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INSTREAM FLOW METHODS: A COMPARISON OF APPROACHES
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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 agpriori 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 require@)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. Gerdt 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, 1982t ldhrib®95;
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; Kaehal., 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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environnent,theyfocuson differentaspets of the stream suchasflow, wettedperimeteror physicalhabtat. An
instreamflow policy requresclearandmeasurald goak, idedly definingthegoal(e.g. retentionof aresourceor
instreamuse),the extentto which this is to be achieved(i.e. level of protection) and criteria for evaluatingthe
achievenent (Beecher,1990).In pradice, eitherthe proportionof flow, wettedperimete or physical habtat that
is retainedby a minimum flow is usedas a measue of the level of protecton. For exanple, Tennant(1976)
consideed that 10% of the averageflow provided minimum protection and that 30% of averlge flow was
satisfacory. Habitat methodsusehabtat/flow relationsipsto definetheflow thatprovidesmaximumhabtat, or a
flow belov which the areaof suitabk habitatbegins to decreaseaapidly. In all methodsthereis an implicit
assumpbn thatthe proportionof flow, wettedperimete or physical habitatspecifiedasa level of protectionwill

reflectthe condtion of the streamenvironmentFurthernore, it is oftenassumedhatthereis alinearrelationip
betwea theamaunt of flow andthe stateof the streamenvironnent,andbr somecut-off level or ‘minimum’ flow
below which aquaic life would not be susained. However, environmental responseto flow is probaly a
continuun along which a decisbn canbe mack in orderto achieve different levds of protecton.

It is genenlly accepte that currentis the driving force of streamecosystes. Current affects mostof the six
primary factors thatinfluence streamecosytems;food, physical habitat,temperatire, waterquality, flow regime
andbiotic interactons (Orth, 1987).No flow assesmenimethodaddressgall thesefactors specificdly, although
Orth (1987) suggestghat the IFIM process (Bovee 1982) allows the consideation of theseecobgical factors.
Similar consderationscould alsobe mack in conjunctionwith othe methodsof flow assesment.

AnnearandConder(1984)comparel flow assessentsby different methodsratherthanthe medanicsof the
methods They found that, relative to other methals, habitat methodsusually gave higher minimum flow
estimaesfor smdl streamsandlower estmatesfor largestreamsOtherinvestigatorsusing hydraulic andhabitat
methodshavealsofoundthat flow requirenents,asa proportionof aveiageflow, arerelatively highe for small
streamghanfor largeones(Jowett, 1993; O’'Shea,1995). Diff erencedetwead methodsdo not meanthatoneis
right andthe otherwrong. Somemethodanay be bettersuitedto sone condtionsthanothes. In orderto sekecta
methodthatis apprqriateto maragemenneedsit is essatial to undestandthe morphologial implicationsand
ecologcal assumptias that undetie methods andthe effect of these assumpbns on flow assessents.

In this study, threecategoriesof flow assessentmethodsandtheir asso@tedmethodsor selectingminimum
flows arereviewed. For eachcategoy, potentialoutcoomesare examired in termsof fluvial morphobgy andthe
ecologtal assumgbns that form the basisof the methods Finally, the practicalappication of thesemethodsto
waterallocaion plaming andthe needfor cleardefinitionsof theresairceto be proteced, managerantgoalsand
appraqriate levels of protecton are discussd.

INSTREAM FLOW METHODS AND MINIM UM FLOW REQUIRBMENTS

Historic flow methods

As the name implies, histotic flow methodsrely solely on the recordedor estimatedflow regime of theriver.

The Tennant(1976) method[also known asthe ‘Montana’ methodalthoughit is not usedin that state(Reiser
et al., 1989)] is perhas the mog widely known of these methods It is the secom mostpopularmethodin the
USA andis usedor recaynized by 16 states(Reiseret al., 1989). The Tennant method assumeghat some
percenageof themeanflow is neededo mainiin aheathy streamenvironmentTennantexamired cross-sedébn
datafrom 11 streans in Montana,NetraskaandWyoming. He foundthat streamwidth, watervelocity anddepth
all increaed rapidly from zeroflow to 10% of the meanflow, andthat the rate of increasedeclinedat flows
higherthan10%. At lessthan 10% of the meanflow, he consideed thatwatervelocity anddept weredegraded
andwould provide for ‘short-term’ survival of aquaticlife. He constderedthat 30% of the averageflow would
provide saisfactory streamwidth, depth and velocity for a ‘baseflow regime’. Tennants assesmentof the
environnental quality of different levels of flow was basedon the quality of the physical habtat that they
provided.At 10% of averagdlow, aveagedepthwas0-3m andvelocity 0-25m/s,and Tennantconsideed these
to be lower limits for aquaic life. He showedthat 30% of averageflow or highe providedavelage depthsof
0-45-06 m andvelocities of 0-45—-06 m/s and consideed theseto be in the goodto optimumrangefor aquatic
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organsms.Frase (1978)suggeted thatthe Tennantmethodcould be extendedo incorpoiate seasonabariaion
by specifyingmonthly minimum flows as a perentageof monthly meanflows.

