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Abstract

Jowett, 1.G.; Hayes, J.W.; Duncan, M.J. (2008). A gide to instream habitat survey methods and
analysis. NIWA Science and Technology Series No. 54. 121 p.

Although instream habitat analysis is widely usedNew Zealand and globally, its use has not been
without controversy. The purpose of this guideasatldress the concerns about the method, and to
establish a creditable base for the continued titgeomethod and future developments. The guide is
not intended to be a basic manual for instreamtahnalysis.

The concept of habitat suitability is familiar tast people who collect fish, plants, or aquatieats
from rivers. Most authoritative descriptions of atja biota include qualitative descriptions of the
habitats and physical conditions in which the biata likely to be found. In the aquatic environment
instream habitat usually refers to the physicalithaljwater velocity, depth, substrate, and perhaps
cover), and can include the physical charactesisticlarger habitat units, such as pools, runs, and
riffles. The quality of the different habitats itreams is defined by the relative abundance of alsim

in them. Usually, animals will be most abundant kehthe habitat quality is best, in lesser numbers
where the habitat is poor, and absent from undeithlabitat. Quantitative relationships between
physical habitat and species abundance or presdysegice are used to construct habitat suitability
models or curves. Instream habitat methods use thewes with hydraulic models to determine the
distribution of suitable habitat, and how the amafrsuitable habitat or weighted usable area (WUA)
varies with flow.

The derivation and use of habitat suitability medaie the most important aspects of flow assessment
Although habitat suitability criteria are availalite many New Zealand aquatic organisms, they can
be improved by collecting more data and recalcdlagbitat suitability models.

Instream habitat methods, although often descrésedvaluating microhabitat, are in fact evaluating
mesohabitat. The survey techniques described hmereapable of predicting depths and velocities to
the scale of the survey, which usually has measem&snspaced at 0.1-3.0 m. They do not predict
micro-scale hydraulics. Similarly, many habitattability observations describe mesohabitats — the
characteristics of the area in which the organises| rather than the micro hydraulics of its pseci
location. In assessing suitability for one species,are often assessing conditions for a number of
species that live in that area. Riffle-dwellinghfiand invertebrates are an example, where theababit
suitability curves describe riffle conditions, raththan microhabitat of the location of an indivadu
organism. The selection of an appropriate critigdlies or target species (fish or invertebratejras
indicator of stream health is a concept that caagmtied to flow assessment.

Environmental flow assessments usually consider Wlow relationships for a range of aquatic
species and decisions as to an appropriate miniffawnare based on maintaining habitat for target
values (often those with the highest flow requiratheThe main environmental concern about minor
water abstractions will usually be the minimum flddowever, large-scale projects like damming and
major diversions will usually require detailed asgecific studies to determine downstream flow
regime requirements, including the duration anddency of low flows, flushing flows, and channel
maintenance flows. Although the functional roletloése flow regime components is known, we do
not know the degree to which the frequency andtiuraf these events affect biota and do not have
any quantitative method of assigning acceptablguiacies and durations, other than mimicking
nature. However, for benthic invertebrates andppgton it is possible to provide rough guidance on
the frequency of flushing flows, based on a congaptinderstanding of colonisation processes and
reported colonisation times.

The examples presented in this guide show thatsriaee hydraulically similar, i.e., they have samil
shaped habitat/flow relationships, over long sedtiof river. The selection of reaches is neither a



complicated nor sensitive task and the variatiohatfitat with flow can be determined from relativel
few cross-sections. In fact, habitat analyses basedimple hydraulic geometry, 1D surveys or 2D
surveys, will produce useful and similar result@wdver, the tasks of survey, calibration, habitat
suitability analysis, and finally the interpretatioof results, require a good knowledge of river
mechanics, hydraulics, and ecology. The survey ifd@abmapping) and hydraulic calibration
procedures used in RHYHABSIM are relatively robist; more complex modelling techniques, such
as water surface modelling and 2D modelling, areendifficult and can be done poorly, both in the
execution of the survey and hydraulic analysis.

Finally, hydraulic habitat modelling is a tool tessst the decision-making process. No flow will
maintain maximum habitat for all aquatic organisrhecause different organisms have different
instream habitat requirements. The selection odgpropriate flow regime for a river requires clear
goals and target objectives, with levels of protecset according to the relative values of theaind
out-of-stream resources. The process of estabtjdhirget objectives must be realistic and focused —
objectives should be relevant, important, flow defant, and hierarchical. Failure to establish clear
management goals and to carry out wide consultatitinlead to conflict. Attempts to maintain
everything in the existing state invariably leadhe conclusion that flows should not be changed, a
precludes the opportunity for enhancement of sospects of the aquatic environment and use of the
water resource.



1. Introduction

Organisations responsible for water management kseoming increasingly aware of their
responsibilities for environmental protection, ¢ieg an increasing interest in methods of assessing
flow requirements for different instream uses. lirdpe, there are attempts to rehabilitate largersiv
that have been controlled and channelised for cestun the United States, attempts are being made
to rehabilitate the lower Mississippi River and, Aaistralia, the extensive flow regulation of the
Murray-Darling River system is being questioned. t8®¢amanagers in New Zealand, although
operating on a smaller scale, are required to aseesmpact of water use on the stream environment
whenever development of the water resource is gaghoor when the rights of use for that resource
are reviewed.

Tharme (2003) reviewed international trends in mmental flow management and divided flow
assessment methods at two levels: (i) reconnaiedarel initiatives relying on hydrological
methodologies formed the largest group (30% of ghabal total), where commonly a modified
Tennant method or arbitrary low flow index is admptand (i) a more comprehensive scale of
assessment where the instream flow incremental adetbgy (IFIM) or other similarly structured
approaches are used (28% of global total).

According to a review by the Environment Agency the UK on river flow objectives,
‘internationally, an IFIM-type approach is consielérthe most defensible method in existence’
(Dunbar et al. 1998). The Freshwater Researchtutestof the University of Cape Town (Tharme
1996) states: ‘IFIM is currently considered to he most sophisticated, and scientifically and liggal
defensible, methodology available for quantitagvelssessing the instream flow requirements of
rivers’. A review of flow assessment metho@nnear et al. 2002) described IFIM as the ‘most
appropriate for relative comparisons of habitateptial from among several alternative flow
management proposals’, and as ‘the method of chweidcen a stream is subject to significant
regulation and the resource management objectiteepsotect the existing healthy instream resources
by prescribing conditions necessary for no net tdgshysical habitat’. Nevertheless controversy has
accompanied the development of the IFIM, in paldicthydraulic and habitat models such as
RHYHABSIM and PHABSIM (e.g., Mathur et al. 1985;d8ic& Shirvell 1987; Kondolf et al. 2000;
Hudson et al. 2003). Despite these repeated eritigi IFIM and similar hydraulic habitat methods
have a biological basis and are used in approxign&8countries (Tharme 2003).

Tharme (2003) found that holistic methodologiesried 8% of the global total of environmental flow
assessments and are an approach to minimum floggsaeent currently favoured in Australia and
South Africa. The aim is to maintain a natural flovgime and its low flows, seasonal variation, and
flood frequency in order to protect aquatic fauldow regime policy that restricts abstractiongtie
level of naturally occurring low flows and maintaimajor elements of the natural flow regime will
maintain stream fauna, essentially in a naturaesihis is a “safe” environmental policy and ohatt
will ensure the protection of aquatic resourcesgst situations. A similar ‘standard setting’ apmio
has been outlined by Mathews and Richter (2007) ugethe Range of Variability Approach (RVA)
and associated Indicators of Hydrologic Alterat{tiiA) to derive a recommended flow regime. The
IHA characterises the flow regime using a large benof hydrological parameters. The IHA/RVA
method has been used the USA mainly in regulatsisys to maximise the benefit of high-flow pulse
releases of water from dams at a targeted magniftetgiency, timing, duration and rate-of-change.
This method has not been used in New Zealand amcdedblogical relevance of the hydrological
parameters has not been established (Tharme 2003).



This report covers the following aspects of instndbow assessments:
» the effect of flow regime on stream ecology, asekiground to flow assessment methods
* methods of flow assessment that have been suggastetheir effectiveness in achieving
ecological objectives, and resolving the trade-tiétween water-use and protection of

instream values

» instream values, and the process of selecting appte environmental goals and levels of
protection

» adetailed description of the application of phgkltabitat modelling

* case studies, where flow regime requirements haaen based on instream habitat
modelling and ecological responses monitored.



2. Stream ecology

The current is the driving force of a stream. Itniscessary for the respiration of many benthic
invertebrates and reproduction of some fish spetigmes 1970; Aadland 1993; Moir et al. 1998;
Gore et al. 2001; Mérigoux and Dolédec 2004). Qusalistribute nutrients and food down a river
system, detritus for invertebrates and driftingets for fish, and aid species dispersal — pathef
river continuum theory. Biologists and anglers veliedy rivers are well aware that aquatic species ar
likely to be found in association with specific ftats, and many aquatic species are found in simila
hydraulic conditions in a wide range of rivers. $&ehave been termed habitat niches, and include
both physical and biotic characteristics of theiemment (Odum 1971). The habitat niche concept is
essentially the same as habitat suitability. Theeseepts have been widely applied in both teriastri
and aquatic biological studies, with the understamdhat the presence of suitable habitat for any
species is a necessary condition for survival.

Aquatic life in streams and rivers has developedeunna ‘natural’ flow regime. If the instream
environment under natural flows is unsuitable f@agticular species then that species will not bé w
established in a stream. Periodic disturbances$, asd¢loods and droughts, affect stream biota.ddoo
can reduce trout stocks (Jowett & Richardson 1988)ertebrates (Quinn & Hickey 1990), and
periphyton (Biggs et al. 1999). However, the effetctlisturbance frequency differs between aquatic
species. If disturbances are too frequent and sewésta will be unable to establish self-sustagnin
populations. New Zealand native fish and adult brdvout seem to be particularly well adapted to
surviving large floods, even taking advantage @ $fituation to feed (Jowett & Richardson 1994).
Aquatic insects are also relatively robust, gemgraécolonising a stream within months of a severe
disturbance. Stream insects recolonise streamsvedlaquickly, either by drifting in from upstream
from refugia within the gravels, or from eggs laigthe adult insects following winged dispersaleTh
recolonisation rate of fish is slower than thaststeam insects. Juvenile trout and adult rainb@uwttr
are particularly affected by floods, presumablysaese they do not utilise cover as well as adulivro
trout, and because juvenile fish are weaker swiramer

The biota present in a stream have survived assefidistorical disturbances and, presumably, will
continue to survive, provided that the frequency aragnitude of these disturbances does not change.
Some stream ecologists hypothesise that streara hate adapted to the flow regime of particular
streams or rivers, and in particular, they belithag biota have adapted to survive the low flowat th
occur in the river with reasonable frequency.

The mean annual minimum flow (MALF) is the averafé¢he annual minimum flows. The minimum
flow can either be the instantaneous, daily, oeseday minimum flow; the advantage of the former
being its ease of calculation; the advantage ofdtter being that ‘spikes’ in the hydrological oed
have less influence on its value. Biologically, thean annual minimum flow may be a ‘bottleneck’
for aquatic species that have life cycles in thdeorof three to five years. If low flows are a
‘bottleneck’, a reduction in minimum flow would hana detrimental effect, but if the species is not
limited by low flows, then a reduction in minimutod will have no effect.

The MALF is indicative of the low flows likely tbe experienced during the generation cycles of
trout. In small to medium sized rivers, low flowsrgrally set the lower limit to physical space lijke
to be experienced by trout, although the duratidow flow may also be relevant.

The MALF is also similarly relevant to native fispecies with generation cycles longer than one year
in small rivers or streams where the amount ofablgt habitat declines at flows less than MALF.
Research in the Waipara River, where native fishithhiis limited at low flow, showed that the
detrimental effect on fish numbers increased wiikh nagnitude and duration of low flow (Section
11.8; Jowett et al. 2005). Research on the Onekaker in Golden Bay also showed that, when
habitat availability was reduced by flow reducti@bundance of native fish species responded in



accord with changes in habitat availability in bdihection and magnitude (Section 11.7; Richardson
& Jowett 2006).

In contrast to long-lived fish species, some aquiatiertebrates have more than one cohort per year,
and in New Zealand generally have asynchronousylifes (i.e., a range of different life stages are
likely to be present at any given time), allowihgi to rapidly repopulate areas following distudzan

by drift from tributaries and from other rivers twnged dispersal. Recolonisation of some riversbed
by benthic invertebrates following disturbance bagn reported to occur within four to ten weeks
(Sagar 1983; Scrimgeour et al. 1988). Becausélueimvertebrates can respond relatively quickly to
available habitat conditions, the median or modalvfprovides an approximation of the habitat
conditions experienced, and able to be utilisedhdmthic invertebrates most of the time.

2.1 Habitat requirements and relationships with abundarce of aquatic
fauna

Most aquatic insect and native fish species aradan a wide range of rivers and streams, fromdarg
to very small. Studies have been carried out terdghe habitat preferences of native fish (e.gnelb

& Richardson 1995), and these have been verifiedthgr studies, which demonstrated that native
fish are more abundant where the average strearaathestics are close to the preferred habitat for
the fish species (Jowett et al. 1996a; Jowett 200)ough some studies have shown small changes
in galaxiid habitat use in the presence of troae(seview in McDowall 2006), the preferred habitats
of most native fish species in areas, such as Nmordhvhere there are no or very few trout, arelaimi
to those in streams further south where thereraut present (Richardson & Jowett 1998). Nativh fis
densities are often higher in small streams thegetastreams or rivers because the preferred halbita
many native fish species is relatively shallow watsimilarly, stream insects are often occur ghbr
densities in small streams than in larger streamgiaers.

It is the quality of the habitat that is provideg the flow that is important to density of strearuta,

not the magnitude of the floper se although habitat quantity is also relevant whiea &im is to
maintain the maximum biomass of river ecosystemsusiain instream values such as fisheries. In
many streams, flows less than the naturally ocegrow flow are able to provide good quality habita
and sustain stream ecosystems. The magnitude offltw will vary with the requirements of the
species and with the morphology of the stream. YWasdocity is probably the most important
characteristic of a stream. Without it, the strela@comes a lake or pond. In gravel-bed rivers, an
average velocity of 0.2—0.3 m/s tends to provideniost stream life, because velocities lower than
this provide unsuitable habitat for a number df ipecies and stream insects, and allow deposifion
sand and finer materials, as well as the developofenuisance growths of long filamentous algae. In
large rivers, water depth of more than 0.4 m presitiabitat for brown trout, but in small streams
depths in excess of 0.05 m are adequate for mastinstinsects and native fish (at least for benthic
native fish). The flow at which these limiting catiohs occur varies with stream morphology.
Generally, minimum flow increases with stream skegause stream width increases with stream size.
However, the relationship is not linear. In genesahall streams require a higher proportion of the
natural stream flow to maintain minimum habitatrtite large streams.

Minimum flows are not the only influence on fishpotations. Studies of trout in the Kakanui River
showed that the total adult population was regdlaterecruitment and that, in turn, was controlgd
the occurrence of floods during spawning and intobhgJowett 1995, Hayes 1995). The low flows in
the Kakanui River had no obvious effect on the ttpmpulation; lowest flow in the study period, 0.62
m’/s, was a little higher than the mean annual lowfbf 0.58 ns.

Food availability may limit trout populations, as the Horokiwi Stream (Allen 1951). Benthic

invertebrate biomass was shown to be the singld imgsortant factor relating to trout abundance,
explaining more than 51% of the variance in 27eddht rivers (Jowett 1992a), and in the Kakanui
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River the distribution of adult trout mirrored bhbiat invertebrate abundance, suggesting that it migh
be a limiting factor (Jowett 1995).

Less is known about the factors controlling nafiigd populations. New Zealand native fish have
evolved to cope with the conditions they experieimceur rivers (McDowall 2006). Eels and many
galaxiids are able to survive relatively long pdsmut of water and are capable of some overland
movement. Many are also capable climbers and caate to the headwaters of most rivers. The
diadromous life history protects their early lifiages from the vagaries of the riverine environment
Native fish live at densities of up to about 2 périn lowland areas, with fish density reducing with
elevation. The overwhelming influence of diadromggests that total fish numbers and diversity in a
given reach will depend on access to the sea, wisteeam habitat will control the distribution figh
within the reach. Native fish distribution and ablance does not appear to be related to benthic
invertebrate abundance (Jowett et al. 1996a), lplgssecause their food requirement is considerably
less than the available food supply and/or becthesecan survive without feeding for long periods.
Therefore, flows that provide adequate native fiabitat are likely to be sufficient to maintain inat
fish populations (Jowett et al. 2005; Richardsodfiofvett 2006).

Juvenile trout, like native fish, occupy shallowteraand feed on smaller food items than adult trout
In small tributaries of the Grey River, they wermurd mostly in shallow water (<0.2 m) with
velocities of 0.2—0.6 m/s and their abundance wkdead to benthic invertebrate biomass (Jowett et a
1996a).

2.1.1 Stream size and flow requirements of aquatic commuties

The composition of the fish community varies witteam size. Small streams are more suited to small
fish than large, and vice versa. Small fish haweeloswimming speeds and lower velocity and depth
preferences than large fish. Adult salmonids ugualbve upstream or into tributaries to spawn and
the juvenile fish rear in these areas, whereasathdts usually move back downstream to deeper
waters after spawning. Because water depth anditelimcrease with flow, there is usually a flow
that provides the best habitat for a particulan pecies and life stage. The average habitatoditita
index (HSI) at mean annual low flow in 71 New Zealaivers was calculated for a range of fish
species and life stages. When HSI was plotted agiow and a smooth curve fitted for each species
and life stage, the peaks of the curves give aitation of the stream sizes that provide the best
quality habitat for the species and life stageg.(Bil). Habitat quality increases with flow asams
become wider, until a threshold is reached wheréhéu increases in flow result in depths and
velocities becoming too high for the species okliest. The optimum size of a river for food
producing (benthic invertebrate habitat) was aldumi/s, for adult brown trout 10 s, and the
optimum size for trout fingerlings (< 15 cm) wasoab2 ni/s. This is in agreement with general
observations of the distribution of trout, with &dwout in the larger streams and rivers, andttrou
rearing in small streams or headwaters. The arsabgmi be extended to native fish and indicates that
the optimum size of river for torrentfish, whicheatcommon in large braided rivers, is 10-18sm
whereas streams less than ¥srcontain optimum habitat for many of the othenthi native fish
species.

Generalised habitat models, as described in Se8tiatso provide a means of determining optimum
flow ranges based on habitat suitability and gipgnoum rivers sizes (e.g., Table 8.1) that are laimi
to those suggested by this simpler analysis.
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Brown trout fingerling HSI

Adult brown trout HSI

Mean annual low flow

Figure2.1:  Average habitat suitability index (HSI) at meanannual minimum flow (m¥s) in

2.2

71 New Zealand rivers.

Significant elements of the flow regime

Historically, the focus of instream flow studiesshiaeen on determining the low flow conditions
required to maintain particular instream valuescabse during low flows there is the greatest
competition for the limited amount of water thataigailable, and the river ecosystem is most under
stress. However, several aspects of a river's flegime may influence its ability to maintain
particular instream values. These may be summasisdallows:

Large floods, in the order of the mean annual fland greater, are responsible for the overall
form of an alluvial river channel. They are knows @éannel maintenance flows and also
influence the nature of the river corridor — theofiiplain surface, vegetation cover, and need
for river control measures such as willow plantangl groynes. Large floods also are a major
cause of disturbance to the river ecosystem, vatergially significant impacts — at least for a
time — on life-supporting capacity, as aquatic diate displaced and their habitats temporarily
destroyed.

Smaller floods and freshes, with a frequency ava fimes each year, are contained within the
channel, and therefore have a more restrictedtetfi@an large floods. Nevertheless, they are
able to mobilise sediment on at least some aretiseaiver bed, remove periphyton and other
aquatic vegetation, and assist juvenile salmonidt larvae of diadromous native fishes on
their passage to the sea. They generally ‘flust’‘egfresh’ the river bed by removing silt and
algal coatings, and inhibit vegetation from colamgsthe riverbed gravels that are not covered
by flowing water. In terms of flow requirementseyhare known as flushing flows. As with
large floods, the effects of freshes can be botsitipe and negative — i.e., the effect of
flushing and refreshing the river on the one hamd the effect of disturbing and disrupting
parts of the ecosystem on the other.

Low flows are particularly important because, aggasted above, they are the times at which
there is greatest competition for water, the totaited area of aquatic habitat is least, and the
aquatic ecosystem is likely to be under greatessst(apart from the catastrophic stresses that
occur with large floods). On the other hand, stade flows offer periods of high biological
productivity, which permit recolonisation of theverbed by macroinvertebrates and fish after
a flood, and re-establishment of aquatic vegetation

Flow variability. The way in which flow varies almsibcontinuously in a river is a significant
hydrological feature. Many people consider thaifl@riations are an essential element of the
regime that should be maintained, and that longgdsrof constant flow (‘flat-lining’), which
could result from adherence to a minimum flow, dtdae avoided.
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2.2.1 Flow variation

Flow variability is usually considered ecologicatgsirable, although there has been little scientif
measurement of the effect of flow variability oatfipopulations. In a study of flow variability ireiV
Zealand rivers, Jowett & Duncan (1990) concluded tlvers subject to frequent but relatively small
freshes tended to contain fauna that were assdcigitd ‘clean’ rivers, whereas rivers subject to
prolonged spells of low flow and less frequent fidtows that were large in comparison with low
flows contained invertebrates and algae that wgsieal of low velocity environments. A river with
frequent freshes generally has higher low flowta{ree to mean flow) and habitat quality than aeriv
with prolonged low flow and occasional floods

In some countries and for some species, seasawaliriation is an essential feature for the suaviv
of aquatic life. However, this does not appearddhe situation in New Zealand, where seasonal flow
variation is relatively small compared to contiradrdr tropical climates. Similar aquatic commurstie
survive in rivers with very different flow regimeés New Zealand, and this suggests that there is
nothing particularly special about the seasonal flegime of an individual river.

2.3 The relative importance of flow variability versusminimum flow

Before the effect of flow abstraction can be exadinit is necessary to appreciate the inter-
relationships between flow variability and the miagghe and duration of low flows. Although flow
variability is often thought an essential elementhe flow regime that should be maintained, there
little published biological evidence that flow \alility is essential. Similar biological commungie
are often found in streams and rivers with venfedént patterns of flow variability, and valued
biological communities can be maintained in riversere the flow regime has been extensively
modified by hydroelectric operations, such as ia Monowai, Waiau, and Tekapo rivers. The term
‘flow variability’ also confuses the discussion base high flow variability is often bad for the atjo
ecosystem and low flow variability good, dependorg how flow variability is defined. Jowett &
Duncan (1990) used hydrological indices, partiduléhe coefficient of variation, to define flow
variability. They found that rivers with high flowariability had long periods of low flow and
occasional floods, rivers with low flow variabilityere lake- or spring-fed, and rivers with moderate
flow variability had frequent floods and fresheattimaintained relatively high flows throughout the
year. However, flow variability can also be defirgztording to the frequency of floods and freshes.
Clausen & Biggs (1997) used the frequency of flgnesater than three times the median (Fre3) as an
index of flow variability and showed, not surprigiy, that periphyton accumulation was less in gver
with more frequent floods (high Fre3), and thatertebrate densities in rivers with moderate vabfes
Fre3 (10-15 floods a year) were higher than thongévers with high and low Fre3 values. However,
as with the Jowett & Duncan (1990) study, the swerth low Fre3 were also rivers in which there
were long periods of low flow without floods.

The effect of flow abstraction on the frequencyflobds and freshes and the duration and magnitude
of low flows depends on the specific proposalsuee of the river — damming, large-scale run-ofrive
abstraction, or minor abstractions. Potentiallyndang can have the greatest effect both on the
frequency of floods and freshes and the durati@hraagnitude of low flows. In fact, damming is the
only way the flow regime can be modified sufficignto affect the channel-forming floods that
maintain the character and morphology of the raignificantly. Large-scale diversions can increase
the duration and decrease the magnitude of lowsflsignificantly and can also reduce the frequency
of freshes, but usually have little effect on themnel-forming floods. On the other hand, minor
abstractions usually have little effect on the freacy of floods and freshes, even cumulatively, but
certainly can reduce flows during periods of |oaml

Flow variability and movement of bed sediments bame profound effects on stream ecosystems.
Stable, spring-fed streams are subject to few 8pathd the fish and plants that live in such steeam
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are often unable to develop similarly or even tvise in less stable environments. On the othedhan
gravel-bed rivers and their aquatic biota are icpastant state of change, caused by extreme flows
(floods and droughts) and mobile bed sedimentodda@re an important element of flow variability
and flood frequency has been used in several hadbgnodels as the primary axis for classifying
biological communities (Biggs et al. 1998b). Inestms with frequent floods, fish and invertebrates
that are small and can colonise new areas rapidlpfen dominant (Scarsbrook & Townsend 1993),
and the periphyton community is usually sparseh Watv species richness and diversity (Clausen &
Biggs 1997; Biggs & Smith 2002). In streams withld¢ flow regimes, aquatic communities are
thought to be influenced more by biological proesssuch as competition between species and
grazing/predation than by external environmentetidies (Poff & Ward 1989; Biggs et al. 1999).

The biological effects of flow variability usualkefer to the effects of floods or the effects afido
periods of low flows (e.g., Fig. 2.2). However, ae not aware of any studies that demonstrate that
small-scale flow variation is biologically importanin fact, frequent flow variations are usually
considered detrimental. Daily and weekly flow flugtions are often a feature of rivers downstream of
hydropower stations. These fluctuations in flowateea varial zone that is wetted and dried as water
levels rise and fall. With frequent flow fluctuati®, this zone will not sustain immobile plant and
invertebrate species. Mobile species such as distl, probably some invertebrate species, can make
some use of this zone, especially for feeding a@ndy inundated areas of river bed, where therg ma
have been some terrestrial invertebrates in thetsib. However, a varial zone that is wetted and
dried at more frequent intervals than a week igapctive and can be regarded as lost habitat.
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Figure2.2: Effect of floods on periphyton accumulation in he Tongariro River (from Jowett
& Biggs 1997).

