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Abstract

Deterioration of water quality is a common problem for aquatic systems globally,
which is accelerated by factors such as urban settlement, farforegtry and
recreation. Spatial variability of water quality in these systems hinders a more
advanced understanding of their dynamits better enable strategies to be
developed to combat their deterioration. Understanding the drivers for spatial
variallity is fundamentally important for predicting how lake ecosystems will
respond to management scenarios and which management actions are most likely
to be successful to improve lake health. Through a field study in a
morphologically diverse lake in New Zkand, and the application of a lake
ecosystem model, this study examined the spatial and temporal variability of
phytoplankton biomass and made a detailed consideration of the performance of

thred dimensional lake ecosystem models.

To gain insight in thespatial variability in phytoplankton productivityurgace
phytoplankton productivitymeasurements were carried out at three stations in
morphologically complex Lake RotaitiNorth Island, New Zealandyith the
objective of defining variations betweenesitand seasons, and the dominant
environmental drivers of these variatioiere was no overarching statistical
relationship between measured environmental variables and primary productivity
or specific production. Inorganic nutrient concentrations atstiméace of the
shallow station were low throughout the whole year but at the other two stations

they showed a typical pattern for monomictic lakes of higher levels during winter



mixing and declining concentrations during thermal stratification. The high
variability betweerthe threesites indicates that it is important to account for local
differences in productivity in morphologically diverse lakes, and that wiake
productivity estimates may vary greatly depending on the location and aepth

which measurementare made

To gain understanding of the spatial variability, a higher resolutioadt
dimensional (3D)model, ELCOM CAEDYM, was used tsimulate the timie
varying horizontal and verticavariations in water quality over one yeafgy
2004 May 2005).The main inflow toLake Rotoitiarisesvia the Ohau Channel
from adjacent eutrophic Lake Rotorudighly spatially resolved field dataese
collected monthly to validate the model performance $imulations of
temperature, dissolved oxygeand chlorophylla. The model was configured to
simulate a geothermal heat source in the deepest part of the main lake basin.
Model simulations of temperature, dissolved oxygen and chlorophwere
highly correlated with measurements of these variabigssimulations of spatial
variations in nutrient concentration showed relatively low correlation coefficient
values in particular at a station located in a shallow embaynfanexamination

of the behaviour of a conservative trag#roducedinto the mgor inflow of Lake
Rotoiti, the Ohau Channel, confirmed previous findings th& inflow could
enter the lake as a surface inflow, intewil or underflow, depending on
temperature gradients between the inflow and the lake water columarresults
showed that ELCOMiI CAEDYM is capable of reproducing highly spatially
resolved field data in a complegeothermallyinfluenced lake and can provide
important insights into the fate of heat and constituents in major inflows.

A wall to divert Ohau Channel wateirekctly towards the outflow of Lake Rotoiti

was implemented in August 2008. Based on parameter values calibrated for the
time period before the inflow diversionMay 2004 May 2005), ELCOM
CAEDYM was applied to the pdstiversion wall period of August 2008ugust

2009. The model showed good fit with observed data for temperature, dissolved

oxygen and chlorophy#, but themodel showed a poor fit when simulations were



compared with in situ nutrient concentratioas all stations Smulations with
ELCOMi CAEDYM suggest that model accuracy may be improved when a
simplified dynamic sediment diagenesis model is available. This could provide for
less sensitivity to sediment nutrient release rates of the modéketted model fit

to in situ data Ecosystem modellmis likely to play an increasingly important

role in lake management and scientific understanding of lake processes as
computer speed increasand models undergo further refinements. The model
development is in a phase of relative maturity in which watity simulations
provide an efficient and rational tool to compare water quality outcomes and cost
effectiveness of lake improvement techniques, to provide for preservation and

improvement in water quality in the future.
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Chapter 1

General Introduction

1.1 Motivation

Attention hasbeenfocussedglobally on the deterioration of freshwaters due to
human activitiesRestoration programes have therefore been implemented to
restore and to protetie worlds freshwaters (Jeppesen et24105).0Only 1% of

the worlds freshwater is accessible for human use, of which c. 85% is contained
within lakes Highly eutrophic and productive lakes are influenced by interactions
amongst light, nutrients, mixingdepth and phytoplankton biomass and
composition (Schindler 1978Urabe et al. 1999 Mcintire et al. 2007).
Morphological characteristics may affect algae blooms and cause varigtion
responsevithin and amongst lakgSakamoto 1966; Hakanson 200Bueto the
increasing interest in lakeestoration,there is a need to understasourcesof
nutrient loading, their influence groductivity and the temporal and spatial scale
on which lakes respon@escyet al.2005; Celik 2006; Qet al.2007). A lack of
attention to spatial variations in some lake studies beapartly dudgo thetime

and expense required fantensive field studies. To overcome thithree
dimensional (3D) models have been used to analyse spatial varying conditions in
multii basin lakes Ruedaet al. 2008; Missaghi & Hondzo 2010). To capture
heterogeneity of water qualjtydifferent and evolvingtechniques have been
applied to improve model simulations. For example, Spillmann et al. (2007) used

remote sensing to compawhservedchlorophyl a distributiors with model
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General Introduction

predictiors for the Po River dischargmto the Northern Adriatic Sea italy.
Furthermore, extensive arrays of thermistors and three discrete stations for
dissolved oxygen measurements were used in Lake Erie to initialise
ELCOM/CAEDYM for analyseof the magnitude of oxygen depletion in bottom
waters of the lake (Ledn et al. 2006).

Lake Rotoiti is a large morphologically complegeothermallyinfluenced lake
with one main inflow. The lake is located in the Central VolcaniteBla(CVP),
North Island, New Zealan@nd isa popularholiday and fishing destinatiohake
Rotoiti has undergone lohgerm deterioration in water quality associated with
excess nutrients loadings and eutrophication (Vineeat.1984; Rutherforckt al.
1996; Hamilton 2003; Rutherford 2003) mainly attributed to the main inflow
entering Lake Rotoiti vidhe Ohau Channel from adjacent Lake Rotorlihis
inflow mayplunge into the main basin of Lake Rotoiti as an underflow depending
on density differencefrom temperature gradienbetween the inflow and through
the water columiGibbs 1983).

This thesis examines spatial variability of water quality and productivity in Lake
Rotoiti and the effect ahe Ohau Channel inflow on Lake Rota i 6 s wat er
This work also includeanalyseon the effect of a newly built structure to divert
the Ohau Channehflow directly towards the main outflowf Kaituna River.
Highly spatially resolved fielaneasurements argsed to validate 3D modelling
predictions. Tis unique field data set was used to test the model perforraadce
assess itaccuracy and capabilitior predictionof the Ohau Channel diversion

case

1.2 Main objectives

The overall objective of this thesis was to analyse spatial variability of
phytoplankon productivity and water qualityy morphologically complex, deep
Lake Rotoiti andto assesshe impact of Ohau Channel inflow on the spatial
variability of water qualitywithin the lake The spatialperformance of th&D
water quality modelwas tested wiih highly spatially resolved field data. A
geothermal heasource which was required to match changes in hypolimnion
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temperature added an interesting and unusual aspect to the modelling component
of the study. Theast objectivewas to assess model perf@nce when the Ohau
channel inflow diversion in form of a diversion wall was used as a means to
reduce the nutrient load and improve water quality. This change provided an
opportunity to qualitatively assess whether the model was sufficiestiust to

simuate the resulting changes in water quality.

The principal work conducted for this study included a comprehensive nutrient
and productivity field study, high frequency spatial data collection and a

computerbased modelling study.

1.3 Field studies

Historically, lakes were perceived to be relatively homogeneous horizoaiadly
even todaythere is a lack oéittentiongivento spatial variations ifargelakesand
numerous previous studies have focused on temporal variations within a lake
(Vincent et al. 1984 Carick et al. 1993 Berman et al. 1995) However
morphologically complex lakesespeciallythosewith nutrient enrichedinflows

can show high spial variability. Small lakes may have largevariatiors in
phytoplanktorbiomass (SayidBasbug & Demirkalp 20049nd patial variationof
phytoplankton production mayave an importantinfluence on ecological
assessments of trophic status awtole lake productivity. For this study
productivity measurements were undertaken to analyse the variability at three
morpholayically diverse stations. To calibrate the model these stations were
additionally profiled for temperature, chlorophylla and dissolved oxygen
concentratioa To complement this sampling regime and to validate the model on
a spatialbasis vertical and haeontal high frequency field measurements of
temperature, chlorophykh and dissolved oxygerwere undertaken following a
fixed transectwhich includedthe three selected stations. Monthly sampling was

undertaken for one year from May 2004 to May 2005.

To be able to assess the influerafethe main inflow on water quality of Lake
Rotoiti, and to test the ability of the model to use a fixed parameter approach for

management predictions, a fixed transect was sampled after the construction of
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the Ohau Channdliversion wall (August 208 to June 2009 Data collected
following the wall constructiomnvereused to test model performance @awaluate

theeffectof the inflow diversiorand the benthic geothermal source

1.4 Model applications

Part of the reason for tH#®D model application to Lake Rotoiti was to simulate

the effect of the main inflow (Ohau Char
model was considered necessary (as opposed to a model of lower spatial
resolution) to encompass two distinct basins comuaecia a narrow constriction,

as well as several bays. This morphological variability provides an excellent
opportunity to evaluate variations in phytoplankton across the basin and to assess

other influences such as geothermal heat sources.

The 3D lake ecgystem model ELCOMCAEDYM, developed by the Centre for
Water Research, University of Western Australia has been appledeoalakes

(e.g, Ledn et al. 2006; Njuguna et al. 2006; Burger et al. 2008; Trolle et al. 2008a;
2008b; Chung et al. 2009; Gal &t 2009; Missaghi & Hondzo 2010), estuaries
(e.g.,Dallimore et al. 2003; Robson & Hamilton 2004; Loveless 2@d@) coastal
ocean Qkely et al. 2006Spillman et al. 2007). Various attempts have been made
to improve the performance of ELCOM and ELCO®BAEDYM. For example
Laval et al. (2003) used a spatially varying wind field to improve the seiche
amplitude and simulate mean surface circulation; Ledn et al. (2005) used
thermistor data at three stations in the eastern basin of Lake Erie to understand the
flushing of the deep basin and circulation dynamics as drivers for future studies of
fate and transport of nutrients. Hillmer et al. (2008) used 33 stations in Lake
Kinneret to simulate phytoplankton patchiness in terms of concentration and
composition. Mosstudies have used spatial field data for initialisatione of

these studies has uskwhly resolved spatial field data aad array of statistical
measures of goodnéssi fit to compare model output and to assess the temporal
and spatial complexityfdoth field data and model simulations.
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1.5 Thesis overview

This thesis is based on three main rese&@ichptes (Chapter 4) which have

been prepared for, or published in, ppeeviewed scientific journals. Chapter 2
examines the spatial variability of ploplankton productivity in Lake Rotoiti.
Previous assessments of lake productivity have generally one centrally located
station(Berman & Pollinghel974 Lehmannet al.2004 Arst et al.2008) This

work of productivity gives new insights into the potahtfor high spatial
variability within one water body. It also pointed to the importance of site
selection when productivity studies are undertaken in lakes.

The main focus of Chapter 3 relates to outcomes from a 3D model application to
Lake Rotoiti. A gedhermal energy input ofl65 MW was added to the
hypolimnion of Lake Rotoiti vianinflow in order to best match the temperature
increase of the hygimnion over the 8 to i9month period of stratification.
Monthly temperature, chlorophylh and dissolved oygen measurements were
used to calibrate the model for the period May 2004y 2005. Validation was
undertaken within the same year but using highly resolved spatial (horizontal and
vertical) field data. The model was used to analyse the intrusion of tia O
Channel inflow into Lake Rotoiti and the resulting spatial variability of

temperature, dissolved oxygen and chloropayiiithin the lake.

In Chapter 4 | analysed the performance of ELOA@YWMEDYM under a changed

set of environmental conditions in retat to the inflow diversion while using a
fixed parameter approach. The diversion wall was completed at the beginning of
August 2008 and simulations commenced from 19 Aug068 for a period of

one year, bBsed onthe identicalmodel parameterscalibrated for Chapter 3.
Forcing data was adjusted according to the simulation period. The effédut of
implementation of the wall was analysed &gsessinghe monthly change in
inflow tracer concentration. To test the model accuraeyculations ofRoof

Meari Squard Error and Pearson correlation coefficient between averagkoks

of highly resolved fielddata relating to one model cell and modghulation,

were undertaken
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This Ph.D. study provides a fundamental understanding of the spatial variability

of physicdand biochemical variables in a complex waterbody with heterogeneous
morphology and geothermal inflowend contributes to the knowledge on how

wel | a O0state of the art 6 aBdlpredicofdted can

scenarios

23



General Introduction

1.6 References

Arst, H., T. Ndges, P. Noges & B. Paa@D08: Relations of phytoplankton in
situ primary production, chlorophyll concentration and underwater
irradiance in turbid lake$dydrobiologia599: 169176.

Berman, T. & U. Pollingher(1974: Annual and seasonal vaii@as of
phytoplankton, chlorophyll, and photosynthesis in Lake Kinneret.
Limnology and Oceanograpiy®: 3154.

Berman, T., L. Stone, Y. Z. Yacobi, B. Kaplan, M. Schlichter, A. Nishri & U.
Pollingher, 1995. Primary production and phytoplankton in Lake Ketne
A long-term record (1972993).Limnology and Oceanograp0: 1064
1076.

Burger, D. F., Hamilton, D. P. and Pilditch, C. A. (2008): Modelling the relative
importance of internal and external nutrient loads on water column nutrient
concentrations anghytoplankton biomass in a shallow polymictic lake.
Ecological Modelling211(3 4): 411 423.

Carrick, H. J., F. J. Aldridge & C. L. Schelske (1993): Wind influences
phytoplankton biomass and composition in a shallow, productive lake.
Limnology and Oceanogpdny38: 1179119.

Celik, K. (2006): Spatial and seasonal variations in chlorophytlient
relationship in the shallow hypertrophic Lake Manyas, Turkey.

Environmental Monitoring and Assessmah?: 261 269.

Chung, S. W., Hipsey, M. R. and Imberger, J.O@0 Modelling the propagation
of turbid density inflows into a stratified lake: Daecheong Reservoir, Korea.
Environmental Modelling & Softwar&4(12): 14671482.

24



General Introduction

Dallimore, C. J., Hodges, B. R. and Imberger2D03): Coupling an underflow
model to a lired dimensional hydrodynamic odel. Journal of Hydraulic
Engineeringl29(10): 748.

Descy, J.P., Hardy, MiA., Stéwuite, S., Pirlot, S., Leporcd., Kimirei, .,
Sekadende, BMwaitega, S. R. and Sinyenza, D. (2005): Phytoplankton
pigments and communitgomposition in Lake Tanganyikd&reshwater
Biology50: 668 684.

Gal, G., Hipsey, M. R., Parparov, A., Wagner, U., Makler, V. and Zohary, T.
(2009): Implementation of ecological modeling as an effective management
and investigation tool: Lake Kinneret agase studyEcological Modelling
220(13 14): 16971718.

Gibbs, M. M. (1983): Penetration of Ohau Channel water into Lake Rotoiti.
Taupo Research Laboratory, Department of Scientific and Industrial

Research. File report 63 pp.

Hakanson, L. (2005): Thienportance of lake morphometry for the structure and

function of lakesiInternational Review of Hydrobiolod0: 433 461.

Hamilton, B. (2003): A review of shdterm management options for lakes
Rotorua and RotoitiA report for the New Zealand Ministryor the

EnvironmentHamilton Integrated Management. December 268%p.

Hillmer, 1., van Reenen, P., Imberger, J. and Zohary, T. (2008): Phytoplankton
patchiness and their role in the modelled productivity of a large, seasonally
stratified lake Ecologcal Modelling218(1i 2): 49 59.

Jeppesen, E., Sgndergaard, M., Jensen, J. P., Havens, K. E., Anneville, O.,
Carvalho, L., Coveney, M. F., Deneke, R., Dokulil, M. T., Foy, B.,
Gerdeaux, D., Hampton, S., Hilt, S., Kangur, K., Kéhler, J., Lammens, E. H.
H. R, Lauridsen, T. L., Manca, M., Miracle, M. R., Moss, B., Ndges, P.,
Persson, G., Phillips, G., Portielje, R., Romo, S., Schleske, C. L., Straille,
D., Tatrai, I., Willén, E. and Winder, M. (2005): Lake response to reduced

25



General Introduction

nutrient loading an analysis o€ontemporary lonigerm data from 35 case
studies Freshwater Biologyp0: 1747 1771.

Laval, B., Jbrg Imberger, JHodges B.R. and Stocker R. (2003):Modeling
Circulation in Lakes: Spatial and Temporal Variatiohgmnology and
Oceanography8(3):pp. 983994

Lehmann, M. F., S. M. Bernasconi, J. A. McKenzie, A.lBzn, M. Simona & M.
Veronesi 2004): Seasonal variation of the d13C and d15N of particulate
and dissolved carbon and nitrogen in Lake Lugano: Constraints on
biogeochemical cycling in a eutrapHake.Limnology and Oceanography
49: 415429.

Leon, L. F., Imberger, J. Smith, R. E.,HHecky, R. E.,Lam, D. C. L. and
Schertzer, W. M., (2005): Modeling as a tool for nutrient management in
Lake Erie: a hydrodynamic studyournal Great Lakes Reseadr31: 309
318.

Ledn, L. F., Smith, R. E. H., Romero, J. R. and Hecky, R. E. (2006): Lake Erie
hypoxia simulations with ELCOMCAEDYM. 3rd Biennial meeting of the
International Environmental Modelling and Software Sociéfyp.

Loveless, A. M. (2009). A nitii dimensional receiving water quality model for
Botany Bay (Sydney, Australia). 18th World IMACS / MODSIM Congress.

Cairns, Australia.

Mclintire, C. D., Larson, G. L. and Truitt, R. E. (2007): Seasonal and interannual
variability in the taxonomic compo®nh and production dynamics of
phytoplankton assemblages in Crater Lake, Oregdgydrobiologia 574:

179 204.

Missaghi, S. and Hondzo, M. (2010): Evaluation and application of aithree
dimensional water quality model in a shallow lake with complex
morphomety. Ecological Modelling221: 15121525.