Otherhistoiic flow methodsrecommendlows basedon the flow duraton curve or an exceedane probability
of a low flow, wherethe leve of protectio is implicit in the magitude of the percenage.

For exanple, both a percenage(30—73%) of the 1 in 5 yearlow flow, andthe flow equaled or exceeled96%
of thetime havebeenusedto assesdminimum’ flowsin New Zeabnd(Forlong,1994).In Denmak, a proportion
of the medianof the annualminima hasbeenrecanmende as a minimum flow (Miljoestyrelsen,1979. In
Australia, Arthington et al. (1992)suggeted an ‘holistic’ approactthat ‘rebuilds’ a natual flow regime, where
monthly minimum flow would be basedon either a percentageexceedane for eachmonthor a low flow that
occurs‘often’. This is similar to Frasers (1978) suggestionbut with addedrequiranentsfor wet seasn flows
andfloodsto preservethe patternof natual variabiity.

Hydraulic methods

Hydraulic methodsrelatevarious paraméers of the hydraulic geonetry of streamchannés to dischage. The
hydraulic geomety is basedon surveyedcross-sedbns, from which parametersuchaswidth, deph, velocity
and wetted perimete are detemined. Becaus of the field and analyticd work involved in this, they are more
difficult to apply thanhistolic flow methodsVariation in hydraulic geometrywith dischargecanbe established
by measurematsat differentflows (Mosley, 1982),predictian from cross-gctiondataandstage—dichargeating
curves,Manning’s or Chezy's equatias (BoveeandMilhous, 1978),or calculationof watersurfaceprofiles(e.g.
Cochnaug 1976; Dooley, 1976; White, 1976; Bovee and Milhous, 1978).

The mostcommonhydraulic methodconsides the variation in wettedperimeterwith dischage. This method
is the third mog popularmethodin the USA, being usedor recognigdin six staes(Reiseret al., 1989).

Two criteria havebeensuggesedfor specifyingminimum flow requirementsusinghydraulic methodsWetted
perimeterusuallyincreasewith flow, sometinesshowing a point of inflection (Figure 1). Tennant(1976)used
theinflection point criterionwhenhe foundthatdeph andwidth beganto declineshaply at flows lessthan10%
of themeanin his studyrivers. The othe criterion, perentagehabitatretenton, retansa percenageof thewidth
or wetted perimeter of the river at meanflow. For exampg, Bartschi (1976) suggeted thata 20% redudion in
wettedperimeter at meanflow might be the maximum allowablke degradabn.
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Figurel. Relation$ips betweerflow andbiological responsdor a hypothetcal river, wherebiological respons is expressedn termsof the

measuresisedin the flow assessmemhethodsflow for historic flow methodswettedperimeterfor hydraulicmethodsandweightedusable
areafor habitatmethods
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If flow requiramentsare basedon retaning a perentageof the wettedperimete at meanflow andthereis a
linear or nearlinear relationshipbetwee wetted perimete and flow, the criterion is, in effect, the sameasa
percenageof the mean flow.

Hydraulic methodsare not usually usedto assesseasonaflow requrements.

Habitat methods

Habitat is an encompasing term usedto descrile the physical surroundngs of plants and animals. Some
habitatfeatures,suchas depthand velocity, are directly relatedto flow, wherea othersdescrile the river and
surroundngs.

Habitat methodsare a natual extenson of hydraulic methods The differenceis that the assessent of flow
requiramentsis basedn hydraulic condtionsthatmeetspecificbiological requirementsratherthanthe hydraulic
paraméers themselve. Hydraulic modelspredict water depthand velocity throughouta reach Theseare then
comparel with habitatsuitablity criteriato determire the areaof suitablehabtat for the targetaquaticspeces.
Whenthis is donefor a rangeof flows, it is possibé to seehow the areaof suitabk habitatchangeswith flow.

Becaus habitatmethodsarequantitativeandbasedon biological principles,habitatmethodsareconsderedin
the USA to be morereliable anddefensble thanassesmentsnadeby othermethods(White, 1976; Annearand
Conder,1984. Habitat methodswere first usedfor the assessent of flow suitabiity for spawnng saimon
(McKinley, 1957), but have beenappied to mostinstreamuses,biological and recreational,since then (e.g.
Collings, 1972 Waters,1976;White, 1976). The mog widely known methodis the physicalhabitatsimulaton
component(PHABSIM: Milhous et al., 1984) of the instream flow incremenal methoddogy. It is the mog
commonmethodin the USA, being usedor recognizd in 38 statesand the preferredmethodin 24 of them
(Reiseret al., 1989).

