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Abstract

Recreational fisheries are of considerable ecological, economic and cultural
importance worldwide, and understanding the fadteasinfluence themis an
important goal of fishery manageiidie two most important factors influencing
the growth of fish arb@abitat qualityand food supplyThis study was undertaken
to gain a better understanding of how these two factors influerndsomaitrout
growth in the Rotorua Lakes, central North Island, NealZnd, by surveyg
prey dynamicsguantifying rainbow trout diet, and assessing the effects of
environmental factors and population density on trout growth.

Rainbow trout populationsina k es of New Zeal andds
mainly prey upon common sméRetropinna retropinng a small, widespread,
pelagic speciefkoutine monitoring of smelt populations would assist in trout
fishery management decisions, especittyoptimisationof stocking rates and
timing. To recommend an effectivaapturetechniqueor smelt we tested purse
seining, beach seining, drop netting, and boat electrofishing in Lake Rotoiti. Boat
electrofishing in the littoral zone at night allowed us to collecte adlt smelt
than all other methods, alwmhg boat electrofishing transects across the lake were
themost effectivanethod forcapturing a wide size range of smelt specimens,
including larvae. Most methods also caught other species as bycatch. loterms
the number of smelt caught, the most effective method was (1) boat electrofishing
at night, followed by (2) scoop nets at night (i.e. boat electrofishing with the
current turned off), then (3) beach seining during the day. The first two sampling
method are suggested as the basthodgor collecting data on seasonal
dynamics, growth, and reproduction of smelt. For enumeration of the total smelt
population, these methods shoulddaeried out in the littoral and pelagic zones
andcombined with a methoslich as hydroacoustitdsat can enumeratmelt in
the deeper waters of the pelagic zone

Population dynamics of common smelt in lakes are not well understood.
To determine the factors influencing sm@dipulationsn Lake Rotoitj we
examined seasonahanges in habitat and resource use by measuring spatial and
seasonal changes in smelt abundance, body condition, and diet. We also
characterised seasonal and spatial changes in smelt reproductive state and benthic
egg abundance. Smelt abundance in thardit zone and surface waters of the

pelagic zone was highest in auturnainciding withpeaks in smelt body

e



condition, gonadosomatic index, and benthic egg abundance. Smelt larvae were
only found in thepelagic zongand were more abundaintspringthanin summer

and autumnBody condition of smelt varied throughout the yaad was lowest

in winter,a period of low abundance of littoral invertebrates and zooplankton.
Smeltcaught in the littoral zone during the dagnsumed a range of benthic and
pelagc invertebrates and smelt eggs, while at nigimelt caught in thittoral

and pelagic zonesonsumed zooplankton, smelt eggs and larval common bully
(Gobiomorphus cotidianysThe amount of food in the stomach relative to smelt
masswas higher in the tioral zone than in the pelagic zoseggesting that food
resources in the littoral zone exceed those in the pelagic Pogdaidn on
zooplankton was highest in winter and spring, and smelt eggs formed a large
proportion of smelt diet in autumn and ventStomach contents and stable

isotope analyses showed that smelt undergo an ontogenetic change in diet, from
mainly zooplankton as juveniles noainly benthic invertebrates as adults. The
information obtained in this study is necessarynfianaging smekndtheir

predatod rainbow troud in lakes.

To better understand the prey requirements of trout in central North Island
lakes we characterised seasonal and ontogenetic changes in diet and prey energy
density of rainbow trout in Lake Rotoiti. Common snvedts the dominant prey
item of rainbow trout larger than 200 mm (77.8% of dietrtas3, followed by
koura(freshwater crayfisfParanephrops planifron$.3%), common bully
(5.5%), andkoaro(Galaxias brevipinnis3.4%). Juvenile rainbow trout (<200 mm)
corsumed amphipods, aquatic and terrestrial insects, oligochaetes, tanaid shrimps,
and smelt. Trout consumé&daroonly in autumn and winter; consumption of
other species did not vary seasonally. The maximum size of smelt consumed
increased with increasingouit size, but trout continued to consume small smelt
even as large adults. Consumption of larger prey it&erdand koura) also
increased with increasing trout size. This study indicates the importance of smelt
for sustaining rainbow trout populatioras predation on other species was
relatively low. These findings provide a basis for bioenergetics modelling of
rainbow trout populations in lakes of the central North Island of New Zealand.

Though the factors influencirtge growth of salmonids in cotdmperate
and boreal climates are well understood, we lack an understanding of the
influences on salmonid growth warmtemperatereas, especially in lakes. To

determine theombined effects aénvironmentafactors including habitat, on



rainbow trout gravth, we investigated the growth patterns of rainbow trout
(Oncorhynchus mykise ninewarmtemperatéNew Zealand lakes of contrasting
morphometry, mixing regime, and trophic stéflark-recapture data (some

collected by anglers) from hatchery trout releduring eight consecutive years
were used to calculate growth parameters and body condition factor. Fish growth
rates and condition factors were highest
moderate trophic state. Overall, growth rate increased withasurg lake size

and volume of favarable habitat (i.e. dissolved oxygen >6.0 mbdnd

temperature <21°C), but decreased with increasing turbidity, chloraptariid
nitrogen concentrations. A classification and regression tree (CART) analysis
found tha variables describing habitat volume were the most important
determinants of trout growth rate, and correlates of trophic state, (chl
conductivity) were important secondary determinants of trout growth rate. These
results suggest that lake morphometng &rophic state are important attributes
structuring overall habitat quality and thus influenagngwth ofrainbow trout in

lakes inwarmtemperatelimates. The effects of future ecosystem degradation
and climate warming on trout growth are likely torbest severe in shallqw
eutrophic lakes.

To investigate thearrying capacity and factors affecting growth of
rainbowtrout in Lake Rotoiti, wve employed a bioenergetics modektssess the
influence ofpaststocking rates, timing of releases, and mbyndance on growth
and prey consumptiofVe hypothesised that stocking rates and prey abundance
would affect growth and prey consumption by influencingqagita prey
availability, and that the environmental conditions encountered by fish at the time
of stocking would affect growth and consumption. Prey consumptistooked
rainbow trout was calculated with the Wisconsin bioenergetics magel.
calculated gowth trajectories based on data frinwut that werestocked into the
lakein spring and autummdm 1995 to 2009 and then-captured by anglers.

Diet, prey energy densithody mass lost due spawningand lake temperature
were measured locally. There was no difference in tag return rate between fish
released in spring and autumn. Though troaséd in autumn were smaller
initially, they grew at a faster rate than trout released in spring. The ratio of
observedo predictedchange in biomass #ite maximum consumption rate by
individual trout in the first year of lakesidence wasegatively corelated with

the number of yearlings released in a coleuggesting thattocking rates (347



809 fish ha year) caused densitslependent effects on growth. Common smelt
accounted for 85% of total prey consumption. Howgrersignificant
relationshipwvas found between prepnsumption by individual trout and adult
smelt abundance, suggesting that more detailed investigations of smelt abundance
are requiredo predict trout growth rateBecause there is little risk of ndruman
predation of stockeddgh in Lake Rotoiti, and wiet temperatures are mild (11
14°C), stocking smaller trout (~160 mm fork length) in autumn is likely to
produce larger fish than stocking larger fish (~200 mm fork length) in spring.
Possible reasons for thifferenceinclude higher prey abundance in the littoral
zone in autumn and more suitable temperature and dissolved oxygen habitat in
autumnwinter. These results suggest that optimal stocking strategies inwarm

temperate systems may differ to those in cooler teat@eegions.
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1 General introduction

1.1 Introduced fish, recreational fishing, and rainbow trout

in New Zealand lakes

Fish are introducedhto freshwater systems around the wdddmany reasons,

including to conserve or reintroduce species, mitigate loss of stocks, to create new
fisheries, and to enhance the commercial or recreational (€ehx 1994) In

developed countriethe reason for introduction éftento provide recreational

fishing opportunitiegWelcomme and Bartlet 1998freshwater recreational fisheries
provide sigificant ecological, social and econonbenefits(Arlinghaus et al. 2002,
Welcomme et al. 201@nd cultural ecosystem servig@eaumont et al. 2007, Cowx

and Portocarrero Aya 2011Angling for introduced salmonids such as rainbow trout
Oncorhynchus myssis a popular pastime in New Zealand, and freshwater
recreational fisheries are a valuable component of the tourism induaimpdw/
troutwereintroduced into several lakes and waterways around New Zealand from the
late 19" century(Burstall 1980)and now formlandlockedpopulations around the

central North Island anitch some South Island rivers and lak®kDowall 2000) The

lakes of the central North Island attract the most recreational fishing effort compared
to lakes in other region(®nwin 2009) Natural populations are sustained in lakes
Rotorua, Taupo and Waikaremoana by spawning in the surrounding tributaries, but
other lakes lack sufficient spawning area to support abundant wild populations. These
lakes are supplementary stocked with hatclieayed trout yearlings by the Eastern
RegionFish & GameCouncil Fish & GameTablel.l).Fish&Gamé s br eedi ng
programme, based at Ngongotaha in Rotastagksyearling troutinto 16 lakes in

the area (Tabl&.1). The aim of this breeding programmedssupplement limited

wild trout stocks and enhance angler opportunities.



Table 1.1. Mean numbers of trout stocked into lakes irthe Rotorua region between
199011999 and 20002009. Sources: Lake area: $mwles and Bloxham(2007) trout
stocking rates: Fish & Game New Zealand (unpuhldata).

Lake area Maximum Mean number of trout stocked per year
Lake (km?) depth (m) 1990 1999 2000 2009

Okareka 3.3 30 13600 6000
Okaro 0.33 18 415 735
Okataina 10.8 65 3368 3950
Rerewhakaaitu 5.9 15 7590 7400
Rotoehu 8.1 14 4675 4764
Rotoiti 34.6 94 13310 24250
Rotoma 11.2 83 4804 4925
Rotorua 80.8 26 1000 1000
Tarawera 41.7 88 13153 18250
Tikitapu 1.5 28 165 0

In the Rotorua areia the central North Island of New Zealarmgbpropriate
trout stocking densities for each lake have been found through trial and error. Early
attempts to improve fisheries by stocking increased numbers of hatelseg
fingerlings resulted in a decline trout size in several lakes in the Rotorua region
(Fish 1963, Fish et al. 1968)rout stocking rates in Lake Okareka were gradually
increased between 1984 and 1997 to assess the effects of trout density on trout
condition at capturebut adownward trend in length amdassof trout captured
resulted in the discontinuation of the trial in 19@&&rrick 2000) No other
investigations of trout stocking density have been carried out in New Zealand lakes,
and the carrying capacity of the lakessupporincreasedrout stocking is not known.
The distribution of rainbow trowvithin deeplakesin New Zealands highly
variedand is likely driven by temperature and food availability. In La&apq
rainbow trout were found in higher densitiegsheinshorezonethanin offshore
regions especiallyin spring, when their main prey, commsmeltRetropinna
retropinna werespawning irthelittoral zone(Cryer 1991) Rainbow trout in Lake
Taupo were found to swim in the upper 20 m of the water cotluming the day,
maintaining a body temperature ofi1%5°C (M. Dedual, Department of Conservation,
pers. comm.). Similarlynilakes Rotoiti and Rotoma (maximurdepths 94and 83 m)
larger trout were found between 406d40 m, around the thermocline, thdugmall
trout were detected in the surface waters during autumn, when prey were abundant
(Rowe and Chisnall 1995)ow dissolved oxygen concentrations in the bottom

waters of Lake Rotoiti constrained habitat during summer, forcingitrtut
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shallower water§Rowe and Chisnall 1995 Lake Coleridge in the South Island
(maximum depth 200 m)some rainbow trout occigul the littoral zone yearound,

while others occupied limnetic habitats during summer and early autumn, and moved
into littora areas in winter and sprifdames and Kelso 199%)iel changes in

habitat are also possiblainbow trout inLake Otamangakawere observed to

occupy deepwater during the day, and mowgo surface and littoral areas at night
(Dedual et al. 2000)

In shallower lakes, warm water temperatures may constrain trout distribution.
Rainbow trout irthe shallower lak&otorua(maxmum depth26 m) are evenly
distributed throughout the lake when watemperatures are less tha®@8out
aggregate around the mbatof cold springed inlet streams in the northestern
area of the lake whethe water exceedthis temperatur@Boubée et al. 2006 he
amount of time spent either in or near the streamagvary from a few days to
several monthgBoubée et al. 2006Because rainbow trout are adapted to cold
temperatures, warm temperatures 1in | akes
constrain growth, but the effects of warm temperatures in this area have not yet been
examined.

The diet of rainbowrbutin New Zealand isighly varied andnay include
small fish, terrestrighnd aquatienvertebrates and the koura (freshwater crayfish),
Paranephrops planifron®iet varies with ontogeny, season and lake trophic status
but the common smelRetropinna retropinnais oftenthe main food source for
rainbow trout incentral North Island lake#n these lakes,nsaller adulttrout tend to
consume mainly smelt, whereas largdulttrout tend to consumeveider range of
prey including smeltkoura invertebrates, and other fi§@ryer 1991, Rowe 1984,

Smith 1959) A seasonal shift in diet has been observed in Lake Rotoma rainbow
trout; in summer, more epibenthic prey was found in trout stomachs, whereas more
pelagic prey were found in trout stomachs in sumiRewe 1984)Additionally,
stockedrout ate more pelagic prey (smelt) than wild trout, which ate more benthic
preysuch axommonbully Gobiomorphus cotidianu&owe 1984) Trout diet also
changes with lake trophic status; trout living in deep oligotrophic liakiee cental

North Islandeat proportionally more smelt than trout living in shallow, eutrophic
lakes, where benthic feeding oammonbullies is more commo(McBride 2005,

Rowe 1984)In comparison, rainbow trout in Lake Benmore in the South Island were
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found to pey mainly upon gastropod mollusgdcCarter 1986)Previous

evaluations of rainbow trout diet in the Rotorua lakes have used the percentage
frequency of occurrence of each prey item and have focusgbeé dret ofadult fish

during 1to 3 seasonéRowe 184, Smith 1959)Further assessment of rainbow trout

diet is required in order to understand the effects of predation on prey populations and,

in turn, the influences of prey supply on trout growth.

1.2 Predator-prey relationships and bioenergetics modelling

Food supply is ne of the most common factors influencing fish grogitby 1990)

The relationships between prey production and predator production are complex
because predatgrey relationships are mediated by several fackospredatory

fish in freshlwater systems, food supply is influenced by prey deKBitgndt et al.

2011) prey quality or sizéBoisclair and Leggett 1989, Juncos et al. 2011, Pazzia et
al. 2002) and prey encounter rate, which depends on prey density and environmental
conditions(Beauchamp et al. 1999, Brandt et al. 1992, Mason et al..1995)
Insufficient food supply can lead to reduction in grogdbbling 1994, Levin et al.
1997) decreased reproducti¢hownshend and Wootton 1984, Wootton 1933l
changes in energy depositidvliglavs and Jobling 19897 herefore, the carrying
capacity of receiving systems to support the growth of predatory fish should be
considered when maging stocked sports fisheries.

Given that fish growth is influenced by many interacting factors,
bioenergetics models are powerful tofelsquantifying predatofprey relationships in
space, time, ontogeny, and ling trophic relationships to key environmental
variables (e.g. temperag). The widelyused Wisconsin bioenergetics model
(Hanson et al. 199Qsesmassbalance equations to estimate the proportion of the
maximum theoretical consumption rate required to produce the observed gfowth
fish, giventhe costs of activity, egestip excretion, and specific dynamic action (the
energy expended to assimilate foo)e model is based on the following equation:
C=(R+A+95)+(F+U)+(DB+G) (1.1)

whereC is consumptionR is respirationA is active metabolisn§is specific
dynamic aabn, F is egestionlU is excretiongB is somatic growth an@ is gonad

production.The model can be used to find eitli&ythe amount of consumption
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required to produce the observed amount of growt{2)dahe amount of growth
produced when fish are fed a known rate. Required inputs include temperature
experience, diet, growth, predator and prey energy density, and physiological
parameters related to respiration, consumption, egestion, and exdZetisumption
estimates can then be scaled up topihyulation levelf required The Wisconsin
bioenergetics model been used in a wide range of situations, including assessing the
effects of temperature and prey availability, modeling contaminant bioaccumulation,
modeling the effects of species introdungpand comparing predator consumption
with prey production, often with the goal of optimizing fishery management practices
such as stocking rates or angler catch allowances (reviewed by Ney 1990, 1993).
Recentapplications include assessing the enerdmiwefits of diel vertical migration
(Busch et al. 2011, Mehner et al. 201dnedicting the bioaccumulation of
contaminants after management actions or climate chaegek et al. 2012, Ng and
Gray 2011) estimating rates of carbon turnover in fish mugdleidel et al. 2011)

and predicting the effects of temperat(voody et al. 2011and food web structure

on growth(Juncos et al. 2011, Wuellner et al. 2010)e broad range of possible
applications of the model make it a useful tool for assessingforquey

relationships.

1.3 Common smelt ecology

The common smeRetropinna retropinnas a small, pelagic freshwater fish native to
New Zealandand is the principal prey of rainbow trout in lakes of the central North
Island of New Zealan{Cryer 1991 Rowe 1984, Smith 1959t is widespread and
abundant in lowelevation rivers, estuaries and lakes, and may exist in diadromous or
landlocked population@vicDowall 199Q Ward et al. 2005).andlocked populations
of smelt have been established by introdudtito lakes lacking access to the sea,
especially in the Rotorua and Taupo regifiard et al. 2005)andlandlocked
populations also exish reservoirs created by hydroelectric dams on the Waikato
River (Booker 2000)

Diadromous and lacustrine smelspliay many differences in morphology and
life history (McDowall 1990, Ward et al. 2005).acustrine populations in Waikato
lakes, lacustrine populations in the volcanic plateau, and diadromous populations in
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the Waikato River are genetically distinct, either due to geographic separation, or life
history differences where diadromous and lacustrine forms live in syn{ptonell

et al. 1993, Northcote and Chapman 19%elt wergrobablyintroduced into
LakeRotorua (and therefore also into Lake Rotoiti via the Ohau Chapmet)to

1900 by MaoriStrickland 1993)and populations were also supplemented in the

early 1900s to provide food for rainbow tr@gBurstall 1980) Access to the sea is
blocked by theOkere Falls on the Kaituna River, preventing dispersal into the lake by
natural means.

Factors controllinghte abundancef smelt in lakesre not well understood,
but abundancappears to be regulated by their relative intoleraficenditions
associatd with increased eutrophication, such as increased turbidityexample,
lacustrine smelt disappeared from Lake Waahi following an increase in turbidity and
loss of macrophyte@ayes et al. 1992, Ward et al. 198Xpundance of larval smelt
is highestm lakes with high water clarity, possibly because sedimentation in more
turbid lakes leads to higher smelt egg mortglRgpwe and Taumoepeau 2004)

Lake Taupo, little gawningoccurredn areas where a high amount of organic

detritus had built ufSteghens 1984 A reduction in feeding may also affect the

ability of smelt to survive in turbid lakes; in laboratory trials, juvenile smelt showed a
trend of decreasing feeding rates with increasing water turbidity (Rowe and Dean
1998).A better understandingf the factors controlling smelt abundance would help
us to better predict the effects of ecosystem change on this species.

A high degree of variability has been reported in the life history parameters of
smelt for examplespawning seasons are typicallriable and may last several
months(Ward et al. 2005)Diadromous smelt spawn in autuswinter in shallow
parts of rivers and tributary streaitWard et al. 1989)and lacustrine smelt spawn in
springandsummer on sandy beaches or stream mouthgair 0.5 2.5 m deep
(Stephens 1984)hough winter spawning is also possifféard et al. 2005)and
smelt in the Ohau Channel have been observed to spawanogad(Rowe et al.

2006) Stepheng$1984)found that 9095% of spawning in Lake Taupo occurred in
the lake, thouglstream spawning accounted foii 50% of spawning activity ithe
western bays of Lake Taupohere beach habitat was limitégbawning occurs at
age 1 in most sme(tWard and Boubée 1996 nd Emde smelt may recoveri 8

weeks after their first spawning andcagm for a second tim&tephens 1984)
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Lacustrine smelt populations often display temporal variation in habitat use.
In lakes Ellesmere, Waihola, ariiaupq smelt catches in the littoral zonere
highestin summerCryer 1991, Glova and Sagar 2000, Kattel and Closs 2007,
Stephens 1984)n Lake Rotoiti, smelbccupieddistinct layers in the water column
during the day, and ascesttto the surface at dugRowe 1993) Smelt aged L
years (1543 mm F. L) were found between depths ¢f1® m, whereas adult smelt
(521 73 mm E L.) were found at depths of BB0 m(Rowe 1993)In lakes Taupo
(Cryer 1991)and Rotoiti(Rowe et al. 2011biomass was highest in the deeper parts
of the lakesOntogenet: patterns in habitat use are also evident; in Lake Taupo,
larval smelt were caugkiclusivelyin thepelagiczone, wiereaguvenileand adult
smdt werefoundin both the littoal and pelagic zongStephens 1984)

Common smelt are generalist, opportunistic feeders and may switch prey
according to availability. The mean prey size of smelt increases with smelt length and
gape siz€Boubée and Ward 1997)ooplankton often make up the majority of the
diet of smelt 40 mm in length while larger smelt may consume a wider range of
prey including adult terrestrial and aquatic insects, aquatic insect larvae, spiders,
mysid shrimp, fish larvag@mphipods and springtaBoubée and Ward 1997, Cryer
1991, Northcote and Chapma999, Stephens 198#8redation by smelt has been
shown to influence zodgnkton abundance (Cryer 198Bgcause smelt consume
benthic and pelagic invertebratesyedt diet is dependent on production frdrath
benthic and pelagisources. Thereforeharcterising their diet can help determine
the contributions of benthic and pelagmurces oproductivity to the higher trophic
levels (Vadeboncoeur et al. 2002).

1.4 The Rotorua Lakes

The Rotorua area in the Bay of deéoht@ansty r egi
several lakes of varying size, depth and geological origin. Catchment land use varies

widely among the lakes, creating a wide range déke conditions. Soe lakes are

highly eutrophic @kes Rotorua, RotoehandOkaro) while otherssuch asakes

Tarawera and Okatainegmain oligotrophi¢Scholes 2009)All lakes are subject to

management plartataim to reduce external and internal nutrient ingBtans et al.

2009)



Lake Rotoiti is a warm, monomictic, eutrophic lake in the Rotorug areh
was chosen as the main focus in this study because of its popularity as a trout fishery
and because recent management actions had the potential to affect its fish populations
Nutrient inputshave caused water quality in Lake Rotoiti to decline figamtly
between 1955 and the presédtholes 2009, Vincent et al. 198dgspite
improvements between 1981 and 19Bdrnsetal. 1997) Lake Rotoi ti 0s
hypolimnion becomes deoxygenated during summer stratification, leading to
phosphorus release from sedints(Hamilton 2003) Water flowing from Lake
Rotorua into Lake Rotoiti via the Ohau Channel constituted a significant input of
nutrients and algae and was chiefly responsible for the reduction of water quality in
Lake Rotoiti(Hamilton et al. 2005)To improve water qualitythe Bay of Plenty
Regional Councibuilt the Ohau Channel Diversion Wall, which was completed in
2008. This wall diverts water flowing from Lake Rotorua into Lake Rotoiti through
the Ohau Channel. Most of the water flowing out of LRk¢orua now flows directly
down the Kaituna River rather than into Lake Rotoiti.

It is necessary to assess the effectdiwdrsionwall construction on fish
populations becauseuvenile and adult smelt regularly migrate from Lake Rotoiti
into the OhalChannelRowe et al. 2006Migrations occur over many months, and
timing may vary; peak numbers of migrating juverited adulsmelt have been
observed in the Ohau Chanatlvarious times between August and Maiiebnald
1996, Rowe et al. 20068Ylonitoring of smelt populations in Lake Rotoiti has taken
place before, during and after construction of the Ohau Channel Diversion Wall to
detect any effects of wall construction. Acoustic surveys sdow significant
change in smeltgpulations betweeR005 and 2010Rowe et al. 2011 Nevertheless,
it is necessary to assess the sustainability of smelt populations to support continued
stocking of rainbow trout in the context of a changing lake environment as restoration

measures take effect.

1.5 Objectives

The objectives of this study were(tb determine the dynamics of the abundance of

common smeljt(2) determine the factors that control smahundance(3) determine



the relationship between smaliundanceand troutgrowth, and(4) examine the

factorsinfluencing troutgrowthin the study area

1.6 Thesis overview

This thesiomprisedive research chapters (Chapter§Pthat have been separately
prepared for, or submitted to, peewviewed journals. The first chapter gives a
general introduction to thtopics presented in the thesis amdicates how each
chapter contributes to the overall study objectives. The final chapter gives
conclusions and recommendatipasd suggests areas for further research

Chapter 2 assessthe efficacy of various sampling techniques for collecting
smelt in lake environment$his study was a necessary first step for assessing the
dynamics of smelt abundance (Objective 1).

In Chapter 3, the ecology of common smelt in Lake Rotoiti was exdrone
determine the factors influencing growth and abundé@bgectives 1 and 2)This
involved an analysis afpatial and seasonethanges irsmelt relative abundance,
body conditionspawning conditiondiet, andegg densities on beach&enthic
invertébrates and zooplankton were surveyed to determine possible food limitation.

Chapter 4 examines the contribution of various prey types to the diet of
rainbow trout of different sizes in Lake Rotoiti. This was necessary to quantify the
magnitude of predatioon smelt by rainbow trout and tletermine the importance of
smelt for trout growtt{Objective 3)

Chapter Jocusses on the influences on growth and body condition of
rainbow trout among lakes that vary in morphometry, trophic statemixing
regime. This analysis assessed the relatifleenceof various environmental factors
on trout growth(Objective 4) The effects of food supply were considered indirectly
through analysis of lake productivity and trout body condition.

In Chapter 6, theffects of rainbow trout stocking rates and timing on prey
consumption were investigated using a bioenergetics model. This study assessed
whether food supply (i.e. smelt populations) were adequate to support optimal growth
of rainbow trout given past andrent rates of trout stockingnd addressed
Objectives 3 and.4
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2 A comparison of capture methods for sampling

common smelt (Retropinna retropinna) in lakes

2.1 Abstract

Common smeltRetropinna retropinnpare the main prey of rainbow trout
(Oncorhynchusnykis$ in central North I€ind lakes, and are therefongportant for
supporting the iconic recreational rainbow trout fisheries in this area. Routine
monitoring of smelt populations would assist in trout fishery management decisions,
especiallyfor optimisation oftrout stocking rates and timing. TBuggeshan effective
sampling technique for smelt, we tested purse seining, beach seining, drop netting,
and boat electrofishing in Lake Rotoiti. Because smelt form large schools that are
difficult to catch with hand nets while boat electrofishing, emeployed anodified
boatelectrofishingechniqueby mounting two whitebait nets behind theo at 6 s
electrodes. We tested the efficacy of boat electrofishing during thendiay night in
the littoral and pelgic zones. Scoop nets were also tested (i.e. using the same
apparatus as boat electrofishing, but with the current turnedsofglt catches were
highly variableamongmethods. Boat electrofishing in the littoral zone at n{@Ga&i
487 m transectsallowed us to colleanore adult smelt than all other methpdsd

boat electrofishing transects across the (@& 3000m) were most effective for
samplinga wide size range of smelt specimens includiingae. Most methods also
caught other species bycath, such asammon bullies Gobiomorphus cotidianys
juvenile rainbow troytandgoldfish Carassius auratysIn terms of the number of
smelt caught ite most effective method whseat electrofishing at nightollowed by
scoop nets at night, théreachseining during the daysampling the surface waters
with boatmounted nets isuggested as the basethodfor collecting data on
seasonahabitat usediet, growth, and reproduction of smelt. For enumeration of the
total smelt populatiorsurface samplinghould becarried out in the littoral and
pelagic zones ancbmbined with a method that can enumerate smelt in the deep

pelagic zone, such as hydroacousticsnidwater trawling
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2.2 Introduction

The @ommon smeltRetropinna retropinngis a widespreagpelagic schooling fish
found i n New Ze al Gommdnsmelt arempontast fomasasthinihga k e s .
rainbow trout fisheriebecause they athe main prey species of rainbow trout in
central North Islantakes (Chapter 4Knowledge ofnter-annualchanges inrelative

smelt abundance gained through routine monitoring would assist fishery managers
with trout stocking and management decisions. However, monitoring of smelt
populations in lakes remains a challenge due to their schooling behaviour and depth
distributions Rowe(1993)showed that imeep lakes, smelt occupy deep watei (30

40 m) during the day, and ascend to the surface at Sgheraimethods have been

used to sample smelt in lakes, including purse seindMgtechreest 199Q)boat
mountedpush netgKattel and Closs 2007)veighted drop netStephens 1984)
Wisconsin plankton ne{Rowe et al. 2011)echo soundingRowe et al. 2011)and

beach seine ne{€ryer 1991, Stephens 198&ampling methods employed in rivers
include boat electrofishin@rijs et al. 2010, Tana and Hicks 201lhgach seine nets
(Booker 2000)and trapgRowe et al. 2011)These methods have been employed in
different zones of lakes or rivers atadget diferent life stagesf smelt(Table2.1).

To assess smelt population parameters such as growth and body condition, a
sampling method shoulsk able tacaptue alargenumber of fistof a wide range of
sizes. ldeally, the sampling nhed should be inexpensive and etsdeployfor
small field teams of 2o 3 people. The aims of this study were to trial and compare
varioussmelt sampling techniques in Lake Rotoiti and to recommenethod that
canbe used for routine monitoring. Adhibally, we ainedto test and evaluate boat

electrofishing withscoopnets as aovelmethoalogical approackor smelt sampling.
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Table 2.1. Summary of previously published smelt catch ratesn New Zealand wing different methods. EF = electrofishing. L = littoral; P = pelagic.

Smelt catch Smelt length
Method Mean Range Units range (mm) Season Day/night Water body Zone Reference
Methods measured in fish n?
Boat EF 0.015 0i 0.043 fish mi2 42 78 (mean = 59) Summer Day Ohau Channel L Brijs et al. (2010)
0.001 0i 0.004 fish mi2 31i 60 (mean = 48) Summer Day Ohau Channel L Tana and Hicks (2011
Purse seine 3 fish mi2 14i 39 Autumn Day Lake Tarawera P Mylechreest (1990)
0.8 fish mi2 12i 47 Autumn Night Lake Tarawera P Mylechreest (1990)
0.90 0.00052.27  fishm? 26i 50 Yearround i Lake Taupo L Cryer (1991)
Echosounding 0.9 0.014.8 fish mi2 <45 Spring Day Lake Rotoiti P Rowe et al. (2011)
59 9i 138 fish mi2 i Yearround i Lake Taupo P Cryer (1991)
Drop net 24 5i 50 fish mi2 15i 40 Yearround i Lake Taupo P Cryer (1991)
Beach seine 9.1 0.1 32.8 fish mi2 35i51 (mean = 44)  Yearround Day Lake Taupo L Stephens (1984)
0.3 0.0/1.1 fish mi2 40i 82 (mean = 49)  Yearround Night Lake Taupo L Stephens (1984)
Methods measured in fish samplé
Plankton net ) 0.422.52 fish sampl& 0i 25 Spring, autumn Day Lake Rotoiti P Rowe et al. (2011)
Drop net 7 2126 fish sampl€"  8i 35 (mean = 20) T Day Lake Taupo P Stephens (1984)
Push net 0.G015 fish samplé&' ) Yearround Night Lake Waihola L Kattel and Closs (2007
0.06/0.9 fish samplé&' T Yearround Day Lake Waihola L Kattel and Closs (2007

Method measured in fish min®

Traps 0i 9.5 fish min®  Juveniles and adult  Yeaii round Day Ohau Channel L Rowe et al. (2011)




2.3 Methods

We comparedhe efficacy of boat electrofishing, beach seining, drop netting, and
purse seining to sample smelt in the littoral and pelagic zones of Lake Rotoiti, in
the North Island of New Zealand. Lake Rotoiti (38.04° S, 176.44° E2 Rigis

warm, monomictic, anchesotrophic, with a surface area of 34°kemd a mean
depth of 3 m. The western end of the lake is shallow, with depth increasing from
the western to the eastern end of the lake, where the maximum depth isA25 m

summary of sampling methods is givenTiable 2.2.
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Fig. 2.1. Study area showing Lake Rotoiti and its main inlet (Ohau Channel) and
outlet (Kaituna River), with sampling beaches (black squares4, 5 and 7), long
electrofishing transects (dashed lines with bold label§ 1i T6), and Gisborne Pt
sampling area where 10minute transects were sampled

Boat electrofishing surveys were carried out seasonally between February
2010 and April 2011 at Gborne Point, in the littoral (0.2.8 m water depth) and
pelagic (1830 m) zones (FigR.1). The electric fishing boat is 4.5 m long and
equipped with a 6 kilowatt Hondaowered customvound generator and a 5
kilowatt gaspowered pulsator (SmiRoot, Inc, model 5.0 GPP). Pulses of direct
current are emitted at 60 pulses per second, and the power output is typically
between 2 and 4 amps root mean square, dependent on water condititkiy
et al. 2006) Two aluminiumframed whitebait nets were mounteehind the
electrodes on the electrofishing b@aig. 2.2) The nets were constructed from
polyester hexagonal mesh, with a mesh size of 2 mm and a mouth opening area of
0.79 nf. The effective fished depth spanned from the water surface to 2 m depth.
Fishwere sampled by driving the boat #&21km H* along 1@minute transects
with the electrofishing field turned on. Transects were roughly perpendicular to
the shore. This method was tested in the littoral and pelagic zones at night and
during the day in February 2010, and sampling was subsequenidaaut
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seasonally at night. Night transects were started at least 30 minutes after sunset.
Five littoral transects and % pelagic transects were fished on each occasion;
pelagic sampling could not be carried out in winds >1@t&and could not be
compleed on all occasions due to weather conditions. Additionally, in April 2010,

5 littoral transects were fished at night with the electric current turnddetéfred

to as fAscoop netso hereafter)

Fig.22. Whitebait nets mounted on the Universit
for catching smelt in lakes:(a) the pivot system used to lower the net into the water,

(b) lowering the nets into the water, andc) the nets as used during fishing (when

fishing, a person stands on the bow of the boat, lowering the nets further into the

water).
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Table 2.2. Sampling methods trialled in Lake Rotoiti in this study. n = number of samples. Sample time is the length of time taken to collect the sample;
total time per sample includes processing time.