It can be seen that determining the river flowsunegl to maintain particular instream values may
present significant challenges, particularly if there several values that have different — or even
opposite — requirements. Depending on specific ggajs for use of the river — damming, large-scale
run-of-river abstraction, minor abstractions, etit may be necessary to develop what might bedall

a ‘designer flow regime’, that considers the neethaintain floods, freshes, low flows, and aspetts
flow variability. This, of course, means that thamager must have a clear idea of the outcomes that
are desired, with regard to instream values, amdtitme and resources available to conduct an
extensive environmental flow analysis. Althoughgkascale projects like damming and major
diversions will usually require detailed and speciStudies to determine downstream flow
requirements, minor diversions have little effentfinods and freshes and the main environmental
concern will usually be the minimum flow.
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3. Instream flow assessment methods

A large number of methods have been used to deteriihow requirements and “new” methods
continue to be suggested, only a few of which aseussed here. The method or methods used to
develop an appropriate minimum flow or flow regim@l depend on the case being considered and
can vary from a quick rule-of-thumb assessmentetaitbd studies over several years. Even though
methods have been applied for more than thirtysydlere is no universally accepted method for all
rivers and streams and there are very few casdistaf ecological response to flow changes that ca
be used to judge the success or failure of diffemegthods.

3.1 Holistic flow assessment

Traditionally, instream flow methods have been usediefine a minimum flow, below which no
human influences should take place. However, theentitrend is away from methods that set one
‘minimum flow’ towards more holistic methods thainsider the flow regime and aspects that, with
some degree of flow variability, are needed to naénthe natural morphology and ecosystem. Long-
term solutions to river flow management need te takholistic view of the river system, including
geology, fluvial morphology, sediment transportparian conditions, biological habitat and
interactions, and water quality, both in a temparad spatial sense (Fig. 3.1).

Evaluation of flow effects
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v v
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Flow assessment based on flow response
curves of biological indicators

Methods
and
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Flow regime requirements

Seasonal requirements
Flushing flows
Fluctuating flows
Sediment deposition

Figure3.1: A framework for the consideration of flow requirements.

The instream flow incremental methodology (IFIM;\&e 1982) is an example of an interdisciplinary
framework that can be used in a holistic way tedwine an appropriate flow regime by considering
the effects of flow changes on instream valuesh sag river morphology, physical habitat, water
temperature, water quality, and sediment proce@Sgs 3.1). However, a holistic consideration of
every aspect of flow and sediment regime, river @parian morphology, and their associations with
the life cycles of the aquatic biota requires ehhiggree of knowledge about seasonal and life-stage
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requirements of species and inter-relationshipshefvarious instream values or uses. The holistic
framework can be regarded as a checklist againshwb evaluate flow changes.

Other flow assessment frameworks are more closigjgesl with the ‘natural flow paradigm’ (Poét

al. 1997). The range of variability approach (RVAhd the associated indicators of hydrologic
alteration (IHA), allows an appropriate range ofiathon, usually taken to be one standard deviation
in a set of 32 hydrologic parameters derived frbm ‘hatural’ flow record (Richter et.al997). The
implicit assumption in this method is that the matdlow regime has intrinsic values or important
ecological functions that will be maintained byaiatng the key elements of the natural flow regime.
Arthington et al. (1992) described an ‘holistic hed’ that considers not only the magnitude of low
flows, but also the timing, duration and frequeméyhigh flows. This concept was extended to the
building block methodology (BBM), which ‘is esseaally a prescriptive approach, designed to
construct a flow regime for maintaining a riverarpredetermined condition’ (King et al. 2000).9lt i
based on the concept that some flows within theptet@ hydrological regime are more important
than others for the maintenance of the river edegysand that these flows can be identified, and
described in terms of their magnitude, duratiamjrg, and frequency.

In concept, the BBM is similar to the IFIM in aingirio maintain a prescribed condition based on a
high degree of knowledge about flow requirementthefvarious aspects of the ecosystem. However,
identification of flow requirements in the BBM is&ed more on the ‘natural flow paradigm’ than on
an understanding of physical and biological retatops. A basic assumption of the BBM, and the
major point of departure from IFIM, is that biotasaciated with a river can cope with naturally
occurring low flows, that occur often, and may lediant on higher flow conditions. Furthermore,
flows that are not characteristic of the river wtinstitute an atypical disturbance to the ecosysted
could fundamentally change its character (King .€2@00).

3.2 Historic flow methods

These methods are based on flow records and argrtidest and easiest to apply. Stalnaker et al
(1995) describe this type of method as ‘standatthgé because they are generally desktop rule-of-
thumb methods that are used to set minimum flowsistoric flow method is based on the flow
record and uses a statistic to specify a minimww,flboelow which water cannot be abstracted. The
statistic could be the average flow, a percentenfthe flow duration curve, or an annual minimum
with a given exceedance probability. For examplenethod might prescribe that the flow should
never drop to 30% of the mean annual low flow (MAL®Y it could recommend that the average flow
should stay above 80% of MALF. The percentage isegferred to as the ‘level of maintenance’.

The aim of historic flow methods is to maintain flev within the historical flow range, or to avoid
the flow regime from deviating largely from the wmatl flow regime. The underlying assumption is
that the ecosystem has adjusted to the flow regimtethat a reduction in flow will cause reduction i
the biological state (abundance, diversity, etmpprtional to the reduction in flow; or in otheowds,

that the biological response is proportional tavfig-ig. 3.2). It is usually also assumed that thrural
ecosystem will only be slightly affected as longthe changes in flow are limited and the stream
maintains its natural character. It is implicitlgsamed that the ecological state cannot improve by
changing the natural flow regime.
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Figure3.2: Hypothetical relationships between assumed biojpcal response to flow for the
historic flow, hydraulic and habitat methods. The hological response is assumed
to be proportional to the flow, the wetted perimete or width, and the weighted
usable area, for the historic flow method, the hydaulic method, and the habitat
method, respectively.

The most well known historic flow method is the fiant (1976) method, also known as the Montana
method, which specifies that 10% of the average ffothe lower limit for aquatic life, and 30% et
average flow provides a satisfactory stream enwiemt. The Tennant method was based on hydraulic
data from eleven U.S. streams (Montana, Wyomind, Mebraska) and an assessment of the depths
and velocities needed for sustaining the aqudécAit 10% of average flow, he found that the agera
depth was 0.3 m and velocity 0.25 m/s, and consdlénese lower limits for aquatic life. He found
that 30% of average flow or higher provided averdgpths of 0.45-0.6 m and velocities of 0.45-0.6
m/s and considered these to be in the good to aptimange for aquatic organisms. This is an
example of a ‘regional method’, applicable to tlegion that has the same type of streams as the
streams used for developing the method. However, Ténnant method has been adopted in many
different parts of the world, including New Zealarhd in some cases, its recommended minimum
flows have been similar to IFIM predictions (e.dlafh 1995; Crowe et al. 2004). In New Zealand,
Fraser (1978) suggested that the Tennant methdd beuextended to incorporate seasonal variation
by specifying monthly minimum flows as a percentafenonthly mean flows.

Historical flows can also be used to define ‘anlegically acceptable flow regime’; for example,
Arthington et als (1992) ‘holistic method’ that considers the niagie of low flows, and the timing,
duration and frequency of high flows. Such a flegime would not only sustain biota during extreme
droughts, but would also provide high flows andileariability needed to maintain the diversity of
the ecosystem. The building block method (BBM; Kaiaal. 2000) is a similar approach. The holistic,
BBM and RVA methods are conservative and maintanetcosystem by retaining the key elements of
the natural flow regime, but have not been widebedi (Tharme 2003). These are ‘low risk’
approaches aimed at maintaining an ecosystem &xisting state and preclude the possibility that a
river ecosystem can be enhanced by other than wahdtow regime. They are probably most
appropriate for river systems where the linkagdasvben ecosystem integrity and flow requirements
are poorly understood.

3.3 Hydraulic geometry methods

Channel shape is determined primarily by geology e flow regime of a river. The relationship
between hydraulic geometry and flow can be defilbetiveen rivers or sites on rivers, using
downstream or at-a-site hydraulic geometry, respsgt the latter is also known as at-a-station
geometry. For alluvial rivers, downstream hydrag@ometry relationships between channel form and
flow are similar in rivers worldwide (e.g., Leopold Maddock 1953; Kellerhals & Church 1989).
River width increases with the square root of disgk (exponents range from 0.45-0.54; Park 1977;
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Kellerhals & Church 1989; Jowett 1998). Water deptid velocity also increase with discharge,
although the relationships are not as well defidgda site hydraulic geometry relationships are enor
variable and less well reported. For New Zealawers, Jowett (1998) gives the average relationships
at a site as:

W D QO.207
D |:| QO.335

V D Q 0.458

whereQ is the dischargalV the average width) the average water depth, avidhe average velocity.
These at a site relationships are averages deowvedlow to normal flow ranges. For any particular
river, the exponent of the relationship can chahgjgere is an abrupt change in geometry, sucht as a
the point where a river overflows its banks ongoflibodplain. These abrupt changes in geometry will
correspond to breakpoints (sometimes incorrecthgaanflection points) of width/flow or depth/flow
curves (e.g. Mosley 1992). Breakpoints in the refeships between width, depth, or habitat and flow
are usually well defined in rivers of moderate ggadin well-defined channels. Braided rivers are
more problematical. As flows increase, additionaids form, increasing width and usable habitat,
until the wide gravel flood plain is inundated (Mms 1982). In this situation there are no clear
breakpoints, at least not in the low to median ftawge.

When hydraulic geometry is used as a flow assedsmethod, the analysis is usually based on
measurements of hydraulic data (wetted perimeteithwdepth or velocity) from one or several cross-
sections in the stream. The aim of hydraulic meshisdto maximise food production by keeping as
much as possible of the food-producing area belatew Because the streambed is considered the
most important area for food production (periphytamd invertebrates), it is usually the wetted
perimeter or the width that is used as the hydcqndrameter.

The variation of the hydraulic parameter with flean be found by carrying out measurements at
different flows, or from calculations based onmgtcurves or Manning’s equation. The graph of the
hydraulic parameter versus flow (Fig. 3.2) is uk®dorescribing recommended flows, or to specify a
minimum flow. The minimum flow can be defined a® tthow where the hydraulic parameter has
dropped to a certain percentage of its value anrflea, or the flow at which the hydraulic paramete
starts to decline sharply towards zero (the curlbesskpoint). If the wetted perimeter or width &ed,

the breakpoint is usually the point at which théew&overs just the channel base. However, wetting
of the channel base might not be enough to fuli@ tequirements to depth and velocity for some
species.

Gippel & Stewardson (1998) suggest an objectivehowetfor defining a breakpoint in wetted
perimeter/flow P/Q) relationships, that could be very useful for ntaiimng consistency in flow
assessments between rivers. They suggested thiegpbietacould be selected as either the point of
maximum curvature or the point where the slai#dQ) is 1, after first normalising wetted perimeter
and flow by dividing by their respective valuesatindex flow, such as the median flow.

3.4 Habitat methods

Of the three basic types of instream flow methddstoric flow methods are coarse and largely
arbitrary, unless the natural flow paradigm is dddpand historical flows are specified so that they
mimic natural flows. Hydraulic geometry methodsvide information on the physical characteristics
of the river, but do not have strong links to bgtal requirements. Habitat methods are an extansio
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of the hydraulic methods. Their great strengthhiat tthey quantify the loss of habitat caused by
changes in the natural flow regime, which helpsaeuation of alternative flow proposals.

The aim of habitat-based methods is to maintairevan improve, the physical habitat for instream
values, or to avoid limitations of physical hahit@hey require detailed hydraulic data, as well as
knowledge of the ecosystem and the physical recpeinés of stream biota. The basic premise of
habitat methods is that if there is no suitablesptgt habitat for the given species, then they oann
exist. However, if there is physical habitat avalgafor a given species, then that species mayay m
not be present in a survey reach, depending o édltors not directly related to flow, or to flow
related factors that have operated in the past, feogds). In other words, habitat methods cariged

to set the ‘outer envelope’ of suitable living cammhs for the target biota.

Biological information is supplied in terms of htisuitability curves for a particular species éfed
stage. A suitability value is a quantification awwell suited a given depth, velocity or substriate
for the particular species and life stage. Oth&vent factors, such as cover, aquatic vegetatimh a
presence of other species, can be incorporatedhatevaluation of habitat suitability, althougistis
not common.

The result of an instream habitat analysis is gfigomfluenced by the habitat criteria that aredudé
these criteria specify deep water and high velagguirements, maximum habitat will be provided by
a relatively high flow. Conversely, if the habiteéquirements specify shallow water and low
velocities, maximum habitat will be provided byedatively low flow and habitat will decrease as the
flow increases. In contrast to historic flow methpthe habitat method does not automatically assume
that the natural flow regime is optimal for all atja species in a river.

Habitat methods and water quality models can bEgrated, although usually the results of hydraulic
models are transferred into water quality modets. &xample, a water temperature model (SSTemp;
Bartholow, 1989) uses measurements or estimatesiteir depth and velocity for each flow and these
data are then used to model how water temperatnesvwith distance downstream. The integration
of stream geometry and water temperature, dissolweggen and ammonia models has been
implemented in the decision support system WAIOR&w(ett et al. 2003).

The two key elements of a habitat based methodharénabitat suitability criteria that are used to
calculate habitat, and the linkage between avalabbitat and aquatic populations. These two issues
can be discussed and argued without resolutiompwdih the bottom line is that there must always be
suitable habitat if an aquatic species or use ibetanaintained. An ecological justification can be
argued for the MALF (see Section 2 Stream Ecology)l the concept of a low flow habitat bottleneck
for large brown trout has been partly justified fegearch (e.g. Jowett 1992a), but setting flows at
lower levels, such as the 7-day 5 year low flowd@r Q; 1o is rather arbitrary. Hydraulic methods do
not have a direct link with instream habitat antelipretation of ecological thresholds based on
breakpoints or other characteristics of hydraulazameters, such as wetted perimeter and mean
velocity, are arbitrary and depend on rules of thuand expert experience. On the other hand, habitat
based methods have a direct link to habitat useduatic species. They predict how habitat (as
defined in by various habitat suitability modelsyies with flow and the shapes of these charatteris
curves provide the information that is used to ss$lew requirements. Habitat based methods allow
more flexibility than historic flow methods offegrnthe possibility of allocating more flow to out-of
stream uses while still maintaining instream hdldtdevels acceptable to other stakeholders the.,
method provides the necessary information for @astr flow analysis and negotiation).

3.5 Regional methods

Tennant’'s (1976) method is a good example of soredimethod that combines the best features of
historic flow methods and habitat methods, resgltma biologically defensible method of minimum
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flow assessment — for the region. Once establisteggipnal methods can be easily applied to rivers
within the region using a formula based on the progn of natural flow, either recorded or estintate
The formula can be as simple as a fixed propomiothow or can vary the proportion with river size,
possibly retaining a higher proportion of the flamvsmall rivers than in larger rivers, as used in
formulae for maintenance of trout and food prodgchmbitat in Wellington and Taranaki rivers
(Jowett 1993a,b). Similar methods could be develofm regions that are hydrologically and
morphologically similar, with criteria that apply trout, native fish, stream insects, or periphy®n
analysing habitat variation with flow for riversthin a region, it is possible to determine the lafe
flow as a proportion of median or mean annual Idewfthat maintains adequate or optimum
conditions for various ‘target’ communities. Varnat in levels of maintenance could be achieved by
assessing requirements for optimum habitat and nmimi habitat, as in the Tennant method.
Application of the method would involve selecting appropriate target community and level of
maintenance for the river in question and thenyapgla formula based on flow.

The benefit of regional methods over historic flawethods is that they can have explicit
environmental goals, making water management mmamsparent. Thus, regional methods can be
established as biologically defensible, and disoussnd consultation can focus on whether the
‘target’ and flow standards of maintenance are gymjate.

The rationale for habitat based regional methogisiiearily that of habitat methods. Within a region
it is possible to develop formula that predict whgydraulic conditions are optimum or become
limiting for a range of aquatic species. For insggmmost native fish are small stream species.dfew
found in swift, deep water. In contrast, adult trare rarely found in water less than about 0.4eepd
Stream insects are most abundant in shallow sadfitats.

It is also possible to generalise velocity and depiteria as levels of protection within a regibased

on a data set from rivers in the region. For instarmverage velocities of less than 0.1 m/s might b
considered poor, 0.1-0.3 m/s adequate, and 0.3r3.500d for aquatic organisms such as trout and
benthic invertebrates. Similarly, average deptlesagr than 0.15 m might be considered suitable for
native fish and depths greater than 0.4 m suitabladult trout.

These methods are potentially useful in that thesnliine the best features of habitat and flow
methods. Once developed, they are less expenswnehéibitat methods, yet are still likely to resalt
flow assessments that provide life sustaining flowsilst retaining some degree of the river's
‘character’.

3.6 WAIORA

WAIORA, Water Allocation Impacts on River Attribige(Jowett et al. 2003) is a decision support
system that uses information on stream morpholeiglger from simple measurements at two flows or
from a RHYHABSIM dataset, to predict how instreaabhat, dissolved oxygen, total ammonia, and
water temperature change with flow. Although WAIORIes not incorporate habitat suitability
curves, the generalised models described in Se@&iaran be easily implemented, either in the
programme or as an additional calculation. WAIOR#culates the effects of flow on instream
habitat, dissolved oxygen, total ammonia, and watmnperature, and links the output to
environmental guidelines that can be specifiedneyuser to determine if an adverse effect is likely
occur. A number of assumptions have been madeglmodel development and these are detailed in
a manual and help file. The outputs of WAIORA refléghe nature of these assumptions and the
quality of the data entered by the user. The modedsbetter at predicting the relative amount of
change associated with flow scenarios than at gliedi absolute changes. Some guidance on the
expected accuracy of models and ‘comfort zonesiaated with guideline thresholds is provided in
the help file and the summary plots produced byW#dORA program.
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4. Instream values and management objectives

4.1 Defining instream values

Instream values may be grouped into:
* ecological or intrinsic values
* landscape, scenic and natural characteristicseafivlr
» angling and fishing values

* amenity values — boating and other recreationatiaes undertaken in, on or near the
river

e Maori values.

There are, of course, overlaps and linkages anfwwgtvalues. They differ in the extent to whictythe
are influenced by variations in flow regime. ‘Floelated values’ change in a discernible way as flow
changes. For example, the value of a particular @ a fishery may decline as flow declines, bezau
the area of suitable habitat declines. At the odmet of the scale, increasing flow also may make th
river increasingly unattractive for angling, ancerd can be a range of flows that is preferred or
optimal for the sport (Carlson & Palmer 1997; Hage¥oung 2001). ‘Flow-independent values’
change to a minor extent, or not at all, as thevflthanges. Factors like water quality, water
temperature and the micro-distribution of turbukerand velocity change with flow, but the flow-
related changes are often small and the biologiffatts are difficult to predict because of theyéar
natural variation in these factors and the widertoices of aquatic organisms.

Sustaining instream values when there is demandubtof-stream water use is challenging for water
resource managers. ‘Sustain’ means different thtngdifferent people. Moreover, it is difficult to
sustain all values at original levels when flowsmfe. It is naive to expect that instream habitat
conditions and the stream ecosystem will remairctikéhe same once a flow regime is altered. Ib als
needs to be appreciated that there often is nalgleientifiable point at which instream conditions
become untenable as flows are reduced, except wiklers cease flowing. In the face of this
knowledge, the challenge is to determine the degfrebange in flow and instream conditions that can
occur before instream values are eroded noticeably reach levels that dissatisfy community
interests. Science, presently, can provide onltigdamswers for this problem. As a result, som¢hef
decision making is necessarily arbitrary and inilced by stakeholder politics.

4.2 Management objectives

A basic principle established in tlidow Guidelines(Ministry for the Environment 1998) is that
instream values and their requirements must bdifahand appraised within the context of definite
instream management objectives (Fig. 4.1). Withbese, instream values that are expressed in (non-
monetary) environmental or amenity terms may rexédgs consideration than out-of-stream uses of
water, whose values can be expressed in terms l#rgloHowever, where objectives have been
developed consultatively to reflect community asfims, they can be accorded appropriate weight,
even though they might not be expressed in monégargs. Resource management objectives have
been defined by regional councils in their varioagional policy statements, and an increasing
number of councils are developing more specifieciiyes in regional or catchment water resource
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management plans. These objectives provide a referpoint from which council officials, special
tribunals, or the Environment Court can comparertiegits of alternative uses of a given body of
water, and in particular the extent to which instnevalues must be provided for.
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Figure4.1: The process of setting objectives for managemeaof instream flow regimes (from
Ministry for the Environment 1998).

Instream flow management is a complex process llysogolving a combination of technical, public,
and legal considerations. To be effective, theréash flow management process should consider the
present status of the river and its ecosystem,th@d, in consultation with public and institutional
organisations, set goals and objectives beforebledting appropriate flow requirements. Instream
flow methods play a part in this process by showiog the requirements of instream uses (in terms
of their various parameters, such as wetted pegimetstream habitat, and water quality) vary with
flow. Once these relationships are established,ndne important decision is the level at which
instream values should be maintained. This is ivelgt simple where there are established water
guality standards, such as for dissolved oxygenasmehonia. However, acceptable levels of instream
habitat and even water temperature are more difficdecide. Thé-low GuidelinegMinistry for the
Environment 1998%uggest that the level of maintenance should rteflec merits of instream values
in a particular river (e.g., the quality of a reatienal fishery, the biological diversity of a stre
ecosystem, the conservation status of a breedimypmipulation on a river bed, the proximity to a
large population centre of a kayaking river, thaikability of alternatives or means of mitigatiatc).
The concept of retaining a percentage of the ‘a#itaondition is one means of defining the level of
maintenance, with the proportion of habitat retdirarying according to the merits of the instream
values and community aspirations.

The management process needs to specify:
1. resource definition and assessment of instreanesalu
2. clear goals and target objectives, and
3. defined levels of protection.

Failure to do this will lead to conflicting minimurflow requirements. Attempts to maintain
everything in the existing state invariably leadhe conclusion that flows should not be changeatl an
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precludes the opportunity for enhancement of sospeas of the aquatic environment, and use of the
water resource.

4.2.1 Critical values

The concept of critical values is that by providsgfficient flow to sustain the most flow sensitive
important value (species, life stage, or recrealiawtivity), the other significant values will béso be
sustained. ‘Because it is unrealistic to expedt a@lavalues will be maintained at original levaben
flows change, ‘sustain’ should be taken as meamamtaining critical instream values at levels not
noticeably different to existing levels and to thatisfaction of stakeholders. Identification of the
critical instream values and appropriate standardsnaintenance are an essential basis for the
assessment of instream flow requirements. Thecalitvalues must be appropriate to the stream,
particularly its size, and must be related to flparticularly minimum flows, if habitat-based metiso
are to produce consistent and sensible results.

The critical values and their associated habitéalsility criteria can be perceived in two ways. In
most cases, we apply them in a specific sensertiging habitat for the target critical specidsg/li
stage and with the added aim of providing for taxih lower flow requirements. In some
combinations of stream source and flow range, veethie habitat criteria associated with the critical
value in a generic sense of providing general éastr conditions that, based on experience, we
consider appropriate for the ecological functiond @otential range of instream communities. In this
latter situation, the habitat criteria act as gahéescriptors of instream conditions and streamm; she
‘target species’ is secondary and may in fact wtialy be present. Examples of these applications
include:

e trout spawning criteria which also provide goodttiepand velocities for invertebrate habitat
(which sustains the fish food base) in small stieam

» redfin and common bully habitat criteria that pa®vigood general instream conditions for
streams slightly larger than those dominated bgirdimous galaxiids.

Critical values can also be selected accordinght fish communities present in a river (see
Richardson & Jowett 2005 for more detail on comriegiand their stream habitats), for example:

e trout spawning and juvenile rearing
» large adult trout
e non-migratory galaxiids.
» diadromous galaxiids (inanga, giant and banded ko
» redfin bully/common bully gravel bed community.
In slow-flowing environments, water quality may &eignificant determinant of stream ecology. The

effects of flow on water quality can be estimatsthg the decision support system WAIORA (Jowett
et al. 2003).

4.2.2 Critical values as substitutes for other significahvalues

In New Zealand, it has generally been assumedhamum flows set for salmonids will be adequate
to maintain native fish populations. The ration@ethis is that trout, because of their large sine
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drift-feeding requirements, have higher depth agldaity requirements than most native fishes. Many
native fishes are most abundant in small streanes dhe margins of larger rivers (e.g., uplandibsll
redfin bullies, inanga). Therefore, habitat fordhespecies is maximal at low flow. The river masgin
will still provide some habitat for these nativeHes at the higher flows required by salmonids.

The fast water habitat native fish guild compristogrentfish and bluegill bully have similar flow
requirements to adult trout. Optimum habitat foesi species, especially for torrentfish, typically
occurs at high flows (Fig 4.2). Similarly, optimuitlows for some native invertebrate taxa occur at
higher flows than trout (Fig. 4.2). Neverthelesswfconditions usually are not set for these faatew
species alone because they do not have sufficiéangly value. Torrentfish and bluegill bullies are
relatively common and widespread and do not sugpdreries (McDowall 2000). Furthermore, it is
inappropriate to set minimum flows to maximise ¢otfish and aquatic invertebrate habitat because
such flows can not be sustained by the natural flegime in smaller rivers or in rivers where thenfl
spreads out over a wide gravel flood plain. Float sustain maximum habitat for these fish usually
are higher than the natural mean annual low flodrany be higher than the median flow.

20
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E Legend
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- —¥—| Torrentfish
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0 4 8 12 16 20
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Figure4.2: Relationships between instream habitat (WUA) andflow for fast water guild
native fish (torrentfish and bluegill bully), adult brown trout and the mayfly
Deleatidium for the Oreti River at Centre Bush.

The other native fish and invertebrate speciesnddespread and relatively common in most rivers,
and many of the fish species do not have fisheaéses. The relevant flow management aim for these
species is maintenance of biotic natural charapgrhaps using the native fish species as an itadica
of biotic value. Therefore, it may not be necesgarprovide flows that sustain maximum habitat or
potential maximum abundance. Moreover, many ofrthve fishes have life history features that
impart resilience to environmental change. A lgogecentage of the native fish fauna in a givenrrive
reach is likely to be diadromous, especially cltzséhe sea. These populations probably are redruite
from a common gene pool — at least at the regil@val. Therefore, environmental change in a given
river may not necessarily affect recruitment of gopulation. Some of the common resident native
fish species have a high intrinsic rate of popataincrease, a feature that is well suited to \deia
flow conditions (e.g., upland bully).