Habitat suitabiity curvesare the biological basisof habtat methods Habitat suitablity canbe specifiedas
seasonatequiremats for differentlife stageshut this is not limited to aquaticorgarisms. Depth, velocity and
width criteria for bathing, wadng, kayaking,canoéng and othe recreaional pursuitshavealsobeendescribed
(Mosley, 1983).Whenconsideing multiple speciestherecanbe conflicting habtat requiranentswith a decline
in habitatfor one specescorrespondingo anincreasen habitatfor another.The concedt of habtat guildsor an
‘indicator’ speciexanbe appliedin thesesituations (Leopdd andOrth, 1988;Goreet al., 1991;Aadand, 1993;
Jowettand Richardson 1995).

When using habitatmethods there are more ways of detamining flow requiremats than for either historic
flow or hydraulic method. Therelatonshipbetwea flow andthe amountof suitablehabitatis usualy non-linear
(Figurel). Flowscanbe setsothatthey maintain optimumlevelsof fish habtat, asrequiredby OregonStatelaw
(Beeder, 1990), retain a percenage of habtat at aveiage or medianflow (Jowett, 1993), or set so that they
providea minimum amaunt of habitatdefinedeitherasa minimum percendgeof watersurfacearea(e.g.Jowett,
1992) or as a perentageexceedane value on the habitatduration curve (e.g. Beeche, 1990; Johnsa et al.,
1993).Flows canalsobe setat the paint of inflection in the habitatflow relationship. This is possbly the mog
commonmethodof assesingminimumflow requiranentsusing habitatmethodsWhile thereis no perentageor
absolue value associted with this level of protection, it is a point of ‘diminishingreturn’ whereproportiondly
more habtat is lost with decreasinglow thanis gained with increasingflow. In some rivers, the relationip
betwea flow andhabitatfor flow-sengdtive specieds linear, especidly in thelow flow range In thesecasesflow
recommendationsusing percenage retention or exceelancefor instreamhabitat are, in effect, the sane as
recomnendationsof hydraulic andhistoric flow methodsthat specifya percenageor exceedane valuefor flow
or wetted perimeter.

Habitatmethodsare moreflexible thaneitherhistoric flow or hydraulic methodslt is possibleto examine the
variation of the habitat utilized by many speciesand life stagesthroughat the year and to selectflows that
providethis habtat. However,this meanghatit is necessarto havea goodknowledgeof the streamecosysta
andsomeclearmanagemenbbjectivesin orderto resolvepotentialconflicting habtat requiranentsof different
speciesor life stages.

Habitatmethodsareparticularly suitablefor ‘trade-off’ situatins,whereincrementalchangen habitatcanbe
comparel with the benefis of resairce use.Habitafflow relaionshipscanbe usedto evaluatealternaive flow
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managerentstratgiesandarepartof theinformationbaseusedin the procesf choosingapproprateflow rules
for river maragement(Cavenish and Duncan, 1986).

Flow assessentmethodsarely considerthe duration of low flows or flow variability. The ecologtal effect of
alow flow for onedayis likely to be very differentfrom the effecton the ecoswtemif thatflow pergstedfor six
months.Diversion of water from a river usually haslittle effect on the frequeng and duration of floods and
freshesHoweve, danming or diversionof alarge proportionof natual river flow cansignificantly altertheflow
and sedimet regime of a river. In suchsituations,there can also be morphobgical change(Pets, 1979) and
simple applicaion of habitatmethod may be inappropriae.

Habitat methodscan be extendedto considerflow regime requiremats, both seasnal variaton and flood
frequengy. Seasonakequrementscan be estimaed using habtat requiranentsfor different life stagesand
activities. Maintenancdlood flows canbe ‘congructed’ basedeitheron the naturalflow regime or a knowledge
of biological requiraments.Arthingtonetal. (1992)apprachedhis problemby maintainingthe chaacterisics of
the naturalflow regime.

FLUVIAL MORPHOLOGY

Channelshapeis determinedprimarily by geologyandthe flow regimeof a river. For alluvial rivers thereare
generalrelationgips betweea channé form andflow (e.g.LeopoldandMaddack, 1953; Kellerhds and Church,

1989). River width increags with the squae root of discharge(exponens rangefrom 0-45-054; Park, 1977;

Kellerhds and Church, 1989), both at a site and betweensites. Water depth and velocity also increag with

dischage, although the relationsiips are not as well defined. Mosley (1992) gives the following average
relationsips as:

w O(QO.S D O(QOA vV O(QO.]

whereQ is the discharge W the averagewidth, D the averagewater dept andV the averagevelocity. These
relationsips are aveiagesderived over normal to high flow ranges.For any particula river, the slope (or
exponat) of the relationshipcanchangeif thereis an abruptchangein geonetry, suchasat the point wherea
river overflonsits banksonto its floodplain, or atthe pointwhere ariver is no longerconfinedbetwee its banks.
Theseabrug changes in geomety will correspad to inflection points of width/flow or depthflow curves (e.g.
Mosley, 1992).

