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ABSTRACT

Minimum flows in rivers and streams aim to provide a certain level of protection for the aquatic environment. The level of
protection is described by a measure such as a prescribed proportion of historic flows, wetted perimeter or suitable habitat.
Conflicting minimum flow assessments from different instream flow methods are arguably the result of different
environmental goals and levels of protection. The goals, the way in which levels of protection are specified, and the
relationship between levels of protection and the aquatic environment are examined for three major categories of flow
assessment methods: historic flow, hydraulic geometry and habitat. Basic conceptual differences are identified. Flow
assessments by historic flow and hydraulic methods are related to river size and tend to retain the ‘character’ of a river.
Habitat-based methods make noa priori assumptions about the natural state of the river and flow assessments are based
primarily on water depth and velocity requirements. Flow and hydraulic methods assume that lower than natural flows will
degrade the stream ecosystem, whereas habitat methods accept the possibility that aspects of the natural ecosystem can be
enhanced by other than naturally occurring flows. Application of hydraulic and habitat methods suggests that the
environmental response to flow is not linear; the relative change in width and habitat with flow is greater for small rivers than
for large. Small rivers are more ‘at risk’ than large rivers and require a higher proportion of the average flow to maintain
similar levels of environmental protection. Habitat methods are focused on target species or specific instream uses, and are
useful where there are clear management objectives and an understanding of ecosystem requirements. Flow and hydraulic
methods are useful in cases where there is a poor understanding of the ecosystem or where a high level of protection for an
existing ecosystem is required.# 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Organizations responsible for water management are becoming increasingly aware of their responsibilities for
environmental protection, creating an increasing interest in methods of assessing flow requirements for different
instream uses (e. g. Petts, 1989). In Europe, there are attempts to rehabilitate large rivers that have been
controlled and channelized for centuries. In the USA, attempts are being made to rehabilitate the lower
Mississippi River (e.g. Gentet al., 1995) and, in Australia, the extensive flow regulation of the Murray–Darling
River system is being questioned (McPhail and Young, 1992). On a smaller scale, the impact of water use on the
stream environment is often assessed whenever development of the water resource is proposed or when the rights
of use for that resource are reviewed. In 1976, the American Fisheries Society convened a landmark conference
that discussed methods of assessing instream flow requirements. The debate over the merits of different methods
has continued since then. The discussion of flow assessment methods has been extensive, without any real
resolution (e.g. Stalnaker and Arnette, 1976; Wesche and Rechard, 1980; Schuytema, 1982; Karimet al., 1995;
Trihey and Stalnaker, 1985; Estes and Orsborn 1986; Morhardt and Altouney, 1986; Richardson, 1986).

Quantitative instream flow methods are generally divided into three major categories: (1) historic flow regime,
(2) hydraulic and (3) habitat (e.g. Orth and White, 1993; Karimet al., 1995). Methods within these categories
tend to be based on similar principles and assumptions. Although all three categories aim to maintain the stream
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environment,theyfocuson differentaspects of thestream,suchasflow, wettedperimeteror physicalhabitat.An
instreamflow policy requiresclearandmeasurablegoals, ideally defining thegoal(e.g. retentionof a resourceor
instreamuse),the extentto which this is to be achieved(i.e. level of protection) andcriteria for evaluatingthe
achievement (Beecher,1990).In practice, eithertheproportionof flow, wettedperimeter or physical habitat that
is retainedby a minimum flow is usedas a measure of the level of protection. For example, Tennant(1976)
considered that 10% of the averageflow provided minimum protection and that 30% of average flow was
satisfactory. Habitat methodsusehabitat/flowrelationshipsto definetheflow thatprovidesmaximumhabitat,or a
flow below which the areaof suitable habitat begins to decreaserapidly. In all methodsthere is an implicit
assumption that theproportionof flow, wettedperimeter or physical habitatspecifiedasa level of protectionwill
reflectthecondition of thestreamenvironment. Furthermore,it is oftenassumedthatthereis a linearrelationship
between theamountof flow andthestateof thestreamenvironment,and/or somecut-off levelor ‘minimum’ flow
below which aquatic life would not be sustained. However, environmental responseto flow is probably a
continuum along which a decision canbe made in order to achievedifferent levels of protection.

It is generally accepted that currentis the driving force of streamecosystems.Current affects mostof the six
primary factors that influencestreamecosystems;food,physical habitat,temperature,waterquality, flow regime
andbiotic interactions(Orth, 1987).No flow assessmentmethodaddresses all thesefactors specifically, although
Orth (1987)suggeststhat the IFIM process(Bovee, 1982)allows the consideration of theseecological factors.
Similar considerationscould alsobe made in conjunctionwith other methodsof flow assessment.

