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Executive Summary

With the need to provide a short term (i.e., witBih years) solution to the problem of deteriorating
water quality in Lake Rotorua, it has been suggestat the Hamurana Stream be diverted directly to
the Ohau Channel outlet from the lake. This woelduce the nutrient inputs to the lake by 54.8 ty
(12.3%) of the total nitrogen and 6.4t ¥18.5%) of the total phosphorus. Although thisedsion
would result in a major reduction in nutrientscatuld also have potentially serious consequenaes fo
the trout fishery because trout use the Hamurarea®tas a refuge habitat from the warm lake water
during summer. At present, detailed plans for thethod of diversion are being developed by
Environment Bay of Plenty. To accompany such plansproof-of-concept’ study is required to
identify all the environmental consequences, basitive and negative, of a complete diversion.

Environment Bay of Plenty commissioned NIWA to (lBtermine the size and structure of the cold-
water plume at the mouth of the Hamurana Stream, amsess the size of the trout refuge habitat
provided by it in summer months, and (2) to detagrtthe role of the potentially oxygen and nutrient-
rich stream waters on the lake’s biogeochemistaytiqularly the supply and transport of nutrients
from sediments to the lake water column duringghemer months. As timing prevented a tagging
study of trout movement to refuge habitats in LRk¢orua during the 2004/05 summer, an evaluation
of historical data on the trout was carried ouptovide information on whether trout condition and
size could be reduced in ‘hot’ versus ‘cold’ sumsand hence whether the cold-water refuge habitat
plays an important role in trout growth dynamic&n@ition factor was also compared for trout in
Lake Rotorua (refuge habitats present) and Lakedtut (refuge habitats absent).

Effects on trout and the trout fishery

The trout refuge habitat in the Hamurana Streammplwas confined to the shallow (< 1m deep) shelf
around the stream mouth and did not extend intaddeper waters of the lake. On 4 March 2005, it
was estimated to be 87007 iim size, which is about 4-5 times larger than téfige habitat at the
mouth of the next largest cold water inflow, the &wu Stream. Overall, it is likely to contribute-40
50% of the total summer refuge habitat in the lakee changes in trout condition over summer
months indicated that the cold-water refuge habitatLake Rotorua (including that provided by the
Hamurana Stream) are not vital to trout growth dyica (and hence survival) and that any benefit
that they may provide is easily obscured by othetdrs that affect trout growth. This does not mean
that a benefit is absent, only that other facterg.( food supply, trout density) can be expeabdubtve

a much greater influence on trout growth over summenths than the summer increase in water
temperature and the presence of cold-water refagédat. A comparison of changes in condition for
trout between Lake Rotorua (refuge habitats preésamtl Lake Rotoehu (refuge habitats absent)
indicated that the presence of refuge habitats prayide some overall benefit to trout in Lake
Rotorua, irrespective of variations in summer waesnperatures. Unfortunately, the data were too
few to substantiate this, and it could easily repn¢ a difference in food supply or trout density

Some potential effects of Hamurana Stream diverisidake Rotorua iv
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between these lakes, as much as a lack of refugjgahaChanges in growth and condition aside, the
main effect of the diversion will be its effects angling. The localised, summer fishery at the rhout
of the Hamurana stream will clearly be lost. Initidd, loss of the cold water entering the lake may
result in a lake-wide change in trout distributidhe data on fishing methods and effort indicated t
catch rates declined in hot summers and that thhagean increase in shore-based fly-fishing around
stream mouths in late summer as trolling declinsdvehere in the lake. This change in fishing effort
suggests that, during summer months, many trodtlacoave from surface waters in the middle of the
lake to the lake shores, especially the shoresndrthie north western edge of the lake where cold-
water refuge habitats occur. Loss of the Hamurarea® could well change this shift in distribution
with implications for the fishery.

Summer nutrient dynamics

At the time of the survey, the data showed thattid inflow had warmed to within 2°C of open lake
water before leaving the shallow shelf and thusetireould be no pooling of the inflow in the deeper
waters of the lake. Consequently, the inflow isikely to have a substantial effect on the
biogeochemistry associated with nutrient releasenfthose sediments. However, because a density
current was found to form a thin (< 5 cm) layertba lake-bed, it is highly likely that, during suram
nutrient uptake by benthic microphytes (i.e., lovging algal and plant mats on the lake bed) could
remove much of the dissolved inorganic nitrogenN)Dand dissolved reactive phosphorus (DRP)
from the inflow before it disperses into the lakéhile this nutrient removal from the inflow would
not remove the nutrients from the lake, it wouldulein a biological lag before the nutrients beeom
available for the growth of planktonic algae. Thigre could be a substantial reduction in the DIN
and DRP in the inflow water that is available t@mort summer algal growth in the lake. This has
implications for the way nutrient inputs are trehite lake models.

Complete diversion of the Hamurana Stream wouldrbjeaffect the localised summer fishery that is
known to occur around the mouth of this stream. &ffiects on the wider, lake-wide fishery are
uncertain at present. The area of cold-water, eshapitat that would be lost by complete diversibn
the Hamurana Stream is relatively large compardl thie other cold-water refuge habitats, and any
uncertainty as to its importance for the Rotorsadry requires a degree of caution before committin
to the diversion. For example, the effects of lo@gn climate change may exacerbate the loss of cold
water refuge habitats in future summers shoulddhisse water temperatures in Lake Rotorua to rise
above their present summer maxima. This stancemessthat diversion would need to occur over all
months of the year, including summer months. Datatfee Hamurana plume structure plus new
knowledge of seasonal nutrient dynamics in thedrsiegion of similar lakes indicate that this may
not be so. We suspect that large amounts of ntgrienthe plume are removed by the low-growing
plants on the lake- bed around the mouth of the itanma Stream, mainly during summer months. If
so, operation of the diversion for a 9-month perfia April to December, inclusive, with natural
discharge occurring during the 3 hottest monthsusiimer, could provide the cold-water refuge that
currently exists, without adding to the plant growutrients that are immediately available in tieel
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water column to support or stimulate phytoplankgpwowth over the summer months. A strategy of
seasonal diversion may therefore be possible, whetdins the trout fishery around the Hamurana
Stream mouth in summer and removes a high propodimutrients from the lake during the rest of
the year. The following recommendations are madeddress uncertainties over the role of the
Hamurana Stream refuge for the trout fishery an@dgsess the effects of a seasonal management
strategy on lake water quality:

* That the trout tagging study proposed in 2005, ggddn 2005/2006 to determine the
movements of trout in the lake and to provide soliai@ on their relative usage of the
various cold-water springs over summer months.

* That the size of the refuge habitat at the moutthefHamurana Stream be measured
concurrently with the trout tagging study on asste&occasions to determine whether
its size changes substantially over the summeogeri

* That the DYRESM-CAEDYM model of Lake Rotorua be tonassess the effect of
the seasonal management strategy on lake watdtyguimit using the parameters as
defined by this study, and that the nutrient uptee of the benthic microphytes
across the shallow shelf be investigated.

Some potential effects of Hamurana Stream diverisidake Rotorua vi
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1. Background

The increase in supply of plant nutrients nitroglsf) and phosphorus (P) to Lake
Rotorua over the past century has produced an aptatile deterioration in its water
quality (e.g., Rutherford 2003). Each year, thestrients are accumulated in lake
sediments and are recycled into the water coluspeaally during summer months
when they stimulate a greater density of plankt@h@e. Restoration of the lake to
improve water quality (and to reduce flow-on effetd Lake Rotoiti) requires a
reduction in the external inputs of N and P fromeains and groundwater as well as a
reduction in the internal supply from the sedimermds most groundwaters are
relatively old with 8 out of 12 having mean residerimes over 60 years, there may
be a lag of up to 170 years in the appearance @&l P in the spring inflows
following changes in the catchment (Morgensternakt 2004). Consequently, a
reduction in N and P loads in the catchments tdday., from reduced fertiliser use)
may not produce the desired reduction in the sgiedgstream nutrient loads for many
years and It is predicted that nutrient loads meof the springs (e.g., Hamurana) are
likely to double in the next 50 years (Morgenstetral. 2004). Therefore, changes in
land-use alone will only help restore the lakehiea bong term (i.e., > 50 years). Other
remedial actions are required to reduce nutrieputs from the spring-fed inlet
streams in the short term (i.e., < 50 years).