Maximum

Mean area Range of effective Total time Sampling effort
Zone, time, sampled (f) + 1 Meanvolume Part ofwater column bottom sampling Sample time  per sample (water volume
method n SE sampled (M) + 1 SE sampled depths(m) depth(m) (min) (min) min' %)
Littoral zone
Day
Boat EF 19 595.0 + 58.8 1190.0+117.5 Surface 0.82.8 2 10 15 119.0
Beach seine 186 160.0+ 0.0 184+ 0.0 Surface 0912 1.15 10 10i 15 18.4
Night
Boat EF 31 673.4+394 1346.7+ 78.8 Surface 0.8/55 2 10 15 134.7
Scoop nets 5 818.7 +44.2 1637.4+88.4 Surface 0.87.0 10 15 163.7
Pelagic zone
Day
Boat EF 1 834.4+0.0 1668.8+ 0.0 Surface 20.027.0 2 10 15 166.9
Drop net 18 0.4778 £0.0 16.1+1.0 Whole water column 10.0059.7 10 12 1.6
Night
Boat EF 14 663.4 +52.8 1301.6+ 105.5 Surface 20.0/35.0 10 15 130.2
Boat EF (L) 15 5389.6 £575.6  10779.3+ 1151.2 Surface 13.1162.0 2 50 60 215.6
Purse seine 5 25.8+0.0 59.3+ 0.0 Surface 11.534.0 3.5 10 15 5.9




Smelt were also sampled in the pelagic zone of Lake Rotoiti by means of
long boat electrofishing transects spanning from the northern shore to the southern
shore (Fig2.1). Fish were sampled by driving the electrofishing boat at
approximately2 km H* along transectsi® at night (Fig2.1), in September 2010
and April 2011. Transectd 8 were also surveyed in January 2011. Gambas
with bottom depthsmgater than 5 depthwere fished

Beach seine sampling was carried out monthly from August 2010 t
August 2011 during the day, because trials of this method in Lake Taupo showed
that beach seining during the day is much more effective than at night 2lgble
Stephens 1984). Seine hauls were carried out adsiesnd7 (Fig. 2.1) as these
siteshad ample beach habitat amenable to beach seining. A beach seine was
hauled perpendicular to the shore for 30 m, then both ends of the net were brought
to the shore and the fish were collected (Hahn et al. 2007). The beach seine was
1.6 m high, 6.5 m longyith a centre pocket 2.3 m long. The mesh size of the
pocket was 3 mm and the mesh size of the rest of the net was 6 mm. Four seine
hauls were carried out on each sampling occasion. Net hauls were carried out on
separate areas of the beach (i.e. haulsdiadverlap). The depth of water
sampled with the beach seine ranged frornD3Bm, with an average depth of
approximately 1 m.

A drop net was trialled in the pelagic zone during daylight on 17
September 2009 his net can be used in deep waters to satme entire water
column, but it becoms difficult to use in depthss<m. The net is made up of a
weighted cylinder (diameter 0.78 m) with a conical net attached to it, with a mesh
size of 1.2 mm. The net terminates in a removable bucket for easy revhtval
catch. The net is allowed to fall through the water column with a descent rate of
approximately 1.33 m' §(Stephens 1984). Once the net hits the lake bottom or
reaches the end of the rope, it is closed using a rope encircling the net and pulled
to the surface using a winch. The sampledo a depth of approximately 40 m,
and was launched 18 times at varying depths at locations around the lake.

Purse seining was carried out at night on 13 January 2010. The purse seine
is 18 m long, 3.5 m deep it deepest point, and is constructed from 2 mm mesh.
The seine was deployed from a small mgiowered craft and operated by
deploying one end, paying out the net to create a circle, then quickly drawing in

thepurse lingo close the net. Five samplesre¢aken in theipper stratum of the
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pelagic zonei(e. we sampled the upper 3.5 m in areas where Wafghranged
betweenl1l.5and34 m) between 21.40 and 2220

The aeasampled belectrofishingwas calculatedhy multiplying the
length of the fismg pass (measured using GPS coordinates) by the combined
horizontal length of the nets. For the drop net, the area of the net opening was
used. For the purse seine, area fished was calculated as the area of a circle with a
circumference equal to the lengththe net (18 m).

For each sample, the total number of each species was recorded. All fish
were measured to the nearest mm, except bullies. Fork IgRrgthaere
measured for smelt, goldfish and trout, and total len@thy measured for
species withouforked tails bullies and koarp Bullies were sorted into three size
classes30 mmTL; 3Gi 50 mm TL; and>50 mm TL. The totamassof each

species was weighed to the neare1 Q.

2.4 Results

Smelt catches and densitiesre highly variable amongethodqTables2.3and
2.4). Boat electrofishing (EF) in the littoral zone at nighught large numbers of
smelt, and/ielded higher catches and densities than during the day. Boat EF was
more effective with the current turned on than using the scospwilit the
current turned offDuring the day, beach seiningthe littoral zonavas more
effective in catching smelt than boat Hfthe pelagic zone, the drop net was the
only method that sampled throughout the water column, rather than the surface,
ard therefore yielded greater fish densities than the other methods 2T3ble
Long boat EF transecsampled the greatest area and yielded the highest numbers
of smelt (Tables 2.and2.4). Though short EF transects in the pelagic zone
caught moresmelt o average than purse seining, the density of smelt caught by
purse seining was higher than short boat EF transects.

Most methods deployed in the littoral zone caught significant numbers of
bullies (Table2.3). The density of bullies caught by scoop nets poat EF with
the power turned off) was lower than with the power turned on (Tadjle
Sampling by boat EF and beach seining during the day caught a higher proportion
of bullies smaller than 30 mm than sampling by boat EF at night (2dale Of
the methods tested in the pelagic zone, the drop net was the only method that
caught fish other than smelt (bullies and koaro; Tabl@éand2.4). This method
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only caught larval fish (Tabl2.5b). Koaro were also caught very occasionally by
beach seining ahboat EF in the littoral zone at night (TabB3and2.4).
Goldfish were caught only by boat EF in the littoral zone, and juvenile rainbow
trout were caught very occasionally by boat EF and beach seining in the littoral
zone during the day.

The size obmelt caught varied among methods; the purse seine and drop
net caught only small smelt, whereas boat EF and beach seining caught smelt of a
range of sizesHig. 2.3. Smelt that were sampled by long EF transects in the
pelagic zone were notably smaltean those samgtl using other methods (Fig.
2.3 ANOVA: F13=439.7P< 0. 0001, Tukeybés HSD test:
seine < littoral and pelagic boat EBjmilar-sized smelt were caught in the
pelagic and littoral zones by boat BFnight(Fig. 23). Long transects in the

pelagic zone at night caught the widest size range of skglta.3.
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Table 2.3. Numbers of fish caught using differenimethods in Lake Rotoiti. Boat EF = boat electrofishing; Boat EF (L) = log boat electrofishing transects;
n = number of samples.

Mean area Mean atchper samplénumber of fish)

sampled () Bully Goldfish Koaro Smelt Trout
Zone, time, methoc n +1SE Mean SE Mean SE Mean SE Mean SE Mean SE
Littoral zone
Day
Boat EF 19 595.0+58.8 240 1.0296 0 0 0 0 3.40 1.08 0 0
Beach seine 186 160.0x0.0 3.84 0.69 0 0 0.013 0.010 69.04 14.50 0.06 0.03
Night
Boat EF 31 673.4+394 2397 5.90 0.65 0.23 0.258 0.139 465.52 100.49 0.03 0.03
Scoop nets 5 818.7+44.2 1.00 0.45 0 0 0 0 158.20 37.68 0 0
Pelagic zone
Day
Boat EF 1 834.4 +0.0 0 0 0 0 0 0 0 0
Drop net 18 0.4778+0.0 1.11 0.31 0 0 0.111 0.111 3.11 1.02
Night
Boat EF 14 663.4+528 0.14 0.14 0 0 0 0 13.93 5.44
Boat EF (L) 15 5389.6+5756 O 0 0 0 0 0 1720.18 535.94

Purseseine 5 25.8+0.0 0 0 0 0 0 0 4.80 1.71 0




Table 2.4. Densities of fish caught using different methods in Lake Rotoiti. Boat EF = boat electrofishing; Boat EF (L) = Igioat electrofishing transects;
n = number of samples.

Mean fish density (fish H)

6¢

Mean area i
Zone, time, sampled () + Bully Goldfish Koaro Smelt Trout
method n 1SE Mean SE Mean SE Mean SE Mean SE Mean SE
Littoral zone
Day
Boat EF 19 595.0 + 58.8 0.0035 0.0011
Beach seine 186 160.0+£0.0 0.4315  0.0906
Night
Boat EF 31 673.4+39.4 0.6390 0.1260
Scoop nets 5 818.7 +44.2 0.1886  0.0405
Pelagic zone
Day
Boat EF 1 834.4+ 0.0 0 0
Drop net 18 0.4778 £0.0 6.5108 2.1394
Night
Boat EF 14 663.4 +52.8 0.0130 0.0070
Boat EF (L) 15 5390+ 575.6 0.3811 0.1286
Purse seine 5 25.8+0.0 0.1862 0.0665




Table 2.5. Lengths of(a) bullies, and (b) goldfish, koaro, smelt and trout caught in Lake
Rotoiti by beach seine and boat electrofishin¢EF) in the littoral zone. Length of
common bullies presented apercentagesof fish caught in the length classes <30 mm,
301 50 mm, and >50 mm. The fork lengths of goldfish, smelt and trout, and the total
lengths of bullies and koaro are presentedh = number of fish.

(a) Percentagesof size classes dfsh caught, by method

Method
Species Length (mm) Beach seine Boat EF Day Boat EF Night
Common bully <30 mm 69% 56% 48%
30 50 mm 1% 11% 8%
>50 mm 3% 33% 45%
Totaln 428 139 575
(b) Lengths of fish caught, by method
Method
Species Statistic Beach seine Boat EF Day Boat EF Night
Goldfish Mean 174.4
SE 9.6
Range 701215
Totaln 14
Koaro Mean 32 68.7
SE T 15
Range T 42194
Totaln 1 3
Smelt Mean 41.9 36.2 44.9
SE 0.1 1.6 0.1
Range 161 69 21145 211100
Totaln 5345 18 3471
Trout Mean 75.2 148
SE 9.1 i
Range 27105 T
Totaln 11 1
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Fig. 2.3. Fork lengths of smelt caught using different methods in Lake Rotoiti, with
number of smelt measured beneath boxes italics. LD = littoral zone, day; LD =
littoral zone, night; PD = pelagic zone, day; PN = pelagic zone, night.

2.5 Discussion

2.5.1 Advantages and disadvantages of sampling methods

Our results confirm the importance of considerirg dertical migration vaen

selectng a method for sampling sati pelagic fishin lakes.Pelagic smelt may be
sampled either by hydroacoustic surveys or midwater trgvduring the day, while

they occupy deeper waters, or at night by boat EF when they occupy surface waters.
The surface sampling undertaken in this study is a good indicator of seasonal
movements of smelt in and out of the littoral zone, @andd be usedtprovide
information on habitat usejet, body conditionand spawning timing. However, it
should not be assumed that fluctuating smelt numbers in the littoral zone reflect

fluctuations in the entire population, and surface sampling should not be used to
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provide absolute population estimatéke proportion of the population that migrates

to the surface at night may vary seasonally (MehnekKasgprzak2011), so

enumeration of the total population requires a method that is able to enumerate smelt
in the ceep strata of the pelagic zone, such as hydroacoustics. Hovemest r
hydroacoustic surveys of adult smeltLimke Rotoiti (Rowe et al. 20} ivere not able

to enumerate density of smelt in the littoral zone because thdyauseved

transducer, and coultbt enumerate juvenile smelt the pelagic zondue to

interference from other small fish and invertebraié®refore, sampling surface

waters coulde usedoncurrently withhydroacoustics to ensure that all habitatd

size classes of smelt ssampéd.

It is clear from our results that smelt occupy the littoral zone both during the
day and at night; however, diet astdble isotope analyses suggst smelt caught
during the day in the littoral zone are separate from smelt caught at night, at least
terms of diet (see Chapter 3). From this study and previous(®orke 1993)it
appears that twgroups of smeléxist: (1) agroup of smelt feeding mainly in the
pelagiczonethat occupies deep waters during the day and migrates to the littoral
zoneat night and(2) a resident group of smelt that feeds principally in the littoral
zone In the littoral zone, smelt caught at night are more likely to represent the wider
lake community (i.e. pelagic migrants) than smelt caugtite littoral zoneduring
the day(littoral residents). Therefore, samplimgthe littoral zone during the day (e.g.
by beach seirjethough straightforward, may not pide a representative sample,
andsampling of the surface waters should be carried out at night.

The method fosampling smelt in lakes should be chosen accorditigeto
sizes of smeltequired Long boat EF transect$fectivelysampéda wide range of
smelt, from larvae to adults. Although the mesh size of the nets (2uasrguitable
for catching adults, somerlaae may have passed through thes.iédr future studies,
it may be useful to use nets of a smaller mesh #ivegh drag and robustness could
be problematicThe size of transects may need to be reduced in this case, btbeause
2mm meshetsused in the present studgcumulated a large amount of microalgae.
Other netting methods such as purse seining and beach seining sampled a smaller size
range of smelt compared to long boat EF transects and may therefore not be suitable

for obtainingadeq@atesamples of the population; this result is similar to that of
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Stephens (1984). Drop netting was suitable for sampling larvagamfdult smelt
were probably able to avoid the net

The methods tested in this studried in terms of spatial resolutioFor
example, long bodF transects (mean area + SE = 5389.6 + 575)&ampled a
much greater area than the-thinute transects in the littoral zone (673.4 + 392 m
Therefore, if the aim of future studies is to examine spatial heterogeneity of smel
populations in the littoral zone, shtransects cahe used; but if the aim is to obtain
a representative sample of the entire lake population, longer transects spanning
between lake shores are recommended.

Each method testedhb advantages and disadtages, ando fishing method
is guaranteed to catch 100% of fi&lmat EF will only catch fish that aloughtinto
the direct path of the scoop nétsthe electric currenfish may escape by swimming
to either side or underneath the nets. This isquéarly relevant for boat EF in the
pelagic zoneTherefore, surface sampling of smelt populations should ideally be
combined with a method that enumerates smelegper waters gain reliable
estimates of population size.

Net avoidanc@robably affected our sampleso dmeltlonger thard5 mm
were caughby boatEF during the dayand beach seining during the day yielded an
order of magnitude more smelt than bB&tduring the day. In addition to the effects
of diel migration, this vadation may be partly attributable to avoidance ofERdoat
by smeltduring daylight Net avoidancealsoprobably limited the size of smelt
caught by purse seining, as larger fish would have been able to swim under the net.
This may be able to be remedied by using a deeper net; howavss,seininglid
not catch many smelt in total, meaning that samplimgguis methods not
recommended forraalysessuch as lengtfrequency analysithat require a large
sample siz¢hat isrepresentative of the wholejpulation

The aluminium whitebait nets mounted on the EF boat were generally
effective in catching snitg andthe construction had some advantages and
disadvantages. The advantages were that the setup was relatively lightweight and
could be lowered and raised by one person, with another person driving the boat. The
commercially available nets were alsoyetsreplace when damaged. However, the

whitebait nets, while light, were easily bent in currents or choppy water. For future
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studies, researchers implementing this method might consider constructing the nets
from a sturdier material.

Here we have testetle opimal sampling methods for smelutthe optimal
methods for sampling other species are likely to be different. In the littoral zone,
larger fish such as goldfish and rainbow trout waftenshocked, but not caught in
the nets. If sampling theseespes is important in future studies, thethod could be
modified bystationing people with pole nets on the boat to catch these escaped fish.
Bullies, which live in benthic habitats, may not have been effectively sampled with
boat EF, as they often dotrftoat to the surface when shocked (J. Blair, pels).
Therefore, other sampling methods such as minnow traps may be more effective than
boat EF for sampling bullies in the littoral zone of lakes.

2.5.2 Comparison with other studies

Littoral smelt densigs measured at night using b&#tin this study (0.64 £ 0.13
individualsm'?) are comparable to those measured using other methods in New
Zealand North Island lakeslowever differences in sample volume and lake
conditionsmean thaestimates gainedsing different sampling gear may not be
directly comparableln Lake Taupo, estimates of smelt density inupper 5 m of
thelittoral zone {.e. the area of the lakeetweer8.0and20 m depth)calculated
using purse seine catcheasnged from 0.005to 2.27 smelt if. Both the mean
densities of smelt measured using purse seinitige pelagic zone at nigf@.19
smelt M?) and boaEF in the littoral zone at nigli®.01smelt m?) are within this
range. Densities of smatteasured usingfishore puse seine cat@sin Lake
Taraweravere 0.76 fish fif at nightand 3.15 fish if during the dayMylechreest
1990. This is higher than the densities we measbsegdurse seininghis may be
because the net used by Mylechreest (1990) was 5 m deep, samiangf the
water column than the net used in this study.

Echo sounding surveys of the pelagic zone of Lake Rotoiti between 2005 and
2010 gave a mean smelt density of 0.7 fish (Rowe et al. 2011which is similar to
littoral densities measured in thegudy. The echo sounding surveys measured the
number of smelt throughout the water column in the pelagic zone during the day; the

fact that similar densities were found in the littoral zone at ndgdpite much
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smaller sample volumesuggests that litral habitat was important for smelt in Lake
Rotoiti.

Beach seining in Lake Taupo has produced higher density estimates of smelt
than were measured in this study; beach seining in Lake Taupo in depths less than 3
m produced a yeaound average of apprarately 9.1 smelt i (Stephend984),
compared to the mean of 0.43 smelf in Lake Rotoiti. Stephens (1984) found that
beach seine hauls carried out at night were not as successful as those carried out
during daylight; they caught fewer smelt, with higkiariation between hauli.
might be instructive for researchers to examine whether this is also the case in Lake

Rotoiti in future studies.

2.5.3 Conclusions

Results of this trial suggettat boatEF at night isthe mostffective sampling
method forsmeltin the surface waters of lakes, followed by scoop nets (i.e. boat EF
with the current turned offOverall, we recommend the use of boaiunted nets at
night for sampling smelt in lakes; whether or not an electric current is used will affect
the numbersf smelt caught, but sufficient sample sizes can still be obtained without
an electric currentJsing boatmounted scoop nets without the use of an electric
current is also much more ceasfective, as it reduces the need for specialised boat
EF equipmenand accordingly trained personnel. Sampling should include both the
littoral and pelagic zones to catch a wide size range of smelt.

The methods trialled in this chapter tsample only the uppermost few
metres of the water colunaremore effectiveat night thanduring the daybecause
smelt migrate to the surface waters of lakes at nigpmvever,smelt that do not
migrate to the surface at nightlmot be sampled bgurfacemethods Therefore,
these methods allow for the collection of useful qualigainformation such as
reproductive state, diet and body condition, and provide a measure of smelt habitat
use, but not of lakevide abundancélhe drop net trialled in our study was effective
for sampling pelagitarvaein deeper watersut adult fish wee able to avoid the net.
Midwater trawlingor hydroacousticererecommended fasampling adult smelt in
deeper waters arabtainingsmeltpopulation estimates that can be compared among

lakes and yearshough the cost of these methods may be prohibiue to the
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limitations of hydroacoustic sampling for sampling small smelt and smelt in the
littoral zone, a method that samples the surface waters could be used in conjunction
with hydroacoustic$o ensure that all life stages are sampled.
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3 Seasonal patterns in habitat use, reproduction and

diet of smelt in Lake Rotoiti

3.1 Abstract

Common smeltRetropinnaretropinng are widespread and abundant in New

Zeal anddos rivers and | abkasipportsigrdficaatr e t he ma
rainbow trout fisheries in the lakes of the central North Isl@&$pite this, smelt
population dynamics are not well undesd. To determine the factors influencing
smeltabundancén Lake Rotoiti, central North Island, we examined seasonal changes
in habitat and resource use by measuring spatial and seasonal chaalesye

smelt abundance, body condition, and diet. Vge aharacterised seasonal and spatial
changes in smelt reproductive state and benthic egg abundance. Smelt abundance in
the littoral zone and surface waters of the pelagic zone was highest in autumn, when
peaks in smelt body condition, gonadosomatic inder, benthic egg abundance
occured Body condition of smelivaslowest in winted a period of low abundance

of littoral invertebrates and zooplankton. Smelt consumed a range of benthic and
pelagic invertebrates and smelt eggs during the day, while attheghtonsumed
zooplankton, smelt eggs and larval common bulglfiomorphus cotidianysThe

amount of food in the stomagatelative to smeltnasswas higher in the littoral zone

than in the pelagic zonpsuggesting that food was more abundant in littian in

pelagic habitatsPredation of zooplankton was highest in winter and spring, and smelt
eggs formed a large proportion of smelt diet in autumn and winter. Stomach contents
and stable isotope analyses showed that smelt undergo an ontogenetidrcetge

from mainly zooplankton as juveniles to benthic invertebrates as adults. The
information obtained in this study is necessary fomtiamagement of smelt

populatiors and theirintroducedpredatod rainbow trout Oncorhynchus mykiss in

lakes.
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3.2 Introduction

In stocked fisheries, the number of fish that can be supported is highly dependent on
prey supply(Ney 1990) and changes in prey abundance and body condition can
influence consumption rates and digand and Stewart 1998)owever, the

dynamicsof prey species are studied less often than those of predators and are usually
less well understoofNey 1990) Common smeltRetropinna retropinnahereafter

smelt) are a small pelagic fislative to New Zealand (Fig. 3.1). Smelt were

introduced to manyakes in the central North Island of New Zealand to provide food
for introduced rainbow troutQncorhynchus mykissSmelt are often the most

important food source for rainbow trout in these lak&sapter 4Cryer 1991, Rowe
1984, Smith 1959)and therefore are important for supporting the iconic and
economically important rainbow trout fisheries in this area. However, information on
the life history and ecology of smelt in the Rotorua lakes is lacking. Recent
hydroacoustic surveys of adult shin Lake RotoitiRowe et al. 201)lwere not able

to enumerate density of smelt in the littoral zone because they used a towed
transducer, and cannot enumerate juvenile smelt in open water due to interference
from other small fish and invertebrates. @&lseasonal variation in the abundance of
smelt in different habitat®(g. littoral vspelagic) has not been characterised.
Knowledge of the factors influencing smelt production would assist the management
of smelt populations and, as a consequencesubsiginable management of trout

fisheries.
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Fig. 3.1. Common smelt, Retropinna retropinna from Lake Rotoiti

It is important to characterise the life history and ecological role of smelt
because these vary widely among locations. For example, smelt spawning seasons
may last several monti{gvard et al. 2005)diadromous smelt spawn in autumn and
winter in shallow parts of rivers and tributary stregiivard et al. 1989)and
lacustrine smelt spawn in spring and summer on sandy beaches or stream mouths, in
water 0.52.5 m deefJolly 1967, Stephens 1984, Ward and Boubée 199@)ever,
winter spawnig is also possibl@Vard and Boubée 1996&nd viable smelt eggs
were found in Lake Rotorua between November and (lotly 1967) Ripe smelt
have been observed in the Ohau Channelrmard, indicating that spawning may
occur throughout the yeéiRoweet al. 2006) However, it is not known whether
smelt in adjacent Lake Rotoiti show a similar pattern.

The diet of smelt is also highly variable; smelt are generalist, opportunistic feeders
and may switch prey according to availability. The mean prey $igmelt increases

with smelt length and gape sid@oubée and Ward 1997)ooplankton often make up

the majority of the diet of smelt <40 mm in length, while larger smelt may consume a
wider range of prey including adult terrestrial and aquatic inseaiatiagnsect

larvae, spiders, mysid shrimp, fish larvae, amphipods and sprin@ailbée and

Ward 1997, Cryer 1988, Northcote and Chapman 1999, Stephens B884l)se

smelt consume food from both the benthic and pelagic zones, characterising their diet
can help determine the contributions of benthic and pelagic sources of productivity to

the higher trophic levels (Vadeboncoeur et al. 2002).
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Lake Rotoiti is home to an iconic rainbow trout fishery which relies heavily
on smelt as a food source for tr¢@hapter 4), and recent lake restoration measures
have the potential to influence smelt production and abundq&uowee et al. 2006)
Water flowing from Lake Rotorua into Lake Rotoiti via the Ohau Channel previously
constituted a significant input of nutnies and algae, reducing water qualityLake
Rotoiti (Hamilton et al2005). In 2008, the Ohau Channel Diversion Wall was built
to improve water quality in Lake Rotoiti by diverting water flowing from Lake
Rotorua directly down the Kaituna Rivifig. 3.9. This is of concern because smelt
have been observed migrating between Lake Rotorua and Lake Rotoiti via the Ohau
Channel, and it was thought that the diversion wall may interrupt this migration,
possibly affecting smelt abundance in Lake Ro{&ttiwe ¢ al. 2006) The effects of
changing lake productivity also need to be addressed; previous studies have shown
that juvenile smelt abundance is positively correlated with Secchi depth, probably due
to increased egg mortality in eutrophic lakes, suggedtiaigthe prevention of
eutrophication would benefit sméRowe and Taumoepeau 2004)

In this study, to identify the factors influencing smelt abundance and
reproductionweexamined spatial and seasonal changes ire{@jiveabundance,
habitat usesize, and body conditioaf smelt (2) spawned egg abundance and smelt

reproductive state, and (3) smelt diet.

3.3 Methods

3.3.1 Study site

Lake Rotoiti is bcaed in the central North Islaptlew Zealand (Fig 3.2and 3.3. It
is warm, monomictic, and mesotrophidth a surface area of 34 Knand a mean
depth of 31 m. The western end of the lake is shallow, with depth increasing from the

western to the eastern end of the lake, where the maximum d&gtmis
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Fig. 3.2. Study area showing sampling beaches (black squares numberédd}), long
electrofishing transects (dashed lines with labels TI6), Gisborne Pt sampling area,
and zooplankton sampling sites (a and b), Lake Rotoiti, New Zealand.

3.3.2 Field sampling: smelt

To assess the dynamics of smelt abundance in Lake Rotoiti, we measured littoral and
pelagic smelt density seasonally using boat electrofishing (EF). Smelt migrate to the
surface each night (Rowe 1984) and were therefore sampled at night in surface waters.
Boat EF surveys were carried out seasonally between February 2010 and April 2011

at Gisborne Point, in the littoral (0.2.8 m water depth) and pelagic (B& m) zones

(Figs. 3.2and 3.3. The EF boat is 4.5 m long and equipped with a 6 kilowatt Honda
poweaed custorawound generator and a 5 kilowatt gaswvered pulsator (SmHRoOt,

Inc., model 5.0 GPP). Pulses of direct current are emitted at 60 pulses per second, and
the power output is typically between 2 and 4 amps root mean square, dependent on
water caoductivity (Hicks et al. 2006)Two aluminiumframed whitebait scoop nets

were mounted behind the electrodes on the EF boat. The nets were constructed from
polyester hexagonal mesh, with a mesh size of 2 mmransgic@ad mouth opening
areaof 0.79 M Thismet hod sampled from the wateros
approximately 2 m. Fish were sampled by driving the boat2kin h' along 10

minute transects with the EF field turned on. The area fished was calculated by
multiplying the length of the fishing paésieasured using GPS coordinates) by the
combined horizontal length of the nets. Transects were roughly perpendicular to the
shore As smelt undergo diel vertical migrations, we compared daytime fishing with
night fishing(see Chapter 2) and sampling wabsequently carried out at night.

Night transects were started at least 30 minutes after sunset.
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Five littoral transects and % pelagic transects were sampled on each sampling trip;
pelagic sampling could not be carried out in winds >10 knots and could not be
comgeted on all occasions due to adverse weather conditions.

Smelt in the pelagic zone of Lake Rotoiti were sampled by means of long EF
transects spanning from the northern shore to the southern shore (Fig. 3.2). Fish were
sampled by driving the EF boatapproximately2 km h* along transectsib at night
(Fig. 3.2), in September 2010 and April 2011. Transeiddswere also surveyed in
January 2011. This method also sampl ed
approximately 2 m, but was only usednater depths greater than 5 m, to avoid the
littoral zone.

To assess changes in diet and reproductive state, smelt were sampled monthly
from August 2010 to August 2011 with a beadine net. Seine hauls were carried
out at sites 4, 5, and 7 (Fig. 3.2)thsse sites had ample beach habitat amenable to
beachseining. The beach seine was 1.6 m high, 6.5 m long, with a centre pocket 2.3
m long. The mesh size of the pocket was 3 mm and the mesh size of the rest of the
net was 6 mm. The net was hauled perpandr to the shore for 30 m, then both
ends of the net were brought to the shore and the fish were collected (Hahn et al.
2007). Four seine hauls were carried out at each site on separate areas of the beach
(i.e. hauls did not overlap). This method wasldggd in water depths of 0.8 m at
the shallower end of the net t6112 m at the deeper end; the net spanned the entire

water column.

3.3.3 Fish processing

The fork length(FL) of smelt was measured to the nearest mm, and thenassbf
smelt was measured tioe nearest 0.0001 g. Gonad wetsswas measured in a
subsample of smelt from each sampling occasion. Ripe females were identified by
assessing gonad stage undex Btagnification; ripe females were defined as those
with mostly translucent eggs that runder slight pressur@olden and Raitt 1974)
Smelt gonadosomatic index (GSI) was calculated as the ratio betweemgassad

and total bodynass and was used an indicator of relative reproductive state.
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3.3.4 Field sampling: smelt eggs and invertebrates

Smelt eggs (typically 0.5 mm diameter) and benthic invertebrates were sampled at
seven sites around the lake from September 2010 to August 2011 (Fig. 3.2). A fine
meshed Bshaped net (width of mouth = 28 cm) was used to disturb the sediment to a
depth of @proximately 1 cm along three 20 m transects atlOrb water depth,

collecting sediment. An area of approximately 5%was sampled in each sample. A
solution of sugar and water was used to separate eggs and invertebrates from
sediments. Sites 4 and 5m@esampled fortnightly, and all other sites were sampled
monthly. Sampling was dieatinued at sites 1, 2, and 3 afi¢ay 2010 because no

eggs had been detected between September and May. Between September and
November 2011, tweamples were taken peresiFrom December 2011 onwards,

four samples were taken at each site. Sites 4 and 5 were sampled fortnightly, and all
other sites were sampled monthly. Excessive weed prevented sampling at Site 2 in
February and March 2011.

Samples were either kept reeigted and processed within 24 h, or preserved
in a 70% solution of isopropyl alcohol until processing. Smelt eggs and benthic
invertebrates were enumerated under a dissecting microscoperatg@ification.
Invertebrates were identified to the highesbtzomic level possible.