Nevertheless, there are situations in which thesevation status of certain native fish species
warrants special attention. These concern sombheohon-migratory galaxiids and large diadromous
galaxiids (giant, shortjaw, and banded kokopu). dllguthese species do not co-occur with trout.
These galaxiids all have lower flow requiremenemntirout; and in addition to flow, they may require
other features, including riparian and instreameecpand preferably native forest in the catchment o
on the stream margins.
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Maintenance of trout habitat ought to favour shagsmaintaining trout populations that shags can
exploit for food. The feeding habitat requiremeits wading birds, terns and gulls should be
adequately provided for by the maintenance of adolt juvenile trout habitat — inasmuch as the
habitat of aquatic invertebrates is taken into @aration in the maintenance of the latter. Birdd a
trout rely on aquatic invertebrate production iralkiw riffles and runs for food. If the concept of
sustaining productivity of trout populations isiategral part of a minimum flow regime then thedoo
requirements of birds ought to be well catered for.

A recent study by Tipa & Teirney (2003) identifidthori values for streams in the Otago region. It
showed that some of the values identified tyoMwere highly correlated with biological measuoés
stream health, such as the macro-invertebrate comynimdex (MCI) and a similar index described
by Biggs et al. (1998a). This relationship withlbgical indices of stream health suggests that flow
recommendations that maintain healthy invertebcat@munities would maintain &bri values, at
least partly. However, Tipa & Teirney (2003) and Ministry for the Environment’s Flow Guidelines
(1998) suggest iwi participation in the determioatof a suitable flow regime.

4.2.3 Levels of maintenance

Levels of habitat maintenance provided by minimuow$ are usually set arbitrarily. This is partly
because our state of knowledge on the effectswfflow is insufficient to predict the response of
stream ecosystems, and particularly fisheries, f@artdly because instream habitat simply declines
continuously as flow falls below the optimum valag |east in streams and smaller rivers. Therefore,
there is no clearly identifiable point at which tiesm conditions become good or bad, but rather
habitat simply gets worse as flow falls below tiptirnal value — although the rate of habitat change
may vary with flow. When habitat modelling reswdig available, the rate of change of habitat isroft
used as a basis for setting a minimum flow. Thetpoi greatest change in the rate (the breakpw@int)
often selected as the minimum flow. This is basedhe premise that higher flows offer diminishing
benefits for instream habitat, although there issaientific evidence that the breakpoint is coteala
with biological response. In assessing the amofihtabitat to be retained at low flow, it is importa

to realise that if the low flow were to provide nraxm habitat, then higher flows would provide less
than maximum habitat. Such a situation may be teas optimum for the species in question,
although the risk of detrimental effect of incremsithe flow above that which provides maximum
habitat is not as great as decreasing the flow,aarydhabitat loss may be balanced by an increase in
food production or the amount of cover. The ‘bdstown trout rivers, such as the Mataura and
Motueka, have flows that provide near maximum letdetween the mean annual low flow and the
median flow.

Instream habitat modelling can estimate the increaalgor percentage) reduction in habitat as flow
declines. This can assist stakeholder negotiatien minimum flows where it is useful to considee th
relative values of instream versus out-of-strealnesin the negotiation. However, how much habitat
reduction is enough is more a matter of arbitréaiesholder choice rather than ecological science.

Levels of habitat retention are conservative, at the believe that they are unlikely to be projorai

to a population response. Theoretically, a changavailable habitat will only result in a populatio
change when all available habitat is in use (O@87). In most cases, population densities are
probably at less than maximum levels because flanwsvarying all the time. That being the case, a
habitat retention level of, say 90%, would maintaxmsting population levels, whereas retention leve
of 50% might result in some effect on populatiaspecially where densities were high.

It is also possible to vary the level of habitaergion according to the significance of instreamd a
out-of-stream values. An arbitrary habitat reduttimm the maximum value might provide the basis
for the minimum flow decision, taking into accouhe relative importance of instream versus out-of-
stream values. As with critical values, the categgoand levels by which habitat retention levelsldo
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be adjusted for each of the categories should beinseonsultation with the community and
stakeholders.

Critical values and out-of-stream uses will neechtoassessed on a catchment basis, because the
significance of critical values may change as therrflow increases. Small tributaries may have low
significance ratings yet contribute to the floweofiver with high ratings downstream. Maintenante o

a minimum flow at the downstream site may dependdequate flows in smaller tributaries. The flow
assessment procedure should evaluate flow requitsrag points along the stream network to identify
the most downstream location with the highest fldamands. Ideally, this would be used as a
monitoring site so that when flows at this sitectea minimum, water restrictions would be applied t

all upstream consents.
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5. Hydraulic habitat modelling

Overall objective of hydraulic habitat modelling

To create hydraulic conditions that will sustaie #tcosystem in a prescribed condition
in terms of:

* hydraulic habitat
e water quality

» flow regime.

5.1 Instream flow incremental methodology

The combination of a description of habitat suitgbiwith hydraulic modelling of river flow is
hydraulic habitat modelling, and is the main congrdrof the instream flow incremental methodology
or IFIM (Bovee 1982). Hydraulic habitat modelling also known as instream habitat modelling or
physical habitat modelling. The models are of ptgishabitat (water depth and velocity) and apply
instream, so the term hydraulic encompasses bdthodgh the best known physical habitat model
(PHABSIM) was limited to prediction of physical h&lt (depth, velocity, and substrate), hydraulic
habitat models can also predict the effect of flow water temperature and dissolved oxygen
concentration. They provide a means of condensivergke data into a result that describes how the
amount of instream habitat changes with flow.

5.2 Habitat and hydraulic spatial scales

Habitat can be defined at different spatial scdtes. used to describe the location and envirortaien
conditions where organisms live, or where they ddive (usually termed microhabitat). However, it
is also used to describe a general area, sucfflashabitat (mesohabitat) or even broader condgjo
as in aquatic and terrestrial habitats (macrohgbRaysical or hydraulic habitat describes thesids/
instream conditions (usually water depth, veloaityl substrate) and does not consider biotic orrwate
quality conditions. Here, suitable or preferred itaabis used to describe the range of physical
conditions in which and organism is most likelybefound.

The aim of a minimum flow is to retain adequateexatepths and velocities in the stream or river for
the maintenance of aquatic life and other instremes. Instream habitat models predict the flows
necessary to maintain, or even improve, the phlykmlaitat for target biota, or to avoid limitationf
physical habitat. Because the purpose of hydranbdels is to predict physical habitat, the scale at
which habitat is defined by the habitat suitabititjteria and the scale of hydraulic model preditsi
should be similar. For example, if velocities fdretderivation of habitat suitability criteria were
measured at 0.6 of the depth, the hydraulic mdu®llsl predict velocities at the same depth.
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There is some confusion about the scale at whichawic habitat models work. Although they are
often claimed to predict microhabitat, they do tmoly predict the range of velocities experiencedi
river. For example, they do not predict the eddied currents that surround a boulder. However, such
currents and eddies depend on depth of water aséh@s column velocity and suitable microhabitats
will be provided by the larger scale hydraulic citiods. Thus, these models essentially consider
habitat at a meso- to macrohabitat level rathaer thecrohabitat level, maintaining suitable depthd a
average velocities, and a degree of habitat diyetisat is generated by the morphology of the river
and is largely independent of flow.

5.3 Hydraulic habitat modelling process

The first hydraulic habitat methods (e.g. McKintE57) used simple hydraulic modelling, or surveys
at different flows, to determine the flows that yidied maximum salmonid spawning areas — areas
with gravel substrate, with water depths of 0.2-.4nd velocities of 0.2—0.7 m/s (Smith 1973). Afte
this, the methods began to get more complicatetth multiple options for hydraulic modelling and
habitat evaluation (Milhous et al. 1989). Of theaitable methods for minimum flow assessment,
habitat based methods are the most justifiableusecaf their simple yet defensible basis of prowadi
suitable habitat for aquatic species.

Hydraulic habitat models are used to predict halsi@nges with flow, and to assist decisions on an
acceptable flow regime, usually with an emphasisnonimum flow requirements. These models
predict water depth, velocity, and other hydrawigriables for a range of flows and then evaluate
habitat suitability. Current hydraulic habitat mtsdenclude PHABSIM (physical habitat simulation;
Bovee, 1982; Milhous et al. 1989), RHABSIM (rivealitat simulation), RHYHABSIM (river
hydraulic habitat simulation; Clausen et al. 200B}/HA (evaluation of habitat; Ginot 1998),
CASIMIR (Jorde 1997), RSS (river simulation systefiljingtviet & Harby 1994), River2D (2D
model; Ghanem et al. 1996; Waddle et al. 2000;ffl&test al. 2003), Hydro2dE (2D model; Beffa
1996; Duncan & Carter 1997)), SSIIM (3D model; @IgeStokseth 1995).

The use of these models requires detailed hydrdalia, as well as knowledge of the ecosystem and
the physical requirements of stream biota. Thechagimise in evaluation of flow requirements ig tha
if there is no suitable physical habitat for theegi species, then they cannot exist. However gifetlis
physical habitat available for a given speciesntti@t species may or may not be present in a gurve
reach, depending on other factors not directlyteelado flow, or to flow related factors that have
operated in the past (e.g., floods). In other wohdditat can be used to set the ‘outer envelope’ o
suitable living conditions for the target biota.

Hydraulic habitat models can be separated intodrdwfic component and a habitat component. The
hydraulic model predicts water velocity, depth atiser hydraulic variables at a given flow, for each

point, represented as a cell in a grid covering stream area under consideration. In addition,
information on bed substrate and other relevantofacsuch as shade, aquatic vegetation and
temperature, can be recorded for each cell.

Biological information for the habitat componentsigpplied in terms of habitat suitability critefiar
curves) for a particular species and life stagsuiability value is a quantification of how welliged
a given depth, velocity or substrate is for a patér species, size, life stage, and behaviour.

The result of an instream habitat analysis is sfsoinfluenced by the habitat criteria that aredise
Selection of appropriate criteria and determinatdrhabitat requirements for an appropriate flow
regime requires a good understanding of the speldiescycles and food requirements (Heggenes
1988; 1996).
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The hydraulic habitat analysis starts by choosipgriicular species, size, life stage and behaaodr
defining suitability criteria. Waters (1976) proedsthe use of a suitability index that varies beté
(unsuitable) and 1 (optimal) as an alternative ity criteria (O unsuitable or 1 suitable) thatd ha
been used by in earlier hydraulic habitat studidsKinley 1957; Collings 1972). Intuitively, it seam
reasonable to consider conditions that are of imeeliate habitat value, between optimal and barely
useful. For each point in the survey (Fig. 5.1)pury, depth, substrate, and possibly other patarae
(e.g., cover) at the given flow are converted iatotability indices, one for each parameter. The
suitability indices can then be combined (usudiigytare multiplied) and multiplied by the area that
they represent to give an area of usable habitadll¥, all the usable habitat areas can be summed
give the weighted usable area (WUA/m) for the reach at the given flow. If the suitipiis >0, the
point will contribute to the total area, but ifig zero the point makes no contribution. This whole
procedure is then repeated for other flows to preda graph of WUA versus flow for the given
species. This graph has a typical shape, showmgurd=5.2 with a rising part, a maximum and then
may decline. The decline occurs when the veloaity/ar depth exceed those preferred by the given
species and life stage. Thus, in large rivers,cilve may predict that physical habitat will beaat
maximum at flows less than occur naturally.

Width

Figure5.1: Representative reach habitat survey of a streanreach, showing the area
represented by a point measurement.

10
©
L 8
@ ) Maximum
<@ /
g 6 : -
= .. o~
- 4 AN e
9 Flow at which habitat
_g) 2 / begins to reduce sharply
3]
=z 0™ ‘
0 5 10 15 20 25
Discharge

Figure5.2: Selection of minimum flow at the point where haliat begins to decline sharply
with decreasing flow.
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The fundamental criticism of IFIM (PHABSIM) by Mathet al. (1985) and Scott & Shirvell (1987)
was that there was no evidence that there was amglation between species abundance and the
amount of suitable habitat. Since then, some stuldéeye demonstrated relationships between WUA
and species abundance and in some cases, suctitlais evertebrates, suitability is derived byifig

a curve to the relationship between the habitaialsles and species abundance, so that there is an
inherent correlation between predicted habitatability and species abundance, as shown in Jowett
(1992b) and Jowett & Davey (2007). In cases wheabitht suitability curves are based on
presence/absence data, WUA will be an index ofptlobability of use and will predict the relative
distribution of fish in a reach, as shown by Haedl. (1983). However, the warning is valid and us
of inappropriate habitat suitability curves couldegmisleading results. It is also necessary tcsictan

all requirements for a species’ continued surviviabr example, the primary requirements for
salmonids are both space and food (Chapman 1966@ssessment of instream flow needs for
salmonids must consider both space (i.e., hakdtad) food requirements. The relationship between
habitat and flow (Fig.5.2) can be used to defipeederred flow range, a minimum flow, or a preférre
maximum flow. As with hydraulic methods, the minimdlow can be defined as the breakpoint or as
the flow at which the habitat has dropped to aatenpercentage of its value at mean or median flow.
It can also be defined as the flow that has theektwacceptable minimum amount of habitat in
absolute terms. If minimum flows are at or abovexiimam habitat for a particular species or instream
use, the area of habitat available to that spewiébe less than maximum for most of the time. eDit
this does not matter because the rate of chanigghitat with flow is less at high flow than at Id\aw
(Fig.5.2) and the difference between maximum halgital the amount of habitat at a high flow is
relatively small. For example, most New Zealandweafish are found in shallow water along the
edges of large rivers (Jowett & Richardson 1995%) taere is usually some edge habitat available over
a large range of flows. However, if maximum habitatall species and instream uses is less than the
minimum flow, it suggests that a reduction in flavight enhance those values.

When many fish species and life stages are preseatriver, there are usually conflicting flow
requirements. For example, young trout are foungvaer with low velocities, and adult trout are
found in deep water with higher velocities. If ter has a large natural morphological variatidthw
pools, runs and riffles, some of the different iegments may be provided for. Still, even in these
rivers, and especially in rivers with small habiatiation, one species may benefit greatly from a
reduction in depth and velocity, whereas habitatafitother species will be reduced. If a river is to
provide both rearing and adult trout habitat, thexest be a compromise. One such compromise is to
vary flows with the seasonal life stage requiremasitspawning, rearing, and adult habitat, with the
optimum flow gradually increasing as the fish gramd their food and velocity requirements increase.
Biological flow requirements may be less in wintkan summer because metabolic rates and food
requirements reduce with water temperature, at feasalmonids (Chapman 1966; Cunjak & Power
1986). A fish’s swimming ability and its criticablding velocity are markedly reduced at low water
temperatures (Sandstrom 1983; Rimmer et al. 198§gkhes and Traaen 1988; Heggenes et al. 1993;
Bodensteiner and Lewis 1994). Some evidence hasfbeed for reduced condition of trout in winter
associated with reduced invertebrate food supgh@bert & Hawkins 1995; Simpkins & Hubert
2000). If flow requirements of individual specia® alifferent, solutions may be found by choosing
one with intermediate requirements (Jowett & Ridsan 1995) or by defining flow requirements for
aguatic communities.

Minimum flow assessments based on hydraulic habise been used in New Zealand for 25 years

and in that time there have been considerable ivgpnents to the survey and analysis techniques and
to our knowledge of habitat preferences of New &edlaquatic fauna.
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Minimum flow assessments using hydraulic habitatcarried out in three steps:

* habitat suitability

* survey and analysis

e interpretation.
The following sections describe habitat suitabilitpdels, some of the techniques of hydraulic habita
modelling, and lastly some of the considerationd difficulties in interpreting habitat analyses and

applying them to minimum flow assessments. Halaitetlysis is an aid in the process of deciding on
appropriate flow rules for river management, big itot a decision making process in itself.
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6. Habitat suitability models

Key points about habitat suitability
* Depth, velocity and instream cover are basic reguants.

* The simple nature of habitat suitability criterveéhen presented graphically, belies
the effort behind their development.

» Sample a wide range of habitats with equal effgubssible.

» Collect as much data on habitat suitability fromnaany rivers as possible, and
revise criteria as more data become available.

» Habitat preference is based on a comparison otdtahiwhich the species is found
and habitats available in the river, but interphet results carefully.

e Consider the life stage or activity with the high#iew requirement and don't
confuse activities (e.g., resting and feeding).

» Alternative habitat models, such as fish bioenérgetodels and generalised
additive models, provide a means of independeritgcking conventional habitat
models.

The concept of good habitat is familiar to mostpgleoFor example, angling texts from the turn @& th
century describe likely trout streams and more nebeoks (e.g. Hill & Marshall 1985) accurately
describe locations where trout are likely to benfibult is possible to determine the relative quadit

the different habitats from the abundance of arsmalthem. Usually, animals are most abundant
where the habitat quality is best, in lesser nusibdrere the habitat is poor, and absent from jotall
unsuitable habitat. In the aquatic environmentyréasn habitat usually refers to the physical habita
water velocity, depth, substrate, and perhaps cover

Habitat criteria have more influence on flow assemgs than any other aspect of the analysis. [ailur
to use appropriate criteria can result in inappetprflow assessments and this is one reasonhbat t
use of habitat suitability criteria has been cistd. Therefore, habitat criteria need to considleife
stages and, where appropriate, include suitahdlitieria for the production of food for those life
stages. Selection of appropriate criteria and detation of habitat requirements for an appropriate
flow regime requires a good understanding of thecigs’ life cycles and food requirements
(Heggenes 1988; 1996).

Flow assessments based on habitat (IFIM) have ttésised for considering only a target species or
a limited number of species and ignoring biotieiattions. However, most habitat suitability cidger
describe meso-scale habitats in which the organism$ound. This contradicts the widely held Helie
that habitat suitability criteria usually definearohabitat. Measurements of habitat use are taken
fish's position where the depth and mean colwelocity measurements will be similar to thos¢ha
general vicinity. Nose velocities (velocity takenaafish’s nose) fall more strictly into the categof
microhabitat measurements, but generally these nate used in traditional habitat modelling.
Hydraulic models (other than 3D models) predict mealumn velocity and so this is the variable
used to determine velocity suitability. Althoughethise of nose velocity seems reasonable from a
biological and energetics point of view, fish caest an appropriate nose velocity by moving up or
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down in the water column. The range of mean columincities used by fish encompasses the range
of possible combinations of depth and nose veldbigy they use. This is evident in data collected b
Hayes & Jowett (1994), where the range of meanciteds used by adult brown trout was greater than
the range of nose velocities. Moreover, habitatability criteria for New Zealand native fishes
typically have been based on measurements in Bmaeas of 2—3 frof ‘homogeneous’ depths and
velocities from which the species have been cabtkdly electrofishing (Jowett & Richardson 1990,
1995). Benthic invertebrate suitability is basedbamthic invertebrate densities measured in sample
areas of 0.1 fn The nose or microhabitat velocity for benthieasps is zero or very near zero and
clearly these measurements relate to mesohabttarréhan microhabitat. The mesohabitat types
(e.g., pool, run and riffles) used in habitat magp{Section 7.1.1) are larger units of area andemor
varied hydraulically than the habitat use mesolhakampling units.

Mesohabitats are also occupied by other organisdsvay therefore include biotic interactions. For
example, good riffle habitat provides for a numbé&mnative fish species, juvenile trout and benthic
invertebrates. Habitat suitability criteria thasdabe the locations in which these organisms eued
also describe what could be termed ‘good riffleitsdb Thus, habitat requirements of species can be
used as indicators or surrogates for broader meégahaalues. For example, the habitat suitability
criteria for common and redfin bullies specify omtim depths of 0.11-0.19 m and velocities of 0.28—
0.38 m/s. As a rule of thumb, good run habitat ocgonhere the numerical value of the velocity
exceeds 1.24 times the numerical value of the deptthe common and redfin bully criteria describe
habitat that is intermediate between run and rifflitic interactions that affect habitat use, sash
competition for space or reaction to predation, bammodelled by the use of appropriate suitability
criteria, but first the existence of an interactimeeds to be established. Bonnett & Mcintosh (2004)
found that juvenile trout had no effect on habgatection by inanga, whereas Baker et al. (2003)
found that flathead galaxias were found mainlyiffies when trout were present, but used a wider
range of habitats where trout were absent. Althahghe have only been limited studies of effects of
interactions on habitat use, there is clear evidéhat abundance and distribution of native fish loa
affected by the presence of trout (Mcintosh e1894; McDowall 2006).

6.1 Habitat preference and suitability curves

Many aquatic species are found in similar hydraglmditions in a wide range of rivers. Their
locations are found by electro-fishing for smalhtbgc fish, bank and snorkel observation and high
resolution sonar (DIDSON) for large trout, spottigly for nocturnal habitat use, or Surber sampling
for invertebrates. The hydraulic conditions at slmgppoints are measured and summarised in habitat
suitability curves, which are indices of the freqeye or abundance with which the aquatic species are
found in the particular habitats.

The concept of habitat suitability was applied ioldgical studies before the development of instrea
habitat modelling. In one of the first New Zealastddies of habitat suitability, Campbell & Scott
(1984) found that 0+ brown trout moved from runsptwls and adopted shoaling behaviour when
water velocity in runs fell below 0.3 m/s. They gagted that run habitat was optimum for juvenile
brown trout and that 0.3 m/s could be used as anmim velocity criterion. Now, New Zealand
habitat preference curves have been developeditdt lrown trout, adult and juvenile rainbow trout
(from a limited set of rivers), juvenile Chinookisan (but from only one river), 12 common benthic
invertebrate species or groups, 14 native fishispe@and salmon angling (Glova & Duncan 1985;
Jowett et al. 1991; Hayes & Jowett 1994; Jowett &hRrdson 1995; Hayes & Strickland 2002).
Additional data on habitat use have been collestede these studies and a full description of these
will be published in a separate NIWA Technical Re&po

Habitat preference data for native fish (Jowett ikHardson 1995) and common benthic invertebrate

species or groups (Jowett et al. 1991; Jowett 2080 based on measurements of insect or fish
densities within small habitat units, unlike trcuabitat measurements where the characteristics of
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individual fish locations were measured. Thus, géhisran implied relationship between fish or insect
density and habitat that requires little validatibqfowever, comparisons of native fish density and
instream habitat in a sub-catchment of the GreyR{Jowett et al. 1996a) showed that fish densities
were generally highest where the average streath @yl velocity were within the range of preferred

depth and velocity. Unlike brown trout, native fisbundance was not directly related to benthic
invertebrate abundance.

Habitat suitability curves have also been develdpedhreatened species (e.g., blue duck; Collier &
Wakelin 1995) and recreational activities (Mosl®&83; Hayes & Strickland 2002).

The terminology surrounding habitat suitability daen confusing. Here, we define habitat use by the
frequency of counts or abundance of aquatic orgais a specific habitat, such as a range of water
depth or velocity. Habitat preference is usuallicalated by dividing the frequency of habitat use b
the frequency with which habitat is available ahent normalising to a maximum value of 1. Bovee
(1986) described three categories of habitat siitiabriteria. Category | curves are based on ekpe
opinion. Category Il curves are based on the fraquef habitat use, and Category Il curves are
based on preference by adjusting habitat use fbitdtaavailability as described above. Thus,
frequency of use curves are equivalent to Boveeate@bry Il curves and preference curves are
equivalent to Category Il curves. We use the thabitat suitability to refer to curves developeahiir

a subjective interpretation of habitat use andepegfce, where habitat use and availability data are
collected in a wide range of stream conditionsrofeo to define optimal habitat and suitability eria

for broad-scale application (e.g., Jowett 2002¢téis, such as swimming ability and bio-energetic
requirements, should also be taken into considerathen considering habitat suitability criteria.

It is very difficult to determine habitat suitalbyli without bias because study river(s) invariably
provide a limited range of habitat and there isagisva tendency for the sampler to introduce bias by
concentrating on locations where the likelihooatatiching fish is greatest. Data on where the figh a
not present is just as important as data on fisegmce. In addition, factors other than physichitht
alone may influence fish behaviour — e.qg.:

+ food

* predation risk

e competition

» physiological and hunger state
e temperature

» light/ time of day

e turbidity.

6.1.1 Calculation of habitat suitability

The simplest form of habitat use data is a serfemaasurements of the habitat in which the target
species or activity was observed. These measureneatanalysed to determine the habitats that are
most likely to used. These data form the basisabftht suitability criteria.
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Habitat suitability criteria can be derived indegently for water depth, velocity and substrate
composition, assuming that habitat use and avéilahiere sampled randomly throughout each of the
study areas (sampling protocol C; Bovee et al. 1998e most familiar index of selection (or
preference); at least with respect to habitat bilita criteria, is the forage ratio, which expredsin
terms of abundance is:

a‘i
2.4
wherew is the forage ratiay; is the total abundance/number in habitat unitsadégory (for example,
velocity between 0.2 and 0.25 m/8)y total abundance/number over all habitat unit aaieg, a; is
the area of habitat units of categorvailable in the sample ag@; total area of habitat units sampled

(Manly et al. 1993). Thus, the forage ratio is #werage abundance in each habitat divided by the
average abundance overall.

This discrete formulation depends on the ‘width'safmpling unit and rarely forms a smooth function.
However, the forage ratio can be expressed astamaouns function in the habitat unit by dividingeth
frequency of abundance by the frequency of halaitatilability, where frequency functions were
derived by kernel smoothing (Hayes & Jowett 19%®yelt 2002), and this method has been used to
derive habitat preference in most New Zealand etudi

Suitability indices $i) are derived from the forage ratios by dividing forage ratio by its maximum
value, so that the suitability index has valuebetfveen 0 and 1.

The sampling methods and strategy used to obtaim fda habitat suitability studies need careful

consideration. The method of sampling should netudb the fish, the selection of sampling sites

should be unbiased, and a large range of habiteisld be sampled. For example, if the habitat
preferences of a fish species are known or sugpetttere may be a tendency to sample only those
habitats likely to contain those fish. If samplifg biased towards fish locations, there will be

relatively little variation in number of fish fouraler the range of habitats sampled.

Ideally, a sampling programme is designed to sarapiéde range of habitats with near equal effort.
The preference calculation is an attempt to coumbitat availability bias caused by the full ramge
habitats not being sampled with equal effort —ibetn itself introduce bias/distortion, especiatly
regions of low frequencies in either the habita as availability distributions (e.g., commonlythe
tails of the distributions).

No adjustment for availability is necessary for swwaments of density (abundance per unit area),
because it is assumed that fish/insects etc. withbst common where the habitat is best. If a rafige
habitats is sampled, the average density per sampbach interval range is a measure of habitat
suitability. Standardisation of density data maynleeessary if they are collected at different tirmes

in different rivers. Standardisation converts akctalaundance to relative density in each river, or
group. An alternative, and possibly better, appndado develop preference curves for each river an
then average those curves so that equal weightes ¢p each river, irrespective of density.