26



General Introduction

Njuguna, H., Romero, J. R., Khisa, P., Ewing, P., Antenucci, J. P., Imberger, J.
and Okungu, J. (2006): The effect of turbid inflows into Winam Gulf, Lake
Victoria: a 3D modeling study with ELCOMCAEDYM. Lake Victoria
Environmental Management Prograsrpp.

Okely, P., Yeates, PS, Antenucci, JP. Imberger J. and HipseyM. R. (2006):
Modelling of the impact of the Perth Seawater Desalination Plant discharge
on dissolved oxygen in Cockburn Soun@entre of WaterResearch,
University of Western Australia. Final Report: WP2136PO

Qu, W., Morrison, R. J., West, R. J. and Su, C. (2007): Spatial and temporal
variability in dissolved inorganic nitrogen fluxes at the sediineater
interface in Lake lllawarra, AustraligVater, Air & Soil Pollution186: 15
28.

Robson, B. J. and Hamilton, D. P. (2004): Thdimensional modelling of a
Microcystis bloom event in the Swan River estuary, Western Australia
Ecological Modellingl74(% 2): 203 222.

Rueda, F. J., Schladow, S. GdeClark, J. F. (2008): Mechanisms of contaminant
transport in a multibasin lakeEcological Applicationd.8(8):72i 87.

Rutherford, J. C., Dumnov, S. M. and Ross, A. H. (1996): Predictions of
phosphorus in Lake Rotorua following load reductiohew Zealad

Journal of Marine and Freshwater Researdh: 383 396.

Rutherford, K. (2003): Lake Rotorua Nutrient Load Targ@istional Institute of
Water & Atmospheric Research Ltd, Hamilton, New ZealaNtdMA) i
Client Report: HAM200B155.64 pp.

Sakamoto, M. (266): Primary productivity by phytoplankton community in some
Japanese lakes and its dependence on lake degthiv fir Hydrobiologie
62: 11 28.

27



General Introduction

Sayg Basbug, Y. and Demirkalp, F. Y. (2004): Primary production in shallow
eutrophic Yenicaga Lake (Bol@urkey). Fresenius Environmental Bulletin
13: 98 104.

Schindler, D. W. (1978): Factors regulating phytoplankton production and
standing crop i n LUnmeogyend Qcenbograpfds: e s hwat e
478 486.

Spillman, C. M., Imberger, J., Hamilton, D. Plipsey, M. R. and Romero, J. R.
(2007): Modelling the effects of Po River discharge, internal nutrient
cycling and hydrodynamics on biogeochemistry of the Northern Adriatic
Sea.Journal of Marine Systen&8(1i 2): 167 200.

Trolle, D., Jargensen, T. B. adéppesen, E. (2008a): Predicting the effects of
reduced external nitrogen loading on the nitrogen dynamics and ecological
state of deep Lake Ravn, Denmark, using the DYRESNMEDYM model.
Limnologica38: 223G 232.

Trolle, D., Skovgaard, H. and Jeppesen, FOOBb): The Water Framework
Directive: Setting the phosphorus loading target for a deep lake in Denmark
using the 1D lake ecosystem model DYRESMEDYM. Ecological
Modelling219(Zi 2): 138 152.

Urabe, J., Sekino, T., Nozaki, K., Tsuji, A., Yoshimizu, C.,g&ai, M.,
Koitabashi, T., Miyazaki, T. and Nakanishi, M. (1999): Light, nutrients and
primary productivity in Lake Biwa: An evaluation of the current ecosystem
situation.Ecological Research4(3): 233 242.

Vincent, W. F., Gibbs, M. M. and Dryden, S. J.984). Accelerated
eutrophication in a New Zealand lake: Lake Rotoiti, Central North Island.
New Zealand Journal of Marine and Freshwater Resedr8h431 440.

28



Chapter 2

Temporal and spatial variations in phytoplankton
productivity in surface waters of a warmi temperate,

monomictic lake in New Zealand

Abstract

Surface phytoplankton productivity measurements were carried out in
morphologically complex Lake Rotoiti with the objective of defining variations
between sites and seasons, and the dominant environmental drivers of these
variations. Measurements were @adrout monthly at two depths at each of three
morphologically diverse stations for one year in the lake. Productivity at the
surface of the shallow embayment was significantly higher in most months of the
year compared with the surface of the other twatimts but there were no
significant differences from SeptembBecember 2004. There were no
relationships between measured environmental variables and primary productivity
or specific production. Inorganic nutrient concentrations at the surface of the
shdlow station were low throughout the whole year but at the other two stations
they showed a typical pattern for monomictic lakes of higher levels during winter
mixing and declining concentrations during thermal stratification. The high
variability betweensites found in this study indicates that it is important to
account for local differences in productivity in morphologically diverse lakes, and
that whole lake productivity estimates may vary greatly depending on the location

and depth of productivity meaements.
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2.1 Introduction

Seasonal patterns of phytoplankton primary productivity are influenced by
interactions amongsttemperature, light, nutrients, mixing depth and
phytoplankton bimass and composition (Schindl#®78 Urabe et al. 1999
Mcintire et al. 2007), as well as lake morphological characteristics (Sakamoto
1966 Hakanson 2005). Production in the surface mixed layer of temperate lakes
may be highly seasonal, often restricted by availability of nutrients as particulate
material is lost from the @phogenic zone over the stratified period, and by
seasonal vations in light (Vanni & Temtel990). A common pattern of
phytoplankton productivity in dimictic lakes of the Northern Hemisphere is low to
moderate rates during winter stratification and dyrgpring circulation, an
increase associated with the rapid increase in diatom biomass, and a peak later in
spring summer bedre a decline in autumn (WetzZ2001). By contrast, in tropical
lakes productivity and biomass maxima may occur at any time oydhe in
response to upwelling of nutriémich water from the breakdown of stratification,
internal seiches or often related to seasonal cooling or istailoced circulation
(Coulter 1963Descyet al.2005 Naithaniet al.2007).

Numerous previous studiesf phytoplankton productivity have focused on
temporal variations within a lake (Vinceettal. 1984 Carricket al.1993 Berman

et al.1995), generally at seasonal time scales and using only one rsgusialiion
(Berman & Pollingherl974 Lehmannet al. 2004 Arst et al. 2008). Recently
there has been increased interest in horizontal variations in phytoplankton
productivity within lakes (Descgt al. 2005 Celik 2006 Qu et al.2007). Large
horizontal variations in primary production are characteristiesiuaries and
coastal areas (Gorgj al.2003 Glé et al.2008), but many lakes are perceived to
be relatively homogeneous horizontally, partly because of their small size
compared with coastal or open waters and the reduced influence of inflows
comparedwith estuaries. A lack of attention to spatial variations in lake
productivity may also be partly attributed to difficulties in performing
simultaneous measurements of productivity across a number of stations, a

problem somewhat circumvented byi boat orlaboratory incubations (Sata#t
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al. 2006) but with inherent issues of extrapolation to in situ conditions. Studies
which have focussed on spatial distributions of phytoplankton have found large
variations in biomass (Fietet al. 2005 Wondie et al. 2007), even in small,
shallow lakes (SaydBasbug & Demirkalp2004). Spatial heterogeneity of
phytoplankton production may play an important role in ecological assessments of
wholé lake trophic status and productivity, which do not adequately reflect
localised variations in growth rates. This heterogeneity has been examined with
mathematical models (Naithaei al. 2007 Hillmer et al.2008) but there are few

in situ studies.

The obgctive of this study was to quantify the relative importance of spatial and
seasonal variations in phytoplankton productivity in surface orieedace
waters in a morphologically complex, deep lake. Spatial variations in
phytoplankton productivity can beaused by physical, chemical, biological
processes and their interactions. For example, shallow areas of a lake tend to have
higher mean water column irradiance or may be proximal to localised nutrient
sources such as inflows (Qet al. 2007 Zhanget al 2007) or resuspended
sediments (Schallenberg & BurB804).

| chose to study spatial variations in surface primary production in Lake Rotoiti
because of its basin morphology, which is highly complex, with shallow
embayments connected to a large cerdaalin. In addition a major inflow enters

the shallow western basin. Vincent et al. (1984b) previously described the
seasonal pattern of productivity in the main basin of Lake Rotoiti, and provide
data which can be used to make historical comparisons againsesults. |
hypothesised that categorisations of lake productivity into seasonal patterns may
be too simplistic and could be biased by site specificity related to lake

morphology as well as heterogeneity of the key driving variables.

2.2 Site description

lLake Rotoiti (38U 0206 39.5 S, 176U 25%6
monomictic, eutrophic lake in North Island, New Zealand (Figure 2.1). It is
located 278 m a.s.l. and has a surface area of 34.6Tkma lake is relatively long
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and narrow buwith two distinct basins; a deegasternbasin and a shallower
westernbasin (max depth 25 m), separated by a narrow constriction. Lake Rotoiti
has several bays, notably Okawa Bay, which connects to thel smsthend of

the western basin via a shallownstriction of c. 1.5 m depth. Adjacent to Okawa
Bay is the Ohau Channel inflow to Lake Rotoiti, which arises from eutrophic
Lake RotoruaBurgeret al. 2008). Despite waste water diversion in 1991 from
Lake Rotorua the water quality has not impro@&iirge et al. 2008) recent
research suggestarther deterioratior(Hamilton et al. 2010)The only surface
outflow from Lake Rotoiti is Kaituna River (mean discharge 2004/2005:; 22.5 m
s!) at the northern end of the western basin. Ohau Channel inflow (mean
discharge 2004/2005: 18.9° %) can intrude into Lake Rotoiti as an underflow,
interflow or overflow, depending on the temperature of the Channel relative to the
thermal structure of Lake Rotoiti (Vincept al. 1986 1991). There are seven
smaller surfacenflows arising from nearby groundwater springs (discharges of
0.0048 to 0.472 fhs 1; mean temperature c. 13 °C) and three geothermal springs
(discharges of 0.0018 to 0.0157 ¢ mean temperature c. 26 °C).

Phytoplankton biomass in Lake Rotoiti is hégh in winter (Cassie 1978) and
primary productivity in the main basin of Lake Rotoiti generally exceeds summer
productivity rates by a factor of 2.5 to 3.5 (Burnet & Davis 198@centet al.
1984). The lake underwent a relatively rapid process of ebtcagion between

the first limndogical investigation by Jolly(1968) and a subsequent study by
Vincent et al. (198). The main reason for this rapid deterioration was considered
to be the nutriefienriched status of the Ohau Channel inflow arising ft@ke
Rotorua (Vincentet al. 1984 1991). This inflow is commonly present as an
underflow in autumn (March/April) through to spring (September), though the
lake is normally well mixed vertically through winter (JuA@gust). The
underflow condition was caidered to have some benefit in reducing

deoxygenation of bottom waters when Lake Rotoiti is stratified (Gibbs 1992).

Early limnological studies of other warm monomictic lakes of the Central
Volcanic Plateau (CVP) of North Island, New Zealand, showedtlea¢ is peak

phytoplankton production and biomass during seasonal mixing in winter, not only
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in Lake Rotoiti (Vincentet al.1984), but also in oligotrophic Lake Taupo (mean
depth,z = 97 m) where levelsrerefound to be around téfold higher in winter
thanin summer (Vincentl983). By contrast, in Lake Waikaremoana, another
deep € = 93 m), oligotrophic lake of the CVP, the annual maximum of
phytoplankton productivity occurred in summer at a time that coincided with
formation d a deep chlorophyll maximum (Howard/illiams et al. 1986). In
mesotrophic Lake Rotorua (= 11 m), immediately upstream of Lake Rotoiti, the
seasonal productivity maximum occurred during summer or early autumn (Burnet
& Davis 1980).

2.3 Material and methods

2.3.1 Environmental data collection

Sampling stations were established at a deep (c. 100 m) site in the main (eastern)
basin Gtation1), a 25 m site in the narrow region that delineates the eastern and
western basins and is approximately 2 km frdm Ohau Channel entrance
(Station 2), and a serenclosed, shallow (< 5 m) embayment, Okawa Bay
(Station3; Figure 2.1) c. 600 m south of Ohau Channel.iNdikle sites (close to

my Station 1) have a long observation history and are considered to be
represetative of the main lake basin (Jolly 1968ish 197% Burnet & Davis

198Q Vincent et al. 1984). Station 2 has been used previously to examine
underflows arising from the Ohau Channel (Vincehtl.1991) whileStation3

was chosen because of frequentgparted algal blooms in this embayment.
Temperature aSStations land 2 was measured at 15 minute intervals with
thermistor chainsTidbit Underwater Data Logge(sesolution<0.3 °C accuracy

+/- 0.2 °Q were used toecordtemperature profilesAt Stationl the thermistors

were placed at depths of 0, 2.5, 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75 and 80 m and&tation2 at depths of 0, 2.5, 5, 7.5, 10, 12.5, 15,
17.5, 20 and 25 m.
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Stations were samplechonthly from June 2004 to May 2005. Temperature
profiles (resolved at c. 0.1 m) were taken with a Seabird Electronics (SBE) 19plus
Seacat CTD profiler fitted with an additional sensor for photosynthetically
available radiation (PAR, Licor Inc.). Discreteat®r samples for dissolved
nutrient analysis were collected with a SchindRatalas trap immediately below
the water surface (denoted as O m). These samplesfiltered on the boat
immediately after collectiorthrough awhatman GF/C filter with nomirigore

size of 1.2 um, and the filtrate was stored on ice for transportation to the
laboratory, where samples were ddepzen before analysis for ammonium
(denoted as NKIN), oxidised nitrogen species (denoted aszNNO+ NGO, N;

NO,i N) and soluble reactivphosphorus (denoted as SRP) by flow injection
analysis on a Lachat CQ8000 FIA system employing standard methods
(Zellweger Analytics 2000Diamond 2000).Priscu et al. (1986) showed no
distinct seasonal trend in DON concentration in Lake Rotoiti. Duhegitne of

this study (19811982) N limitation expements were undertaken (White 1985),
when it was found that Lake Rotoiti is N limited, which suggests that DON is not
available for phytoplankton uptak€entral North Island lakes are rich in reactive
silicon due to high levels of pumice and ignimbrite from successive volcanic
eruptions (Viner & White 1987). Silica was therefore not expected to be a limiting

nutrient inmy study.

Concentrations of N&)N were determined by subtraction of N® from NGsi N

+ NO.i N. Discrete water samples for chlorophyll analysis were taken at depth of
0, 20, 40, 60, 80 m &tationl, 0, 15, 25 m abtation2, and 0 and 5 m &tation

3. Filters were immediately shadkozen in liquid nitrogen and transported to the
laboratay. Chlorophyll a concentrations were determined using 90% acetone
extraction and fluorometric assay (Turner DesiginAlO® Fluorometer) with an

acidification step to correct for phaeophytin (Axler & Owen 1994)

2.3.2 Primary productivity

Water samples fomeasurements of primary production were collected with a

Schindler Patalas trap from immediately below the water surface (denoted as 0
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m) and from a depth of 5 m. The vertical data collection was restricted according
to the shallow nature dbtation 3, to allow direct depth comparisons between
stations and also because of the time involved to be able to perform simultaneous
productivity incubations at three stations. Sample water from the respective depths
was used to rinse and then fill one dark and foamdparent 280 mL glass bottles.

A fixed amount of labelled carbon3 (NaH>CO;) was added téour bottles (one

dark, three lightto achieve &°C concentration betweeri 55 % of the expected
dissolved inorganic carbon (DIC) concentration in the watep&sr(Hamaet al.

1983). Bottles were then incubated in situ at 0 m and 5 m for 4 h centred

approximately around the solar zenith.

The dark bottle from each depth was used to correct foii plootosynthetic
carbon uptake and an itincubated bottle withouadded'*C was used to correct

for natural abundance dfC in the water sample. After incubation the bottles
were stored on ice in the dark for transportation to the laboratory, where each
sample was immediately filtered under a light vacuum onto &acpnmbdusted
Whatman glagdibre filter (1.2 ym GF/C) and dried in a vacuum desiccator prior

to analysis.

Water samples for analysis of dissolved inorganic carbon (DIC) were taken at
armés | ength under the surface utding an
°C during transport to the laboratory where they were placed in a 100 mL beaker

and brought to 25 °C. An automated titration procedure (Metrohm 702SM Titrino

with pH glass electrode) with 0.1 N HC|I was used to determine DIC
concentrations from titratio curves (Marchett@t al. 1997). This concentration

was used to correct for total carbon in the sample bottles based on the amount of

3%C added.

The concentration of particulate organic carbon (POC) as well as the atom % of
3C in thenatural and incubatl samples werdetermined on the vacuiimiried

fillers by mass spectrometry (Dumas Elemental Analyser; Europa Scientific
ANCAI SL) interfaced with an isotope mass spectrometer (Europa Scientific 20

20 Stable Isotope Analyser). The atom percent of the inagaarbon (A) was
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calculated by the amount biC added to the 280 mL bottle and later corrected for
the amount of DIC in the water samples. Productivity (P) was determined using
the average value for the triplicate light bottles corrected for thebadile carbon
uptake and for naturafC abundance (Hanet al.1983):

(AisTAns)

P=POCT 17 150 i i i

t (Aicl Ais)
where Asis the atom % of the natural (unincubated) sampjgisAhe atom % of
the incubated sample, POC is the concentration of particulate organic carbon (mg
m'®) and P is the productivity (mg C'thh'%) and t duration of incubation (h).
Chlorophyli specific productivity was determined by dividing P by chlorophyll
concentrations from 0 m samples for the purpose of comparisons over time and

amongst sites.

Hourly shortwave radiation data were obtained from Rotorua Airport
meteorological station on the southern shore of Lake Rotorua, 7 km from Lake
Rotoiti. Photosgthetically available radiation (PAR) was taken to be 45% of the
shortwave radiation (Papaioanneti al. 1993). The vertical diffuse attenuation
coefficient K4(PAR)) for downward irradiance was determined from the slope of
the linear regression of the n&tl logarithm of downwelling irradiance
(In(E4(PAR)) versus depth, where PAdR(is the photosynthetically active
radiation at deptlz derived from the CTD profiles.