Pointsof inflection for width, deph or habitatareusualy well definedin rivers of moderategradientin well-
definedchannels Braidedrivers are more problematicd As flows increase,additional braids form increasng
width andusablehabitat,until the wide grave flood plain is inundated(Mosley, 1982). In this situation thereare
no clear points of inflection, at leastnot in the low to medan flow range

Historic flow methods

The effect of settinga perentageor exceedane value of historic flows asa minimum flow requrementon
river width, depthandvelocity canbededuce from avelagemorphologdcal relationshipsFor exampk, at 30% of
averagdlow thewatervelocity is 0-3° or 88% of the velocity at aveiageflow. Similar changs would alsooccur
to river width anddepth.Thus,the hydraulic condtionsthatresut from applying the sarre pereentageminimum
flow recommendtionto differentriverswill vary from riverto river. Moreover,the conditionswill tendto refled
conditionsundernaturalflows in thata swift river will still berelatively swift comparel to a slow flowing river,
anda largeriver will still belargecomparel to a smallriver. This helpsto maintain the ‘character’ of theriver,
wherethe width, depth,velocity andvolume of waterdetemine the visual appeaanceor ‘charader’. Similary,
methodsusing a percenage exceedane flow will also tendto give flow assesmentghat maintain hydraulic
characeristicsin proportionto river size. Beeche (1990)remarksthata flow reductionin large or high gradient
streamoftenreduceselocity into a usabk range whereasin smallstreamsa flow redudion oftenreduesdepth
belowa usablerange,implying thatthere is ariver size biasin flow methodsvhencomparedin termsof habitat.
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Hydraulic methods

Most channé forms are approximagly rectangula, or at leastparabolic.As the flow increags abovezero,
width andwettedperimeterrapidly increag asthe channeffills with water.A point of inflectionoccuis where the
flow justfill s the channelbaseandbeginsto be confinedby the banks.Hydraulic methodsif basedon a point of
inflection, idertify the minimum flow that will just keepthe main channé full.

Generd relationsips betweenflow and river width, depth, and velocity (Leopdd and Maddack, 1953;
Richards, 1982)would suggesthatinflection pointsin riversthatarehydrologically similar might bea consisént
proporticn of the aveiage flow, as found by Tennant(1976). Howeve, O’'Shea(1995) appied the wetted
perimetermethodto 27 Minnesoa riversandfound thatthe pointsof inflection, asa perentageof averageflow,
decrease with increasng streamsize.Evenfor rivers of the samesize,pointsof inflection werebetwee0 and
100%o0f avelmgeflow. Inflection pointsaresonmetimesdiffi cult to determire. Rivers with well-definedbankshave
atleasttwo points of inflection. Oneis at theflow thatjustfills the channéto thetop of the banksandis known as
the ‘bank-full discharge’,andthe othe occursattheflow thatjustfill sthe channelo the baseof the banks Many
largerNew Zealndrivers havepoorly defined banksandhydraulic paraméersincreag smoothlywith discharge
without any clearpointsof inflection. Oneor both banksareusuallyformedof alluvium (Jowet andRichadson,
1995)and a characterist shapewould be triangula or parabolicratherthanrectangilar, making it difficult to
identify any threshotl in channelshape

As with histoiic flow methods hydraulic methodswill retain someof the ‘charader’ of theriver, at leastin
termsof width. Waterwill be retanedacrossthe full or nearfull channé width, sothatthe distincion between
large and small rivers is maintained.

Habitat methods

Generdmorphobgical relationips canbe usedto predictflows that maintan suitablehabitat,at least within
the flow ranges for which the equatons apply. For exampk, Tennant’'srequiranentsfor a saisfactorybaseflow
werea deph greaterthan0-46m anda velocity greder than0-46m/s. Applying the morphobgical relationsips
shownaboveto ariver with anaveragdlow of 50m*/s, velocity of 0-6 m/s,anddepthof 0-8m; aflow of 3-5m*/s
would restt in a velocity of 0-46m/s, whereasa flow of 12-5m®/s would resultin adeph of 0-46m. Both depth
andvelocity requrementsvould be metby a flow of 12-5m*/s or 25%of the averagdlow. Howeve, in asmdler
streamwith anaveageflow of 1 m%sandvelocity of 0-22m/s,aflow increasds required beforethe samehabitat
requiranentscan be met.