AnnearandConder(1984)compared flow assessmentsby different methods, ratherthanthemechanicsof the
methods. They found that, relative to other methods, habitat methodsusually gave higher minimum flow
estimatesfor small streamsandlower estimatesfor largestreams.Otherinvestigatorsusing hydraulic andhabitat
methodshavealsofound that flow requirements,asa proportionof averageflow, arerelatively higher for small
streamsthanfor largeones(Jowett, 1993;O’Shea,1995).Diff erencesbetween methodsdo not meanthatoneis
right andtheotherwrong.Somemethodsmaybebettersuitedto some conditionsthanothers. In orderto selecta
methodthat is appropriateto managementneeds,it is essential to understandthemorphological implicationsand
ecological assumptions that underlie methods, andthe effect of these assumptions on flow assessments.

In this study, threecategoriesof flow assessmentmethodsandtheir associatedmethodsfor selectingminimum
flows arereviewed.For eachcategory, potentialoutcomesareexamined in termsof fluvial morphology andthe
ecological assumptions that form thebasisof the methods.Finally, thepracticalapplication of thesemethodsto
waterallocation planningandtheneedfor cleardefinitionsof theresourceto beprotected,managementgoalsand
appropriate levelsof protection arediscussed.

INSTREAM FLOW METHODS AND MINIM UM FLOW REQUIREMENTS

Historic flow methods

As the name implies, historic flow methodsrely solely on the recordedor estimatedflow regime of the river.
TheTennant(1976)method[alsoknownasthe ‘Montana’methodalthoughit is not usedin that state(Reiser

et al., 1989)] is perhaps the most widely known of these methods. It is the second mostpopularmethodin the
USA and is usedor recognized by 16 states(Reiseret al., 1989). The Tennant methodassumesthat some
percentageof themeanflow is neededto maintainahealthy streamenvironment. Tennantexaminedcross-section
datafrom 11 streams in Montana,NebraskaandWyoming. He foundthatstreamwidth, watervelocity anddepth
all increased rapidly from zero flow to 10% of the meanflow, and that the rate of increasedeclinedat flows
higherthan10%.At lessthan10% of themeanflow, heconsideredthatwatervelocity anddepth weredegraded
andwould provide for ‘short-term’ survival of aquaticlife. He consideredthat 30% of the averageflow would
provide satisfactory streamwidth, depth and velocity for a ‘baseflow regime’. Tennant’s assessmentof the
environmental quality of different levels of flow was basedon the quality of the physical habitat that they
provided.At 10%of averageflow, averagedepthwas0�3m andvelocity 0�25m/s,andTennantconsideredthese
to be lower limit s for aquatic life. He showedthat 30% of averageflow or higher providedaveragedepthsof
0�45–0�6m andvelocitiesof 0�45–0�6m/s andconsidered theseto be in the goodto optimumrangefor aquatic
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organisms.Fraser (1978)suggestedthat theTennantmethodcould beextendedto incorporateseasonalvariation
by specifyingmonthly minimum flows asa percentageof monthly meanflows.

Otherhistoric flow methodsrecommendflows basedon the flow duration curveor an exceedance probability
of a low flow, wherethe level of protection is implicit in the magnitudeof the percentage.

For example, botha percentage(30–75%) of the1 in 5 yearlow flow, andtheflow equalled or exceeded96%
of thetime havebeenusedto assess‘minimum’ flows in NewZealand(Forlong,1994).In Denmark, aproportion
of the medianof the annualminima hasbeenrecommended as a minimum flow (Miljoestyrelsen,1979). In
Australia, Arthington et al. (1992)suggested an ‘holistic’ approachthat ‘rebuilds’ a natural flow regime, where
monthly minimum flow would be basedon either a percentageexceedance for eachmonth or a low flow that
occurs‘often’. This is similar to Fraser’s (1978)suggestion, but with addedrequirementsfor wet season flows
andfloodsto preserve the patternof natural variability.

Hydraulic methods

Hydraulic methodsrelatevariousparametersof the hydraulic geometry of streamchannels to discharge.The
hydraulic geometry is basedon surveyedcross-sections, from which parameterssuchaswidth, depth, velocity
andwetted perimeter aredetermined.Because of the field andanalytical work involved in this, they aremore
difficult to apply thanhistoric flow methods.Variation in hydraulic geometrywith dischargecanbe established
by measurementsatdifferentflows(Mosley, 1982),prediction from cross-sectiondataandstage–dischargerating
curves,Manning’s or Chezy’s equations(BoveeandMilhous, 1978),or calculationof watersurfaceprofiles(e.g.
Cochnauer, 1976;Dooley, 1976;White, 1976;BoveeandMilhous, 1978).

Themostcommonhydraulicmethodconsiders thevariation in wettedperimeterwith discharge.This method
is the third most popularmethodin the USA, being usedor recognised in six states(Reiseret al., 1989).

Two criteria havebeensuggestedfor specifyingminimumflow requirementsusinghydraulic methods. Wetted
perimeterusually increaseswith flow, sometimesshowing a point of inflection (Figure 1). Tennant(1976)used
the inflectionpoint criterionwhenhefoundthatdepth andwidth beganto declinesharply at flows lessthan10%
of themeanin his studyrivers. Theother criterion, percentagehabitatretention, retainsa percentageof thewidth
or wetted perimeterof the river at meanflow. For example, Bartschi (1976)suggested that a 20% reduction in
wettedperimeterat meanflow might be the maximum allowable degradation.