Pearson's correlation analysis was used to examine relationships among dissolved
nutrientconcentrations, both within and among sites, and potential relationships
between surface (upper 5 m) primary production and environmental variables
(light, nutrients, surface mixed layered depth). Variations in primary productivity
among the sampling stahs within each sample date or depth were evaluated
with a onéway analysis of variance (ANOVA). For significant (p < 0.05) test
results a StudenNewmaniiKeul (SNK) test was then used to identify which
sampling stations differed from one another. Datare tested for normal

distribution and homogeneity of variance by visual inspection of the residuals.
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2.4 Results
2.4.1 Environmental data

Results of temperature profiles frdatations land 2 indicate that Lake Rotoiti is

a monomictic lake, but a@tation 3, in the shallow bay, the water column was
generally well mixed throughout the year, as denoted by the vertical isotherms
(Figure 2.2). At comparable depths, temperatures were very similar across the
three stations. The thermocline &tiation1 andStation2, which initially formed

in November 2004, was at least partially disrupted in December 2004,ibut re
established later in the same month, progressively deepening for the remainder of
the stratified period until the water column was fully mixed again in J00&.2
Water temperature at the surfaceStdtions land 2 was at its minimum of 10.1

°C in July 2004 and at its maximum of 22 °C in ikdbruary 2005. Minimum
measured water temperature was slightly lowebtation3 at 9.8 °C in August
2004, while the md@mum measured temperature fdtation3 (February 2005)

was the same as for the other stations.

Surface concentrations of NHN, NO;iN and PQi P varied widely in Lake
Rotoiti among stations and with time of year (Figure 2.3). Nutrient concentrations
werelow (NH4i N < 38.3 mg rf?, NOsi N < 33.6 mg ¥, SRP < 12.1 mg ) at

all three stations when the main body of the lake was stratified. In winter 2004
nutrient concentrations were comparably higBttions land 2 (NHiN > 111.5

mg m3in July 2004, NG N > 166.6 mg ftin August 2004, SRP > 42.7 mdn

in July 2004) following the breakdown of stratification. Concentrations ofi NO

and SRP gradually declined towards detection limits (c. 1 i}y lmy December
2004 when the thermocline hadi established.Concentrations of NHN at
Stations land 2 showed only a brief winter peak (112 and 115 Mg m
respectively) during July 2004 and remained at relatively low levels throughout
the remainder of the year. A slight increase in all nutrient species coinitted

the mixing event in December 2004 &tation 2. While NH;iN and SRP
concentrations aStations land 2 were similar, NDN at Station1 exceeded

values atStation 2 by 1.5fold. Station 3 showed relatively low nutrient
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concentrations for all speciesroughout the year compared $tation1l and 2,
with maximum concentrations of 10.7 mg3for NH,4i N, 28.1 mg rh® for NOsi
N and 12.4 mg i for SRP.
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Figure 2.2: Contour plot of temperature (°C) foA) Station1, (B) Station2 and (G Station3
from June 2004 to June 2003\)(and B) are from thermistor chain records at 15 minute intervals

and C) from monthly CTD profiles. Field sampling dates are marked with x.
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Table 2.1: Pearson correlation coefficientR) for surface nutrient concentrations as a function of
sampling station.

* p<0.05 Station 1 Station 2 Station 3
**  p<0.01 NHi-N SRP  NOz-N NH;-N SRP NOs3-N NH,-N SRP  NO;-N
Station 1
NH,-N -
SRP 0.55
NO;-N 0.12 0.81*
Station 2
NH,-N 0.92* 0.44 -0.04
SRP 0.73* 0.88* 0.61* 0.71* -
NO5-N 0.22  0.84* (.98 ** 0.09 0.65* -
Station 3
NH,-N -0.06 -0.12 0.01 -0.08 -0.25 0.12 -
SRP -0.33 -0.06 0.1 -0.3 -0.29 0.18 0.69* -
NO3-N -0.23 019 0.9 -0.18 -0.14 0.27 024 0.63* -

Table 2.1 shows Pearson correlation coefficients for surface nutrient
concentrations between nutrient species aitgs. There were significant
correlations between Station 1 and Station 2 fofi PONH:;i N and NQi N but at
Station 3 nutrient concentrations were not significantly correlated (p > 0.05) with

the other two stations.

Chlorophylla fluctuated differently vth time at each Station (Figure 2.4). Station

3 consistently showed the highest concentrations and variations over the year,
followed by Station 2 and Station 1. Chlorophglat Stations land 2 remained
below 20 mg ¥ while at Station 3 it was genemalhigher and showed distinct
peaks in the months of August 2004 and April 2005; values wérarid 11 fold

higher than at Station 1 and &nd 4 fold higher than at Station 2 in those
months.From June 2004 to November 20€ahtrary to previous finding (Wcent
1983),Stations land 2 showed a similar trend in surface chloropayWith low
concentrations in winter, an increase at the end of winter and a relatively stable
period during spring. Over ¢hsummer months (December 2005 Rebruary
2006) surface chlorophyd at Station 2 followed a similar trend to Station 3, with
increasing values in December 2004 and January 2005 followed by a sudden drop
in February 2005. By contrast surface chloroply/liat Station 1 decreased
continuausly over summer. All stations showed a trend of a rapid increase in

chlorophyllain April, which was greatest at Station 3.
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Figure 2.3: Surface concentrations ammonium (NN) and nitrate (N@ N) (lefti hand vertical
axis) and phosphate (SRP) (righénd vertichaxis) in Lake Rotoiti at (AStationl, (B) Station2
and (Q Station3 from June 2004 to May 2005.
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2.4.2 Productivity and light

The average photosynthetically active radiation (PAR) at 0 and 5 m for lloei4
period of productivity incubations was quite variable, driven by variations in
surface irradiance and iy values specific to each station (Figure 2.5). Low
surface PAR values in October 2004 were followed byidold increase at the
surface in Novmber 2004 (Figure 2.5). The decrease of PAR at the surface in
December coincided with the seasonally unexpected weakening of temperature
stratification (Figure 2.2). Levels of PAR at 5 mSation3 were substantially
reduced compared witBtations land2. Levels of PAR at 5 m were above 1% of
surface values with the exception®tation3 in April 2005 andStations land 2

in March 2004. Secchi depths measured throughdependent program (Scholes
2009) varied between 3.2 and 7.1 m in the main bas3nardid 7.2 m a$tationl

and 0.7 to 4.6 m &tation3 during the time oy sampling in 20042005.
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500 -o-Station2-5m
= 400 = Station3-0m
o.z <~ Station3-5 m
S
£ 300
=
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Figure 2.5: Photosynthetically active radiation (PAR)Siations 13 and at depths of 0 and 5 m
from June2004 to May 2005.
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Figure 2.6: Primary productivity at4) 0 m and (B) 5 m from Juri2004 to May 2005, at the three
sampling stations. Error bar s indicate standard
differences (p<0.05) in primary productivity between the stations, analysed wittvaypanalysis

of variance followed by StudeMewmari Keul test. See Table 2.2 for results of the pbet test.

There were large variations in phytoplankton productivity at the surface through
time and among stations (Figure 2.6). Values at 5 m were very similar across the
three stations and were caherably lower than at depths of 0 m, e.g.,i 6aid

6.7 fold lower at Stations land 2, respectively, in May 2005. Agtation 3
differences with depth were highest in April 2005 when productivity at the surface
exceeded the bottom by a factor of 32 and productivity was the highest across all
stations and sampling months.The range of surface productiv@tabnl was

small, with values < 25.1 mg C 'hh'!, while Station2 had a greater range, with
values < 52.8 mg C mh'". Station 3 had the widest range, between 9.2 and 97.1
mg C m?® h'!. Maximum productivity at the surface &tation1 occurred in late
autumn (May 2005, 25.mg C m® h'"), but was comparable with September
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2004 (24.3 mg C A h'Y) the other sites showed their maximum in April 2005.
For all three sites lowest surface productivity occurred in December 2004 (< 9.2
mg C m* h'). The annual minimum in Decembevimcided with a decrease in
PAR compared with the previous month, as well as a deep, weak thermocline at
Station1 and a completely mixed water columnSaation2. Lowest and highest
differences in monthly productivity between 0 and 5 m coincided witimibreths

of minimum and maximum productivity at eastation During spring and early
summer (SeptembiEDecember 2004) when surface waters were heating rapidly,
spatial differences in productivity between stations were smallest and mostly not
statistically significant (p > 0.05). With the transition from winter to spring,
productivity at Stations land 2 increased rapidly but decreasedSttion 3,
resulting in little difference between stations at this time. Only spring productivity
results aStation2 were higher than abtation3. Generally productivity aStation

3 was considerably higher thanStationl and 2.

While phytoplankton productivity was generally highes&tttion3, this was not

the case for chlorophyll a specific production (dark corrected
production/chlorophylk) (Figure 2.7). Specific production was generally highest
at stationl throughout the year. Only during spring specific production at the
surface ofStation2 exceeded the results Station1. Secific production at the
surface ranged from 0.8 to 19.4, 0.6 to 11.0 and 0.6 to 13.6 fmy€hla)'* h'*

at Stations 12 and 3, respectively. The range of the results at 5 m was smaller
than at the surface. The minimum measured value for specificgirod at all
stations and depths occurred in December 2004. Only in April 2005 results for
depth 5 m atStation3 showed slightly lower values compared with December.
Maximum values occurred in February/March 2005 with the exception of a peak
at 5 m atStation 3 in November 2004. The general trend of specific production at
Stations land 2 was for higher values in miginter (JunéJuly 2004) and in late
summer (Januaryarch 2005), while higher values &tation3 occurred during

late summer at the surface

During most of the year phytoplankton productivity was statistically significantly
different between stations (StudeNewmarn Keul test; p < 0.05; Table 2.2).
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Figure 2.7: Rates of phytoplankton chlorophwlspecific production atX) 0 m and B) 5 m from

June 2004 to May 2005. Error bars describe stand
differences (p<0.05) in specific production between the stations,smuhlyith onéway ANOVA

followed by StudenNewmarn Keul test. See Table 2.2 for results of the pbet test.

Only in September, October and December 2004 surface productivity showed no
significant difference between stations and in December 2004 no cagmifi
difference between stations was found at 5 m (Table 2.2, Figure 2.6A). Between
June 2004 and August 2004, and January 2005 and May 2005, productivity at
Station3 was significantly higher than at the other stations. Surface productivity
at Stations land 2 did not differ significantly from June 2004 to October 2004,
December 2004 and May 2005. At 5 m depth there were significant differences
among stations throughout the whole year with the exception of December 2004
(Table 2.2). This difference was ntlysdue toStation3, while Stations land 2

did not show significant differences from JuBeptember 2004, Novemlber
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December 2004 and May 2005. Chlorople/pecific production was generally
highest atStation1 and lowest aGtation3 (p < 0.05; Table .2), which differs
from the results for primary productivitydowever the months in which the
results showed no significant differencies chlorophyll a specific production
between stationsvere identical with the months when primary productivity

showed naignificant differences between stations.

| tested for correlations of all nutrient species, PAR, chlorophyll a and mixing
depth with primary production at both depths at the three stations and surface
chlorophyll a with surface nutrient species. The aibnificant correlation was
between PAR and primary production at depth 5 m at Station 2 (r = 0.74, p<
0.05).

Table 2.2: Results of po$hoc Student NewmaéiKeul test to determine significant differences

(p<0.05) of primary productivity and specific production among stations within sampling months.

Primary Productivity Specific Production

Om 5m Om 5m
Jun-04  S3>(S1=S2) S3>(S1=S2) S2>S1>S3 (S2=S1)>S3
Jul-04  S3>(S1=S2) S3>(S1=S2) S1>S2>S3 S1>(S2=S3)
Aug-04  S3>(S1=S2) S3>(S1=S2) S2>S1>S3 (S2=S1)>S3
Sep-04 NS (S2=S1)>S3 NS (S1=S2)>S3
Oct-04 NS S1>S2>S3 NS S1>S2>S3
Nov-04  (S2>S1)=S3 S3>(S1=S2) S2>(S1=S3) S3>S1>S2

Dec-04 NS NS NS NS
Jan-05 S3>52>S1 (S3=S52)>s1 S1>S2>S3 S1>S2>S3
Feb-05 S3>52>S1 S1>S2>S3 S1>(S3=S2) S1>S2>S3
Mar-05 S3>52>S1 S2>(S1=S3) S3>S1>S2 S1>S2>S3
Apr-05 S3>52>S1 S1>S2>S3 S1>S2>S3 S1>52>S3
May-05  (S1=S2)>S3 (S1=S2)>S3 S1>S2>S3 S1>S2>S3

2.5 Discussion

Studies of phytoplankton productivity in lakes have commonly extrapolated
results from a single station to estimate whiake productivity (Larsorl972
Tadonlékéet al. 2009). This approach may be appropriate for smaller stratified
lakes when seasonal variations dominate over spatial variations (Staehri& Sand
JenserR006) but even in larger lakes measurements at more than one station are
not commonplace. In coastal marine systems, it has been shown that despite high

rates of horizontal dispersion, there may be high spatial variability in productivity,
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particularly inbays where dispersion can be restricted (&l&l. 2008). While
Lake Rotoiti is considerably smaller than the domain encompassed within most
coastal productivity studies, there was up tof@ldl variation in chlorophylh and

5i fold variation in productvity across mythree sites on any given sampling day.

Annual productivity in Lake Rotoiti, based omy three stations, was lower at 5 m
depth than at @ surface. Vincent et al. (198tbok measurements corresponding

to my Station1 at seven depths to aamimum depth of 20 m. They found that
Pmax Was confined to waters from the surface to 5 m depth. During one year of
sampling they measured two distinct peaks (August 1981, April 1982) in
productivity. They also found that productivity increased rapidlynfiow values

in January to an April peak (1982), similar toy findings of increasing
productivity from a minimum in December 20@d high values in April 2005
(Station 2 and 3) and May 2005tation1). My December sampling coincided
with coldest recordedair temperatures for this month since 1945. Cold
temperatures and strong winds interfered with the establishment of the
thermocline in Lake Rotoiti in December 2004; creating a deep mixed layer that
would be likely to hinder phytoplankton growth (Kiehd. 2007).

My historical comparison of productivity is restricted to the main lakeostaitsed

by Vincent et al. (1984 Similar to the historic study | observed highest values of
similar magnitude, in September 2004 (24.3 mg '€ i) and May 2005 (25.1

mg C m* h'Y) in the main lake, but compared with the remaining year and the
historic study these values did not occur as distinct peaks at this station. Vincent
(1983) hypothesised that Lake Taupo, where there is a winter maximum of
productivity, may beconsidered to be a hybrid temperdtepical system, with
characteristics intermediate between the classic winter minimum typical of many
temperate lakes and the maximum during the circulation period, which is
characteristic of tropical lakes. Similariyy observations indicate that the timing

of the monthly productivity peaks was outside of the summer period of intense
seasonal stratification and warm temperatures, but not sufficiently synchronous

with winter to be linked with the water column overturrnhas time.
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My volumetric measurements of productivity at the surface in the main basin of
Lake Rotoiti are around onkalf of thosemeasured by Vincent et al. (198#art

of this variation may be attributed to a restriction of measurements to only two
depths used infmy study, compared with seven deptused by Vincent et al.
(1984. It is also possible that other methodological variations contributed to the
differences, notably the use B by Vincent et al. (1984) andC in my study,
though difference between the two isotopic methods have been shown to be
small (Mateoet al.2001). My results support the recent synopsis of Hamilton et
al. (2004) that trophic status of Lake Rotoiti may have remained relatively stable,
in the meso to eutrophic range sce the 1980s and that there was a period of

rapid eutrophication of the lake in the 1960s and 70s.

Productivity atStation2 and 3 in particular was usually higher than in the main
lake basin represented I§tation 1. Macintyre et al. (2002) found in Lake
Victoria that temperature differences between shallow constricted bays can
generate significant water exchange due to density interflows. | found little
difference in temperature at corresponding depti®&atons 2and 3. It should be
noted, however, #t temperature measurements in the shallow bay represented by
Station 3 were based on monthly profiles which would not reflect diurnal
variations in temperature with solar heating. Station 3 is also in close proximity
(c. 600 m) to the Ohau Channel inflowhile Station2 is about 2 km east of the
Ohau Channel inflow in the direction of the main lake basin (Figure 2.1). High
frequency measurements of water temperature in the Ohau Channel inflow show
large durnal fluctuations (Gibb4983 Vincentet al. 1991), which would likely

drive intrusions of the inflow at different water column depths over the course of a

day.

Further to this the shallow Okawa Bay with relatively high sediment surface:
water column ratio would be likely to have enhanced nutrient sgsEyng from
mineralisation processes in the bottom sediments (Sgndergaaat 1996).
Levels of inorganic nutrients within the baytétion3) remained consistently low
over time, however, the high productivity relative to other stations may simply be

related to the higher efficiency of converting the availaph®sphorusinto
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phytoplankton biomass of shallow systems compard adeep ones (Nixdorf &
Denekel997). However, the relatively shallow, productive Okawa Bay represents
only 1.3 % of the surfacarea of Lake Rotoiti, so its direct impact on whole lake
productivity may be small. Nevertheless there are additional shallow areas in Lake
Rotoiti that may collectively contribute phytoplankton biomass while at the same

time acting as nutrient sinks.

Vincent et al. (1991) found Lfold higher nitrate concentrations in the shallow
western end of Lake Rototi close to the Ohau Channel inflow compared with the
open water area in the main basin. During summer, when the mixing depth in the
western basin and eéhopen lake is comparabl@hau Channel inflow enters Lake
Rotoiti as an overflow or interflow, dependent on the temperature gradient
between the inflow and the water column of Lake Rotoiti (Vinedral. 1991
Gibbs1992). This inflow has the potential tncrease primary production in the
western basin of Lake Rotoiti by two mechanisms; first by introducing nutrients
which can enhance phytoplankton growth and second by increasing phytoplankton
biomass which arises from the source water of eutrophic Rakerua (Vincenet

al. 1991 Burgeret al.2008). There was no obvious increase in inorganic nutrient
concentrations in surface waters of Lake Rotoiti in summer; however, this may
have reflected high rates of uptake associated with elevated phytoplankton
biomass at this site compared with the main basin. For example, in the Swan
River estuary in Western Australia, there was an inverse correlation between
inorganic nutrients and biomass, reflecting strong depletion of nutrients when

phytoplankton biomass waelevated (Chaet al.2002).