As with habitat use data, availability data shdo#dcollected in all habitats available in the riaad
must be collected without bias. Available habitatadcan be analysed as counts to determine the
frequency with which a habitat variable occurrethimi the river. Instream habitat survey data can be
used to estimate the habitat available in the rivasurements of habitat are weighted by the area
represented by each data measurement to detetmeifiejuency distribution of available habitat.
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6.1.2 Adjustment of habitat use for habitat availability

The adjustment of habitat use for habitat avaiigb(i.e., calculation of forage ratio) is usualtlye
preferred method of calculating habitat preferemdeen the data consist of observations of habgat u
in a single river and where the range of availdlaleitats may be restricted or at least biased.

As described above, the availability observatiores @sed to derive the proportion of each habitat

range in the rive%a. and the habitat use counts are adjusted accordingly

The calculation of preference is subject to unaatavhen sample sizes are small. The division of a
small number by an even smaller number can givpuaiausly high preference. In Figure 6.1, the
secondary peak in preferred velocity (0.5 m/s) par®us and is a result of low availability at
velocities greater than 0.5 m/s.
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Figure6.1: Derivation of velocity preference curves for juenile rainbow trout from
comparison of the locations used by fish (left) andvailable habitat (left) to derive
preference (right). Note how the occurrence of a ¥e fish at higher velocities is
exaggerated by the preference calculation.

Final determinations of habitat suitability areesftmade subjectively after considering both habitat
use and average fish abundance, giving less weigtarts of the curve where the preference is based
on a small number of samples (e.g., the low samgdliequency at velocities above 0.5 m/s in Fig.
6.1). Preference curves are sometimes simplifiedue in computer analysis. For example, an
optimum range of velocities might be specified eatthan the single optimum velocity that results
from the numerical calculation. A typical modificat might assign a habitat suitability value ofol t
preference values of greater than 0.8 and preferealcies less than 0.2 could be assigned a siuyabil
of zero. There is no analytical reason for thisgification, but it does seem reasonable that geaof
values (e.g., velocities) can provide optimum ctiads. Replacing low preference values with a zero
avoids the possibility that the WUA is made up ¢drge area of marginally suitable habitat. However
there are no hard and fast rules, and we have fthatdsuch modifications have little effect on the
assessment of flow requirements.
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6.1.3 Standardisation of data

If abundance (density) data is collected in a numdfedifferent locations where the population
densities may be affected by factors other thartditalihe data can, and should, be standardised
between locations, or groups, (e.g., by river)itee ghe abundance at each sampling location relativ
to the average (or maximum) for that group (river).

Abundance data can be standardised (i.e., diviggtildomean or maximum) so that suitability curves

are in terms of mean or maximum values in the éatdf standardised by the maximum, relative

abundance is always between 0 and 1. If standdrdigethe average, abundance is relative to the
average of the group.

Suitability curves can also be derived for eack sidependently and then averaged between sites,
thus avoiding the need for standardisation. Thighow has the advantage that it is possible to
examine the consistency of habitat preference latwexations.

6.2 Trout habitat suitability

Adult brown trout habitat suitability criteria inéW Zealand appear to be consistent between rivers.
This characteristic is termed ‘transferable’ in soliterature. The physical characteristics of drift
feeding locations used by over 400 large brownttwaere measured in the Travers and Mataura rivers
(Hayes & Jowett 1994). Similar water velocities algpths were utilised in both rivers although the
availability of these was different in each rivé&ig. 6.2). More recently, adult brown trout locato
were measured in the large Clutha River (Fig. &8 these showed that the preferred velocity was
0.5 m/s, practically the same as in the much sma&liavers and Mataura rivers, but that brown trout
were found in much deeper water than in the Trames Mataura. The habitat suitability curve for
depth derived from Hayes & Jowett (1994) data (showrig. 6.4) considered that any depth greater
than 0.6 m was ideal habitat and this assumptisopported by the Clutha data.
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Figure 6.2 Comparison of frequency distributions of habitatused by large brown trout with
the habitat that was available in the rivers.
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often dictated by the size of the organism, itsav@ur and physiology. For example, if a fish feads

the current its preferred feeding velocity will belated to its swimming ability (Fig. 6.5). Habitat
suitability curves for brown and rainbow trout sltbshow an increase in preferred velocity with fish
size. Theoretically, velocity use might vary betwewers because of differences in substrate sizde a
water depth and the ability of the fish to findtable feeding and shelter locations in the avadlabl

habitat. At present we have insufficient data teestigate this possibility fully.
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Figure 6.5: Relationship between fish size and optimal swimmg speed for brown trout
(above) and habitat suitability curves for juvenileand adult brown trout (below).

The brown trout suitability curves in Figure 6.4reveleveloped for New Zealand adult trout (Hayes &
Jowett 1994) and specify higher depth and velacitien curves for adult brown trout developed in
the U.S. (Raleigh et al. 1986). Whether this is tlu@ifferences in the sizes of fish has not been
clarified. However, it is clear that it is importat® use suitability curves that are appropriateht®
river and were developed for the same size andtége of fish, and behaviour, as those to whielj th
are applied. Raleigh’'s brown and rainbow troutahiiity curves fell out of favour for instream
habitat modelling in Colorado after their predioowere found to be unrelated to trout abundance in
Colorado Rivers (K. Bovee pers. com.). Suitabitityves from the South Platte River (see Thomas &
Bovee 1993 for rainbow trout criteria) were develdms replacements.

6.3 Benthic invertebrate habitat suitability

Stream benthic invertebrate densities are influgdgewater velocity, depth, and substrate, with@som
species favouring swift-flowing water and othermwsiflowing. Benthic invertebrates are less mobile
than fish and their distribution and abundance wdlinfluenced by preceding hydraulic conditions
(because they take longer to redistribute in respaoa a change in hydraulic conditions). For exampl
they will not be present in an area that has beeantly inundated and will be unable to live inaaial
zone that is frequently wetted and dried. If hydficaconditions change, benthic invertebrates may be
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found in high densities in an area that now costainsuitable habitat, but that had previously been
suitable habitat, simply because they have notshé#fitient time to move away. Collection of benthic
invertebrate samples for derivation of habitat ahility criteria should be undertaken after several
weeks of stable flows.

Benthic invertebrate habitat suitability criteriaeaderived from measurements of invertebrate
densities. Thus, habitat suitability is directlyated to invertebrate abundance and the total nuwfhe
an invertebrate species will relate to the totaloam of invertebrate habitat. However, some
invertebrate species are more closely related tirawic habitat than others. Species with high
velocity requirements, such as the caddi€fbfoburiscus humeraljsare highly correlated with habitat
suitability, while others such as the cased calydi®linga feredayi are poorly correlated (Jowett
1992b).

Although habitat suitability criteria have beenided for a number of species, using data from large
rivers, it is doubtful whether these criteria aansferable to smaller rivers. Suitability critederived
from rivers of 10-195 fts mean flow were found to be transferable to tiaéded Waitaki River with

a mean flow of 360 ffs (Jowett 2003a). However, water depths in sniahss are usually less than
the preferred depths in large rivers, but smaleastis do contain good benthic invertebrate
communities. As the name implies, benthic invedtts probably relate to near-bed conditions more
than average conditions in the water column abbegmi but studies to determine the precise nature of
this relationship were inconclusive (Jowett 2003%lthough habitat suitability clearly varies with
river size (Fig. 6.6), the hydraulic explanatiorr the differences between rivers was not evident
within rivers (Jowett 2003b). Many benthic inverate species are most abundant in riffle habitat,
regardless of river size. If so, it might be maqgpropriate to use habitat suitability criteriattha
describe typical ‘riffle’ habitat in the size ofver being investigated than depth and velocityedat
developed in large rivers. One means of doing thiso use habitat suitability criteria for riffle
dwelling fish, such as redfin bullies, as an intiicaf stream invertebrate health in flow assessmen
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Figure6.6: Logarithmic relationship between mean depth and ®locity occupied by
Coloburiscus humeralis in small (depth 0.1 m), medium (depth 0.25 m), anthrge
(depth 0.5 m) rivers.

At present, there are insufficient data to defiabitat suitability criteria for benthic invertebeatin
small to medium-sized streams.
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6.4 Composite habitat suitability index

Once habitat suitability curves have been derivedife independent variables, independent suitgbili

index scores for deptlsif), velocity 6i,) and substratest) can be calculated for a given point in the
habitat survey reach and then multiplied togetlmeform the commonly used composite habitat
suitability index HSI) (Jowett et al. 1991; Bovee et al. 1998):

HSI = si, X si, x Si,

Other formulations, such as a geometric mean, @ssilple but multiplying the indices together is the
most commonly used method, and has a certain begiause habitat suitability is zero if any one®f i
components is zero.

6.5 Alternative habitat suitability models

Hydraulic habitat models have been criticised (Matt al. 1985; Scott & Shirvell 1987; Castleberry
et al. 1996; Kondolf et al. 2000) and much of ttrigicism has focussed on habitat suitability ciée
and interpretation of WUA. Morhardt & Mesick (1988)mmarised the criticisms as follows:

1) When calculating the combined suitability indexrigbles are treated independently and
potentially significant interactions between vakéghare ignored.

2) Weighted usable area, which results from the ussiibdbility criteria, is an index and cannot
be measured directly.

3) Different estimates of weighted usable area camliained by using different methods of
combining the suitability indices.

4) Weighted usable area combines elements of hahitaitiy and habitat quality. A large area
of low-quality habitat can produce the same weidhtsable area as a small amount of high-
guality habitat.

Multivariate statistical models, such as exponépiidynomials (Gore & Judy 1981; Orth & Maughan
1983; Jowett & Richardson 1990; Hayes & Jowett )9§dadratic logistic regression (Thielke 1985;
Hayes & Jowett 1994), and generalised additive sod¢astie & Tibshirani 1990; see Section 6.5.1)
are alternatives for fitting habitat suitabilitytdathey overcome the problem of independence and ¢
incorporate interaction terms.

6.5.1 Generalised additive models

Generalised additive models or GAMs offer a flegilalpproach to the development of multivariate
models that can be used in hydraulic models toigrreglative abundance or probability of use. GAMs
(Hastie & Tibshirani 1990) have been used in swdieterrestrial ecology to predict the distribatio
of vegetation types (Leathwick & Rogers 1996; Leath & Austin 2001). GAMs combine
nonparametric regression and smoothing technighiesiparametric regression relaxes the usual
assumption of linearity and reveals the shapee@fehationship between the independent variablds an
the dependent variable. Thus, GAMs are well sutibesituations where there are multiple independent
variables whose effects you want to model non-liyeaand where the dependent variable is not
normally distributed. These models can be appliéthinvan instream habitat hydraulic model to
predict how probability of occurrence changes viltw, in the same way that habitat suitability
criteria are used with a hydraulic model to pretictv WUA changes with flow. The models permit
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the response probability distribution to be any henof the exponential family of distributions, but
those that are most likely to be applied to instrdtiow assessments are non-parametric logistic
models, using presence/absence data, and non-geacalog-linear Poisson models, using abundance
data.

This provides an alternative approach to the deweémt and application of habitat suitability and
removes some of the subjectivity associated with tevelopment of suitability criteria, the
restrictions imposed by assumptions of a mathemlafrm (such as in exponential polynomial
relationships), and satisfies some of the critisiswf independent habitat suitability criteria.
Specifically,

» variables are not treated independently,

e Interactions between variables can be consideret, a

» predictions, such as probability of occurrence,raeasurable.
A GAM model based on deptH)( velocity ), and substrates) can take the form:
prediction= constant+ f(d) + f(v) + f(s) + f(sV) + f(sd) + f(dv)

where each function (e.f(d)) has a linear and non-linear component fitteccblgic splines and the
prediction is transformed into abundance usingverse logarithmic transform, or to probability of
occurrence using a reverse logistic transform. @hgrees of freedom are constrained to give a
smooth, but flexible, curve. Bovee et al. (1998enthat habitat selection by fish often appeartsae
thresholds, such as cases where a fish species ugds range of depths once the depth has exceeded
a threshold. Increasing the degrees of freedomvaltbe function to adopt a shape that reflectsethes
thresholds. Parameters can be excluded where @eetf are not statistically significant.

Conventional habitat suitability models assign #asility of 1 to a point where the habitat valuee
considered optimum. Thus, when habitat suitabiliyues are multiplied by the area they represent
and are summed, the resulting number is termedvéighted usable area or area of suitable habitat.
However with logistic GAMs, the probability of oacance is calculated at each point and is then
multiplied by the area it represents, before gusnmed over the reach. In most cases, the pratyabili
of occurrence predicted by a logistic model willdmnsiderably less than 1 and thus the equivalient o
‘weighted usable area’ is a weighted probabilitpofurrence.

The following example derives habitat suitabilitpaels for adult rainbow trout in the Clutha River a

the Lake Wanaka outlet by conventional independeratlysis and as GAMs. Trout locations were
observed by divers and a bank observer in habiaiging from slow run to rapid. Water depths and
velocities at those locations were recorded withoat-mounted acoustic Doppler current profiler
(ADCP). A total of 104 large (> 40 cm) rainbow ttouere observed in an average velocity (+ std.
dev.) of 0.91 £ 0.40 m/s and an average deptha& 2.1.17 m.

Instream habitat availability data were collecéetdoss cross-sections at an average of 2.9 m aigerv
at a flow of about 170 ¥s and these were used to predict depths and tiebat a flow of 226 ffs;
the flow at which the habitat use data were cadi@écAdditional availability cross-section data were
collected at 226 ffs using an ADCP. These data were restricted tthdegreater than about 0.9 m,
thus biasing the available habitat dataset towdetp and swift water. Sensitivity tests with and
without the ADCP data showed that the suitabiligd@ls were not strongly influenced by the bias.
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Figure6.7: Depth and velocity use, availability, and prefeence for large (> 40 cm) rainbow
brown trout in the Clutha River at the Lake Wanaka outlet.

Velocity suitability curves (Fig. 6.7) showed thatlocities of 0.5-1.4 m/s were preferred by large
rainbow trout. Depths of greater than about 3 mewereferred and there was a spuriously high
preference for water of about 7 m deep (Fig. 6.7).

The logistic GAMs model developed from the samead@ig. 6.8), gave similar results to the
conventional analysis, showing a slight declinel@pth influence when depths exceeded 3 m, and a
decline in velocity influence when velocities exdee 1.4 m/s. The interaction term between depth
and velocity was not significant. However, the GAlMowed that velocity contribution was high for
all velocities between zero and about 1.4 m/s, edervith the independent velocity suitability curve
velocity suitability declined below about 0.5 mihe reason for this apparent difference is that the
GAM is multivariate and has taken both depth andoity into account. The apparent decline in trout
occurrence at low velocities in the traditional lgeis is the result of collinearity. In this rivespme
rainbow trout were found in deep water with lowogtties, but not in shallow water with low water
velocities. The GAM was able to account for low lpability of occurrence in shallow low velocity
water using depth rather than velocity. This derratas one advantage of the GAM over independent
suitability curves.
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Figure6.8: Generalised additive model for large rainbow trod in the Clutha River at the
Lake Wanaka outlet.

When the conventional habitat suitability model &@&M were applied to the instream habitat model
of the Clutha River, the shape of the habitat fl@hationships were practically identical (Fig. 6.9)
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The values of WUA predicted by the conventional elogere about 5 times higher than the area-
weighted probability of use predicted by the GAMIfbe the predicted values have been standardized
to a maximum value of 1 in Fig. 6.9). However, &dssed elsewhere it is the shape of the curve,
rather than the magnitude, that is important far #ssessment of the effect of flow changes on
instream habitat.
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Figure6.9: Comparison of habitat prediction for large rainbow trout in the Clutha River at
Lake Wanaka outlet using a conventional habitat suability model (Fig. 6.7) and
a generalised additive model (Fig. 6.8). Habitat uts have been standardised by
dividing by the maximum value.

6.6 Fish models

Fish models have been developed for drift feedaignenids and some are at a stage where they can
be used for flow assessment. They include modelsabhinonid behavioural carrying capacity
(Morhardt & Mesick 1988), individual-based fish nedsl (Railsback & Dixon 2003) and models based
on energetic concepts Addley 1993, 2006; Guensah 2001; Hayes et al. 2000, 2003, 2007; Kelly et
al. 2005).

Fish models use the output of hydraulic models ambrporate habitat features and foraging
behaviours. Drift foraging models provide a funndbunderstanding of drift feeding and velocity use
(Hughes & Dill 1990; Addley 1993, 2006; Hill & Gresan 1993; Hughes et al. 2003). Interest in
these models has been driven by a desire for gre@alegical realism in model outputs. However sthi
comes at the expense of greater data and modedgwiag requirements. Because these models are
fine-scale they apply to representative reachdheascale of individual riffle/pool or run/pool usi
and are more expensive to run. Consequently theg danarrower range of applications. Fish models
should be seen as complementing, rather than suthwdifor, broader scale conventional WUA based
modelling (1 D and 2 D) (undertaken at broaderiapatales). For example, fish bioenergetic models
predict the locations of feeding fish. Habitat ahility curves for feeding fish are based on
measurements of the locations of feeding fish. Tlaree approach is theoretical and the other
empirical and there should be agreement betweemwithenethods. One advantage of fish models is
that they can or could take territorial requirensaento consideration to predict potential trouc&®

There has been interest by stakeholders in extgrttlis energetics approach to native fish but it is
either impractical, or difficult to justify for theear to medium term, for the following reasong=lbiv
related foraging models and bioenergetics woulst firred to be developed from scratch — which
would take several years of research; 2/ The mosinton native fishes that drift feed (inanga and
smelt) usually co-occur with trout in streams/rasérat typically are the subject of flow investigas,
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and the latter, because of their larger size, lgggater flow requirements and so would be idemwtifie
as the critical species (see definition of critispecies in Section 4.2); 3/ The remaining speares
either benthic feeders, a foraging mode that mayndependent of flow, or do drift feed but eithee a
uncommon and/or do not often occur in streamskiwdrere flow management is an issue.

Advanced fish models utilise functional drift forag models to make spatially explicit predictiorfs o
net rate of energy intake (NREI) based on outpaisf2 d (Guensch et al. 2001; Addley 2006) or 3 d
hydraulic models (Booker et al. 2004) and estimafdsvertebrate drift density. Most of these madel
have assumed uniform drift density, but researchdtewn that drift is spatially variable and flow
dependent (Stark et al. 2002).

The most recent development has been to incorpeaaigble drift density into an advanced spatially
explicit fish NREI modelling process (Hayes et 2000, Hayes et al. 2007, Kelly et al. 2005). The
process links 2D hydraulic modelling (or represewareach 1D modelling) with invertebrate drift
dispersion modelling and salmonid drift foragindghaeour to predict NREI and growth potential, and
carrying capacity. Initial testing of the drift ohel showed that it made good predictions of thdiapa
distribution of invertebrate drift density through@ single pool in the Travers River at low flafter

it was calibrated against observed drift densitg &igher flow. The NREI model correctly predicted
the number of adult brown trout observed at on flo the same pool, but there was not such a good
match between predicted and observed spatial wisivn of trout. Further research is needed to
adequately validate the NREI model. Notwithstandihg need for further validation, these new
models are at a stage where they can be gainfpfiiesl to flow regime assessment investigations,
where their predictions can be tested against vbdespatial distribution of drift density and trout
numbers for at least one flow.

6.6.1 Predicting habitat suitability curves with bioenergetics-based drift foraging
models

Bioenergetics-based drift foraging models can bedu® make predictions of depth and velocity
suitability for various sized fish and various wattemperatures, which can then be used in tradition
instream habitat modelling to predict WUA. The misdare based on the functional relationships
between NREI and fish size, water temperature &ty prey size, and foraging radius. Because
foraging models are based on a functional undessignof why fish select certain velocities and
depths, they can help with interpretation and selecf appropriate habitat suitability curves from
those developed from empirical data on New Zeatamas, and elsewhere. For example, velocity and
depth habitat suitability curves derived from biesgetics models compare well with some
conventional habitat suitability curves for aduibwn trout. An example for adult brown trout vekyci
suitability based on predictions from the Hughe®# (1990) bioenergetics drift foraging model is
shown in Figure 6.10.
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Figure6.10: Velocity suitability curves for large drift feeding adult brown trout from New
Zealand rivers (Hayes & Jowett 1994), the South Pte River (Thomas & Bovee
1993), and from a bioenergetics model (50 cm trou(Hughes & Dill 1990).

Hughes and Dill's foraging model was used to dgvdigdraulically scaled bioenergetics depth and
velocity criteria for a 50 cm trout (Fig. 6.11). Meity variation through the water column was
approximated with a theoretical f/power relationship (Stalnaker et al. 1989).

Vi = Vin(1.15(Y/D)**4)

WhereV,, is mean column velocityy, is velocity at a point in the water colun,s depth to that
point in the water column, aral is the total depth of the water column.

This procedure entailed estimating the foragingiumdind mean velocity within a semi-circular
foraging area based on the above equation and latihgu gross rate of energy intake (GREI)
assuming a prey size within the range 5-15 mm @{@mm average) and a drift density of 0.4 insects
per m. These prey sizes and density fall within the esogmmonly found in New Zealand rivers. The
shapes of the GREI x velocity and GREI x depth esrare independent of prey size and density.

Tests of the Hughes & Dill foraging model on largeut in New Zealand rivers indicate that it
accurately estimates the foraging area of browntt(blughes et al. 2003), but underestimates the
foraging area of rainbow trout (N. Hughes & J. Hayapublished data). The resulting bioenergetics
depth and velocity criteria are likely to closelgpaoximate actual depth and velocity suitability fo
brown trout, but may underestimate velocity sultgbior rainbow trout.
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Figure6.11: Gross rate of energy intake (GREI) depth x veldty contour plot predicted from
the bioenergetics foraging model for a 50 cm trouteeding on 10 mm drifting
prey. Contour colour bar represents magnitude of GFEI.

A generalised additive model was developed forddngpwn trout observed in the Lake Wanaka outlet
of the Clutha River, during the rainbow trout studlscribed previously. These brown and rainbow
trout GAMs were used to predict the probabilityosturrence in a depth and velocity matrix. These
values are shown plotted in Figs. 6.12 and 6.18. ddmparison of these graphs shows a high degree
of correspondence between the GREI contour plgt @iL1) and the large brown trout probability of
occurrence plot (Fig. 6.12). However, not surpghinbecause they are a different species with
different behaviours, large rainbow trout do nohfoom to this trout bioenergetics model, with a
higher probability of occurrence at velocities 6f1125 m/s than predicted by the bioenergetics
foraging model (Fig. 6.13).
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Figure6.12: Probability of occurrence by depth x velocity catour plot predicted from the
large brown trout Clutha River generalised additivelogistic model.
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Figure6.13: Probability of occurrence by depth x velocity catour plot predicted from the
large rainbow trout Clutha River generalised additive logistic model.

48



A generalised additive model was fitted to a degutd velocity matrix of GREI values for 10 mm
prey. The model fit was good and explained over 3§%he variation in GREI. This model was
applied to a surveyed reach on the Clutha Rivéhetake Wanaka outlet and the predictions of the
variation in mean GREI with flow compared to weigtusable area predictions (HSI) using the
Hayes & Jowett (1994) adult brown trout suitabilijteria (Fig. 6.4). The two curves for predicted
GREI and WUA were very similar in shape and magtat(Fig. 6.14)
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Figure6.14: Weighted usable area predicted using adult browntrout habitat suitability
criteria (Fig. 6.4) compared to the area weightedwsn of gross rate of energy
intake (GREI) predicted from depth and velocity usng the relationship shown in
Fig. 6.11.

Generalised additive models and bioenergetic mamadscome some of the criticisms that have been
made of conventional habitat suitability criter@AMs provide a more statistically robust way of
fitting habitat suitability data, including intetsmn terms. Bioenergetics based foraging models
provide an entirely different approach and produiotogically meaningful metrics GREI and NREI.

Predictions from a bioenergetics based foragingehtmt brown trout confirmed the empirical habitat
suitability curves routinely used in New Zealand ddlults of this species (i.e., those based on $laye
& Jowett 1994). However, more research is requiredainbow trout drift foraging and bioenergetics
models, before this approach can be confidently dige verification of empirical habitat suitability
curves for this species.
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7. Instream habitat survey procedures

Key points about instream habitat surveys

* An instream habitat survey describes either avemage conditions, or river
conditions at critical location.

» To describe average conditions, reach selectionldh® unbiased, and should
represent a longer segment of river where gradilemt, and degree of bank
confinement is similar.

* A representative reach should include at least moghological (pool/run/riffle)
sequence.

e Habitat mapping should cover the range and morgjicdd (mesohabitat) types
present.

» Relatively few cross-sections (e.g., 10) or shedch lengths (e.g., 400 m) can
adequately determine the shape of habitat/flowtioziships.

» Although the amount of habitat may vary betweermhea, the shape of the curve is
usually similar irrespective of reach selectiorsorvey type.

* Flow assessments are based on the shape of thefidlyAlrve, not the amount of
habitat.

7.1 Study area and survey objectives

The objective of an instream habitat survey is & the best possible representation of the
characteristics of a segment of river. This encaspa the range of water velocities and depths that
occur in a river, along with the co-occurrence tatienary stream elements (such as substrate, bank
formations, and cover) with the hydraulic condisolt is important that the selection of reached an
cross-section locations should be unbiased andatifisd process of selection is one means of
achieving this. In habitat analyses, we use tha teection of river’ to denote a long length ofeiv
(usually several kilometres or more). A reach ier&r and is usually a kilometre or less. A cross-
section or transect is a point within a reach.

The morphology of a river is determined by thergjth of banks and bed (riparian vegetation, bank
material, and substrate), gradient, and magnitddéood flows. If any of these factors change, the
morphological and hydraulic characteristics of irer will change.

The selection of survey reaches and number of @estson locations will depend on the river and the
issues that are to be addressed. Survey reachasuaky selected to represent the average conditio
in a longer section of morphologically similar nvelfhey may also be selected to represent some
critical habitat or function, such as a spawninggaor fish passage. For example, the shallowdigtsrif
may be modelled to determine the flow at whichdbpth falls below a critical level for the passafje
fish. Surveys of known spawning areas may alsoseel to determine the effect of flow on spawning
habitat.
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Rare river conditions or habitats need special idenation. By definition, rare habitats do not accu
sufficiently frequently to be included in habitairgeys that aim to describe average conditions It
possible to carry out a survey of rare habitats tandetermine how flow changes would affect them,
but before doing this, it is necessary to ascertain

» the importance of those habitats to the ecosystem,

» whether a change in habitat might create thosehaéats in another location,
» whether those habitats will change with flow omfleegime, and

» what method can be used to predict changes.