One option that has been proposed by Environmegtd@daPlenty is to divert the
Hamurana Stream inflow directly to the lake outfdte Ohau Channel) thereby
removing one of the largest inputs of nutrient® ibbke Rotorua and one that is
predicted to increase substantially over the néxgéars. This diversion is expected to
provide a benefit to Lake Rotorua in the short tamd, along with other management
strategies, will enable the lake to better copén lie expected increase in nutrient
loads from the remainder of the catchment.

The proposed diversion is feasible from both aientsbudgeting and engineering
perspective and could be implemented with the lilasi@n of a single confining wall

along the north-eastern shore of Lake Rotorua ¢o@hau Channel. However, the
Hamurana Stream inflow is the largest cold-wateingpinflow to Lake Rotorua and,

as trout congregate in and around its cool watarsg the hotter summer months
(i.e., January-March), it provides an importanhdig/ for anglers at this time and is
thought to be an important cold-water refuge fag trout. Diversion of this stream
therefore has the potential to adversely affectitbigt population and fishery in Lake
Rotorua. Furthermore, the cool, oxygen-rich watgeeng the lake may also play a
role in its biogeochemistry, affecting the supplydatransport of nutrients from

Some potential effects of Hamurana Stream diversioh. Rotorua 1
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sediments to the water column during summer mofithis. could occur if the stream
water is not mixed with lake water soon after itees the lake and if it underflows
lake water to pool within the deeper regions oflthe.

The scope and extent of such potential impactsaut &ind nutrient dynamics needs
to be identified as part of the decision-makingcess to determine whether diversion
of the Hamurana Stream inflow would provide an elldoenefit to the recovery of
Lake Rotorua. Consequently, Environment Bay of §laommissioned NIWA to
undertake a “proof-of-concept” study. In this repwe present the results of a survey
to measure the size and location of the cold-wglteme from the Hamurana Stream
within Lake Rotorua. This survey was carried outeotypical mid-summer (March
2005) day when the difference between lake watepégature (>20°C) and stream
water temperature (approximately 13°C) was maxiamal when the plume could be
expected to underflow the warmer lake water. We geesent the results of an
examination of historical data on the trout fish&wydetermine whether trout in the
lake are stressed by warm summer water tempergtutbe point where their growth
could be affected, and whether a reduction in theumt of cold-water refuge habitat
would amplify this. Additional data are provided tout catch rates and methods to
determine whether diversion of the stream may hameeffect on the fishery
independently of effects on trout growth.

Some potential effects of Hamurana Stream diversioh. Rotorua 2
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Size and location of the cold-water plume

21

Introduction

Stream water entering a lake rarely disperses Isapidthe point of entry. Rather it

tends to move out into the lake as a coherent fithich entrains ambient lake water
into the flow and thus forms a plume which may kenyntimes larger than the initial

volume of the inflow. Entrainment (drawing in) d¢fet ambient water into the flow is

part of the mixing process, which eventually alloth® stream water to disperse
throughout the lake. The size of the definable @wextending from the stream mouth
out into the lake is dependent on a number of fadgteluding the velocity and cross-

sectional area of the inflow, the temperature-imdudensity difference between the
inflow and the lake water, the shape and slopé®fake bed at the point of entry, and
the degree of in-lake mixing that occurs due todawaves and lake currents close to
shore.

There are three physical principles that governpifngsical mixing of an inflow in a
large body of water:

1. Conservation of mass (mass flux = mass/time). The mass flux is defined
the mass of fluid passing the inflow cross-sectiger unit time. The
conservation of mass is critically important fotetenining concentrations of
constituents within the inflow. In the Hamuranae@tn inflow, while nutrient
concentrations are important relative to the notrieudget of the lake, the
constituent which defines the trout refuge habgaemperature.

2. Conservation of momentum (momentum flux = (mass velocity)/time).
Momentum is the product of an object's mass andaiggl. In mixing
processes, momentum flux is defined as the amoudntsteeam-wise
momentum passing the inflow cross-section pertimé. It is helpful to think
of it as the units indicated above ; (massvelocity)/time with the key
component being velocity. The kinetic energy (theergy associate with
motion) generated by the velocity of the inflowc@nserved.

3. Conservation of energy (buoyancy flux = (mass< acceleration)/time).
Buoyancy (negative or positive) arises from thesitgndifference between
two fluids. Buoyancy flux is defined as the subneergveight of the fluid
passing through a cross-section per unit time. Booy force is a function of
the acceleration due to gravitational forces. Heeecritical component of
conservation of energy is gravitational acceleratithis energy is potential or
stored energy. Energy that is created by the dedfiterence between the
lake water and the Hamurana Stream inflow musiobserved.

Some potential effects of Hamurana Stream diversioh. Rotorua 3
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At the point of entry to the lake, there is a degoé initial mixing (entrance mixing),
which increases the volume of the inflow as lakdewas entrained into the plume
from the stream. Because the momentum of the inflmst be conserved, as the mass
of water moving in the plume increases the veloatythe plume reduces. If the
inflow is at a different temperature to the lakes tvater temperature in the plume will
become intermediate between these two temperancemay cause the plume to sink
or float. The inflow has an initial buoyancy assoed with its velocity (i.e., it may
enter as a jet). As it mixes, the resultant plurakaity reduces to a point where its
buoyancy can be overcome by gravity. The tempesdatduced density difference
between the plume in the entrance mixing zone aedlake determines where the
inflowing water will mix in the lake. Without a dsity difference, the momentum of
the inflow would quickly dissipate due to the in@mf the lake water. However, if the
inflow is warmer (less dense) or colder (more detisan the lake water, the density
boundary to the inflow will allow it to flow eitheacross the lake surface or along the
lake bed, respectively, as a density current. @arssity current will continue until the
amount of entrained lake water negates the dedgisrence by cooling or warming.
The momentum of the plume continues until otherimgixprocesses cause it to
disperse (i.e., it is overcome by lake currents).et

The Hamurana Stream inflow is much colder than LRk¢orua water in summer
(12°C versus 20°C) and hence the inflow is expetiddrm a density current which
will move across the lake bed out into the laked&light northerly winds or calm
conditions, there is often a well defined plumeeexling out towards the deep waters
of the lake about 400-500 m offshore from the str@aouth. In summer, anglers fish
the visible surface turbulence associated with ghene (Photo 2.1) because trout
congregate within this area and high catch ratesocaur. It is under these conditions
that the cold water plume is likely to be importemthe fishery in Lake Rotorua.

Photo 2.1. Picket fence of anglers fishing the apparent pldrmen the Hamurana Stream on
misty Sunday morning in summer [6 Feb. 2005].

Some potential effects of Hamurana Stream diversioh. Rotorua 4
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Conversely, under conditions of strong onshore wiftdm the south east to south
west, wave action destroys the coherent cold-wpteme, pushing it along the
shoreline (littoral zone) where it rapidly warms kake temperature and is not
available as a cold water refuge habitat for trout.

These two mixing regimes also affect the dispergibmutrients in the Hamurana
Stream water into Lake Rotorua. Under calm conaiitithe formation of a density

current on the bottom of the shallow shelf mayasothe nutrients in the inflow from

the overlying lake water so that they would notirnenediately available for primary

production in the water column. At the same timesthnutrients would be in close
contact with the low-growing, benthic algae (midmgfes) on the lake bed. These
benthic microphytes may strip nutrients from thenpé in this density current zone,
further reducing their immediate availability to ypbplankton in the lake water

column.

Under onshore wind conditions, the nutrients in itbow water are likely to be
prevented from moving out into the lake where trean be used for primary
production and thus also confining their uptakéimlittoral zone.

2.2 Methods

The ‘proof-of-concept’ study required the dimensioof the plume from the
Hamurana Stream mouth to be defined and a quawgitassessment made of the size
of the zone of usable trout refuge habitat, unaey ¢alm conditions in summer. With
anglers fishing the plume, it was inappropriateise a dye tracer and thus the plume
was tracked by the temperature and conductivitiedifices between the Hamurana
Stream water and lake water.

Some potential effects of Hamurana Stream diversioh. Rotorua 5
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Photo 2.2:  Upper: morning strong surface feature associated withpthene.L ower: afternoon
showing apparent movement of plume further weshdicated by surface slicks. [4
March 2005].

The size and location of the cold-water plume frdme Hamurana Stream was
measured on 4 March 2005 under flat calm conditifmtiewing a strong south-
westerly blow on the 3 March. The visible surfadstudtbance associated with the
plume was angled slightly to the west of the stremauth (Photo 2.2). Later in the
day, the apparent surface features were well tovéest of the stream mouth and the
sampling grid used to locate the plume was expaitedat direction to make sure
the survey data covered any cold water movemethigindirection.