Spatial comparisons of specific production revealed that the highest rates occur in
the main basin. The unusually high rates of specific productidtadionl1 in

February 2005 (19.4 mg C (mg Chi‘ah'!) found in my studyare close to a

lighti saturatedtheoretical maximum (Falkowski981). Studies in the marine
environment, where chlorophydlmay regularly be close to detection limits, have
reported values exceeding the theoretical maximum of 25 mg C (mg'Ehl‘a)
(Lohrenz et al. 1994). Surface chlorophyk values in February 2005 at the
surface ofStatonl wer e r el at i v'8, lwhich kcould pofentidly 3 ¢ g
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lead to large variability in calculations of specific production. Nevertheless
specific production valuederived from Vincent et a({1984)were similarly high
in February 1982nd suggest that phytoplankton are indeed highly productive at

this time of year.

My study did not establish any simple statistical relationships between
productivity and nutrient species, PAR, chlorophgllor mixing depth. This
reaffirms the complex interactions amongst factors that influence productivity
through time and space, andttliaese factors are not easily able to be separated
as to their relative effects of phytoplankton biomass and productMigystudy
supports the research of Dabrowski & Berry (2009) who suggest a methodology
to identify the best sites for water quality mioring in complex water bodies,
based on flushing rates. | suggest that measurements of water currents in areas
where there are constrictions in the lake would be valuable to estimate residence
time where there are bays that have the potential to leadiffexences in

productivity compared with the main basin.

2.6 Conclusions

Estimates of whole lake productivity are inherently difficult to make but for
morphologically complex basins it is clear that estimates may be highly biased by
the location of the samiply station. The high spatial and temporal variability of
productivity observed in Lake Rotoiti points to the difficulty of extrapolating
measurements from a single sampling station to a whole lake basin, and highlights
the importance of site choice foudies of productivity. Large seasonal variations

in productivity observed ity temperate system also suggest that sampling
frequency could have an important influence on annual estimates of productivity.
While a single sampling station may be suitable lfwngi term productivity
studies involving intérannual changes in productivity, a more detailed analysis
involving several stations may be required to understand the interactions of basin
morphology, horizontal and vertical dispersion, and productivity in
morphologically complex basin$ly findings indicate the potential for different

dominant environmental drivers to be acting in association with morphological

51



Spatial variability in phytoplankton productivity

effects such as bays or proximity to inflows, which generally complicate the
ability to develop ®snply empirical functions to relate productivity to

environmental drivers such as light and temperature.
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Chapter 3

The impact of a large river inflow and complex
morphometry on hydrodynamics of a temperate

lake: A threei dimensional modelling study

Abstract

A thred dimensional (3D) model, ELCOM CAEDYM, was used to analyse
temporal and spatialariations(horizontal and verticalin water qualityin Lake
Rotoiti, North Island, New Zealand. Lake Rotoiti lsasomplex morphometry and
high horizontal variability in nutrient concentrations and productivity. The main
inflow to the lake arises from gtent eutrophic Lake Rotorua but Lake Rotoiti
also receives water from smaller coldwater spring inflows santhce and stb
surfacegeothermal inflows that enter the lake. Highly spatially resolved field data
was collected monthly to validate the modelfpenance for predictions of
temperature, dissolved oxygen and chloroplayllThe heat input froma suld
surface geothermalpring wasdetermined by heat flux simulations on either side
of 140 MW, which was estimated based fammer heat budget calculations
(Calhaem 1973)To match measuretemperaturancreases in the hypolimnion
over the period of stratificatioan energy input around 165 MW was required
Data and model limitations do not provide for certainty regarding the actual
magnitude and nature dfi¢ heat flux in Lake RotoitiThe model simulations of

temperature, dissolved oxygen and chloroplayvere highly correlated with
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measurements of these variables but simulations of spatid&ce nutrient
concentrations showed relatively low correlation coefficient vatiidbe shallow
station A sensitivity analysis involving examination of sediment nutrient release
parameters showed that the inability to accurately reproduce nutrient
concentrabns may be related to the inability of the model to dynamically adjust
the compositionand thus nutrient release rates the bottom sediments.
Adjustmentswere made to meet individuaite differences in maximal sediment
nutrient release which improvetthhe accuracy of model simulations at local
stations, but increased the error of chloroplayhen the whole lake was taken
into account An examination of the behaviour of a conservative tracer set up in
the major inflow to Lake Rotoiti, the Ohau Chanrwnfirmed previous findings
that the tracer could enter the lake as a surface inflow, mteidr underflow,
depending on temperature gradients between the inflow and lake Watestudy
highlights that the 3D model ELCOMAEDYM is capable of reproducg
highly spatially resolved field data in a complex geothermally influenced taike
spatial smulations of nutrient concentrationsere relatively poor unless site
specific calibation was undertakerComplex 3D modelsare likely to require
greater proess representation of bottom sedimentsrderto begin to accurately
simulate the complex sedimémtater interactions that occur in a

morphometrically complex, eutrophic lake.
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3.1 Introduction

Both large lakes (Tilzer 1990) and small lakes (Saygbug 2004 can show
marked horizontal variations in water quality. These variations arise to varying
degrees from externdactorsat lake boundaries (e,gnflows and climate) and
internal processes (e.g., mixing and circulation pattew$)ch arein turn
regubted by lake basin morphological characteristics (Robertson & Ragotzkie
1990 Mazumder & Taylor 1994). For example, nutrients are considered to be
used more efficiently in shallow regions of a lake in association with higher mean
light levelsand more intesebenthicpelagic couplingthereby supporting greater
phytoplankton biomass (Nixdorf & Deneke 1993endergaard et al. 2005
Horizontal gradients in phytoplankton biomass and nutrients in lakes may be
caused by mechanisms such asgé river inflows(Vincent et al. 1991) or
sediment resuspension (Hamilton & Mitchell 199@)at are not sufficiently
rapidly removed by lake processes

The complexity of spatighorizontal and verticalind temporal variations in lake
water quality has led to an emphasis applications of ecosystem models to
improve understanding of the physical abidgeochemicalinteractions within
lakes €.g.Penny et al. 19968Huang & Xia 2001). These models can be used in
assessments of natural and human induced impacts on laketeons and to
support management decisipnor example by using simulation scenarios
involving different management regimeSeveral studies have used a ione
dimensional (1D) approach to model vertical variations in water quality as
stratified lakeswere perceived toexhibit limited horizontal variations in water
quality compared with vertical variations (Arhonditsis & Brett 2Q05alle et al.
2008a). However, in systems where there are large horizontal varjatidneé
dimensional (3D) approach maye required, not only to capture the spatial
complexity, but also to better represent temporal trends (Eder et al. 2008). For
example, in large (area ~2,400 RniLake Taihu, China, a 3D approach was
necessary to capture the spétimporal variations in ater temperature and
concentrations of phosphorus, which were strongly influenced byi imithaced

circulation (Mao et al. 2008). Despite the capacity of 3D models to capture the
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horizontal heterogeneity not represented by 1D models, there have been only a
small number of cases where direct comparisons have been made of output from
1D and 3D models (Romero et al. 208&amarainen et al. 2009).

A series ofecolagical models have been developed over the past decades. Many
different approaches have been regeptiblished in two overviews by Jgrgensen
(2008, 2010) and a wider perspgetirevealing opportunities for trepproaches

has been addressed by Mooij et al. (2010). For large lakes in particular the
Princeton Ocean Modé€Blumberg & Mellor1987 has been@plied to simulate
hydrodynamics and water qualitg.§. Schwab & Bedford 1994r modified to

be coupled with climate models (Song et al. 2004Qwever not often is the

model complexity and runtime comparable with thedel presented in this study.

Arhonditsis and Brett (2004) found a small but negative correlation between
spatial complexity of models and their performanc@redicting state variables
Different approaches have beesedto improve the performance obmplex3D

model ELCOM used for this studgnd to validate their output. For example,
Spillman et al. (2007) used a combination of field data and remote sensing to
obtain adequate spatial resolution to validate temperature and chlorophyll
distributions from 3D nonerical model simulations of the Northern Adriatic Sea.
Other validation approaches have used high frequency measurements such as
from thermistor chains (Ledn et al. 200kedn et al. (20055uggested that the
ELCOM model could be more fully verified ifighi resolution meteorological
forcing data were collected and temperature profiles and current velocities were
available in the central lake basin, though no comparison of horizontal variability
was undertakeri.aval et al. (2003) used spatially resolvethavdata to improve

the accuracy of simulations with the 3D hydrodynamic model ELCOM. Routine
monitoring data from 10 stations were used to model a bloom of thigpdsn

algae Microcystis aeruginosain a Western Australian estuary (Robson &
Hamilton 20@). The low temporal resolution of the sampling regime was found
to make it difficult to fully validate the temporal dynamics of the bloom. Hillmer
et al. (2008) compared results from a 3D numerical m@EleCOM) with routine

measurements of nutrients arfdarophyll a at up to 33 stations throughout Lake
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Kinneret but in general it is difficult to obtain both the spatial and temporal

resolution necessary for comprehensive validation of 3D models.

Lake Rotoiti shows considerable horizontal variability in tiplankton
assemblages and biomass (Vincent 1983) as well as produdBvidypier 2. Part

of this variability is due to the influence of the Ohau Channel inflow into the
shallower western basin (Hamilton et al. 201jt there are also several partially
enclosed bays that have localised variations in phytoplankton biomass and
productivity Chapter 2. Capturing the scale of this variability and its significance

to whole lake productivity in an ecosystem model is a major challenge for large

lakes such aRotoiti.

Intensive analysis has previously been undertakernhe impact ofthe Ohau
Channel inflow on water quality of Lake Rotoiti, a miego eutrophic lake in
North Island, New Zealand (Vincent et al. 198&cent et al. 1991Gibbs 1992).

This inflow arises as an outflow from adjacent eutrophic Lake Rot(Bueger et

al. 2007a 2008) and enters the western basin of Lake Rotoiti. Blooms of
cyanobacteria have occurred with increasfrejuency and more regularin

Lake Rotoiti over the pasti3 decads (Vincent et al. 1984Hamilton 2004).
Progressively increasing nutrient concentrations in the Ohau Channel inflow to
Lake Rotoiti are considered to be the main reason for this deterioration of water
quality (Vincent et al. 19841991). The Ohau Channeifiow enters Lake Rotoiti

as an underflow, interflow or overflow, depending largely on the temperature of
the Ohau Channel inflow relative to thertical structure oftemperature in the
water column ofLake Rotoiti (Gibbs 1983Vincent et al. 1991). Durmp winter

the cooler incoming water follows the deepest path into the main basin (Vincent et
al. 1986). During summer, however, water from Ohau Channel enters as a
plunging inflow in the morning, but with daytime solar heating it may become
buoyant, increasg the probability that it will be rapidly shédircuited to the
Kaituna River (Figure 3.1), the only surface outflow from Lake Rotoiti, which is

also located in the western basin of the lake (Vincent et al. 1991).
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The western basin of Lake Rotoiti is readily delineated from the deeper eastern
basin by a narrow constriction. In most respects the deeper eastern basin behaves
like a typical monomictic lake and is stratified for around nine months eacli year
from spring through autumn (Hamilton et al. 2010). However, there are
geothermally heated groundwater inflows associated with the location of the lake
in a major geothermal field within the largeolcanically active Taupo Volcanic
Zone. Largéscale models of watdlow and heat transfer in this region indicate
that water entering the lake may have a temperature df2300°C (Kissling &

Weir 2005). The geothermal heat input to Lake Rotoiti raises the temperature of
the hypolimnion by ~23 °C over each period of atification. The area of heat
input into the hypolimnion is confined mostly to two small areas in the eastern

basin of the lake where water depth exceeds 70 m (Calhaem 1973).

Geothermal heating affects water temperature in the hypolimnion of Lake Rotoiti
through both conductive exchange with geothermally heated sediments and direct
inputs of geothermal waters at different water depths (Calhaem B8%8u et b

1986 Viner & White 1987). Gher lakes models have been applied to account for
the influence bsediment heating, but these applications are confined mostly to
systems where sediments are not especially strongly heated like Lake Rotoiti.
These models have been used to analyse the heat budget of geothermally
influenced lakes (Hurst et al. 199TMaran & Rouwet 2008) and siiblacial lakes

such as Lake Vostok (Thoma et al. 2007) and Lake Concordia (Thoma et al. 2009)
where ice cover increases the relative importance of sediment heating to the heat
budget. There are several examples of water quality ratident analysis for
geothermal lakes (Pedrozo et al. 20@&amud et al. 2009), however model
applications for geothermal lakes focus mostly on energy exchanges and not on

water quality (Hurst et al. 199Taran & Rouwet 2008).

In this study the primarpbjectivewas tomodel spatial and temporal variability

of temperatureand water quality in Lake Rotoitand to quantify the spatial
accuracy of simulations of water temperature, dissolved oxygen and chlorophyll
a. A 3D numericalmodel, ELCOM CAEDYM (Hodges & Dallimore 2007)was

calibrated with data derived from three diverse statidie ideal calibration
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validation proces$Jgigensen2002 was not followed for different time periods
Model validity was teste@vith highly spatially resolved field measdtin year
2004 2005 and further validated in Chaptemusing dat obtained in year 2008
2009 | sought to evaluate model performance using an array of statistical
measures of goodndsdi fit, by comparing &ighly spatially resolved data set for
temperature, dissolved oxygen and chlorophyll fluorescence, ardldweri

resolution nutrient datset

3.2 Methods

3.2.1 Site description

Lake Rotoitiis a warm monomictic lake located 278 m a(sdain basin located
at38U 0206 39.5 the Catrél Volcank ®lat@a0 redlon & New
Zealand (Figure 3.1)The large (34.6 krf), deep (max. depth 124 m) lake
relatively long and narrow but with two distinct basiagleepeasterrbasin and a
shallowwesternbasin, separated by a narrow constrictibme only outflow from
Lake Rotoiti is into Kaituna River at the northern end of the western basin, in
which c. 2 km south of the outflow the main inflow, Ohau Channel, entéggh. H
variability of chlorophyllin Lake Rotoitirelates tahis large, nutrieritrich inflow
whose origin is from Lake Rotorua (Hamilton et al. 2010) as well as highly
productive bays, notably Okawa Ba@Hhapter 2 which connects to the soiith
west end of the western basin via a shallow constriction of cd@ptin The Ohau
Channel infow can intrude into Lake Rotoiti as an underflow, interflow or
overflow (see Figure 3.2for a general conceptualisatipndepending on the
temperaturedifference betweerthe Channelnd thethermal structure of Lake
Rotoiti (Vincent et al. 19861991). There are seven smaller surface inflows
arising mostly from groundwater springs entering the lake, with discharges of 4.8
to 472 L §* and three geothermallinfluenced spring inflows (mean temperature
c. 26 °C) with discharges of 1.8 to 15.7'LL.s
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Modelling Ohau Channel Inflow diversion

The lakesuffered arapid process of eutrophication between the first limnological
investigation by Jolly (1959) and a study by Vincent et al. (1984). The main cause
of this deterioration was identified to be from changes in Lake Rotorua, which has
a single outflow to the OlaChannel inflow of Lake Rotoiti (Vincent et al. 1984
1986 1991 Gibbs 1992). This inflow has a detrimental effect in introducing
nutrient enriched water with elevated phytoplankton biomass from Lake Rotorua
but is also considered to have a beneficial effect in reducing deoxygenation of
bottom waters when the inflow intrudes into stratified Lake Rotoiti as an
underflow (Gibbs 1992). An underflow commonly starts in autumn and ends in
spring, though the lakesimostly well mixed vertically through winter. An
interflow or overflow may occur during summer when there is a strong diurnal
temperature oscillation in the shallow Ohau Channel and Lake Rotorua (Vincent
et al. 1991).

Kaituna Kaituna Kaituna
River Ohau Channel River Ohau Channel River Ohau Channel
outflow inflow outflow ‘llinflow outflow inflow
< <
|
A r B C

Figure 3.2: Conceptuatiagram of the (A) underflow, (B) interflow and (C) overflow condition of

Ohau Channel inflow.

3.2.1 Field data

Between May 2004 and May 2005 sampling was conducted at monthly intervals.
Temperature, dissolved oxygen and fliesrence depth profiles (resolved at c. 0.1
m) were performed with a Seabird Electronics (SBE) 19plus Seacat CTD profiler
at three stations (Figure 3.1). To complement CTD profitieqth undulating
transects of chlorophyll fluorescence and dissolved axygere undertaken
periodically with aBiofish (ADMT Elektronik, Germany) along the paths shown

in Figure 3.1.The Biofish temperature sensor (ADMElektronik Germany),

fluorescence sensoiDf. Haardt Optik Mikroelektronik miniBackScad land
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oxygen sensor@alvanic oxygen micficsensor) took measurements at 4 Hz,
together with aGlobal Positioning System reference and water depth (Garmin
GPSMAP 168 SoundingfAn average of 3500 discrete points was measured each
month following a fixed path of 21 km along tlade.

Water temperature was measuredStdtions land 2 and in the Ohau Channel
inflow (Figure 3.1) atl5 minute intervals with Tidbit Underwater Data Loggers
which have a resolution of <0.3 °C and an accuracy-dd.2/°C.The thermistors

were placedtadepths of 0, 2.5, 5, 7.5, 10, 121 and then 5 m increments to 80

m for Station 1 and at 2.5 m increments between 0 and 25 m for Station 2.

The Biofish chlorophyli fluorescence measurements and CTD fluorescence
profiles were calibrated against chlorophwl in water samples collected
simultaneously, which were analysed by acetone extraction and corrected for
phaeophytin (Axler & Owen 1994Due to techrual difficulties dissolved oxygen

data from theBiofish were not available for some months of the study.