Environmental variables were measured at sampling sites to find the
conditions required for smelt spawning. Specific and ambient conductivity, dissolved
oxygen, and water temperature were measured at eadam\sdterl mdeep,
approximately 30 cm below the water surface. Approximately 500 g of sediment was
collected from the upper 2 cm of sediment at 1 m depth from each sample site.
Particles smaller than 1.68 mm were measured using Malvern mastersizer with Hydro
2000 G dispersalnit. For particles larger than 1.68 mm diametasproportion of
each particle size was measured usiegted sieves wite.0 mm, 4.0 mm, 2.0 mm
and 1.68 mnmesh size

Zooplankton were sampled seasonally, in spring (October 2010), summer
(January 2011 )utumn (April 2011), and winter (July 2011), at two sites in Lake
Rotoiti using a SchindlePatalas plankton trap (Envco Environmental Equipment
Suppliers, model 3A10). The trap measured 28292 x 413 mm in size (30 L

volume) and featured a §8n meskHilter net and 200 mL collection bucket with 61
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pum mesh stainless steel screen cloth. At each site, trap hauls were taken at the surface
and at 5 m intervals to a depth of 30 m, and pooled into a single sample. Zooplankton
were identified at least to falpilevel and enumerated using a dissecting microscope

at 35¢< magnification.

3.3.5 Diet

Diet was enumerated in a total of 347 smelt8®mm FL by stomach contents
analysis. Smelt were caught in autumn by (1) beach seining in the littoral zone during
the day asites 4, 5, and 7, (2) boat EF in the littoral zone at night, and (3) boat EF in
the pelagic zone at night. Smelt were also caught in spring, summer, and winter by
beach seining. All items from the stomagtere removed, counted and identified to
the highest taxonomic level possible. The number of individuals and blottethast
of each prey type in individual smelt stomachs were recorded. If prey were too small
to be weighed, presence was recorded. Three metrics were used to compare diets: (1)
themassof food in smelt stomachs, (2) the percentage frequency of occurrence,
which is the percentage of nempty smelt stomachs containing a particular prey
taxon, and (3) the percentage compositiomags which was calculated for the
entire sample by findinthe relative proportion bgnassof each prey species across
all nonempty smelt stomachs in the sample. The graphical method of C{36I)
was used to compare diet among seasons and sampling techniques, i.e. percentage
frequency of occurrence was phadtagainst percentage compositiomigss

Smelt diet was also investigated by stable isotope analysigedrhelt in
each of three sizelassesj(veniles:<40 mm,small adults40i 50 mm, and large
aduls: >50 mm), caught in (1) the littoral zone during the day by beach seining, (2)
the littoral zone at night by boat EF, and (3) the pelagic zone at night by boat EF. For
medium and large smelt, a sample of white muscle was obtained by diss&cisdin.
<40 mmFL were processed whole after removing the head anth gibtain
sufficientsample materialSamples were dried for 48 h at’@) ground to a powder
with a mortar and pestle, and stored in glass jars until analysis. Stable isotope ratios
of C and N werermalysed at the Waikato Stable igpe Unit, Hamiltonwith a
Europa Scientific continuous flow 20/20 mass spectrometer with a tripleitector

and ANCA SL inlet systenReference samples of cane sucrose from the Australian
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National University were usgdr **C/*°C, and N in air for >N/**N. Stable isotope

ratios (°C/°C and"N/**N)ar e expressed as relative differe
v a |l u'¥s o'fiNyreferenced to the international standards for carBast(alian

National University sucroseferenced t®ee Dee Belemnite) and nitrogen

(atmospheric nitrogen).

3.3.6 Data analysis

Smelt densities, lengths, and diets were compared among seasons, sampling methods,
and times of day using nonparametric methods because data did not meet
assumptions of pametric tests, i.e. homogeneity of variances and normal
distribution, in spite of data transformation. Groups were compared using Mann
WhitneyU tests (for comparisons of two groups) or Krusikédllis ANOVA by
ranks (for comparisons of three or more groups).

Because smelt length varied among samples, body condition was assessed
using ANCOVA, withmassas the dependent variable, length as thercatea and
life stage, sampling method, and season as categorical predictor vgfaigesand
Kruse 2007)Differences in the interaction term in the model indicated that fish in
different groups had differemiassest given lengthgPope and Kruse 20D7t was
assumed that increased bodgssat a given length indicated greater energy reserves
and a generally healthier state. For the sampling method comparison, only adult smelt
were compared. Seasonal companrssalso only inclued adult smelt and were
carried out separately for sampling in the littoral zone during the day (beach seining)
and at night (boat EF). Homogeneous groups were deteimines i ng Tukeyds HSD.
To visuali® masslength relationships between life stages, sampling methods and
seasonsye calculatedegressions dbrk length €; mm) vs.masgW, g) using least
squares regression using the following formula;JMy) = a + b(loge(L)).
Relationships between stable isotope ratios among size classes and capture locations
were assessed ugi factorial ANOVA, and differences between groups were assessed
with Tukeyb6s HSD. Al statistical analyses w

version 9.
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3.4 Results

3.4.1 Habitat use

The density of smelt variemmongsampling method anldetween littoral and pelagic
lake zone. Mean smelt densities were higher in the littoral zone than in the pelagic
zone, regardless of method, though catches were highly variable, and this difference
was not statistically significant (Table 3.1a and b; MavhitneyU test (MW U): Z

= 0.905,P = 0.365). In the littoral zonsampling byboat EF resulted in higher smelt
densities than beach seining (Table 3.1a\M\WU: Z = 4.506,P < 0.001). In the

pelagic zone, smelt densigyso varied wittrsampling method; long boat EF transects
measured higher densities than short EF transects (Table 3\AbyUMZ = 2.751,P

= 0.006). The long transects also caught the largest size range of sinEl0(37m

FL). Short (10 min) boat EF transects measuredwerage: SEof 680 nf + 199 nf,
with a minimum area fished of 32&mnd a maximum of 1364 n(Table 3.1a).

Long pelagic transects measured an average of 533056 nf, with a maximum
area of 8400 fmand a minimum of 1865 f{Table 3.1b).

Samplesdken in the littoral zone by beach seine during the day showed that
smelt density was highest in summer (me&E density: 1.7% 0.55 fish ) and
lowest in winter (0.2% 0.05 fish n?¥, Table 3.1a). The length of smelt sampled by
beach seine varied amg seasons (ANOVAEF;3=193.3P< 0. 0001, Tukeyds
test: summer < autumn < winter < spring). Catch rates were significantly different
among sesons (KruskaWallis (K-W) test:H = 48.516,n = 192, df = 3P < 0.001).
Smelt densities in springneasued by beach seiningyere significantly different to
other seasons, probably because of high variation in catches in springredrtgpo
other seasons MV test:multiple comparisons mean ranksg 0.05). However,
samplingby boat EFin the littoral zone tanight showed that smelt density was
highest in autumn (1.300.22 fish n¥) compared to other seasons-{i test:H =
15.323,n =30, df = 3P = 0.002). In particular, densities in spring and winter were
significantly lowerthan those in autumn ¢(MV test:multiple comparisons of mean
ranks,P < 0.05). Although smelt catches weneich higher in general in the littoral
zone, the densitgnd biomassf smelt variedn asimilarway over timan the littoral

and pelagic zones id: 34).
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Error bars show + 1 SE.

In the pelagic zone, the timing of peaks in smelt density also changed

according to the sampling technique used.-i@mute boat EF transects showed that

smelt desity was highest in summer in the pelagic zone, though this was not
significantly different to other season&-W test:H =7.223n=14,df =3P =
0.0651). The length of smelt sampled using this method varied seasonally (ANOVA:

F13=5042P<0. 0001,
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transects showed that the highest smelt density occurred in autumn, and that spring
and autumn densities were significantly differdftW test:H = 10.858n = 15, df =
2,P =0.004). Smelt thawere sampled by long EF transects in the pelagic zone were
notably smaller than those sampled using other methods (Table 3.1b; ANQYA:
439.7P< 0. 0001, Tukeyds HSD test: |l ong trans
pelagic boat EF). Further compsons of sampling methods can be found in Chapter
2.
Long EF transects in the pelagic zone showed that the density of smelt varied
spatiallyas well as seasonally (Fig. .50 September 2010 and January 2011, smelt
density increased towards the eastd of the lake. In contrast, in April 2011, smelt

density was variable arshowed no clear spatial pattern

10 -
ESep 2010 mJan 2011 OApr2011
1 B ] —_—
£
5 0.1 +
£
%)
0.01 -
0.001 . . H . |
T1 T2 T3 T4 T5 T6
Transect

Fig. 3.5. Smelt densities in the pelagic zone of Lake Rotoiti , September 20Afril 2011,
measured usirg long electrofishing transects sampling water depths off @ m (mean
area = 5390 m; see Fig. 3.2 for transect locations). Transects 3 not sampled in
January 2011.
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Table 3.1. (a) Number of samples, area sampled, depth sampled, and density, numbers datk length of smelt in the littoral zone of Lake Rotoiti. Boat
electrofishing transects were 11i7487 m longand sampled water depths of 02 m; beach seine transects were 30 m lormspnd sampled water depths of 01 m.

a) Littoral zone

Mean area Range of I\g?r)élgi?lr; nu-{r?tﬁglrof Smelt densityfish m?) Smelt length (mm)
Numberof sampled (f)  bottom depths sampling smelt
samples + SE (m) depth (m) caught Mean SE Range Mean SE Range
Day- beach seine
Spring 60 160.0+£ 0.0 091.2 1.2 2346 0.23 0.16 0.00'10.20 44 0.17 31i 69
Summer 33 160.0+ 0.0 0912 1.2 9314 1.71 0.55 0.00'15.57 40 0.14 16i 63
Autumn 35 160.0+£ 0.0 091.2 1.2 3963 0.69 0.25 0.00'8.36 42 0.16 29i 57
Winter 64 160.0+ 0.0 0912 1.2 2414 0.25 0.05 0.00'1.72 43 0.11 3164
Total 192 160.0+£ 0.0 091.2 1.2 18037 0.43 0.09 0.00'15.57 42 0.08 16i 69
Night- boat electrofishing 10 min transects
Spring 5 785.7 £ 147.9 2 681 0.18 0.03 0.130.28 45 0.20 37100
Summer 10 490.6 + 53.1 0.82.8 2 1737 0.44 0.11 0.031.14 43 0.19 217 85
Autumn 11 803.1+37.3 0.8'5.5 2 115522 1.30 0.22 0.06'2.28 47 0.18 33182
Winter 5 641.2 +25.9 0926 2 491 0.16 0.03 0.090.28 44 0.31 3173
Total 31 673.4 £ 39.4 0.8'5.5 2 14431 0.64 0.13 0.092.28 45 0.11 217 100




€S

Table 3.1 (b) Number of samples, area sampled, depth sampled, and density, numbers datk length of smelt in the pelagic zone of Lake RotoitBoat
electrofishing transectssampled water depths of 02 m. Ten-minute transects were 117487 m long; longer (2581 min) transects were 6663000 m long

and spanned from lake shore to lake shore.

b) Pelagic zone

Mean area Depthrange I\g?f)élcr:?i?/;n nuInot:aellrof Smelt density (fish ) Smelt length (mm)
Numberof  sampled (rf) + of water sampling smelt
samples SE sampledm) depth (m) caught Mean SE Range Mean SE Range
Night-boat electrofishing 10 min transects
Spring 3 637.5+4.9 2 5 0.0026 0.0005 0.00150.0032 42 0.37 411 43
Summer 2 837.2+28 16.0'24.0 2 185 0.12 0.06 0.030.04 47 0.41 25159
Autumn 4 760.9 £ 154.3 20.0'35.0 2 129 0.04 0.01 0.00'0.06 41 3.12 31i 68
Winter 5 591.4 +43.7 20i 34.4 2 7 <0.01 <0.01 0.00'0.01 46 0.42 2548
Total 14 663.4 £ 52.8 20.0'35.0 2 326 0.01 0.01 0.00'1.26 46 0.25 25/ 68
Night- boat electrofishing 25 81 min transects
Spring 6 5323.3 £1035.3 2 1053 0.03 0.01 0.0 0.07 30 0.35 13767
Summer 3 6626.7 £ 373.3 2 3345 0.18 0.09 0.030.34 42 0.27 16i 70
Autumn 6 4837.5+1002.4 9.6162.0 2 21405 0.84 0.21 0.26'1.57 40 0.15 31194
Total 15 5389.6 + 575.6 9.6/ 62.0 2 25803 0.38 0.13 0.0 1.57 37 0.42 13194




3.4.2 Body condition

Relative differences in body conditiovere evident between adult and juvenile
smelt, and among groups of smelt that were caught in different areas of the lake
and in different seasons (ANCOVAs siheltmasswith smelt length as a

covariate Tables 3.2 and 3.3\\-L regressions are plotted ingE3.6to give a

visual indication of the relationships among grouwps/enile smelt showed a

faster rate of mass increase with length, evidencetdstéeper slope of th&-L
regression of juvenile smaibmpared t@dult smelt (Fig3.6a, Table 3.2).
Differences in body condition @dult smel{i.e. body mass at given fork lengths)
were evident among sampling meth¢8g. 3.6, Tabls3.2and 3. 3, Tukeyobs
test: boat EF long transects < beach seine < littoral and pelagic bo&ogly).
conditionwas hgher in autumn and spring than in summer and wictesmelt
caught by boat EF in the littoral zone at niffigy. 3.6c, Tables 3.2 and 3.3
ANCOVA: winter 2010 < summer 2010 < spring 2010 and autumn 2011 <
autumn 201D Body condition of dult smelt caght by beach seine in the littoral
zone during the dawas also lowesh winter, but peakeah spring and was

lower in autumr(Fig. 3.6d,Tables 3.2 and 3, ANCOVA: winter < autumn <

summer < spring Regression parameter estimates are given in App@&itix
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Fig. 3.6. (a, b) Regressions ofog;e-transformed smelt length C; mm) vs.log;¢-
transformed mass(W; g) for different (a) life stages and(b) sampling methods,
calculated using the following formula: logo(W) =a + b(log;¢(L)). X-axis range ~ 20
65 mm, y-axis range ~ 0.013.16 g. Only adultsmelt were used for comparisortb).
See Table 3.2 for AKLOVA of this data. Regression parameter estimates are given
in Appendix 3.1.W-L relationships are plotted only for the size range of fish that
was sampled.
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Fig. 3.6(c, d). Regressions ofog,¢-transformed adult smeltlength (L; mm) vs.l0g;¢-
transformed mass(W; g) for different seasons, for smelt captured in (c) the littoral
zone at nightand (d) the littoral zone during the day. Regressions calculated using
the following formula: log1o(W) = a + b(log;o(L)). X-axis range ~ 2065 mm, y-axis
range ~ 0.013.16 g See Table 3.2 for ANCOVA of this data. Regression parameter
estimates are given in Appendix 3.2W-L relationships are plotted only for the size
range of fish that was sampled.

57



Table 3.2. Results of ANCOVAs of smelimass with length as a covariate, and (a)
life stage (juvenile/adult; <35 mm or >35 mm), (b) capture method (beach seine,
boat EF littoral, boat EF pelagic), and (¢ d) season as categorical variabk.

SS df F p

a) Life stage (juvenile/adult)

Intercept 172.21 1 25404 <0.001
Life stage 3.69 1 545 <0.001
log(L) 135.39 1 19972 <0.001
Life stage x lod() 3.65 1 539 <0.001
Error 33.90 5001

b) Method comparison adults

Intercept 27.93 1 4659 <0.001
Method 0.15 3 8 <0.001
log(L) 25.47 1 4249 <0.001
Method x log() 0.13 3 7 <0.001
Error 27.64 4611

¢) Seasoml comparison adults, littoral, night

Intercept 25.19 1 6560 <0.001
Season, year 0.14 4 9 <0.001
log(L) 23.49 1 6117 <0.001
Season, year x log) 0.13 4 8 <0.001
Error 3.14 817

d) Seasoml comparison adults, littoral, day

Intercept 79.68 1 16946 <0.001
Season 0.13 3 9 <0.001
log(L) 71.28 1 15160  <0.001
Season x lody) 0.14 3 10 <0.001

Error

14.81 3149

58



Table 3.3. Results of Tukeyés HSD tests showi
ANCOVA analyses of smelimass with smelt length as a covariate, and (b) capture
method (beach seine, boat Ekttoral, boat EF pelagic), and (c and d) season as
categorical variables.

Treatment Mean log(W) Group
b) Method comparison adults

Boat EF long transect -0.361 1
Beach seine -0.336 2
Boat EF Littoral -0.227 3
Boat EF Pelagic -0.223 3

¢) Season comparisonadults, littoral, night

Autumn 2010 -0.097 1
Winter 2010 -0.344 2
Spring 2010 -0.186 3
Summer 2011 -0.237 4
Autumn 2011 -0.176 3

d) Season comparisonadults, littoral, day

Spring -0.285 1
Summer -0.302 2
Autumn -0.342 3
Winter -0.378 4

3.4.3 Reproduction

More smelt eggs were present in benthic samm#ectedin autumn than in
spring, though egg numbers were not significantly different between the two
seasons (Table 3.M)-W U test:Z = 1.00,P = 0.239) The number o$melt egg
per sample variegignificantlyamong sites (Table 3.&-W test:H = 56.30,n =
369, df = 6,2 < 0.001).No smelt eggs were found at sites 1, 2, or 3. These sites
were situated at the western end of the lake and were characterised by high
condctivity, a low proportion of coarse sediment and narrow beach widths. In
contrast, smelt eggs were found at sites h varying numbers. These sites were
situated in the main eastern basin of the lake, and had lower conductivity, higher
proportiors of coase sediment, and wider beaches than sit8s 1

Peaks in smelt gonadosomatic index (GSI) usually coincided with peaks in
egg counts in benthic samples, exceptfpeak in GSI in January thaas not
reflected in smelt eggamples (Fig. 3)7 Spawning paks in Septembebctober,
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January, and April were evident from either GSI, egg counts, or both. Smelt GSI
was lowest in winter, coinciding with poor body condition of smelt (B,
3.6d and 3.y

10 - - 3.5

9 A C—Smelt eggs

gl | -o-SmeltGsl - - 3.0
87 Zg - 25
£ i _
nw 6 - o
g 5 - 2.0 (V]
o 5 - M o
%E-’ 4 - - 1.5 (IE)
0 3 - L 1.0
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Month

Fig. 3.7. Mean density of smelt eggs in benthic samples in littoral zorfbars) and
gonadosomatic index (GSlpoints) of smelt sampled in the littoral zone of Lake
Rotoiti by beach seining and boat electrofishing, August 2040uly 2011. Error bars
show + 1 SE.
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Table 3.4. Densities ofsmelt eggs in spring (SefitNov 2010) and autumn (Marchi May 2011) at sample sites in Lake Rotoiti, with overall site characteristics.
Smelt eggs measuredsegg density in20 m benthic sampls, by site, in spring and autumn (mean per sample + SE) with number of samples taken)(

Eggs ni’ (spring)

Eggs m? (autumn)

Specific conductivityuS cm?)

Site Mean*SE n Mean+*SE n Mean + SE n % sediment >1 mm diamete Estimated beach widifm) Aspect
1 00 6 0+0 12 163.1+ 4.2 8 9.6 5.8 w

2 00 6 0£0 6 1704+2.4 8 6.7 3.0 Ni NE
3 00 6 0+0 12 174.4+£1.3 8 1.7 27.1 NE

4 3.82+2.01 12 19.75+5.18 20 163.0+1.6 8 42.8 25.9 Ni NE
5 0.39+0.23 12 0.05+0.03 20 151.1+7.1 8 25.3 36.1 w

6 1.13+050 6 0.71+£0.24 12 1655+ 1.6 8 28.7 33.4 S

7 0.09+0.09 6 7.29+3.41 12 167.2+£0.9 8 51.1 44.3 SW




3.4.4 Diet

The proportion of smelt with empty stomachs was highest among smelt sampled
in the pelagic zone with long boat EF transects (Taldg The length of smelt
sampled for stomach contents analysis did not vary by seldsdhtést:H = 1.02,
n=124, df = 3P = 0.798, but the length of smettid vary among methods used
(K-W test:H = 8.09,n= 155, df = 2P = 0.01§. Specifically, the length of smelt
sampled with boat EF in the littoral zone was significantly higher thaleiggh

of smelt sampled with long boat EF transebts/ test:multiple comparisons of

mean ranks).

Table 3.5. Characteristics of smelt sampled for diet comparisons, by zone, time of
day, and seasonCharacteristics: Number of stomachs sample¢n), percentage of
stomachs containing foodmean weight of food in stomachanean fork length (L) of
smelt sampled, with standard error, and minimum and maximum lengths of smelt
sampled.

% with  Food weight (g) MeanL (mm) + Range

Time  Zone Season n food + SE SE L (mm)
Day Littoral  Spring 52 98 0.013 + 0.001 45 +0.70 3254
Summer 56 91 0.011 + 0.002 41 +0.97 2955

Autumn 105 88 0.017 + 0.004 44 + 0.56 2955

Winter 54 94 0.011 + 0.001 43 +0.68 34i 57

Total 267 92 0.014 + 0.002 43 +0.36 29i 57

Night Littoral ~Autumn 61 71 0.018 + 0.002 46 +0.73 39i 57
Pelagic Summer 26 77 0.008 + 0.001 39+£1.25 31i55
Autumn 55 36 0.011 +0.001 44 +2.47 34i 86

Total 80 49 0.014 + 0.001 42 +1.45 31i 86

The amount of food in smelt stomachs (relative to bodg$ varied
significantly among seassrand sampling methods (Fig. B.8hemassof food in
smelt stomachs sampled in the littoral zone during the day varied significantly
among season&{W test:H = 11.14,n= 267, df = 3P = 0.01); however, none
of the subsequent pairwise comparisshewed significantdifferences between
seasongP > 0.05). For smelt sampled in the pelagic zone at nightntesof
stomach contents varied significantly between summer and autudiv (Mest:

Z=3.15,P =0.003. In autumn, smelt sampled at night in the pelagic zone had

62



significantly less food itheir stomachs than smelt sampled in the littoral zone
either during day and nighiK(W test:H = 40.14,n = 221, df = 2P < 0.00).

*
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Fig. 3.8. Mean mass(x SE) of smelt stomach contents at different times and in
different lake zones and seasonstandardised by smeltmass * indicates significant
differences among sampling times and locations in autumn (Kruskalallis test: P <
0.05). Letters a and b dent significant differences between sampling occasions in
the pelagic zone (ManAWhitney U test: P < 0.05).

Smelt caught in the littoral zone during the day consumed a wide range of
prey items including zooplankton, amphipods, terrestrial and aquatat lasee,
tanaid shrimp, oligochaetes and smelt eggs @#). The species found in smelt
stomachs and environmental samples are summarised in Tabl&é& diet of
smelt caught in the littoral zone during the day varied with season. In spring,
zooplarkton, amphipods, chironomid larvae and terrestrial insects were all
abundant in smelt diets (Fig.%9a). In summer, zooplankton and terrestrial insects
were less common than in spring, and chironomid pupae and amphipods were the
most commonly consumed prepecies (Fig3.9). A small proportion of smelt
also consumed a small number of smelt eggs @&). The diet of smelt caught
in autumn was much less diverse, and smelt consumed only smelt eggs, terrestrial
insects, and zooplankton, with smelt egg&kimg up almost all of the diet by
masg(Fig. 3.9c). Smelt eggs continued to be the most commonly eaten food item
in winter; other species were consumed relatively rarely and made up a small
proportion of the diet (Fig3.9d).
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Differences in smelt diet weralso evident among smelt sampled in

autumn using different techniques at different times of day &id). Smelt

sampled during the day in the littoral zone consumed a wide range of prey items;

smelt eggs made up the largest proportion of the dietasgand were the most

commonly eaten food item (Fi§.10). In contrast, smelt sampled at night in the

littoral zone consumed almost exclusively zooplankton, with chironomid pupae

making up a small proportion of the diet (F8gl). Smelt caught in thpelagic

zone at night had a similar diet to those caught in the littoral zone at night, but

some smelt had also consumed larval bullies @&ifXx).

Small smelt (<45 mm) caught in the littoral and pelagic zones at night

consumed significantly more zoopldon tharlarge smelt (>45 mm) (Fig. 3.41
and b; MW U test:pelagic:Z = -2.88,P = 0.004; littoral:Z = -4.66,P < 0.001).

Smeltcaught by beach seining in the littoral zone during the day consumed much

less zooplankton than smelt caught at nightthere was no difference in the

amount of zooplankton consumed betwkege and small smelt (Fig. 3)11

Table 3.6. Summary of most common taxa found in smelt stomachs and lake

samples.
Abbreviation Taxon Family/species Common name
Zooplankton Calanoida Boeckella propinqua

Cyclopoida Mesocyclops leuckarti

Cladocera Bosmina meridionalis

Ceriodaphnia dubia
Daphnia galeata

Insects
Chr larvae, chr Diptera Chironomidae Non-biting midge
pupae
Caddisflies Trichoptera Paroxyethirasp. Caddisfly
Terrestrial insects Diptera, Flies, wasps, beetles

Hymenoptera,

Coleoptera
Other
Bullies Perciformes Gobiomorphus cotidianus Common bully
Oligochaetes Oligochaeta Earthworm
Tanaid shrimp Malacostraca  Sinelobus stanfordi Tanaid shrimp
Amphipod Malacostraca  Amphipoda Amphipod
Snail Gastropoda Potamopyrgus antipodarum New Zealand mudsnail
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Fig. 3.9. Diet of smelt(291 57 mm)caught in littoral zone of Lake Rotoiti during the
day in (a) spring, (b) summer,(c) autumn, and(d) winter, 2010'2011. Diet expressed
as % mass(the percentage of each prey type bmassacross all nonempty smelt
stomachs), and % occurrence (the percentge of norempty smelt stomachs
containing each prey item)Refer to Table 3.5 for details of sampled smelt an@iable
3.6 for diet species information.
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Fig. 3.10. Diet of smelt(291 86 mm) caught in Lake Rotiti in autumn in (a) the

littoral zone during the day, (b) the littoral zone at night, and(c) the pelagic zone at
night. Diet expressed as %nass(the percentage of each prey type bynassacross all
non-empty smelt stomachs), and % occurrence (the perctage of norempty smelt
stomachs containing each prey itemRefer to Table 3.5 for details of sampled smelt
and Table 3.6 for diet species information.
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Fig. 3.11. Massof zooplankton in smeltstomachs relative to smelt bodymass for
smelt measuring <45 mm and >45 mm. Smelt caught autumn in Lake Rotoiti in

the (a)littoral zone during the day, (b) littoral zone at night, and (c) the pelagic zone
at night. Box and whisker graphs show median, 25th ah75th percentiles, minimum,
and maximum. * shows significant difference between groups (ManWhitney U test:
P < 0.05).
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Therelativeabundance of zooplankton in the pelagic zone and benthic
prey items in the littoralane varied sasonally, and was highkt insummer for
littoral prey (Fig. 3.12a) and spring for zooplankt&ig( 312b; refer toTable 3.6
for species summayyTherelativeabundance of invertebrates in the littoral zone
was highest in summer, and the invertebrate assemblage was madeugralf
species yearound (Fig. 3L2a). The littoral invertebrate assemblage included
amphipods, chironomid larvae and pupae (Family Chironomidae), oligochaete
worms, caddisfly larvaeP@roxyethirasp.),New Zealand mudsnail
(Potamopyrgus antipodarugntanaid shrimp$inelobus stanfordliand various
zooplanktonTanaid shrimpverehighly abundant in summer, making up the
majority of invertebrate numbers. Smelt eggs were present in littoral samples in
spring, summer, and autumn, and were numerically more ahtittthn other
prey items imutumn (Fig. 3.2a). Calanoid copepods domiad the zooplankton
assemblage yeaound, and were most abundant in summer and autumn (Fig.
3.12b). Cyclopoid copepods were present in small numbersrgead. Copepod
nauplii and the cladocerddpsmina meridionalishowed a peak in abundance in
spring.Other zooplankton groups sampled included the cladoc@amsdaphnia

dubiaandDaphnia galeata.
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Fig. 3.12. Numbers of(a) invertebrates sampled in the littoral zone andb)
zooplankton sampled in the elagic zone of Lake Rotoiti, by season, spring 2010
winter 2011 Refer to Table 3.6 for species details.

For smelt caught in the littoral zone during the dsguel™>C a i U
showed little atogenetic variation (Figs. 3.Ehd 314). In contrastmedium (40
50 mm) and large (>50 mm) smelt caught at night in the littoral and pelagic zones
wer e de p¥ eompatkd tb smallismelt (<40 mm). Large and medium
smelt from the pelagic zone, and large smelt caught from the littoral zone at night,
showel el ev at e'dN comparad € othen SmeBbth smelt size and
zondtime (littoral, day; littoral, night; and pelagic, nightjere important

det er mi H@annt &N, and thete was an interaction between size and

zone/timefor "N (Table3.J. Tukeyods HSD tests showed
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e s p e c i ‘aN Betyween smelticaught at night and during the day (Appendix
3.2).
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Fig. 3.13. Stable isotope ratios of C and N for smelt caught at differdrimes in
different lake zones. Error bars show + 1 SES = small smelt, <40 mm FL; M =
medium smelt, 4050 mm; L = large smelt, >50 mm.

Table 3.7. Results of factorial ANOVAs comparing(a ) **Ctand (b ) **Nibetween
size classes of smefsmall, <40 mm FL; medium, 4050 mm; large, >50 mm)and
zone and time captured (littoral, day; littoral, night; and pelagic, night). Significant
P-values shown in bold italics.

@ 13

SS df F p
Intercept 15871 1 14790 <0.001
Zone/time 21.07 2 9.82 <0.001
Size class 18.28 2 8.52 0.001
Zonel/timex size class 4.57 4 1.07 0.388
Error 39.70 37
(b) 15\

SS df F p
Intercept 7158 1 67878 <0.001
Zone/time 4.59 2 21.7 <0.001
Size class 1.61 2 7.6 <0.001
Zoneltimex size class 0.85 4 2.0 <0.001
Error 3.90 37
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3.5 Discussion

3.5.1 Habitat use

Our results indicate that smelt undergo ontogenéitét and seasonahangsin
habitat use in Lake Rotoithn ontogenetic habitat change between littoral and
pelagic zones was evident, as varelycaught larval smelt in littoral samples, but
they were abundant in pelagic samples, especially long boat EF samples taken in
September. This result concurs with findings of a study in Lake Taupo (Stephens
1984); after hatching on beaches, larval smelt Mdog¢he pelagic zone, and
mack more use of the littoral zone as adults.

Smelt also undertookiel vertical migrationsin Lake Rotoiti, smelt
occupy distinct layers in the water column during the day, and ascend to the
surface at dusiRowe 1993)Diel vertical migration is a common behaviour in
zooplanktivorous fish and is related to predator avoidance, feeding, and
bioenergetic efficiencyMehner 2012)However, some fish do not migrate, and
numbers of these fAresi dentfetencesiinstie i ncr ease W
water body are low, i.e. when the water column is fully migd@ehner and
Kasprzak 2011)Lake Rotoiti is typically fully mixed between June and October,
and thermally stratified between November and Apon(Westernhagen et al.
2010. The increase in smelt caught in the surface waters of the pelagic zone in
April, compared to September, is consistent with a greater proportion of smelt
migrating when the lake is stratified; howevydroacoustic measurements
would be needed to confirm ghpattern

Seasonal changes in smelt distribution were shown by peak®lih sm
density in the littoral zone in summer and autumn; this is similar to the pattern
observed in Lake Taupo by Stephens (1984), who found that littoral smelt
densities peaked summer, but were high between November and JuneltSm
catches in the littoral zone were also highest in summer in lakes Ellesmere and
Waihola(Glova and Sagar 2000, Kattel and Closs 20&7) inLake Taupo
(Cryer 1991) Samples taken by boat EF in depti®©.8 5.5 m in the littoral zone
at night showed that smelt densities in this area peaked in autumn. Stephens (1984)
found that night time beach seining catches were approximately an order of
magnitude lower than daytime catches, but densities measuked i the
littoral zone of Lake Rotoiti were of a similar magnitude to those measured by

beach seining during the day (0192 m depth). It therefore seems likely that
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smelt occupying very shallow waters of the littoral zone during the day move to
slightly deepeillittoral waters at night.

Seasonal changes in thead spatiadlistribution of smelt also occurred
Spatial patterns in smelt density within tha@face waters of theelagic zone of
Lake Rotoiti conformed with pattes shown by hydroacoustialso taken in
September 2002010) that showed an increase in smelt density towards the
eastern end of the laklean at the western eifowe et al. 201)1 However, in
April, no such pattern was observed, and overall, smelt densities in surface waters

were higher than in September.

3.5.2 Body condition

The increas@ body condition in smelh spring and autumn coincided with
increases in GSI and smelt egg counts. After the spawning peak in autumn, smelt
body condition dropped considerably. The low abundances of prey items over
winter probably make it difficult for smelt to recover body comaitpost
spawning.

The drop in smelt body condition and density in the littoral zone during
winter and spring may have consequencegh®timing of stocking ofainbow
trout into the littoral zone. Rainbow trout yearlings are released in autumn (May)
ard spring (September); trout released in spring may be more likely to experience
prey limitation due to low smelt numbers at the time of release. There is evidence
of densitydependent growth in rainbow trout during their first year of lake
residence, anddut released in spring experience slower growth and grow to a
smaller maximum size that trout released in autumn (see Chapter 6).
Bioenergetics modelling showed that a small change in smelt energy density was
enough to elicit a significant increase in twsumption opreyby rainbow trout,
as a drop in energy density means that more prey must be @ateettenergetic
demandgsee Chapter 6).