Some examples of rare habitats are backwatersetsato fish passage, and fish cover requirements i
some rivers.

Minimum flow assessments are based on the shapeedVUA — flow curves and the proportional
changes resulting from a flow change. Thus, thegae of the survey is usually to define how habitat
varies with flow. The need for a survey to defihe shape of the curve is often confused with ateura
guantification of the amount of suitable habitawer cross-sections are required to show the shfape
the habitat/flow curve than are required to defime amount of habitat in a reach, as will be shown
later. However with few cross-sections, results banunduly influenced by unusually wide cross-
sections, because the characteristics of each-seas®n are weighted by the area it representisein
reach.

The number and location of cross-sections in alrehould reflect the variation in morphology and
extent of the morphologically similar sections. Bigant changes in morphology are usually
indicated by a change in gradient, flow, or geolo@y noted earlier. However, it is also possible to
survey multiple reaches and then combine the hyidraliaracteristics and habitat during the analysis
to give an average for the river. A river need oh#y divided into multiple reaches if there is a
requirement for comparison of hydraulic/habitatreleteristics between reaches. It is often convénien
to divide the river into multiple reaches where tlogv varies, such as upstream and downstream of a
tributary stream. This is because during calibraamd analysis of reaches one flow applies to all
cross-sections, and it is not necessary to sptufylow at each cross-section.

Reaches can be surveyed in two ways — as reprégentaach, (usually for water surface profile
modelling or 2D modelling) or by habitat mappintrdtified sampling).

7.1.1 Habitat mapping — stratified sampling

Stratified sampling or habitat mapping is usedejaoresent the physical habitat in the segment ef riv
over which the survey is intended to apply, andukh@rovide a better representation of available
habitat than simple random selection and will éelyarequire less effort. In habitat mapping,
mesohabitat types with similar hydraulic charastess are defined and their locations and lengths
mapped. Pool, run, riffles are examples of mesaaabjpes, but any classification system can be
used, as long as it classifies on the basis ofawjidrsimilarity (primarily depth and velocity). Waso
use the term ‘mesohabitat’ to describe the hydracéinditions represented by habitat suitability
criteria (Section 6). These habitat suitability Sobabitats’ are sub-areas within the mesohabipesty
used for habitat mapping.
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Stratified sampling involves two steps:
(a) decide on the number of different mesohabyad in the segment of river

This involves examining a long section of river aletiding on the number of mesohabitat types with
different hydraulic characteristics (i.e., deptld aelocity).

(b) divide the segment of river into mesohabiges (strata)

This involves stratifying the longer section ofaninto the mesohabitat types, such as pool, nud, a
riffle, and then selecting cross-section locationthese mesohabitat types.

Stratified sampling first requires that habitat miag is undertaken over the segment of river under
study so that the proportions of the different nmedotat types (e.g., pool, riffle, run, etc.) cam b
calculated. To make a habitat map, the entire fengtlarge proportion of the segment of interest is
traversed, by foot, raft, or boat. The length aftepool, run, riffle, etc. is measured (by tape soee,
GPS, or pacing) and its location recorded.

Next, cross-sections are chosen in each of thelmégat types. The cross-sections should be selecte
without bias, such as would be caused by seleatings-sections in similar riffles or in similar
locations within a pool. The sampling approach galheapplied is not random, but targeted to cover
the full range of natural variation with only a faross-sections (rather like estimating the mean by
averaging the maximum and minimum value in a datarather than just two data points at random).
At each cross-section, depths, mean column vedscithnd substrate composition are recorded at
approximately 0.5-1 m intervals, or with enouglgirency to characterise the changes in depth and
velocity across the section, exactly the same m&ydraulic modelling. The water level is measured
and the flow calculated from the measurements lofcitg, depth, and width. To predict how the water
level at each cross-section changes with flowwthter level at each cross-section is measuredat tw
or more, other flows and a stage-discharge relghiipnestablished. Water level measurements can be
made with survey instruments or read with a rufétemporary staff gauges (e.g., a length of steel
reinforcing bar driven into the river bed). Th#dais usually more accurate.

Mapping of a segment of the river is carried outd&fine the mesohabitat types present and to
determine the percentage of each type within thelreEach cross-section represents the perceritage o
the mesohabitat type in the reach divided by theber of sections in that mesohabitat type. For
example, if riffles made up 25% of a 2 km segméhntiver and 6 cross-sections were surveyed in
riffles then each cross-section would represerti 864.2% of the river section.

7.1.2 Representative reach

Hydraulic habitat modelling can be based on ‘repméstive’ reaches along a river, with closely sgace
cross-sections, or topographical measurementsg dlanreach that are used for 1D water modelling
or 2D modelling, respectively. There are two apgtees to 1D modelling in representative reaches: 1/
water surface profile modelling, 2/ rating curv€®r 1D modelling by either method, water level
measurements must be taken at each cross-sectithe aurvey flow. For water surface profile
modelling, a stage—discharge relationship mustdierchined for the downstream cross-section. This
relationship is used to predict water levels atdtieer cross-sections over a range of simulatesstlo

If rating curves are used, water levels must besorea at all cross-sections for a number of differe
flows in order to construct stage—discharge reatetigps for each cross-section. This approach i@ mo
accurate, and requires less experience, than satirce profile modelling. Water level measurements
are also necessary for 2D modelling — for calibgatind validating the model.
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A representative reach contains a range of hapitatsally one or two pool/run/riffle sequences that
are considered representative of a longer segniettteoriver. Closely spaced measurements are
necessary to allow accurate interpolation betweeasured points, both laterally and longitudinally.
Closely spaced measurements are particularly negess define the channel in transition zones
between mesohabitat types (e.g. where a riffle lamto a pool). In representative reach 1D
modelling, the distance between cross-sectionsuslly used to calculate the proportion of the neac
that each cross-section represents. The lengteamhrthat each cross-section represents is half the
distance between the adjacent upstream and dowanstmss-sections. However, it is also possible to
specify percentage values for each cross-secfiogguired.

7.2 Reach selection

Selection of a reach and cross-section locatiosegthe problem of how ‘representative’ they ara of
longer section of river, or even of the hydraulimditions within the reach. However, experience has
shown that although the amount of habitat may \mtyveen reaches, the shape of the habitat/flow
relationship is usually similar and neither reaadestion nor survey type should affect flow
assessments. Superficial differences in appearahoeaches in a river do not necessarily result in
differences in the shape of habitat/flow relatiopshalthough they may indicate differences in the
amount of available habitat.

The following examples are from the large numbestatlies, both in New Zealand and overseas, and
show that there is remarkably little variation e tshape of habitat curves between reaches, umless
reach is markedly different (i.e. flow, gradieninfinement).

Figure 7.1 shows the results of two habitat survessied out on the Arnold River, one reach at
Kotuku above the Arnold Dam and the other aboukibdownstream at Kokiri below the Arnold
Dam. The Kotuku reach was surveyed as a representaiach and the Kokiri reach was surveyed
using habitat mapping. Both curves are of a sinslape, with maximum habitat provided by a flow
of 10-15 n¥s, but the downstream (Kokiri) reach contains afnwice as much usable habitat.

Arnold R at Kotuku Arnold Rat Kokiri
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Figure7.1: Comparison of instream habitat predictions fromtwo habitat survey reaches of
15 cross-sections about 15 km apart on the ArnoldiiRer.

Figure 7.2 shows predicted instream habitat inethepresentative reaches in the Esk River, with one
pool/run/riffle sequence in each reach (Jowett 1986ith 10—-13 cross-sections in each reach, the
variation in habitat with flow in each reach wamigar for adult brown trout habitat, food producing
habitat and common bully habitat. Food producingitad began to decline sharply when flows fell
below 2 ni/s, adult trout habitat varied little above a flefvabout 2 ri¥s, and maximum common
bully habitat was at about 1%f.
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Figure7.2: Instream habitat predictions for adult brown tro ut, food producing, and common
bully habitat in three representative reaches in tk Esk River.

In the Kakanui River, the variation of trout habiteith flow showed changes along the river (Fig.
7.3). At the most downstream reach at Pringles,giaglient is low and a flow of about 3/mis
required for maximum adult trout habitat and 1.5¥2s for spawning. However, further upstream at
Riverside the river is more confined and a leskev provides maximum habitat. Robbs Crossing is
further upstream still, but is poorly confined difmlv requirements are more similar to those in the
downstream reach. However over the three reachiéswaof about 1 n¥s provides close to optimal
juvenile trout habitat and flows of 2—3s provides good conditions for adult trout.
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Figure7.3: Trout habitat in three reaches of the Kakanui Rier.

Two reaches about 40 km apart were surveyed olower Waitaki River, a large braided river with a
mean flow of about 360 #s. There were 12 transects in the Ferry Road r@afthof Fig. 7.4), with

the number of braids varying from 2 to 9 (averayjeThe Priests Road reach contained 8 transects,
with 4-12 braids (average 7.6). Although the reaclkidfered in the number of braids, the
relationships between habitat and flow were simiaboth reaches although the amount of habitat

varied by a factor of about 2.
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Salmon and trout habitat in two reaches in thedrge braided Waitaki River.

These comparisons show that the habitat/flow @iahips are relatively consistent within
morphologically similar sections of river. Lamourod Capra (2002) found that there were also

similar habitat-flow relationships between riveshen the measures of habitat and flow were divided

by width. They plotted the habitat suitability ind@HSI) against flow per unit width for a number of
French rivers and found that the shapes of thadtahirves were similar between rivers, although th

magnitude of the HSI values differed between rivarsimilar study showed the same result for over

100 New Zealand rivers (Lamouroux & Jowett 2005)e Tshapes of the dimensionless HSl/flow

relationships were similar between rivers and ddpdron the habitat suitability curves, but not the

river (Fig. 7.5). Thus, each river is not uniquehe way water depth and velocity change with flow,
even though every river looks different.
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Figure7.5: Relationships between habitat suitability index(HSI) and discharge per unit

width in 5 rivers. The blue (solid) lines show thayeneralised relationship and the
black points the calculated points for each reach.
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7.2.1 Reach length

In 2D modelling, a representative reach is surveged the length of the reach becomes critical
because of the amount of data that needs to bectedl for an adequate description of the terrdis T

is a similar problem to the number of cross-sestiona 1D survey and the answer is the same. Longer
reaches give better quantification of the actuabamh of habitat in the river, but the shape of
habitat/flow relationships can be determined fretatively short reaches.

The following example tests the sensitivity of Habianalyses to reach length by dividing a 1300 m
reach of braided river into 2 equal reaches, 3 lega&hes, and 4 equal reaches.

When the 1300 m reach was divided into 2 — 650 aches, the shapes of the habitat/flow
relationships in each 650 m reach were similawelsas being similar to the single 1300 m reach, b
the amount of habitat in each reach varied, pdattyufor juvenile brown trout (Fig. 7.6). When the
reach was divided into 3 — 430 m reaches, the tiamiaf habitat with flow was similar between each
sub-reach and also similar to the single 1300 rohr¢gig. 7.7). However, when the reach was divided
into 4 reaches of about 300 m the differences beamore noticeable (Fig. 7.8).
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Figure7.6: Relationship between flow and trout habitat in a1300 m reach of a braided river
compared to those in the two halves of the reach.

56



25
ey Juvenile brown trout
PR

20 '\\ A
€ \
‘TE 15 - S W —
< h O
:) TTeeeaall -, a
= 10

5

0 T T T T T

0 10 20 30 40 50 60 | —e— Whole reach
—m— Upper third
20 o —a— Middle third
;- . Adult brown trout Lower third

16
E
€ 12
S
= 8

4

0 T T T T T

0 10 20 30 40 50 60
Flow (m?/s)

Figure7.7: Relationship between flow and trout habitat in a1300 m reach of a braided river
compared to those in the three thirds of the reach.
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Figure7.8: Relationship between flow and trout habitat in a1300 m reach of a braided river

compared to those in the four quarters of the reach

7.2.2 Number of cross-sections

The number of cross-sections required in a 1D suoveeach length of a 2D survey depends on the
morphological variability within the river. Studiégmve shown that relatively few cross-sections can
reproduce the results from a 2D survey or from sstf¥ey with a large number of cross-sections.

Tarbet & Hardy (1996) found that a 1D survey withctoss-sections achieved similar results
to a 2D survey.

Milhous (1990) visually compared results from salaples of 4 cross-sections each (one per
sampling unit) selected from a set of 24 crossi@estand, with some minor reservations,
concluded that ‘the shape of the relationships vsngilar..’ and the ‘number of cross
sections can be relatively small...’

Simonson et al. (1994) used 86 study sites on 58covisin streams. They found that 20
transects gave means accurate within 5% of thentiesmn 95% of the time. With 13 transects,
85% of the means were within 5% of the true means.

Bovee (1997) concluded that pocket water, a compiesohabitat type containing a wide
variety of depths and velocities, can be accuratefcribed with 3 to 5 transects.

Payne et al. (2004) sub-sampled several very ldage sets to determine how many cross-

sections were required to produce a robust WUAtfand(i.e., habitat/flow relationship), and
found that 18-20 cross-sections gave results nédelytical to results for 40 to 80 cross-
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sections per reach and only a few cross-sectioms meguired to reproduce the general shape
of the relationship (Fig. 7.9).
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Figure7.9: Effect of number of cross-sections on habitat-fi relationships (from Payne et al.
2004).

The total number of cross-sections needed to generaobust result should be proportional to the
complexity of the habitat hydraulics: 6—-10 for slmpeaches and 18-20 for diverse reaches. Fewer
cross-sections will give the shape of the relatigmsbut not WUA magnitude.

The number of cross-sections in each mesohabjiat gkiould ensure that no individual cross-section
is given a weight of more than 5-10% to minimiseitifluence of outliers.

» A representative reach should include at leastnoomhological (pool/run/riffle) sequence.
» Habitat mapping should cover the range of varighilithin the mesohabitat types present.

* Relatively few cross-sections (c. 10) or short hebmgths (c. 400 m) may be sufficient to
determine the shape of habitat/flow relationshigisereas more (20 sections or c. 1200 m) are
needed to stabilise the magnitude of WUA prediction

7.3 Cross-section survey method

The instream habitat surveys are carried out wiahdard hydrological gauging equipment and can be
done by wading, by boat, or raft. In addition, srgections need to be marked so that they can be
found and identified on return visits and waterelsumeasured.

Usually, a survey aims to provide information owhiie habitat or hydraulic conditions vary at low

flows. Thus, the survey is best carried out at fow, to minimise error in extrapolating beyond the
measured conditions. However, when flushing andnset transport flows are of concern, cross-
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sections should be surveyed to accommodate watelslexpected at high flows and calibration
measurements should be made at high flows.

When carrying out a stratified survey, the mesdiaalypes in the segment of river to be surveyed ar
determined by examining at least 1-2 km of rivene Thumber of mesohabitat types defined (e.qg.,
pool/run/riffle) depends on the river and surveypmse (see Section 7.1). Once the mesohabitat types
are defined, the length of each is measured anss<ections selected in each mesohabitat type.
Often, for convenience of surveying, the first srgection is chosen in the least common mesohabitat
type, with other cross-sections located in adjacegohabitat types.

When carrying out a survey of a representativelreparticularly for a water surface profile anatysi
cross-sections are located relatively close togetbe that there is uniform and relatively small
variation in cross-section properties (width, deptelocity) between cross-sections. Accurate
delineation of transition zones, where the watefase gradient is changing rapidly, is particularly
important for water surface profile modelling.

Cross-sections should be clearly identified infiekl (including the mesohabitat type they représen
and field data (offset distances, depths, numbeewlutions and times and especially water levels)
should be accurate and systematically recorded.

A tagline or tape is strung across the river ditraangles to the flow. It does not matter whetlmer t
tape zero is on the left or right bank, but it isfprable to be consistent, so that when plotted dee
viewed, cross-sections will be consistently eitloeking upstream or downstream. The cross-section
survey should include points high enough on thekbdo accommodate the maximum flow likely to
be modelled, and water edges at the time of swshieuld always be included.

The water level is marked by a temporary staff gasgch as a reinforcing bar or stake. This isedriv
into the streambed in a sheltered location on thesesection in about 10-20 cm of water. Ideally,
each temporary staff gauge should be referencedoenchmark established on the bank so that any
movement in the temporary gauge can be detected@nekcted if necessary. The water level at each
temporary staff gauge is referenced to its topo(zeflush with the water surface). If this methizd
used, a gauge can accurately measure small changesder level for derivation of the cross-section
rating curve. At each cross-section, stage at flevo should also be estimated to provide another
point for fitting the stage—discharge relationsfipe stage at zero flow for riffles is usually tbevest
point in the cross-section (because the riffle peeted to be dry with no flow) and need not be
specified.

This procedure is repeated until the required nundbecross-sections is surveyed. If flows change
during the survey, stage at one site should bededahroughout the day so that this can be rekated
the time and flow of each cross-section survey Y&aging flows later).

7.3.1 Braided/divided channels

In braided rivers, each channel in a braided réatteated as a separate cross-section, with tempor
staff gauges in each channel. Channels are anadggmdately with survey flows, rating curves, and
stages of zero flow varying at each cross-section.

A divided channel occurs where a river flows aroandisland. If it is found that the level variation
with flow in each channel is similar, the channed® be treated as one continuous cross-section. For
water surface profile analysis, it may also be ssasy to ‘dogleg’ the cross-section so that theswat
level in each channel is the same. Diagonal rifliéso create a situation that can be treated as a
divided channel, where the water level and deptbéity distribution are different on either side of
the riffle. In such a case, the edge of the riflsually the downstream edge) is treated as aceérti
wall when modelling and each side is treated agparate cross-section (Fig. 7.10).
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Figure7.10: Using divided channels to model a diagonal rifflevhere the variation of water
level with flow is different in each channel.

7.4 Prediction of water level

7.4.1 Rating curves

After the initial survey, two or more follow up sys are required to measure water levels so that
stage-discharge rating curves can be fitted. Stégggharge curves are used to predict the variation
water level with flow; 1) at each cross-section; fabitat surveys based either on representative
reaches or stratified sampling (habitat mappingy &) for the boundary cross-sections for water
surface profile modelling or 2D modelling. The madhwith individual rating curves for each cross-
section is known as IFG4 in PHABSIM and is partlyl suited to high gradient streams where water
surface profile or 2D modelling is difficult. It ialso useful to develop rating curves for all cross
sections in a water surface profile analysis bezdahsy can be used to determine how roughness
varies with flow between each pair of cross-seetion

Stage-discharge calibration field measurementsldhioel done as soon as possible after the main
survey to minimise the chance of rating changesumity between the survey and follow-up
measurements. However, there must be a measulablarid water level change between the follow-
up surveys. Water level changes of 50 mm or moeeidgal, although smaller changes can be used
depending on the size of river and accuracy of #md level measurements.

On the follow up visits, flow is measured at a ggzdiging site and the water level at each cross-
section (or downstream cross-section for wateraserprofile analysis) is measured. Bench marks and
temporary gauge levels should be checked agaiastriginal survey in the field and the source of an
discrepancy determined, as this could be eitheveguerror, or movement of the staff gauge or
benchmark.

Stage-discharge curves are usually derived bwyndith curve to a series of measurements of water
levels and flows. This is routinely done at moseriflow recording sites around New Zealand and
over time it is possible to develop a curve basedheasurements of the full range of flows and water
levels experienced at that site. Stage-dischargeesuUor instream habitat assessments are based on
fewer measurements than curves at flow recordiieg.sThis is because:

1. high flow predictions are not usually required
2. results are usually required within a set time
3. measurements must be taken before a flood #terstage-discharge curve.

The variation of water level with flow over a sectiof the stage-discharge curve can usually be
described by the following relationship:
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Flow = a(water level - water level at zero flow)
wherea andb are constants that give the best fit to the mesmsents of water level and flow.

This is the best method of deriving the stage-cisgh relationship when there are 3 or more
measurements taken over the full range of flowsuoich habitat predictions are to be made.

It is also possible to calculate rating curves thie¢ the best-fit regardless of the estimated mlatee!

at zero flow, and curves calculated from the hylicgaroperties of the cross-section and variatibn o
Manning’s N with discharge. Comparison of these curves, anskiple adjustments based on
professional judgement, result in the best possdsBmate of the stage-discharge relationship.
Relationships at each cross-section are generaflijas and deviations from this ‘type curve’ will
often be the result of data errors.

Stage-discharge relationships usually predict wigegls more accurately than water surface profile
modelling. There is no restriction on cross-sectmration, and the process of calibration is simple
than for water surface profile models.

7.4.2 Water surface profile modelling

Water levels at each cross-section along a reachbeacalculated using engineering techniques of
water surface profile modelling, such as the stethdtep backwater method (Chow 1959, Henderson
1966). This method is based on the principle ofgneonservation. The longitudinal flow profile is
calculated from the flow, slope, hydraulic roughsjeand the hydraulic properties of the cross-
sections. An important assumption in the methaothas the distance between cross-sections must be
short enough that the hydraulic properties of ttesssections approximate the hydraulic properties
and slope between them, and thus the energy ldsspsactice, this means decreasing cross-section
spacing at the heads and tails of riffles, whertemwslopes and cross-section areas change rapity,
increasing the spacing when the hydraulic conditiare uniform. These conditions are relatively easy
to comply with in large low-gradient rivers, butalirsteep rivers are difficult to model accurately.

The procedures involved in selecting cross-sectomations and calibrating the hydraulic model
require an understanding of hydraulic principles] axperience. Even then, there are uncertaimties i
the accuracy of the predictions of the water se@rfarofile, and this limits the range of flows fohieh
predictions can be made.

The hydraulic roughness (Manning is determined from field data on discharge, cisEssion area,
hydraulic radius, and slope. Mannindlscan vary with flow in an unpredictable manner (ekjcks
& Mason 1991) and this limits the range of flows Which the roughness calibration is valid.

The advantage of water surface profile modellinthé all the necessary survey data can be callecte
on one visit to the site, which is particularly tedi to remote locations or rivers where the channel
form is often altered by floods and bed movemeher€& are methods of estimated rating curves at the
downstream cross-section, without field measuresmahta range of flows. If the downstream cross-
section is located at a hydraulic control such aseap riffle, the rating curve can be estimatetth wi
good reliability. Another technique is to measurausnber cross-sections below the ‘downstream’
boundary cross-section, and then use water supiadge modelling to predict the rating curve ag¢th
downstream boundary cross-section. In some cir@amass, such as upstream of an artificial control
on water level that causes a backwater effect, msaidace profile modelling is the only practical
method.

For water surface profile modelling, cross-sectionsst describe reach geometry in both longitudinal
and cross-sectional profile. This means that aessprtative reach approach must be used, with the
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elevation of every cross-section related to theesdatum and sections close enough to adequately
represent the variation in both the cross-sectiarea and longitudinal profile.

If cross-sections are selected with a stratifiegraach (habitat mapping), the data cannot be used f
water surface profile modelling because the lomtital profile is not defined (i.e., the cross-seati
water levels have not been measured relative tonanmn datum and the cross-sections are usually
too widely spaced).

7.5 Prediction of water velocities

The distribution of water velocities across a cresstion can be calculated from its conveyance once
the water level and flow are known (Fig. 7.11) (Mgs& Jowett 1985). Each velocity can be adjusted
for site specific features, such as an upstrearmation which might cause a reduction in velocdy,

a current on a bend increasing local velocitiexhBaeasurement point represents a cell of the total
river area (Fig. 5.1), for which the suitability tife velocity, depth, and substrate are evaluated o
scale of 0 (unsuitable) to 1 (optimum). The suittybscores for each of these parameters are then
combined (usually by multiplication) to give theipiosuitability. The point suitability is multiplgeby

the width of the cell it represents and summed s&cthe cross-section to give the weighted usable
width (WUW). The WUW of each cross-section is npligd by the proportion of the total river length
that the cross-section represents, based eithdrabitat mapping or the distance between cross-
sections, to give the cross-section WUA. The tatath WUA is the sum of the WUA of all the cross-
sections. Once a hydraulic model of the reach iwvel@, water velocities and depths can be predicted
for any flow and the amount of suitable habitahat flow evaluated.
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Figure7.11: Comparison of measured velocities and depths (dasd line) with depths and
velocities predicted from data measured at three ass-sections at a flow of 13
m®/s in the Ashley River.

The computer programme RHYHABSIM can evaluate laalsiirveys based on either habitat mapping
or representative reaches, with water levels ptedieither from stage-discharge relationships or
water surface profile modelling. The predictiveliépiof RHYHABSIM was tested in a braided river.
The survey was carried out with flows varying fr@® to 45 n¥s which reduced the accuracy of
predictions (see Section 7.6). When predicted aedsured values were compared at 112 point
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measurements at a flow of 12.8/s) the average absolute errors in depth and wglpcedictions
were 0.052 + 0.046 m and 0.074 + 0.079 m/s, renedgi(Fig. 7.12).
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Figure7.12: Comparison of measured and predicted water depthém) and velocities (m/s) at
12.8 /s in a braided river (Hurunui) predicted from survey data collected over
3 days when the flow varied from 26 rils to 45 ni/s.

7.6 Varying flows

Flows can vary spatially within a survey reach,hsas when a tributary flow enters the river parywa
through the reach, or flows can vary during theseyras they would on a flood recession. In the cas
where a tributary enters the reach, the calibratiod prediction procedures should apply different
flows to the sections above and below the tribuiaput. This type of analysis is easiest using
stratified sampling procedures (habitat mappin@4Fin 1D programmes. It is difficult using water
surface profile and 2D modelling techniques anthése situations the reach would usually be divided
into reaches above and below the tributary.

Time varying flows (unsteady) complicate surveyqgemures because the flow is changing while
measuring velocities across a section (usuallybyotuch), but more importantly, because the flow
changes between cross-sections, and that makgscultito ascertain the actual flow at the tinfest
cross-section, and water level, was measured.H®reason, it is advisable to record the timellof a
measurements, as well as recording the water lgwel flow if possible) continuously through the
survey. With a continuous record of flow during uvey, it is possible to calculate the flow aiiath
each cross-section was surveyed and to use thire asurvey’ or ‘best estimate’ flow. The procedure
is repeated for each cross-section in order toveetiie cross-section stage-discharge curve (see
Section 7.4.1). Flow must be constant during tHeciion of water levels for the calibration of wat
surface profiles, for 1D or 2D models, althoughwiocan vary while surveying bed profiles.