Historical gauging data (NIWA unpub. data) showat tihe flow from the Hamurana
Stream is typically about 2.7 °ns® but can range from 2.4 to 3.2°rg'. Stream
velocity at the mouth is dependent on lake levéliin the range 0.24 to 0.29 M. s

Water temperature and conductivity data were ctdbbcelative to water depth using a
Richard Brancker Research XR420f freshwater pmofftem a small boat. This
instrument was lowered slowly through the wateunwoi and allowed to lie on its side
on the lake bed for at least 5 seconds at eacHipgoftation to ensure data collection
from the near—bottom water (i.e.5<m above the lake bed). Cold water from the
Hamurana Stream will preferentially flow along thke bed as a density current.

Some potential effects of Hamurana Stream diversioh. Rotorua 6
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Figure2.1: Sampling grid and approximate water depths adjatetite Hamurana Stream mouth
on 4 March 2005. [Base map from TUMONZ]

A sampling pattern consisting of a series of tratssparallel to, and at right-angles to
the shore, produced a grid of data across theoshalhelf adjacent to the Hamurana
Stream mouth (Fig. 2.1) to a distance of about 806ffshore and a depth of more
than 3 m. The pattern of the grid was determinedidiple evidence of the plume on
the surface and examination of the temperatureaftsaeach transect run.

Location of each profiling station was made by tds#sed survey using a geodometer
set up on shore at the stream mouth. Positionalracg of the reflector target
mounted on the boat was to within £5 mm.

An S4 current meter was also located exactly 5F6om the mouth of the Hamurana
Stream, in line with the stream channel. The curmeeter was mounted 0.5 m above
the lake bed in water 3.0 m deep, on a stainleg$ gid bolted through the centre of a
0.4x 0.4 m square concrete paving stone, which had losegred onto the lake bed

by rope. Current data were collected in 2-minutestsuat 0.5Hz [240 readings] every
10 minutes.

Some potential effects of Hamurana Stream diversioh. Rotorua 7
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Data obtained from the survey profiles were comgetdo contour plots of temperature
and depth using the software package Surfer32 @Boloftware). Depth contour
plots were drawn using data from the greatest degmtbrded from each profile drop.
Temperature contours were drawn for the near-seirveater (i.e., the closest value
recorded to the lake surface) and the bottom teatyer contours were drawn from
temperatures recorded at the greatest depth from mafile. Data used to construct
the intermediate “trout refuge habitat” layer wele temperatures recorded at
between 10 and 20 cm above the lake bed on eathimgradrop. Linear krigging was
used to extrapolate between points on the conttmis.pNote that the contour lines
drawn are an indication of likely positions of isetms rather than an exact position.
This limitation is due to the number of profilingipts, the distance between profiling
points, and the unequal spacing between individrdiles.

2.3 Results

231 Physical measur ements

A local bathymetric map of the lake bed adjacenhtoHamurana Stream mouth (Fig.
2.2) was drawn from the maximum depth data obtaaiezhch profiling station. This
map shows a broad shallow shelf less than 1 m degmding about 400 m offshore
where a sudden drop off into deeper water occes ¢ose depth contour lines). The
depth structure indicates several possible ded@emels (see dashed arrows on figure
2.2). These slightly deeper channels may indicedéepred flow paths of the stream
water under calm conditions.

Some potential effects of Hamurana Stream diversioh. Rotorua 8
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Figure2.2: Depth contours of the lake bed adjacent to the HanauStream mouth in relation to
the lake edge (in green) showing the extent ofdtalow shelf and drop off into
deeper water. Dashed arrows may indicate prefdtoed paths in deeper channels

during calm weather. Distance between tick markshengrid scale is 100 m and the

star indicates the position of the current meter.

Current speed and direction data (Fig. 2.3) shoerethwas a slow clockwise

movement of lake water averaging about 3 chasross the face of the shelf for the

whole period of the survey. There was a small shiffirection of the flow from 125
degrees (south east) to 75 degrees (north eastigdhe period of the survey, with an

average direction of about 96 degrees true (il@sedo due east).
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Current speed and direction 0.5 m above the lakieirb@ m water depth on the drop
off 500 m off the mouth of the Hamurana Stream rtyrihe survey. Inset shows
current direction by compass rose.

Temperature measurements

Temperature measurements showed that the HamutesenSwas 12.4°C and that
the open lake water was a maximum of 21.4°C. Teatper contour plots show the
location and size of the Hamurana Stream plumbeastirface (Fig. 2.4A) and at the
lake bed (Fig 2.4B) across the shallows adjacetitdstream mouth. Although visual
cues on the lake surface (Photo 2.2, lower) inditdhat the plume extended well to
the west of the stream mouth, the reality was dipg®f the inflow water on the
shallow shelf in line with the angle of the streanouth as mixing occurred. Of
interest is the apparent up-welling of colder watethe surface, centred about 150 m
off shore (Fig. 2.4A). As the water column acrdss shelf is <1 m deep, this effect is
most likely caused by warmer lake water being émtchinto the top of the plume
from either side near the shore as the streamsetitedake as a jet. Turbulence within
the plume as it slows and pools, mixes colder welteser to the surface (Fig 2.5).

Some potential effects of Hamurana Stream diversioh. Rotorua 10
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Figure2.4: Contour plots ofA) surface andB) bottom temperatures relative to the stream mouth,
showing the position and size of the surface aritbboplumes under calm conditions
on the study day. The cold water appears to poothenshallow shelf rather than
maintaining a well defined flow path across thelfsiistance between tick marks on
the grid scale is 100 m. Broken line T--TT shownsect line data points used in
Figure 2.5.
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Because the stream inflow was much colder thanathbient lake water, it was
heavier (more dense) and, consequently, it plumgetie outer edge of the entrance
mixing zone to form a density current close to lie bed (Fig. 2.5). Because the
inflow initially occupies the full depth of the watcolumn, the sideways expansion of
the plume is due to the entrainment of lake wattr the plume from the sides as the
inflow mixes with the lake water. From the leadidge of the entrance mixing zone
(Fig. 2.4B) the density current moved in a soutkdoth-easterly direction to the edge
of the shallow shelf and then flowed down the slopthe lake bed into deeper water.
The temperature of this part of the plume at 18182s still colder than the ambient
lake water at about 22°C and this temperaturerdiifze was sufficient to maintain the
density current as a discrete flow along the lade: b
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Contour plot of temperature along the axis of thene (Figure 2.4B, transect line T--
TT) from the Hamurana Stream mouth (top left)to deep lake water(bottom right)
showing the formation of the temperature-inducedsdg current along the lake bed.
The 16°C isotherm is enhanced to show the relgigition of preferred trout refuge
habitat (i.e., <16°C) (see text and section 3).

The apparent patchiness of the density current flath (Fig. 2.4B) is a reflection of
the thinness of the density current layer on tke lzed and the difficulty of detecting
this water even with the profiler lying on its sida the lake bed (i.e., temperature
sensor within 5 cm of the lake bed).
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The contoured data from a transect of depth pséileng the axis of the plume shows
that the cold inflow began to plunge about 50 nmfrine Hamurana Stream mouth
and was mixing with lake water from above as wslttee sides to a distance of about
250 m offshore. The degree of mixing in this zomieed the temperature of the plume
to about 18-19°C as it moved beyond the entraneéngizone. The position of the
downstream plume (density current) is indicatedthy cooler water just above the
lake bed across the shelf to the drop off and dibhwrslope into deeper water.

A consequence of the cold inflow mixing with waraké water was an increase in the
temperature of the plume from the sides and tog Bottom of the plume, being
protected from mixing by the lake bed combined witl tendency for cold water to
sink, remained the coldest part of the plume. Titpeificance of the warming is that it
reduces the area of the plume regarded as tragedfabitat in hot calm conditions.

Adult rainbow trout have an intolerance to very mvawater (>20°C) and do best when
water temperatures are in the range 13-15°C (sa@®se3). In the Rotorua lakes,
where summer water temperatures can exceed 2@Cwili seek refuge from warm
lake temperatures in the cooler waters around eplihg-fed inflows. In general,
waters less than 16°C will provide such refuge taabAdult rainbow trout are not
benthic and in lakes they swim at least 10 cm altbgdake bed but generally much
higher in the water column. Given that an adulbbaiv trout is about 10 cm deep
(dorsal fin to belly), to maintain a minimum distanof 10 cm above the lake bed,
they need cold water at least another 10 cm high¢he water column (i.e., their
minimum refuge habitat will be a cold-water lay€ 20 cm above the lake bed). They
will also use any cold water more than 20 cm alibedake bed, but a thin cold-water
that is less than 10 cm above the lake bed wiligevery little if any usable refuge
habitat. These two factors (temperature and minindepth above the lake bed)
therefore combine to provide a definition of troefuge habitat:

Trout refuge habitat is that part of the plume ota@d stream inflow that is about
16°C or less at a height of at least 20 cm aboeebtd of the lake.