Figure1. Relationshipsbetweenflow andbiological responsefor a hypothetical river, wherebiological response is expressedin termsof the
measuresusedin theflow assessmentmethods;flow for historicflow methods,wettedperimeterfor hydraulicmethodsandweightedusable

areafor habitatmethods
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If flow requirementsarebasedon retaining a percentageof the wettedperimeter at meanflow andthereis a
linear or near linear relationshipbetween wetted perimeter and flow, the criterion is, in effect, the sameas a
percentageof the mean flow.

Hydraulic methodsarenot usuallyusedto assessseasonalflow requirements.

Habitat methods

Habitat is an encompassing term usedto describe the physical surroundings of plants and animals.Some
habitat features,suchasdepthandvelocity, aredirectly relatedto flow, whereas othersdescribe the river and
surroundings.

Habitatmethodsarea natural extension of hydraulic methods. The differenceis that the assessment of flow
requirementsis basedon hydraulic conditionsthatmeetspecificbiologicalrequirementsratherthanthehydraulic
parameters themselves. Hydraulic modelspredict water depthandvelocity throughouta reach. Theseare then
compared with habitatsuitability criteria to determine the areaof suitablehabitat for the targetaquaticspecies.
Whenthis is donefor a rangeof flows, it is possible to seehow the areaof suitable habitatchangeswith flow.

Because habitatmethodsarequantitativeandbasedon biological principles,habitatmethodsareconsideredin
theUSA to bemorereliableanddefensible thanassessmentsmadeby othermethods(White, 1976;Annearand
Conder,1984). Habitat methodswere first usedfor the assessment of flow suitability for spawning salmon
(McKinley, 1957), but havebeenapplied to most instreamuses,biological and recreational,since then (e.g.
Collings, 1972; Waters,1976;White, 1976). The most widely known methodis the physicalhabitatsimulation
component(PHABSIM: Milhous et al., 1984) of the instream flow incremental methodology. It is the most
commonmethodin the USA, being usedor recognized in 38 statesand the preferredmethodin 24 of them
(Reiseret al., 1989).

Habitat suitability curvesare the biological basisof habitat methods. Habitat suitability can be specifiedas
seasonalrequirements for different life stages,but this is not limited to aquaticorganisms.Depth,velocity and
width criteria for bathing, wading, kayaking,canoeing andother recreational pursuitshavealsobeendescribed
(Mosley, 1983).Whenconsidering multiple species, therecanbeconflicting habitat requirementswith a decline
in habitatfor one speciescorrespondingto an increasein habitatfor another.Theconcept of habitat guildsor an
‘indicator’ speciescanbeappliedin thesesituations(Leopold andOrth, 1988;Goreet al., 1991;Aadland,1993;
JowettandRichardson, 1995).

When usinghabitatmethods,thereare more waysof determining flow requirements than for either historic
flow or hydraulic methods.Therelationshipbetween flow andtheamountof suitablehabitatis usually non-linear
(Figure1). Flowscanbesetsothat theymaintain optimumlevelsof fish habitat,asrequiredby OregonStatelaw
(Beecher, 1990), retain a percentageof habitat at averageor medianflow (Jowett, 1993), or set so that they
providea minimumamount of habitatdefinedeitherasa minimumpercentageof watersurfacearea(e.g.Jowett,
1992) or as a percentageexceedance value on the habitatduration curve (e.g. Beecher, 1990; Johnson et al.,
1993).Flows canalsobe setat the point of inflection in the habitat/flow relationship.This is possibly the most
commonmethodof assessingminimumflow requirementsusing habitatmethods. While thereis nopercentageor
absolute valueassociated with this level of protection,it is a point of ‘dimini shingreturn’ whereproportionally
more habitat is lost with decreasingflow than is gained with increasingflow. In some rivers, the relationship
between flow andhabitatfor flow-sensitive speciesis linear, especially in thelow flow range. In thesecases,flow
recommendationsusing percentage retention or exceedancefor instreamhabitat are, in effect, the same as
recommendationsof hydraulic andhistoric flow methodsthat specifya percentageor exceedance valuefor flow
or wetted perimeter.

Habitatmethodsaremoreflexible thaneitherhistoric flow or hydraulic methods. It is possibleto examine the
variation of the habitat utilized by many speciesand life stagesthroughout the year and to selectflows that
providethis habitat. However,this meansthat it is necessary to havea goodknowledgeof thestreamecosystem
andsomeclearmanagementobjectivesin orderto resolvepotentialconflicting habitat requirementsof different
speciesor life stages.

Habitatmethodsareparticularly suitablefor ‘trade-off’ situations,whereincrementalchangein habitatcanbe
compared with the benefits of resourceuse.Habitat/flow relationshipscanbe usedto evaluatealternative flow
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managementstrategiesandarepartof theinformationbaseusedin theprocessof choosingappropriateflow rules
for river management(Cavendish andDuncan, 1986).