7.7 Fluctuating flow analysis

Fluctuations in flow create a varial zone that istted and dried as water levels rise and fall. With
frequent flow fluctuations, this zone will not saist immobile plant and invertebrate species. Mobile
species such as fish, and probably some invereelspécies can make some use of this zone,
especially for feeding in recently inundated arefsiver bed where terrestrial invertebrates in the
substrate may have been caught by rising watelsleMewever, a varial zone that is wetted and dried
at more frequent intervals than weekly is expettedsually be unproductive and can be regarded as
lost habitat. If it is assumed that biota are imiteght is possible to calculate the locations wvith
river that consistently provide suitable physicabitat under fluctuating flows.
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The concept is that most aquatic organisms becatableshed at locations that provide suitable
habitat at an existing flow. If the flow fluctuate¢le velocity and depth at the location occupigdhe
aquatic organism will change and if that locati@nlenger provides suitable habitat, then that locat
would not be considered suitable under a fluctgafiow regime.

The numerical evaluation of habitat suitabilittéssum the available habitat over a reach, assuming
that the habitat value of each location is the mum habitat value of that location over the ranfje o
fluctuating flows.

The calculation of habitat suitability with fluctiirg flows involves setting a ‘normal’ flowQg) and a
range around which the flow fluctuates. The halatacach pointHSI) is calculated aQg and for
flows Qg * the fluctuation (e.9.Qs — Qow aNd Qs + Qhigh ), Where Qo and Quigr are the upper and
lower fluctuations for a proportion of the fluctireg flow range,Qy. The HSI for the point with
fluctuation ismin(Qgs, Qs + Qv Qs - Qv). The habitat suitability indice$JSI, are multiplied by the
area they represent and then summed over the tegite a single value of WUA fdD,. When this
is repeated for a range of values@f, the results can be plotted as a graph of thecteffe flow
fluctuations on the amount of habitat at ‘norm#&dw (Fig. 7.13). The ‘normal’ flow is the flow that
would occur without flow fluctuation and is usually modal or median flow. The results of a
fluctuating habitat analysis are usually expressadrms of the proportion of habitat at ‘normad,
where 100% of the habitat is normally available. (it flows were steady), but less is availablél@as
fluctuations increase.

In the following example (Table 7.1 and Fig. 7.18g amount of habitat for larvAlphrophila(a true
fly) was calculated for flows fluctuating from 4 8ont/s about a normal flow of 5 s. In Table 7.1,
WUA at the normal flow of 5 fifs is always greater than or equal to WUA with filiztion. The
amount of habitat with 10% flow fluctuation (i.&com 4.8 to 5.6 fis) is the minimum habitat value
(HSI) at flows of 4.8, 5, and 5.6%s (i.e., 6.60 fim, or 95.35 % of that at the ‘normal’ flow).

Table 7.1: Variation in weighted usable area (WUAJor Aphrophila (a true fly larvae) with
flows fluctuating from 4 to 8 m*/s about a normal flow of 5 ni/s.

WUA % of
without WUA with WUA at
Flow fluctuation  fluctuation ‘normal’

(m3/s) (m?/m) (m?/m) flow
4.0 6.75 5.40 78.02
4.2 6.80 5.70 82.31
4.4 6.85 6.00 86.65
4.6 6.88 6.30 90.95
4.8 6.90 6.60 95.35
5.0 6.93 6.93 100.00
5.6 6.94 6.60 95.35
6.2 6.92 6.30 90.95
6.8 6.91 6.00 86.65
7.4 6.86 5.70 82.31
8.0 6.75 5.40 78.02
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Figure7.13: Variation in weighted usable area forAphrophila (a true fly larvae) with flows
fluctuating from 4 to 8 m¥s about a normal flow of 5 ni/s.

7.8 Flushing flow analysis

Flushing flows are flows that remove the fine seshis and periphyton accumulations from stream
substrates. Flushing flows are necessary in mdswvial streams to remove accumulated fine
sediments and to restore interstitial space inajravbstrates. In spring-fed streams, the flonmegis
stable and floods and flushing flows are practjcatbn-existent. Suspended sediment concentrations
in spring-fed streams are naturally very low soréhs no accumulation of sediment that needs
flushing. In addition, there is little shallow watgith coarse substrate to encourage periphytowttro
and spring-fed streams are often dominated by magtes.

Surface flushing flows remove the fine sedimentsnfrthe surface layer, leaving the armour layer
largely intact. Periphyton can also be removedhgyabrasive action of fine sediments moving over
the surface. Channel maintenance flows or deepifigflows disturb the armour layer, removing the
sediments that have deposited within the gravekirpas well as maintaining river morphology,
particularly the pool/riffle structure.

Flushing flows have both a beneficial and detrirakaffect on rivers. In the short-term, they result

a loss of productivity, but in the long-term bidtanefit through the improvement in habitat quality.
The detrimental effect of high flows on stream &iwt largely a result of the high water velocitesl
bed sediment movement (Jowett & Richardson, 1988nf§eour & Winterbourn 1989). In many
New Zealand rivers physical abrasion by sedimentement is probably more important than the
effect of velocity alone (Scarsbrook 1995, JoweBi§gs 1997, Biggs et al. 1999).

Flushing flow or channel maintenance flows causgen@ent over part of the stream bed only (except
in uniform channels with uniform substrate). Sediteansport occurs at practically all flows and as
the flow increases the amount and size of seditn@nsported increases. Some areas of the stream bed
will resist movement more than others, so thatattea of a stream bed that is disturbed by highdlow
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gradually increases as the flow increases. A deitfilishing flow might be the flow that flushes 80%
of the river bed that is submerged at base flove atea that is to be flushed is an arbitrary degisi
that must be made when deciding on a flow. Cladtiew (2004) calculated the bed-moving or
channel maintenance flow (that which moves 84%eftted sediment) in 41 New Zealand rivers to be
about 10 times the mean flow on average, or 40%hefnean annual maximum flow. This can serve
as a first estimate of the flow required for maiatece of channel morphology, but individual rivers
can differ from this value.

The calculation of the amount of disturbance caused flow is based on bed shear stress. Shields
showed that particles were likely to move when diteensionless bed shear stress equalled 0.056.
Subsequent studies indicated that this value magligbtly high. Milhous (1998) used data from a
small gravel bed stream to show that surface sedamweere flushed when the dimensionless bed shear
stress exceeded 0.021 and that the armour layedistasbed when the stress exceeded 0.035. These
values are used to calculate the area of the srsdithat is flushed by a given flow.

The bed shear stresses are the forces that tesistfect of gravity on water flow. The sum of thex
shear stresses is proportional to the depth ofrveatte the slope of the river as shown in the foitmv
equation:

dimensionless bed shear stress = RS/(sg-1)/subsirenour size
whereR is the hydraulic radius the slopesubstrate armour sizis usually the d85 size, asdis the
specific gravity of the substrate, usually take2 &5.

Thus, the slope of the river must be known beftughing flow requirements can be estimated.

RHYHABSIM has two methods of calculating bed shetaess. One method assumes that the average
water surface slope is constant over the wholehrethe other estimates local water surface slope
using Manning’s equation with point velocities asubstrate size to estimate roughness, as described
below.

Flushing usually occurs at flows higher than tlesvflat which the instream habitat survey was carried
out. The average water surface slope method shmeildsed if the flushing flows are an order of
magnitude higher than the survey flow.

Alternatively, the velocity method can be used whire slope is calculated indirectly from velocity
and substrate measurements. Bed shear stressdse czadculated from mean column velociy
Hydraulic radius R, and Manningh¢ as follows:

bed shear stress = sqrt(g) * V * Manning's N/°*R
whereg is the acceleration due to gravity.

Manning’sN can be calculated in two ways:

1. Strickler's equation
N = 0.04145*d"

2. Manning'sN calculated from the cross-section geometry (medaocity V and hydraulic radiuB)
and longitudinal flow profile to give the slop8){(
N = 1/\V*R/*SY,

The velocity distribution\{ at points across the river) at flushing flows dbdhe assumed to be more
uniform than that measured at lower flows becaaecity variation generally reduces at high flows.

The size of suspended and bedload sediments movedflow are calculated from the following
formulae presented by Milhous (1998):
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Max. suspended sediment size = RS /g/((sg -1) 0.28
Max. bedload size = substrate armour size (R§ A[s 0.018)j*°

The term RS/(sg-1) is equivalent to the dimensionless bed shieass (see above) multiplied by the
substrate armour size.

RHYHABSIM has the option of using an alternativeuation (Gessler 1970) to predict sediment
movement. This method predicts the probability @vement (or of remaining in place) for a given
sediment size and shear stress.

This implementation incorporates a hiding factander the assumption that large substrates ‘hide’
small substrate from the effects of the curreneréhs good agreement between the Gessler (1970)
and Milhous (1998) methods, with Gessler's methadiny the advantage that it predicts the
probability of movement for all sediment sizes.eTtiding factor is incorporated into the calculaio

in the term:

(Ch/dsg)"
whered; is substrate size aitds the hiding factor..

The hiding factor increases the effective sheasston small particles to allow for the hiding effef
the larger particles. Values of the exporfenbuld vary from 0.113 (Andrews 1984) and 0.33 (Eam
& Biggs 1998). A value of 0.113 is used in RHYHABSI

7.9 Confidence limits

Confidence limits can be placed on instream halpitatlictions. Estimates of confidence limits are
based on the assumption that cross-section locatwe selected randomly and the bootstrapping
method selects random combinations of cross-section calculate instream habitat and thus
variability. These statistical confidence limitgleet the variability in cross-section propertieglado

not address all uncertainties in instream habitatetling. For example, habitat suitability criteria

have more influence on the shape of the WUA/flowveuthan the number or selection of cross-
sections (provided the guidelines in Section 72 fatlowed) and the uncertainty in these criteria
depends on the amount and quality of the datahiegtare based on.

In the randomisation process, cross-sections alected with replacement. This means that a
bootstrapped sample could, by chance, replacédeal(different) cross-sections with the same cross-
section — an unlikely scenario by valid under tbetbtrap method. If the river is comprised of ppols
riffles and runs and cross-sections were randorillscsed from all the cross-sections in the reduh, t
assumption of random selection of cross-sectiongldvbe invalid because the cross-sections within
the reach were not randomly chosen — they weretsel¢o represent pools, runs and riffles. However,
it is possible in bootstrapping to randomly selgaiss-sections within each of the mesohabitat types
and this is the procedure used in RHYHABSIM.

68



With stratified random sampling the mean value afculated as the weighted average over all
mesohabitat types:

Where X is the overall reach meam, the weight applied to mesohabitat typandx; is the mean of
cross-section values in mesohabitat typge a reach ofm mesohabitat types. The weight is the
proportion of river reach length represented by thasohabitat type, so that the sum of the weights
over the reach equals 1. Individual cross-sectiergits within each mesohabitat type are equal and
their sum equalss.

The standard error within each mesohabitat typleasquare root of the sample variance (i.e. standa
deviation) divided by the square root of the nundfesross-sections in the mesohabitat tgpe

Wheres is the standard error of the mean withinithef m habitat strata, and is the sum of weights
in the reach (usually 1).

Confidence limits for the overall mean are:
- 2
CI-mean =X*s t[a,n—l]

Wheret is the t-statistic for the whole sampledross-sections) calculated by the bootstrap-t ateth
described by Manly (1997) and adapted for stratifiemples.

These confidence limits indicate the confidencé ¢ha be placed on the predicted value (of WUA,) at
a particular flow, assuming that cross-sectionsehasen randomly selected within each stratum. In
practice, selection within a stratum tries to enpags the range of variation within the stratum thus
reducing the uncertainty that would be associati¢itl tnuly random sampling.

In evaluation of flow requirements, the shape & kabitat/flow curve is of more interest than the
actual amount of habitat, and as shown in Secti@nféiver cross-sections are needed to define the
shape than are needed to stabilise the magnitud&Jéf predictions.

Confidence limits on the shape of the habitat/flowrve can be estimated by bootstrap methods
applied to the slope the curve. For example, mamirhabitat is at the point where the slope is zero.

The procedure is to calculate confidence limits thog slope at each point along the habitat/flow

relationship. The upper and lower confidence linoitsslope are then used to estimate the range of
flows that bound the calculated slope. Figure 8i@ws the calculated relationship between flow and
slope and the upper and lower bounds on that eekttip. The point€Q. and Qu indicate the
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confidence limits on the slope at the fl@y. If Q; has a slope of zero (the maxima), then we can be
confident that the habitat maxima lies betw€gandQy.

1
QU Calculated slope
[<H) D
E— 0
n
Upper and lower
confidence limits on slope
-1 Q1
Flow
Figure7.14: Relationships between slope of habitat/flow rel&nships and flow and an

example of determining the confidence limits on flas.
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8. Generalised instream habitat models

Within the suite of instream habitat models, ip@ssible to select the model that is appropriatieo
situation. In many cases, the simple generalisedeimavith one measurement of width and flow, can
be used to define a minimum flow for the appropriaitical values and habitat retention levelsh#d
stream morphology is unusual (i.e., substantiaifeent from the range of rivers used to derive th
generalised model) or if greater certainty is reggli the width can be measured at two flows and
WAIORA used to apply the generalised models. Fnaldlthe value of the instream or out-of-stream
resource requires the most detailed level of camattbn, instream habitat surveys and 1D, or even
2D, models can be used to predict habitat respomses or net rate of energy intake in fish models
(Hayes et al. 2003, Hayes et al. 2007).

Conventional instream habitat models link hydrautiodels to habitat suitability curves for water
depth, velocity and bed particle size. The hydramiodel predicts the values of point habitat vdesb
(velocity, depth, particle size) for a given dis@®in a stream reach. Suitability curves are used
calculate point habitat values for each combinatibpoint habitat variables. Their product is aitatb
suitability index (HSI, ranging between 0 and T)davhen summed over the reach surface area, HSI
gives the weighted usable area (WUA) which canibeillated over a range of flows to give reach-
scale relationships between WUA and discharge.i@ed& gives a more detailed description of
hydraulic habitat modelling.

Applying conventional instream models in a streaach requires considerable field effort and
experience. At the least, they require the measemewf water depth and velocity across a number of
cross-sections, plus calibration measurements,wigich cross-section water levels need to be
measured at 2 or more flows. However, data req@resncan be even more onerous, e.g., 2D
hydraulic models generally require extensive susvelybed topography plus calibration water level
measurements. Several approaches have been prdposeducing this effort. Some are based on a
simplification of the hydraulic complexity withifmé reach, by using hydraulic geometry relationships
and considering point velocities as equal to thearage (Jowett 1998), or simplifying their stadist
distribution (Singh & Broeren 1989; Lamouroux et#)98). Others try to identify general patterns in
existing applications of the models (Hatfield & Beu2000). Lamouroux & Capra (2002) proposed to
model directly the output of a conventional instneaabitat model using simplified and cost-effective
reach descriptions (depth- and width-dischargetiogiships, particle size, median flow). The
advantage of the resulting generalised habitat faadehat no simplifying hypothesis is made on the
distribution of hydraulic variables within reach&heir use requires little experience or field effo
and the models provide HSI and WUA curves which t&ninterpreted in a similar way as
conventional ones.

Tests of generalised models in France (Lamourow@agra 2002) and New Zealand (Lamouroux &
Jowett 2005) found that habitat values for taxaewmredictable from simplified hydraulic data. Reach
hydraulic geometry (mean depth and mean width-digygh relationships), average bed particle size
and mean flow could be used to provide reliablereges of habitat values in natural stream reaches.
Key physical variables driving habitat values wkmgnd to be similar in New Zealand and in France.
The Reynolds number of reaches (discharge pemtdih) governs changes in habitat value within-
reaches. The Froude number at mean flow, whicltates the proportion of riffles in stream reaches,
was generally the major variable governing ovehabitat value in the different reaches. This is
consistent with the preference of the benthic fawuah as many of the native New Zealand fish
species and benthic invertebrates, for riffles @b\ Richardson 1996; Jowett 2000), and the non-
benthic aquatic fauna for runs or pools (e.g., JD2@02).

The generalised habitat models were robust. Tdstheo French models of Lamouroux & Capra
(2002) in New Zealand rivers were very satisfactaryd most New Zealand models gave reasonable
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accuracy when applied in rivers larger or smahlantthose used to calibrate them (with some loss of
accuracy for some taxa).

Generalised models necessarily lose some informat@mpared to conventional models such as
RHYHABSIM (Fig. 8.1). This loss must be balancedaiagt requirements for field work and
experience in conventional modelling. In particulaydraulic geometry relationships in reaches (as
used by generalised models in WAIORA) can be eaditgined from field measurements made at two
different discharges or using regional models (loddpet al. 1964; Jowett 1998; Lamouroux et al.
1998). By combining generalised models and hydragéometry relationships, estimating habitat
values in multiple streams is possible from fewdfimeasurements; detailed topographies of stream
reaches, associated velocity measurements andutigdraodel calibration are not required.
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Figure8.1: Comparison of normalised habitat per unit width predicted by habitat modelling
in RHYHABSIM (upper) and the generalised method (laver).

Generalised habitat models suggest general, simjgds can be used to improve flow management, or
to estimate regulation impacts, over whole rivetwoeks. An example of such a rule is that a

discharge value of about Q = 0.3*Width would pravigptimal habitat values for several freshwater
taxa in New Zealand.

8.1 Derivation of generalised habitat model coefficierst

The generalised model takes the form:
c e
HSI :aX(gj xe W
W

The valuesc andk describe the shape of the curve, whereas the pteamis a scaling factor that
varies from reach to reach. The valueandk are of most interest, because the assessmenrdvof fl
requirements is based on the shape of the curtlesrréhan the absolute values. The equation has a
maximum atc/k, so that this ratio specifies the discharge peét width that provides maximum
habitat.
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The values of model coefficients for each taxa weggved from a dataset of 99 reaches of New
Zealand rivers. The reaches in this dataset hawanrflews varying from 0.6 ffs to 53.8 ni's (the
same data were used by Lamouroux & Jowett (200&)npouroux & Jowett fitted a non-linear mixed
effects model to these data for habitat and floavgying from 0.05 times the mean flow to the mean
flow. This model described a common shape for ¢axa (i.e.,c andk were held constant, batwas
allowed to vary between reaches).

For some taxa, generalised curves could not beajme by the method used in Lamouroux & Jowett
(2005) because the flow range that was modelled taashigh and did not include the flow that
provided maximum habitat. For example, often it wii§icult to fit a model for inanga, or other
species with low velocity habitat preferences,uo/gy data from a large river, because the flow in
large river would need to be very low to maximike airea of river with suitably low velocities. An
alternative method of deriving generalised curves wsed. Instead of fitting one valuecadndk to

all reaches, values af andk were fitted to each reach. Values toandk were then examined and
reaches with negative values and outlying valuegloivere excluded. The median valuescandk
are shown in Table 8.1.

The optimum flow ranges for each taxon in Tablewgete calculated using average New Zealand at-
a-station hydraulic geometry relationships from étiv(1998), to give some idea of the size of river
that was likely to provide optimum habitat for eaxfltaxon. The calculations required are described
below:

Width = 15.8+7.5 x FloW'"**%%(from 73 rivers, in Jowett 1998)
Using the upper and lower bounds of the * standaxéhtions on the curve parameters to calculate the

likely minimum and maximum size of river that woydovide maximum habitat. The lower bound
flow per unit width is:

Flow per unit width = Flow / ((15.8-7.5) x FI&W"* %)
= Flow®®/8.3
The lower bound of flow range is where flow pertwmidth equals c/k:
Flow®®/8.3 = c/k, and
Lower bound of flow range = (8.3ckk)+12%

Similarly, the upper bound to the flow range carchleulated:

Flow per unit width = Flow / ((15.8+7.5) x FI&"6+0-050)
= Flow"®/ 23.3
The upper bound of flow range is where flow pett width equals c/k :
Flow®"®/23.3 = c/k, and
Upper bound of flow range = (23.3cHK) 3

The origins of the habitat suitability curves usedit the generalised curves are shown in Talfe 8.
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Table 8.1: Generalised habitat models used to predict hakit values (HSI) from average
hydraulic geometry characteristics of stream reach& Model parametersc and k are
developed for each reach independently and the mexh value selected, excluding
reaches with negative values af and k and outlying values ofc/k.

Species (o k Optimum discharge Optimum flow
per unit width range (m*/s)
(m?/s) Min.  Max.
Inanga 0.19 19.74 0.01 0.06 0.14
Shortjaw kokopu® 0.19 16.35 0.01 0.07 0.18
Upland bully 0.11 8.63 0.01 0.08 0.21
Crans bully 0.09 6.84 0.01 0.09 0.22
Banded kokopu (juvenile) 0.19 13.3 0.01 0.09 0.23
Galaxias vulgaris 0.03 2.29 0.01 0.09 0.25
Roundhead galaxias 0.31 10.64 0.03 0.21 0.61
Flathead galaxias 0.28 9.11 0.03 0.21 0.64
Longfin eel (< 30cm) 0.07 2.07 0.03 0.24 0.72
Lowland longjaw galaxias 0.33 9.35 0.04 0.25 0.77
Redfin bully 0.26 7.39 0.04 0.25 0.77
Shortfin eel (< 30cm) 0.13 2.32 0.05 0.41 1.37
Common bully 0.39 6.51 0.06 0.46 1.55
Brown trout fry 0.86 10.21 0.08 0.67 2.42
Brown trout yearling 0.40 4.18 0.09 0.76 2.82
Nesameletus’ 0.26 2.62 0.10 0.80 2.98
Brown trout spawning 1.24 9.89 0.13 1.05 4.11
Bluegill bully 1.01 6.13 0.16 1.42 5.88
Rainbow trout spawning 1.49 8.78 0.17 1.47 6.12
Deleatidium’ 0.33 1.92 0.17 1.50 6.25
Torrentfish 0.88 4.05 0.22 1.95 8.49
Brown trout adult 1.17 4.35 0.27 246 11.18
Food producing habitat 1.19 4.25 0.28 257 1177
Rainbow trout feeding (30—40 cm) 0.93 2.89 0.32 3.02 14.19
Coloburiscus humeralis” 1.35 4.17 0.32 3.02 14.22
Aoteapsyche” 1.44 3.17 0.45 4.44 2229
Zelandoperla* 1.71 3.40 0.50 497 25.43

" large river habitat suitability curves (see Jo\260).
* suitability for cover locations only
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habitat curves.

Species

Aoteapsyche

Banded kopopu (juvenile)
Bluegill bully

Brown trout adult

Brown trout fry

Brown trout spawning
Brown trout yearling
Coloburiscus humeralis
Common bully

Crans bully

Deleatidium

Flathead galaxias

Food producing habitat
Galaxias vulgaris

Inanga

Longfin eel (< 30cm)
Lowland longjaw galaxias
Nesameletus

Rainbow trout feeding (30—-40 cm)
Rainbow trout spawning
Redfin bully

Roundhead galaxias
Shortfin eel (< 30cm)
Shortjaw kokopu
Torrentfish

Upland bully
Zelandoperla

Table 8.2: Source of data for habitat suitability criteria used for the development of generalised

Reference

Jowett et al. 1991
McCullough 1998

Jowett & Richardson 1995
Hayes & Jowett 1994
Raleigh et al. 1986
Shirvell & Dungey 1983
Raleigh et al. 1986

Jowett et al. 1991

Jowett & Richardson 1995
Jowett & Richardson 1995
Jowett et al. 1991

Baker et al. 2003

Waters 1976

Jowett & Richardson 1995
Jowett 2002

Jowett & Richardson 1995
Baker et al. 2003

Jowett et al. 1991
Thomas & Bovee 1993
Jowett et al. 1996b
Jowett & Richardson 1995
Baker et al. 2003

Jowett & Richardson 1995
McDowall et al. 1996
Jowett & Richardson 1995
Jowett & Richardson 1995
Jowett et al. 1991
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9. Comparison of hydraulic modelling methods

Key points about 1D and 2D hydraulic models
e If done well, 1D and 2D surveys produce similautss

* For a 1D survey, stratified random sampling andetigpment of rating curves at
each cross-section is a robust method.

e« Complex hydraulic methods such as water surfacdil@ranodelling and 2D
modelling require high skill levels in surveyingettappropriate features in bed
topography and hydraulic calibration proceduressatgective.

e Although the spatial resolution of 2D models is alsugreater than that of 1D
models, there is no reason why the spatial resmiudf a 1D model could not equal
that of a 2D model.

» High spatial resolution may not be necessary becatigdies show that relatively
few cross-sections produce robust predictions.

» Potentially, 2D models should be able to predichglex changes in flow patterns
and extrapolate to higher flows than a 1D model.

2D modelling applies to a representative reach,redge a 1D survey by habitat
mapping can apply to a larger segment of river.

Hydraulic modelling is used to predict water demthd velocities in a reach or segment of river @aver
range of flows. These predictions are then useshtov how usable habitat varies with flow. In order
of increasing cost and complexity, hydraulic modalsge from simple relationships, such as hydraulic
geometry, that predict average depth and velooitg@ models, 2D models and even 3D models.
Regardless of the quality and complexity of theraytic models, their utility is limited by the cemt
state of biological knowledge and models that pokulation response to hydraulic change.

9.1 Hydraulic geometry

Relationships between flow and average depth atakcitye are probably the simplest means of
assessing the way hydraulic habitat changes withv.flIThis method requires relatively few
measurements compared to IFIM survey techniqueswdntrials of this method, mean depths and
velocities were within 15% of the values predidigdFIM surveys over a range of flows from half to
twice the calibration flows (Fig. 9.1). Milhous &t (1989) compared predictions of habitat suitgbil
(weighted usable area) calculated using hydrauiongetry relationships with habitat suitability
calculated from IFIM surveys and found they preglicsimilar patterns of variation of habitat with
flow, with habitat values that were usually wittd@% of each other.
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Figure9.1: Mean depth and velocity in the Kuratau River (Idt) and Cosseys Creek (right)
predicted by RHYHABSIM (1D model) based on an insteam habitat survey,
compared with mean depth and velocity predicted byhydraulic geometry
relationships estimated by the ‘quick’ survey methd, at flows of 5.32 and 10 ris
in the Kuratau River and flows of 0.122 ni/s and 0.249 n¥'s in Cosseys Creek.

Hydraulic geometry provides a method for makingiratial assessment of environmental impact of

proposed flow changes, provided habitat requiresneah be specified in terms of mean velocity and
depth. Hydraulic geometry essentially quantifiesrogabitat. While many fish and stream insects
undoubtedly make use of habitat on a micro scateynof the features that create microhabitat, such
as substrate, bed, and bank forms, vary little Watv and a flow requirement that provides suitable

macro-habitat should also provide suitable micritagb

Calculation of velocity and depth from at-a-stattoydraulic relationships (Section 3.3) assumes that
the power law relationships between stream widtth average depth and between discharge and
average depth hold over the required range of flGke relationships will be inaccurate where there
are changes in cross-section geometry (e.g.,rdfisant change in bank slope) that are outside the
range of calibration flows.