An independent programme undertaken by the Regional Council, Environmental
Bay of Plenty, generally sampled the same three stations two weeksopther
Biofish measurements, and provided monthly results of surface concentrations of
TP, TN, PQ, NH; and NQ. All nutrient concentrations presented here are as the
elemental form of the nutrient, i.e., H®, NH;i N and NQi N. Model output was
compared withsurface concentrations of the specified nutrient spegiethe

related station

3.2.1 Data analysis

For vertical comparisons between model output and field data, the CTD profiles
were compared with corresponding model profiles using error calculations (Root
Mearn SquaréError (RMSE) and Pearson correlation coefficient values). Pearson
correlation coefficient and RMSE values were determined for water temperature,
dissolved oxygen and chlorophyll fluorescence (calibrated to chlorophytir
Stations 1 2 and 3,as well as for inorganic nutrient concentrations at these

stations.
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A monthly average coefficient of variation {{Gvas calculated for temperature

and chlorophylk as:

B
Co=i i i
>
wheree i s the standard deviation for al/|l m
t he space represented by one model gr i

measurements within this cell. Calculations of this coefficient for dissolved
oxygen were not undertaken die several gaps in the sampling regime. A
monthly average, minimum and maximum, and standard error of the mean C

were then calculated for all model cells where field data were available.

After calibration of chlorophyll fluorescence measurements ofBio&ish with

field measurements of chlorophyd the monthly Biofish measurements of
temperature, dissolved oxygen (not all months) and chloroplw#re compared

to values for the corresponding date and location in the mdgiefish
measurements correspding to one cell of the model bathymetry were averaged
and RootMeari SquargéError (RMSE) and Pearson correlation coefficients were
calculated for each variable (temperature, dissolved oxygen and chloraptyll
validate the spatial performanoéthe model output against the measuremextts

a higher resolutionBiofish data were processed with Matlab, filtered to every
second measurement and projected onto the modeling results for visual

comparisons of spatial accuramy a monthly basis

The path ofOhau Channel inflow was monitored by introducing a tracer of a

constant daily value 1 in Ohau ChannAl.tracer concentration of zero was

allocated for the initial lake conditioithe rate of change of Ohau Channel water

tracer concentration was calculated a monthly basis after allowing for ail4

days Ospin updé period as wel [Stateglint en day

the main basin at 21 m depth.
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3.2.2 Model description and seti up

The Estuary, Lake and Coastal Ocean Computer Model (ELCOM) is a 3D
hydrodynamic model used to simulate water temperature and salinity spatially and
temporally (Hodges et al. 200Bodges & Dallimore 2007). It is driven by
external environmental forcings, including wind stress, surface heating/cooling
and inflows and outflws. The hydrodynamics of the model are based on the
Euleii Lagrange method for advection of momentum (Casulli & Cheng 1992) with
a conjugategradient solution for the frésurface heighteLCOM is based on the
unsteady Reynoldsveraged, hydrostaticBoussinesq, scalar transport and
Navieii Stokes equation (Hodges et al. 2000) for incompressible flow using the
hydrostatic assumption for pressuféis limits the model in terms of accurately
predicting the geothermal energy as physical interactions riicyar with an
inflowing heat source at the bottom of the lake are not accurately represented.
Kogyigit and Falconer (2004) showed in a shallow homogeneous lake that the
hydrostatic pressure assumption made little difference to the modelled results
when analysing win@ddriven circulation but in case of Lake Rotoiti vertical
velocity is unlikely to be negligible and the effects of momentum cannot be
ignored if sound assessment of the heat source is required. For the purpose of this
model however in predictg spatial variability of phytoplankton the hydrostatic

assumption is suitable.

In this study ELCOM was coupled to the Computational Aquatic Ecosystem
Dynamics Model (CAEDYM), to simulate interactions between hydrodynamics
and biogeochemical processes. EIYM consists of procesbased differential
equations that simulate concentrations of biogeochémargables dynamically
(seeFigure 3.4for a general conceptualisation). Ecological variables are updated
by CAEDYM each timestep after transport processas external forcings have
been carried out by ELCOM (Romero et al. 200/)e model calibration was
conducted in two phases: The ELCOM calibration, which only required minor
adjustments due to small number of parameters, was followed by the CAEDYM
calibrgion. In the present ELCOMCAEDYM set up, focus was placed on

calibration of the key processes affecting transformation rates of phosphorus and
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nitrogen, including mineralisation of organic matter, sediingater exchanges

and phytoplankton nutrient uptako data was available to simulate dynamic
sediments fluxes in Lake Rotoiti. The sediment release was simulated using the
static model employed with CAEDYM, which determines the flux with a function

of overlying water temperature and dissolved oxygen eatnation.

Salinity for the ELCOM application to Lake Rotoiti was set to z@that density
differences were generated entirely by temperature gradients. CAEDYM was set
up with two dominant represetve phytoplankton groups: cyanobacteria and
diatoms the dominant species in Lake Rotoiti (Hamilton et al. 20I)tal
chlorophylla was partitioned amongst these two phytoplankton granpdield

data was availabléor zooplanktonduring the simulated periodAn approach
without zooplankton as a state \anle was chosenreplicating the configuration

used by Burger et al. (2008) for adjacent Lake RotoArhonditsis and Brett
(2004) studied 153 mechanistic aquatic biochemical models and analysed the
most appropriate level of model complexity. Significapgative correlation was
found between?rof zooplankton simulations and model dimension and length of
simulation. The relative error of zooplankton simulations was further significantly
correlated with model complexity (measured in numbers of state kemjabhe
complexity of mysimulationsetup places the here descrilmeddelat the higher

end at all three tested factors. The increased uncertainty and field data limitations

supported the decision to exclude zooplankton simulations.

A hydrographic surwe of the bathymetry of Lake Rotoiti was undertaken with
accuracy specifications of 20 cm in the vertical and about 10 cm in the horizontal
(Hamilton et al. 2005). Average values of the hydrographic survey were
calculated to match a horizontal model dimensdf 200 m x 200 m to balance
model run times with required spatial resolution. The inflow boundary conditions
for the model consisted of one major inflow (Ohau Channel) that enters Lake
Rotoiti in the western basin, twelve smaller inflows at their locatiaround the
main basin of the lake and two additional underwater geothermal springs which
are assumed timtrude in the deepest part of the lake (Station 1) (Calhaem 1973)

and were assigned to model grid cells where the depth exceeded 70 m.

73



3D spatial model performance

Recent resarch in Lake Rotoiti has found the bubbles rising from the bottom of
Lake Rotoiti to be collapsing, which lead the researchers to believe that heat is
generated by a fluid flux (Lisa Pearson and Prof. Chris Hendy, Waikato
University, personal comment€ody (2007) describes in a report the geothermal
features of the crater of Lake Rotoiti as a large hot alkalewdral spring.
Calhaem (1973alsosets out reasons for hot water inflow in the crater of Lake

Rotoiti, yet sound scientific proof is sparse.

The uncertain volume of the inflow was set as the residual of water balance
calculations. Energynput from this sourcedetermined by heat flux simulations

on either side of 140 MW, which was estimated based on former heat budget
calculations (Calhaem 1973A total geothermal energpf 165 MW was
necessary to increase the hypoliomtemperature to the measured data. Two
thirds wereapplied to the geothermal inflow at the deepest point (the crater) at a
volume of 0.25 ms ' and a temperature 420 °C.The emaining onkthird was
assigned to a flow of 0.58%d* at 35 °C, in the region north of the crater, a ratio
congruent with the heat flow contours of Calheam (19T3lculations from
model output developed by Kissling and Weir (2005) suggest a totdleyewl
energy of 406 MW for region 8 (116Knaround Lake Rotoiti. Based on the
surface area of Lake Rotoiti they suggest a total energy input of c. 122 MW,
assuming that the heat transfer is uniform throughout this regirunknown
fraction of geothermaheating occurs directly through conduction from the
geothermallyheated bottom sediments, which were not represented explicitly in
the model and were instead encompassed within the submerged geothermal

inflows.

The temperaturand volume of smaller, mdgtgroundwateirfed streams, were

kept constant based on field measurements. The volume of the main inflow (Ohau
Channel) and main outflow (Kaituna River) (Figure 3.1) were entered as daily
averages calculated from continuously measured flow (fatavided by the
regional council, measured at two control gaté&ver the model runtime an
average total inflow of 19.52 hs'! and average outflow of 22.35°rd* were

entered, based on continuous flow measurements and an additional total of 0.61
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m® s* was entered for the remaining surface spring inflows. Field data were
unavailable for the nutrient concentrations of the geothermal inflows. The model
was therefore setup with concentrations typical for geothermal springs in this
region, which have elevad concentrations of N#IN and PQi P (Associate
Professor Chris Hendy, pers. comm.). Nutrient concentrations of the minor,
spring fed inflows were based on snap shot measurements in these springs and
kept constant over the simulation period based on aserdgom field
measurements. The nutrient and phytoplankton (separated by diatom and
cyanobacteria chlorophyk) concentrations of the Ohau Channel inflow were

interpolated to daily values based on monthly measurements.
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The initial calibration of the water quality data (CAEDYM) was carried out in the
1D DYRESM CAEDYM model for Lake Rotoiti (Hamilton et al. 2005). The
calibrated parameters from this model were entered into ELCONEDYM and
manual adjustments of parametersre made with a series of model runs using
parameter ranges derived from literature (Schladow & Hamilton;1Q8let al.

2009 Table 3.1) to improve the calculated error derived from comparison of
surface nutrient concentration (TN, TP, NN, NOs, TN PQ,i P) and dissolved
oxygen outputs against field data. Model runs were undertaken repeatedly to
reduce the statisticarror (RMSE, Pearson correlation coefficieat)the model
against discrete field measurements of nutrient and chloragphbghcentratioa at

the three stations.

The model was run for one year from 17 May 2004, which aligned with the first
day of the monthly field measurements for the purpose of initialisation of the
model run. Meteorological forcing data included daily averages of air
temperature, solar radiation, atmospheric pressure, relative humidity, cloud cover
to determine long wave radiaticsend wind speed, and todily rainfall. Climate

data wereetrieved from the weather station at Rotorua airport, 8 km from Lake
Rotoiti. Daily averages were supplied by the CLIFLO institute of NIWA
(National Institute of Water and Atmospheric Resea@005. The large
horizontal cell length to vertical cell length required thedelto be run with a
short timestep of 120 seconds in order to é@ the CourantFriedrichsLewy

(CFL) constant low to provide fanodel stability (Hodges 2000).

The initial conditions for the simulations veerepresented from temperature,
dissolved oxygenand total chlorophyll fluorescence profiles from the three
samping stations and nutrient concentrations at 0 m, 50 m and bwtym at
Station 1, 0 m, 20 m and néhpottom at Station 2, and 0 m, 3 m and hbattom

at Station 3 (Figure 3.1).inear interpolation between statiomas applied in the
ELCOMi CAEDYM modelto derive initial conditions over the entire lake.
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3.2.3 Model calibration and sensitivity analysis

Sensitivity analysis of the grid spacinffgm 0.25m upto 10 mvertically) and

time stepsddjusted fomodel stability)was carriecbutto examine changes ihe
vertical distribution of temperature and thermocline position. A vertical resolution
of 3 m in the vertical was chosen based on statistical error calculations for
modelled temperature compared with field measurements. The results for smaller
dz showed aarrower and shallower thermocline and indicated a smaller thermal
diffusion than found in the field. The 81 spacing in vertical direction
compensated for the lack of vertical thermal diffusion compared with smaller
grids. Sensitivity analysiwas alsacarried out to understand the sensitivity to the

geothermaknergy inpudin the main basin of Lake Rotaiti

The model was calibrated for the entire simulation pefioch May 2004to May

2005. Model results of temperature, dissolved oxygen and total chlorapfblyé

sum of the assigned diatom and cyanobacteria groups) were compared against
corresponding values derived frommonthly CTD casts.Discrete mitrient
measurements were comed spatially (horizontally) and temporally with the
model results on the corresponding sampling days at all three stdfiguse(

3.1).

| used an inial set of parametevaluesfrom a 1D model approach for Lake
Rotoiti using DYRESMCAEDYM (Hamilton et al. 2005)many of which were
derived from literature values (e.gSchladow & Hamilton 1997). A manual
calibration followed using ranges within littwée valuesand undertaking a
stepwise approach tomprove the statistical error between measurements and
model simulations Sensitivity analyses were undertaken for severaldel
parameters. e parameter  (the initial slope of theproductivityi irradiarce
curve) derived from the 1D approaclappeared to be unusually hidB70
emolm'%s'Y) and severaluns were undertaken to test this parameter a wide
291

range( 6 Omolna'’s'< I, < 3 MBIM's %), but there was no improvement in

model fit compar ed wni’d hThetabsigned \@lleuoktheo f
1D approach best matcheetfield data.
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Table 3.1: Parameter values used in CAEDYM v&3plication to Lake Rotoitilndividually

assignegarameter for cyanobacteria (Cyano) and diatoms (Diat) when applicable.

Symbol Description Unit Assigned value Literature values/remarks
Phytoplankton parameters Cyano Diat
Pmax Max. potential growth rate (20 °C) day™ 0.5 13 Robson and Hamilton (2004)
I Initial slope of the I-P curve e mo 12T #n 370 48 Hamilton et al. (2005)
vT Temperature multiplier for growth dimensionless 1.09 1.06 Robson and Hamilton (2004)
KN Half-saturation constant for N uptake mgL? 0.012 0.011 Hamilton and Schladow (1997)
INmin Min. internal N concentration mg N (mg chl a)'l 0.9 5 Robson and Hamilton (2004)
INmax Max. internal N concentration mg N (mg chl a)'l 5 6 Hamilton et al. (2005)
UNinax Max. rate of N uptake (20 °C) mg N(mg chl a)™ 3 5 Hamilton et al. (2005)
KP Half-saturation constant for P uptake mg L1t 0.006 0.08 Robson and Hamilton (2004)
1P min Min. internal P concentration mg P (mg chla)™ 0.25 0.19 Hamilton et al. (2005)
1P max Max. internal P concentration mg P (mg chl a)'l 25 3.7 Hamilton et al. (2005)
UPmax Max. rate of P uptake (20 °C) mg P mg chla) day® 1 1 Hamilton and Schladow (1997)
Tsta Standard growth temperature °C 20 10 Hamilton et al. (2005)
Tnax Maximum growth temperature °C 35 27 Hamilton et al. (2005)
Topt Optimal growth temperature °C 28 18 Hamilton et al. (2005)
kr Respiration rate coefficient day™ 0.1 0.1 Robson and Hamilton (2004)
kep Specific attenuation coefficient for chla  m? (mg chl a)™ 0.03 0.02
Nutrient parameters
koN2 Denitrification rate coefficient (20 °C) day™ 0.03 Hamilton et al. (2005)
KN2 Inverted half-saturation constant for effect mg L 0.09
of oxygen on denitrification
VON Temperature multiplier for denitrification  dimensionless 1.08 Robson and Hamilton (2004)
KoNH Nitrification rate coefficient (20 °C) day™ 0.065 Hamilton et al. (2005)
Kon Half-saturation constant for effect of mg L? 0.5 Hamilton et al. (2005)
oxygen on nitrification
VN2 Temperature multiplier for nitrification dimensionless 1.08 Robson and Hamilton (2004)
SmpNO3 Max. release rate of NO; from sediment g m'zT d3a y -0.075 Hamilton et al. (2005)
(20 °C)
KDOS-NO3  Inverted half-saturation constant for effect mg Lt 3
of DO on NOjrelease from sediment
SmpNH4 Max. release rate of NH, from sediment g m'ZT da y 0.105 Hamilton et al. (2005)
(20°C)
KDOS-NH4  Half-saturation constant for effect of DO mg L™ 10 Hamilton et al. (2005)
on NH, release from sediment
SmpPO4 Max. release rate of PO, from sediment gm?Td 34y 0.03
(20°C)
KDOS-PO4  Half-saturation constant for effect of DO mg L™ 3
on PO, release from sediment
PON1max Rate coefficient of PONL to DONL (20 day'l 0.003 Hamilton et al. (2005)
DONimax  Rate coefficient of DONL to NH, (20 °C) day™ 0.008 Hamilton et al. (2005)
POP1max  Rate coefficient of POPL to DOPL (20 °C) day™ 0.02
DOP1max  Rate coefficient of DOPL to PO, (20 °C) day™ 0.025
Oxygen parameters
vsed Temperature multiplier for sediment dimensionless 1.05 Robson and Hamilton (2004)
oxygen demand
rSOs Sediment oxygen demand (20 °C) gm®Tday 215 Burger et al. (2006)
KSOs Half saturation constant for sediment mg L? 0.25 Burger et al. (2006)

oxygen demand
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3.3 Results

Analysis of the measured data corresponding to one cell in the model domain (200

m x 200 m x 3 m) showed low averageo e f f i ci ent

temperature measurements, but high coefficients of variation for chlorophyll

of

var.i

fluorescenceTable 3.2 shows the monthly averaged coefficient of variation for

temperature and chlorophyll fluorescence from the Biofidiere there were

multiple measurements corresponding to the coordinates of individual model

cells. The average, minimum and maximum values are based, aighlight the

high variability of chlorophyll fluorescencd the model horizontal grid resolution

of 200 m.This is further supported by the high standard variation of the mean.