This illustratesa fundamentaldifferencebetweenflow andhabitatmethods The hydraulic condtions thatare
maintaned by a perentageof historic flows are related to the natural conditionsin the river, whereashabtat-
basedmethodsresut in prescribedhydraulic conditions,regadlessof the hydraulic condtion under natural
flows. With habtat methods minimum flow requiranentscanbelower thannatually occurring low flows, or can
evenbe higherthanthe averageflow.

In someriver types, it may not be hydraulically possibé to provideanideal depthandvelocity combinationfor
a particula speciesFor exanple, a specieswith alimited rangeof suitablehabitat,suchaslowlandriver habitat
of deep,low velocity water,will not be suitedto conditionsin a high gradientriver becawsevelocity will betoo
high when depthis suitabke and dept too low when velocity is suitabk. Cleally, it is important that habitat
requiranentsare apprgriate for a particular river.

ECOLOGICAL RATIONALE

Historic flow methods

The ecologcal goal of most histolic flow method is to sushin exiging life forms by recommenthg a
minimum flow thatis within the historic flow range Facbrslike food, habtat, waterquality andtempeatureare
not consideredexplicitly, but are assumedo be satisfactoy becawse the aquatic specieshave survived such
conditions in the past. The Tennantmethod(1976) differs from other flow methodsin that it is basedon the
assumpbn thata proportionof the averageflow will maintain suitabke depthsandwatervelocitiesfor trout and
this assunption obviously appliesonly to rivers similar in size andgradientto Tennant’'sstudy rivers. Wheter
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the goal of sustaning existingaquaticlife is achievedor notwill dependuponthe percenageof flow retained,or
exceedanelevds seleced.Howeva, evenwithin this groupof methodshere canbeconflictingecologicalgoals.
Tennant(1976) claimed that onevirtue of his methodwasthatit neverprodu@d a zeroflow recommendtion,
andlikened methodsthat produed zeroflow recanmendéions, to ‘presciibing a person’salltime-worst heath
condition, asa recommendd level for a portion of his future well-being’. In contrast, Arthingtonet al. (1992)
statethat zeroflows areappropratein Australia,‘'whererivers naturallydry outin sone monthsof someyears’.
SomeAustralian ecobgists believe that ‘an aquaticecosyste is tightly couplked with its catchnent’ (Cullen,
1992) and therefore sugges that the natural flow regime of a river is a guide to instream flow requiremets,
including pradically all aspets of the flow regime, suchas seasonapattens of flow, low flows, periodsof no
flow andflood flows (Karim et al., 1995).Arthington et al. (1992)suggeste the ‘holistic’ apprachto overcome
alack of detailedecologicaldataon the waterrequirementsof riverine ecosystens. This is a ‘low risk’ approach
to aninstreamflow policy aimedat maintaning an ecosyste in its existing stateand predudesthe possibility
that a riverine ecosysten canbe enhancedy othe thana natural flow regime.

Hydraulic methods

Hydraulic methodsconsder river width or wetted perimete becawse the streambed suppots primary and
secomlary streamproducton (periphyton and benthicinvertebrate¥ andis consteredto be the foodprodudng
areaof a stream(White, 1976). The aim is to keepthe main river channé ‘full * to maximize food produdion.
Water velocity is not usually consideed in hydraulic methods possiblybecase it shows lessclearly defined
inflection points (e.g. Mosley, 1992). Like the Tennantmethod,hydraulic methodsneverresultin a zeroflow
recomnendation.If the inflection point methodis usedas the flow requiremat, the resulting water depth,
velocity and ecologtal responsewill dependon channé geomety. For exampg, in uniform channés only a
smallandshalow flow is required to maintaina wateracrossthe full streamwidth. Unde suchconditions,the
water depthand velocity may be unsuitdle for mary species However,in less extremesituatins, the water
depthandvelocity will be charactestic of thoseat naturalflow, thusretaning both the ‘charader’ andecology
of the natual sysem.

Habitat methods

The ecologicalgoal of habtat methodsis to provide or retaina suitablephysicalenvironmentfor the aquatic
organsmsthat live in a river. The basic conceptsof habitatand habitatprefererce are well esablished.The
consguencef loss of habitatare well known: the environmenal ‘bottom line’ is thatif thereis no suitable
habitatfor a speciest will ceag to exist. With the focusof habtat methodson ‘target’ speces,thereis arisk of
failing to considerothe essatial componerd of a streamecosysten. On the otherhand,habtat methodstailor’
the flow assessmertb the resourceneedsand can, potentially, resut in improved allocaion of resourcs. The
selectionof appr@riate habitatsuitability curvesand consideation of otherfactors, suchasfood, temperatire
andwaterquality is crucial (Orth, 1987;Jowett,1992).Thekey to successfl flow recanmendéionsis to provide
suffidenthabtat for the maintenane of all life stegesof thetargetspeciesandto considertherequirematsof the
streamecosytemasa whole.