Habitat suitability criteria specify a range of taltle water depths and velocities (e.g. Fig. 6t a
these can be used to give a flow (or range of fjalat provides maximum weighted usable area.
Habitat suitability criteria can be used to deftheeshold levels of depth and velocity, below which
habitat quality begins to decline. A simple metladdlow assessment based on hydraulic geometry
can be used as a preliminary means of indicatingthrgr average hydraulic conditions, resulting from
a change in flow, are ‘safe’ or approaching a ‘shd’, such as a minimum acceptable depth or
velocity, thus predicating the need for more extenbabitat survey and analysis.
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9.2 1D and 2D hydraulic habitat models

As discussed in the sections above, several compudels have been developed for the evaluation
of physical habitat, water temperature, and sedirmpercesses. Current 1D model software includes
PHABSIM (physical habitat simulation; Bovee 1982jlidus et al. 1989) and RHABSIM (river
habitat simulation) used in the United States, RABS3IM (river hydraulic habitat simulation;
Jowett 1989, Clausen et al. 2004) used in New AdalaVHA (Evaluation of Habitat; Ginot 1998) in
France, CASIMIR in Germany (habitat calculationyyn{Jorde 1997), and RSS (River simulation
system; Killingtviet & Harby 1994) in Norway. 2nhd 3D modelling software is also now available
(e.g., River2D (Steffler et al. 2003: _www.river@dlberta.cp and Hydro2de — NIWA's 2D model
(Beffa 1996; Duncan & Carter 1997); SSIIM (3D modelw.bygg.ntnu.no/~nilsol/ssiimwin). More
recently, individual-based fish models (Railsbackl @ixon 2003) and models based on energetic
concepts (Addley 1993; Guensch et al. 2001; Hayes. 000, 2003, 2007) have been developed to
the stage where they could be used for flow assagsm

In braided rivers, a 2D model has the advantagbedig able to predict braiding patterns and the
proportion of flow in each of the braids, wherealElamodel is limited to the range of flows that are
contained within the surveyed channels. Although 2iDdels usually predict water velocities
reasonably accurately as shown in Fig. 9.2, Wil§ig2001) pointed out that velocity prediction was
poor (=0.09) in a 2D model of a 1500 m reach of shallmelp and riffles that was developed by
Guay et al. (2000). Guay et al. (2001) later ateld inaccuracy to highly turbulent currents, sivall
water, complex riverbanks, and a riverbed of higlayiable roughness on a small spatial scale. Tarbe
& Hardy (1996) developed a 2D model of the LogameRiand compared measured and predicted
depths and velocities at 136 points at a flow @f /s and 150 points at a flow of 4.2/g; They
found that at 4.2 ffs, the modal error in velocity was 0.6 m/s wittnadal depth error of 0.25 m, and
at 7.7 ni/s the velocity error was 0.15 m/s and depth etnor.
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Figure 9.2 Comparison of measured and predicted water depth(m) and velocities (m9) at
12.8 nt s' in a braided section of the Hurunui River using alD model
RHYHABSIM, Hydro2de, and River2D.

In any modelling, the quality of the results widgknd on the quality of the field work and calilmat
This is especially true of 2D models where, theuaacy of the topographic model has a major effect
on the accuracy of depth and velocity predictionsgravel bed rivers, the accuracy of velocity
prediction using 1D and 2D models is similar. Ire tAshley River, Mosley and Jowett (1985)
predicted depths within £0.03 m and velocities vath average absolute error of about +0.15 m/s at
flows ranging from 0.083 fs to 14.4 s with a 1D model (RHYHABSIM). In the Rangitatavii,

a 2D model predicted depths and velocities withrage absolute errors of 0.063 m and 0.18 m/s,
respectively. In a 1D model, replication of meaduneaater depths and velocities is exact when the
measured flow is simulated (with RHYHABSIM). In ® 2nodel, it is difficult to calibrate the model
so that measured water surface levels are modphecisely, and any error in water surface level
translates to an error in predicted depth and nmass-section velocity. 1D models are easier to
calibrate and predict water surface level more @ely than 2D models, at least within the range of
rating curve calibration. Within a reach, a 2D mlog@guires more data points than a 1D model and
therefore gives a better measure of the longitudmaations in depth and velocity. As predicted
flows depart from the flow used to calibrate a 1Dd®l, uncertainty in velocity distribution increase
because it can change with flow. 2D models ardylike predict such changes in velocity distribution
more accurately than 1D models, although in botbesapredicted depths and velocities will be
incorrect if water surface levels are not modeHedurately.
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If done well, 1D and 2D modelling produce simil@asults (Waddle et al. 2000). In the braided
Hurunui River, predictions using RHYHABSIM and Hp&de were similar, but differed from those
using River2D (Figs 9.2 & 9.3). The different résutom the two 2D models were probably the result
of the calibration process and grid sizes, rathantthe models themselves, and this highlights the
degree of subjectivity in this form of hydraulic deling. A comparison of WUA predictions using
1D RHYHABSIM and River2D showed almost no differenio a short reach of the Travers River

(Fig. 9.4).
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Figure9.3: Comparison of adult brown trout habitat (WUA m?%m) in the Hurunui River
predicted by a 1D model (RHYHABSIM) and two 2D modés (Hydro2de and
River2D); using Hayes & Jowett (1994) adult brown itout habitat suitability

criteria.

——1DWUA
—“—2DWUA
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Figure9.4: Comparison of adult brown trout habitat (WUA m?) predicted in 80 m of the
Travers River using a 1D (RHYHABSIM) and 2D model River2D); using Hayes
& Jowett (1994) adult brown trout habitat suitability criteria.

Potentially 2D models should be able to predict plem changes in flow patterns and extrapolate to
higher flows than a 1D model. 2D modelling can obé/ applied to a reach, the length of which is
usually up to 1 km; a constraint imposed by sursests. 1D surveys can be carried out over longer
sections of river using the habitat mapping methsml that they can include a greater variety of
hydraulic conditions, although these are usually susveyed to the same level of detail as in a 2D

survey.
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9.2.1 Spatial definition and integration

In both 1D and 2D models, the basic unit of area i=ll representing a portion of the river with
reasonably uniform hydraulic characteristics. Inatural river, the variation in depth and velodgy
usually greater laterally than longitudinally, s@t an efficient representation of a river will baa
greater resolution (i.e., spacing of measuremeimtgolaterally than longitudinally. In a 1D model,
the cells are elongated longitudinally, consisteith an efficient representation of the variation i
depth and velocity in a river. In 2D models, thdscéusually rectangular or triangular) have simila
transverse and longitudinal dimensions for computat reasons (although triangles in triangular
irregular mesh models can vary in shape and size).

The method of evaluating habitat suitability antbgrating weighted usable area in hydraulic models
can vary from model to model depending upon thestalcture and model assumptions. In general,
the process is to calculate habitat suitability tfee cell and then multiply by the area that thié ce
represents:

WUA= z SA
i=1

Wheren is the number of cells is the composite habitat suitability for the delandA; is the area
represented by the cell.

This calculation appears quite straight-forwardt the spacing of measurements and cell size can
influence results. A conventional (PHABSIM) hydraulnalysis calculates the average hydraulic
conditions in each cell, evaluates habitat suiitgbéind then sums the product of cell area andtagbi
suitability over the reach. If the cell size is dintnere will be little variation of depth and eity
within the cell and the calculation will be acceratiowever, if the cell size is large then the ager
conditions may not adequately represent the hatbigatis actually within the cell. For examplethé

cell width is 1 m and the depth varies from 0.02a10.8 m between one side and the other, the
average depth will be 0.41 m. The available halmit#his cell for a shallow water species (e.gptte

< 0.3 m) is zero, even though about 40% of thepreNides habitat that is less than 0.3 m in depth.

In River2D (a triangular irregular mesh model), itetb suitability €si) is calculated for each
computational node and this suitability is appltecthe Thiessen polygon formed with surrounding
nodes. In Hydro2de (a rectangular grid model) céleaverage hydraulic characteristics are caledlat
before evaluating habitat suitability and multiplgiby cell area. These methods are also susceptibl
to the averaging problem described above, if imtligl cells span a considerable variation in depth o
velocity.

In 1 D models, the basic calculation of hydrauhd &abitat variables assumes that the measuret poin
values represent a larger area - a cell. Diffenesithods of integrating values within a cross-secti
are available. These are analogous to mid-pointteapkzoidal rules of numerical integration. The
simplest method is where the cell is the area batvi@o measurement points (left Fig. 9.5).
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If the cell (Length 1) is between measurement points, the cell Araad average velocity is:

A=YIYY2, (xo- x2)xL
y Vi+v2
2

Alternatively, more accurate integration is achttwehere each point in a cross-section represents a
cell with its width equal to half the distance wjacent points (right in Fig. 9.5), and the cebah
and average velocity is:

N ((xz— x1)x(Y1+23Y2j+(x3— xz)x(ngzJ’Y?’D \

ve V% +V22 +V%

4

The flow Q. per cell is:

(Y1+Y2)x(x2-X1)x(V1+V?2)

Q. = 2
X1 X2 X3 X1 X2 X3
Y3
Y2
Y1 A v V3

Vi

Between measurement points

At measurement point

Figure 9.5; Two possible definitions of cell characteristicin 1D models, where X denotes
offset, A area, Y depth, and V velocity.

PHABSIM has recently (1999) adopted the defaultaggion that a cell is the area between points
and that its depth, velocity etc. is the averagito$e measured at the cell edges. This tendsdotbm
variations in depth and velocity.

Cell values, either as points or averages, areppraimation and the degree of potential error will
depend on the survey spacing and the habitat dititaturves. To overcome this, RHYHABSIM
interpolates values of depth, velocity, and substleetween measured points and integrates habitat
suitability over the cell. Water depth, velocitygHitat suitability etc. are interpolated at 10 dlyua
spaced intervals between measurement points. Tikiss ghe best possible measure of habitat
suitability, assuming linear interpolation is apgriate.
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PHABSIM and RHYHABSIM sum cell width weighted vaki¢éimes the section length (or weight)
over the reach and then divide by the total reangth as follows:

nj

iZ WL

WUA=-=2

2L

=

Wheres is the cell valuew; is the cell width fomn; cells for thgth cross-section dfl cross-sections in
the reachl; is the weight (representative length) of jtiecross-section.

Spatial integration methods do not usually havigaificant affect on predictions, provided thatrhe
are not large differences in water depth and valdigtween measurement points.
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10. Interpretation of habitat analyses

Key points about instream habitat interpretation

* Instream habitat methods predict depth and vel@ity evaluate how well specific
depth and velocity suitability criteria are metdfferent flows.

* The criteria may describe habitat for the targetcsss/life stage with the added aim
of providing for organisms with lower flow requiremts, or can be regarded as
representing general instream conditions that aresidered appropriate for the
ecological function.

» Interpretation of results can be difficult. Do re# too prescriptive or literal in
identifying maximum habitat area.

» Consider the effect of flows on organisms, thebitz and food supply. Consider
only flow-related requirements.

» Remember that the habitat suitability criteria #ve most influential step in the
process.

The procedures involved in carrying out a habitavey, deriving habitat suitability curves, modagi
instream habitat for a range of flows, and caldngpthe variation of habitat with flow are relatiye
straight forward, especially with the computer pemgmes now available. Interpretation of the
habitat-flow relationships and the assessment apmopriate minimum flow for a river is far from
straight forward and unfortunately there are no pot@r programmes that assist with this step.

10.1 Weighted usable area

Weighted usable area (WUA) has been an unforturtadéce of terminology, as it is an index rather
than a physical area of usable habitat. AlthoughAMas units of fim, it represents a physical area
only when binary habitat suitability criteria areed (i.e., habitat variables are either suitabjeo(1
unsuitable (0)). Binary habitat criteria were uded instream habitat analyses prior to 1976 (e.qg.,
McKinley 1957), when Waters (1976) suggested thatiding scale of suitability from O to 1 was
more closely related to observed patterns of hiabga (See Section 5). Habitat suitability critere

or should be developed from relationships betwedrysipal habitat and the abundance or
presence/absence of aquatic biota, as describéfedation 6. When these criteria are applied in
hydraulic models, the distribution of habitat shiliéy through the reach represents the distributid
biota and WUA is an index of abundance or probgbilf use. Hardy et al. (1983) show that predicted
habitat suitability was related to the distributiof fish in a small desert stream and Jowett et al.
(1991) demonstrated the relationships between dtalstitability and abundance of benthic
invertebrate species in four New Zealand riveris difficult to carry out measurements in thedier
laboratory that demonstrate, either negatively asitpvely, that aquatic populations will respond to
flow changes as predicted by WUA and some validastudies are described in Section 10.3.
However, it seems logical to assume that aquabtabwill be severely limited by the absence of
suitable habitat.
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The use of weighted usable area has been critibiseduse it is possible that that a high WUA could
be made up of a large area of sub-optimal halitas can be checked easily by examining the way in
which the average habitat suitability indéxS]) changes with flow. The average habitat suitgbilit
index is the habitat suitability score at each paweraged over the reach. Numerically, it is edqoal
the WUA (nf/m) divided by the average water surface width.

In the following example, various suitability crite are applied to a reach to show how habitat/flow
relationships should be interpreted. This examp$imes that a depth of 0.5 m and velocity of 0% m/
are optimum (these are Tennant's trout criteride fabitat analysis indicates that a flow of 3%sm
provides maximum WUA and the average habitat siliiabindex was also highest at 3.5%m
indicating that this flow provides the best habgaélity (Fig. 10.1).
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Figure10.1: Variation of weighted usable area (WUA nim) and habitat suitability index
(HSI) with flow for trout habitat.

At 5 m’/s, WUA was still high, but a large area was subirog@. When these relationships are

displayed as a 2D plot of habitat suitability, stapparent that the greatest concentration oftdeita
habitat is at 3.5 ffs (Fig. 10.2).
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Figure10.2: Habitat suitability at flows of 0.5-5 nt/s, with flow increasing from left to right.

When a similar analysis was repeated for uplandy thdbitat, weighted usable area showed two
peaks, one at 0.5%s and a higher peak at 3.5/sm(Fig. 10.3). However, the way in which the
average habitat suitability index changes with fiadicates that habitat quality declines with fldw.
this case, the area of the stream is increasitigea@gverage habitat quality is decreasing and maxim
WUA is created by a large area of sub-optimal fzbithis is easily seen on the 2D plot (Fig. 10.4).
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Figure10.3: Variation of weighted usable area (WUA) and habiat suitability index (HSI) with
flow for upland bully habitat.
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Figure10.4: Upland bully habitat suitability at flows of 0.5-5 m®/s, with flow increasing from
left to right.

10.1.1 Effect of substrate

Substrate size is often taken into consideratioanndvaluating habitat suitability. The substrare £
controlled by water velocities and depths at chhforening flows and in habitat analyses flows are
usually considerably lower than channel formingoeéles and the assumption is made that the
substrate size will not change. The purpose ohdwfisubstrate composition throughout the survey is
to calculate depths and velocities over each safilestype and weight habitat suitability accordingly
so that it is possible to calculate the flow thavd generate the best possible velocity and deypgh

the substrate. For example, it is possible to pteitie flow that will maximise trout spawning by
achieving spawning depths and velocities over dsave

In practice, substrate composition and its distidsudoes not influence the shape of habitat/flow
relationships, although it is possible to imagigpdthetical cases where it might. This is easigtdéd

by calculating habitat/flow relationships with amithout substrate suitability. If substrate is iged
values of WUA will be higher, but the shape of tueve will be the same (Fig. 10.5).

There are some rare circumstances though wherdratghsor cover, may influence the shape of a
habitat/flow relationship, such as if substrate position varied systematically across a channel, an
in the case of cover, when the wetted margin recéden undercut banks. The modeller must be alert
to these possibilities when conducting the sunreyraodelling.
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Figure10.5: Effect of substrate suitability on brown trout habitat. The upper curve ignores
substrate composition the lower curve takes substta composition into account
in habitat suitability.

10.2 Time series analysis

It is possible to use the relationship betweenthalaind flow to convert a time series of flows iato
time series of habitat, in the same way a stagehdige rating curve is used to convert a time seafie
water levels to a flow record. The habitat/flonatednship is not usually monotonic, i.e., therenizre
than one possible flow for a single value of habitowever, if low flows are of primary interest s
possible to use only the low flow side of the haifilow relationship for the flow to habitat
conversion.

The analyses of a habitat time series are usuatijas to hydrological analysis, with habitat ducet
statistics and seasonal variations. For examplbitdiaexceedance has been used as a method of
setting minimum flows — setting the minimum flowthge flow which maintains habitat at a level that

is exceeded for some percentage (e.g., 90%) ofithe However, habitat exceedance and flow
exceedance are equivalent if the habitat/flow i@hship is monotonic.

Stalnaker et al. (1995) recognise that temporaluatians are routine in the water management
disciplines and argue that a habitat time seriesgnts biological information in a way that is fhani

to managers and engineers. This argument doesk®ttie non-monotonic relationship into account,
nor does it take into account the fact that marsagexdd engineers should not interpret biological
information in the same way as they would intergmgtirological information, as discussed in the
following section. While the seasonal variatiorhimbitat and the bottlenecks that may be created are
important, this is often more clearly handled byrgiag out the appropriate hydrological analyses
before converting to habitat. For example, it iscmgimpler to assess habitat at the mean annual low
flow and median flow which are thought to be ecalally relevant flow statistics for trout and
benthic invertebrates, respectively (see Sectiod.1pD
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10.3 Effect on species abundance

The most difficult and uncertain part of an instreldabitat analysis is the biological interpretatain

the results. The two key elements are the hahigdlslity criteria that are used to calculate hatbi
and the linkage between available habitat and agpapulations. These two issues can be discussed
and argued without resolution, although the bottoma is that there must always be some suitable
habitat if an aquatic species or use is to be ragied.

The often questioned assumption at the heart atdidbased flow assessments is that there is some
relationship between the amount of habitat and dbendance of the aquatic species. Species
abundance is influenced by factors other than attiit are not necessarily flow related, so thit i
often difficult to demonstrate relationships betwespecies abundance and habitat. However, it is
intuitively reasonable to expect that the amounhalbitat available would set a limit to population
size, in the absence of other limiting factors. (it@bitat availability would set the outer envelayf
abundance for a given population). The factors itfaience abundance, but are not related to flow,
do not change with flow and need not be considetseh assessing the effect of flows changes.

10.3.1 New Zealand studies

Relationships have been established between hadnithtbrown trout abundance in the form of
Jowett’s (1992a) trout abundance multiple regressmodel (see Section 11.1). When data on drift
feeding adult brown trout were collected in thremam\Zealand rivers (Hayes & Jowett 1994) and used
to construct habitat suitability curves (Fig. 6 #here was a significant relationship (r = 0.395; B9,

P < 0.001) between adult brown trout abundance pandentage suitable habitat in 59 rivers (Fig.
10.6).
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Figure10.6: Relationship between brown trout abundance (numbeper hectare) and average
habitat suitability index for adult brown trout (fr om data in Jowett 1992a).

Jowett’s trout abundance model is sufficiently wileloped that it is now possible to estimate tadul
brown trout densities that result from alternativeter management strategies, but not necessasdly ye
to year variations. A study in the Kakanui Riveowétt 1992a) showed that trout densities could be
highly variable from year to year (Fig. 10.7), asesault of intermittent recruitment. However, the
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distribution of adult trout along the river wasateld to the distribution of food and habitat. Theded

C includes the average habitat suitability indesiHat mean annual minimum flow and the average
habitat suitability index for food producing (beiatlinvertebrate) habitat at median flow. The other
factors in the model usually alter little with flow
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Figure10.7: Comparison of predicted trout distribution using Model C (Jowett 1992a) and
measured trout distributions in the Kakanui River in 1992-93 and 1994 (from
Jowett 1995).

Relationships have also been established betwd@tahand; 1) native fish abundance (Jowett et al.
19964, 2) total invertebrate biomass (unpublishat@)d and 3) the abundance of some invertebrate
species (Jowett et al. 1991; Jowett 1992b). Thieskes simply show that the various species ard mos
abundant where the habitat is most suitable. Téssilt is to be expected as the habitat suitability
curves are derived from the measurements of abgedamd hydraulic characteristics. However, they
do demonstrate a degree of transferability betwaars. For some species and life stages it may
never be possible to establish definitive relatmps between the amount of suitable habitat and
species abundance. Unless a high proportion adithiable habitat is occupied and density dependent
mortality or migration occurs, there may not be aglgtionship between habitat and abundance (i.e.,
density independent factors may keep populatiofmbkevels where habitat becomes limiting). The
aim of an assessment of flow requirements is teigeosufficient habitat for the maintenance of all
life stages of target species and for the otheafind fauna that make up the food chain in theasitr
ecosystem, and in this way to maintain the lifeggupng capacity of the stream.

Application of native fish habitat preference cwvwe minimum flow assessments, illustrates how
multiple species can be considered. There are lyduetween 3 and 8 native fish species present in
any short section of a New Zealand river. Eachispdtas its own habitat preferences. One group of
species is usually found along river margins irllehaslow-flowing water (upland bully, Crans bully,
Canterbury galaxias) or in smaller streams. Anogneup is found mid-stream in the swiftest of water
(torrentfish and bluegill bully). Habitat-flow assgnents for these two groups would suggest that the
edge-dwellers would benefit from extremely low fowvhereas the fast-water species would prefer a
flow equivalent to a continuous flood. There is t#weo group of fish that occupies habitats
intermediate between these two extremes (commdy, redfin bully). Minimum flows determined

on the basis of these intermediate habitat prefeserare a compromise that provides some low
velocity habitat for the edge-dwelling fish and sohigh velocity habitat for the fast-water dwellers
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10.3.2 Overseas validation studies

Some comparisons between WUA and fish biomass gluaw or negative correlations (e.g., Orth &
Maughan 1982; Condor & Annear 1987; Irvine et 8187; Zorn & Seelbach 1995; Bourgeois et al.
1996) for some fish species, whereas others hatableshied significant positive relations (e.g.,
Stalnaker 1979; Nehring & Miller 1987; Nehring & Aerson 1993).

Orth & Maughan (1982) found no significant corridas between weighted usable area and standing
stock for adult and juvenile smallmouth bass in aegson. However, for the freckled madtom, the
central stoneroller, and the orangebelly dartey flound consistently significant correlations begw
weighted usable area and standing stock duringstinemer. Zorn & Seelbach (1995) carried out a
series of experiments with smallmouth bass, and lixth & Maughan (1982), could find no
correlation between WUA and short-term carryingazay. Zorn & Seelbach (1995) concluded that
instream habitat methods based on velocity req@nésnmay not be appropriate for pool-dwelling
species.

Condor & Annear (1987) compared weighted usabla BAJA) to standing crops of trousélvelinus
and Salmospp.) in Wyoming streams. They found no signiftceorrelation for low flow WUA and
the measured standing crop among different streemtntrast, Stalnaker (1979) found a significant
correlation between brown trout standing crop arldAAat low flows, in streams with similar water
quality and drainage characteristics. Condor & Ang1987) concluded that significant
WUA/standing crop relationships were difficult tetdrmine between streams when standing crops
may be influenced by habitat attributes other tthepth, velocity and substrate.

Irvine et al. (1987) applied North American habgattability criteria for underyearling rainbow tro
(Bovee 1978) to small experimental channels in \Weataki valley and found that WUA did not
explain the distribution of underyearling rainbawut. They suggested that the distribution of young
rainbow trout might be better explained by foodilamlity.

Bourgeois et al. (1996) evaluated the relationsleipveen weighted usable area (WUA), predicted by
the physical habitat simulation (PHABSIM) modeldatihe population density of juvenile Atlantic
salmonSalmo salatin Catamaran Brook, New Brunswick, Canada. The BEW model was applied

to 19 sites, representing four habitat types. Fesitve, significant relations were establishednssn
Atlantic salmon density and WUA:? values ranged from 0.18 to 0.95, with the besati@hs
occurring at the scale of habitat type (5 of 16 parisons were significanB < 0.05). The WUA
values calculated from the 15-day average flow fgefsh sampling displayed the best associations
with fish density.

Studies in the Black Canyon of the Gunnison Ri@mlorado over the period 1981-1986 (Nehring &
Miller 1987; Nehring & Anderson 1993) showed thatnuitment of rainbow and brown trout at age
1+ was almost totally controlled by fry habitat gakility (expressed as fry WUA) in the first 30—45
days post emergence. Fry WUA was in turn contrdbedpring-early summer discharge patterns (i.e.,
high discharge created habitat that was unsuitbdyldry). Brown trout biomass was positively
correlated with average summer adult brown troutAApril through October) over the 6 years of
study. This indicates that average adult brownttY8WA was a good predictor of brown trout density
and biomass, regardless of whether the stream amying capacity, as has been suggested is
necessary for the establishment of a relationsatpden WUA and abundance (Bovee 1982; Orth &
Maughan 1982; Mathur et al. 1985). There was mmifitant correlation between either adult
rainbow trout density or biomass and average adftoow trout WUA. Brown and rainbow 1+
density and biomass was not correlated with pameatvner density or spawning WUA.

Nehring & Anderson (1993) used PHABSIM to investégthe effect of flow related habitat changes
on rainbow trout and brown trout population in Galto streams over a long term time series (13
years). Critical habitat limiting periods (bottlaks) were identified for newly emergent fry, egg

incubation, and spawning in 10 of 11 streams studiéey concluded that instream habitat analysis
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had proven valuable in interpreting the relatiopdbetween flow and recruitment, and that the result
of the study largely verify the basic assumptioriFdM, i.e., there is a positive relationship beémne
WUA and fish standing stock. Their experience witle Gunnison, and seven other streams in
Colorado, is that it is the 2—4 week old fry stdlgat is most often the bottleneck in Colorado trout
streams. High gradient streams in Colorado halmited amount of shallow, low velocity habitat
which trout fry require. This habitat is furthemited by the magnitude and duration of the sprimg r
off, which coincides with the period of rainbow dmawn trout fry emergence.
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11. Effectiveness of habitat-based flow assessments

New Zealand experience with habitat and flow asses&nts

* Adult brown trout density is related to averageitalsuitability indices for adult
brown trout and food producing habitat.

« Flow recommendations based on instream habitatssssmts have been
successful and biological response was as expegctstk out of seven cases
described here.

e The flow regime in some of these rivers was famffmatural”, particularly in the
Waiau and Monowai rivers, yet these rivers contaxcellent trout and
invertebrate populations.

e These case studies do not support commonly heldsvieat more flow is better
and that all aspects of a natural flow regime ampdrtant — the ‘natural flow
paradigm’.

