative ‘generally yes, but not all’, although this
remains to be tested. Irrespective of the general attributes
of salmonids as bioindicators, pragmatically they are
unquestionably important as a major interest in water
use disputes where their fisheries are involved. More-
over, they have considerable conservation value, and sal-
mon is an Annex II listed species under the EU Habitats
Directive (Council Directive 92/43/EEC of 21 May 1992
on the conservation of natural habitats and of wild fauna
and flora).

Modern approaches to environmental assessment
through ecosystem services analysis (MEA 2005; Wat-
son & Albon 2011) are bringing a requirement to under-
stand how salmonids link with other ecosystem
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components, and one framework for this is their role as
predators and prey in riverine food webs. Although there
are many emerging theories (Orth 1995; Poff & Huryn
1998), this is a poorly researched field, but one that is
becoming increasingly important (Power & Dietrich
2002; Woodward & Hildrew 2002; Vaughan et al
2009). A consequence of this prospect is that the metrics
appropriate for defining ecological status, sensu WFD,
may need to extend beyond conventional abundance or
biomass measures to include the emergent properties of
populations and communities, such as lifetime fitness,
resilience and energy flow.

The natural flow paradigm

The idea that riverine ecological processes and organ-
isms are adapted to river structure and natural flow
regimes is an exemplar of basic ecological theory and is
not new (e.g. Hynes 1970; Ward & Stanford 1979;
Vannote et al. 1980), but the formal incorporation of hy-
droecology into flow management has been compara-
tively recent (Petts 2007). Poff er al. (1997) spelt out the
natural flow paradigm, which led to the concept of envi-
ronmental flows (Richter & Thomas 2007) that identifies
the components of natural hydrographs important for
maintaining all biota life stages. This approach is the
basis of the ‘Building Block Methodology’ [BBM]
(Tharme 2003; Arthington et al. 2006; King et al
2008). The BBM approach has much to recommend it
and has been adopted in guidance flow regimes for heav-
ily modified water bodies (HMWBs) (Acreman et al.
2009) and has been applied recently to Atlantic salmon
(Enders et al. 2009).

How to devise protective flows with restricted
knowledge

If flow management to protect the environment is to
have scientific credibility, it needs to be based on some
form of testable relationship (a model) between the
impact on the element being protected (e.g. salmon
abundance, survival, movement pattern or fitness) and
the state of the river flow. For flow regulatory purposes,
the state is conventionally some measure of the deviation
from the normal, unmodified condition of the natural
flow regime (Fig. 1). This conceptual model is an ines-
capable tenet of scientific flow management. The forms
of the relationship may be different from the one shown
here and range from fully quantitative to some evidence-
based expert opinion, but even in the case of expert
opinion, some intuitive form of modelling is implied.
There is always some conceptual relationship involved,
even if it cannot be displayed unambiguously. The
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Impact
(on indicator)

Objective

State

(deviation of flow
from “natural”
condition

’ Flow standard or threshold

Figure 1. Conceptual model for defining a flow standard. There are
three key steps: (i) the specification of the objective, being the point of
acceptable impact, with risk aversion included as appropriate; (ii) some
form of modelling (the line, which might take a different form to that
shown here, with its error) of impact (indexed by the state of the cho-
sen indicator) vs deviation from the natural condition and (iii) selection
of the protective flow standard or threshold, being the level of devia-
tion (from natural flow metric) associated with the objective.

papers in this volume are mostly about these relation-
ships, and the body of scientific experience from the sal-
monid perspective illustrates four key points.

First, the model in Figure 1 is the ideal; in practice,
the relationships are inconsistent, highly variable even
within species (e.g. Thorstad e al. 2008; Poff & Zimm-
erman 2010) and influenced by confounding factors that
need to be incorporated into the models (Bendall et al.
2012). Thus, the good intention to develop generic mod-
els that might support widely applicable standards is
probably misplaced and unachievable (Poff & Zimmer-
man 2010), because the relationships often do not trans-
port well to contexts other than the ones in which they
were developed. The reasons for inconsistency are not
hard to see. Salmonids are phenotypically highly plastic
in their response to environmental factors and to flow in
particular (Moore et al. 2012), which is a dominant
influence on lotic habitat. They appear to have evolved
life history strategies that thrive in highly variable flow
regimes of montane, high-gradient channels, but have
also the capacity to occupy many other stream types,
chalk aquifer rivers for example, providing that the key
habitat of useable spawning gravels (Malcolm et al.
2012) is available (Dunbar et al. 2012). Disturbance,
through floods and droughts, is a natural part of their
experience, to which they are adapted (Lytle & Poff
2004; Vincenzi et al. 2008). Different life stages have
contrasting and sometimes conflicting seasonal flow
requirements. Furthermore, flow is a composite variable,
almost always confounded with other aquatic environ-
mental variables that vary temporally and spatially.
Thus, it is not surprising that studies in different loca-
tions have given contrasting answers to the water man-
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ager’s standard question: ‘How much flow do salmon
[and other fish species] need?’