Flow assessmentmethodsrarelyconsidertheduration of low flowsor flow variability. Theecological effectof
a low flow for onedayis likely to bevery different from theeffecton theecosystemif thatflow persistedfor six
months.Diversion of water from a river usually haslittle effect on the frequency and durationof floods and
freshes. However, damming or diversionof a largeproportionof natural river flow cansignificantly altertheflow
and sediment regime of a river. In suchsituations,there can also be morphological change(Petts, 1979) and
simpleapplication of habitatmethods may be inappropriate.

Habitat methodscan be extended to considerflow regime requirements, both seasonal variation and flood
frequency. Seasonalrequirementscan be estimated using habitat requirements for different life stagesand
activities.Maintenanceflood flows canbe ‘constructed’ basedeitheron the naturalflow regime or a knowledge
of biological requirements.Arthingtonetal. (1992)approachedthisproblemby maintainingthecharacteristicsof
the naturalflow regime.

FLUVIAL MORPHOLOGY

Channelshapeis determinedprimarily by geologyandthe flow regimeof a river. For alluvial rivers, thereare
generalrelationshipsbetween channel form andflow (e.g.LeopoldandMaddock, 1953;Kellerhals andChurch,
1989).River width increases with the square root of discharge(exponents rangefrom 0�45–0�54; Park,1977;
Kellerhals and Church, 1989), both at a site and betweensites.Water depthand velocity also increase with
discharge, although the relationships are not as well defined. Mosley (1992) gives the following average
relationships as:

W / Q0:5 D / Q0:4 V / Q0:1

whereQ is the discharge,W the averagewidth, D the averagewater depth and V the averagevelocity. These
relationships are averagesderived over normal to high flow ranges.For any particular river, the slope (or
exponent) of the relationshipcanchangeif thereis an abruptchangein geometry, suchasat the point wherea
river overflows its bankson to its floodplain,or at thepoint wherea river is no longerconfinedbetween its banks.
Theseabrupt changes in geometry will correspond to inflection pointsof width/flow or depth/flow curves (e.g.
Mosley, 1992).

Pointsof inflection for width, depth or habitatareusually well definedin rivers of moderategradientin well-
definedchannels. Braidedrivers are more problematical. As flows increase,additionalbraids form increasing
width andusablehabitat,until thewide gravel flood plain is inundated(Mosley, 1982). In this situation thereare
no clearpointsof inflection, at leastnot in the low to median flow range.

Historic flow methods

The effect of settinga percentageor exceedance valueof historic flows asa minimum flow requirementon
river width, depthandvelocity canbededuced from averagemorphological relationships. Forexample,at30%of
averageflow thewatervelocity is 0�30.1 or 88%of thevelocity at averageflow. Similar changeswouldalsooccur
to river width anddepth.Thus,thehydraulic conditions that result from applying thesame percentageminimum
flow recommendationto differentriverswill vary from river to river. Moreover,theconditionswill tendto reflect
conditionsundernaturalflows in thata swift river will still berelatively swift compared to a slow flowing river,
anda largeriver will still be largecompared to a small river. This helpsto maintain the ‘character’ of the river,
wherethe width, depth,velocity andvolumeof waterdetermine the visual appearanceor ‘character’. Similarly,
methodsusing a percentageexceedance flow will also tend to give flow assessmentsthat maintain hydraulic
characteristicsin proportionto river size. Beecher (1990)remarksthata flow reductionin largeor high gradient
streamsoftenreducesvelocity into a usable range,whereasin smallstreamsa flow reduction oftenreducesdepth
belowa usablerange,implying that there is a river size biasin flow methodswhencomparedin termsof habitat.
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Hydraulic methods

Most channel forms are approximately rectangular, or at leastparabolic.As the flow increases abovezero,
width andwettedperimeterrapidly increaseasthechannelfills with water.A point of inflectionoccurswhere the
flow just fill s thechannelbaseandbeginsto beconfinedby thebanks.Hydraulic methods, if basedon a point of
inflection, identify the minimum flow that will just keepthe main channel full.

General relationships betweenflow and river width, depth, and velocity (Leopold and Maddock, 1953;
Richards,1982)would suggestthatinflection pointsin riversthatarehydrologically similar might beaconsistent
proportion of the average flow, as found by Tennant (1976). However, O’Shea(1995) applied the wetted
perimetermethodto 27 Minnesota riversandfoundthat thepointsof inflection, asa percentageof averageflow,
decreased with increasing streamsize.Evenfor riversof thesamesize,pointsof inflection werebetween40 and
100%of averageflow. Inflection pointsaresometimesdifficult to determine.Riverswith well-definedbankshave
at leasttwo pointsof inflection. Oneis at theflow thatjust fills thechannel to thetopof thebanksandis known as
the‘bank-full discharge’,andtheother occursat theflow thatjust fill s thechannelto thebaseof thebanks.Many
largerNew Zealandrivershavepoorly definedbanksandhydraulic parametersincrease smoothlywith discharge
without anyclearpointsof inflection. Oneor bothbanksareusuallyformedof alluvium (Jowett andRichardson,
1995)anda characteristic shapewould be triangular or parabolicratherthanrectangular, making it difficult to
identify any threshold in channelshape.