Potentialy, habtat methodscanbe usedto predict optimum flows for particula riverusesin casesvhere trout
fisheies haveimproved or shown no noticeablechangeasa resut of flow changs, instreamconditionsfor trout
andfood produdion undermodified flows havebeenshown to be nearthe optimum predictedby habtat methods
(Jowettand Wing, 1980; Jowett et al., 1995).

Habitat methodsaim to preserve or evenimprove, habtat in termsof deph and velocity, ratherthanriver
‘charader’. For exanple, a swift flowing river may coniain large areasof deep,high velocity waterthat are not
utilized by mostaquaticspeces. A flow assesmentbasedon habtat would suggestthat the areaof suitable
habitat could be increasedby redudng flows so that water velocities and depthswere in the rangeof those
preferredby a ‘target’ speces. This would resultin a loss of the high velocity areasthat lend ‘character’to a
river. Flow assessentsbasedon habitattendto reduceriversto a commondenoninator—the habitatusedby the
‘target’ speces.
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LEVELS OF ENVIRONMENTAL PROTECTION PROMDED BY INSTREAM FLOWS

Instream flow maragementmpliesthatthereis a resourceto be protectedandthatthereis someway to measure
or specfy levels of protecti for that resource Legidation often setsguidelinesfor levels of environmenal
protectian. In the USA, 15 stdeshavelaws thatrefer to the protection of the instreamenvironment,albeit with
vaguelydefinedlevelsof protecton in mostof them (Beeder,1990).In Dermark, the propotion of the medan
of the annualminimathatis usedasa minimum flow is varied accoding to the perceivedvalue of the stream.
Higher flows are maintaned in streans that suppot sea-runbrown trout than in streamsthat do not
(Miljoestyrelsen, 1979). In New Zealnd, the Resouce Managenent Act requiresthat the ‘life -supporing
capacity of ariver be safeguadedwhenconstderingwateruse.Unfortunatly, the actis not clearaboutwhatlife
is to be suppoted nor the leve of suppot that shoutl be provided. Howeve, legislation can provide the
framework within which to considerthe goak of instreamflow maragement

Goals

Beeche (1990) statedthat instreamflow maragemenshouldhaveclear,measuable goak, andthatfailure to
do this would lead to controversyandachievevaguerestts. He discussd a number of possibe biological goals
in order of the levels of protection they provide. The highest level of protecton was providedby enhancerant
above natual condtion. Deaeasinglevels of protection were provided by goals of non-deyradation, set
percendgeloss and populationsurvival.

Levels of protecton allow the goal to vary with the relative value of the resource Highly valuedtrout or
salmonfisheiies may meiit betterprotectionthanaverageor poor fisheies. Headvater streamshat contain rare
speciesmay merit more protection than streamsthat contain more common species Once an initial resairce
assessenthasbeenmade,it is possibe to decideon managemengoalsfor that paricular river andto conster
the apprgriate methodof flow assessentto achievethis goal.

Goalsof an environnental protection policy can vary from enhanementat the upperend of the scaleto
speciessurvival at the lower end (Beeder, 1990). Thesegoak mud be translaed into practical operating
guideliresor measueswithin the existing flow assesmentmethods

Resouce

Environnental protection is a termm that enconpassesll instream resaircesand uses.Beeche (1990) points
out thatdifferentinstream usesrequirequite different flows, citing the conflict in velocity requirementsof white-
waterboatingandswimming.Jowett andRichardsa (1995)point out the conflict in habitatrequirenentsof fast-
waterfish andfish usingothe habitats.Obvioudy, it is not possibé to protectall instreamresourcs equally if
flows areto change The goal of non-degradationof all instreamresaurcesis attanableonly if thereis no change
in the natural flow regime. In practice, watermanagerantagengestendto focuson the mod valuedor sensiive
resourcewith trout and salmonranking highly asthe mog valued resourcein mary North Americanand New
Zealandrivers

Measurerant of environnental goals

Ideally, environmentaimanagerantgoak shouldbe measuedin termsof theresairce,e.g.to maintan certain
levels of abundace or to maintain a particular assemblagef speciesHoweva, this is usually impracticd for
mostbiological goalsbecauseaquaticpopulationsare both variablein time anddiffi cult to monitor in practice.
Researchhas not yet reachedthe stagewhere a flow or flow regime can be asso@ted with commurity
composiion and abundace. Instead either flow, wetted perimeteror habtat is usedin flow assesmentsasa
surrogae for biological response.