Applying these criteria to the transect data (Fich), it is apparent that the 16°C
isotherm extends up to 20 cm or more above the bakiefor a distance of about 100
m offshore, but is less than 10 cm in depth beythid. Redrawing the spatial
temperature contours for a layer 10-20 cm abovdake bed (Fig. 2.6) provides an
estimate of size of the trout refuge habitat whichy be compared with the size of
similar habitats associated with other cold inflolwsLake Rotorua (e.g., Awahou
Stream, Table 2.1). Note that the area of the tiott16°C isotherm in Fig. 2.4B
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includes the thin layer of cold water within 5 citlee lake bed, and so represents the
total extent of the cold water plume from the Haamar Stream. These data and
associated stream flow data can be compared witilasi data collected from the
Awahou Stream (4 km west of the Hamurana) on 814005 at maximum stream
flow (i.e., no water supply abstraction from theniieha Spring) and on 7 April with

a “normal” water supply abstraction rate of 55'(Fable 2.1).
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Figure 2.6: Contour plot of water temperatures for the layer200cm above the lake bed. The
16°C isotherm has been enhanced to outline the cirélae plume that meets the
criteria of the trout refuge habitat. Distance kesw tick marks on the grid scale is
100 m.

While the two streams have similar water velocitiethe mouth (Table 2.1), there is a
much larger flow (approx. 40% greater) in the Haamar Stream than in the Awahou
Stream. However, whereas the area of the bottoer fagm the Hamurana Stream is
about double that from the Awahou Stream, the arfeghe trout refuge habitat
provided by the Hamurana plume is about 4 timegelathan that found at the
Awahou Stream when there is no abstraction.
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This lack of proportionality between the flows aaréas of trout refuge habitat for the
two streams is likely to reflect a difference ir tthape of the lake bed adjacent to the
mouth of each stream. The plume from the Hamurarea® flows across a broad flat
shelf and both the bottom layer area and troutgesfoabitat layer area occur on this
shallow shelf zone well away from the deeper wdtep-off. In contrast, the Awahou
Stream plume flows across a delta feature withpstesides as well as a sudden drop-
off at the lakewards end, and the bottom layerreddebeyond the drop-off. The delta
feature is likely to enhance dispersion of the @umo deeper water and thus increase
the bottom layer area but reduce the trout refugjgitéit area in the vicinity of the
Awahou Stream.

Note that both sets of measurements (Hamurana amahdu) were made under
similar warm calm weather conditions and lake le@anges in lake level are likely
to induce large changes in the size of the trofutges habitats at both these stream
mouths. This is because, with constant inflow vasgnirom the springs, the inflow
velocities, which influence the mixing process,lwhange as the cross-sectional area
of the stream mouths change with the rising oirfgilvater level in the lake.

Comparison of bottom layer and refuge habitat lageeas relative to stream
hydrology for the Hamurana Stream and the AwahorteaBt with “normal”

(nominally 55 L &) and no abstraction for water supply. (* histatata for February,
stream not gauged at the time of sampling).

Stream Hamurana Awahou Awahou

(no abstraction) (55 L s?t abstraction)
Date collected 4 March 2005 8 April 2005 7 April 2005
Flow (m* s™) 2.69% 1.645 1.590
Velocity (m s™) 0.26* 0.254 0.245
Area of bottom layer (mz) 24100 12200 8700
Area of refuge layer (m2) 8700 2100 1800

Mixing proportions

There was a near-linear relationship between teatper and conductivity in the
plume water (Fig. 2.7) confirming that there waslacal geothermal influence on
temperature. This allowed the use of a 2 end-meribear mixing model to assess
the proportion of Hamurana spring water versus antbdake water in the plume from
the Hamurana Stream mouth (Fig. 2.8). The mixinglehased was:

Some potential effects of Hamurana Stream diversioh. Rotorua 15



Taihoro Nukurangi

t -t
% Spring WatEr __.(sample—lake) X 100

(tspring - Iake)

22 A
_ 7
° -~ ¢
20 7 [
7

G 2
O\_/ 18 * 7 -
Q -
> [ ] 7~
© e
b} 7
o 16 - -~
c [ ]
) /./
= P ()

14 4 ~

7~
7
®
12 T T T T T 1
75 100 125 150 175 200

Conductivity (uS/cm)

Figure2.7: Relationship between temperature and conductivitghie plume water across the
shallows. The near-linear relationship confirmst thizere is no local geothermal
influence on the temperatures.

The contour plots (Fig. 2.8) show the degree ofir@tmixing that occurs due to
entrainment of warm lake water into the cold inflohhey show that the plume
contained about 30-35% spring water as it lefteh&rance mixing zone, indicating
that the Hamurana Stream entrains about 3 timesnitsvolume of lake water. There
was little additional mixing in the plume downstreaf the entrance mixing zone or
as the density current flowed over the edge ofitbe-off into deep water.

Some potential effects of Hamurana Stream diversioh. Rotorua 16
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Figure2.8: Proportion of Hamurana spring water versus ambak& waterA) at the surface and
B) at the bottom in the plume from the Hamurana &trenouth. There is some
residual cold water along the shore from the stronghore wind the previous day.
Distance between tick marks on the grid scale @srh0
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Implicationsfor nutrient inputs

The tendency for the cold inflow water to pool de shallow shelf and beyond this to
sink to the lake bed as a thin-layer density curhers the potential to bring nutrients
in the spring water into close proximity with beiotlalgae (microphytes) which can
use them for growth. The lake bed across the shallelf was observed to have an
extensive covering of benthic microphytes desgi strong onshore winds which
appeared to suspend detritus and sediment froshil€zone the previous day.

Benthic microphytes have been found to remove dl@mbthe nutrients from water in
contact with them (Gibbs et al. 2005). As the Heamnar Stream plume moves out
across the shallow shelf, it becomes a thin-lagaisily current similar to those found
in Lake Taupo (e.g., Photo 2.3), which greatly é&ses the contact area with benthic
microphytes on the shallow shelf as well as thassgnt down the slope of the drop-
off and in deeper water. This increases the patkfdr the benthic microphytes to
utilise all of the nutrients from the inflow.

Dye tracer in a groundwater density current shdwas it is just a few mm thick as it
flows down the slope of the lake bed in Lake Taufite temperature difference was
about 3°C and the nutrients in the flow were bei@goved by a layer of benthic
microphytes on the sediment surface (e.g., foregithyPhoto by Rohan Wells].
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This nutrient removal process will be greatest iimmier when light levels are
maximal and water temperatures are warmest andethgity current holds the inflow
water against the lake bed, even in light windsor& onshore winds would disrupt
this flow pattern for the duration of the blow bibe flow pattern would quickly re-
establish as the lake calms. As these density migri@re driven by the temperature
difference between the inflow and lake waters, il v a seasonal phenomenon
beginning in spring and ending in autumn when #he itemperatures are colder than
the Hamurana spring (see section 3, Fig. 3.1A)e8am the projected temperature
differences (see Fig. 3.1A), the spring water kel to become a buoyant surface
plume during most of winter and thus the nutrieimsthe inflow would be
immediately available for primary production in tla&e water column.

The plant growth nutrients, dissolved inorganicagen (DIN) and dissolved reactive
phosphorus (DRP) that can be removed from the vinflsater by the benthic
microphytes comprise about 50% of the total nutsieim the spring water. The
Hamurana Stream contributes 54.6'tor 12.3% of the total nitrogen (TN) and 6.4 t
y* or 18.5% of the total phosphorus (TP) load to LRie¢orua (Beya et al. 2005). Of
that load, about 25.8 thyis as DIN and 3.1 t¥is as DRP.

Notwithstanding the potential removal of the DINdEBRP from the inflow water by
benthic microphytes, these nutrients are not rechéncen the lake. Uptake has simply
introduced a biological lag which may delay thesasle of those nutrients from the
sediments, via nutrient cycling processes, back the water column to support
primary production in the lake by a few months @ren The biological lag is likely to
alter the timing of the input of those nutrientstsat they are not present in the lake
water column to support summer algal blooms. Thesequence of the biological lag
is that the nutrient load from the Hamurana Stré&asummer is incorporated into the
sediments and becomes part of the internal loaghsell as a continuous low level
flux throughout the year.