As with historic flow methods, hydraulic methodswill retainsomeof the ‘character’ of the river, at leastin
termsof width. Waterwill be retainedacrossthe full or near-full channel width, so that the distinction between
largeandsmall rivers is maintained.

Habitat methods

General morphological relationshipscanbeusedto predictflows thatmaintain suitablehabitat,at least within
theflow ranges for which theequationsapply. For example, Tennant’srequirementsfor a satisfactorybaseflow
werea depth greaterthan0�46m anda velocity greater than0�46m/s.Applying themorphological relationships
shownaboveto a river with anaverageflow of 50m3/s,velocity of 0�6m/s,anddepthof 0�8m; aflow of 3�5m3/s
would result in a velocity of 0�46m/s,whereasa flow of 12�5m3/s would resultin a depth of 0�46m. Both depth
andvelocity requirementswouldbemetby aflow of 12�5m3/sor 25%of theaverageflow. However, in asmaller
streamwith anaverageflow of 1m3/sandvelocity of 0�22m/s,aflow increaseis required beforethesamehabitat
requirementscanbe met.

This illustratesa fundamentaldifferencebetweenflow andhabitatmethods. Thehydraulic conditions thatare
maintainedby a percentageof historic flows are related to the natural conditionsin the river, whereashabitat-
basedmethodsresult in prescribedhydraulic conditions,regardlessof the hydraulic condition under natural
flows. With habitat methods, minimumflow requirementscanbelower thannaturally occurring low flows,or can
evenbe higher thanthe averageflow.

In someriver types, it maynot behydraulically possible to provideanidealdepthandvelocity combinationfor
a particular species. For example, a specieswith a limi tedrangeof suitablehabitat,suchaslowlandriver habitat
of deep,low velocity water,will not besuitedto conditionsin a high gradientriver becausevelocity will be too
high when depth is suitable and depth too low when velocity is suitable. Clearly, it is important that habitat
requirementsareappropriate for a particular river.

ECOLOGICAL RATIONALE

Historic flow methods

The ecological goal of most historic flow methods is to sustain existing life forms by recommending a
minimumflow that is within thehistoricflow range. Factors like food,habitat, waterquality andtemperatureare
not consideredexplicitly, but are assumedto be satisfactory because the aquaticspecieshave survived such
conditions in the past.The Tennantmethod(1976) differs from other flow methodsin that it is basedon the
assumption that a proportionof theaverageflow will maintain suitable depthsandwatervelocitiesfor trout and
this assumption obviously appliesonly to rivers similar in size andgradientto Tennant’sstudy rivers. Whether
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thegoalof sustaining existingaquaticlife is achievedor not will dependuponthepercentageof flow retained,or
exceedance levels selected.However, evenwithin thisgroupof methodstherecanbeconflictingecologicalgoals.
Tennant(1976)claimed that onevirtue of his methodwasthat it neverproduced a zeroflow recommendation,
andlikenedmethodsthat produced zeroflow recommendations, to ‘prescribing a person’salltime-worst health
condition, asa recommended level for a portion of his future well-being’. In contrast,Arthingtonet al. (1992)
statethatzeroflows areappropriatein Australia,‘whereriversnaturallydry out in some monthsof someyears’.
SomeAustralianecologistsbelieve that ‘an aquaticecosystem is tightly coupled with its catchment’ (Cullen,
1992) and therefore suggest that the natural flow regime of a river is a guide to instream flow requirements,
including practically all aspects of the flow regime, suchasseasonalpatterns of flow, low flows, periodsof no
flow andflood flows (Karim et al., 1995).Arthington et al. (1992)suggested the ‘holistic’ approachto overcome
a lack of detailedecologicaldataon thewaterrequirementsof riverineecosystems.This is a ‘low risk’ approach
to an instreamflow policy aimedat maintaining an ecosystem in its existingstateandprecludesthe possibility
that a riverine ecosystem canbe enhancedby other thana naturalflow regime.

Hydraulic methods

Hydraulic methodsconsider river width or wetted perimeter because the streambed supports primary and
secondary streamproduction (periphyton andbenthicinvertebrates) andis consideredto be the food-producing
areaof a stream(White, 1976).The aim is to keepthe main river channel ‘full ’ to maximize food production.
Water velocity is not usually considered in hydraulic methods, possiblybecause it shows lessclearly defined
inflection points (e.g. Mosley, 1992). Like the Tennantmethod,hydraulic methodsneverresult in a zeroflow
recommendation.If the inflection point method is usedas the flow requirement, the resulting water depth,
velocity and ecological responsewill dependon channel geometry. For example, in uniform channels only a
small andshallow flow is required to maintaina wateracrossthe full streamwidth. Under suchconditions,the
water depthand velocity may be unsuitable for many species. However,in less extremesituations, the water
depthandvelocity will becharacteristic of thoseat naturalflow, thusretaining both the ‘character’ andecology
of the natural system.