3.5.3 Reproduction

The spatial patterns of smelt egg deposition in Lake Rotoiti indieapeeference
for relativdy exposed spawning sites with coarse sediments and proximity to deep
water. Rowe and Taumoepe@004)suggested that in turbid lakesltationmay

smother smelt eggs, causing mortality and leading to lower smelt densities in
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turbid lakes compared to @elakes.This may account for the fact tHatval
smeltabundances highest in lakes with high water clariffowe and
Taumoepeau 2004%i | t ati on rates to beaches in
be carefully monitored, as influxes of sediment from the lake catchment could
smother smelt eggs and may cause reductions in smelt numbers.

We observed a peak in smelt spawning in autummntrast to other
studies of lacustrine it thatobservedspawning peaks in spring or summer
(Jolly 1967, Stephens 1984, Ward and Boubée 199@mains to be seen
whether the population in Lake Rotoiti is unique in spawning in autumn, or if this
behavouris common in other lakeélthough peaks in smelt gonadosomatic
index (GSI) coincided with peaks in egg counts in benthic sampgsing and
autumn a peak in GSI in January was not reflected in smelabggdance. igelt
eggs weralsofound in smé stomachs in winterbut not in benthic samples§his
may indicate that smelt spawned in areas that were not saRpisakption of
eggs is also a possible explanation for the discrepancy between GSI and egg
abundance in Januaffjo achieve better covaga of likely smelt spawning sites,
future studies could sample a subset of the sites sampled in this study (perhaps 7

and 4) as well as other sites with coarse sediments.

3.5.4 Diet

Smelt feed on both benthic and pelagic food sources, and like nsany fi
(Vadeloncoeur et al. 2002ptegrate the benthic and pelagic food webs.

Utilisation of benthic food sources can be expected in Lake Rotoiti, as the ratio of
mean to maximum depth (~0.34) indicatteat much of théenthic surface araa
situated in shallow, tioral areasand the relative clarity of the water likely allows
adequate light penetration to the benthos, resulting in a high rate of benthic
production (Vadeboncoeur et al. 200Bhe amount of food in smelt stomachs

and number of smelt with neemptystomachs were higher in the littoral zone

than in the pelagic zone, suggesting that the littoral aodebenthic food sources
wereimportant for smelt feeding.

Similar to previous studies, we found that smelt diet varied with size;
large smelt (>45 mmgte less zooplankton than small smelt (<45 mm). An
ontogenetic shift in prey from zooplankton in small smelt to a range of prey in
larger smelt has been documented in central North Island (&i&s 1967,
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Stephens 1984However, this pattern was not sea smelt caught in the littoral
zone during the day; zooplankton made up a much smaller proportion of the diet
in these fish. Results from stable isotope analyses confirmed that small and large
smelt in the littoral zone incorporated similar food sounsstheir body tissues.
Differences in the diet and stable isotope signatures of litiayal smelt

compared to largpelagicsmelt suggest that littoral smedtly more heavily on

bentic food sources

Seasonal patterns of stomach fullness align péiterns in body condition,
i.e. smelt body condition was lowest in winter, which was also when the least
amount of food was found in stomachs. This period coincided with low
abundance of zooplankton and benthic invertebrates, suggesting that smelt are
food limited during winter.

We found that zooplankton made up a significant portion of the diet of
littoral smelt in spring; however, other littoral prey species such as amphipods,
chironomid larvae and terrestrial insects were also important. In general,
zooplankton made up a larger proportion of the diet in smelt caught at night than
during the day. Previous studies have found that the incidence of zooplanktivory
varies in adult smelt. For example, smelt between 30 and 69 mm long in Lake
Waahj Waikato,corsumel a wide range of prey items, including zooplankton,
chironomid larvae and pupae, and inséblisrthcote and Chapman 1999)
Chironomid lanae and pupae are the main prey item for largé§90nm) and
small (3G 49 mm) smelt at all times of year, @mall smelt consunaealmost
exclusively zooplankton in summer (Januddgirch) (Northcote and Chapman
1999) Stephens (1984) found that afyjemelt continugto eat zooplankton,
though similar to Lake Rotoiti, terrestrial insects, chironomid larvae and smel
eggswere also consumed. Stephens also found thaameelt 064 mm)
consumd mainly larval bullies. In Bke Rotoiti, predation on bullies was rare, but
was observed in smelt caught from the littoral zone during the day and the pelagic
zone at night.

To our knowledge, this study presents the first observation of significant
egg predation by smelt. Egg predation was also reported by Stephens (1984), but
the maximum number of smelt eggs found in smelt stomachs was 27, whereas
over 100 smelt eggs wereufind in the stomachs of several smelt in this study (J.
Blair, unpubl. data)This may reflect differences in egg density between the two

lakes, thoughwe cannot compare our egg density measurements with those of
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Stephens (1984)ecause different samplingetihods were used (net vs. corer)

Smelt eggs were the most commoegten prey item and made up the bulk of

food consumed bgnassin autumn and winter. It was likely that smelt ate a higher
proportion of smelt eggs in winter due to the relative scarcigytefnative prey

such as benthic invertebrates and zooplankton. However, we cannot be sure that
smelt prey upon smelt eggs at such a high rate every year; our results may have
represented atypical conditions influenced by scarcity of food. -temg

monitoring of smelt diets is neededdaswer this question

3.5.5 Management implications

In 2008, the Ohau Channel Diversion Wall was installed to improve water quality

in Lake Rotoiti by diverting inputs of water from Lake Rotorua, which usually

reach Lake Rottivia the Ohau Channel, to the Kaituna River. Some uncertainty

existed as to whether installation of the diversion wall would interrupt smelt

migrations and affect smelt abundance in Lake RdfRuiwe et al. 2006)Our

field surveys indicate that smekeshighly abundant in Lake Rotoiti, and surveys

of smelt eggs and larvae in the pelagic zone suggest that smelt reproduce within

Lake Rotoiti. Because of local reproduction and littoral abundance, the impact of

the Ohau Channel diversion wall on smelt dapans should be limited.

Additionally, recent trapping surveys in the Ohau Channel show that smelt

migrations have taken place between Lake Rotoiti and Lake Rotorua after the

installation of thavall (Rowe et al. 201)1 Therefore, selfustaining smelt

populations should continue to support Lake Rotoiti trout populations in the future.
Because smelt seem to thrive in clear, oligotrophic lakes, probably due to

improved egg survivgdlRowe and Taumoepeau 2004d)d increased ability to

feed visually ((Rowe and Dean 1998)e Ohau Channel Diversion Wall is likely

to have a positive effect on smelt abundance by improving lake water quality in

the longterm. Althoughfish production in lakes is generally positivelyrrelated

with indicators of lake productivity, such 8scchi depth and concentrations of

phosphorus, chd, and dissolved solidBachmann et al. 1996, Downing and

Plante 1993, Lee and Jones 1991, Plante and Downing, 5898ye

eutrophication in lakemay create unsuitable conditions for certain fish species

through impairment of visual predation or reduction of habitat due to

hypolimnetic oxygen depletiofLee and Jones 1991)s smelt are sensitive to
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low dissolved oxygen leve[®ean and Richardsdi999) it is likely that
hypolimnetic deoxygenation caused by eutrophication would reduce the amount
of useable habitat. Therefore, lalestoration measures are likely to benefit smelt
populations in Lake Rotoiti in the long term by preventing severehitation

and hypolimnetic oxygen loss
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3.7 Appendices

Appendix 3.1. Details of regressions of lengthL( mm) vs. mass(W, g) calculated using leassquares regression using the following formla: log,;o(W) =a +
b(logi«(L)). Refer to Fig.3.6, Tables 3.2 and 3.3 for comparisons. Adult: >35 mm, juvenile: <35 mm.

Size W-L regression parameters Regression statistics
Adult/ range SE of

Comparison Year Season juvenile Method n (mm) a SE ofa b b r r2 F P

a) All All Adult All methods 384 35100 -7.906 0.095 4.750 0.064 0.914 0.836 23468 <0.001
All All Juvenile All methods 4616 14i 34 -5.879 0.037 3.405 0.023 0.967 0.934 5448 <0.001

b) All All Adult Boat EF Littoral 830 35100 -5.675 0.069 3.293 0.041 0.940 0.884 6323 <0.001
All All Adult Boat EF (L) 587 35194 -5.630 0.090 3.263 0.056 0.924 0.854 3430 <0.001
All All Adult Beach seine 3156 35169 -6.003 0.049 3.476 0.030 0.899 0.808 13264 <0.001
All All Adult Boat EF Pelagic 43 35 68 -5.656 0.312 3.299 0.189 0.939 0.881 303 <0.001

C) 2010 Spring Adult Beach seine 596 35169 -6.372 0.111  3.695 0.067 0.914 0.835 3013 <0.001
2011 Winter Adult Beach seine 1198 35163 -5.995 0.080 3.446 0.049 0.897 0.805 4944 <0.001
2011 Summer Adult Beach seine 723 35157 -6.218 0.066  3.641 0.040 0.958 0.918 8092 <0.001
2011 Autumn Adult Beach seine 639 351 64 -5.633 0.105 3.261 0.065 0.895 0.800 2552 <0.001

d) 2010 Autumn Adult Boat EF Littoral 78 3582 -5.358 0.154 3.116 0.091 0.969 0.939 1173 <0.001
2010 Winter Adult Boat EF Littoral 236 35173 -5.620 0.101  3.231 0.062 0.960 0.922 2754 <0.001
2010 Spring Adult Boat EF Littoral 196 371100 -5.235 0.143 3.052 0.086 0.930 0.866 1249 <0.001
2011 Summer Adult Boat EF Littoral 109 351 85 -6.227 0.183 3.619 0.110 0.954 0.910 1075 <0.001
2011 Autumn Adult Boat EF Littoral 208 351 63 -4.935 0.152 2.858 0.091 0.909 0.826 981 <0.001
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Appendix32.Pval ues from Tukeyds HSD testa)showd@gbeati waerd ilcale clateed & snelema etsi mens
SignificantP-val ues shown in bold italics (U = 0.05).
uc
Littoral, day Littoral, night Pelagic night
Size
Zone, time class S M L S M L S M
Littoral, day S
Littoral, day M 0.926
Littoral, day L 0.997 1.000
Littoral, night S 0.624 1.000 0.969
Littoral, night M 0.027 0.397 0.161 0.769
Littoral, night L 0.009 0.190 0.063 0.498 1.000
Pelagic night S 1.000 0.994 1.000 0.858 0.061 0.020
Pelagic night M 0.077 0.675 0.354 0.948 1.000 0.993 0.166
Pelagi¢ night L 0.006 0.154 0.049 0.432 1.000 1.000 0.015 0.986




Appendix33.P-val ues from Tukeyos HSD t es t(b )" Nbewiesnpkezdnesmrdtimes, anu siclassesfoffsmelte nces i n
Significant P-values shown inbold italics( U = 0. 05) .
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0N
Littoral, day Littoral, night Pelagic night
Size
Zone, time class S M L S M L S M
Littoral, day S
Littoral, day M 1.000
Littoral, day L 1.000 1.000
Littoral, night S 0.757 0.779 0.960
Littoral, night M 0.723 0.746 0.947 1.000
Littoral, night L 0.019 0.021 0.069 0.555 0.593
Pelagic night S 0.647 0.673 0.920 1.000 1.000 0.566
Pelagic night M 0.006 0.006 0.022 0.287 0.316 1.000 0.285
Pelagic night L 0.000 0.000 0.000 0.005 0.005 0.420 0.004 0.711







4 Diet of rainbow trout in Lake Rotoiti: an energetic

perspective’

4.1 Abstract

To better understand the prey requirements of trout in central MNtatid lakeswe
characterised seasonal and ontogenetic changes in diet and prey energy density of
rainbow trout Oncorhynchus mykise Lake Rotoiti. Common smelRgtropinna
retropinng was the dominant prey item of rainbow trout larger than 200 mr8%’7.

of diet bymass, followed bykoura(freshwater crayfisi®aranephrops planifrons

6.3%), common bullyGobiomorphus cotidianu$.5%), andkoaro(Galaxias

brevipinnis 3.4%). Juvenile rainbow trout (<200 mm) consumed amphipods, aquatic
and terrestrialrisects, oligochaetes, tanaid shrimps, and smelt. Trout con$aaed

only in autumn and winter; consumption of other species did not vary seasonally. The
maximum size of smelt consumed increased with increasing trout size, but trout
continued to consumengll smelt even as large adults. Consumption of larger prey
items koaroand koura) also increased with increasing trout size. This study indicates
the importance of smelt for sustaining rainbow trout populations, as predation on
other species was relatlydow. These findings provide a basis for bioenergetics
modelling of rainbow trout populations in lakes of the central North Island of New
Zealand.

4.2 Introduction

Rainbow trout ©Oncorhynchus mykiyss a popular sports fish in the North Island of
New Zealand. While some lakes support seltaining populations, hatchemsised
yearlings are stocked inteweral lakes to supplement wild stoekisere spawning
habitat and wild recruitment are limite@ihe diet of rainbow trout isighly variable,

! published asBlair, J. M., Hicks, B. J., Pitkethleyr., and Ling, N. Diet of rainbow trout in Lake
Rotoiti: an energetic perspectidew Zealand Journal of Marine & Freshwater Research.
doi: 10.1080/00288330.2012.707660
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andmayinclude small fish such as common smBlé{ropinna retropinng common
bully (Gobiomorghus cotidianul koaro(Galaxias brevipinnis koura(freshwater
crayfishParanephrops planifronsterrestrial invertebrates, and gastropod molluscs
(Cryer 1991, McCader 1986, Rowe 1984, Smith 1958)owever, rainbow trout in
thedeep lake®f the central North Island of New Zealand consume mainly common
smelt(McBride 2005, Rowe 1984, Smith 195%)out and smelt dynamics have been
examined in Lake Taupryer 1991 Stephens 1984put have not been as well
studied in other lakes in the central North Island, including those stocked with
hatcheryraised fish. Wderstanding the trophic relationships between predators and
their prey isvital for optimisingstocking of port fish in lakes, where fish abundance
is primarily controlled by fishery manageasd angling pressur@o optimise growth

of stocked fish, it is important to ensure that sufficient food is avai(ldg 1990)

A better understanding of rainbow trout diet would help fishery managers to
understand the conditions necessary for supporting optimal trout growth.

Sports fish are often telgvel predators, and have the potential to influence
ecosystem structure and fition through topdown processe&Carpenter et al. 1985,
Northcote 1988)The effect of trout predation on prey populations in lakes in the
central North Island of New Zealamllargely unknown, but previous studies have
shown that rainbow trout may causecreased survival of prey, alteration of food
webs, and change of prey behaviour in receiving ecosygtemtherousset and
Olden 2011)Quantifying trout predation on various prey species is a necessary
initial step inunderstanding trophic linkages imetfood web and will provide a
starting point folassessing the effects of trout on prey populations.

Previous evaluations of rainbow trout diet in the Rotorua lakes have used the
percentage frequency of occurrence of each prey item and have focusisedii@h
of adult fish during Xo 3 seasonfRowe 1984, Smith 1959Further assessment of
rainbow trout diet is required in order to understand the effects of predation on prey
populations and, in turn, the influences of prey supply on trout growth. &getics
models are a useful tool for quantifying predgicey relationships, and can be used
to assess predator demand for pi€kipps and Wahl 2008)o determine if
limitations in food supply are affecting growiBaldwin et al. 2000, Murry et al.

2010), and to evaluate the effects of predation on prey populgizarsnright et al.
1998, Vigliano et al. 2009Bioenergetis models require an estimate of relative
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proportions of prey types byassas well as energy density; this information is
currentlylacking for trout in New Zealand lakes. The aiof this study vereto

quantify the energetic contributions of prey items to the diet of rainbow trout in Lake
Rotoiti, andto assesseasonal andntogenetic changes in didtis study has two
objectivesi(1) to provide information to fishery managers aboutphey resources
necessary fooptimal rainbowtrout growth, and(2) to identify which species are

likely to be most affected hyout predation.

4.3 Methods

Lake Rotoiti (38.0390S, 176.4277E) is awarm, monomictic, mesotrophic lake in
the Bay of Plentyegionof New Zeal and®és l|akehasesurfacelraand. Th e
of 34 knf, and is shallow at the western end, with depth increasing to a maximum of
125 m in the eastern basin. Lake Rotoiti was chdsethis study because it contains
a significant trout fishery and is likely to be representative of othgoitant trout
fisheries in the entral North Island region (e.g. lakes Tarawera@kaltaina).

One hundred and eightyo rainbow trout were caint by angling, beach
seining and boatlectrofishingirom a range of locations irake Rotoitibetween
March 2009 andecembel010 (Tablet.1). Anglercaught trout were caught using
mainly shallow trolling and jigging§ishing methodsBeach seining and boat
electrofishing were carried out in the littoral zone. Diet was determined by stomach
contents analysis atockedand wild fish ( wild = 96; n stocked= 86). The mean
fork length(FL) of sampled trout was 444 mm, with a lengthgeuof 27 646 mm.
Stockedfish were identified by fin clipsStocked tout had been at liberty in the lake
for varying amounts of timédout were assumed to have adapted to lake conditions.
Theywere present in all size classes sampled except the smalkestass (<100
mm), as this is smaller than the size at which trout are released from the hatdihery. A
items fromthe mouth, oesophagus and stomach were removed, counted and
identified to the highest taxonomic level possible. The blottedwastof eachprey
type from each fish was recorded. Two metrics were used to compard 1i¢ts:
percentage frequency of occurrence (the percentage eédmpty trout stomachs
containing a particular prey item), a(®) the percentage consumption of each prey

type by mass(the proportion bynassof each prey species averaged across al non
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empty stomachs). If smelt were intact, the FL was measured, otherwise FL was
estimated from a measure of standard length (SL; to the end of the caudal peduncle)
and a FL:SL regregm equation derived from smelt caught in Lake Rotoiti (FL =
1.0641x SL71 0.3889;n = 40;R2 = 0.9912 datanot showi).

Table 4.1. Summary of methods and timingof sampling for diet analysis ofLake Rotoiti
rainbow trout , with sample size®f non-empty and empty trout stomachgor a range of
length size classe€F = boat electrofishing.

Season Method

Length (mm) Spring Summer Autumn Winter Beachseinn EF Anglers  Total

Non-empty stomachs

<100 7 9 0 0 16 0 0 16
100199 1 1 1 1 2 1 1 4
200-299 0 0 1 6 0 6 1 7
300399 1 1 3 0 0 0 5 5
400499 7 15 14 3 0 0 39 39
500599 17 23 22 4 0 0 66 66
600699 2 3 6 0 0 0 11 11
Total 35 52 47 14 18 7 123 148
Empty stomachs

<100 0 4 0 0 4 0 0 4
100199 0 0 0 0 0 0 0 0
200-299 0 1 0 0 0 0 1 1
300399 1 4 0 0 0 0 5 5
400499 4 3 7 1 0 0 15 15
500-599 3 4 2 0 0 0

600699 0 0 0 1 0 0 1
Total 8 16 9 2 4 0 31 35
% empty 18.6% 23.6% 16.1% 12.5% 18.2% 0.0% 20.1% 19.1%

To measure the energy density of trout prbg,incipal prey itemsof adult trout
(smelt,common bully koarq andkourg were caughbetweenlanwary 2010 and
November 2010 from Lake Rotoiti using a beach seine netlacttofishingooat.
Prey were measured, weighed and dried in a Contherm ovefGatas0
approximately 24 houngntil a constanmasswas reachedseveracommonbullies
and smelt were included in each samplerder to obtain enough material for bomb

calorimetry butkouraandkoarowere processed individually because few specimens
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were captured (mean number of individuals per sampling unit: smettipdfZnon
bully, 9; koarqg 1; kourg 1). The energy density of prey items was measured using a
Parr Model 1341 Plain Oxygen Bomb Calorimeter and a Parr 1108 @Baab
using standardhethods (Parr Instrument Company 2008).

Differences in prey proportions of adult trout bebm seasons and differences
between caloric content of prey items were assessed using KiMiaked ANOVA
by ranks in STATISTICA, version 9.0he relationship between trout length and the
length of consumed smelt was assessed using 0.10, 0.50, anddd€3Bion quantile
estimates. Equality of the regression slopes was assessed using ANOVA. Quantile
regression and associated analyses were carried out using the quantreg package for R,
version 2.13.2.

4.4 Results

The percentage of trout with empty stomaehased slightly with season and was
highest in summer, aB2% (Table 4.1)Rainbowtrout smaller tha200mm FL
consumed mainly invertebrates, includemgphipodgParacalliope fluviatilu$,

tanad shrimps $inelobus stanforyliaquatic insectsandterrestrial insects (Tables

4.2 and4.3). Aquatic insects included chironomid pupae (Chironomidae) and
caddisflies Paroxyethiraspp.), and terrestrial insects were mostly adult flies (order
Diptera) and wasps (suborder Apocrita). Both enumeration meshosged that

rainbow trout shift to a mainly piscivorous diet at around 200 mm FL; smelt were the
main prey of rainbow trout larger than 200 n@@mmon lillies were present in the

diet of most size classes of trout, with the exceptidisbf<100 mm and G0i 399

mm FL. Koaroandkourawere eaten only by trout over 400 mm loKgurawere the

only invertebrates found in the stomachs of adult trout, with the exception of one fish
that had eaten a gastropod molluBotémopyrgus antipodarunand three fish tha

had eaten terrestrial insects. The occurrence method gave similar resulth&sshe
method in most cases, but for trout betweeri 100 mm FL, the occurrence method
overestimated the importance of smelt.(¢6) compared to themmassmethod

(36.1%). Fortrout <100 mm, the occurrence method attributed greater importance to
oligochaetes, aquatic insects, and terrestrial insects thamatsenethod (Tabled.2
and4.3).
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The percent composition bgassof smelt,kouraandcommon bulliesn the
diet oftrout (>400 mm long did not vary seasonally (Fig.1; KruskatWallis (K-W)
test:n=116,P > 0.05).Koarowere only detected in trout stomachs in autumn and
winter, and the percent compositiongssof this species was significantly
different between seasons-{V test:n = 116,P = 0.018).Specifically,massesvere
different between summer and autuamdbetweenrspring and autum(K-W test:
multiple comparisons of mean rank¥he massof unidentified material was
significantly different between summer and autuikAN test:multiple comparisons

of mean ranks).
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Fig. 4.1. Seasonathanges inpercent composition of prey by wetmasseaten by adult
rainbow trout (>400 mm) from Lake Rotoiti (meanz 1 SE).
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Table 4.2. Percent frequency of occurrence of pey items eaten by rainbow tout of different length classesn Lake Rotoiti.

n Prey itemgpercent frequency of occurrence)

(Smith Common Amphi- Tanaid Aquatic  Terrestrial Oligo- Un-
Trout length (mm)  1959) n Smelt  Koura bully Koaro pod shrimp insect insect chaete Mollusc identified
<100 0 16 0.0 0.0 0.0 0.0 43.8 0.0 375 313 12.5 0.0 0.0
100199 1 4 75.0 0.0 25.0 0.0 25.0 25.0 25.0 25.0 25.0 0.0 25.0
2001299 7 7 85.7 0.0 14.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3001399 4 5 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4001499 39 39 76.9 5.1 7.7 2.6 0.0 0.0 0.0 0.0 0.0 0.0 15.4
5001599 56 66 90.9 10.6 12.1 6.1 0.0 0.0 0.0 4.5 0.0 15 3.0
6001699 12 11 81.8 9.1 0.0 18.2 0.0 0.0 0.0 0.0 0.0 0.0 9.1
Total 119 148 76.4 7.4 8.8 4.7 54 0.7 34 6.1 2.0 0.7 6.8
Total (>100 mm) 132 85.6 7.6 9.8 5.3 0.8 0.8 15 3.0 0.8 0.8 7.6
Smith (1959) 119 58.0 10.0 12.0¢ 0.0 0.0 2.0 19.0 0.0 21.0 12.0

% This study did not distinguish between bullies and koaro.



Table 4.3. (a) Massof prey eaten by rainbow trout of different length classe#n Lake Rotoiti (meant 1 SE).

Mean

Prey items

Trout trout Common Tanaid Aquatic  Terrestrial  Oligo- Un-

length massg) Smelt Koura bully Koaro Amphipod shrimp insect insect chaete identified

a) Wet mass

<100 0.006 16 0 0 0 0 0.07 £0.02 0 0.04£0.01 0.03+£0.01 0.01+0.01 0

100 199 0.175 4 0.20 £ 0.09 0 0.50 £ 0.50 0 0 0.06 £0.06 0.01£0.01 0 0.01+£0.01 0.02+0.02

2001299 0.163 7 3.35+1.10 0 0.14+£0.14 0 0 0 0 0 0 0

3001399 0.672 5 4.47 £1.97 0 0 0 0 0 0 0 0 0

4001499 1.218 39 561+1.16 0.19+0.14 0.13+0.08 0.44+0.44 0 0 0 0 0 0.23+0.12

5001599 2.213 66 7.09+091 139+£0.74 0.31+0.12 0.56+0.30 0 0 0 0.01+0.01 0 0.09 £ 0.07

600699 3.142 11 8.05+2.45 1.78+1.78 0 4.46 + 3.36 0 0 0 0 0 0.14+0.14
8 Total 4.323 148 579+£7.04 084+443 0.20£0.75 0.73+3.85 0.01+£0.03 0.00+0.02 0.00+£0.02 0.01+£0.05 0.00+0.00 0.12+0.57




Table 4.3. (b) Percent composition bymassof prey eaten by rainbow trout of different length classein Lake Rotoiti (mean+ 1 SE).

b) Percent composition by wetmass

Prey items

Trout length Smelt Koura  Common bully  Koaro Amphipod Tanaid shrimp Aquatic insect Terrestrial insect Oligochaete Unidentified
<100 0 0 0 0 441 +11.3 0.0x£0.0 29.9+10.0 19.1+7.9 6.9+4.0 0
1001199 36.1 +22.2 0 21.7+21.7 0 19+19 147+147 8.0+8.0 0.2+0.2 25+25 149+149
2001 299 85.7+14.3 0 143 +143 0 0 0 0 0 0 0

3001 399 100.0+ 0.0 0 0 0 0 0 0 0 0 0

4001 499 75.3+68 51+36 43+29 14+14 0 0 0 0 0 13.9+55
5001 599 787+45 80+31 66+26 35+19 0 0 0 0.2+0.1 0 3.0+x21
6001 699 81.8+12.2 52+5.2 0 12694 0 0 0 0 0 04+04

72.3+0.0 26+0.0 55+0.0 3.0+0.0 3.2+0.0 0.1+0.0 2.3+0.0 1.4+0.0 0.6 +0.0 570

© Total
w



The energy density of smelt varied by almost a third between seasons and
was lowest in winter (Tablké.4). Common bullieand smelt caught in autumn
had similar energy densities, akobrocaught inautumn had the highest energy
density of all prey specie$he energy density &ourawas similar to that of
smelt. The mean length of smelt eaten by rainbow trout was 47.3 mm, with a
range of 32.897.6 mm (Fig4.2). The maximumand mediarsize of smelt eaten
increased with trout sizéut the minimum size amelt did not change with trout
length the regression equations for the 0.10, 0.50, and 0.90 quantiley were
37.0 + 0.08, y = 34.2 + 0.08, andy = 34.5 + 0.0%, respectively, wherg = smelt
length (mm) and = trout length (mm)AIl regressions were statistically
significant @ < 0.001).The slopes of the 0.10, 0.50, and 0.90 regression quantiles
were significantly differentR,,1303 = 18.9,P < 0.001).

Table 4.4. Energy densityof prey items of adult rainbow trout from Lake Rotoiti.

Mean energy density 1 SE

Mean length Sample Jg Jgh

Species Season (mm) n dry mass wet mass

Common bully Autumn 43.7 4 13664+ 370.3 3123+ 151.1
Koaro Autumn 78.5 2 15299+ 736.3 3636+ 403.3
Koura Summer 113.6 2 9765+ 53.3 2567+ 14.0
Smelt Autumn 38.0 4 15100+ 261.4 2987+ 44.8
Smelt Spring 447 2 13932+ 67.3 2605+ 54.8
Smelt Summer 53.7 2 13984+ 139.8 2811+ 14.3
Smelt Winter 44.8 2 13485+ 120.3 2089+ 187.2
Smelt Mean (all seasons) 42.5 8 14172+ 149.6 2560+ 95.6
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Fig. 4.2. Relationship between trout lengthsand lengths of smelt in dief(fork length),
with 0.10, 0.50, and 0.90 regression quantile estimates (solid linass 435)

45 Discussion

Ourresults indicate that smelt are the most important food source for rainbow
trout in Lake Rotoiti confirming previous estimates using stable isotopes ofdC an
N in trout tissugMcBride 2005) Smeltnow appear tde amore impotant food
sourcefor trout >200 mmcompared tearlier records; rainbow trout in Lake
Rotoiti have shifted from an omnivorous diet high in insects and mol{Gscth
1959)to amainly piscivorous dietontaining few insects andolluscs(Table
4.2). Rainbow trout in Lake Rotoitwhich isnow mesotrophicconsumed fewer
insects and more common bull@sdkoarothan trout in oligotrophit.ake Taupo
(Cryer 1991) Nutrient inputscawsedLake Rotoiti to become more eutrophic
between 1955 and the presédtholes 2009, Vincent et al. 1984&hich may
havecaused increases imgauctionandsmeltavailability.

Subadult andreal adult rainbow trou{200' 400 mm)tencedto eat
mainly smelt, and largadultrainbow trout(>400 mm)consume a wider variety
of prey items includindgouraand fish other than smettonsistent with other
studies of rainbow trout in central North Island lai@syer 1991, Rowe 1984,

Smith 1959) In our study, differences in diet composition were not statistically
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significantbetween size classbscause oiow sample sizedatternof prey
consumption with sizeeem to be consistent between studies, despite the fact that
Rowe (1984) and Smitl1959) sampled trout in summer and winter, respectively,
and Cryer (1991) sampled troggarround The relationship between length of
trout and length of ingested smelt (maximum size of prey increases with predator
length) is consistent with that seen negatorprey relationships where prey size
is limited by the gape size of the predg®oubée and Ward 1997, Nilsson and
Bronmark 2000, Persson 199Farger, benthic species suchkaaroand koura
were only eaten by trout larger than 400 mm, suggeatititange in feeding
strategy to incorporate more benthic feeding around this length.

We found little evidence of seasonal variatiorthie diet ofrainbow trout
in Lake Rotoiti,similar torainbow trout inLake Taupo(Cryer 1991) In contrast,
rainbow trait in LakeRotomadisplayed aseasonatlietaryshift from more
epibenthic preyqgommon bullyandkourg in summer, to more pelagic prey
(smelt)in winter (Rowe 1984)However, we did find seasonal differences in the
percentage of empty stomachs. The proporof empty stomachs generally
increases with temperature in figlinson and Angradi 2011put the cause of
increased stomach emptiness in summer in Lake Rotoiti is not known;
unmeasured factors sugitreased gut evacuation rates in higleenperatures
may have played a ral&/e found naevidence of prey switchinig Lake Rotoiti
duringwinter when smelt energy density was lowssiggesting thatither
variation in energy density was not great enough to cause a change in the prey
species dan by trout or that other species were not abundant enough to act as
significant food sources for traukhe latter possibility could be addressed by
comparing the availability of bullies, koaro and koura to trout diet (e.g. using a
preference indexHowever,even though the proportion of smelt in the diet did
not change, it is possible thithe amountof prey eaten may change; this is a
potential question to be addressed by bioenergetics modelling.

Thoughwe havedocumented predation &oaroandkouraby rainbow
trout, the effect of trout predation orkoaroandkourapopulations ar@ot known
Impacts of introduced salmonid species on native galaxiid populations in lakes are
not well understoo@icintosh et al. 2010though historical evidence suggest
that landbckedkoaropopulations declined after the introduction of trout into some
New Zealandakes, including those in thewtral North IslangMcDowall 2006)

However, competition with smelt may have also contributed to the decline of

96



koaroin cental North Island lakeRowe 1993)Bioenergetics modelling has
shown thatainbow troutexert significant predation pressure on native galaxiids
in oligotrophic lakesn Argentina(Vigliano et al. 2009)and a similar approach
should be implemented tuantify the effect of trout predation on native species
in New Zealand lakes.