As the plume from the Hamurana Stream is diluteth Wake water by a factor of
about 3 in the entrance mixing zone and then wauhstantially before flowing out
into the lake as a very thin layer across the lad@, it is unlikely to have a higher
dissolved oxygen content than the ambient lake matel hence it is unlikely to
greatly affect the nutrient release processes ft@sediments. Also, as the DIN and
DRP are likely to have been removed from the inflaws unlikely to influence the
apparent nutrient release rates from the sedintkmiag stratification, by pooling in
the deeper parts of the lake.
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3. Importance of the cold-water habitat for trout

3.1 Introduction

Rainbow trout are well known as a ‘cold-water’ fisipecies, and the optimal
temperature range for adults is 13-15°C (Spigagellihommes 1979Stauffer et al.
1984). Adult trout grow best and thrive when watmperatures are in this range
(Cho & Kaushik 1990). The long seasonal duratiod aide depth range for such
cold waters in the Rotorua and Taupo lakes are mfiaghors contributing to the high
quality of rainbow trout fisheries in these watefsout in lakes that are located in
warmer or colder regions of New Zealand are ndasbgrowing.

Physiological adaptation to high water temperatgaes occur in rainbow trout when
they are confronted with temperatures beyond tbhptimal level. Their preferred
temperature rises as they become acclimated tedesed water temperature and
studies on trout distribution and movement in teepmér Rotorua lakes (i.e., Rotoiti
and Rotoma) confirm that as summer progresses arfdce water temperatures
increase, their depth distribution changes fronpdeevaters where temperatures are
around 13°C to shallower waters with a temperatfismound 16°C (Rowe & Chisnall
1995). However, such physiological adaptationristed and adult rainbow trout can
become more stressed as temperatures approachT2@¢are generally absent from
waters where the temperature exceeds 21°C (Rowk Ratve & Chisnall 1995) but
may make temporary forays into such ‘hot’ watergeted. In lakes where trout cannot
move into deeper, colder waters (e.g., becauséalteeis too shallow, or the deeper
waters lack oxygen), then feeding can be reducddnaight loss can lead to a decline
in condition factor (Rowe 1984).

In deep lakes, surface waters heat up during surmmoeths and form a surface layer
(or epilimnion) over the deeper, colder-water (Hiypoion) resulting in temperature
stratification. When the temperature of the epilionnexceeds 21°C, trout are mainly
present in the colder, deeper hypolimnetic watdsvever, in shallow lakes, wind-
induced water mixing often prevents temperaturaifitation and so there is often no
deep, cold-water layer or hypolimnion for troutrtove to. Under these conditions,
many trout congregate in cold-water streams, whiehy provide the only refuge
habitat in shallow lakes. However, if these streames absent, then trout must feed
more to counter the higher physiological cost gfiog with the warmer water. If they
cannot increase their food consumption rate, they tose weight and condition and
can eventually die (Rowe 1984).
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In Lake Rotorua, mean summer surface water tempesatexceed 21°C between
January and March each year (Fig. 3.1A). During tBi month period, water

temperatures exceeded 21°C for about 45% of thee(iim, about 41 days)(Fig. 3.1B).
There were only 7 out of the 35 summers examineenvdurface water temperatures
were generally below 21°C (i.e., colder years).réfoge, adult trout face a thermal
stress between January and March in Lake Rotomabiout 50% of the time in most
(80%) years. Climate change may cause future sumvaé&sr temperatures to rise
even higher.
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from Environment Bay of Plenty):A) seasonal changes (black line {8 drder
polynomial fit) Red line represents the temperatofréghe Hamurana Stream water
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Differences in water temperature between the eerfand bottom waters of Lake
Rotorua (data supplied by Environment Bay of Pldrdyn monitoring site BCT18 up
to 1992, and sites 2,5,7 thereafter).
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Lake Rotorua is a relatively shallow lake (meantdelll m), and even in the deeper
waters (max. depth 25 m) of the Rangiwhakapiri Basithe west of Mokoia Island,
the water is generally well mixed. Episodic stie#ifion occurs during long, calm
periods in summer months. However, for the perimauary to March between 1967
and 2002, the temperature of bottom waters (itel8an) was generally within 1.2°C
of that at the surface (Fig. 3.2). Therefore, dytime months of January, February and
part of March, almost the entire volume of wateLake Rotorua was often over 21°C
and the deeper waters of this lake provided latleno cold-water refuge habitat for
trout.

When water temperatures in Lake Rotorua exceed &i°feriods of several days or
more, trout can be expected to start concentratirige refuge habitats provided by
the cold, spring-fed inlet streams, especiallyhédit main foods (e.g., smelt) are scarce,
or if oxygen levels fall below acceptable levelshe deeper parts of the lake.

The water temperatures and mean flows for the msi@ams entering Lake Rotorua
are shown in Table 3.1 below.

Size of the main inflowing streams to L. Rotorua dneir water temperatures during
the period Jan-Feb (from Fish 1975 & Mosely 1982).

Source Mean flow-1968 % of total Temperature (Jan-Feb °C)
(x103 m3/d) inflow (* most preferred by trout)

Rainfall 340.6 22.7 -

Hamurana Springs 256.2 17.1 12 *

Ngongotaha Stream 197.4 13.1 16

Utuhina Stream 191.4 12.7 16

Puarenga Stream 165.8 11.0 22

Awahou Stream 155.2 10.3 13*

Waiteti Stream 129.6 8.6 15*

Waiohewa Stream 42.2 2.8 18

Waingaehu Stream 25.6 1.7 18

Most of the streams entering Lake Rotorua are calden the lake water during

January and February. An exception is the Puar&tgeam, which is hotter than the
lake because it receives geothermally heated watee. Hamurana, Awahou and

Waiteti Streams are colder than the other stredrabl¢ 3.1) and are all within the

preferred temperature range for trout. Trout arerdfore expected to prefer the
Hamurana, Awahou and Waiteti Streams as refugddiabid concentrations of adult

trout are known to occur around these particulaeast mouths during summer

months (Eastern Fish & Game records). Howevert tray also use the other streams
as thermal refuge habitat because although theywammer, they are still much colder

than the lake water between January and March.
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The relative size of the various stream refuge tatbiin Lake Rotorua can be
estimated in terms of stream flow, but this needse weighted by water temperature
to reflect the preference of trout for the coldieeams. To weight the contribution of
each stream, its percentage of the total flow waseased by a factor of 0-4, where 4
is for optimal temperatures (13°C), 3 is for tenaperes in the range 14-15°C, 2 is for
temperatures of 16-17°C, 1 for temperatures of ®&land 0 is for temperatures over
20°C (i.e., no thermal refuge). On this basis (RBg3), the Hamurana Stream
potentially contributes the largest amount of oslater refuge habitat (36% of the
total refuge habitat) for trout in Lake Rotorua.wéver, local factors such as the
inshore topography of the lake bed and the lakelJewill greatly influence the actual

size of refuge habitat for trout. For example, iprin2005, the Hamurana contained
four times as much habitat as the Awahou (Tablg 2.1

Relative size of thermal refugiain L. Rotorua

Waiteti Stream
(13.5%) Hamurana

Springs

(35.6%)

Utuhina Stream
(13%)

Ngongotaha
Stream (13.7%) Awahou Stream
(21.6%)

Relative size of the thermal refuge habitats pregithy streams entering L. Rotorua
estimated from stream flow weighted by temperature.

At present, it is not known whether there is arivackummer movement (e.g., a mass
migration) of trout towards such cold-water springsen temperatures in the lake
approach 21°C, or whether some trout simply enasuthe cold-water plumes during
their normal foraging activities and remain thendiluincreasing appetite results in a
return to the lake to feed. A mass migration wob&l expected to result in the
movement of most trout (especially the more seresiirger fish) towards the springs,
resulting in very large concentrations around tineasn mouths and a corresponding
scarcity near the middle of the lake. However,ifigrguides continue to catch trout in
the vicinity of Mokoia Island (near the middle dfetlake) over the January-March
period, even when surface water temperatures inake exceed 21°C and bottom
waters would provide no refuge because they arg &#°C colder (See Fig. 3.2).
This suggests that the annual summer concentratibt®ut that occur around the
cold-water spring mouths are more the result ofoopmistic encounters between
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trout and the cold-water plumes rather than arvaatiigration of all trout towards
such areas. Nevertheless, this hypothesis hasemot tested and tagging studies are
required to confirm or disprove it because a massement of trout towards the
springs may have important effects on their distitn and hence on the fishery and
its management.