Habitat methods

The ecologicalgoal of habitat methodsis to provide or retaina suitablephysicalenvironmentfor the aquatic
organisms that live in a river. The basicconceptsof habitatand habitatpreference are well established.The
consequencesof lossof habitatare well known: the environmental ‘bottom line’ is that if thereis no suitable
habitatfor a speciesit will cease to exist.With thefocusof habitat methodson ‘target’ species,thereis a risk of
failing to considerother essential components of a streamecosystem. On theotherhand,habitat methods‘tailor’
the flow assessmentto the resourceneedsandcan,potentially, result in improved allocation of resources. The
selectionof appropriate habitatsuitability curvesandconsideration of other factors, suchas food, temperature
andwaterquality is crucial(Orth, 1987;Jowett,1992).Thekey to successful flow recommendationsis to provide
sufficienthabitat for themaintenanceof all life stagesof thetargetspeciesandto considertherequirementsof the
streamecosystemasa whole.

Potentially, habitat methodscanbeusedto predict optimumflowsfor particular riveruses.In caseswhere trout
fisherieshaveimprovedor shown no noticeablechangeasa result of flow changes, instreamconditionsfor trout
andfood production undermodified flowshavebeenshown to beneartheoptimum predictedby habitat methods
(JowettandWing, 1980;Jowett et al., 1995).

Habitat methodsaim to preserve, or evenimprove,habitat in termsof depth and velocity, ratherthan river
‘character’. For example, a swift flowing river may contain large areasof deep,high velocity waterthat arenot
utilized by most aquaticspecies. A flow assessmentbasedon habitat would suggestthat the areaof suitable
habitat could be increasedby reducing flows so that water velocities and depthswere in the rangeof those
preferredby a ‘target’ species.This would result in a lossof the high velocity areasthat lend ‘character’ to a
river. Flow assessmentsbasedonhabitattendto reduceriversto acommondenominator—thehabitatusedby the
‘target’ species.
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LEVELS OF ENVIRONMENTAL PROTECTION PROVIDED BY INSTREAM FLOWS

Instreamflow managementimplies that thereis a resourceto beprotectedandthat thereis someway to measure
or specify levels of protection for that resource.Legislation often setsguidelinesfor levels of environmental
protection. In the USA, 15 stateshavelaws that refer to the protection of the instreamenvironment,albeit with
vaguelydefinedlevelsof protection in mostof them(Beecher,1990).In Denmark, theproportion of themedian
of the annualminima that is usedasa minimum flow is variedaccording to the perceivedvalue of the stream.
Higher flows are maintained in streams that support sea-run brown trout than in streamsthat do not
(Miljoestyrelsen, 1979). In New Zealand, the Resource Management Act requires that the ‘life -supporting
capacity’ of a river besafeguardedwhenconsideringwateruse.Unfortunately, theact is not clearaboutwhatlife
is to be supported nor the level of support that should be provided. However, legislation can provide the
framework within which to considerthe goals of instreamflow management.

Goals

Beecher (1990)statedthat instreamflow managementshouldhaveclear,measurablegoals, andthat failure to
do this would lead to controversyandachievevagueresults. He discussed a number of possible biological goals
in orderof the levelsof protection they provide. The highest level of protection wasprovidedby enhancement
above natural condition. Decreasing levels of protection were provided by goals of non-degradation, set
percentagelossandpopulationsurvival.

Levels of protection allow the goal to vary with the relative value of the resource. Highly valued trout or
salmonfisheriesmay merit betterprotectionthanaverageor poorfisheries.Headwaterstreamsthat contain rare
speciesmay merit more protection than streamsthat contain more common species. Once an initial resource
assessmenthasbeenmade,it is possible to decideon managementgoalsfor thatparticular river andto consider
the appropriatemethodof flow assessment to achievethis goal.

Goalsof an environmental protection policy can vary from enhancementat the upper end of the scaleto
speciessurvival at the lower end (Beecher, 1990). Thesegoals must be translated into practical operating
guidelinesor measureswithin the existingflow assessmentmethods.

Resource

Environmentalprotection is a term that encompassesall instream resourcesanduses.Beecher (1990)points
out thatdifferentinstreamusesrequirequitedifferent flows,citing theconflict in velocity requirementsof white-
waterboatingandswimming.Jowett andRichardson (1995)point out theconflict in habitatrequirementsof fast-
waterfish andfish usingother habitats.Obviously, it is not possible to protectall instreamresources equally if
flows areto change.Thegoalof non-degradationof all instreamresourcesis attainableonly if thereis no change
in thenatural flow regime. In practice,watermanagementagenciestendto focuson themost valuedor sensitive
resource, with trout andsalmonrankinghighly asthe most valued resourcein many North AmericanandNew
Zealandrivers.