Biological responseand the suriogate measues usedin flow assesmentmethodsdo not necessaly vary
linearly with flow (Figure 1). Historic flow methodsassune that the biological respnse,and hencelevel of
protectia, is directly relatedto flow, with the leve of protectian increasng with flow. Hydrauic and habitat
methodsassune that biological responseis related to either wetted perimeter or habitat with a non-linear
relationsip with flow (Figure1).
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Useof a percentager exce@lanceflow asa measureof environmentalprotectiondoesnot necessaly ensue a
consisent environmental outcome. Morpholaogical and hydraulic constderationssugges that flow effects on
aquaticorganismswill vary with streamtype andsize. Smal streamsare more at risk thanlarge onesbecause
velocity and depthis alreadyrelativdly low. Logically, habtat should provide a more consstent measureof
environnental outcoome than flow, given the widely recognizd relaionshipsbetweenhabtat and streambiota
(e.g.Hynes, 1970; Binns and Eisemann,1979; Minshall, 1984; Bowlby and Roff, 1986).

Practical application: conparison of historic flow and habitat methods

Minimum flow assesmentsvere madefor reachedn 22 riversin the North Island, New Zeaklnd,andwere
compare to 10 and30% of averagelow (Tennant, 1976).In orderto assessninimum flow requirenentsbased
on habtat, measuresof habitat retenton and minimum habiat were arbitrarily selected.The levd of habitat
retentionwasto retaintwo-thirds of the food-producinghabitatat medan flow andthe level of minimum habitat
was 20% food-prodicing weightedusablearea(WUA). The secondcriterion was seleced becase it wasthe
lower quartie of a group of 65 New Zealandrivers (Jowet, 1993a,b). It was assumedhat the samefood-
produdng habitatcriteria (depth,velocity, and substrée) were applicable to all rivers. Points of inflection were
notusedto assasflow requrementsecasetheywerenotdiscerrible in mostcasesMinimum flow assesments
basedon the two habtat guidelinesand Tennant'stwo criteria were comparedwith medianflows in eachriver
and trend lines were fitted (Figure 2). As found in other studies(Annearand Cordor, 1984; Beecher,1990;
O’Shea,1995), habtat-basedassessentssuggesthat minimum flow requirenents,asa propotion of the flow,
decreasevith increaing streamsize.Hahitat-basedassssmentwvariedwith the medan flow to the power of 0-3—
0-4, whereasflow assessentsusing Tennant'smethodvaried linearly with medan flow. Minimum flows that
retainedtwo-thirds of the foodproducinghabtat at medan flow were within 10-30% of the aveiage flow;
roughly 10—20%of averageflow for larger streams(median flow 5-15m?s), and 20-30%of averageflow for
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Figure2. Trendlines of relationshps betweermmedianflow andminimum flow requiremerg assessedsing10 % averagelow, 30% average

flow, minimum of 20% food-producng WUA, and retentian of two-thirds of the food-producng habitatat medianflow. Minimum flow

requiremerg basedon minimum habitat are shown as triangles, those basedon habitat retention are shown as circles. Minimum flow
requirementdasedon 10 and 30% averageflow were closeto the fitted lines and are not shownfor clarity
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smallerstreamsin mod of the smallerrivers, habtat/flow relationshipswerelinear, sothatthe flow thatretained
two-thirds habitatat medianflow wastwo-thirds of the medianflow, or appraximately 30% of averageflow.

SUMMARY

Eachof thethreecategoriesof flow assessentmethoddiffersin its datarequiranents method=of selectingflow

requirament, ecologicalassumptias and effect on river hydraulics(Tablel). The physical outcomeof histotic

flow methodsis to scaledown the river width, dept and velocity from that at natual averageflow. Because
rivers of all types arescaleddownto a similar degree the relative changein ‘charader’ betwee riverswill be
similar. Historic flow methodsare easyto apply andprodue a singe flow assessmnt. Levels of protectionare
specifiedas percentagesr exce@ancevaluesof flow, but the relationdips betweenflow and state of the
ecosytemarepoorly estabishedin mod casesTennant(1976)estblishedrelationdips betwee the proportion
of the flow andlevel of ecobgical protectio for the rivers he studed, and Arthington et al. (1992) constered
limiting flow evens and constructe a flow regime that would preserveexisting ecosytems Howeve, in mog

casesthe bast ecobgical justification for most flow methals is that a propotion of the flow will retain a
proportian of the natual ecosytem.Peacentageor exceelancelevelsarenot usually variedwith streamsize or

type. If therisk of environmenal degradabn is higherin small streamghanin large, ashabtat considerabns
sugges an adjustmen of perentageor exceedane for streamsize would resultin more consistentevels of

environnental protecton.