The issue of trout distribution aside, Eastern Fisd Game are concerned that the
cold-water refuge habitat in Lake Rotorua may pitevan important summer habitat
for the trout in this lake and that the removattd largest of these (i.e., the Hamurana
Stream) may adversely affect the trout populatidrs would occur if the cold-water
refuge habitat was required by trout to maintagirtgrowth and hence survival and if
such habitat was a limiting factor during summenmnths.

If summer water temperatures do stress trout t@dtiet where feeding and growth is
affected over summer months, then it follows thatt in lakes lacking cold-water
refuge habitat would be more affected during hobhsers than in cold summers. In
particular, reduced feeding because of thermasstneuld be expected to result in a
drop in weight for a given length leading to a reithn in condition factor. This effect
would be expected to affect many more fish in lalkeking thermal refuge habitat
(e.g., Lake Rotoehu) than in shallow lakes whefages habitats are present (e.g.,
Lake Rotorua). Consequently, a comparison of camdiactors between hot and cold
summers in lakes with and without thermal refugbitiaa provides a way of testing
the importance of such habitat for trout growth.

Analysis of historic creel census data for the tengnd weight of trout caught at
various times provides a way of examining such gkarin condition factor and these
data have been collected by Fish & Game over tlst §ayears. Consequently we
analysed these data for lakes Rotorua and Rotaathe@mpared the condition factor
of trout between warm and hot years.

Because of the paucity of long term lake water tenajure data over summer, the
thermal regime for each summer was determined bglysis of annual air
temperatures from the Rotorua airport meteoroldgitation over the January-March
period. The results of these analyses are repbetieav.

3.2 Methods

The meteorological records for the period 1995-2@03he Rotorua Airport were
examined and mean air temperatures extracted ébrreanth as well as for the period
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January-March for each year. The years in whichmtemperatures over this 3 month
period were relatively hot (>18°C) versus cold (&26) were identified. The years in
which temperatures ranged between 16.5 and 18°€ teemed average years (i.e.,
neither especially hot nor cold).

Eastern Fish and Game routinely monitor anglertshezs in the Rotorua lakes during
the fishing season. Data on the sex, length anghweif individual trout are recorded

along with information on capture date and metHduach data have been collected
routinely since 1998 and therefore provide a bfmiomparison of condition factor

for the wild trout population between hot and cstdnmers. In addition, fin-clipped

hatchery trout are routinely stocked into the lakash year. The fin clip identifies

when each batch of hatchery trout were liberateithasio changes in length and weight
can be measured over the following 3-4 years (aga&iough monitoring of angler

catches).

The number of wild trout sampled from angler’'s bat in Lake Rotorua over the
main summer period (i.e., December-April) was 64998, 67 in 1999, 251 in 2001,
117 in 2002, 205 in 2003, and 172 in 2004. Thusysa sizes were relatively small
for 1998 and 1999. Linear regressions were usedetect trends (increases or
decreases) in condition factor (and in length aedgtt) over the summer period for
each year. The trends in condition factor were tbempared between hot and cold
summers. As a difference was found between male fandile condition factor,
changes in condition over summer were examineddoh sex separately.

As a reduction in condition factor could be caubgdn increase in length relative to
weight, as well as by a drop in weight relativddngth (as occurs when fish reduce
feeding), we also calculated changes in mean lesugthweight of the sampled fish to
determine the cause of changes in condition. We edsimined potential sources of
bias in these relationships that may arise becafiige sampling method (i.e., creel
census). In particular, we determined whether tiarian the use of different fishing
methods (e.g., fly fishing, shallow trolling, detplling) could result in selection of
trout on the basis of either sex or size and theskbw the results.

The creel census data on stocked hatchery fishalgasused to compare changes in
the condition factor of trout over summer monthisveen lakes Rotoehu and Rotorua.
These data provide a potentially more accuratesassnt of changes in condition
factor as they are specific to one year classafttand so don't include variations
related to the presence of multiple age groups. é¥aw this means that sample sizes
can be small and examination of the raw data ineécthat useful comparisons were
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limited to the 1996 cohort through the 1998 sumntee, 1997 cohort through the
1999 summer, and the 2002 cohort through the 200vr&er. Mean condition factors
were calculated for these fish for both the pre+smem (i.e., October-December)
period and the main summer period (i.e., JanuarieMa and the change in these
compared for hot and cold summers respectively.

We also examined data on the trout fishery in LRkgorua to determine temporal
patterns in fishing methods (especially fly-fishimbich generally occurs around cold
spring streams).

3.3 Results

331 Hot versus cold summers

Relatively hot summers occurred in 1998 and 199%reds comparatively cold
summers occurred in 1997, 2002 and 2004 (Table 3.2)
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Mean air temperatures at Rotorua Airport for eactmtim (January-March) and for the
period January-March inclusive. Years are clagbifigo relatively hot versus cold
years based on summer air temperatures exceediO®C18®r below 16.5°C.

Year Month Mean monthly Mean summer Classification of years
temperature temperature

1995 Jan 16.8
Feb 17.6} 16.8 AVG
Mar 16.T

1996 Jan 17.
Feb 17.% 16.8 AVG
Mar 14.

1997 Jan 15
Feb 17.5:} 16.1 COoLD
Mar 15.

1998 Jan 17.
Feb 19.5 18.1 HOT
Mar 17.4

1999 Jan 19.3
Feb 17.3 18.0 HOT
Mar 17.

2000 Jan 16.
Feb 17.% 16.7 AVG
Mar 16.

2001 Jan 16.
Feb 182:% 17.0 AVG
Mar 15.

2002 Jan 17.%
Feb 16.3 16.5 COoLD
Mar 16.0

2003 Jan 16.6
Feb 17.3 16.7 AVG
Mar 16.1T

2004 Jan 18.5
Feb 16.4 16.3 COLD
Mar 14.

Remaining years were generally average in termsuhmer temperature. The
availability of data on trout meant that comparsdietween summers differing in
temperature were limited to two hot summers (199899), two average summers
(2001, 2003), and two cold summers (2002, 2004jeNmean air temperatures used
to classify the summer, include nights.

Summer changesin trout condition factor for Lake Rotorua

Changes in condition factor over summer monthsdkff for male and female trout.
Condition factor generally increased for males mgisummer months (Fig. 3.4). The
one exception was in 2000/2001 (an average sunmterms of temperature) when it
remained relatively constant. In contrast, and sanaé surprisingly, condition factor
for females either remained relatively constantdeclined over summer months,
irrespective of the temperature.
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Figure3.4:

Changes in condition factor of rainbow trout in kaRotorua over summer months in
‘hot’, ‘average’, and ‘cold’ summers (lines aredar regressions- red for females,
black for males).

The condition factor of both male and female trterided to increase during hot
summers and it declined for females in 2000/20@0122002 and 2003/2004 (i.e.,
average and cold summers). These data indicatehé is no general reduction in
condition factor during hot summers, nor a greaeeluction during hot compared
with cold summers. A decline in condition for batbxes occurred in 2000/2001,
which was an average summer in terms of water testye.
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Changes in trout size occurred over summer momthlsaéso differed between the
sexes. The length of females caught by anglersased in both 1997/1998 (hot
summer) and 2000/2001 (average summer), and shbttledchange or decreased
over all other summers (Fig. 3.5).
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Changes in the length of angler-caught female towmer summer in Lake Rotorua.

(Lines are linear regressions- red for femalekbtar males).

Similarly, the length of male trout increased i@Z4998 but not in other summers
(Fig 3.5). Thus, changes in length for males clofallowed that for females.

Changes in the length of female trout over sumnntirs were paralleled by changes
in weight and a very similar trend occurred withiesgTable 3.3). These data indicate
that the marked decline in trout condition durihg £000/2001 summer (both male
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and female trout) was not caused by a reductiameight but by an increase in length

without a corresponding increase in weight. In 12998 (a hot summer), both male

and female trout increased in length as well agdight, but during 2001/2002 (a cold

summer) weight and length both decreased. Warmrvtemeperatures are therefore
associated with an increase in the size of trougleby anglers in Lake Rotorua. This
may indicate that warmer waters generally resullaster growth rates, but this can
only be expected to occur so long as food (smelplentiful and other key variables

(e.g., oxygen levels) are not limiting. This alss@anes that angler selection (i.e., the
tendency for different angling methods to catcheatain group of fish based on

differences in fish distribution and behaviour) slowt result in a preponderance of
larger fish when water temperatures are hottera Datgrowth rates during hot versus
cold summers would be required to confirm this.