* However, floods are important for flushing out aociations of periphyton and
fine sediment in some cases allowing fish migration

11.1 Brown trout model

Using data collected for the ‘100 rivers surveygwétt (1992a) developed a model of the abundance
of large brown trout in New Zealand rivers (Sectidh3.1). Weighted usable area for trout habitat,
space, and WUA for food production, food, plus sewgher variables explained 87.7% of the
variation in numbers of large brown trout in 59 Né&aaland rivers. The most important variables
were WUA% (equivalent to HSI) for trout habitat, \W% for food production, instream cover, and
water temperature as an overriding factor. Othgmicant variables included percent sand substrate
% area of lakes in catchment, elevation, gradiand percentage of the catchment developed for
agriculture. Sand substrate is very poor food pcowy habitat and it is rare to observe brown tiout
areas where the predominant substrate is sandplalets are well known for their high trout stocks
headwaters usually contain lower trout densities tthe lower reaches of a river; trout populations
high gradient rivers are severely depleted by foddowett & Richardson 1989); and pastoral
development appears to have an adverse impacbain tr

Perhaps the most interesting concept in the brosut thodel is the flow at which the instream habita
variables (HSI) are calculated. In a natural rivilow and habitat vary with time. The quality of
habitat was calculated at three flows; mean aniouwaflow, median flow, and mean flow. The quality
of adult trout habitat at mean annual low flow wasere closely related to trout numbers than the
habitat available at the higher flows. This suggdisat the quality of trout habitat at low flowdse of
the limiting factors in the system — a kind of bateck. The quality of habitat for food production
(benthic invertebrate habitat) at median flow wasrenclosely related to trout numbers than the
amount at either low or mean flow. Thus, it appehas even if there is adequate habitat at low $low
a trout population is likely to be controlled byetfood producing capacity of the river at mediamwfl
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rather than the capacity during more extreme evédéslly, the food producing capacity should be
derived by integrating the amount of habitat over full flow regime of the river; however, habitt
median flow appeared to be a reasonable estimate.

Although methods of assessing flow requirementgicoe to be developed and debated, very few
studies examine how well modified flow regimes hawohieved their desired outcomes. Armour &
Taylor (1991) surveyed 35 U.S. Fish and Wildlifeldi offices that had been involved in 616 IFIM
applications of which 6 had follow up monitoringetresults of which were not reported. The survey
found that opinions on IFIM were divided, with 40%ensidering the method technically too
simplistic, 41% considering it too complex to appyd 9% considering it not acceptable or biased.
However with any flow assessment method, the efitiest is whether it is successful in achievirg th
desired outcome. In the U.S. survey, half of trepoadents rated success as higher than neutrdg, whi
one-third rated it lower.

11.2 Case studies of biological response to flow change

We review six New Zealand case studies involvirautr benthic invertebrate and indigenous fish
communities where minimum flow and flow regime rmeroendations have been made and
implemented, and examine the available biologiedihdo determine whether these recommendations
have been successful in achieving their desiretbgoa

In each case, instream habitat surveys were caotigdn study reaches that were most affected by
flow change. The instream habitat surveys wereseitfosely spaced cross-sections in representative
reaches or cross-sections selected by a stratdiedom sampling method (habitat mapping). Instream
habitat modelling was carried out using RHYHABSIBbyett 1989; Clausen et al. 2004). Minimum
flow recommendations were made after examinatioth@fhabitat (WUA)/flow curves. Usually, flow
requirements were determined from a breakpointrohted by drawing a horizontal line through the
maximum and extending a line through the low fleegt®n of the curve (Fig. 5.2).

Recommendations for extra flow releases as a mearfBishing deposits of fine sediments or
accumulations of filamentous algae were made wivereonsidered it necessary and beneficial. The
magnitude of these releases was calculated by #tbooh of Milhous (1998), as implemented in
RHYHABSIM (Section 7.8).

The biological response to flow changes were ctdtbérom a variety of sources, such as drift-diving
counts of trout, benthic invertebrate sampling,l@angurveys, and electric fishing surveys. In most
cases, biological data were not collected spedlifidar the evaluation of flow changes. Where
appropriate, trout densities in rivers with modifitow regimes were compared to national drift dgvi
survey data (Teirney & Jowett 1990) to show thatret magnitude of the response and how closely
the trout density approached national maxima inadified rivers.

11.2.1 Tekapo River

The first study of instream habitat carried ouNiew Zealand was in the Tekapo River (Jowett 1982),
where diversion of flow for the Waitaki Power Dewginent in 1978 had reduced the flow from a
mean of 80 riis to zero. Although no minimum flow is providedide the diversion structure,
tributary flows increase the mean flow to aboutri®s in the lower section of river about 45 km
downstream of the diversion. The habitat analykithe lower section of river (Jowett 1982) showed
that a flow of about 10-13%s provided maximum trout spawning and food prodgdiabitat for that
river.

94



Spawning surveys were carried out by MAF Fisheiefore and after diversion reduced the flow. In
July 1974, prior to diversion 54 fish and 10 reddse counted. In September 1974, 35 fish and 24
redds were counted. After diversion, a survey imeJi978 counted 250+ fish and 100+ redds (Jowett
1978).

There were no records of trout density prior toedsion, when the Tekapo River was hardly
recognised as an angling river and it is not meetbin angling surveys of that time (Allan &
Cunningham 1957; Graynoth & Skrzymski 1973a). Timapulations were surveyed by drift-diving in
1986 & 1989 (Teirney & Jowett 1990) and densitie84-240 brown and rainbow trout (> 20 cm) per
km were recorded (Fig. 11.1). It is now one of tih@st popular rivers in the region, with angler ake
2400 days in 1994/95 and 4900 days in 2002/02 (®etal. 2004).

The diversion of turbid Lake Tekapo water increaseder clarity in the river, and increased the
variability of flow relative to mean flow becaudeetsource of water is unregulated tributary streams
Naturally occurring flows in the Tekapo River weam®bably too swift to support a good trout fishery,
but the diverted turbid water now flows at a lovggadient through the Tekapo Canal, which has
become the sixteenth most popular angling ‘riveithie country (Deans et al. 2004).
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Figure11.1: Total numbers of brown and rainbow trout (> 20 en) per km in the Tekapo River
before and after a reduction in flow from about 92m®s to about 12 nis
compared to ranked national data from 300+ river reaches.

11.2.2 Waiau River

Practically all of the natural mean flow of abo04nt/s of the Waiau River in Southland was
diverted through the Manapouri Power Station betw#877 and 1995. Tributary flows increased
minimum flows in a 20 km section of river immedigtéelow the diversion structure, from 0.3/m
immediately below the structure to about 3sabout 20 km down stream.

Instream habitat surveys were carried out in arBGs&ction of river immediately below the diversion
structure. The instream habitat analysis (Jowe®3tP indicated that a flow of 12°%s or greater
would provide excellent brown trout habitat and iaimum flow regime of 12 fis in winter and 16
m®/s in summer was consequently implemented.

Drift-diving trout surveys carried out over the R@ section of river before and after the minimum
flow was increased show that numbers of brown anabow trout (> 20 cm) increased (Fig. 11.2)
about four-fold (Moss 2001). The trout fishery mstriver is now regarded as excellent, with good
numbers of trout and anglers, and high catch rdteshe 1994/95 fishing season just before the
implementation of the minimum flow, angler usagdhia whole river (c. 90 km) was 7700 days and
this increased to 14600 angler-days in 2001/02 iBe al. 2004) against the national trend of an
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overall decline in river fishing. By 2004 the Waihad become the eighth most popular trout fishing
river in New Zealand, as it was before diversiolgA & Cunningham 1957), and the 2004 trout
densities in the Waiau River ranked it as one efttp rivers in New Zealand (Fig. 11.3). In 2004 th
invasive alga, didymoQidymosphenia geminatabecame established in the Waiau River and tisere
concern that the fishery may deteriorate.

Although river flows have reduced from 450%sto 12-16 ris, there is no evidence of any
detrimental effects on native fish probably becatiee are no indigenous species that are found
solely or predominantly in large rivers (McDowa94). However, the visual appearance of the river
has changed with a loss of the ‘large river’ chiac
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Figure11.2: Numbers of large brown and rainbow trout (> 20 en) in the Waiau River per km
before and after the (1997) implementation of a mimum flow regime of 12 ni/s
in winter and 16 m*s in summer.
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Figure11.3: Total numbers of brown and rainbow trout (> 20 en) per km in the Waiau River
before and after an increase in flow from about 0.3n%s to about 12-16 ris
compared to ranked national data from 300+ river reaches.

The operation of the hydro-electric power developtmesults in regular flood releases of high flows
(100-200 ri¥s) and these are supplemented by releases of/45aur or five times each summer for
recreational purposes. However, additional releasefiush filamentous algae were advised on a
‘when needed basis’. Subsequent monitoring, prgnaid showed that additional flushing (of native
algae) was not necessary unless the spring/eariynsu spill flows do not occur.
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11.2.3 Monowai River

In some cases, the primary objective of flow rec@ndations has been the maintenance of healthy
benthic invertebrate communities. Lake Monowaidgulated for hydropower and flows from this
lake varied frequently from near zero to full geiem (20 n¥s), depending on electrical demand. In
1995, the minimum flow in the Monowai River wasrieased from about 0.2%s to 6 ni/s to provide
habrit?at for benthic invertebrates (Jowett & Big§®®), but flows still frequently vary from 6°s to

20 nv/s.

As part of a national annual benthic invertebratevesy (Scarsbrook et al. 2000), seven pooled 6.1 m
Surber samples were collected in run habitats fwpth 02—0.4 m, velocity 0.6—1.0 m/s) before and
after the increase in minimum flow. This showed tiwe increase in minimum flow doubled benthic
invertebrate densities (from 310 pef tm approximately 650 per3nand taxon richness (from 8 to an

average of 17) (Fig. 11.4).
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Figure11.4: Density and taxon richness of benthic invertebries in the Monowai River before
and after implementation of a minimum flow control (Jowett 2000).

11.2.4 Moawhango River

The Tongariro Power Development diverted the nhfliow of the Moawhango River, a mean flow of
about 9.6 rifs, to the Tongariro River, leaving practically ffmwv in the Moawhango River below the
dam. As part of the re-licensing process, a mininmesidual flow of 0.6 rfis was suggested and
implemented to re-establish benthic invertebratarnanities below the dam (Jowett & Biggs 2006).

Benthic invertebrates were sampled before and #iteminimum flow was implemented. In 2002,

after about a year with a minimum residual flowtle Moawhango River, the composition of the

invertebrate community had changed considerablye piroportion of the invertebrate community

composed of mayflies + stoneflies + caddisflies PAEa measure of the relative abundance of
‘healthy’ invertebrates) increased from 37% to 5&8th the increase in flow, to the extent that it is

now similar to the 60% EPT composition in the riupstream of the dam (Fig. 11.5). For all taxa, the
relative abundance of ‘target’ taxa increased withincrease in flow, whereas the relative abunglanc
of ‘non-target’ taxa decreased (Fig. 11.6).
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Figure11.6: Benthic invertebrate species composition in Moahango River before the
minimum flow was implemented (open) and after (hateed), showing how
dominance of ‘target’ invertebrate species (left) ricreased and ‘non-target’
invertebrate species (right) decreased as a resuit a flow increase.

Subsequent to the invertebrate monitoring descritee, flushing flows were recommended for the
Moawhango River, because spill flows from the daerewrelatively infrequent and sediment and
periphyton was accumulating in the lower reachég flushing flow analysis (Fig. 11.7) showed that
a flow of 20 n¥/s would cleanse more than 80% of the base flogastbed and disturb less than 20%
of the armour layer. Tests showed that flushingvl@f 20 ni/s were effective (Fig. 11.8) and these
have been implemented and are expected to resuftrther improvement to the invertebrate
community.
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Figure1l.7: Percentage of the Moawhango River bed area flusid by flows of 0 to 100 rils
calculated using the Milhous (1998) method.
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Figure11.8: Moawhango River after 8 months of nearly constanflow (above) and 7 days
after a flushing flow of 20 n¥/s (below).
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11.2.5 Ohau River

The only case where a prediction of the likely oese of trout abundance to flow management based
on the quality of habitat was not successful i@ Ohau River in the South Island. The mean flow i
the Ohau River was 80%a prior to diversion for hydropower developmentlBV9, after which less
than 1 n¥s was left in the river. The Ohau River flows frarake Ohau, which has a low dam and
structure to release water. It then flows for arstistance before it enters the artificially cexht.ake
Ruataniwha. There is no flow in the river below edRuataniwha. An instream habitat survey (James
et al. 1992) showed that a flow of 16/snwould provide excellent trout habitat and ttisvfhas been
released at the lake outlet since 1994. Althoughriber now provides what is regarded as excellent
angling water and trout habitat, trout numbers angler usage have remained low, with 636 anglers-
days in 1994-95 (Unwin & Brown 1998) and 500 anglays in 2001-02 (Unwin & Image 2003).
The present low numbers of trout in this sectiomivér may be related to problems with recruitment
and fish passage between Lake Ohau and the riveimply a preference for the environment in Lake
Ruataniwha. No flushing flows were recommended bgedhere was no facility for controlled release
of high flows.

Reports on the state of the trout fishery do nstimfjuish between the upper section of the river an
the lower section above Lake Benmore. Prior tofdtheation of Lake Benmore in 1965, there is little
mention of the Ohau River in angling literature. Aarly angler survey by Allan & Cunningham
(1957) does not mention the river. Brian TurnerO@0describes fishing in the Ohau River before the
creation of Lake Benmore, from just below the Stdighway bridge to the lake, and gives graphic
descriptions of fishing for large fish in fast wiateatching an average of two per day. The Ohaer ri
appears to have become more popular with the oreafiLake Benmore. In terms of crop, Graynoth
& Skrzymski (1973b) ranked it fifth of seven angjinivers in the Waitaki Valley district. The 1976
Annual Report of the Waitaki Acclimatisation Sogiekescribed that Ohau River as one of the finest
angling streams in the district. Jowett (1978) dbsd the Ohau River as having fast turbulent flow
with relatively low numbers of large fish attragjiexperienced enthusiastic anglers. He also nbé&s t
the river was being heavily fished near Lake Beranavith high numbers of rainbow trout and
moderate numbers of brown trout.

11.2.6 Onekaka River

The Onekaka River is a relatively small river (I6lcatchment area) that enters Golden Bay midway
between Takaka and Collingwood. A 10.7-metre daams twilt in the headwaters in 1928 to supply
power to an ironworks blast furnace that operatetil 1952. In 2003, a small hydroelectric scheme
was built using the head created by the old irof&atam. The powerhouse discharges water back
into the Onekaka River about 800 m below the darmidimum flow of 20 L/s was required below
the dam, with a minimum of 50 L/s in the river belpowerhouse (Fig. 11.9). The hydroelectric
scheme operates with twice daily peaking. One miajoutary enters the Onekaka between the dam
and power station and contributes about 15% ofrtamstem flow.

Habitat suitability curves were developed for theeé most common species (koaro, redfin bully and
longfin eel) by measuring the physical habitat avide variety of 3-4 fmquadrates within the
Onekaka and other rivers. An instream habitat suwas carried out to determine minimum flow
requirements (Richardson & Jowett 1995). The fisipydation in the Onekaka was assessed by
electric fishing 3 x 30 m reaches over a 650 migedf the river. The same three reaches weredishe
in March—April 2003 (before the power scheme begaerating), and in 2004 to 2007. The lowermost
reach was located 390 m below the power statiochdigie at the tributary confluence, the middle
reach about 60 m below the power station dischange the top reach 260 m above the power station
discharge. The abundance of native fish was meadiyrenultiple pass electric fished in permanently
marked reaches below the dam and power house &oyear before the commissioning of the power
scheme and for four years after.
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Before commissioning, the median flow in the Onek&kver was 218 L/s and the average annual low
flow was about 66 L/s. After commissioning, the ma@dflow below the dam was 30 L/s and the
average annual seven-day minimum flow was 20 Lésvé¥er, the minimum flow in the river below
the power station was probably little differenttbat it was before the power station began opegatin
although the water level typically fluctuated byab100 mm per day (Fig. 11.9).
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Figure11.9: Onekaka River flow in 2001 and 2005. In the lowegraph, the upper (blue) line
shows flow in river below powerhouse and the lowe(black) line shows flows
below dam.

In the survey reach of river below the dam, the lbeimof koaro reduced by 80% from 38 to an
average of 7.5 (Table 11.1), There was a 61% remuit koaro low flow habitat when the seven-day
annual minimum flow reduced from 66 to 20 L/s (Fig.10) and a 76% reduction in habitat at median
flow (218 L/s reduced to 30 L/s). Koaro are foundast flowing water (Fig. 11.11) and the response
of this species to the flow change was similarhiat bbserved for fast water species in the Waipara
River (Section 11.8; Jowett et al. 2005).

Longfin eels are usually considered to be genésaligth fairly broad preferences. Nevertheless,
longfin eel numbers reduced by 52% compared to % 8&duction in low flow habitat and 44%
reduction in habitat at median flow (Fig. 11.10).

Redfin bully numbers were low and variable over shenpling period, with no obvious reduction in
numbers despite a 40% reduction in habitat (Figl@)1
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Table 11.1:  Estimated number of koaro, longfin eehnd redfin bully in the survey reach of
the Onekaka River below the dam. The power statiowas operating 2004—2007.

Year Koaro Longfin eel  Redfin bully
2003 38 16 1
2004 12 5 4
2005 8 9 5
2006 3 8 2
2007 7 9 1

Below the power station, the magnitude of mediad &w flows did not change substantially,
although there were daily flow fluctuations of 208 decreasing to 100 L/s in mid 2005. Koaro and
longfin eel numbers initially decreased slightlyt wecovered to initial levels by 2006-2007 (Table
11.2). Redfin bully numbers declined and did naoker. There may have been some movement of
redfin bullies into the upstream reach where flowese more stable.

Habitat rather than floods probably caused charigesish numbers. Before the station was
commissioned (1999-2003 data), there were 14 Ragds per year on average in the Onekaka, with
an average annual maximum daily mean flow of 37584 In 2004—2006, there were 12 large floods
per year on average, with a maximum daily mean 64373 L/s.

Table 11.2:  Estimated number of koaro, longfin eednd redfin bully in the survey reaches of
the Onekaka River below the powerhouse. The powertagion was operating

2004-2007.
Year Koaro Longfin eel Redfin bully
2003 12 32 25
2004 8 19 13
2005 10 21 6
2006 11 38 1
2007 13 32 5

Redfin bully
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Figure11.10: Predicted change in weighted usable area (WUADPf three common species in the
Onekaka River.
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Figure11.11: Koaro habitat in the survey reach below the dam.

11.2.7 Waipara River

The Waipara River is a small gravel bed river andumder considerable pressure from irrigation
abstraction. An instream habitat analysis was edrout in 1994 and a minimum flow of 120 L/s was
recommended for the maintenance of indigenoudbiistliversity values (Jowett 1994). This flow was
based on consideration of habitat for common hailobiomorphus cotidian)sa species with
habitat preferences that were intermediate betweefast-water species, torrentfisbheimarrichthys
foster) and bluegill bullies@. hubbsj, and the edge-dwelling species, upland bull@skreviceps
and Canterbury galaxia&élaxias vulgari}, as suggested by Jowett & Richardson (1995).

Following the flow assessment, there was a 3 ytealyof fish in the Waipara River to determine the
effects of flow and flow regime on fish populatiofdowett et al. 2005). Fish populations were
surveyed seasonally by electro-fishing eight reacieng 20 km of river for three years. In thetfirs

December to May (inclusive) summer (1998-99), flommsre extremely low, but were relatively

normal in the following year (Fig. 11.12).
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Figure 11.12: Waipara River flows (L/s) at White Gorge over thedry Dec 1998 to May 1999
summer (left) and the normal Dec 1999 to May 200@mmer (right).

The fish surveys showed that the effect of low 8own fish populations increased with the magnitude
and duration of low flow. In the first summer (1298) when the mean flow at White Gorge was 647
L/s, flows were less than 110 L/s for 34% of thmeetj and fell to a minimum of 31 L/s. These low

flows led to a substantial decline in the abundaic® of the 4 common indigenous fish species é th

river (Fig. 11.13 left). The following summer (1900) when the mean flow was 1069 L/s, flows were
less than 110 L/s for only 10% of the time, witmaimum of 62 L/s. These conditions resulted in

little change in indigenous fish abundance (Figl3ZTight).

These results support the recommended minimum feovd, even suggest that the minimum flow
recommendations for these indigenous fish speciag have been unnecessarily high. However,
recent concurrent gaugings carried out by Enviranin@anterbury and NIWA show that there are
flow losses and gains along the river between tig@\Gorge recorder and the lagoon. In particular,
there appears to be a sharp increase in flow btHewDmihi confluence as the rivers becomes more
confined and a section of severe water loss justealthe lagoon, with no flow when the flow at the
Teviotdale recorder is about 350 L/s. Concurréoiv fmeasurements carried out during NIWA's
study of the Waipara indicate that, on average flthe at Teviotdale is about 60% higher than the
flow at the White Gorge recorder site. At low flgwthis relationship indicates that the flow at
Teviotdale would be unlikely to fall below 100 Lé&nd that in the first summer (1998/99) when flows
at White Gorge fell to 31 L/s, the flow at Teviokelavas probably about 154 L/s. These low flows
(summer 1998/99) led to a substantial decline énalbundance of 3 of the 4 common indigenous fish
species in the river. The following summer (1999/@dws at White Gorge were less than 110 L/s for
only 10% of the time and the flow at Teviotdale lpably fell to about 193 L/s and there was little
change in indigenous fish abundance. In the fieak pf the study (2000/01), the flow at White Gorge
fell to about 47 L/s, an estimated 174 L/s at Twate, and torrentfish and bluegill bully humbers
were affected, although not as much as in 1998/99.
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Figure 11.13: Indigenous fish abundance in the Waipara River (pper and lower reaches) at the
beginning and end of a dry 1998/99 summer (left) ahwet 1999/2000 summer
(right). Upland bullies and Canterbury galaxias aremainly in the upper reaches
and torrentfish and bluegill bullies are mainly inthe lower reaches.

This study demonstrated the resilience of the enbgis fish community, as it redeveloped strongly
after the first year of the study even though id lneen severely affected by low flows. Some large
floods during the study that caused extensive dtiatuce of bed materials had little effect on fish
abundance, and diadromous species (torrentfistbluedill bullies) were dependent on spring floods
opening the mouth for recruitment. Low flows werere detrimental to the fish community than
floods, with prolonged low flows reducing the abande of fish species that prefer high water
velocities, and favouring those that prefer lowoegies. During periods of low flow, proportionally
more fish were found in riffles than runs. This lmep that riffle habitat is important in the
maintenance of fish stocks and biodiversity dugegiods of low flow. The key elements of the flow
regime were the magnitude and duration of low floaswell as the occurrence of spring floods that
allowed recruitment of diadromous species.
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12. Conclusion

Although there have been criticisms of habitat mod#) and of IFIM in particular, most of these
criticisms have been made by people with little cical experience in the application and
interpretation of results. The examples presentex Ishow that the processes that control river
morphology result in strong longitudinal hydrauwimilarity, i.e., over sections of river the dejatid
velocity distributions and shape of habitat/float®nships are remarkably similar. Moreover, when
flow is standardised by channel width these charestics are similar between rivers of broadly
similar type, as shown by generalised habitat egidihe selection of reaches is neither a compticat
nor sensitive task and the variation of flow witlibitat can be determined from relatively few cross-
sections. In fact, habitat analyses based on simpeaulic geometry, 1D surveys or 2D surveys will
produce useful and similar results. However, tlekgaof survey, calibration, habitat suitability and
analysis, and finally the interpretation of resulefjuire a good knowledge of river mechanics,
hydraulics, and ecology. Survey (habitat mapping) hydraulic calibration used in RHYHABSIM
are relatively robust, but more complex modelliaghniques, such as water surface profile modelling
and 2D modelling, are more difficult and can beapoorly, both in the execution of the survey and
hydraulic analysis.

While many fish and stream insects undoubtedly medes of habitat on a micro scale, many of the
features that create microhabitat, such as substoatl, and bank forms, vary little with flow and a
flow requirement that provides suitable macro-tetbighould also provide suitable microhabitat.
Instream habitat methods, although often descrizanhicrohabitat, are in fact evaluating mesohabitat
The survey techniques described here are capapledicting depths and velocities to the scaldef t
survey, which is usually measurements spaced aB80ril They do not predict micro-scale hydraulics.
Similarly, many habitat suitability observationssdebe mesohabitats — the characteristics of tha ar
in which the organism lives, rather than the mieyolraulics of its precise location. In assessing
suitability for one target species, we are ofteseasing conditions for a number of species thatifiv
that area. Riffle-dwelling fish and invertebratee an example, where the habitat suitability curves
describe riffle conditions, rather than microhabité the location of an individual organism. The
selection of critical values and target speciesh(ér invertebrate) as an indicator of stream heala
concept that can be applied to flow assessment.

The derivation and use of habitat suitability maedgiabitat suitability curves) are the most impatrta
aspects of flow evaluation. Habitat suitability wes can be derived and used inappropriately.
Although habitat suitability criteria are availabte many New Zealand aquatic organisms, they can
be improved by collecting more data and recalaudptiabitat suitability models. The question of
hydraulic scaling, or transferability between rwesf different size, for benthic invertebrate and
rainbow trout habitat is a problem that has ydidsolved.

Although the functional role of flow regime compotg such as low flow, flushing flows, and
channel maintenance flows, is known, we do not kiteevdegree to which the frequency and duration
of these events affect biota, and do not have aethad of assigning acceptable frequencies and
durations, other than mimicking nature.

Finally, hydraulic habitat modelling is a tool tesést in the decision making process. No flow will
maintain maximum habitat for all aquatic organisiscause they have different depth and velocity
preferences. The selection of an appropriate fleginne for a river requires clear goals and target
objectives, with levels of protection set accordtoghe relative values of the in- and out-of-stnea
resources. The process of establishing target ilgpecneeds to be focused — objectives should be
relevant, important, flow dependent and hierardhi€ailure to establish clear management goals and
to carry out wide consultation will lead to conflidttempts to maintain everything in the existing
state invariably lead to the conclusion that flekisuld not be changed, and precludes the opportunit
for enhancement of some aspects of the aquaticcement and use of the water resource.
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