Measurement of environmental goals

Ideally,environmentalmanagementgoalsshouldbemeasuredin termsof theresource,e.g.to maintain certain
levelsof abundanceor to maintain a particular assemblageof species. However, this is usually impractical for
mostbiological goalsbecauseaquaticpopulationsareboth variablein time anddifficult to monitor in practice.
Researchhas not yet reachedthe stagewhere a flow or flow regime can be associated with community
composition and abundance. Instead, either flow, wettedperimeteror habitat is usedin flow assessmentsas a
surrogate for biological response.

Biological responseand the surrogatemeasures usedin flow assessmentmethodsdo not necessarily vary
linearly with flow (Figure 1). Historic flow methodsassume that the biological response,and hencelevel of
protection, is directly relatedto flow, with the level of protection increasing with flow. Hydraulic and habitat
methodsassume that biological responseis related to either wetted perimeter or habitat with a non-linear
relationship with flow (Figure1).
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Useof apercentageor exceedanceflow asameasureof environmentalprotectiondoesnot necessarily ensurea
consistent environmental outcome. Morphological and hydraulic considerationssuggest that flow effects on
aquaticorganismswill vary with streamtype andsize. Small streamsaremore at risk than largeonesbecause
velocity and depth is alreadyrelatively low. Logically, habitat shouldprovide a more consistent measureof
environmental outcome thanflow, given the widely recognized relationshipsbetweenhabitat andstreambiota
(e.g.Hynes, 1970;Binns andEisermann,1979; Minshall, 1984;Bowlby andRoff, 1986).

Practical application: comparisonof historic flow and habitat methods

Minimum flow assessmentsweremadefor reachesin 22 rivers in the North Island,New Zealand,andwere
compared to 10 and30%of averageflow (Tennant, 1976).In orderto assessminimum flow requirementsbased
on habitat, measuresof habitat retention and minimum habitat were arbitrarily selected.The level of habitat
retentionwasto retaintwo-thirdsof thefood-producinghabitatat median flow andthe level of minimumhabitat
was 20% food-producing weightedusablearea(WUA). The secondcriterion was selected because it was the
lower quartile of a group of 65 New Zealandrivers (Jowett, 1993a,b). It was assumedthat the samefood-
producing habitatcriteria (depth,velocity, andsubstrate) wereapplicable to all rivers. Points of inflection were
not usedto assessflow requirementsbecausetheywerenot discernible in mostcases.Minimum flow assessments
basedon the two habitat guidelinesandTennant’stwo criteria werecomparedwith medianflows in eachriver
and trend lines were fitted (Figure 2). As found in other studies(Annear and Condor, 1984; Beecher,1990;
O’Shea,1995),habitat-basedassessmentssuggest that minimum flow requirements,asa proportion of the flow,
decreasewith increasing streamsize.Habitat-basedassessmentsvariedwith themedian flow to thepower of 0�3–
0�4, whereasflow assessmentsusingTennant’smethodvaried linearly with median flow. Minimum flows that
retainedtwo-thirds of the food-producinghabitat at median flow were within 10–30% of the average flow;
roughly 10–20%of averageflow for largerstreams(median flow 5–15m3/s), and20–30%of averageflow for

Figure2. Trendlinesof relationshipsbetweenmedianflow andminimumflow requirements assessedusing10 % averageflow, 30%average
flow, minimum of 20% food-producing WUA, and retention of two-thirds of the food-producing habitatat medianflow. Minimum flow
requirements basedon minimum habitat are shown as triangles,thosebasedon habitat retentionare shown as circles. Minimum flow

requirementsbasedon 10 and30% averageflow werecloseto the fitted lines andarenot shownfor clarity
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smallerstreams.In most of thesmallerrivers,habitat/flow relationshipswerelinear,sothat theflow thatretained
two-thirds habitatat medianflow wastwo-thirdsof the medianflow, or approximately 30% of averageflow.

SUMMARY

Eachof thethreecategoriesof flow assessmentmethoddiffersin its datarequirements,methodsof selectingflow
requirement,ecologicalassumptions andeffect on river hydraulics(Table I). The physical outcomeof historic
flow methodsis to scaledown the river width, depth and velocity from that at natural averageflow. Because
rivers of all types arescaleddown to a similar degree,the relativechangein ‘character’ between riverswill be
similar. Historic flow methodsareeasyto apply andproduce a single flow assessment.Levels of protectionare
specifiedas percentagesor exceedancevaluesof flow, but the relationships betweenflow and state of the
ecosystemarepoorly establishedin most cases.Tennant(1976)establishedrelationshipsbetween theproportion
of the flow andlevel of ecological protection for the rivers he studied, andArthingtonet al. (1992)considered
limit ing flow events andconstructed a flow regime that would preserveexistingecosystems. However, in most
casesthe basic ecological justification for most flow methods is that a proportion of the flow will retain a
proportion of the natural ecosystem.Percentageor exceedancelevelsarenot usuallyvariedwith streamsize or
type. If the risk of environmental degradation is higher in small streamsthanin large,ashabitat considerations
suggest, an adjustment of percentageor exceedance for streamsize would result in more consistentlevels of
environmentalprotection.