Trends in weight and length (as indicated by tiga sif regression slope coefficients)
for angler-caught male and female trout during semmonths in Lake Rotorua.

Summer Temperature Slope coefficients from the regressions of size on date
Period Regime Male Female
Length Weight Length Weight

1997/1998 Hot 2.121 0.027 0.956 0.013
1998/1999 Hot -0.512 -0.001 0.049 0.002
2000/2001 Average 0.270 0.003 0.658 0.004
2001/2002 Cold -0.157 -0.001 -0.314 -0.003
2002/2003 Average 0.098 0.003 -0.204 -0.001
2003/2004 Cold -0.132 0.004 0.132 0.000

The changes in fish length and weight outlined abmssume that the fish sampled are
representative of the trout population as a whidmwvever, biases may arise from the
sampling procedure (i.e., creel census) if differapthods of angling select for larger
or smaller fish, or for male versus female trouig & the use of the selective angling
methods varies over the summer period. It is tleeefmportant to examine such
assumptions as they may also help explain thetseshtained.

There was no consistent pattern in the mean leagthweight of male and female
trout caught by anglers between 1997 and 2004 €Tall). Males were shorter than
females in 2000/2001 but longer in all other sumsnévlales were heavier in
2001/2003 and 2003/2004 but lighter in all othenmers.
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Mean lengths and weights of angler caught fish flcake Rotorua during summer
months.

Summer period Length (mm) Weight (kg)
Males Female Males Females

1997/1998 505.9 501.6 1.73 1.81
1998/1999 490.0 458.0 1.20 1.20
2000/2001 449.5 454.0 1.23 1.29
2001/2002 463.8 462.4 1.30 1.25
2002/2003 468.5 465.3 1.26 1.34
2003/2004 501.3 484.9 1.63 1.61

Fly-fishing generally caught the largest trout (RBd) with the mean length of female
fish caught by this method being greater than foother methods in all summers.
Fly-fishing also caught the largest males in 199981 1998/1999, 2002/2003 and
2003/2004, but not in 2001/2002 and 2000/2001. Gésiin the extent of fly-fishing

between seasons could therefore bias estimatéshddife.

540 :
| Fly fishing

LED line

O Lead line

0O Shallow trolling

520 -

500 -

480 -

7

Mean length (mm)

Il |

97/98 98/99 00/01 01/02 02/03  03/04
Summer period

Mean lengths of trout caught by different fishingthods over summer in Lake
Rotorua.

The proportion of the trout sampled by creel certbias were caught by fly-fishing
varied greatly among the summer periods (20% in7/19®8, 18% in 1998/1999,
36% in 2000/2001, 25% in 20001/2002, 9% in 20002&8nd 41% in 20003/2004).
However, these variations could not explain theeole=d changes in trout size among
years, and other factors are therefore responsible.
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Sex ratios invariably favoured females and thers m@consistent difference between
methods (Table 3.5). Overall sex ratios (all argglimethods combined) varied greatly
between years. The percentage of female fish caughtrelatively low for the two
summers when average temperatures prevailedq1.%o,for 2000/2001 and 53% for
2002/2003), but was high for both the hot and solchmers (i.e., 59% for 1997/1998
and 79% for 1998/1999, and 68% for 2001/2002 an@bs 6fr 2003/2004,
respectively). Neither the changes in the propostiof male versus female fish, nor
the differences in size between males and fematadd explain the trends in trout
size over the summer period noted previously.

Proportions of female trout in anglers catches ftake Rotorua by both method and
summer period (the numbers in brackets indicatatimeber of trout sampled).

Summer period Percentage (%) of female trout
Fly fishing LED lining Lead lining Shallow trolling

1997/1998 69 (13) 44 (16) - 62 (37)
1998/1999 83(12) e e 78 (55)
2000/2001 49 (91) 40 (68 56 (25) 73 (62)
2001/2002 62 (21) 64 (42) 70 (20) 78 (23)
2002/2003 32 (19) 56 (45) 46 (50) 56 (85)
2003/2004 71 (69) 61 (56) 78 (27) 71 (14)

Differences between lakes Rotorua and Rotoehu

Data on stocked hatchery trout (i.e., age cohgdiased into the lakes and later
caught by anglers also provide a way of examinihgnges in the condition and
growth dynamics of trout over the summer periodréionportantly, they provide a
way of comparing changes in the condition factoitrofit over summer months in
lakes with thermal refuge habitat (e.g., Lake Raodprand those without (e.g., Lake
Rotoehu). Any increase in stress and consequetiheéa condition induced by high
water temperatures can be expected to be more tharkakes lacking thermal refuge
habitat than in lakes with such habitat.

The data for this comparison were more limitedeaget hatchery than wild trout were
sampled. Examination of the raw data revealeddhatt comparisons between these
lakes were only possible for the 1996 cohort oher 1997/1998 summer, the 1997
cohort over the 1998/1999 summer, and the 2002rtaler the 2003/2004 summer.
Changes in condition factor over the 2001/2002 sarmeould be calculated for trout
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stocked into Lake Rotorua in 2000 (i.e., the 200B0ct) but not for this cohort in
Lake Rotoehu.

Condition factors were calculated for the cohoiftshatchery trout caught between
October and December (i.e., before water temparatbecome stressful) and the
mean for these compared with that for the hatclveyt caught between January and
March (i.e., the summer stress period). Differeneese tested by analysis of
variance. The results of these comparisons arersioable 3.6.

Table 3.6: Changes in trout condition factor over summer merith Lake Rotorua and Lake
Rotoehu. (* indicates a significant difference at B.05).

Summer Summer Rotoehu Rotorua
period thermal Mean condition Change Mean condition Change
regime factor factor
Oct-Dec  Jan-Mar Oct-Dec  Jan-Mar

1997/1998 Hot 1.26 1.00 -0.26* 1.32 1.16 -0.16*
1998/1999 Hot 1.20 1.17 -0.03 1.15 1.63 0.48
2001/2002 Cold - - - 111 1.34 0.23
2003/2004 Cold 1.19 1.09 -0.10* 1.18 131 0.13

Condition factor for the hatchery-reared, stockedttdeclined over summer in Lake
Rotoehu in all three summers for which data wemeglable (2 hot and 1 cold), with a
large and statistically significant decline occogriin 1997/1998 (hot summer). The
mean condition factor for hatchery trout also demli in Lake Rotorua over this
summer period, but not as much as in Lake Rotokehgeneral, the loss in condition
factor for trout in Lake Rotoehu over summer monitas greater than for trout in
Lake Rotorua, irrespective of the summer tempeeategime. This provides some
support for a beneficial effect of thermal refugabitat on trout in Lake Rotorua.
However, the differences in condition factor weneaf and/or non-significant in all

years except 1997/1998. Furthermore, the differeramild well be attributed to
factors other than temperature (e.g., variationsaat food supply or in trout density
between the lakes).

The growth rates for the hatchery trout (as appnexéd by log-linear fits to the size
at age data) revealed large differences betweearisolvithin each lake (Fig. 3.7).
However, these differences were not related tdhteemal regime occurring over mid-
summer (i.e., January-March). In general, the ptedimean length at 250 days post-
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stocking declined for each of the 1996 to 1999 ashio both lakes and increased for
the 2001 & 2002 cohorts. Such coordinated pattenmsng age cohorts in both lakes
indicate that either the parentage of the hatchesyed trout (i.e., genotype) has a
greater effect on growth than environmental diffiees between lakes, or that
broader-scale climate factors affecting both ldkeg., floods, duration of the growing

season) are more important than the thermal regaoerring over summer months.

700 700
Lake Rotorua Lake Rotoehu
650 650
600 600 -
‘T 550 - £ 550
E £
£ 500 £ 500 -
2 g
O 450 4 —— Log. (1996) @ 450 | —— Log. (1996)
. —tm g
400 1 —Log: (1999) 400 1 Log. (1998)
Log. (2000) ——Log. (1999)
350 ~ ——Log. (2001) 350 — Log. (2001)
——Log. (2002) Lo
——Log. (2002)
300 T T T T 300 T T T
0 365 730 1095 1460 0 365 730 1095 1460
Days post-stocking Days post-stocking

Figure3.7: Growth rates for hatchery trout age cohorts stocked Lake Rotorua and Lake
Rotoehu as yearlings (year when stocked).