The maximum coefficient of variation for temptna withinan individualmodel

cell was %5% for March 2005. In general the coefficient of variation for

temperature remainedvio especially averaging over all cells, with a maximum

averagevaluefor any month of 1.0% in February 2005. The minimum, Gf all

individual model cells in each month wa%o(for temperature and0.15% for

chlorophyll fluorescenceHowever, the maximum ;@f chlorophyll fluorescence

within each month varied greatly. Highestr@easured within one month aady

model cell was irBeptembeR0, with a value 0f55.9%%. Theaveragemonthly

value was between 0.7Bpril 2005)and 6.%6 (September 2005)

Table 3.2: Monthly mean, standard deviation of mean, minimum and maximum values of the

coefficient of variation of temperature fGmperart @nd chlorophylla (Cschiorophyl o). C; Was

calculated for Biofish transect measurements corresponding to each modelLe&k Rotoiti

Jun-04
Sep-04
Oct-04
Nov-04
Dec-04
Jan-05
Feb-05
Mar-05
Apr-05

CvTernperalture CvChIorophyll
Mean STDpean Min Max Mean STDpean Min Max
(%) (%) (%) (%) (%) (%) (%) (%)
0.24 0.43 0.00 3.70 1.52 2.13 0.00 18.70
0.45 0.68 0.00 5.84 6.70 5.09 0.15 55.95
0.15 0.21 0.00 1.93 6.65 3.82 0.02 23.42
0.71 0.84 0.00 8.52 3.50 2.68 0.01 23.72
0.38 0.53 0.00 3.57 2.07 1.80 0.00 10.37
0.66 0.66 0.00 5.56 1.14 1.11 0.00 9.43
1.07 1.20 0.00 7.68 0.84 1.47 0.00 24.32
1.05 1.65 0.00 9.65 1.07 3.01 0.00 52.71
0.92 1.24 0.00 6.44 0.75 0.81 0.00 6.05
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3.3.1 Water temperature comparisons

Modelled and measured temperature showed good agreefiening of
stratification and mixing was well aligndoetween measurements and the model
in the main basin atation1l. The onset of stratification predicted the model
around November 2004t Station 1 was similain timing and depthto
observations in the fieJdout a sharper defined thermocline in thedel results
(Figure 3.4 1). The shallower Station 2 shows good agreement during the mixing
period, but thesimulations did not show evidence sifatification in December
2004 Subsequently when the water column at this stasostratified, surface
modelled and measured data matched wibugh temperaturebelow the
thermocline was overestimated by the model. péeod of mixing simulated by
the model in December 2004 at Station 2 coincided svipleriod of strongvinds

which was also evident asdeepening of the thermoclireg Station 1

The statistical output revealed that temperature was most accurately simulated at
Station 1 (RMSE=0.716 °C, R=0.960) and Station 3 (RMSE=1.108 °C, R=0.982)
but less so for Station 2 (RMSE=1.708 °C, R=0.947) (Tal8¢. Jhe shallow
Station 3 showed generally good agreement between modelled and measured

temperature.

Table 3.3: Root meari squaréerror (RMSE) and Pearson correlation coefficient (R) values for
Stations 12 and 3 for comparisons of model simulations and measurements of temperature and

concentrations of dissolved oxygen (DO) and chloropdyll

RMSE R
Station 1  Station 2  Station 3 Station 1  Station 2  Station 3
Temperature (°C) 0.716 1.708 1.108 0.960 0.947 0.982
DO (mg L'l) 1.004 1.756 1.280 0.969 0.796 0.576
Chlorophylla (¢ L2.482 7.338 7.975 0.781 0.363 0.536
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The thermistor chain comparis@againstthe ELCOM model output &btationl

over the ongyear periodof monitoring showed that the model accurately
reproduced the observed thermal stratification in the main basin throughout the
year but slighy ovei estimated water temperature during the summer
stratification. The unexpected weakening of the thermodiinBecember 2004
coincided with an unseasonally cold weather pattern; weakening of the thermal
stratification was captured in the model simulatjobst with a slight delay
(Figure 3.8\). Thiswas also exemplified ithe differencebetween measured and
modcelled data aStation2 (Figure 3.4 when predicted data showed a well mixed

water column while measurements showed signs of stratification.

An unusual feature of the thermistor chain data was the presewegroerwater

in the bottom waters (75, 80 mhan the overlying water from July 2004 to
October 2004. This temperature gradient is a true density instability as
concentrations of ions in the geothermal inflow do not affect water density to an
extent that would compensate for the inverse temperatadiegits Similar
events at the bottom of the main basin of Lake Rotoiti have been previously
reported by Calhaem (1973)ho examinedypical temperature profiles measured

in the main basin of Lake Rotoiti 1972, but no seasonal trexsdobserved

The themistor chain data from Station 2 (Figure 3.5B) confirms the
overestimation of temperature during summer stratification and highlights slightly
colderwater predictedduring winter. The onset of stratification occurred late in
October 2004approximatelythree weeks earlier thamas predicted bthe model

simulations.Temperatures wergenerallyaligned at the end of the mixing period
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2 compared with corresponding simulated ELCOM output in the main basin from 22 May 2004 to
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3.3.2 Dissolved oxygen comparisons

Comparisons of simulated (ELCOMAEDYM output) and measured (CTD)
dissolved oxygen concentrations (Figure 3.1B) yielded Pearson correlation
coefficient values of 0.969, 0.796 and 0.576 &MSE values 0f1L.004, 1.756
and 1.280 mg ! at Stations 1 2 and 3, respectively (Table 3.@)presenting a
good fit of the modelled data the measurements @tations Jand 2 At the onset

of stratification dissolved oxygen concentrations were slightlyigredicted at
Stationl at the surfacayhile at the same time there was a delagagnxygenation

of bottom waters. Field data &tation2 show a decreasin dissolved oxygen
concentratioes with depth in December 2004 while the model at that time showed
little vertical variation of dissolved g@gen, whch corresponded to the absence, or
weaker stratification in the model simulatiorthan in the measurement$he
biggestdifferencebetween field data and model output was at shaitation3 in

April 2005, when the modelled concentration was adoé mg L'* throughout the

water column while the measured concentrations had increased to0'd.mg L

3.3.3 Biogeochemical variable comparisons
Nurients

The model simulations for surface nutrient concentrations showed reasonable
agreement with measurementsSations land 2, whileStation3 showed some
discrepanciesespecially towards the end of the year of simulationStation1
modelled nitrate concentrations did not reach the magnitude meakureg the
period of water columnmixing in July and August @04, whenthe measured
concentration was c. 0.25 m§'land modelled values only increased to c. 0.1 mg
L', At Station2 modelledphosphateconcentrations (c. 0.02 md*) remained
below the measured values (c. 0.04 mY Huring winter mixing and remaéal in

the range 0.00D.008 mg [ during stratification while the other nutrient
species generally showed good agreement with field data. One exception was the
ammonium concentration in June 2004, with a measured value (0.133%ng L
substantially exceéag modelled levels (c. 0.03 md™), however throughout the

rest of the yeathe model and field data were well aligned and both remained in
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the range of 0.005 to 0.04 md'LA similar result occurred &tation1 in June

2004 wherthere weréncreasedammonium levels (0.14 md'1), however in this

case the modadimulations showed similar magnitude (0.11 md 1) two weeks

prior to whenmeasurments were madelhe variation in nutrient concentrations
between field data and model simulations was masteev atStation3 in the last

three months of the model run, with values of most nutrient species often more

than twice those of the measured concentrations.

Nitrogen and phosphorus species $&ationl and 2 were predicted to a level of
accuracy compable to, or better than, other studies (Trolle et al. 20G8bet al.

2009) Figure 3.6, while Station3 generally sbwed higher errorsThe error for
dissolved nutrient concentration placed the model results at Stations 1 and 2 in the
upper 3050% comjared with 153 modelling studies (Arhonditsis & Brett 2004).
Calculatedr values(Pearson Correlation coefficierfr predicted and measured
nutrient species ranged between 0.714 (NN and 0.938 (TP) (Table 3.4t
Station 1and between 0.558 (TN) and8@8 (PQiP) at Station 2; the latter
stationwasin close proximity to the Ohau Channel inflow. The calibration for the
shallow bay represented I8tation3 was less successful, withe maximum

correlation coefficientsf 0.548 (TP)across all nutrient ggies.

Table 3.4: Roofi mearni squaréerror (RMSE) and Pearson correlation coefficient (R) values for
Stations 12 and 3 for total phosphorus (TP), phosphate{P] total nitrogen (TN), ammonium
(NH4i N) andnitrate (NQi N).

RMSE R
Station 1 Station 2 Station 3 Station 1 Station 2 Station 3
TP (mg L™ 0.007 0.008 0.022 0.938 0.793 0.548
PO, (mg L™ 0.011 0.009 0.007 0.864 0.848 -0.057
TN (mg L™ 0.091 0.093 0.320 0.882 0.558 0.252
NH, (mg L™ 0.030 0.031 0.044 0.714 0.665 -0.026
NO; (mg L™ 0.054 0.063 0.174 0.797 0.586 -0.193
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Figure 3.6: Simulated{) and observed val u@PsTN(NHiN&ndNQ nutri ent
N at(A) Stations 1(B) Station 2and (C)Station 3at the surface over the simulated period (May
20047 May 2005).
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Nutrientconcentrations were initialised spatialigsed on measuremeiatisthree
depths for each of three stations. Simulations of nutrient concentrations were not
particularly satisfacty at Station3, despite repeated calibration. Accumulation of
nutrients aStation3, and at a lower rate Station2, in the lastour months of the
model run proved difficult to tune down to match observatidhsvas locally
possible to match the figdlnutrient data of the three stations with higher accuracy
by adjusing the maximum edimentrelease rate of nutrients and half saturation
constantvaluesof nutrient release via dissolved oxygétowever the overall
model error was increased due to mddeltations which only allowthe userto

specify one value for each CAEDYM parameter, which applies to the entire lake.
Chlorophyll a

A comparison of chlorophyld concentrations from the model simulations and
field measurements derived from chlorophyll fluorescence from CTD casts for
Staions 1 2 and 3 gave RMSE values 'l of 2.48
respectively, and Pearson correlation coefficient values/&f100.363 and 0.536,
respectively (Table 3). The modelcomparison of Arhonditsis and Brgi004)
shows thathe error atStation 1 presents itself irthe top 30% (78' percentile)
comparedwith other studiesThe poor statistical comparison Station 3 is
mainly generated by an overestimation of chlorophydbncentration, and loR
valuesare contributed by small number dépths grid cellsRMSE show better
values than those obtained Byrger et al. (2008using a 1D approacfihe poor
statisticalcomparison foiStation2 was accentuated during winter mixing, when
the model output consistently ovestimated chlorophykh concentratiorat this

station

3.3.4 Comparison across a fixed transect

Model outputs for temperatur&i@ure 3.7), dissolved oxygenHigure 3.8) and
chlorophyll a (Figure 3.9) for grid cells corresponding to the monttByofish
measurementare shown based anfixed transect along the lake. A minim of
2200 comparisons was made for each month so that comparisons between

modelled and measured variables were all highly significant (P < 0.01).
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Temperature predictions from the model were strongly correlated with
measurements over the whole year (R = 0.984), plaoygesults in theupper

20% (80" percenti€) compared witHL53 studiegArhonditsis &Brett 2004). The
annual cycle of the onset of springtime thermal stratification, thermocline
formation deepening of the thermocline in late sumnaed winter mixingwere
captured wellin the model simulationransects. The model slightly over
predicted the surface temperature during December 2004 which confirms the
observations from the calibration process when the model als®pogdicted
thermistor chain measurements from Station 1. Across the shallowsrddreee

lake (< 20 m depth) there was generally higher variability between model and
field data Figure 3.7 and the totalRMSE for all Biofish measurement&as
0.907°C (Table 3.5)slightly higher than for stationduring model calibration.

Table 3.5: Values of RodtMeari SquaréError (RMSE) and Pearson correlation coefficidR} (

for comparison of model simulation values against corresponding Biofish measurements averaged
for each model grid cell of thtransect over a one year simulation period commericiniylay

2004 compared with the modsimulations oftemperaturgn=5250) dissolved oxygeiin=3972)

and total chlorophylé (n=5250)

RMSE R
Temperature (°C) 0.895 0.984
DO (mg L™ 1.211 0.877
Chlorophylla ( ¢y L5.031 0.664
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Biofish measurements showed that horizontal variationissolved oxygemvere

most marked in June 2004, January 2005 and April 260%ure 3.8, while
vertical varations were accentuated with ongoing duration of thermal
stratification. The model simulations captured both the horizontal and vertical
gradients observed in measurements of dissolved oxygen even though the
magnitude of variation varied slightly from tiield data. For example, in early
winter (June 2004) measured dissolved oxygen showed little vertical variation but
a trend of progressivelgecreasingalues from west to east across the lake, with
values around® mg L'! in the western basifcorresponding to the location of
Station2) and8 mg L'* in the main basin (Station 1). The model captured this
spatial variability, however it slightlpveii estimated concentrations. In general
the vertical changes in oxygen concentrations with strafifio were captured by

the model simulations but with a more strongly defined oxycline positioned
around the thermocline, than was observed in the field data. The model
reproduced the development of hypolimnetic anoxia during stratification, though
with aslight delay (ctwo week$, but model and field data were well aligned in
April 2005 when the entire hypolimnion was anoxic. Pearson correlation
coefficients(R) and RMSE calculations based on model comparisons of dissolved
oxygen over the whole year ofamthly Biofish runs yielded r= 0.877 and RMSE
=1.211 mg L* (Table 3.5).

Chlorophyll a concentrations were derived from Biofish measurements by
correlating them with water sample chlorophglimeasurements so that direct
comparisons could be made with nebdutput as total chlorophyd (as the sum

of the two assigned groups of phytoplankton represented by cyanobacteria and
diatoms). During the time of stratificatiohlgvember2004 to April 2005) model

and field data were well aligned. The model predicspatial variability of
chlorophylla relating todecreasing concentrations from west to eagjufe3.9),

but with generally low chlorophyll a concerr at i ons ')(Durindedrlye g L
spring (September andOctober 2004) the modefienerally overpredicted
measured chlorophy#l concentrations compared to the field measurements.
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Biofish In September 2004 the model predictions exceeded fieldbgaBato 4

fold, but showeda trend of spatial variability similar to field neaements.
Model and field datsshowed apeak inchlorophyll a in October 2004, when
model predictions still slightly ovépredict field measurements of chlorophsll

In particular in June 2004 the model showed increasing concentrations in
shallower areasvhile the Biofish measurements showed a nearly homogeneous
distribution of chlorophyll a o f c . ''ahrowgiout tthe lakeDespite the
general trend of alignment of model predictions and field data, the model several
times over predicted chlorophyl& concentration in the shallow regions compared

with field measurements, without any definite seasonal trend in this anomaly

The calculated RMSE of modelled versusasurecthlorophyll a for the Biofish
was 5. '6(3Fable 35), which is considerablyttr than the values achieved
for Stations 2and 3 during the discrete station comparig@rable 3.3) but twice

as high as for Station 1. The corresponding Pearson correlation coefficient value
of 0.664 is better than the correlations found in the cltm with discrete
station comparisonseven though theoeffidgents of variation of up to 69
within any one monthly Biofishtransect and up to6%6 for a singlemodel cell
(Table 3.2) was relatively high The over prediction of chlorophylla in the
western basirduring July/August2004 (Figure 3.9 coincided with a peak in
chlorophyll a the prescribed Ohau Channel inflow boundary conditigiigure
3.10. These boundary conditions wereidefl based on a measured peak of over
6 0 £'of cHlorophyllain the monthly measurements made in September 2004.
The over prediction in chlorophylh was most accentuated $tation2, in closest
direct proximiy to this inflow. The maximum simulated chlorophyd
concentration i n 'tadStatiomdid 8eptembe804. IHe € g
other two stations did not show particularly elevated values that could be
correlated with the inflow datézor modelled chlmphyll resultsat Station 1,
diatons were dominant (in terms of chlorophy) throughout the winterHigure
3.11A). By contrast in summer ¢hincrease in chlorophyll wasostly due to
cyanobacteria. Tdnsame trend was predicted for Stations 2 &ufdigure 3.1B
andC).
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Figure 3.10: Simulatedfor chlorophyll a concentrationgug L'%) (combined value for the two
groups of phytoplankton; diatoms and cyanobacterialAatStation 1, (B) Station2 and (C)

Station3. Line plot in B shows chlorophydl concentration in Ohau Channel inflow.
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Ohau Channel tracer concentration

A simulatedconsevative tracer was introduced via the Ohau Channel with an
assigned concentration value oirlthe daily inflow forcing inputFigure 3.12
shows the change in tracer concentration on a monthly percentage basis following
a leadin period (see 3.2 Methoddjhe monthly change in tracer concentration at
Stationl varies betweermeroand4 % at the four depths. The trend is very similar

at all displayed depths during winter, coinciding with the mixed water column.
The slightly higher rate of change at depthstdfand 60 m compared with the
other depths during the winter likely indicates the effects fpdumging of the

Ohau Channel water at or near these depths (Gibbs 1983), before the tracer fully
disperses. The tracer depth distribution changes with the stratification of the water
in spring, when thenonthly change in tracer wanigher at a depth of 21 m and at
the suface. During summer stratification the change in tracer concentration at 42
and 60 m aStationl is near zero, likely in response to the overflow condition in
the Ohau Channel, evident in increasing tracer inputs at 0 and 21 StatAn2

the change irtracer concentration is highly variable with values ten times higher
than atStation 1, ranging between 40 anidi0%. There was no significant
difference in tracer concentration changes at depths of 18 and 24 m, which likely
reflects the absence of varwts in temperature in the thermistors at these depths
at Station2 (Figure 3.5B). In September 2004 the chlgmin tracer concentration

was 140% at18 and 24 m which coincides with the expected change from
underflow to inter/overflow conditions (Gibbs 1988).July 2004there waghe
highest rate of increase in tracer with the exception of the surface, indicating that
there was an underflow during thmsonth, which likely continued through to
August 2004 when the traceprcentration change waalso near zero at the
surface. During summer stratifio@n the tracer concentration wssll variable at

all depths which likely indicates the variable insErtidepths of the Ohau
Channel. As expected, due to the well mixed natur&tafion 3, the monthly
change in tracer concentration didt vary with depth. Similar t8tationl, tracer
concentration generally fluctuate above G%4most months and attainsluas to

up to 20% per month, which indicates a slightly reduceathly exchangef the

Ohau Channel at this station relativeStation2, but with accumulating values
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over time The greatest rate of increase in tracer concentration occurred from
August D04 to September 2004, which coincides with a period when chlorophyll
ain Ohau Channel was highest.

B 40 7 —0m

(% per month)

Change of tracer concentration

-10
Jun-2004 Sep-2004 Dec-2004 Mar-2005

Figure 3.12: Rate of change of tracer concentration as % per month relative to the assigned tracer
concentration (100%) in the Ohau ChanndlfgtStationl, (B) Station2 and(C) Station3.
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3.4 Discussion

The highly spatially resolved field data used in this study hagiged a unique
opportunity to evaluate the performance of the 3D model ELCOMEDYM in
simulating temperature and biogeochemical variables in a large lake where it has
previously been shown that there are large horizontal and vertical gradients
(Vincentet al. 1991 Chapter 2 The model calibration was undertaken based on
three sampling stations representative different aspects of the complex
morphometry of the lake, and validated using a fixed transect with highly resolved
field measurements of temmagure, dissolved oxygen and chlorophgll While

these variables were simulated with error terms comparable to those that occur for
field measurements within individual model cells using the Biofish, nutrient
concentrations were less well replicateabstobvious at shallow Station. 3he

use of discrete sampling stations for 3D model calibration has been carried out in
previous studies (Missaghi & Hondzo 2010) and some studies have gone to great
lengths to initialise state variables with a large humbesaaipling stationse(g,

Ledn et al. 2006), but there are no studies that have validated a model with field

data of similarly high spatial resolution as has been demonstrated in this study.