Tablel. Summaryof major differencesbetweenhistoric flow, hydraulicand habitatflow assessmennethods

Method

Historic flow

Hydraulic

Habitat

Datarequirement

Method of assessindlow
requirement

Streamhydraulics

Ecologicalassumption

Advantagesand
disadvantages

Flow record

% of averageannualor
monthly flow
% exceedance

Effect on width, depthand
velocity dependenbn
morphology
Maintains‘character’

Closerelationshipbetween
naturalflows and existing
ecology

‘Cook-book’ flow
assessment

Trade-off considerations
not possible

Flow alwayslessthan, but
relatedto natural
Precludesenhancement

Cross-sectiorsurvey
% habitatretention

Inflection point

Effect on depthand
velocity dependenbn
morphology
Maintains‘character’only
in termsof variable
considerede.g. wetted
perimeter)

Biological productivity
relatedto wettedarea

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

Trade-off considerations
not possible

Flow dependenon channel
shape

Levels of protection
difficult to relateto
ecologicalgoals

Cross-sectiorsurvey
Habitat suitability criteria
% habitatretention

Inflection point

Optimum

Minimum habitat
(exceedancer percentage)
Prescribeddepthand
velocity

Potentiallossof ‘character’

Closerelationshipbetween
habitatand ecology

Models considerecological
requirementswhereknown
Not a ‘cook-book’
approachapplicationand
interpretationcritical

Allows trade-offs

Flow assessment
independenbf naturalflow
Enhancemenpotential
recognized
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Hydraulic methodsfocus on maintaning waterin the river channé and,in this way, maintain the appeaance
of ariver. Field datarequiremeatsaresimilar to those of habitatmethodsLevelsof protection aredetermired by
eithera point of inflection or percenageretention The ecologtal aim is to retan the wettedperimeterandthus
produdive areaof a stream.Howeve, velocity anddeph arealsoimportantecologtal requiremeats anda flow
assessednly onthe basisof wetted perimetermayresultin adversedeptisandvelocities dependhg onriver type
andchannelshape For this reason]evelsof protecton in hydraulic methodsareunlikely to be closey relatedto
the stateof the ecosytem.

Habitat methodsprovide the most flexible appraach to flow assesmens, but can be difficult to apply and
interpret. Hahitat methodsprovide information on how habitat changeswith flow for instreamuses,either
biological or recreational Becaus of this, the outcomedepend critically on how the methodis appied, what
speciesor usesare constderedand wha suitabiity curvesare used.Levels of protection can be specifiedas
inflection points,optimaor asminimum amountsof habtat. Becaug leves of protectian arein termsof habitat,
theyareclosely relatedto intendel instreamuses.On a conceptublevd, habtat-basednethodsdiffer from both
flow andhydraulic methodsin thatthey makeno a priori assumgbns aboutthe stateof the natural ecosysten.
Flow and hydradic methodsassumethat lower than natual flows will degradethe streamecosysten, whereas
habitatmethodsacceptthe possiblity thata natual ecosytem,or at leastsomne particularly valuedaspets, can
be enhaned by othe than naturally occurringflows.

Habitat methodsare mog suitedto situations where thereare clear maragementgoalsand definedleves of
protectio. In fact, applicationof suchmethodsoften causesvater mamagersto realizethat thereis no simple
answerto the problemof flow assessentandthatflow requrementscanvary depenihg on goalsandlevels of
protection. Historic flow methodsare easierto use becawe they incorpomte their own levels of protecton.
Hydrauic methodsare similar to flow methodsin that they produe a single answerandincorporatetheir own
levels of protection

The undestandimg of biological sysemsis not complege. Many factorsinfluence streamecosygtems(Orth,
1987)and,pradically, flow assesmentsanonly considerthe mostimportantandinfluential. Methodsare often
criticized for failing to consider some aspectof the stream environnment. None of the method constder
temperatire, water quality or biotic interactons explicitly and any changeto the streamenvironnent could
potentialy causeunexpetedrestuts. Flow assessentscanonly makeuseof the bestavailableknowledge,andif
necessar be consevative.

One answeris inevitable—therewould be no aquaticecosytem or instream useswithout waterin a river.
Howeve, becawseof the degreeof diversty in ariver andflexibility of mog aquaticorgarisms,thereis probaly
no sharpcut-off or single ‘minimumflow’. Environnmentalresmnseto flow is a gradientalongwhich a decision
mustbe made.lt is unlikely that the stateof knowledgeof biological sysemswill everreacha degres where the
effect of flow changeson stream populations can be predicted with certanty. Experience, case studes,
environmentalrisk and out-of-streambenefitsall play a partin the decision-naking process.
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