This is not to say that there are not broad preferenda
of depth or velocities for each species: there clearly are
(e.g. Armstrong et al. 2003). However, for a given dis-
charge, these hydraulic variables can be delivered in a
huge variety of ways in different mosaics of mesohabi-
tats (e.g. riffle/pool/glide/run type habitats) or hydraulic
conditions around physical obstructions. Furthermore,
similar hydraulic variables, coupled with channel mor-
phologies, can offer very different habitat patch qualities
(and thus fish carrying capacity) depending upon site
productivities, prevailing trophic webs and the salmonid
stock demographics and dynamics.

This leads to the second point that studies have mostly
not been conducted in ways that easily allow for com-
parison or meta-analysis outside their own category. It
is widely accepted that fish probably do not respond to
volume discharge (=flow), but to the proximate factors
that they can detect such as hydraulic variables like
depth, velocity, shear stress or other factors often related
to flow such as temperature and chemical cues. Most
experimental and field studies have dealt with morpho-
logical or hydraulic variables, individually or in combi-
nation, which can be altered or measured to explore the
influence of the three-dimensional habitats of water
bodies. However, water resource management deals with
volume discharge, so the requirement for field studies is,
at least, to express relationships in ways that permit the
exchange between the two metric forms. Moreover, even
when discharge is reported at a site, for example, this
tells little unless it can be set in the context of the flow
duration statistics for that site and in turn the site can be
located within the continua of catchment flow and geo-
morphological characteristics. This may appear demand-
ing, but such information is essential if hydroecology is
to develop into a science that has coherence and com-
mon currency expressed through a template of river and
reach types defined by hydromorphological features.
That such information is not always reported, and cer-
tainly not to any common format, says something about
the lack of coordination and common goals in this sci-
ence area.

Third, the assumption in Figure 1 is that deviation
from natural flow regimes is per se a ‘bad thing’ and
counter to the natural flow paradigm. However, in
HMWBs where flow regimes may be greatly altered,
in some circumstances, production of some fish species
can increase. Elevated, but stabilised summer flows
through compensation releases, for example, may bring
increased growth rates and biomass production for sal-
monids (Nislow & Armstrong 2012). This raises chal-
lenging questions about the nature of natural flows and
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the environmental aims of flow management and regu-
lation (Brummett et al. in press). Ecosystem protection
must consider other components as well as fish, for
example, emergent gravel bar invertebrate fauna requir-
ing extended low flows or the maintenance of geomor-
phological channel forming processes and sediment
transport, which require 1- to 2-year floods (King
et al. 2008). If the benefits of modified flows are cor-
roborated as genuine enhancements of lifetime fitness
to the fish populations without detrimental effects on
ecosystem function, this may be a fruitful area for
exploring new ways to manage flows. It should be
noted that HMWBs are not natural and what consti-
tutes good ecological potential (sensu WFD) is not
clear. It may be that creative flow management could
bring benefits to particular flow components without
unduly jeopardising other elements. Such trials would
lend themselves to adaptive management and collabora-
tion between water users, researchers and the regula-
tors.

Fourth, the most informative flow impact relationships
and successful implementations are likely to be those
that are developed and applied locally, in association
with all stakeholders (Bowles & Henderson 2012; Main-
stone et al. 2012), to meet the specific circumstances of
hydromorphology and hydroecology. This is perhaps the
major shift in thinking in recent years, and while it
appears to conflict with the reductionism implicit in
European legislation, it may be the only pragmatic way
to deliver protective flow management (Poff er al.
2010). This is particularly the case for active manage-
ment, that is, the HMWB situation where flows are
actively released for various purposes (HEP for exam-
ple), but applies also to restrictive management where
limits are put on flow reduction through abstraction.

Hydroecology, as it relates to fish, is at a crossroads
in the United Kingdom. Scientific progress has been
made in discrete areas over the last 20 years, so lack of
understanding, whilst still an important factor, is not the
major limitation. The way ahead is principally subject to
constraints of limited resources and a diversity of interest
groups. Progress requires better coordination, clearer def-
inition of aims than has been the case in the past, plus
the willingness and organisation to collaborate across the
regulators, users and research communities. Adaptive
management (Walters 1986) offers a well-established
framework for collaboration and appears to be essential
when the infrastructures and operational capacity that
might be used for large-scale trials of flow regimes lie
strictly in the domain of the water industry. Identifying
and taking up more opportunities to practise adaptive
flow management appears to be of great potential for the
future.
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