3.4.1 Model limitations

My study also indicated, however, that it may be difficult to use ELCOM
CAEDYM to simulate nutrient dynamics of morphologically complex lakes
where a single parameterisation is applied across the whole lake. This may be a
key model limitation, however ineased simulated nutrient concentrations in
Okawa Bay may be due to specific udefined variables. In Okawa Bay the TN
concentration increased between December 2004 and February 2005 to 1'2 mg L
compared with observed values c. 0.4 mig Consideringle volume of Okawa

Bay and the surface area available for benthic production, a growth rate 6f 0.2 d
would be necessary at a density of 231 mg Ntontake up the excess nutrients in
the bay. Benthic producers have not been accounted for in the maeléb du
absence of datdowever the estimatadlues may be realistic compared wiitie

study of Lawniczak (2010), which provides an upper limit for N biomass

shallow temperate lake at an advanced stage of eutrophjcatien densities up
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to 29720 mg Nm? where reported for emerged macrophytes. In my model
approach itwas intended to restrict the modelled parameters to data that was
available from the field to avoid increasing the possible equifinality of the model
(Arhonditsis et al., 208) Beven, 208).

A further reason for the increase in modelled nutrients in Okawa Bay may be due
to the application of the static sediment model which does not account for spatial
differences in sediment nutrient concentrations. Trolle et al. (2010) analysed
bottom sednent in several lakes in the Rotorua area and found that in particular
in shallow lakes, the cores can vary significantly in the same basin of these lakes.
Despite the capacity to adjust the nutrient transfers across the sédvatent
interface accordindo temperature, dissolved oxygen and pH of the overlying
water (Robson & Hamilton 20048urger et al. 2007bthe static sediment model
does not provide for spatial differences due to sedimpergerties themselvefn

large, shallow Lake Taihu (China), dile et al. (2009) found large horizontal
variations in total carbon, nitrogen and phosphorus conténth@® bottom
sediments, despite the relaliveflati bottomed nature of this lake. It is not
unreasonable to expect even greater variations in sedimerosdion in a

morphometrically complex lake such as Rotoiti (Hakanson 1977).

Highly different sediment release rates have been found with depth in relatively
morphologically homogeneous Lake Rotorua (Burger et al. 2007b). Sediment
release rates a deepstation (20m) in thislake were significantly higher (mean

44.3 mg m?d'!) than at two shallower stations4(and 7m) (mean of 9.3 and 7.7

mg m? d'!, respectively). Similar to my simulation results for nutrient
concentrations, Missaghi and Hondzo (201@isplay increased nutrient
concentrations from model results at a shallow station, yet did not discuss causes
in detail. Model runs to calibrate sediment variables to each of the three stations
improved the statistical comparisons for each station, edlyeStation3. The
parameter values were substantially altered (reducing nutrient release rates) in
Station 3 compared with the general calibration over the whole lake tHsit
resulted in strongly reduced chlorophyl concentrationsacross the model

domain Thisobservation suggests thmtdynamic sediment model may be able to
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capture the horizontal differences sediment dynamics argetteradjustto the

spatial variations imutrient release rates

No individual sitérelated sedirent analyses were undertaken in this study, to

supply the required inpwtatafor the dynamic sediment diagenesis model. Trolle

(pers. comm.) found that a 1D approach with the dynaseidimentmodel

increased the model runtime to be comparable to 3D rastiwith the static

model . The complexity of Lake Rotoitids |
static model to keep the runtime to an acceptable level, whilst recognising the
limitations that this approach imposed with simulating nutrient concemtsatio

3.4.2 Geothermal influence and temperature validation

Geothermal heat energy inputs to the ELG@MEDYM model were adjusted to
reproduce the observed temperature increment during stratification in the
hypolimnion ofStationl, where there is a deep crai&rgeothermal energy input

of 165 MW into the bottom of the crater was required to accurately simulate the
observed increases in water temperature in the hypolimnion over the stratified
period. This heat input is about téald higher than that used by Splg1983) in

a 1D application of an earlier version of DYRESM. Spigel (1983) used a similar
process to the one applied in ti@bapter of adjusting thegeothermal engy to
match modelledypolimniontemperature of Lake Rotoiti to field measurements.
An energy input of 1020 MW was determined, which is also aroundi felu

lower than the geothermal heat inmit140 MW estimated by Calhaem (1973).
My results indicate that the geothermal heat flux in the lake is likely to be closer
to that calculated by Cahem (1973).

Nearly 60 heat conduction measurements were made in the lake bed by Calhaem
(1973) from which a conductive heat flux of 10 MW was calculated. A further
130 MW due to convection was estimated using a simple heat balance calculation
from the ircrease in hypolimnion temperature from spring to autumn.
Observations, such as temperature inversions measured in the water column at the
bottom (Calhaem 1973; this stuBligure 3.5A), temperature measurements in the

sediment, which are hotter than predc from conduction alone, and bubbles in
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the water column that contained gas, suggest a geothermal origin of heat
(Calhaem 1973). An associated convective flux was further supported by the
suggestion that the stesmled holes in the central basin woulbtviith sediments

if there were no upwards fluid flux. Recent observations (Prof. Chris Hendy, pers.

comm.) show bubbles leaving the sediment surface. The bubbles then collapse,
suggesting the origin of hot fluid rather than gas, which supports previous

suggestions by Calhaem (1973). Conductivity profiles of CTD casts show a

progressive increase in conductivity in the hypolimnion of Lake Rotoiti over the

stratification period, which further supports the presence of a convective heat flux.

Spigel (1983) alculated total rates of change in heat storage in the hypolimnion

below 35 mfrom September 1982 to June 1982 based on temperature profiles
measured at roughly weekly intervals at 12 sites in the main basin of Lake Rotoiti.

Total rates of change variecbm around 450 MW in spring to around 50 MW in

summer. The increase in heat storage in summer and spring was explained by the
combined effect of downward mixing of surface waters by strong winds in spring,
thermal diffusion through the thermocline and tlkethermal heating from below.

Spigel (1983) simulated these processes with a daily-steye in DYRESM,

which resulted in good comparison with measured hypolimnion temperatures
using a boundary condition for the heat source in the rangt® MW. Spigel

(1983) explained the difference et ween hi s and Cal haemos
being mainly due to theownwardheat flux in spring caused by strong wind

mixing events (similar to the ones observed in this study) before the stratification

was fully establishedthat were not accounted for in the seasonal heat balance
calculation and the higher rate of downward diffusion of heat at the base of the
thermocline compared with estimations m
(1983) conclusions have been reported indarist al. (1986) and Gibbs (1992),

although no detailed analyses for the heat source are given in those papers.

Pasternack and Varekamp (1997) used a simple émagpg balance box model
in assessing temperature variations in, and geothermal energy iinpots
volcanic sources to Lake Ruapehu, located at the southern ehe d&fentral

Volcanic PlateauThey estimated a heat input of 385 MW in this small lake which
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is substantially more geothermally active than Lake Rotoiti. Kissling and Weir
(2005) developed a supkeritical equation of state module to simulate thermal
dispersion and transport of water in the Taupo Volcanic Zone, and used this
model to calculate a total energy input of 406 MW over an area of 136Qm

this they calculated an eneriput of 0.39 MW k¥ for the area at the southern

end of the Central Volcanic Plateau and 0.29 MW %dor the area around Lake
Rotoiti. This leads to an estimated volcanic endigy affecting Lake Rotoiti

(34.6 knf) of 121 MW, which is close to thetémate of Calhaem (1973). The use

of a constant geothermal input of 165 MW to Lake Rotoiti appears to be within
the range of conceivable values based on previous research that has sought to
identify some of the geothermal energy fluxes to the Taupo Val&me. It has

been shown that larger volcanic lakes have lower ststalg temperatures for a
given energy input (Pasternack & Varekamp 1997), which allows these lakes to
absorb more heat and maintain the same temperature. The sensitivity analysis that
| carried out for geothermal inputsio Lake Rotoiti tended to reaffirm this as heat
inputs of to up to 265 MW produced very little change in simulated water
temperature in Lake RotaitiConsidering the geothermal energy of 165MW
represents only 3% (2% summer) of the total heat flux entering the lake (solar
flux and geothermal flux), the assumption of an energy input of 165 MW has little
impact on the total heat balance of the lake and was a successful tool to adjust
hypolimnion temperature, but modeatcairacy regarding this heat flux cannot be

expected due to model and data limitations.

ELCOM is designed to downwdrsieep density gradients to capture the
dominant effect of mixing in stratified lakes (Hodges & Dallimore 200hjs

leads to a bias in ming direction which may not be appropriate for benthic
boundary layers (Hodges 2000he mixing model used in ELCOM is based on
the mixing energy budgets developed for the 1D approach (Imberger & Patterson
1989, Hodges 2000 Hodges et al. 2000). Mixingsicomputed based on the
turbulent kinetic energy available for mixing relative to the energy required to
overcome the energy inherent in the density stratifinatiwWhenmixing occurs

the turbulent kinetic energy for mixing is reduced by the energy rebjfiome

mixing and dissipation. Sensitivity analyses carried out when defining the model

103



3D spatial model performance

depth grid size showed that a coarser grid in the vertical direction causes a higher
dispersion of heat and a deeper thermocline. In mypet vertical cell size of 3

m led to best matclhof modelled temperatures withe field data. However the
change in thermocline depth with changing vertical model gridreene possibly

indicate a lower coefficient for thermal diffusity compared witsita conditions.

It was not itended to use the model replicate the inverse temperature
stratification that was observed over three months in winter at the bottom of
Station1 in the main basin of the lake. Several runs with increased geothermal
fluxes to the model cells correspondiiagthe crater did not replicate the observed
inverse stratification. The maximum depth of the model was 93 m using a
horizontalgrid resolution of 200 x 200 m, while maximum depth measured in
Lake Rotoiti is 123 m. This confined area is the origin of thegonity of the
geothermal energy input into Lake RotoieLCOM uses a downward sweep
method to adjust instabilitie@Hodges et al. 2000)An unstable temperature
gradient would be mixed through successive grid cells until the system is stable.
Density diferences as observed in the field trereforenotlikely to be simulated

with the current version of ELCOM. However tbbservednverse temperature
stratification appears to be a temporary anomaly in a very restricted area of the
lake and does not affect the overall outcomes of the model, and was not explored
further in this study The downwartisweep method for energy dissipatiormym
ultimately require revision for unusual density instabilities such as those
demonstradd in this study. The model Monismith and=ong(1996) to represent

the case where turbulence at the bottom donsriag from the flow in a shallow
estuary,used an upward sweep metd to rectify density gradients anday
provide the basis for further detailed research designed specifically to examine

these inverse geothermal heat gradients.

3.4.1 Phytoplankton, chlorophyll a and zooplankton

The aim to predict the spdtigariations of chlorophylla concentration in Lake
Rotoiti through the representation of two phytoplankton groups was achieved with
higher accuracy(R=0. 6 6 4, RMS B.2;5Table B.5) thag many
comparable 1Dmodelling studies. The choice of calibratiqgparameters showed
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better correlations of chlorophydl than studies by Burger et al. (2008%=0.45
and 0.29, RMSE®8.5 and1 3 . 1L'Yeagd Trolle et al. (2008a)R=0.140and
0.351, RMSE=12.759 and0.401e d.'* (calibration and validatiof) However a
twol compartment modedf Lake Washingtonrepresenting the hypolimnion and
epilimnion, with varying depths for eachalidated with monthly measurements
simulated chlorophyla values with higher accuracy, witt Bf 0.91 (epilimnion)
and 0.69 (hypolimnion(Arhonditsis & Brett 2005b)However considering the
runtime, model dimension and complexity the results presented here demonstrate
a good model fit considering that thesultsof a comparative studgresented by
Arhonditsis and Brett(2004) found a negative correlation betweemmodel
complexity, length of the simulation period and spatial model dimension
compared with phytoplankton predictions. Simpler approaches usy a 1D
(DYRESMi CAEDYM) or a two compartment modelre not challenged by the
highly irreqular morphometry andvidely differing natureof stations used for

comparison of simulated and measured concentrations.

It is also been demonstrated that within a single waterbody there may be different
phytopl ankt on s ppaticularly wheectltera @re shallow loayss
within deep lakes (Bondarenko et al. 1996). Further, it has been found that
phytoplankton communities may differ greatly adjacent to a major inflow (Rueda
et al. 2008). Fish and Chapman (1969) describe the western basin asileeting |
separate entity within the lake boundari@€bkapter 2also demonstratemarkedly
different seasonal variations in nutrient concentrations and productivity in
different parts of Lake Rotoiti that could also be expected to have impacts on
phytoplanktonsuccession. The simulated chlorophgytoncentration of the main
basin was generally representative of the measured data but wigsregited in

the shallower western area of the lake, where there was potential for confounding
effects of the Ohau Chaehinflow from Lake Rotorua, which has quite variable

phytoplankton species composition (Burger et al. 2007a).

The effects of zooplankton grazing on phytoplankton were not simulated
explicitly as the same 1D model configuratiosed for adjacent Lake Rotorua

(Burger et al. 2007a)vas also used in my studiyurther to that naooplankton
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data were available for the yeaf interest. The contribution ofobplankton
grazing onphytoplankton was included in the model through a @biginkton loss
term, however ovéprediction of phytoplankton especially during the winter
season indicates that model performamcay be able to be improvedhen

zooplanktorgrazingis taken into account.

Previous attempts to model chlorophglconcentréons have not dealt with the
inherent variability of measured data. There was a high coefficient of variation for
chlorophyll fluorescence measurements for single model cells. Operating the
model at a grid size (200 m x 200 m x 3 m) that enabled repsiatetation runs

(i.e., computational times of reasonable dorgt removes the expected sriiall
scale patchiness occurring within the grid qiddimer et al 2008) Lake Rotoiti

is dominated by two groups of phytoplankton which have been represented in the
model genedally ascyanobacteria and diatom groups with parameter ranges
assigned accordingly. Missaghi and Hondzo (2010) modelled three stations of
Lake Minnetonka using ELCOMCAEDYM. Their study did not provide any
statistical errors for chlorophy# calibrationsrepresented by one phytoplankton
group howevertheir results pointo a high degree of error in comparisat all
stations in the top 2 m. Missaghi and Hondzo (2010) reported that the failure of
the model to capture measured peaks and thergkdifficulties in simulating

chlorophyll a were created through their simulatiorf ust one phytoplankton

group.

3.4.2 Inflow analysis

Chlorophyll a concentrations simulated by the model are driven by sources and
sinks due to growth and loss processes, respectively, as well as mixing and
advective processes. In the latter case the Ohau Channel contributes inputs of
chlorophyll a to adjacentmodel cells, which may increase or decrease
concentrations for the model cells within the lake. The overestimation of
chlorophyll a concentration in the western basin occurred over several months,
without a specific seasonal pattern. This overestimation may bg paldted to

the monthly measured field data the Ohau Channel inflow which was

prescribed as an input to the model. The linear interpolation of the data to provide
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daily inputs to the model likely generated both ®vend underestimates of the
values onthe rising and falling limb of the interpolation, depending on the
individual sampling day. It is coincidental that the highest change in tracer
concentration occurred in the same months as the chlorappgkhk meased in
Ohau Channel and a correspargllargenet increase in chlorophydl occurred at
Station 2 at that time, given the relatively high concentrations in the Ohau
Channel inflow. The inflow data and the possible over underestimation of
phytoplankton biomass used for model forcing doeissmow the same obvious

impact inthemain basin of the lake.

The Ohau Channel tracer accumulated to a value of around 20% at the surface of
the main basin over the dnhgar simulation periodvVincent et al. (1991)
suggested that 31% of the N loading addo6of the P loadingo Lake Rotoiti
occurvia the Ohau Channel inflow. Most of the loading (c. 60%) occurs when
there is a plunging inflow. Thepecific biological effects ohflows have rarely

been examined in the way describedrig study, however, Hillmer et al. (2008)

used a conservative tracer in ELCAMshow that the Jordan Riventers Lake
Kinneret is diverted westwards due to a general coucltakwise circulation

within the lakein winter. They identified thatutrient inpas from this river, and

the transport of these nutrieqikyed a key role in enhancipgoductivity an the

western side of Lake Kinneret.