The accuracy of consumption estimates calculated using bioenergetics
models depends on the quality of the input data. Values for prey energy density
may be estimated or borrod/érom other species and locations, but these
practices may cause errors in consumption estinfsi®gs 1993) It is therefore
clear that energy density should be measured directly, in the relevant ecosystem if
possible(Hartman and Brandt 1995peasonalltanges in prey energy density
should be assessed accurately because they may be sigiiBigamt et al. 1996,
Rand et al. 1994and caraffect bioenergetics model outpikdartman and
Brandt 1995)It is also important to measure seasonal changestjrbdeause
model outputs may be sensitive to variation in diet compogtipons and
Magnuson 1987)The data measured in this study will provide a basis for
bioenergetics modelling of rainbow trout populations in lakes of the central North
Island of NewZealand. Possible further refinements of the data include
characterising the variation in energy density of smelt with size, and the predation
upon different size classes of smelt by trout of different sizes. Stratified sampling
of rainbow trout by habitgke.g. pelagic vs. benthic) may also help to define

feeding patterns.
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5 Lake morphometry and trophic state affect
growth of rainbow trout (Oncorhynchus mykiss)

in a warm-temperate climate®

5.1 Abstract

The growth of rainbow troutdncorhynchus mykiysvas investigateth nine
warmtemperatdNew Zealand lakes of contrasting morphometry, mixing regime,
and trophic state to better understand the combined effeetssiobnmental

factors on fish gowth inwarmtemperatdéakes Mark-recapture data frorstocked
trout release overeight consecutive years were used to calculate growth
parameters and body conditidirout growth parameters abddy condition
showed a domshaped response to eutrophigat Growth ratewasfaster in lake
with greater volumgof favourable habita(i.e. dissolved oxygen >6.0 mg'land
temperature <2T), butslowerin lakeswith increagdturbidity, chlorophylla,

and nitrogen concentrationgariables describing habitat volurbest predicted
trout growth rate, and correlates of trophic stateofdphyll a, conductivity) were
important secondargredictors These results suggest that lake morphometry and
trophic state are important attributésusturing overall habitat qualifyhus
influencing rainbow trout growth in lakes in wattemperate climates.
Understanding the factors that influence the growttotdwater fish in warm
temperatdakesallows us to predidheimpactof future climate arming in

cooler regions.

5.2 Introduction

The study of environmental factors affecting fish growth rates in various water
bodies is of theoretical, ecological and applied importance. By chasaadish
growth, we can better understand the transfer of organic material through the

trophic chain to the top consumers (Gamito 1997, Lienesh et al. 2@@&)mine

% SubmittedasBlair, J., 1. Ostrovsky, B. Hicks, R. Pitkethley and P. Scholese morphometry
and trophic state affect growth of rainbow troDnhgorhynchus mykisen a warmtemperate

climate.Canadian Journal of Fisheries and Aquatic Sciences
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ecological conditions fawwable for given fish species (Haddix and Budy 2005,
Wells etal. 2008), and optimefish productivity (Mazumder and Edmundson
2002).Enhancingish growth rates and production in lakes is a common goal of
fisheries management, given the economic and recreational importance of lake
fisheries. Tchelp understand thactors affecting fish productiomelationships

have been derived between fish growth rates or production and various physical,
chemical, and biological variables, such as lake depth, nutrient loading, and lake
productivity (e.gRyder 19650glesby 1977l each et al. 198D owning and

Plante 1993).

Lake morphometry influences many variables that are important for fish
habitat, e.gnutrient cycling, temperaturdjssolved oxygen¥O), and sediment
resuspension (Fee 1979, GenrKaito and Carpenter 2008akanson 2005 and
can therefore determirnibe extentof fish populations in lakes. For example, lake
size (depth or area) is the principal factor controlling the persistence of some fish
species irshallowArctic lakes, due to the lack of suitable thelimabitat in both
summer and winter (Hershey et al. 1999, 2006\vdrmtemperatareas, refuge
from warm water isikely to beimportantfor the persistence of salmonids in lakes.
Salmonids have a lower optimal range in temperature for growth than many fish
andhigh temperatures may have detrimental effects on sgueyaiological
processes, including feeding, growth, and reproduction @#&rd Downing 1993
Myrick and Cech 200@Rankhurst and King 201®obinson et al. 2010). Fish can
avoid detrimental warm temperatures in thermally stratified lakes by occupying
the cooler hypolimnion, if the oxygen regimdasourable (Budy et al. 2009).
However, shallow lakessually lacksuch refuge habitafdditionally, low
hypolimnetic dissolved oxygen (DO) concentratiank reduce the amount of
available habitain thermally stratified lakes (Coutant 1985, Plumb and
Blanchfield 2009). Hypolimnetideoxygenation is a problem not only in deep,
monomictic lakes: periodic stratification events in shallow, polymictic, eutrophic
lakes can result in rapid hypolimnetic DO loss (Burger et al. 2007), which can
notably shrink the fish habitaClimate warmings predicted to cause increases in
lake temperature and tl@ration of stratitation,which will likely reduce habitat
for coldwater and coolwater fish in shallow and moderately deep lakes (e.g. in
North America; Schindler 2001, Fang et al. 20Q@4nderthese conditions,
enhanced nutrient input from catchments and release from bottom sedarents

likely to increase eutrophication in lak@ee e.gJeppesen et al. 2009 (Denmark)
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andTrolle et al. 201XNew Zealand) Therefore, to predict the effectsaimate
warmingon fish, we need to understand the combined effects of high
temperatures and eutrophication, especially in shallow lakes, where these effects
are likely to be most severe (Jeppesen et al. 2012).

Food supply also influences fish growthestind production. Variables
thatcharactasefood supply or can be interpreteds proxies for lake productivity
(e.g. concentrations of chlorophglchl a), phosphorus, and dissolved solids)
may be positively correlated with fish production (Lee almhes 1991Downing
and Plante 199 Bachmann et al. 1996In boreal lakes of British Columbia and
Alaska, salmonid production increases with additbnutrients; fertiligtion of
lakes with nitrogen and phosphorus increases cbhcentrations and
zooplankton biomass, and increases survival and size of salmonids (Hyatt et al.
2004). In highlatitude (>47 °N) lakes, salmonid production is positively
correlated with phosphorus concentrations and phytoplankton productivity (Plante
and Downing 1993). However, in eutrophic lakes, foraging of visual predators
may be impaired by high turbidity (Beauchamp et al. 18&thaker et al. 2012).

The interactingeffects of increased temperature, eutrophicagod reduced DO
in the natural envonment make it difficult to understand the mechanisms
controlling fish growth rates lakes, and require more detailed studgzsme of
these environmental factors are likely to exert effects on ¢n@mwth in a non
linear way.Moreover there is a lackf information abouthe factors influencing
growth of lakeresident salmonids at lower latitudespecially invarm-
temperatdakes.

In this study, we aim to examine the environmental factors influencing
growth rates and body condition of rainbow tr@@hcorhynchus mykis
warmtemperatdakes displaying a range of morphometriesphic statesand
mixing regimesWe examine growth rates of hatcheaysed rainbow trout bred
from a single population and released into several lakes, meaning tefetis
of various environmental factors on growth rates can be tested without the
confounding influence of different genetic straissr{suReed et al. 2010). We
also consider catchment land use, which affects productivity and water quality of
lakes by ifluencing the allochthonous supply of nutrients and organic carbon. We
hypothegsethat in deeper, cooler, monomictic lakes, moderate nutrient supply
may befavourable for rainbow trout growth, while in shallower, warmer,

polymictic lakes, excessive extatror internal supply of nutrients and organic
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material may negatively affect habitat quality and thus credtonrable

conditions for trout growth. This study will provide a better understanding of how
environmentafactors inwarm-temperatdakes infuence salmonid growth rates
leading to better informed management decisions involving spedméghagocial

and economic importance

5.3 Methods

5.3.1 Data collection

Eastern Region Fish & Ganséocked ainbow trout into lakes of varying size and
trophic state (Figs.1, Table5.1) in austral spring (September) and autumn (May)
from a hatchery facility at Ngongotaha, Rotar8&cking rategTable 5.2)varied
due to differences in management strategiesvald spawning populationg\ll
hatchery parent stocksiginatedfrom the Te Wairoa Stream, a tributary of Lake
Tarawera. Bpulations examined in this study damedlocked Troutreleased in
autumnwereapproximately 1 year oldpon releaséfork length= 160 £ 3 mm;
mean = SE)andthose released springwerel.25 years old (190 = 2 mm). There
were no significant differences trout lengths at release among lakes in spring
(ANOVA; F15=0.45,P = 0.89) or autumnKy 3= 0.22,P = 0.88).

Rotoiti

&katainﬂ
B\ :

Rotoehu

Rotoma

Okareka

Tikitapu Cj

b
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Fig. 5.1. Study areas and lakes in the North Island of New Zealand.
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Table 5.1. Morphometry and mean values ophysical and limnological characteristics of some lakes in the North Island of New Zealand. Values are means
for 2002 2010 + SE, except for Lake Tutira, where data represent means 20@®10.Rere., Rerewhakaaitu;P, polymictic; M, monomictic; Ol, oligotrophic;

Me , mesotrophi c; Eu, eutrophi c. Sources: Lake Tut icoman;, 2081, all dihertlakes;Sehalds
2009, 2010.
Mean Mean Annual
depth Area Mixing  Trophic temperature temperature Chla TP TN
Lake (m) (km?) regime state (°C) range (°C) (mg m?) Secchidepth (m)  (mg P n?) (mg N ni®)
Rere. 6 5.9 P Me 14.3+0.2 8.1121.6 3.7+£0.2 58+0.2 9.7+£05 399579
Rotoehu 8 8.1 P Eu 15.3+0.1 9.2/ 22.6 10.8+0.8 2901 39.8+£20 376.5+£9.6
Rotorua 11 80.8 P Eu 15.0+0.1 9.3121.7 21.3+£0.9 2401 379+£0.8 458.4+ 8.4
Okareka 20 3.3 M Me 12.4+0.2 9.3122.2 4.1x£0.2 7.7+£0.2 84+0.3 2126 £3.8
Tutira 21 1.7 M Me 121 +0.1 9.0 22.7 44+1.1 3.9+£0.3 422 +17.4 493.9 + 13.7
Rotoiti 31 34.6 M Me 12.8+0.1 10.822.1 12.2+0.9 4.4+£0.1 40.4 £ 0.7 356.6 £4.5
Rotoma 37 11.2 M ol 125+0.3 10.621.3 1.3+0.1 12.8+0.3 46+0.2 141.2+4.0
Okataina 39 10.8 M Ol 125+0.3 10.721.4 2301 10.5+0.3 11.5+05 135.0+4.2
Tarawera 50 41.7 M Ol 125+0.2 10.921.4 1.5+0.1 8.7+0.2 13.9+0.6 114.0+4.0
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Table 5.2. Stocking rates, percentage of stockerhinbow trout in recreational catch,
and fork length of trout at release in lakes in the North Island, New Zealand/alues
are means for 200R2010 + SE.

Percentage of

Stocking rate  Stocking rate (fish  stockedtrout Length of trout

Lake (fish year) ha' year') caught released (mm)
Rerewhakaaitu 7375 + 100 1272 +19 68.6 +5.4 Spring: 190 £ 7
Rotoehu 4380 + 388 596 + 54 Spring: 190 £ 7
Rotorua 1000 £ 0 120 20+0.6 Spring: 190 £ 7
Okareka 5000 + 683 1515 + 231 85.0+2.7 Spring: 190 + 7
Tutira 5346 + 485 3168 + 369 Spring: 200 £ 7

Autumn: 160 £ 6
Rotoiti 23812 + 1114 688 + 36 60.3+2.6 Spring: 190 + 8

Autumn: 170 £ 6
Rotoma 5006 + 369 447 + 37 64.4+6.1 Spring: 190 £+ 7
Okataina 3750 + 250 347 + 31 58.0+£3.3 Spring: 190 + 8

Autumn: 160 £ 5
Tarawera 17875 + 598 429 £ 15 69.7+£ 2.9 Spring: 200 £ 4

Autumn: 160 + 7

We tagged 50@sh from each liberation with batetoded tbar anchor
tags inserted at the base of the dorsal fin,;aadsuredhe fork length of a
subsample of fish (mean= 80) to the nearest 10 mm prior to releasedn
length+ SE= 180 + 2 mm; range = 14060 mm).We measured some trout
during creel surveysand we encouraged anglers to provide measurements
tagged fisithrough a reward schem@/e calculated ddy condtion with a
different data set collected from wild astbckedrainbow trout at fishing

competitions between 2004 and 2{%6e below)

5.3.2 Growth

We fitted he von Bertalanffy growth equation to lengthage data for rainbow

trout in different lakes andeasongising leassquares regression:

L =L.[1- e 0] (5.1)

wheret is age (yr)L:is fork length at agé (mm), andLp (mm), K (mm yr
Y, andto (yr) are parametersVe usedtie mean or modal length at release as the
initial data point, depending on available data, @etjhtedvalues corresponding
to the actual number of measured fidle defined lhedayof fish release into the
lake ag = 0. To compare the growth rates affiin various lakes, we calculated
the instantaneous growth rate at 480 mm (the approximdtéength of fish at
age 2) wusing the Gulland and Holt (1959)
equation:
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where d/dt is fish growth ratel; is fork length at tim&, andK andAare
coefficients. Because the parameters of the von Bertalanffy equation may be
influenced by the absence of older fish or by inadequate sample numbers (Knight
1968),we excludeatohorts from ts analysis if the lengths of fewer than 10 fish
were returnedf fewer than five fisk»3 years oldvere returned, af Lp or K fell
outside of three standard deviations from the overall mean. This excluded 40% of
cohorts released. Calculating the growth rate at 480 mm allowed us to match
growth of a specific cohort with the conditions in the lake during the preceding
year, and réuced bias associated with variation of fish length at rel&dse.
comparedyrowth rates of trout released in autumn and spring in individual lakes
withpai r ed $teskdVe assed§sedands in growth rates over time in each
lake using the Kendalbnk correlation coefficient, arassessethe differences in
Lp and growth rates between deep and shallow lakes using a\Mainey U test.

5.3.3 Body condition of rainbow trout

Fish of the same length with greater body condition indices have more energy

stored, and are in a healthier physiological state. Therefore, measuring body

condition can be used to indirectly examine food availablitg. calculated fish

body condition usinglata ollected from wild and stockewinbow trout at

fishing competitions beteen 2004 and 201We measuredhasso the nearest 10

g andforkl ength to the nearest 5 mm. We wused
compare fish body condition in lakes Okataina, Rotorua, Rotoiti, and Tarawera

((WIL® x 100 000, wherkVis massin kg andL is length in mm). We chose these

lakes for the condition factor analysis because theyre most heavily fished by

anglers and represent a range of trophic stétesassumed that fish with greater

body condition indices have greater energy stores relatibodylength and are

in a healthier physiological state. To reduce bias associated with variathia of

index with fish length and gonad development, we only calculated condition of

trout measuring between 425 and 474 mm caught between December and March
(outside the spawning period). We compar
lakes using a nonparametKruskatWallis ANOVA by ranks.
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We also compared body condition of fish in lakes Okataina, Rotorua,
Rotoiti, and Tarawera using an approach that takes into account the allometric

nature of the weighiength relationshipw=al." , or in its logarithmic 6rm

log,,(W) =log,,(a) + blog, 4(L)] (5.3)

whereWis weight (g) and. is fork length (mm)We calculated
regressionbetween logy(W) and loge(L) for rainbow trout caught in different
lakes and yearsq{= 0.80 0.87;P < 0.001). The calculatguarameteb of these
equations varied within a narrow range (2288) This allowed us to usgbke
calculateda coefficient as a proxy of conditidactor, such that changesan
should portray the differende fish body conditionsindervariousenvironmental
condtions. To accurately compapower equationsveused the procedure
described by Ostrovsky (1995). In bridfe calculatedV-L relationshipsvere
recalculated o f onestiaihaveidenticalslopesequal to the overall medn
value (). The mean value df for all regressions (SE) was 2.46 + 0.04. The

new recalculated intercept, lpfp ) of each regression line at the fixed (identical)

slope ofb was calculated using the following fornaul

log,,(a') =log,,(a) +(b- B)loglo(l—) (5.4)

where logo(a) andb are best fit values of the coefficients of gpecific

regressiorine, 10g,,(L) is its mean pointUnlike the sizespecificFul t onps f act or

logio(a Yreflects the mean body condition of the entire fish population in a given

situation (e.g. lake, year).

5.3.4 Relationships between growth rates and lake characteristics

We assessed relationships betwgeowth ratesat 208 mm andly of rainbow
troutandthe fdlowing environmentafactors. We measurecemperature, DO,

and specific conductivitynonthly at a midlake station in each of the lakes at 1 or

2 m intervals throughout the water column with a conductiatgperaturedepth
(CTD) profiler (SBE 19 plus, S#ird Electronics) with CTBnounted DO

sensors (Seabird Electronics). The overall annual mean temperature of the lakes
during the study period was 13@ with a range of 7.0 to 238. We calculated

total dissolved solids (TDS) with the following regressiwhichwe found by
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comparing measurements of conductivity and TDS using a YSI EC300 meter:
TDS (mg L) = 0.5977 + (6652 x specific conductivityuS cn') (R* = 0.9969n

= 14). We averaged measurements from July to the following June, to provide
information on average annual conditions, to incorporate the period of summer
(Decembeifebruary) stratification, and to coincide with the first year of trout
growth in the lakesWe calculated the mithetalimnion depth (hereafter referred
to as the thermocline depth) using temperature profiles taken with the
aforementioned CTD profiler during summer stratification (Deceriiebruary),

by finding the point at whichTddz = maximumwhereT = temperature anz=

lake depth. We defined the volumes of the epilimnion and hypolimnion during
summer stratification as the volumes of water above and below the thermocline
(Decembeifebruary); and calculated these using bathymetry data. Safople
measurement of total nitrogen (TN), total phosphorus (TP) aralwéte taken
monthly, coinciding with CTD profiles (Scholes 2009, 2010). In lakes that
stratified(Okareka, Okataina, Rotoiti, Rotoma, Rotorua, and Tarawses),
collectedwater samplg with an integrated tube sampler that sampled water from
the surface to a depth 1 m above the thermodifeecollectedwo additional
samples from below the thermocline and 1 m above the bottom sediment with a
Schindler trap. We used an average of tivadges in our analyses. In lakes
Rerewhakaaitu and Rotoehu , which are frequently mixedpokintegrated tube
samples from the surface to 1 m above the bottom sediwentdetermined
concentrations of TN, TP and chlusingstandard methods (Eaton angifson
2005).We measured ater transparency with a 20 cm diameter Secchi disk. We
used the Trophic Level Index (TLI) to indicate overall lake trophic state; it is
analogous to the Trophic State Index (Carlson 1977) but was developed for New
Zealand lakesand incorporates TN, TP, caland Secchi depth measurements
(Burns et al. 1999)/Ve standardised tharea of each catchment land use type by
dividing by the lakesurfacearea.

In this study we focused on environmental effects on trout growth, rather
than densitydependent effects. Comparing denslgpendent effects among lakes
is difficult because differences in environmerigatorsamong lakes may
confound comparisons. Hence, densigpendent effects on trout growth in Lake
Rotoiti are the subject @ currenbioenergeticstudy(Chapter 6)Nevertheless
we incorporated the following estimates of trout density in our analyses: (1) the

number of trout released from the hatchery per year in each particular lake, (2) the
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number of trout released perayeper hectare of lakaurfacearea, and (3) the
length of troutupon release. We also calculated the ratistotkedto wild trout
in angler catches, using records gained from creel surveys every summer over the
study periodTable 5.2) This provides oly an approximate index of the relative
abundance of wild trout. Little is known about the population abundance of wild
trout or their susceptibility to fishing mortality by angling; differences in mortality
rates between wild argtockedirout or amag years may affect this index.

To charactase monthly changes in suitable thermal habitat volume, we
calculated the volume of water in each lake that wa8G24th monthly
temperature profiles and lake bathymetry data. We then documented volume
during the month when suitable habitat volume was at its minimum in each lake
(i .e. the Aworst case scenarioo for trout).
because ralmow trout have been observed to avoid temperatures abe@en?21
lakes (Overholtz et al. 1973tables and Thomas 1992), and reduced growth rates
were observed in rainbow trout at’®2and 28C compared to 1% (Myrick and
Cech 2000). We calculated the mnum habitat available with DO
concentrations above 6 mg'lin a similar way; we chose this concentration
because salmonids begin to exhibit symptoms of oxygen stress below mg L
DO (Davis 1975)We also calculated a composite measure of the habitaneo
with both suitable DO and temperature. We calculatedipe@om oxygen
concentration from DO measurements in the bottom 5 m of water during
stratification, and in the bottom 2 m of the shallowest lakes (Rerewhakaaitu and
Rotoehu).

5.3.5 Data analysis

Weused Spearmands rank correlations to exam
growth ratel p and environmentdhctors in different lakes and years. Each year
of measurements in each lake was treated as an independent data point for this
analysis. Lake Tiira was not included in the correlation analyses due to
insufficient environmental data.
To further determine the factors influencing trout growth rateland
our study lakes, we used classification and regression trees (CART) to classify
data from diferent lakes and years. Classification and regression tree analgsis

nonparametric statistical method that has advantages over parametric regression,
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because it does not assume that data is homogeneous or homoscedastic, or that
relationships betwegpredictor and response variables are linear. Further, CART
can deal with missing values, interactions among variables, and mixtures of
continuous and categorical data, and can uncover relationships that may be missed
by linear models (Breimanetal. 198le 6 at h and PFMeluwiliaci us 2000
regression tree using the CART function in Statistica, which uses the procedure of
Breiman et al. (1984)'he V-fold crossvalidation proceduréund theoptimal
tree using the Mold crossvalidation procedure; thigsts trees of multiple sizes
by applying them to random subsets of the data, finding the tree with the highest
average accuracy for cresalidated predicted classifications.

For the CART analysisye includedvariables in the model only if (1) they
were measured directly and were not derived from another variable (e.g. TLI was
excluded, as it is a composite of TN, TP, @lind Secchi depth); and (2) they
directly reflected conditions in the lake (i.e. catchmegetr and land use variables
were excluded)We shovedthe importance of each variable for predicting trout
growthas a relative percentagdp tofour surrogate variableadicated
alternative decision ruldsr each nodewe calculatedhe association afurrogate

variables with the variables in the final regression tree as a efaicentage.

5.4 Results

5.4.1 Relationships between growth rates and lake characteristics

The maximum age of retued fish was, on average, 4.36fgr fish released in
spring, and}.17 y for fish released in autumn (Tal8el). There was a slight bias

in the season when fish were caugtith slightly more fish being caught in
summer or autumn in most lakes. However, in Lake Tutira, 45% of fish released
in spring and 56% of fish keased in autumn were caught during winter (Table
54).
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Table53.Par amet ers of

v on
stockedrainbow trout in different lakes in the North Island, New Zealand.Growth

Bert al5nfSE ford s

parameters represent mean values for the period from July 2002 to June 2010.

Lake Lp (mm) K (year") t, (year)
Shallow lakes (11 m mean depth)

Rotoehu 508.7+£ 6.8 1.761+£ 0.146  -0.282+ 0.020
Rotorua 534.0£ 7.3 1.579+£ 0.133 -0.304+ 0.028
Tutira 540.6£ 5.7 1.428+ 0.107 -0.299+ 0.023
Rerewhakaaitu 558.0+ 10.0 1.289+0.105 -0.345% 0.031
Deep |l akes (020 m mea

Okareka 5448+ 11.0 1.519+£0.177 -0.311+0.033
Rotoma 557.1+£ 5.8 1.671£ 0.142 -0.268+ 0.022
Tarawera 590.6% 3.2 1.515+£ 0.046  -0.232+ 0.08
Okataina 622.8£ 9.1 1.278+ 0.076 -0.262+ 0.014
Rotoiti 643.1£14.9 1.259+0.109 -0.243+0.026
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Table 5.4. Characteristics of returned stockedrainbow trout used in comparisons of growth rate and_p among lakes. Values presented as means for 2002
2009.The number of fish retuned by anglers is also given, as ihe percentageof fish from each lakecaught in eachseason See Appendix 5.1 for
characteristics of individual cohorts.

Number of fish Length of returned

€Tt

, Max. age of

returned fish (mm) returned fish Season of captur@ercentage of total catch)
Lake Mean SE Mean SE (years) Autumn Spring Summer Winter
Spring releases
Okareka 33 4.80 274 7.87 4.59 30 14 26 31
Okataina 48 4.95 326 7.97 4.86 44 19 18 20
Rerewhakaaitu 35 4.79 280 6.75 4.44 41 20 16 27
Rotoehu 41 8.10 271 7.86 4.14 29 29 18 27
Rotoiti 42 3.35 304 7.47 3.72 36 25 22 18
Rotoma 21 3.40 258 7.15 5.00 28 23 32 26
Rotorua 43 5.69 290 7.46 3.88 33 17 33 20
Tarawera 55 5.83 320 4.01 4.49 34 23 26 18
Tutira 27 491 265 8.01 4.07 23 27 8 45
Spring Total 38 1.99 288 2.49 4.36 34 22 23 24
Autumn
releases
Okataina 35 6.88 283 4.59 4.66 52 26 19 17
Rotoiti 38 4,72 324 5.73 3.48 32 32 19 21
Tarawera 45 6.60 299 5.06 450 31 20 29 20
Tutira 19 4,71 220 5.44 4.13 23 25 16 56
Autumn Total 34 3.21 283 2.93 4.17 31 24 19 26

Overall Total 37 1.70 286 431 34 23 22 26




Our results indicate clear effectslaketrophic state and depth on trout
growth ratesRainbow trout in deeper, more oligotrophic lakes showed higher
values ofLg than those in shallow, more eutrophic lakes (Tat3e Mann
Whitney (MW) U test:Z = -4.56,P < 0.001).Growth rates of rainbow trout at ~2
years old were higher in deep lakkan in shallow lake@M-W U test:Z = -6.59,

P < 0.00). Lp waspositively correlated withrgwth rateSpearman rank; =

0.909,P < 0.001) and negatively correlated witte parameteK (rs= 0.751,P <

0.001). The season in which trout yearlings were released into the lakes (spring or
autumn) did not significantly affect subsequent mean growth rates in lakes
Okataina, Rotoiti, Tar dws#sPa0@)y. Tutir a

Changes in the graWw rates of rainbow trout over time were different
among lakes (Figh.2). Growth rates of rainbow trout in Lake Okataina and
Rerewhakaaitu increased during the observation period; though for Lake Okataina
the increase in growth rate was significant owolyffsh released in autumn (Fig.
5.2b, 9. Growth rates of rainbow trout did not change in |aRkareka, Rotoma
or Tarawera between 2002 and 2009 (Biga, f, H. In contrast, growth rates of
rainbow trout in lakes Rotorua and Tutira declined signiflgaretweer?002and
2009 (Fig.5.2g, i). Trout growth rates in Lake Rotoehu fluctuated widely during
the study periothut showed no clear trerifig. 5.2d). Rainbow trout in Lake
Rotoiti were monitored from 1993 to 2009 and showed higher growth ratess in t
1990s compared to the 2000s, though the growth rate had aghosied to
1990s levels by 2002009 (Fig.5.2¢).
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Fig. 5.2. Instantaneous growth rate at 480 mm (mean length reacHeat two years
old) of stockedrainbow trout released in autumn and spring into lakes:(a) Okareka,
(b) Okataina, (c) Rerewhakaaitu, (d) Rotoehu (e) Rotoiti, (f) Rotoma, (g) Rotorua,
(h) Tarawera, and (i) Tutira. Note different time scale used for Lake Rotoiti.
Kendall Tau correlations in bold are significant atP < 0.05.
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Some common patterns are evident in correlations between trout growth

variables and variables related to lake morphometry and catchment land use.

Nearly all of these correlations suggest that trout groatds and size increase

with increasing lake size (i.e. area, volume, and dd€pif) 5.3, Tabe 5.5).

Additionally, trout growth rates were positively correlated with the amount of

forest in the lake catchment, and negatively correlated with the anmfgpexttare
in the catchment (Fid.3, Tade 5.5).
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Fig. 5.3. Relationships between lake characteristics and instantaneous growth rate at
480 mm (mean length reache at two years old) ofstockedrainbow trout in deep
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Table 5.5. Spearman rank correlations(r) between rainbow trout growth

parameters andcatchment land use and lake morphometry variables in a range of

shallow and deep lakes in New Zealand (8 lakes) during 20@0D09. Growth rate

was calculated for 2 year old fish,andlpi s a par ameter of Bertal an:
equation. * indicates significance atP < 0.05; ** indicates significance aP < 0.01;

*** indicates significance atP < 0.001.

Variable (units) Growth rate Ls
Catchment agriculture area: lake ar  -0.629***  -0.453**
Catchment forest area: lake area 0.077 0.218
Catchment area (Kin 0.363** 0.345**
Lake area (k) 0.418**  0.361*
Ratio catchment area: lake area 0.625***  0.479***
Lake volume (rf) 0.644*+*  0.489***
Mean depth (m) 0.700***  0.578***
Maximum depth (m) 0.819***  0.629***

Increasd trout growth rates antlp wereassociated withdih
hypolimnetic and epilimnetic voluméut the positive correlations between trout
growth parameters and summer thermocline depth and the
epilimnion:hypolimnion ratio suggest that large hypolimnetic volumes are more
important for trout gowth than large epilimnetic voluméBig. 5.4, Table 5.6.
Trout growth rates anids were positively correlated with indices measuring the
absolute amount of habitat with suitable temperature and DO, but were either not
correlated or negatively correlataith measures indicating average conditions
throughout tle water columnKig. 5.4, Table 5.8. For example,rout growth rates
andLp were positively correlated witlhe summer minimum volume of the lake
containing more than 6 mg*DO. In contrast,rbut growth rates were negatively
correlated with mean DO concentrations in the entire water column and DO
concentrations in the nebpttom waters during summg¥ig 5.4, Table5.6).
Growth rates antlp declined with increasing eutrophication, indicatgd b
negative correlationlsetween trout growth parameters and, turbidity, chla,

and TN, and a positive correlation with Secchi depth.
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Fig. 5.4. (m-p) Relationships betweerake characteristics and instantaneous growth
rate at 480 mm (mean length reached at two years old) sfockedrainbow trout in
deep (20 m mean depth; filled symbols) and shidow (<12 m mean depth; open
symbols) lakes in the North Island of New Zealand
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Table 5.6. Spearman rank correlations(r) between rainbow trout growth

parameters and ewironmental factors in a range of shallow and deep lakes in New
Zealand (8 lakes, 8 years) during 20062009.Growth rate was calculated for 2 year
old fish,andLpi s a par ameter
between growth parameters and annual means of environmentédctors integrated
through the entire water column of each lake (where appropriate). * indicates

of Bertal anfafey 6s

significance atP < 0.05; ** indicates significance aP < 0.01; *** indicates

significance atP < 0.001.

Variable (units) Growth rate Lp
Lake stratification

Summer thermocline depth (m) 0.581*** 0.453***
Hypolimnetic volume () 0.774%* 0.606***
Epilimnetic volume (M) 0.402** 0.314
Epilimnetic volume: hypolimnetic volume -0.643*** -0.571%**
Habitat suitability

Mean water temperaturéQ) -0.524%* -0.479%**
Proportion of lake <ZIC 0.183 -0.005
Min volume <22C (m°) 0.417%** 0.268
Nearbottom summer DO (mg1) -0.334** -0.260
Minimum volume >6 mg [* DO (n?) 0.477%** 0.426**
Mean DO(mg L™ -0.540%** -0.465***
Mean volume with suitable DO and temp’*[m 0.592*** 0.412**
Minimum volume with suitable DO and tempm 0.621*** 0.466***
Relative volume with suitable DO and temp -0.120 0.090
Stocking rate (fish hayr™) -0.314* -0.276
Trophic state

Trophic level index -0.367** -0.393**
Turbidity (NTU) -0.404** -0.458***
Chla (mg m?® -0.315* -0.384**
Conductivity (1S cmi') -0.037 -0.124
Secchi depth (m) 0.418*** 0.460***
TP (mg P i) -0.055 -0.126
TN (mg N ) -0.510%*** -0.463***
TN:TP -0.363** -0.213

The CART analysis showed that variables associated with lake volume
and the volume of suitable habitat were most important for determining trout
growth rates in different lakes and years (T&b®. Stocking rate and mean lake
temperature were also important variables, whereas trophic state indicators such
as chlaand TP were less important. Consequently, the optimal tree design
selected hypolimnetic volume as the variable most effectively segalatv from
high trout growth rates (Fi®.5). Within these two groups, indicators of trophic
state were important for further partitioning of trout growth rates: in lakes with
high hypolimnetic volume, cld separated groups, whereas in lakes with low
hypolimnetic volume, conductivity separated groups. As possible alternatives for
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these variables, the model also selected several surrogate variable$ @)able
Note that the surrogates for hypolimnion volume all relate to volume, depth, DO
or temperaturand hence indicate habitat quality or volume, whereas the
surrogates for chd are all indcators of trophic statélowever, temperature was
chosen as the variable that was mossely related with conductivity, aradher

surrogate variables for this nethad little assoation with conductivity

Table 5.7. Importance of variables in determining trout growth rate in classification
and regression tree analysis, expressed as relative percentages.