Table I. Summaryof major differencesbetweenhistoric flow, hydraulicandhabitatflow assessmentmethods

Method Historic flow Hydraulic Habitat

Datarequirement Flow record Cross-sectionsurvey Cross-sectionsurvey
Habitatsuitability criteria

Methodof assessingflow
requirement

% of averageannualor
monthly flow

% habitatretention % habitatretention

% exceedance Inflection point Inflection point
Optimum
Minimum habitat
(exceedanceor percentage)

Streamhydraulics Effect on width, depthand
velocity dependenton
morphology

Effect on depthand
velocity dependenton
morphology

Prescribeddepthand
velocity

Maintains‘character’ Maintains‘character’only
in termsof variable
considered(e.g.wetted
perimeter)

Potentiallossof ‘character’

Ecologicalassumption Closerelationshipbetween
naturalflows andexisting
ecology

Biological productivity
relatedto wettedarea

Closerelationshipbetween
habitatandecology

Modelsconsiderecological
requirements,whereknown

Advantagesand
disadvantages

‘Cook-book’ flow
assessment

Not necessarilya ‘cook-
book’ flow assessment,
someinterpretation
required

Not a ‘cook-book’
approach,applicationand
interpretationcritical

Trade-offconsiderations
not possible

Trade-offconsiderations
not possible

Allows trade-offs

Flow alwayslessthan,but
relatedto natural

Flow dependenton channel
shape

Flow assessment
independentof naturalflow

Precludesenhancement Levelsof protection
difficult to relateto
ecologicalgoals

Enhancementpotential
recognized
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Hydraulic methodsfocuson maintaining waterin the river channel and,in this way, maintain the appearance
of a river. Field datarequirementsaresimilar to those of habitatmethods.Levelsof protection aredeterminedby
eithera point of inflection or percentageretention. Theecological aim is to retain thewettedperimeterandthus
productive areaof a stream.However, velocity anddepth arealsoimportantecological requirementsanda flow
assessedonly on thebasisof wettedperimetermayresultin adversedepthsandvelocitiesdepending onriver type
andchannelshape. For this reason,levelsof protection in hydraulic methodsareunlikely to beclosely relatedto
the stateof the ecosystem.

Habitat methodsprovide the most flexible approach to flow assessments, but can be difficult to apply and
interpret. Habitat methodsprovide information on how habitat changeswith flow for instreamuses,either
biological or recreational. Because of this, the outcomedepends critically on how the methodis applied, what
speciesor usesare consideredand what suitability curvesare used.Levels of protection can be specifiedas
inflection points,optimaor asminimum amountsof habitat. Because levels of protection arein termsof habitat,
theyareclosely relatedto intended instreamuses.On a conceptual level, habitat-basedmethodsdiffer from both
flow andhydraulic methodsin that they makeno a priori assumptions aboutthe stateof the natural ecosystem.
Flow andhydraulic methodsassumethat lower thannatural flows will degradethe streamecosystem, whereas
habitatmethodsacceptthe possibility that a natural ecosystem,or at leastsome particularly valuedaspects, can
be enhanced by other thannaturallyoccurringflows.

Habitatmethodsaremost suitedto situations where thereareclearmanagementgoalsanddefinedlevels of
protection. In fact, applicationof suchmethodsoften causeswatermanagersto realizethat thereis no simple
answerto theproblemof flow assessmentandthat flow requirementscanvary depending on goalsandlevelsof
protection. Historic flow methodsare easierto use because they incorporate their own levels of protection.
Hydraulic methodsaresimilar to flow methodsin that they produce a singleanswerandincorporatetheir own
levelsof protection.

The understanding of biological systemsis not complete. Many factors influencestreamecosystems(Orth,
1987)and,practically, flow assessmentscanonly considerthemostimportantandinfluential. Methodsareoften
criticized for faili ng to consider some aspectof the stream environment. None of the methods consider
temperature, water quality or biotic interactions explicitly and any changeto the streamenvironment could
potentially causeunexpectedresults. Flow assessmentscanonly makeuseof thebestavailableknowledge,andif
necessary be conservative.

One answeris inevitable—therewould be no aquaticecosystemor instream useswithout water in a river.
However, becauseof thedegreeof diversity in a river andflexibility of most aquaticorganisms,thereis probably
no sharpcut-off or single‘minimumflow’. Environmentalresponseto flow is a gradientalongwhich a decision
mustbemade.It is unlikely that thestateof knowledgeof biological systemswill everreacha degree where the
effect of flow changeson stream populations can be predicted with certainty. Experience, case studies,
environmental risk andout-of-streambenefitsall play a part in the decision-making process.
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