3.34  Water temperature effectson thefisheries.

There was a seasonal change in angling methodstbgesummer period in Lake
Rotorua. Both shallow trolling and deep trollingsifig LED or lead lines) were the
main methods used from late December (Christmas) omd-January (Fig 3.8).
Trolling (both deep and shallow, but primarily dgepntinued to be used throughout
the summer period, but in mid- to late-Januaryhtigpes of trolling declined and fly-
fishing increased in importance. Fly fishing was thain method used/censused in the
lake until the end of March. Fly-fishing is genéyalonfined to shore-based angling at
stream mouths and the increase from mid-summer misn@ccurred as trout become
more concentrated around the mouths of the spadgsdtreams. Although these
differences may be due in part to the census ptoweethey are also likely to reflect
actual changes in fishing patterns in the lake atfemtemperatures increase and some
trout respond by frequenting the stream mouths.
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Figure3.8: Changes in angling methods over summer months ke Rotorua (creel census data
for 1998-2004 seasons combined).

The catch per unit effort (CPUE) data for Lake Rotowere calculated for each
fishing season (i.e., from October to June) anduie spring, autumn and winter
catches as well as summer catches. Neverthelessiosis fishing occurs in Lake
Rotorua over the summer holiday period, the CPUta dan be expected to reflect
trout catch rates at this time.

Annual mean catch rates (trout caught per rod par)hwere highest for the years in
which summer temperatures were average (i.e., 242001 and 0.48 for 2003),

intermediate in the years in which summer tempeeatuvere coldest (i.e., 0.34 in
2002 and 0.36 in 2004), and lowest for the yeamshith summer temperatures were
hottest (i.e., 0.29 in 1998 and 0.30 in 1999). €hdifferences imply an association
between summer temperatures and catch rates. Alththe data are too few to

substantiate such a relationship, a reduced catelfar trout in hot summers could be
related to a decline in trout catchability relateddecreased feeding activity, or to a
change in trout distribution and failure of mosglens to adapt to this. The latter
seems more likely. However, such a pattern may ladscelated to a number of other
factors and more long-term data would be requicedonfirm a relationship between

summer temperatures and catch rates.
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4  Discussion and recommendations

41

Effects of stream diversion on trout and on thetrout fishery

Diversion of the Hamurana Stream will remove thamfactor contributing to the
localised summer fishery based on its mouth. Asglegho fish this stream will be
forced to go elsewhere, and in this sense diversiirhave a negative impact on the
trout fishery. In the long term, recovery of th&dawill benefit the trout population
(by increasing water quality and reducing eutrogtion) and a short term loss of a
localised fishery for a long term gain in the trquapulation may be acceptable to
managers. However, the issue addressed here wasdiiescale effects of diversion
on the trout population and fishery.

The results presented indicate that hot summescély of those experienced over
January to March in 1997 and 1998) do not signifilyareduce the condition factor of
wild trout in Lake Rotorua. Annual variations innchition were apparent, but were not
related to summer water temperatures. Other fagimarily annual differences in
food availability (e.g., smelt), and possibly inut density, are therefore likely to be
of over-riding importance for trout growth dynamid$hese conclusions may change
if climate change causes future summer lake watapératures to rise even higher
than at present. Overall, the results of the ptedata review indicate that the cold-
water refuge habitat in Lake Rotorua is not ‘vital'trout growth and that any benefit
that it does provide is generally over-ridden bleotfactors affecting growth. This
does not mean that a benefit is absent. The censigifference in condition for trout
over summer between Lake Rotorua and Lake Rotoetgests that the presence of
thermal refuge habitat may well provide some béntefitrout in Lake Rotorua.
Unfortunately, the data are too few to substantibi® difference, and factors other
than the presence/absence of thermal refuge h#bitat food supply, water quality,
trout density) could also account for it.

While we cannot exclude the possibility of a snefflect on the summer growth
dynamics of the trout population in Lake Rotorua da a reduction in cold-water
refuge habitat, it will have a minimal affect onettsize and mortality of trout.

However, the distribution of trout in Lake Rotorgauld change and the summer
fishery for trout may still decline if the HamuraB&ream is diverted. Apart from the
loss of fishable water, a change in the distributi trout during the warmer summer
months could result in a decline in trout catchighilThis possibility is reflected in

both the decline in catch rates for hot summersiaride changes in fishing methods
used during summer months. It appears that the-watdr spring mouths provide
some anglers with an opportunity to increase catles via fly-fishing as the
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effectiveness of shallow trolling in the lake deek. In this sense, diversion of the
Hamurana Stream would remove the opportunity fpffifihing at its mouth and so
could deprive anglers of an opportunity to offde¢ general reduction in summer
catch rates in the lake, especially during hot semsmThe extent of this potential
impact is unknown and a tagging study would be irequto provide data on this
issue.

Although the catch statistics above provide someesce that trout congregate
around the mouths of coldwater springs during summenths, there is no data to
indicate the relative magnitude of such a shiftlistribution (i.e., whether it affects a
relatively small number of trout or most). Furthena there is little data to indicate
the relative importance of the various stream meutir the summer fly-fishing
fishery (e.g., whether local conditions favour tAevahou over the Hamurana or
Waiteti etc.). Data presented in this report intickat the Hamurana Stream can be
expected to provide the largest area of cold-wateige habitat for trout to congregate
in and that this could be 4-5 times larger thathin Awahou stream depending on the
amount of water being abstracted from its sprid@eerall, the Hamurana Stream can
be expected to account for 40-50% of the total sammefuge habitat for trout in the
lake. The loss of this amount of trout refuge ratbihight be exacerbated should
climate change raise the water temperature ofake dbove present maxima in future
summers.

Data on trout use of the Hamurana is thereforeireduo provide an indication of its

importance for trout movements and distributiortgrais in the lake. Such information
is best determined by tagging a relatively largember of trout and determining their
movements in the lake over spring and summer. \Wectbre recommend that the
trout tagging study proposed in 2005, proceed 0522006 to determine the

movements of trout in the lake and to provide sol@& on their relative usage of the
various cold-water springs over summer months.

4.2 Implications of stream diversion for summer nutrient dynamics

The impacts of the proposed diversion on troutioed above assume that diversion
will occur during the months January-March becaiisés required for nutrient
removal at this time as well as during the restthef year. However, the results
obtained in this study, plus new data on the rélbemthic microphytes in stripping
nutrients from cold, nutrient-rich, spring watergeging lakes, now indicate that this
assumption may be questionable.
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Nutrient budgets for lakes traditionally assume tih@& nutrient loads in the stream
inflows are ‘instantaneously’ mixed throughout théole lake and thus they
immediately contribute to the primary productiontlie lake water column. Our data
indicate that this is not necessarily true for atneinflows where the stream water
flows over a broad near-shore shallow shelf suchtasie mouth of the Hamurana
Stream. The hydrodynamics of the inflowing wated ahe shape of the lake bed
adjacent to this stream mouth provide a mechanisrareby the readily available
plant growth nutrients (DIN and DRP) in the inflosan be removed by benthic
microphytes. Consequently, there would be a laigleg@ical lag between the time of
nutrient input and when those nutrients become lablai to support primary

production in the lake water column.

This situation is a consequence of the thermal hycs created by the topography of
the lake bed in front of the Hamurana Stream. Tbpography currently provides
trout refuge habitat in summer but can also be @egleto result in significant nutrient
stripping over summer. If so, then water diversghming the potentially critical 3
month summer period for trout may not be as necgsss implied by the overall
nutrient budget, and retention of the natural flGwe., status quo) during these 3
months may be desirable to offset any risk to thleefy. This management strategy
would need to apply from January to March inclusarel, assuming no seasonal
difference in nutrient content of the spring waiemvould reduce the total N and P
removed from Lake Rotorua, by the diversion of Hemurana Stream to the Ohau
Channel, by 25%. Most of these remaining nutrieats be expected to be sequestered
by the benthic microphytes and will not contribdieectly to summer phytoplankton
growth in the lake.

We recommend that the DYRESM-CAEDYM model of Lak&t®ua be run to assess
the effect of this option on the water quality bétlake. Because of the way thermal
dynamics affect the position of inflows to the lakesummer, we also recommend the
model parameters be adjusted so that all nutriarttse cold stream and groundwater
inflows are directed into the sediment recyclinglpm the model rather than the
water column of the lake, except for the 3-monthigze from mid June to mid
September, inclusive, when thermal dynamics coustkemthese inflows positively
buoyant and thus their nutrient content would etiterwater column directly.

If the trout tagging study proceeds, we recomméatithe size of the refuge habitat at
the mouth of the Hamurana Stream be measured gentyrwith that study on at
least 3 occasions to determine whether the sizeggsasubstantially over the summer
period. An investigation of the nutrient uptakeeraf the benthic microphytes across
the shallow shelf should also to be considered.
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