Variable Relative importance (%)
Hypolimnion volume (i) 100
Mean depth (m) 98
Minimum volume with suitable DO and tengm®) 86
Lake volume () 72
Minimum volume >6 mg L* DO (nT) 72
Stocked fish hiayr 70
Mean volume with suitable DO and temp’m 69
Mean water temperatureQ) 66
Min volume <22C (m?) 58
Mean DO(mg L™ 54
Turbidity (NTU) 53
Secchi depth (m) 49
TN (mg N m®) 41
Conductivity(uS cm) 40
Chla (mg m?) 37
Size at release (mm) 27
TP (mg P riY) 24
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Fig. 5.5. Regression tree classifying trout growth rate on the basis of lake
stratification and water quality variables, with scatterplots showing the spread of
data (circles) and cutoff point separating groups (dashed lines). Degions are given
as inequalities, with the direction of sorting given by arrows. Mean growth rate (mm
yr'Y) in the resulting terminal nodes is given below group numbers. Boxes below
group numbers show the group membership of measurements from different lake
and years; where no years are given, all measurements from that lake fit were
classified into one group.

123



Table 5.8. Surrogate values for nodes of regression tree. The association of surrogate
variables with the variables in the regression tree is expressed as a relative
percentage. Split sign (for i) indicates the direction of sorting; if negative, high
values are sorted to the right, and if positive, high values are sorted to the left. The
split constart is the cutoff point in the predictor variable for separating the two

groups.
Association
with chosen  Split Split
Node Variable variable (%)  sign constant
1. lHyPO"mn'On Mean depth (m) 0.92 i 25.75
olume ) .
vou Min volume >6 mg i.* (m?) 0.64 i 70806575
Mean temperature (°C) 0.64 + 13.61
Min. vol. suitable DO & temgm®) 0.80 T 81663800
2. Conductivity TP (mg P m®) 0.14 i 45.51
Size at release (mm) 0.14 T 236.66
Mean temperature (°C) 0.71 T 15.08
3. Chla Mean DO (mg L) 0.80 + 7.87
Turbidity (NTU) 0.70 T 0.73
Secchi depth (m) 0.70 + 6.46
TP (mg P m°) 0.70 i 17.30
5.4.2 Body condition of rainbow trout
Body condition of rainbow trout, measured w

modified coefficient logg(a Yof theW-L relationship was highest in mesotrophic

Lake Rotoiti and lowest in ajotrophic Lake Tarawera (Table 5.9). Differences in

Fult onds c overastatistically sighifecant among lakdégskal

Wallis ANOVA: H =13.99,p = 0.003).The two methods showed a broadly

similar pattern, but gave slighttifferent results fot. ake Rotorua antlake

Okataina; logo(a Ysuggestedhat minbow trout from Lake Rotorua weein

slightly better condition than those from Lake Okataimbile Fultorb s condi t i on
factor indicated the opposite situatidyote that fish growth parametets,@nd

growth rate) and log(a Yowere closely correlated (Spearman rank correlatign;

0.815 and 0.720) among the four lakes where these variables were measured

simultaneously.
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Table 5.9. Parameters ofmasslength regression (Eqns5.3 and5.4) £ 95%

confidence | imits, andSE®Bfudinbowtrcutsnlakesaoddi ti on f a
different trophic state, 2007 2011.We calculated mass(W, g)- length (L, mm)

regressionsas follows: logoW = a + blog;oL, usingwild and stockedtrout collected

December March to avoid the spawning period.a' is the calculateda value at fixed

value ofb = 2.46 + 0.04 (see Methodls. Fult ondés wascalcllatedifoon f act or
rainbow trout 4251 474 mm fork length. Trophic state: O, oligotrophic; M,

mesotrophic; E, eutrophic.

Fulton's condition

Lengthmasgegression parameters factor
Trophic
Lake state n l0g10(a) b logo(a o n Mean + SE
Tarawera Ol 84  -6.55+0.67 2.49+0.25 -6.30 11  1.19+0.017
Okataina Ol 143 -6.74+0.45 2.57+0.17 -6.27 12 1.27+0.031
Rotoiti Me 359 -7.01+0.33 2.68+0.12 -6.25 24 1.35%0.041
Rotorua Eu 2351 -6.15+0.14 2.35+0.05 -6.29 608 1.32+0.006

5.5 Discussion

5.5.1 Relationships between growth rates and lake characteristics

In this studyyrainbow trout growthratewas correlated with theolumeof water

with favoumble temperature and D&dncentrations; dth these factorbave
previously been shown tonit rainbow trout distribution in lakes (Swales 2006)
Habitat availability is a key factor structuring fish populations; for example, the
availability of suitable thermal habitat in lakiefluences fish growth rate

potental (Brandt et al. 1992, Mason et &4B95,Budy et al. 2011 It was shown
that in shallowArctic lakes, the persistence of some fish species is constrayed
alack of suitable thermal habitet both summer and winter (Hershey et al. 1999,
2006). In cotrast, in Rotorua lakes, cold winter temperatures do not limit fish
growth.In the shallowakesin our study, neabottom waters caaxceed2(PC
during summerBurger et al. 2007, P. Scholespubl. data), exceeding the upper
temperature limit of 19C suggestedor rainbow troutin California(Myrick and
Cech 2000). Byroviding a refugecold tributaries may mitigate the effects of
warm temperatures in shallow Lake Rotorua: Hamurana Siiaaan flow 256
000 n? d*) and Awahou Strearf256 000 mi d) provide inputs of water below
12°C (Rutherford et al. 199@oubée et al. 2006Thermal refuge habitats may
offer the best conditions for growth for coldwater species in warm lakes during

summer (Budy et al. 2011). However, loss of overall habitat voayestill
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havesubstantiakffects on growth rateshese effects are not well documented yet
and require further detailed investigations.

In shallow, eutrophic lakes such as Rotorua and Rotoehniodxc
stratification events cause intermittent hypolinimeeoxygenatioiBurger et al.
2007, Trolle et al. 201yhich probably limits rainbow trout habithtrther,
especially ithigh temperatures and low DO coincidfdish are forced into areas
with suboptimatemperature conditiorend prey concentratigrduring thermal
stratification, growth rate potential may be redu@edberts et al. 200%rend et
al. 2011).This effect is likely to be most pronounced.iakes Rotoehu and
Rerewhakaaituwhichlack significant cold input streamévreas of low DO and
high temperature in Lake Rotoehaincidedon several occasiomiring summer
(data not shown), which may explain the low trout growth rates in this lake

Deoxygenation of thaearbottom waters of lakes may not be harmful for
trout populations, providedhére is sufficient suitable habitasitside the
deoxygenated zon@&rout growth rates were negatively correlated with mean
water column and nedoottom DO concentrations in our study. Teéems to be
paradoxicalgiventhe positive correlationsbserveetween trout growth rates
and habitat measurdspwever otherstudieshaveshown thathypolimnetic
deoxygenation in deep lakes magreasdish growthwhen conditions in the
upper water column are favourahlg, concentrating prey. For example, hypoxia
increased growth potential of Lake Erie walle$aiider vitreusby concentrating
prey in areas with suitable light, DO and temperature conditions (Brandt et al.
2011). This may be the case for the deépmprualakes, as the main prey of
rainbow trout in New Zealand lakes, the common sniretropinna retropinna
Rowe 1984), is highly sensitive to reduced DO concentratindsare therefore is
likely to avoid areas of low D@ean and Richardson 1999).

Ourresults highlight the importance of lake morphometry in mediating the
effects of eutrophicatiom warmtemperate systemshe relationships between
trout growth parameters and latkephic state showea nonlinear ordome
shapedesponse to eutrophicati. Increases in nutrients may be beneficial for
growth of rainbow trout when sufficient habitat is pregeet in deep lakeshut
severe eutrophication mée detrimental for trout growthhvere habitat is limited
by high temperature (i.e. in shallow & This resultis in concordance with

observations by Budy et al. (2011), who found that the growth rate potential of
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coolwater species (walley®ander vitreugnd crappid?omoxis nigromaculatis
decreased with increasing @htoncentrations in a warrake.

Habitat quality is linked to population density, and tlegative correlation
between trout stocking rate and growth rate (Fig.ii@dirates possibldensity
dependent effects on trout growth in our study sysiéra.spread of data evident
in thisrelationshipindicates the presence of confounding factsush as
environmental conditions and the population sizevitf trout. Reliable
assessment of density dependent effects resgstenates of the entire trout
population, which are currently lackjinrHowever, the reduction in growth rates in
Lake Okataina between 2004 and 2007, as seen in our regression tréet)Fig.
may have been due to a change in angling size regulations: during this time, the
minimum catch size was raised from 35 to 58 cm,mmggthat fewer trout were
caught, which probably lead to higher than normal population densities and
densitydependent effects on growf@ptimal fish stocking rates will depend on
management goals for the fishery; currently, some lakes are manageld-as hig
yield fisheries (e.g. Lake Rerewhakaaitu), while others are intended gslolw

trophy fisheries (e.g. lakes Tarawera and Okataina).

5.5.2 Body condition of rainbow trout

While generally consistentyé two body condition indiceshowed different
results in some instances (see Results)-Sipee ci f i ¢ Ful tonds condi
may be easily biased due to differences in size structure of various fish
populations and the allometric nature of fish growth patterns (Pope and Kruse
2007).Though we used a | imited | ength range
factor to confine this bias, small differences in size distributions between the lakes
may have caused variation in the results. In contiagi(a Yoaverages body
condition of all fishin the population, and thus more reliably reflects the state of
populations under specifenvironmentatonditions.

Differences in life history patterns between wild atackedfish may
account for some variation in body condition among laKescherybreeding can
cause rapid trait divergence from wild pigtions (Christie et al. 2012)o1f
example, hatchergeared Atlantic salmon show differences in age at maturity
compared to wild fish (Gross 1998), and in general, hatefaésgd salmonids are

larger, heavier and grow faster than wild fish in the same cohorté¥\setul
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Fausch 2003Jonsson and Jonsson 2006). Hatchery broodstdRktorua lakes

are selected for later maturity; therefore, differences in age at maturity between
stockedand wild fish &e likely, and the varying proportions of wild trout among
lakes (Table Ris a possible source of variation in Rotorua lakéfe history
variation betweestockedand wildspawning rainbow trout in these lakes is not

well understood, and requirasore cetailedinvestigationin thefuture

5.5.3 Plasticity of rainbow trout growth rates

Adaptation to environmental change may involve distribution changes,
phenotypic plasticity, or evolution, and determining the mechanism responsible
for observed adaptation imiportant for predicting the effects of perturbations

such as climate change (Gienapp et al. 2007). Determining the phenotypic
plasticity of particular traits is important, because phenotypic plasticity can allow
a population to adapt to environmental chesp the short term, and the degree

of plasticity, along with the rate of evolution, can determine the level of
adaptation to environmental change (Berteaux et al. 2004). We observed wide
variation in growth rated,p and body condition of rainbow troutdt originated

from the same genetic source and were raised under identical hatchery conditions,
providing evidence for phenotypic plasticity of growth rates and final size. Our
results are similar to those of Reed et al. (2010) who found that genesicailgr,
hatcheryraised sockeye salmo@forhynchus nerkKagrew larger when stocked

into a warm, productive lake compared to a cooler, less productive_léke.

histories of salmonids are generallyiabte, and several characteristics show a

high degre of phenotypic plasticitin certain speciesuch as growth (Reed et al.
2010) and timing of migration and maturation (Crozier et al. 2008). Future studies
should clarify the effects of lake eutrophication and warm temperatures on other
phenotypically phstic life history traits, such as age at maturity and timing of

spawning, to help predict the consequences of global environmental change.

5.5.4 Climate change and catchment management implications

By directly examining growth of coldwater piscivores in various wemperate
| akes such as those in New Zealanddés North
of climate change in cooler are&s most temperate lakes, climate change is

predicted to cage increases in water temperatugerten and Adrian 2002).
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Coldwater species living in shallow lakes are likely to experience greater
reductions in habitat than in deep lakBgefan et al. 200Fang et al. 2004 and

this is expected to negatively aftebeirabundanceJeppesen et al. 2012).

Though climate change in New Zealand is predicted to be less severe than in
many other locations, increases in the duration of lake stratification are likely to
cause increased deoxygenation of Haattom watersaffecting the availability of

fish habitat (Hamilton et al. in press). Our results suggest that climate warming is
likely to constrain growth of coldwater piscivores in shallow lakes, particularly
those that lack thermal refugia. Coldwater fish populatioreep lakes are likely

to be more resilient to increases in temperature, and growth may increase (up to a
speciesd6 temperature threshold) i1 f suffi
energetic demands (Elliott 1976), and if sufficient habitatilisastailable.

The observed decreases in rainbow trout growth rate with increasing
eutrophication havemportant implications for ecosystem management. Trophic
stateof lakesis influenced by catchment land use, such llets where pasture is
the dominat catchment land use tend to be more productive than lakes with other
catchment land uses, both in New Zealand and worldwide (Taranu and Gregory
Eaves 2008Verburg et al. 2010)n our study, lakes with more pasture in their
catchments were more eutroplaind exhibited lower trout growth raié®wever,
the relationship betwedrout growth rateand lake trophic state is not linear, as
was shown abovén deeper, more oligotrophic lakes, incresisgoroductivity
are likely to increase food supply an@téfore growth rates of trodtlowever, in
lakes that are already eutrophic, further eutrophication is likely to be detrimental.
Slowing or reversing the effects of cultural eutrophication isdlekes &
important for conserving theiainbow trout fiskeries, especially since the effects
of eutrophication in lakeare predicted to intensify wittlimate change (Jeppesen
et al. 2009, Trolle et al. 2011).
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5.7 Appendices

Appendix 5.1. Spring releasesCharacteristics of returned stockedrainbow trout

used in comparisons of growth rate and.p, among lakes, 20022009.Season caught (%
of catch) refers to the percentage of the release group caught in each seagar.=
autumn, Spr = spring, Sum = summer, Win = winter.

Season caught (4f

Mean Max. catch
Year length age  Total fish
Lake liberated (mm) (years) returned Aut  Spr Sum Win
Okareka 2002 300 5.61 53 49 8 25 19
2003 221 5.61 23 26 9 13 52
2004 327 5.90 45 36 11 29 24
2005 321 4.85 47 30 21 19 30
2006 289 4.62 30 20 23 20 37
2007 273 4.08 30 13 7 40 40
2008 233 3.52 21 29 10 33 29
2009 223 2.52 16 6 25 38 31
Okareka Total 274 5 33 30 14 26 31
Okataina 2002 345 7.74 47 47 15 17 21
2003 298 6.41 50 46 8 14 32
2004 377 4.50 61 51 18 18 13
2005 339 4.90 50 50 14 12 24
2006 345 4.93 48 46 10 23 21
2007 323 4.35 47 38 32 17 13
2008 340 3.54 61 41 16 25 18
2009 238 2.52 16 6 75 6 13
Okataina Total 326 5 48 44 19 18 20
Rere 2002 309 5.00 51 41 24 10 25
whakaaitu 2003 247 4.56 26 42 8 35 15
2004 298 5.57 38 29 18 24 29
2005 277 5.10 27 48 37 0 15
2006 300 5.44 43 44 26 7 23
2007 305 4.08 48 35 10 10 44
2008 292 3.40 39 54 15 8 23
2009 206 2.38 10 30 30 0 40
RerewhakaaituT otal 280 4 35 41 20 16 27
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Appendix 5.1 (Continued). Spring releasesCharacteristics of returned stocked
rainbow trout used in comparisons of growth rate and_p among lakes, 20022009.
Season caught (% of catch) refers to the percentage of the release group caught in
each seasonAut = autumn, Spr = spring, Sum = summerWin = winter.

Mean _ Season caught (@f catch
Year length Max. age Total fish
Lake liberated (mm) (years) returned Aut  Spr Sum Win
Rotoehu 2002 335 5.04 77 27 31 18 23
2003 262 4,71 53 43 32 8 17
2004 308 4.96 55 27 20 16 36
2005 303 4.44 55 22 33 16 29
2006 263 4.15 27 30 15 30 26
2007 255 411 25 28 32 12 28
2008 247 3.38 28 29 25 14 32
2009 198 2.37 6 17 67 0 17
Rotoehu Total 271 4 41 29 29 18 27
Rotoiti 2002 347 3.87 46 50 13 11 26
2003 261 461 31 48 23 13 16
2004 282 3.96 25 24 40 12 24
2005 320 3.92 51 45 18 14 24
2006 317 3.93 50 26 32 36 6
2007 312 3.82 49 39 24 20 16
2008 310 3.05 43 26 23 33 19
2009 288 2.58 39 23 33 31 13
Rotoiti- Total 304 4 42 36 25 22 18
Rotoma 2002 318 7.50 35 29 23 31 17
2003 237 6.57 27 30 11 37 22
2004 298 5.54 25 16 20 28 36
2005 267 4.78 20 40 0 25 35
2006 273 5.35 27 15 30 30 26
2007 256 4.29 19 26 16 26 32
2008 226 3.51 15 20 20 40 20
2009 192 251 3 0 0 67 33
Rotoma Total 258 5 21 28 23 32 26
Rotorua 2002 319 3.60 57 26 12 42 19
2003 306 3.63 60 30 22 23 25
2004 329 5.57 48 42 13 25 21
2005 323 4.34 52 37 19 23 21
2006 290 3.92 44 36 14 36 14
2007 289 3.87 46 35 15 39 11
2008 247 3.55 21 38 24 33 5
2009 221 2.58 16 13 25 63 0
Rotorua Total 290 4 43 33 17 33 20
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Appendix 5.1 (Continued). Spring releasesCharacteristics of returned stocked
rainbow trout used in comparisons of growth rate and_p among lakes, 20022009.
Season caught (% of catch) refers to the percentage of the release group caught in
each seasonAut = autumn, Spr = spring, Sum = summer, Win = winter.

Season caught (%f catch

Mean  Max.
Year length age  Total fish

Lake liberated (mm) (years) returned Aut Spr Sum  Win
Tarawera 2002 279 4.91 65 35 15 29 20
2003 301 4.29 45 38 22 24 16
2004 375 6.57 68 35 19 32 13
2005 348 4.50 59 32 25 25 17
2006 335 5.14 54 39 26 24 11
2007 322 4.46 54 33 24 22 20
2008 363 3.48 74 28 23 22 27
2009 234 2.57 21 24 38 29 10
Tarawera Total 320 4 55 34 23 26 18
Tutira 2002 285 4.01 24 17 25 8 50
2003 296 4.13 45 16 27 7 51
2004 287 5.28 31 35 23 6 35
2005 282 5.04 31 23 26 3 48
2006 281 4.36 33 18 27 9 45
2007 250 411 22 27 27 0 45
2008 248 3.19 23 30 35 0 35
2009 189 2.42 4 25 50 0 25
Tutira- Total 265 4 27 23 27 8 45
Overall Total 288 4 38 34 22 23 24
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Appendix 5.2. Autumn releasesCharacteristics of returned stockedrainbow trout

used in comparisons of growth rate and.p among lakes, 20022009.Season caught (%
of catch) refers to the percentage of the release group caught in each seagwt.=
autumn, Spr = spring, Sum = summer, W = winter.

Mean Max.  Number Season caught (%f

Year length  age of fish catcf)
Lake liberated (mm) (years) returned Aut  Spr Sum Win
Okataina 2003 179 5.66 1 0 0 100 O
2004 291 4.94 42 60 14 12 14
2005 310 6.02 39 49 8 21 23
2006 359 5.45 48 44 25 21 10
2007 292 4.42 47 40 34 13 13
2008 313 3.52 49 45 18 22 14
2009 239 2.60 19 21 42 26 11
Okataina Total 283 5 35 52 26 19 17
Rotoiti 2002 274 5.02 26 38 12 19 31
2003 286 3.85 49 47 24 10 18
2004 291 3.47 47 19 45 17 19
2005 337 3.86 48 46 29 13 13
2006 542 3.17 30 30 13 30 27
2007 277 2.81 18 50 33 17 0
2008 325 3.03 54 19 37 30 15
2009 264 2.60 29 10 52 17 21
Rotoiti- Total 324 3 38 32 32 19 21
Tarawera 2003 322 6.12 68 28 19 28 25
2004 291 4.15 48 33 17 29 21
2005 339 6.06 47 45 13 23 19
2006 349 4.84 56 32 16 43 9
2007 266 4.59 36 25 36 22 17
2008 312 3.16 45 29 18 22 31
2009 213 2.57 12 17 50 25 8
TaraweraTotal 299 4 45 31 20 29 20
Tutira 2002 228 4.44 20 0 10 0 90
2003 250 4.96 26 19 31 0 50
2004 265 4.16 45 24 18 7 51
2005 197 5.27 16 19 19 0 63
2006 238 5.12 25 16 32 0 52
2007 181 3.84 6 50 33 0 17
2008 217 3.14 12 33 17 0 50
2009 179 2.15 3 33 0 0 67
Tutira- Total 220 4 100 23 25 16 56
Overall Total 283 4 34 31 24 19 26
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6 A bioenergetic assessment of the influence of
stocking practices on rainbow trout
(Oncorhynchus mykiss) growth and

consumption in Lake Rotoiti*

6.1 Abstract

To investigate thearrying capacity and factors affecting growthrahbowtrout

in Lake Rotoiti, ve employed a bioenergetics modektssess the influence of
stocking rates, timing of releases, and prey abundance on growth and prey
consumptionWe hypothesised that stocking rates and prey abundance would
affect growth and prey consumption by influencing-p&pita prey availability,
and that the environmental conditions encountered by fish at the time of stocking
would affect growth and consuni. Prey consumption @tockedrainbow trout
was calculated with the Wisconsin bioenergetics malel calculated igpwth
trajectories of released trout based on data Btmokedtrout that were released in
spring and autumn from 1995 to 2009 and thecaured by anglers. Diet, prey
energy densitypodymasdost during spawningnd lake temperature were
measured locallyStocking timing had no effect apturn rates to anglets

length or weight of caught fisihough trout released in autumn werealer

than those released in spring, autdreleased trout grew at a faster rate had
similar lengths and weights to spring cohorts after 2 years of growth in the lake
Modelled consumption parameters were negatively correlated with trout
population sie, suggesting that stocking rates (3809 fish h&' yeart') caused
densitydependent effects on growth. Though common srRetrOpinna
retropinng accounted for 85% of total prey consumption, no significant
relationship was found between prey consumpbypmdividual trout and adult
smelt abundance, possibly because trout are targeting smallethshelir
abundance estimate did not account Releasing trout in autumn appears to be

advantageous for growth, possibly because (1) temperature is more suitable for

* SubmittedasBlair, J.,B. Hicks, R. Pitkethley antil. Ling, I. Ostrovsky, D. RoweDo stocking
practices influence rainbow troudficorhynchus mykisgrowth and consumption in a New

Zealand lake? A bioenergetic assessniemgshwater Biology.
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growth in autumewinter than in springgummer, and (2) prey for small trout is
abundant in autumn. Mild winter conditions appear to echawverwinter

survival and growth of rainbow trout in wartemperate lakes compared to higher
latitudes. This implies that moderately productive wa&emperate lake

ecosystems are highly suitable for trout growth in winter, but less so in summer,
when lakestratification and high nutrient levels may create conditions suitable for
algal blooms and hypolimnetic deoxygenation. High trout growth rates of trout in
warmtemperate lakes can therefore be supported by timing releases to coincide

with favourable wingér conditions.

6.2 Introduction

Effective fisheries management requires an understanding of the factors that
influence fish growth and production. This is especially true foogtenisation
of stocking sport fish in lakes, where fish abundance is primaityrolled by
fishery managers and angling pressure. The success of stocked fishertaglfe.qg.
returns to anglers arfdgh fish growth rates) is dependentsaveralfactors.High
natural mortality of small stockdtsh dueto pred&ion or overwinteringnortality
can be avoided by stocking fish at appropriate sizes and times ¢iyakers et
al. 1997, Wiley et al. 1993, Yulet al. 2000)High growth rate®f stocked fish
require adequate foalailability (Ney 1990) which ismediated by several
interacting factors including prey densiigrandt et al. 2011 )prey quality or size
(Boisclair and Leggett 1989, Juncos et al. 2011, Pazzia et al., 20@Pprey
encounter rat€Beauchamp et al. 1999, Brandt et al. 1992, Mason et al..1995)
Densitydependenteduction in fish growth due to excessive stocking of fish can
be an important limiting factor in stocked fisheries, and can be avoided by
optimising stocking rates according to the carrying capacity of the ecosystem
(Lorenzen 2005, 2008Moreover, optinal stocking rates will vary widely
depending on whether the fishery is managed as gikeld; trophy fishery or a
high-yield fishery with smaller, more abundant fish (Smith et al. 2012, Walters
and Post 1993).

Stocked sports fish, especially those thattaplevel predators, can exert
significant effects oprey abundance, and these should also be considered when
assessing stocking programm@serstocking of piscivores can lead to an

imbalance between predator consumption and prey produdiititgry etal.
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2010), and whenrpdation pressure from stocked fistooupled with natural
fluctuations in prey abundancedeclineof prey populationsan resulteven

when predators are stocked at constant (dtages et al. 1993, Stewart et al.

1981) Therefoe, fish stocking rates need to be carefully evaluated to maintain an
optimal balance between predators and their prey.

Fish growth is influenced by many factoas\dbioenergetics models are
powerful tools for quantifying predatqrey relationships in spa, time,
ontogeny, and linking trophic relationships to key environmental variables (e.g.
temperature). The widelysed Wisconsin bioenergetics mofleéhnsonret al.
1997)uses masbalance equations to estimate the proportion of the maximum
theoretical casumption rate required to produce the observed growth of fish,
given costs of activity, egestion, excretion, and specific dynamic action (the
energy expended to assimilate food). Consumption estimates can then be scaled
up to the population level and coarpd with the production of prey species.
Obtaining accurate, unbiasesimultaneous estimates of predator and prey
production is a&omplextask while information on predators is often collected in
recreational fisheries because of their economic andratitnportance,
information onprey fisheds usually rargNey 1990) In such a case,
bioenergetics models may bsedto find the key factors influencing fish growth
in a comparative way, rather than relying on estimates of absolute values for prey
consuumption and production that are sensitive to erfldesy 1993, Chipps &

Wahl 2008)

Rainbow trou{Oncorhynchus mykid&albaum)have been stocked into
several lakes in the central North Island of New Zealamdegaterecreational
angling opportunities. @ne lakesupport abundant natuisdd populations of
rainbow trout that rely on wild spawneesg. bkesRotorua, Taupo, and
Waikaremoana, but in other lakes, populations are augmented by annual or
biannual stocking of hatchergised yearlings to supplement limited natural
spawning Growth and size of stocked troatemonitored regularly in these lakes,
but the factors influencing trout growtiave not yet been well investigatdal
contrast to previous studies, where predation on stocked fish and overwintering
mortality are common problenfgValterset al. 1997, Wileet al. 1993, Yulet al.
2000) we exanmne trout stocking practes in avarmtemperatelimate, in a lake

lacking fish that prey on stocked rainbow traather than trout themselves
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In this study, v employda bioenergetics model to explore thetdas
influencing rainbow trougrowth andood consumption rate in Lake Rotoiti, New
ZealandWe ainedto (1) assess the effect of stocking times and rates on rainbow
trout food consumption rate and growth in Lake Rotoiti, @n@) evaluate the
relationship between prey abundance and consumiaties of rainbow troub
optimisetrout stocking rates and timing/e hypothesied that stocking rates and
prey abundance would affect growth and prey consumption by influencing per
capita prey availability, and th#tatthe environmental conditiorencountered by
fish at the time of stocking wabd affect growth and consumption during early

lakeresidence

6.3 Methods

6.3.1 Study site

Lake Rotoiti (38.04S176.4# E) is a warm, mesotrophic, monomictic lake

situated in the Taupo Volcanic Zen i n N e w Ndathk laldnd(Figd6d. ;s
Table6.1). In the late austral summer (February), typical lake temperatures range
from 13 C at the lake bottom to 2C at the lake surface. In late winter (August)

the lake is isothermal, and the mean temperature is approximatelyF.

Scholes, Bay of Plenty Regional Council, pemmm). Lake Rotoiti has only a

few small tributary streams and thus lacks sufficient rainbow trout spawning area
to support abundant wildlout populations, although wild trout present in the lake
aresustained in part by migrants originating from tributaries of the adjacent Lake
Rotorua(Riceman 2008)Rainbow trout are stocked into Lake Rotoiti in spring
(September) and autumn (May) from a hatchery facility at Ngongotaha, Rotorua
managed by Fis&k Game New Zealand.rout are released into the lake at
approximately age 1 (autumn releases) or age 1.25 (spring relé&xaabpw

trout in Lake Rotoitare nordiadromous because of barriers to upstraaigrant

adults.
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Fig. 6.1. Study area showing Lake Rotoiti and its main inlet (Ohau Channel) and
outlet (Kaituna River).

Table 6.1. Physical characteristics of Lake Rotoiti, central North Island, New
Zealand. Total nitrogen, total phosphorus and chlorophylh values are means of
monthly measurements2002 2010 (Scholes 2002010).

Characteristic Value and units

Mean depth 31m
Maximum depth 124m
Surface area 34 knf

Catchmentarea  123.7 knf
Total phosphorus 29.3 mg P ri
Total nitrogen ~ 322.8 mg N it
Chlorophylla 10.1 mg r#

6.3.2 Abundance of rainbow trout

Abundance oftockedrainbow trout was computed by applying a constant
mortality rate to the known number of trout stocked into the lake from the
hatchery in different years and seasons. The instantaneous rate of total mortality
(2) was calculated by regressing the naturghtdhm of catch numbers of
stockedrout on October 1 each year (the opening day of the fishing season) with
fish age. Age of trout was inferred from fin clips unique to the year and season of
release. Numbers of trout caugiieach cohort and aggasswere standaided to
account for changes in the number of troutasésl by dividing the number of

trout caught by the number of trout released in the cohort (Miranda & Bettoli
2007). Standardised catchifseach agelass were averageyer1995 2008 to

find a mean total mortality rate for this period. Trout were considered fully

recruited to the fishery at an age2oyears.
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To estimate the total population sizestdckedrainbow trout, the
calculated mortality rat& was applied on a daily time stepdach cohort of trout
released into the lake. Trout were assumed to experience a constant rate of
mortality from the time they were released into the |Akertality rates calculated
from trout aged ©5 yearswvere extrapolatetb trout aged 12 years becaise no
data were available on the mortality rates experienced by trout in their first year in
the lake and we were unable to find values in the literature for similar systems
(i.e. landlocked populations of stocked trout that do not experience overmgnteri
mortality and have no piscivorous predatofsput aged 12 years may
experience mortality as they encounter new conditions in the lake; but fishing
mortality in this age class should be very las they are below the legal size
limit for angling Pralation is relatively unlikely, as a lack of access to the sea
means that only a few fish species are found in Lake Rotoiti; aside from small
numbers of brown troualmo truttarainbow trout are the only likely predators
of stocked rainbow trout. A recediet study found no evidence of predation on
stocked trout by larger rainbow trout (ChapterRiscivorous birds (shags;
Phalacrocoraxspp.) are probably not significant predators of rainbow trout, as
shags in nearby lakes Rotorua and Rotoehu prey mamaly goldfishCarassius
auratus smeltRetropinna retropinnacommon bullyGobiomorphus cotidianuys
andkoura freshwater crayfisiParanephrops planifrongPotts 1972, 1977Pue
to uncertainty in our mortality estimate, to check the validity of observed
relationships, we calculated population size under five different scenarios: (1)
mortality is constant over the entire life sp@n=(1.2846), (2due to increased
mortality of small, naive fistsurvival in the first year of lake residence is 50%
lower than years 5 (Z = 1.9778), (3) firstyear survival is 25% that observed in
years 25 (Z=2.6709), (4due to initial mortality upon stockin§0% mortality
upon release into the lake, then constant mortality theredftef (2846), (5) 25%
mortality upon release into the lake, then constant mortality thereafter (
1.2846).

The size of thestockedtrout population was calculated at the end of each
calendar yearyposumming the abundances of @hors present at that time. The
ratio of wild tostockedtrout in the recreational catch was monitored on October 1
each yeari.e. the opening day of the fishing season and the recreational catch is
intensively surveyed. Angler return rates of trout releasegiiing and autumn

were monitored by tagging a subsample of 500 fish in each release with coded T
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bar tags; anglers were encouraged to report data from these fish through a reward
scheme. Mean tag return ratesl lengths and masses of trout at varioes ag

were compared between sprrand autumsreleased troubetweenl998and

2008 withpairedt-tess.

6.3.3 Bioenergetics modelling

We used the Wisconsin bioenergetics mdtiansonet al.1997)to estimate prey
consumption bytockedrainbow trout in Lake Ruwiti from 1993 to 2009. The
model estimates consumption of individual fish based on the following mass

balance equation:

C=(R+A+S)+(F +U) +(DB+G) (6.1)

whereC is consumptionR is respirationA is active metabolisn§is specific
dynamic actionF is egestionlJ is excretiongB is somatic growth an@ is
gonad production. Because the model is balanced, it can be used to find the
amount of consumption required to produhe observed amount of growithe
model estimated metabolic costs based orsraad temperature dependent
functions; model structure is described by Hanstoal.(1997). Required inputs
included trout temperature experience, diet, growth, predator and prey energy
density, and physiological parameters related to respiration, cotieamp
egestion, and excretioModel inputs anadutputsare summariseith Fig. 6.2 and
Table6.2. Physiological parameters for rainbow trout collated by Rdradl
(1993) were used in model simulatioseé Appendix 6)1 Consumption and
metabolism paranters were measured in anadromous rainbow trout in lakes
Michigan and Ontario, while egestion, excretion and swimming speed parameters
were measured in other salmonids including brown téalino trutta lake trout
Salvelinus namaycuskockeye salmo®ncomhynchus nerkaand coho salmo®.
kisutch(Randet al.1993 and references thereiRyedator energy density was
modelledas a linear function of predator mgSsewart & Ibarra 1991 )0Other
inputs were measured during this study and are desdréded:

Trout growth simulations began at the time trout were released into the
lake.Note that trout released in spring were 4 months older at the time of release

than trout released in autumn; therefore, simulations were run for agé2.225
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2.25 3.25 and 3.3i 5.25 years for springeleased trout. These age classes are
referred to in the text ag 2, 2/ 3, and 35 years hereafteGimulations ofautumn
released fislbegan on May 1 and ended on April 30, and simulatiospiafg
released fislbegan on Septemb#&rand ended on August 31. The model was run
for an individual i and ageclasg Eaoch cdhortsrdleasiech
into the lake wasnodelled separatelyased omelevantgrowth dataModel runs

for trout aged 12 years andiZ3 years ran foone year, and model runs for trout
aged 35 yeargan fortwo yearsandincluded spawning on July 15 of the third
year (day 75 for fish releasedantumn day 317 for fish released spring. This
simulation was run over two years to allow time in theleddor trout to regain

condition after spawning.

Fish population estimate

Numbers of trout released Mortality Estimate of total
from hatchery . D estimate ) hatchery
Autumn cohorts: 1998-2008 (Fig. 3) population 1993-
Spring cohorts: 1993-2008 9 2008 (Fig. 4)

Growth of trout cohorts

Tagged trout released
into lake, length of a
subsample of trout
measured on release

—

Anglers catch trout,
data returned in creel
surveys or via post

m

Data used to calculate
growth in weight, L., and
mean length-at-age (Fig. 5)

Bioenergetics model

Model inputs (measured) Model — Model output
Growth in weight Physiological For an “average” fish in
Autumn cohorts: 1998-2008 parameters each cohort and age
Age classes : 1-2, 2-3, 3-5 yr class:

-Consumption

Spring cohorts: 1993-2008
Age classes : 1-2, 2-3, 3-5 yr

-pC,,.x (proportion of
maximum consumption)

—)

Fish -Growth efficiency
voenergetcs |t (onmetongrowt
energ?_/t_densny, diet :> model NSRS fiShgto
proportions

T AB predicted at 100% of
Spawning the maximum
weight loss consumption rate
(age 3 only) (Figs. 6 and 7)

Fig. 6.2. Schematic of data analysed, including bioenergetics model inputs and
outputs. See Tables.2 for further details.
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Table 6.2. Summary of bioenergetics model inputs, model outputs, trout population characteristics, and other data used in this study.

Type of data Variable or parameter (units)

Source

Model inputs Physiological parameters related#spiration, consumption

egestion, and excretiqeee Appendib.1)
Temperature experience (°C)

Proportions of prey types in diet
Prey energy density (J'gvetmas$
Predator energy density (3 getmas$
Growth of rainbow trout (g)

Spawningmasdoss (% bodymas$

Randet al.(1993)

Estimated in this study with thermal preferences of rainbow trout (M. Dedua
pers. comm.) and lakermperature profiles (P. Scholes, pers. comm.)
Measured in this study

Measured in this study

Modelled as a function of predatmass(Stewartandlbarral991)

Measured in this study with tag return data fretockedrainbow trout1l993
2009

Estimated withmasse®f trout entering and exiting Ngongotaha Stream durin
peak spwning runsl959 1962

Model outputs  Prey consumption by trout (g)

pCrax(proportion of theoretical maximum ration consumec
by an individual fish)

Growth efficiency

% maximum growth

Estimated by model
Estimated by model

Massgained per day (g d&Y divided byfood consumed per day (g ddy

Observed growth as a percentage of predicted growth at maximum rations (
growth is headdedbiomass that is available for growth and reproduction onc
metabolic costs have been accounted for)

Rainbow trout
population
characteristics

Instantaneous rate of total mortalig) (
Hatchery release numbers
Wild population catch ratio

Estimated with local rainbow trout catch rates
Obtained from fishery managers
Ratio of wild to stockedainbow trout in recreational catch

Prey population Adult smelt abundance (fishth
characteristics

Measured in September 2000 and J&T®9 byhydroacoustic§Roweet al.
2011)




Model outputs were produced on a daily time stegincludedthe
following. The proportion of theoretical maximum daily ratiq@Cf,,,) required
f or an fislate gadecethetbseany growth was calculated to give a
relative indication of consumption rate between years. In the model, consumption
is calculated using the following formula:
C=C, .2 pC.,2 f(T) 6.2)

whereC is consumptionCnaxis the maximum possible consunapt rate
for a given species at its optimal temperatpf@,axiS a proportionality constant
that allows for the effects of ecological factors on consumptionf(@hd a
temperature dependence functip@maxis calculated by calibrating the model to
observed growth. Values @iCyaxrange from 0 to 1; O indicates that no feeding is
taking place, and 1 indicates that the fish is feeding at its maximum rate for a
particular body size and water temperature (Hae$@h 1997). ThegCraxvalue
can be usedsaan indicator of the degree of food availability (Railsback & Rose
1999).

We also calculatehte amount of prey (g) consumed ¢
i ndi vidual p rt@pyoduceotime ©hsened growtigudt mass(g),
daily massincrement (the amount afiassgained; g)andmasse®f individual
prey types consumed (g¥rowth efficiency was calculated by dividing the daily
massincrement by the daily totahassof prey consumed.e. the proportion of
prey consumed that was comtesl to trout body masdfinally, to indicate growth
limitation in a waythat was standardised for temperature, we calculate¥ the
maximum growthor the doserved growth as a percentagenaiximumgrowth
predictedat maximum rationsvhere growths theobserved change in biomass at
a given temperature regime (i.e. net production, or the biomass that is available
for growth and reproduction once metabolic costs have been accounted for), and
the maximum growtls the changen biomass predicted (at thatnsa temperature
regime) when fish are fed at 100% of their maximum ration (Haesah1997).
This measure accounts for temperatdependent effects, allowing the
examination of the effectsf density dependence withaie confounding
influence oftemperature.

To facilitate comparison of model outputs between cohorts, we calculated
yearly means afodel outputs produced on a daily time dtapeach agelass
(11 2 years 2 3 years, andi® years) in each cohort released into the lake. These

means wee treated as independent data points, and were used to calculate
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standard error of the overall mean valledOVA was used to compansmean
pCnaxandgrowth efficiencyof different ageclasses of trout releaseddpring and
autumnseasonand ageclassee r e treated as categorical
honestly significant difference (HSD) was used to test pairwise differences
between groupd o test for densitylependent effects on growth in the first year
of lake residence, we calculated Pearson coroglaiefficientsr) and
coefficients of determinatiom?) between the number of trout released and three
indicators of trout growth and consumption of trout agie?l ylears: {) mean
daily prey consumption per individual trout (g d3y(2) pCmax and (3)%
maximum growth

Estimates of population consumption are highly dependent on the
accuracy ofnortality and abundance estimai{@&andet al.1993) and on the
accuracy of model parametetsing bioenergetics models in a comparative way
to test hypotheses, rather than in a quantitative way to make predictions,
ameliorates the impact of uncertainty in model parameteresuits(Chipps and
Wahl 2008) Because several of oarodel parametersere measured in other
populations or species, we have not attempted to estimate the absolute amount of
prey consumed by the rainbow trout population, and our modelled consumption

estimates are intended as relative comparisons only.

6.3.4 Model inputs

We used dta collected from recapturstbckedrainbow trout to calculate growth
ratesbetween 1993 an2i009 for spring releases, abétween 1998 an2009 for
autumn releasefQver this period, 50€ish from each seasonal liberation were
taggedwith batchcoded Fbar anchor tags inserted at the base of the dorsal fin
and anglers were encouraged to report details of recaptured tagged fish through a
reward scheme. The fork length of a subsample of fish (me&80) was
measured to the nearest 10 mm prior to releage was estimated by adding the
approximate age upon releaged(year old forautumnreleases and 1.25 years old
for springreleases) to the time spent in the lake, which was calculated using the
date of release and date of capture.

To charactase growth, the von Bertalanffy growth model was fitted to
length-atage data from rainbow trout released from the hatchery in different years

and seasons:
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L =L, [1- e ] 6.3

whereL; is fork length at time, Lg is theoretical maximum lengt{mm),andK
(yr'Y) andto (years)are parameterd eastsquares regression was used to fit the
model to the data. Growth in length was converted to growttasswith the
lengthmassregression: log(W) =17.01 + 2.68 logy(L), whereW is massin
grams and_ is fork length in mm *= 0.84:n = 2019,P <0.001). The coefficients
were computed by leastjuares regression of length andssdata obtained from
Lake Rotoiti rainbow trout at fishing competitions, whirek length was
measured to theearest 5 mm and massis measured to the nearest 10 g. The
calculated growth parameters are defined only after the fish are released, when
fish are growing in the lake under natural conditions. Body condition was
assumed to be approximately equal amaigpcts.St u d etestsviese used to
compare growth parameters of trout releasealimmnandspring All statistical
analyses were carried out in Statistica, versi¢atatsoft, Tulsa, USA)

Relative percentages of prey itemsrbgssin the diet of ainbow trout
were determined by stomach contents analysssozkedand wild fish. One
hundred and thirty rainbow troat50 mm long were caught by angling, beach
seining and boat electrofishing from a range of locations in the lake between
March 2009 andecember 2010. Fiftpine trout were of wild origin and 71 trout
had beerstocked into the lakeletermined by the presence of adipose and
pectoral fin clips irstockedrout. All items from the mouth, oesophagus and
stomach were removed, counted and iified, and the totamassof each prey
type was recorded. The relative contribution of each prey type to the diet was
found by calculating the relative proportion tmassof each prey species in
individual trout stomachs, and averaging these values aatosmempty
stomachs. The differences in proportions of prey items in stomashsoedand
wild fish were testedsinga KruskatWallis test Proportions of each prey item
making up more than 1% of the total diet were used in the bioenergetics model.
Because diet varied significantly with time of year but not with trout(Shapter
4), a single diet scenario was used in all model simulations; i.e. we assumed that
dietvaried slightly with season bdtd not change with age. D&t proportions
enumerated in 2002010 were assumed to be representative of the time period in
which trout growth was measured (192808), i.e. trout diet was assumed to be

unchanged during this time. The measuredadygiroportions were defined as the
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baline scenario, and a sensitivity analysis was carried out to assess the effects of
variation in dieary proportions ormodelledconsumption estimates (see below).

To estimate the energy density of prey items, sroethmonbully, koaro
(Galaxias brevipinis), andkourawere caught from Lake Rotoiti with a beach
seine and electrofishing boat between January 2010 and November 2010. The
energy density of prey items was measured with a Parr Model 1341 Plain Oxygen
Bomb Calorimeter and a Parr 1108 Oxygen Bamsing standard methods (Parr
Instrument Company 2008 hapter 4. For bioenergeticsodelling 3% of the
fish mass and 15% of tHeouramass consumed was assumetddandigestible
(Vigliano et al.2009) Prey energy density enumerated in 20P®10 was
assimed to be representative of the time period in which goawth was
measured (1992008) The effects of changés prey energy density on model
outputs were tested by means of a sensitivity analyatsompared the baseline
scenario (measured valuég)different energy density scenarios.

The temperature experienced by rainbow trout was estimated by assuming
that trout would occupy water at I5if it was available Table3, Scenario 1).
Rainbow trout in Lake Taupo, a deep oligotrophic lake near Rakeiti, have
been shown to prefer water at 1415°C (M. Dedual, Depament of
Conservationpersonal communicatiGn The availability of suitable thermal
habitat in Lake Rotoiti was assessed with lake temperature profiles that were
measured monthlwith a SBE 19 plus profiler (Seabird ElectroniBgllevue,
Washington, USAat 1 or 2 m intervals as part of a lake monitoring prognam
(P. Scholes, persomm). The lake was fully mixed each year between June and
October, and water temperature was <1, 50the meamonthly temperature in
theuppermostlO m of the water column was usa¢kr this periodn model
simulations. Again, we assumed tkanperatureonditions did not change
between years, and temperatareasurements confirmed this assumption.
Monthly measurements of water temperatures at given depths did not vary
significantly between years; 95% confidence limits calculated from temperature
records for each month and depth stratum fell withiAQ df their respedte

means (P. Scholes & J. Blaunpubl. data A sensitivity analysis was carried out

® Results of an unpublished study that monitored the horizontal and vertical movements and body
temperature of rainbow trout in Lake Taupo using acoustic telemetry. Trout usually swam in the
uppermost 20 m of the water column at all times of year, and spesttof their time in water

between 14.5 and 15°C.
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to assess the effects of variation in thermal experience compareddasttline

scenario

Table 6.3. Temperature scenarios used in bioenergetieaodelling of Lake Rotoiti
rainbow trout. Scenarios inferred from observations of preferred temperature of
rainbow trout (M. Dedual, pers. comm.) and monthly temperature and dissolved
oxygen (DO) profiles (P. Scholes, pers. commTjtout were released in sping
(September) and autumn (May); models ran for 1 year from September 1 and May
1, respectively.

Temperature scenarios (°C)

Month (1) Preference (2) DO limiting (3) 15°C
Jaruary 15 15 15
Felruary 15 17.8 15
March 15 17.3 15
April 15 15.8 15
May 15 15 15
Jure 12.8 12.8 15
July 11.2 11.2 15
August 10.8 10.8 15
Segember 115 115 15
October 12.6 12.6 15
November 15 15 15
Deember 15 15 15

The meanmass lost duringpawning of rainbow trout was calculated from
data collected from a trap in Ngongotaha Stream, a principal spawning tributary
of neighbouring_ake Rotorua. Between 1959 and 1962, every fish passing
through the trap was weighed, measured, sexed and theatiref movement
noted(Mill 2000). Peaks in upstream rainbow trout migrations occurred between
June and October, and peaks in downstream migrations occurred between August
and DecembefAppendix 6.2) Fish massewere compared between the upstream
and downstream movement peaks to find the meannatsdlost during
spawningMasslength relationshipddg;o(W) = a + b(logio(L)), whereW is mass
in grams andL is fork length in mm)were derived for trout moving tbugh the
trap during the peak movement period in each year and direction. These were used
to calculate thenasscorresponding to the mean length of trout moving through
the trap during peak runs (480 mm) in each year and direction. Thenasallost
dueto spawning (gonad + somatic) was estimated by subtracting the downstream
massfrom the upstreammassfor each year, and calculating the mean of all years.
This method was used to reduce bias associated with differences in length

between upstreanand dowstreammoving fish, as records for individual fish
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were notavailable. The mean estimatethsdossfor males and females
combinedwas 366 g, or 24%Appendix 62). This is within the range of
spawningmasdoss reported by Fisét al.(1968)who estimatd that rainbow
trout in New Zealand lakes losti280% of their total bodynassduring spawning.
In model simulations, trout spawned 24% of their bowssat age 3 on July 15;
this date was chosdrecase the spawning season of rainbow trout in New
Zealandypically occurs MayAugust(McDowall 1990)

6.3.5 Sensitivity analysis

To assess the effects of variation in model inputs, we carried out a sensitivity
analysis oimodelledconsumption estimates by sequentially changing individual
parameters in the model. Using the mean growth ratastofmnandspring

cohorts and the baseline scenario described above;raa tke bioenergetics
model for trout agedi®, 2 3 and 35 yearsyarying one parameter at a time. The
sensitivity of physiological parameters in similar bioenergetics models have
already been assessed for lake t®@alvelinus namaycusind sockeye salmon
Oncorhynchus nerk¢stewartet al.1983; Beauchamp, Stewart & dimas1989),

so we evaluated the sensitivity of model outputs to changes in temperature, prey
energy density, and diet proportions. The model inputs used to estimate trout
consumption 1992009 (outlined above) were defined as the baseline scenario.
The sesitivity of model inputs was indicated by the percentage difference in
modelledprey consumption by individual rainbow trdagtween the adjusted
simulatons and the baseline simulatisoch that positive value indicated that
the test scenario resultada highemmodelledconsumption rate than the baseline
scenario.

Two alternative temperature scenarios were tested in the sensitivity
analysis. $ice Lake Rotoiti experiencésw hypolimnetic dissolved oxygen (DO)
concentrations in summer, wesated Temgrature Scenario 2 to allow ftire
effects of low measured DO concentrations on the vertical distribution of rainbow
trout. We examined monthly DO profiles collected at the same time as the
temperature data and noted the depth at which DO typicallyeieis mg ! in
each mont@ a threshold of suitable habitat for salmoniBavis1975) We then
altered 8enario 1, assuming that trout would occupy the lowest temperature

possible, provided DO concentrations were above 6 thg/Ne chose to use this
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conservative value even though rainbow trout may tolerate lower oxygen
concentrationgMatthews & Bergl997), because trout have been observed to
avoid mild levels of hypoxia when given a choice between hypoxic (80% air
saturation) and fully oxygenated wafPoulseret al.2011) andsuch a case
allowedustosimulate he fAwor st case scenarioo. We al st
scenario where trout body temperature was constanf@t Three prey energy
density scenarios were tested: ifig energy dasity ofall prey items wa

decreased by 10%2) prey energy density waconstant during the year and equal

to the mean measured valuasd (3) the eergy density of all prey items was
increased by 10%. The proportion of smelt in the dietalesmanipulated,

creating three diet scenaridshe following diet senariosvere tested:1) the
proportion of smelt was decreased by 10% to 77%; (2) the proportion of smelt
remained constant at 84%; and (3) the proportion of smelt was increased by 10%
to 94% Finally, to determine the consequences of ontogenetic diet changes that
have been observed in rainbow trout, we tested a scemagi@ trout switched to

a diet of 30%kouraat age 3/ears; large trout consume more koura than small

trout in Lake Taupo (Cryer 1991) atmisome extent in Lake RotoitChapter 4)

6.3.6 Abundance of smelt

The @undance of adult smelt was measured in September 2000 and yearly in
September 2002009 with a SIMRAD EK60 echo sounder operating at 120 Hz
(Roweet al. 2011) Twelve transects were sampled running nsdbth across the
lake.Smelt were enumerated using echo integrafitwe. total amount of acoustic
backscatter was determined for each transect, and was divided by the mean
acoustic backscatter produced by agradult smelt to provide an estimate of
smelt abundance for each tranggatweet al. 2011) This method enumerated
adult smelt (target strengtb5 dB to-45 dB), but not juvenile smelt, as juvenile
smelt inhabit surface waters that are not amenaldedostic sampling, and
signals from juvenile smelt could not be distinguished from other small fish and
invertebrates. Acoustic sampling methods and results were described in detail by
Roweet al.(2011) In the present study, we assessed the relatiobsivgeen the
mean density of adult smelt across all transects and trout consumption with
Pear sonds cor rreandtheicaefficient of detefminatiore fFar  (

this comparison, we calculated the mean daily prey consumption in the year (July
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June)containingthe smelt abundance measuren(&aptemberjor each separate

age class of troutl(2 2i 3 and 35 years) present in the lake during that year.

6.4 Results

6.4.1 Trout population

Rainbow trou stockedinto Lake Rotoiti experienced a yeaihstantaneous rate

of total mortality ) of 1.29 ¢?= 0.81, 4 yeaclassesmortality (A) = 27.5% Fig.

6.3), and the coefficient of determinatiorf)(of this relationship indicated that 81%
of the variation in mortality was explained by fish age. Bxew1993 and 1998,

trout werestockednto Lake Rotoiti in spring (September), and from 1998 to

2009, trout were released in both spring and autumn (NMEhery releases in
Lake Rotoiti were increased from 14,500 per year in 1998 and 1999 to 27,000 in
2000, anl remained high except for 2004 a2@D5, when 15,000 and 23,000 trout
were released (Fi@.4a). The populatiorof stocked trouincreased dramatically

in 2000 following the addition of an autumn trout release in 1998 that increased
total stockingrates (Fig6.4a and b. The ratio of wildto stockedainbow trout in

the recreational catch declined over the study period coincident with increases in
the stockedpopulation (Fig6.4a). The mean tag return rate was 6.58% + 0.95%
SE for trout released in spring, and 6.35% * 0.89% SE for trout released in
autumn. These return rates weteset=not si gni
0.181,n=11,P = 0.858).
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Fig. 6.3. Natural logarithm of mean catchat-age ofstockedrainbow trout released

in autumn and springinto Lake Rotoiti 1995 2008.Z (instantaneous rate of total
mortality) is the slope of the regression line. Numbers of troutaughtwere
standardised to account for changes in the number of trout released in each cohort.
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6.4.2 Model inputs

In years when rainbow trout were released in both autumn aing sfpout

released in spring had higher méangths at release than trout released in autumn
(Fig. 6.5a; pairedt-test;t =-4.856 P < 0.00]), butthe effect of release season on

length was no longer present at ag&ig. 6.5b; t =1.698 P = 0.118). Trout

released in spring were heavier than those released in autumn at age 1 and 2 years,
but not at age 3 or 5 yegfEable 6.4age 1t=-3.146 P=0.009, age 2t =-

3.278 P=0.007; age 3t =1.264 P=0.232 age 51 =0.50Q P = 0.627.

Characteristics ddll modelledcohorts are given iAppendix 63.

Table 6.4. Mean values (+ 1 SE) of length, masand body mass lost at spawnindor
stockedrainbow trout released inspring and autumn in Lake Rotoiti. Spring release:
1993 2009; autumn release: 1998009.Calculations for body mass lost at spawning
are given inAppendix 2.

Body mass
lost at

Agerange Initial length Final length Initial mass Finalmass  spawning
(years) (mm) (mm) @) )] (%)
Spring release
1.25'2.25 200+ 6 520+ 5 140+ 11 1860 * 46 0
2.25'3.25 5205 610+ 6 1860 +46 2820+ 74 0
3.2515.25 610 + 6 650 + 9 2820+ 74 3200 £ 256 24
Autumn release
1.0i 2.0 160 £5 490 + 6 907 1600 * 59 0
2.0i3.0 490+ 6 610+ 7 1600 +59 2870 + 94 0
3.0i5.0 610+ 7 690 + 21 2870+ 94 3690 * 222 24
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Smelt accounted for the highest proportion of the diet of rainbow trout
(Table6.5). Seasonaneans were used to charaediet in the model because
koarowereconsumed by trout >150 mm only in autumn and wiltable 6.5
Chapter 4)No difference was found between the messspercentages of any
prey type in the diets aftockedrout compared with wild trout (smelt udent 6 s
t-test;t =-0.819 P =0.415 koaro:t = 0.135 P=0.893 kourat=1.028 P =
0.306 common bullyt =-0.441 P = 0.660. Becausenergy density of smelt
varied between seasofGhapter 4)seasonal Jaes of energy density were used

in model simulations (Table.6).

Table 6.5. Diet of stockedand wild rainbow trout > 150 mm, by season (mean
stomach content proportions by wetnass + 1 SE Prey itemsinclude common smelt
(Retropinna retropinng, koura (Paranephrops planifrony koaro (Galaxias
brevipinnis) and common bully Gobiomorphus cotidianus

Number Percentage of prey in stomach
Origin Season of trout Smelt Koaro Koura  Common hilly
Stocked  Spring 11 80.6+8.6 0.0+00 16.0+7.0 34+22
Summer 27 849+133 0.0+x0.0 8.7%8.0 6.4+6.0
Autumn 23 809+72 6.2+43 8755 42+35
Winter 10 80.0+13.3 10.0+£10.0 0.0+0.0 10.0+10.0

Wild Spring 16 920+3.7 0.0+x0.0 43+24 3.7+3.0
Summer 15 955+104 0.0x00 0.0%x0.0 45+37
Autumn 24 73.4+104 7.6+45 6.7+6.0 12.3+8.1
Winter 4 100.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0

Stocked  Spring 27 87.6+82 00200 88+41 3635
and Summer 42 88.7+6.0 0.0+3.0 56%4.0 5.7+4.0
Wild Autumn 47 771+44 69200 7.6+34 8319

Winter 14 857+9.7 7.1+13 00+00 71%7.1

Overall Mean 130 848+33 35+13 55+20 6.2+1.9
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Table 6.6. Energy density of prey items of rainbow trout (meant 1 SE} common
smelt (Retropinna retropinng, koura (Paranephrops planifrony koaro (Galaxias
brevipinnis) and common bully Gobiomorphus cotidianusused in bioenergetics
modelling.

Energy densityJ g' wet mas3

Smelt Koaro Koura Common bully
Spring  2604.9 + 54.8
Summer 2773.0 £ 14.3 2567.4 +14.0
Autumn 2956.7 + 44.8 3232.6 + 403.3 3191.4 +151.1
Winter 2088.8+187.2 2973.5%0 3248.3+0

6.4.3 Model outputs

The proportion ofhetheoretical maximum daily ratiopCnay consumed by
rainbow trout was highest in their first year of growth in the lake; values ranged
from 0.79 0.98 r trout aged 112 years (Fig6.58). Values ofpCyaxranged from
0.58 0.82 for trout agedi3 years, and from 0.60.81 for trout agedi® years.
MeanpCnaxVvalues were not significantly differefdr any age clasisetween
release seasoliBig. 6.53). Trout2i 3 years old that had been rded in autumn
had highegrowth efficiencies (growth per amount of food consumed) than those
that had been released in sprifgg(6.5b). Trout agedli 2 and3i 5 that had been
released irmutumn also showed higher growth efficiencies than those released
spring, but these differences were not statistically significant

All three indicators of trout growth and consumption in the first year of
lake residence were natively correlated witlestimated trout population size (Fig.
6.7). For trout released ispring 19982009, modelled mean daily prey
consumption during the first year of lake residence showed a general decreasing
trend over time, but fluctuated between 41.9 and 63'% (@igy. 67a). Trout
released in autumn consumed between 35.3 and 56 1 Ryely consumption of
trout was negatively correlated with estimated trout population size for trout
released in spring (Fig. ) but not in autumn (Fig. Bc). Arst-yearpCnaxvalues
and% maximum growthshowed similar trends over time (Fig7é.andg). Both
pCrnaxand% maximum growttdeclined significantly withncreases in thstocked
trout populationhowever, only 9.8 to 48.2%of the variation irthese variables
could beexplained bystockedtrout population numbers (Figs. 6.7e, f, h, i)

For mortality scenario 1 (constant mortality), trout population size on

January 1 ranged from 6478470 during the study period. Population ranges for
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the alternative mortality scenarios are as follows: Scenario 2 (survival = 50% of
original estimate): 685 23910, Scenario 3 (survival = 25% of original estimate):
6453 20991, Scenario 4 (50% mortality upon release): B23935, Scenario 5
(25% mortality upon release): 2852702 (data not shown). Despite these
differences in absolute population estimates,datterns between trout population
size and consumption parameters did not change substantially among scenarios;
all variables tested showed a significant relationship with population size, in the
same direction as thaiginal population estimat&or the variables shown in Fig.
6.7, values ofrwere also broadly similar among mortality scenarios, changing by
a factor of 4.810.4% for spring releases, and 226.2% for autumn releases
(data not shown).

Mean daily prey consumption by the three-algeses of rainbow trout
was not significantly cortated with densityf adult smel(Fig. 6.8;age 12:r?=
0.064,n=6,P =0.584; age3:r*= 0.001,n = 6,P = 0.947; age i%: r’ = 0.491,
n=6,P =0.079).The lack of correlation may relate to thetfdwat trout consume
a wide size range of smelt, and smaller smelt are not enumerated by this method
(Chapter 4).
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6.4.4 Sensitivity analysis

Modelledestimates of consumption displayed much higher sensitivity to changes
in temperature and prey energy density than togdsim dietary proportions

(Table 6.7. The sensitivity of consumption estimates to changes in input
parameters varied according to the release season and cohornbdiited

model sensitivity was highgson average, for trout aged2lyears (mean

deviation from baselinsecenario= 5.0%), followed by trout aged 2 years (4.4%)
and trout agedi® years (4.2%). For spring cohorts, changes in the temperature
scenario had the greatest effectnoodelledconsumption estimates, though
increasing prey energy density caused almost as great an effect. However, for
autumncohorts, changes in energy density caused, on average, greater shifts in
modelledprey consumption than changes in temperature. Changing tlggyene

density by 10% caused shifts of uplt®. 7% in consumption estimates.
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Table 6.7. Sensitivity analysis of input variables in bioenergetics model of rainbow
trout. Results presented as the percentage change in mean individual daily
consumption over themodelledperiod for an average individual in each age class,
relative to the baselinescenario. Positive values indicate that consumption was
higher in the test scenario than in the baseline scenario. Temperature scenarios are
as in Table6.3. Consumption waanodelledbased on mean observed growth 1993
2009 for trout released in spring andL998 2009 for trout released in autumn. DO =
dissolved oxygen, Temp = temperature, ED = energy density of prey. Mean
deviation in model output = the mean of the three age classes.

Deviation in modelled prey Mean
consumption rative to baseline  geviation in

Season released, scenariq%) model output
test scenario li2years 2i3years 3i5years (%)
Autumn releases
Temp 2 (DO limiting) 9.7 111 11.7 10.9
Temp 3 (constant at 16) 3.7 8.2 10.5 7.7
Diet constant 10.5 10.4 1.8 0.3
Dieti 10% smelt 10.7 10.8 1.3 0.1
Diet + 10% smelt 10.4 0.0 2.3 0.7
Diet 30%koura 7.3 7.3
ED constant 4.6 1.7 3.1 3.2
EDT 10% 17.8 14.0 154 15.7
ED + 10% 5.7 8.1 6.7 6.9
Spring releases
Temp 2 (DO limiting) 3.9 6.8 7.4 6.2
Temp 3 (constant dt5°C) 13.4 16.1 16.6 15.7
Diet constant 0.7 0.3 4.4 1.1
Dieti 10% smelt i10.6 10.7 5.3 i2.2
Diet + 10% smelt 2.0 14 13.4 0.0
Diet 30%koura 10.4 10.4
ED constant 16.1 14.2 18.3 16.2
EDV 10% 5.8 7.3 2.6 5.2
ED + 10% 115.5 113.4 117.0 115.3
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6.5 Discussion

6.5.1 Stocking timing and size of stocked fish

Our results demonstratieat there was neffect oftiming of rainbow trout
liberatiors onreturns to anglers (observed through tag return.rfais) survival
scales positively withhodysize(Post etal. 1999, Lorenzen 2000neaning that
we might expect higher survival rates, and thus greater returns to anglers, of larger,
springreleased fish compared to smaller, auttneleased fish. However, we
observed no difference in return rate between theseasons. fie reported tag
return rate was &%, but goproximately 40% of tagged fish caught by anglers
are not reporte(R. Pikethley,pers. comm,)suggestinghat the actual returrate
of stocked fish to anglers waimilar to that reported in cold¥vyoming, USA
lakes for trout stocked at <21 di®.4%; Wileyet al.1993) This pattern contrasts
with stocked fisheries in colder climategere low temperatures over winter may
causehigh mortality of fish released from the hatchery in autu@®@mange &
Kennedy 1979)For example, high overwintering mortality reduced the return rate
to anglers of trout stocked into Wyoming lakes in autumn compared to those
stocked in springWiley et al.1993), but aather Wyoming study showed the
opposite resulfYule etal. 2000) indicating that optimal strategies may differ
between locations.u8vival over winteris high in Lake Rotoiti probably due to
mild winter temperatures (approximatelyi 1d°C), which may cause differences
in the optimal release strategy comgzhto colder climates

The size of stocked fish can influence the success of stocking programmes.
Smaller stocked fish are mowellnerableto predation than larger fighViley et al.
1993, Yuleet al.2000) and n such systems, the production cost pgr landed is
lowest for larger, catchabkazed fish(Wiley et al.1993, Walter®t al.1997)
However, trout stocked at a smaller size (<21 cm) yielded high angler returns in
productive lakes where interspecific competitors were absent and predation risk
was low (Wileyet al.1993). This is the case in Lake Rotoiti, which lacks piscine
predators of stocked rainbow trotihereforejn Lake Rotoiti, the timing ofish
stocking can beptimisead to produce highest growth rates, withoutrilk& of
predationor high overwintering mortality.

Though the season of stocking did not influence return of trout to anglers
in Lake Rotoitj gocking troutin autumnat a smaller sizéhan spring releases

appeared tbenefittrout growth. Rainbow trout released in autumn were initially
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smaller than those released in sprimgf,they showed higher growth efficiencies
between the ages of 2 and 3 years, had higher valugs afidwere heavier at

ages 3, 4, and 5 years, possibly duesttsenbtemperature differencebor trout
released in spring, warmer lake temperatures during summer could cause elevated
metabolic rate and foademandduring the first few months of lake residence,
compared to trout released in autymich wouldencountercooler temperatures

in their first few months of lake residen@s Lake Rotoiti is fully mixed between

May and Octobeif sufficient food was available, trout released in spring would
grow faster in their first few months in the lake, because the optiteonperature

for growth in rainbow trout is 17.2°C when fed to excess (Hokaasah1977).
However, the optimum temperature for growth decreases with decreasing
consumption of food (Elliott 1976). Depending on prey availability, rainbow trout
released irspring might not be able to compensate for increased metabolic
demands at higher water temperatures by increasing their food intake, resulting in
slower growth.

Another possible explanation for the observed differences in growth
between release seasossalated to differences between lake and hatchery
conditions. Trout released in spring spend an extra four months in the hatchery,
which is supplied with 10.5°C water from a spring. Trout released in autumn will
experience a mean lake temperature ovetewiof 11.6°C; slightly higher than in
the hatchery. Assuming that trout released in autumn are able to meet their
metabolic demands, the warm conditions in the lake compared to the hatchery
would allow a higher scope for growth and might contribute tdasker growth
rates of autumineleased fisltompared to fish that remain in the hatchery until
spring.

Body size may also influence early growth of rainbow trout in the lake.
Smaller hatchery fish may have a selective advantage over larger hatchemy fish
natural environments, possibly because their |da@d requirements allothem
to maintain growth when food scarce $aikkoneret al.2011) Similarly,

Connolly & Petersen (2003) found that in mild winter conditions, the effects of
low ration levels were more severe in large juvenile rainbow trout than in smaller
juveniles.When food availability in Lake Rotoiti is low, smaller trout may be able
to meet their metadic needs more easily than larger trout.

Because the distribution of common smelt varies throughout the year, trout

stocked in different seasons may encounter differenga®jndensityas well as
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different temperature conditionSmelt typically migrag to the littoral zone
between spring and autumn to spgardet al.2005) and n Lake Taupo,
smelt catches in the littoral zoaee highesin summer(Stephend984) In Lake
Rotoiti, smelt density in the littoral zone was highest in aututiagpter 3, so
trout released into the littoral zone in autumn may benefit fronttnisentration

of prey.

6.5.2 Predator-prey relationships

Contrary to our initial expectationsgwlid notdetect a relationship between
modelledprey consumption rates lbginbow troutin Lake Rotoiti andacoustic
estimates o&dult smelddensity Rainbow trout in Lake Rotoiti consume smelt
averaging 48 mm buganging from 3898 mm in lengti{Chapter 4)while only
large smel{>45 mm) could benumerated in echo sounding suryegeaning

that a significant proportion of the smelt population may not be quantified
Quantifying the abundance of small smelt 23 mm long is complex, as they
often school in surface waters and are not amenable to sampling with
hydroacoustics using a todiransponderand signals from other fish and
invertebrates may interfere with abundance estin{&ewe 1993) Therefore,
hydroacoustieneasurs of smelt abundangarobably danotadequatelyeflect

prey availability for rainbow troutMore comprehensivmonitoring of smelt
populations, includingroper surveying afmaller size classes, is necessary to
quantify the capacity of smelt populations to support continued trout stocking.
This may be achieved by integrating echo sounding measurements with other
techniques that sample a range of smelt size classes (including small smelt) in
surface waters, such as boadbunted nets (Chapters 2 & B)idwater trawling is
another possibility for sampling smelt in the pelagic zone.

The effects of rainbow trout pration on other species in Lake Rotoiti
havenot yetbeen investigatedjur results indicate th#fte native species common
bully, koaro, andkouraaccount fora small proportion afrout diet. Historical
reports show that landlocked koaro populations dedlidramaticallyn central
North Island lakegfter the introduction of rainbow tro(¥icDowall 2006)
which are known to exert considerable predation pressure on native galaxiids in
oligotrophic lakes in Argentin@V/igliano et al.2009) Further investigtion of the

effects of rainbow trout predation on these species is recommended, given the
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potentialmagnitude of these effects aaaltural significance okoaro andckoura

for Maori communities

6.5.3 Stocking rates

Densitydependent effects on growplay a significant role in regulatirfgsh
populations at pogtivenile life stage¢Lorenzen 2008, Lorenzen and Enberg
2002, Poset al.1999) and elationships between consumption metrics and
population size of rainbow trout suggest that derd#yendat factors affected
growth of trout inLake Rotoiti. For examplé&o maximum growtlandpCpaxwere
negatively correlated witthe size of thstockedirout population. These
relationships correspond to patterns observed in growth rates of rainbow trout in
Lake Rotoiti, which dropped after 2000, following an increase in the numbers of
trout releasedChapter $. Assuming that smelt abundance, size and energy
density remain at current levels, stockapgproximately 15,000 trout or fewer per
yearmay increasergwth rate of rainbow troudompared to stocking
approximately 25,000 trout per ye&towever, management decisions will
depend on desired outcomes for the fishery, because reducing the stocking rate
would probably decrease angler catch rate.

Though relabnships betweenonsumption metrics and stocking density
of rainbow trout were statistically significanow values of? suggest that other
factors might also influence trout consumption in Lake Rotoiti. Such factors may
include changes in environmental conditions in the lake (discussed below) and
changes in wild trout abundan&ecausestockedand wild rainbow trout have
the same diefl{able 5, high stocking rates ought to reduce prey consumption by
wild trout. The ratio of wild trout in the recreational catch has declined gradually
since 2002, but because lackdirectinformationon wild trout abundance
growth ratesand mortality we cannot be certain thstbckedtrout are affecting
wild trout. Characterising population parameters of wild t{suth as abundance,
growth rates and mortality rategpuld improve our understanding of density

dependent effects on growth.

6.5.4 Model sensitivity analysis

Sensitivity analyseshowedthatchanges iprey energy density (EDjad the

greatest effect opredictedconsumption by rainbow trout of all variables tested.
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Substantial changes in consumption were caused by changingyHelpby as
little as 10% Smelt showed a 30% change in BBtween summer and winter
model resultsigygestedhat thisreductionis sufficient to trigger a requirement
for greatempreyintake.Previous observations show thaep ED may change
significantly over inter and multtannual time scalgfRkandet al.1994, Bryaret
al. 1996) For exampleED of alewives Alosa pseudoharengusaried twofold
between seasorfRandet al.1994) Therefore, changes ED during the study
period could have affected actual trout consumption rhtesyterm monitoring
of the ED oftrout preyis neededmprove our knowledge of the relationships
between prey consumption and trout growth.

The sensitivity analysis showed tltditanging the temperature scenario
had substantial effects on model outpilihis means that deviations in actual trout
thermal experience from the estimated tharregime (Table 3) may havediéo
inaccurate consumption estimates. We assumed that trold seek out their
optimal temperature within the range of available temperatures in the lake.
Monthly measurements of water temperatures at given depths did not vary
significantly between yeaf®. Scholes & J. Blair, unpubl. datand trout should
be abé to regulate their thermal experience in stratified lakes by altering their
swimming depthTemperature scenario 1 used in this study repreaaeglistic
approximatiorof trout thermal experience, g estimated temperatures
(assuming trout would oopy water at 1%C if it was availablewere similar to
the temperaturasieasuredt the nean swimming depths of trout in Lake Rotoiti
(Rowe & Chisnall1995).1t is, however, possible that differences in prey
distributions or otheecological factors influenced the thermal experience of
rainbow trout; for example, changes in the extent of hypolimnetic deoxygenation
can influence habitat quality and growth rate potential of fish in lakes (Asteald
2011). Lake Rotoiti experienceddreasd eutrophication between 2003 and 2006
(Schole2009), butno change in rainbow trout growth or consumptiaas
evidentduring this period (Fig 6.5 & 6.7). Errors in estimating thermal
experience may have added variability, but not a systemasc toi the
relationships between consumption and trout population density shown in Fig. 7.
Quantifying temporal variation in thermal experience of trout in Lake Rotoiti
would improve the accuracy of bioenergetics models.

Many uncertainties can be introddoghen bioenergetics models are used

to estimateconsumption byredatos, and in some cases model predictions may
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not match other measurements of consumgfiey 1993, Bajer, Whitledge &
Hayward 2004, Chipps & Wahl 2008)his study was based on direct
measurements @rowth, diet, and prey energy density, while some parameters
used inour model were adapted based on literature data obtained for otbiesspe
and in other region® evaluatdhe relative change in consumption parameters
among years withitferent stocking timing and ratesh@racterisation of
physiological parameters for rainbow trout in our study ameald allow more
accurate estimation ebnsumptionFor example, accuracy of our model
estimates could have been improved by charactgreggestion and excretion,
which were identified as major sources of variation in model estimates of
consumption (Bajeet al.2003). Corroborating consumption estimates in the
laboratory would also help to determine the suitability of the model parameters.
Model outputs were comparatively insensitive to changes in diet propotiatns
were more sensitive to changes in petyand thermal experience. Therefore, it
is important tdbettercharactese changes in these sensitive parameters to ensure

the accuracy afmodel outpus.

6.5.5 Conclusions and management implications

Catch rate is generally inversely related to fish size in trout fisherie$ishedy
managergan mainaina compromise betwedngh catch rate andlargefish
sizes by optimising sicking ratesin this study, we demonstrated that higher
populationlevels of rainbow trout in Lake Rotoitiere associated with decreased
PCraxand% maximum growtlof trout in their first yeaof lake residencdt is
therefore possible that high stoking levels trout populatiodevels arenearthe
carrying capacityor this lake

Releasing trout in autumn appears to be advantageous for growth, yossibl
becausdl) temperature is more suitable for growth in autumnter than in
springsummerand (3 prey for small trout is abundant in autur&tocking
should baimedto optimisefeeding conditions for newly released troug. (1)
concentrate stocking around periods of high prey abundarg.eautumn)and (2)
stagger releases over a periodrainths to reduce competition for prieythe
littoral zone Autumn releases offer the best growth performance and reduced
hatchery costs because the fish do not have to be reared for as long as spring

releases.
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Mild winter conditions appear to enhance viater survival and growth
of rainbow trout in warrtemperate lakes compared to higher latitudes. This
implies that moderately productive watemperate lake ecosystems are highly
suitable for trout growth in winter, but less so in summer, when lakéistibn
and high nutrient levels may create conditions suitable for algal blooms and
hypolimnetic deoxygenation. High trout growth rates of trout in wemmperate
lakes can therefore be supported by timing releases to coincide with favourable

winter corditions.
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6.7 Appendices

Appendix 6.1. Physiological parameters used in bioenergetics model of Lake Rotoiti
rainbow trout. Source: Rand et al. (1993)

Parameter Parameter description Parameter value

Consumption (Equation 3)

CA Intercept of allometric mass function 0.628gdd*

CB Slope of allometric mass function -0.3
Temperature where consumption rate is proportion (CK1) 5°C

CQ maximum rate

CTO Temperature where consumption rate is 0.98 of maximum 20°C

CTM Temperature where consumption rate is 0.98 of maximum 20°C

CTL Temperature for CK4 24°C

CK1 Proportion of Cmax at lower temperature threshold 0.33

CK4 Proportion of Cmax at upper temperature threshold 0.2

Respiration (Equation 1)

RA Intercept of allometric mass function 0.00264 g @g™d*

RB Slope of allometric mass function for standard metabolism -0.217

RQ approximates @ 0.06818

RTO Coefficient for swimming speed dependence on metabolis 0.0234

RTL Cutoff temperature at which activity relationship changes 25°C

RK1 Intercept for swimming speed above RTL 1

RK4 Mass dependence coefficient for swimming speed at all 0.13
temperatures

ACT Intercept of relationship for swimming speed versus mass 9.7
temperatures less than RTL

BACT Temperature dependence coefficient of swimming speed ¢ 0.0405
temperatures less than RTL

SDA Proportion of energy lost to specific dynamic action (energ 0.172

cost of assimilating food)

Egestion/Excretion (Equation 3)

FA Intercept of proportion of consumed energy egested versu 0.212
water temperature and ration

FB Coefficient of temperature dependence of egestion -0.222

FG Coefficient ofdependence of feeding on egestion 0.631

UA Intercept of proportion of consumed energy excreted verst 0.0314
water temperature and ration

uB Coefficient of temperature dependence of excretion 0.58

UG Coefficient of dependence of feeding on excretion -0.299
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Appendix 6.2. Mass(g)i length (mm) regression parameters (log W = a + b x log,o L) and spawningmassloss ofrainbow trout caught swimming upstream
and downstream during peak spawning migrations, from Ngongotaha Stream, a tributary of Lake Rotorua, New Zealand, 199962.

8T

Upstream Downstream
Peak immigration Massat 480 Peak Massat 480 Difference in  Difference in
a b mm (kg) emigration a b mm (kg) mass(kg) mass(%)

Female

1959 JunOct -6.98 2.674 1.55 SeptNov -6.77 2.55 1.18 0.37 23.8
1960 JunOct -7.15 2.733 1.53 Nov-Dec -7.25 2.73 1.17 0.36 23.6
1961 JunOct -7.18 2.759 1.66 SepNov -7.83 2.95 1.21 0.44 26.8
1962 May-Aug -7.01 2.684 1.54 Aug-Oct -7.04 2.65 1.15 0.39 25.3
Male

1959 JukOct -6.92 2.644 1.48 SeptNov -5.86 2.20 1.13 0.35 24.0
1960 JunOct -7.30 2.783 1.46 SeptDec -6.44 2.42 1.09 0.37 25.2
1961 JunOct -7.615 2.903 1.53 SeptNov -7.21 2.72 1.17 0.36 23.6
1962 May-Aug -7.46 2.836 1.43 Aug-Oct -6.62 2.49 1.15 0.28 19.7

Mean (female
and male) 1.521 1.156 0.366 24.0




Appendix 6.3. Population parameters of cohorts oktockedrainbow trout, Lake
Rotoiti, with parameters fitted to the von Bertalanffy growth equation Ly, K and, t,.

Fork Mean

length at Number length at
Season, gar release of trout age 3 K (mm
released (mm) released (mm) Ly (Mmm) yr'h) to (yr)
Autumn
1998 160 11000 615.2 631.1 1.694 -0.172
1999 140 11000 648.6 784.7 0.778 -0.252
2000 160 14500 649.8 797.5 0.731 -0.306
2001 150 14500 572.9 606.9 1.300 -0.218
2002 190 14500 604.1 687.5 0.894 -0.361
2003 180 14500 608.8 674.6 1.008 -0.308
2004 140 7500 590.5 619.5 1.403 -0.182
2005 161 7500 612.0 662.4 1.150 -0.241
2006 171 14500 613.6 695.0 0.936 -0.293
2007 150 14500 583.4 646.5 1.031 -0.256
2008 180 14500 639.1 1053.8 0.372 -0.504
2009 160 17500 638.1 747.0 0.842 -0.286
Spring
1993 220 6500 630.7 657.4 1.397 -0.292
1994 200 6500 635.3 689.6 1.099 -0.312
1995 210 7000 643.8 684.7 1.226 -0.299
1996 230 8500 636.0 676.2 1.203 -0.346
1997 190 7500 611.5 633.6 1.500 -0.237
1998 220 3500 565.5 565.6 3.862 -0.128
1999 169 3500 612.6 644.3 1.354 -0.225
2000 190 12500 587.9 608.9 1.496 -0.250
2001 170 10500 581.4 628.5 1.138 -0.278
2002 240 10500 630.7 713.0 0.874 -0.470
2003 178 10000 573.0 592.1 1.540 -0.232
2004 182 7500 615.8 681.7 1.013 -0.306
2005 183 15500 593.1 615.8 1.474 -0.241
2006 171 10500 607.7 644.9 1.272 -0.243
2007 190 10500 585.2 608.9 1.437 -0.260
2008 190 10500 643.7 704.3 1.069 -0.294
2009 180 10500 610.3 646.9 1.272 -0.256

® The Ly, for the autumn 2008 cohort could not be estimated properly because needata
available for trout older than 3 years. The von Bertalanffy model still provided a good fit for trout

of less thar8 years old, and was not used to predict the lengths of trout older than 3 years.
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7 Concluding discussion

7.1 Research summary

The overall aim of this thesis was to identify the factors influencing trout growth
and smelabundance in the Rotorua lakes. Finding the influences on trout growth
is important for manageent ofthe economically and socially important trout
fisheries in this area, especially given that the fisheries are maintained or
supplemented in most casesrbygular introductions of hatchergised stocks.

The factors influencing growth of salmonids such as rainbow trout have rarely
been studied in warstemperate lakes, and may differ from those characterised in
cooktemperate systemBrey availability is ofn cited as the main factor
influencing predator growth, and management of prey species is an integral part
of fisheries management (Ney 1990nét are the main prey for rainbow trout in
lakes of the central North IslariificBride 2005, Rowe 1984, Smitt939,

Chapter 4)socharacterising selt abundancesiof primary importance for
assessing the availability of prey for rainbow trdAgsessing the health of smelt
populations in Lake Rotoiti was of particular concern, as the Ohau Channel
Diversion Wall ha the potential to negatively affect smelt populations, which
could potentiallyhave negativedilow-on effects for the iconic rainbow trout
fishery.

The objectives of this study were to @etermine the dynamics of the
abundance of common smd{[2) cetermine the factors that control smelt
abundance, (3Jetermine the relationship between smelt abundance and trout
growth, and (4) examine the factors influencing trout growth in the study area.

To achieve the first objective of this stuftg determinghe dynamics of
the abundance of common smgdtdirectsampling technique needto be
developedhat issimple, repeatable, quantitative, and relatively inexpensive.
Though echo sounding has been used to monitor adult smelt populations in Lake
Rotoiti, small smelt in surface waters may notdetected, andonfusion with
other small fish species and invertebrates means that small pelagicanmeit
be enumerate(Rowe et al. 2011)lo suggestn effectivecapturetechnique for
smelt, we tested purseisig, beach seining, drop netting, and boat electrofishing
(Chapter 2)From the results of thitrialwe concludedhat boat electrofishing at
night isthe mosteffective sampling method for collecting data on length

frequencies, seasonal dynamics aragh of smelt followed by scoop nets (i.e.
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boat electrofishing with the current turned offje thereforerecommend the use
of boatmounted nets at night for sampling smelt in lak#sen absolute
population estimates are requirag recommendombining this technique with
one that enumerates fish in the deep pelagic Zuohasecho soundingr
midwater trawling

To achieve the second study objectit@determire the factors influencing
smelt abundancejve examined seasonal changesnret habitat and resource
use by measuring spatial and seasonal changes in smelt abundance, body
condition, and diefChapter 3) We also characterised seasonal and spatial
changes in smelt reproductive state and benthic egg abundance. Smelt abundance
and bog condition were low during winter, coinciding with the pepaiwning
period and low prey abundance (zooplankton and benthic inverteb&tasach
contents and stable isotope analyses showed that smelt undergo an ontogenetic
change in diet, from mainlyobplankton as juveniles 'focombination of prey,
includingbenthic invertebratess adultsDifferences in diet and stable isotope
signatures of smelt caught during the day compared to those caught at night
suggesthe existence of two feeding guilds) @ resident littoral grouthat feeds
solelyon benthic invertebratex all life stagesand (2) agroupthat occupies deep
waterduring daylightand migrates to surface waters at nigimd undergoes the
aforementioned ontogenetic shift in di8melt ae abundant in Lake Rotoiti and
reproduce locally; therefore, populations should provide a sustainable prey
resource for rainbow trout in the near future.

Characterising the diet of rainbow trout in Lake Rotoiti was a necessary
first stepfor achieving e third study objective afetermining the relationship
between smelt abundance and trout growth (@bapter 4)and forfurther
investigations oinfluences of prey supply on trout growi@hapter 6)
Additionally, hoenergetics models requia@ estimate of relative proportions of
prey types bynassas well as energy density; this informatigaslacking for
trout incentral North Islandakes.Our measurements of these parameters
provided a basis for bioenergetics modelliagdshowed that tut undergo an
ontogenetic diet shift when they reach a length of approximately 200 mm;
thereafter, smelt are the principal prey item at all times of JRaEnbow trout
consumd larger prey as they gw larger (i.e koarqg kourg and larger smélbut

theminimum size of smelt consumed did not change with trout size.
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The final two research chaptexddressethefinal research objectivéo
examine the factors influencing trout growth. This problem was addressed in two
parts:Chapter Sassessebabitat ad environmental effects, a@hapter 6
assessedopulation density and stocking effecddong with prey supply{Ney
1990) habitat availability is an important determinant of fish growth rd@egant
1992,Budy et al. 2011Mason et al. 295). Temperatve and eutrophication of
lakes are projected to increase in the futsioat is important to understariftbw
higher lake temperatures and increased eutrophicailbaffect trout habitat and
growth.To address this issue, we carried out a multivariaaéysis of several
lake characteristics relating to morphometry, land use, stratificatmatttophic
state and assessed how these variables affected trout growthatkeée.
morphometry was an important factor structuring habitat availability in these
lakes, and hypolimnetic volume was the variable that most effectively separated
lakes and years with high and low trout growates Within the two lake types
(deep, with a lege hypolimnetic volume, anghallow, with a small hypolimnetic
volume), indicators of trophic state were correlated with trout growth rate in
different wa. In deep lakes, increaseld a, anindicator of productivity, was
associated witincreasedrout growthrates whereas in sidlow lakes, which
were more eutrophic, increases in temperature and conductivity were associated
with decreaed trout growth rate3.herefore, fiture increases in water
temperatures and eutrophication in thesemtemperatdakes are likely to
constraintrout growth, and the effect of these increases will be greater in the
shallow lakes than in the deeper lakes.

The success of stocked fisheries (bigh returns to anglers bigh fish
growth rates) is dependent severalfactors including the size diish at stocking
and timing of stocking in relation to predation risk and changes in tempeiature
addition,the stocking rate that can be supported in each lake is different, and it is
important to optimise stocking rates according to the carryingatigpof the
ecosystenfLorenzen 2005, 2008 Chapter 6, we employed a bioenergetics
model to assess the effectsstjcking rates and timing on rainbow trout growth in
Lake Rotoiti. Hgher stocking levels of rainbow trout in Lake Rotoigre
associateé with decreasedrey consumptiofy trout in their first yeaof lake
residenceThis corresponds to observations of trout growth rate, which declined
following an increase in trout stocking ra{€@hapter 5)It is therefore possible

thatat highstocking levelsthe totaltrout populatioris near carrying capacity.
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Releasing trout in autumn appears to be advantageous for growth, yossibl
becauségl) suitable temperature and DO habitat is more abundant in autumn
winter than in springgummerand (3 prey for small trout is abundant in autumn.
These results provide useful information to fishery managers angdhagement
of stocked rainbow trout in Lake Rotgiéind indicate that optimal stocking rates
and timing in warrtemperate systems may differthose in coetemperate

systems

7.2 Management implications and recommendations for

future work

7.2.1 Monitoring of smelt populations

This study showed that bioenergetics models can be used to retrospectively
analyse the effects of stocking rates, but to usasures of smelt abundance to

predict appropriate stocking rates of trout, it will be necessary to gather data on
inter-annual changes in seasonal smelt abundance and condition to add to the data
that is already collected on rainbow trout. Unfortunatéilig wvas not possible in

the short time frame of this study.

Two lines of evidence indicate that sampling the entire smelt population is
important for predicting the carrying capacity of the lake to support grouith.

The first indication$ that the rmimum size of smelt consumed by trout did not
change with trout size; i.e. even large adult trout consumed a wide size range of
smelt, from approximately 35 to 70 mm (Chapter 4). In addition, there was no
relationship between adult smelt abundance (medsiyrecho sounding) and
consumption rates of rainbow trout of any age class, estimated using bioenergetics
modelling (Chapter 6). The lack of a relationship suggests that echo sounding
population estimates may not sample all the relevant size classeslpfsm

sampling small smelt in the surface waters is also necessastirtmtefood

supplyfor rainbow trout.

The apparendifferences between smelt caught in the littoral and pelagic
zoneg(Chapter 3) should also be considered when designing a smmgdtisg
programme. For example, samples taken by beach seine appear to only contain
littoral residents of a limited size range (Chapters 2 and 3) and may not be
representative of the entire population. Thereftre&nsure that the sample

contains pelagismelt of a wide range of sizesnelt in surface waters should be
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sampledn both the litoral and pelagic zones at nigBuggestions for future
research in this area include exploringi#t separatiomlso exists in other lakes,
and whether littoral ahpelagic smelt are distinguishable, e.g. by meristic
charactersas is the case in diadromous and lacustrine smelt (Ward et al. 2005)
In addition to assisting with the management of rainbow trout populations,
aseasonal sampling programme for smelakes in the Rotorua region would
help to clarify several outstanding research questions. These questions,include
firstly, whether the drop in condition and energy density observed in Lake Rotoiti
smelt over winter (Chapters 3 and 4) ocatossistentlyin every year and lake, or
whet her our sampling period represented ;
availability. Sampling during a period of particularly low prey availability would
explain why we observed a much higher rate of egg predation by La&ii Ro
smelt than those in Lake Taupo (Stephens 188#jondly, changes in smelt
spawning season among years and lakes may occur; anecdotal evidence suggests
that in some years, smelt are highly abundant in the littoral zone during spring,
whereas in otheyears, they are highly abundant in autumn (R. Pikethley, Fish &
Game, pers. commltis not yet known whether the autumn spawning peak
observed in 2011 in Lake Rotoiti is typical, or what kinds of environmental
conditions might drive a change in spawnseason. Future researchers can
discern these patteregher by sampling smelt eggs from beachebsymseasonal
examination of littoral smelt abundance, gonadosomatic index, and condition
factor, because increases in these factors coincided with higurements of
egg abundance in benthic samples

7.2.2 Effects of lake management interventions

Water flowing from Lake Rotorua into Lake Rotoiti via the Ohau Channel
constituted a significant input of nutrients and algae and was chiefly responsible
for the rediction of water quality in Lake RotoitHamilton et al. 2005)in 2008,

the Ohau Channel Diversion Wall was installed to improve water quality in Lake
Rotoiti by diverting inputs of water from Lake Rotorieethe Kaituna RiverMost

of the water flowing at of Lake Rotorua now flows directly down the Kaituna
River rather than into Lake Rotoitt.is necessary to assess the effects of

diversionwall construction on fish populationsecauseuyvenile and adult smelt
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regularly migratd from Lake Rotoiti intahe Ohau Channglrior to wall
constructionRowe et al. 2006)

Our field surveys indicatethat smelt are highly abundant in Lake Rotoiti,
and surveys of smelt eggs and larvae in the pelagic zone suggest that smelt
reproduce within Lake Rotoiti. Because of local reproduction and littoral
abundance, the impact of the Ohau Channel diversiomowalielt populations
should be limited. Additionally, recent trapping surveys in the Ohau Channel
show that smelt migrations have taken place between Lake Rotoiti and Lake
Rotorua after the wall installatidqiRowe et al. 201)1 Therefore, selfustaining
smelt populations should continue to support Lake Rotoiti trout populations in the
future.Because smelt seem to thrive in clear, oligotrophic lakes, probably due to
improved egg survivatompared to turbid, eutrophic lak@sowe and
Taumoepeau 2004), ti@hau Channel Diversion Wall is likely to have a positive
effect on smelt abundance by improving lake water quality in thetkenmg
Because smelt spawn preferentially on relatively exposed beaches with coarse

sand, sedimentation of these areas shoulddepted.

7.2.3 Recommendations for future fishery management

The suitability of current stocking and management regimes are best assessed on a
lake-by-lake basis, since conditions in every lake are diffeRResults of
bioenergetics modelling (Chapter 6) sleal that optimal stocking rates for lake
Rotoiti depend on the management goals for the fishery. Current stocking rates
appear to be causing densitgpendent effects on growth, so if a {gield,
trophy fishery is preferred, stocking rates should be dse However, if a
high-yield fishery with smaller, more abundant fish is preferred, stocking rates
should remain at current levels. Growth rates of stocked rainbow trout may be
optimised by gradual stocking over a period of time or by releasing trout in
summer or autumn, when smelt are abundatite littoral zoneandarein good
condition (Chapter 3).

Stocking rates ilhake Rotoitiwere increased betwe@010and2012 and
a clear reduction in condition of trob&s been recordeince ther(R. Pitkethey,
pers. comm.)The goal ofncreased stockingas to increase the amount of trout
available for capture by anglers, because an angling survey had indicated that

fishing pressure in Lake Rotoiti had increased relative to other Bkeause
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Lake Rotoit stocking rateslreadyappear tde causing densitgependenéffects

any reductions in prey availability could cawsductions in troutondition or
growth.Managers need to balance the risk of poor trout condition with the benefit
of increased catctates.To avoid possible reductions in trout conditidrmight
beprudent to lower stocking rates slightjowever, ifanglers are willing to
acceptower trout condition current stocking rates may be appropriate.

In general, it seems thatsh& Game&d s st ocking practises
Trophy fisheries are more likely to produce the desired large fish when (1) habitat
quality is sufficient (i.esuitabletemperature and dissolved oxygyeamd (2)
stocking densitiedo not cause limitations iimod sypply. Therefore, trophy
fisheries should be concentrated in lakes where habitat is suitable, i.e. deep lakes
such as Tarawera and Okataina.

The effects of climate change should be considered when pldiuitimg
trout stockingstrategieslf the rainbow tout fisheries in shallow lakes are
severely impacted by temperature increases, Fish & Gaamyéace pressure from
anglers to create a warmwater species fishery. This is likely to be a highly
contentious issue, given the positive effects of the trout fishretourism and the
cultural ecosystem services that it provides. However, environmegislation
todayis very differento when trout were first introduced (around the 1908,
introduction of a new species t@N Zealandwould likely face signifcant
regulatoryhurdles, especially consideritige widely documented effects of
introduced salmonids on native fish populatidhss possible that someone might
take matters into their own hands and introduce a species already present in New
Zealand; fo example, perch, tench, or ruddtroduction of these speciasuld
probablyhave undesirable consequences for the ecosystdaigesfin the
Rotoruaarea andit is important to educate the pubt@reduce the risk opread
of invasive species

Although climate change may affect the success of rainbow trout in
shallow lakestrout populations in deep lakes willglrably not be as badly
affected,due to the presence of thermal refuges in stratified lakes during summer.
Providing that further eutrophittan of these lakes is prevented, trout should have
sufficient habitat around and below the thermocline thaktisoxygenated and
within asuitable temperature range. But if bottom water deoxygenation worsens
trout habitat will be reduced. Current pragrs aiming to reduce nutrient inputs

into the Rotorua lakes will help to preserve trout habitat into the future.
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7.2.4 Future research needs for trout bioenergetics modelling

To improve bioenergetics model estimates of rainbow trout consumption rates,
several rénements to model inputs are possible. Measuring physiological
parameters in rainbow trout, especially those related to excretion and egestion,
would improve model accuracy. In addition, corroborating the model in the
laboratory would help to determineethccuracy of the modelled consumption
estimates. The sensitivity analysis of model inputs indicated that further
characterisation of temperature experience and prey energy density should be
prioritised, as these parameters had the largest influence sumneption
estimates. Firstly, thermal experience could be better characterised by carrying out
either hydroacoustic surveys throughout the year to determine seasonal changes in
trout depth distributions, or a tagging study of rainbow trout in Lake Rotoiti.
Temperaturdogging archival tags could be used to accurately characterise
thermal experience in the field. Characterising thermal experience of trout in
shallow lakes that lack coldwater inputs, such as lakes Rotoehu and
Rerewhakaaitu, would help to deténe the detrimental effects of warm
temperatures on growth. Secondly, measuring seasonal and interannual changes in
smelt energy density would also help improve the accuracy of bioenergetics
model estimates.

Differences in the diet of rainbow trout amdages may contribute to
variation in trout growth rates. This matter was not addressed in this study, but
spatially-explicit models of fish growth rate potential show that habitat quality
and prey availability interact to affect growth of fish (Bryant 1,932dy et al.
2011, Mason et al. 1995). Though it is clear that trout growth rate in the Rotorua
region is heavily influenced by lake conditions, especially habitat volume
(Chapter 5), prey availability is also likely to play a role. Clarifying the
relationships between lake conditions, prey availability, and trout growth rate
requires regular sampling of spatial variation in smelt abundance in relation to

environmental conditions in different lakes.
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