My tracer implementation confirms previous findings of varying intrusion depth

in the western basi(Gibbs 1983) andhe intef and underflows that intrude into

the main basin of the lakat different times of yearHowever, contrary to
previous studies (Gibbs 1983incent et al. 1991), the tracer results highlight that
bays in the vicinity of Ohau Channel inflow magalbe greatly affected by the
incoming water, potentially producing large spatial differences in phytoplankton
assemblages. In Lake Taihu, China, Meiliang Bay is highly eutrophic compared
with the main lake basin. Chen et §003) elated this spatial ariation to
variations in wind speed and direction. Temperature differences between
constricted bays and the main lake basin can also affect water exchange due to

density interflows as Macintyre (2002) has shown in Lake Victoria. Daily
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variations in tempeture of Ohau Channel create density differences not only
between the inflowing water and the western basin, but also the adjacent bay,
which may generate variations in exchange between Channel waterthe lake

and the bay. Whilst the plunging inflowto the main basin of Lake Rotouiiill

be largely un affected bwind direction or strength, the intrusion of Ohau
Channel into adjacent Okawa Bay, which will mainly occur when there is an
overflow condition, is very likely to beffected bywind velocity and water

temperaturevariations

3.5 Conclusions

The 3D ELCOM CAEDYM simulations demonstrate that the model is capable of
reproducing highly resolved field data of temperature, dissolved oxygen and
chlorophyll a on a spatial basis. Whilst the hydrodynamic delo(ELCOM)
appeared to predict better results after geothermal heat adjustments, the water
quality model (CAEDYM) clearly showed difficulties in dealing with spatial
variations even though the overall model performance was satisfactory when
assessed agaih previous studiesSpatial differences in sediment nutrient
composition that ar@ot represented ithe present modeksulted in increased
values in the shallow embayment in particular autusimilar trend was found

by Missaghi and Hondzo (2010) farshallow station (10 m) inraapplication

using ELCOM CAEDYM for simulation of Lake Minnetonka, USA which may
highlight a limitation of the modelVithin the time frame of this study it was not
possible to test a recently developed dynamic diagenesislenadh CAEDY M,

but it is recommended that future work be done to consider how to better
represent the spatially varying character of bottom sediments of large, deep lakes.
It would be beneficial to develop a simple sediment diagenesis model that does
not significantlyincrease model runtimesd coulddynamicallysimulatethe lake

sediments wer largetemporal and spatial scale

It has been shown that the horizontal variations in Lake Rotoiti play an important
role in the phytoplankton biomass and sudoessThe input from Lake Rotorua
viatheOhau Channel is a major contributor of phytoplankton and nutrients within

Lake Rotoiti, and has a direct influence on the water quality and phytoplankton
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especially in the western basiHigher frequency masuremest of the
composition of the Ohau Channel inflow may help to more accurately simulate its
path into the lake and the eventual fatancomingphytoplankton and nutrients.
This study has highlighted that the input fréime Ohau Channel not only affexct

the main basin and western basin, lsitikely to create higher biomass in the
adjacent bays.To support analysis of inflow dispersion current meter

measurements in adjacent bays would be beneficial for future research.
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Chapter 4

Modelling the impact of the Ohau Channel diversion

wall on water quality of Lake Rotoiti, New Zealand

Abstract

Lake Rotoiti is a large, warm monomictic, eutrophic lake in North Island, New
Zealand. Ohau Channé$ the major inflowinto Lake Rotoiti arising from
eutrophic Lake Rotorualhe construction of a 1275 m diversion wall along the
westernshorelineof Lake Rotoitiwas completed at the end of July 20G8was
designed tamprove the water quality of Lake Rotoiti Ibgducingthe intrusion of

the inflow into the lake, instead diverting it towards the major outflow, Kaituna
River. In this study | investigated how the diversion of the Ohau Channel inflow
to Lake Rotoiti affected the thermal structure and water quality of LakatRan

a spatialtemporal basisA three dimensional model was used to analyse the
water quality of Lake Rotoiti during a one year period commenajpgn the
completion of the diversion wall’he performance of @D water quality model
ELCOMi CAEDYM, was evaluated statistically and showed thamperature,
dissolved oxygen and chlorophwl predictionswere simulated adequateliut
difficulties arose with comparison ohutrient concentrationsThis study
highlights some of the limitations of highly spaliy resolved numerical
moddling methods of simulating lake water quality, and demonstrates their

strengths and weaknesses in contributing to future lake management decisions.
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4.1 Introduction

Urbanisation and human modifications of the landscape haveesulincreases

in sediment and nutrient runoff, producing deterioration of water quality in many
freshwater lakes around the wo(darpenter et all998) Considerable effort and
investment have recently been made to improve water quality using anoarray
lake restoration methods to either reduce external loads or to artificially
manipulate the physical, chemical or biological conditions within a lake (Cooke et
al. 2005; Jeppesen et al. 2005). While reductions in catchment nutrient loads may
take many yars to have effect, in response to changes in land use or management
practices, diversion of nutridgmrich inflows has the potential to effect relatively
rapid improvements in lake water quality (Moss et al. 1990). Indirectly, this
method has a long histoof application, as wastewater was commonly diverted
from many lakes, as early as 1930s, when the first alteration to divert sewage from
Lake Washington was undertaken (Edmomd&oLehman 1981). Howeveanany
projects were implemented to reduce excessiteiamt loading(Ahlgren 1972;
Carvalho et al. 1995hnd as recently as the 1990s for some iconic lakégew
Zealand (Burger et al. 2008). However, lake water quality has not always
responded as expected and in some cases phosphorus and chlorophyll
conentrations have not changed significantly following removal of wastewater

point sources (Welch et al. 1986; Burger et al. 2008).

As noted by Mosst al.(1990), not all diversions of inflows have been successful.
Perrow at al. (1994) found in Alderfen Brbahat an inflow diversion brought
about an initial reduction of totadhosphorusconcentrations and phytoplankton
biomass, but this was followed by a period of high internal phosphorus loading
which ultimately led to anoxic conditions and fish kills. Theiversion of
freshwater streams from Mono Lake provides another example of adverse effects
related to increased salinity and reductions in the size of this lake (Jellison et al.
1998). Moss et al. (2005) present results for two diverse lakes in the same
cachment area in Cheshire, North West England, after diversion of two sewage

treatment works in 19910ver the following period of 12 years, both lakes
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showed phosphorus reduction, however neither of the lakes showed significant

changes in chlorophyé corcentration.

In Lake Rotorua water quality initially improved following diversion of treated
wastewater to a laitdased polishing system in 1991 (Rutherford et al. 1996), but
since the late 1990s there has been a clear trend of increasing nutrient
concentrations, higher algal biomass and frequent blooms of cyanobacteria
(Burger et al. 2008). Water from Lake Rotorua provides the inflow to Lake
Rotoiti and was considered by sealeauthors (Vincent et al. 1986991; Gibbs

1992; Burger et al. 2008) toe the main factor contributing to deterioration of
water quality in Lake Rotoitiln 2007 construction commenced on a S$teel
sheeting wall supported by piles driven vertically into the sediments of Lake
Rotoiti, to divert the existing Ohau Channel infleav Lake Rotoiti, into a side

arm leading to the lake outflow. The wall was completed in July 2008 at a cost of
c. NZ $10M.

Numerical models are used widely to analyse lake water quality impacts
following inflow diversions and to consider management deussifor water
quality improvement (Jellison & Melack 1993). When plunging inflows are
diverted from a waterbody there is potential to change oxygen dynamics by
removing the oxygenation effect of the inflow for hypolimnetic waters (Gibbs
1992), potentiallyncreasing rates of deoxygenation, which could be expected to
lead to increased rates of nutrient release from the lake bed. While a relatively
simple box or oriedimensional modelling approachdlaeen adopted to provide
longi term indications of the effeaif an inflow diversion, there have been few
applications undertaken where either 1) the inflow diversion has actually taken
place and model performance has been validated, or 2) the spatial dynamics of the
inflow have been examined using a model of higtenension (i.e., a three

dimensional (3D) model).

To attempt to satisfy the demanding requirements to validate 3D model
applications, remote sensing has sometimes been used for spatial predictions of

temperature or chlorophyd concentration (Hedger et al. 2002pillman et al.
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2007 while high frequency field measurements (e.g., thermistor chains) have
sometimes provided temporal matches similar to model output frequency (Ledn et
al. 2005). There are few applications, howewugrplving combinations of highly
resolved spatial and temporal data for model validation purposes, especially in the
presence of a major lake management perturbation. Full validation of a,model
with a major perturbation equivalent to that provided by @teau Channel
diversion wall has not been undertakarsing the prescription advocated by

Jargenseet al.(2008).

In this study | investigated how diversion of the Ohau Channel inflow to Lake
Rotoiti affected the thermal structure and water quality of LRkeoiti on a
spatial temporal basis. The model that had previously been calibrated and
validated for Lake Rotoiti (Chapter 3) before the construction of the diversion
wall was used to simulate changes in the lake thermal structure and water quality
based o the morphology of the present diversion wall configuration. | used a
fixed parameter approach, without further calibration of model paramesens
those used in Rapter 3 A model based on fixed parameters without calibration,
based on literature valuéss previously beesimulatedsuccessfully by Gal et al.
(2009), when ELCOMCAEDYM was used to simulate 5 phytoplankton groups
in Lake Kinneretbut this approach did not address changes of water quality after

an inflow diversion

The main objective of mytudy was to document the effect of the inflow
diversion using comparisons of in situ data against model simulation output, and
to use the model simulations to understand how the diversion wall affected the
transport of water from the Ohau Channel inw® ldke. A further objective was to

test the performance of the 3D water quality model using parameters calibrated on
the basis of data for a year prior to the diversion wall construction. This study
demonstrates how 3D models can be usedirtaulate highly resolved spatial
temporal distributions of water quality variables, and how their application can

then be used to determine human induced perturbations to lake ecosystems.
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4.2 Study Site

Lake Rotoiti (main basin | ocatadeepat
(max. depth 124 m), warm monomictigiesd eutrophic lake in North Island,
New Zealand. It has a surface area of 34.8.Krhe lake is relatively long and
narrow but with two distinct basins; a deepsterrbasin and a shallowestern
basin, separate by a narrow constrictionF{gure 4.1) The diversion wall
completed in August 2008 is connected to the shoreline immediately south of the
Ohau Channel inflow and has a length of 1275 m, running north into the Okere
Arm and toward the Kaituna outflow, roughly parallel to the shdreggre 4.1
andFigure4.2), diverting water from eutropt Lake RotoruaBurger et al. 2007)

directly towards the outflow.

The Ohau Channel inflow was previously found to intrude into Lake Rotoiti as an
underflow, interflow or overflow, depeerdt on the temperature of the Ohau
Channel outflow from Lake Rotorua relative to the thermal structure of Lake
Rotoiti (Vincent et al. 198@&nd Chapter 3 Inflows from Lake Rotorua intthe

main basin otLake Rotoiti are greatest in winter when the watewuohs into the
lake as an underflow and follows the deepest lake contour into the main lake
basin. At other times of the year when interflows or overflows occur, the inflow is
more likely to be shoitircuited into a proximal sidearm where the Kaituna River
outflow is located. While the inflow is recognised as a major cause of
deterioration m water quality of Lake RotoitfVincent et al. 1984, 1986,991;
Gibbs 1992)it may have also had beneficial effects by oxygenating bottom water

when it intrudes intohe stratified lake as an underflow (Gibbs 1992)
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Figure 4.2: Bathymetric map of the western basin of Lake Rotoiti. Ohau Channel diversion wall is
represented by tHeold black line.
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4.3 Materials and methods

The Estuary, Lake and Coastal Ocean Computer Model (ELCOM) is & three
dimensional (3D) hydrodynamic model that simulates water temperature and
salinity spatially and temporally (Hodges et al. 2000; Hodgé&a&imore 2007)
driven by external forcings of wind stress, surface heating/cooling and
inflows/outflows. ELCOM has been coupled to the Computational Aquatic
Ecosystem Dynamic Model (CAEDYM), to simulate interactions between
hydrodynamics generated by EO®1 and biological, physical and chemical
processes generated by CAEDYM (Hipsstyal. 200}. The ELCOM model is
based on the unsteady Reynbdlalgeraged, Boussinesq, scalar transport and
Navieii Stokes equation for incompressible flow using the hydrostasiaraption

for pressure (Hodges et al. 2000n Bulefi Lagrange method is used to simulate
advection of momentum (Casulli & Cheng 1992) with a conjugmsalient
solution used for the frésurface height. CAEDYM consists of process based
differential equatins that simulate concentrations of biogeochemical variables
dynamically. The general categories of these biogeochemical variables of
relevance to this study include phytoplankton, particulate and dissolved organic
matter and dissolved inorganic nutrien®onservative tracers were used in this
study to track the fate, firstly, of water entering Lake Rotoiti via the Ohau
Channel inflow, described as leakage of the diversion wall, and secdhdly
exchange of water from Oka Bay with the western basin attte main lake.
Ohau Channdracerwasintroduced with a nominal daily constant concentration
of 1 and Okawa Bay water was labelled with a second tracer of value 1 at the
beginning of the simulationThe tracers are not subject to any of the decay or
geneation processes of the other biogeochemical variables within ELCOM
CAEDYM.

The ELCOM CAEDYM model bathymetry for Lake Rotoiti was configured to
have a constant 3 m vertical resolution and horizontal dimensions of 2D

m in the same configuration asedin the bathymetry for Chapter Zhe inflow
boundary conditions for the model consisted of one major inflow (Ohau Channel)
that enters Lake Rotoiti in the western basin, twelve smaller inflows at different

locations around the lake and two additiomadlerwater geothermal springs which
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intrude into the deepest part of the lake, and one main outflow located at the
northern end of the western basin, as described in Chapter 3. The geothermal
inflows located in the main basin of the lake remained uncluatggéhe model
sefup for the period of May 2004 tdMay 2005 (Chapter 3). A constant
geothermal energy of 165 MW was used in the bottom of the main basin to
simulate the geothermdleat sourceoriginating in the main basin where lake
depths exceed 70 m (haem 1973). Two areas of geothermal inflow were
specifiednearStation1, one of which was with a constant temperature of 120 °C
at a flow rate of 0.25 fs * for a region located around the deepest part of the lake
(the crater) and a second one which \aasigneda temperature of 35 °C at a
discharge rate of 0.58%g'! for an area nortteast of the crater. Thareasof

geothermal heat sourceonformto their locations according to Calhadi973.

Some changes were made to the model configurationinggldapter 3The first

was the implementation of a levee in the model bathymetric input file, which was
used forthe simulations that included the Ohau Channel diversion iadjufe

4.2). The levee placed a solid boundary between two adjacent ELCOM cells using
a ghost cell so that adjacent wet celld ha interconnection. Initial conditions for
starting the simulation with defined concentrations ofsdived nutrient
concentrations, dissolved oxygen, temperature and chlorophwére based on
field measurements at three stations on 19 August Z0@8.model was run for

350 days.

Ohau Channel inflow input data to the model was based on monthly field
measurements taken over the 350 days of the simulation. Monthly inorganic and
total nutrient concentrations and phytoplankton biomass (separated in the
simulation into the dominant groups of diatoms and cyanobacteria) were
interpolated to daily values for rdel forcing. The Ohau Channel had an average
discharge of 16.94 8 * over the simulation period, and was entered as input to
the model as daily average values based on continuous measurements. The
smaller inflows, which are mostly spriffigd, were kept a@nstant over the
simulation period based on the data retrieved for the sironlperiod May 200¢

May 2005 éee (apter 3). Meteorological forcing included daily averages of air

temperature, solar radiation, atmospheric pressure, relative humidity, péed,s
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cloud cover, to estimate long wave radiation (Hodges & Dallimore 2007) and
daily rainfall. Meteorologicatlata for input to the model wefi®m measurements

at Rotorua airport meteorological station, 7 km from Lake Rotoiti. These data
were obtained rbm the CLIFLO databaséNational Institute of Water and
Atmospheric Resear@008)

No further calibration of the modelasundertaken from the calibrated version for
the period May 2004 May 2005, which is described @hapter3.

Between August 2008nd June 2009 monthly pisi undulating transects were

taken periodically with aiofish (ADM1T Elektronik, Germany). Masurements

were made with the Biofishof temperature ADMi Elektronik Germany),

di ssol ved oxygen ( AMT Anal ysenywhebt echn
fluorescence (Dr. Haardt Optik Mikroelektronik miniBackScat ) at 4 Hz
frequency, together with &@lobal Positioning System reference and water depth

(Garmin GPSMAP 168 Soundinghn average of 2650 data points was measured

each month following the 1Bm long path shown in Figure 4.$toredBiofish

data were processed with Matlab software, filtered to every second measurement

and projected onto model output of the Biofish délathgth transect.

For statistical analysis tHiofish readings of temperate, dissolved oxygen, and
chlorophyll fluorescence were averaged for measurements collected within a
region corresponding to each cell of the model domain. Chlorophyll fluorescence
was calibrated to chlorophydl concentration and chlorophydl temperatug and
dissolved oxygen were compared to model output of the corresponding variable
using Root Meari Squaré&Error (RMSE) and Pearson correlation coefficient (R)

values.

Concentrations ofammonium (NHi N), nitrate (NQi N), soluble reactive
phosphorus (SRP)ptal nitrogen (TN) and total phosphorus (TiRYm surface
waters for all three stations were obtained from a monthly sampling program
conducted by the regional monitoring authority, Environment Bay of Plenty.

Nutrient concentrations were compared to theleh@utput at the corresponding
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location and time of measurement, and RMSE and Pearson correlation

coefficients values were calculated for the comparison.

The tracer simulations were analysed by plotting a monthly fractional change in
Ohau Channel tracamoncentration at the three stations after allowing &day
Gspini upd period. This period was found to H® days following thdantrusion

time of the Ohau Channetracer into the main basin &tation1 (Chapter3)
before the inflow diversianMonthly changs in Okawa Bay tracer concentration

at Station1 and 2 was calculated for the current model as well as the pre

diversion wall scenario (May 200May 2005)(Chapter 3 for direct comparison.
4.4 Results
4.4.1 Water temperature simulations

There was a high caspondence between the simulated temperature and the
temperature from field measurements averaged for the corresponding model cells
for the period August 2008 to June 200%he model simulation capturdte
seasonal interplay of mixing and stratificatidgfigure 4.3), and comparisorwith
measurements yielddrl= 0.982 and RMSE = 0.82C (Table4.1). Temperature
tended to be slightly oviepredicted throughout the water column during the latter
phase of stratification (Januaty April 2009) and at the same time horizontal
temperature gradients ocoed; mostly in the firstli 2 km of the transecaway

from the diversion wall Kigure 4.1). In the western basinyhere Station 2was
located there was little variation in temperature in both thedelsimulatiors as

well as theBiofish measurements. The errors of the presentainsichulation are
similar to the calibrated model for the dngar simulation period commencing
May 2004 R = 0.984 RMSE =0.895 see Chapter 3).
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Table 4.1: Values of RodtMeari SquaréError (RMSE) and Pearson correlation coefficiaR} (

for comparison of model sinhtion values against corresponding Biofish measurements averaged
for each model grid cell of the transect over a one year simulation period commgaéingust

2008 compared with the modseimulations oftemperatur§n=8527) dissolved oxygeiin=6986)

ard total chlorophylla (n=8527)

RMSE R
Temperature (°C) 0.894 0.982
DO (mg L™ 1.655 0.760
Chlorophylla ( €™ 3.886 0.456

4.4.2 Dissolved oxygen simulations

Dissolved oxygen concentrations in Lake Rotoiti were slightly iquedicted
over the annual cycle, most notably during the period of stratification. Figlire 4
shows therelationshipbetween the averaghssolved oxygetiield data from the
Biofish transect for each model celhd the correspondingnodel output. The
Pearson correlation coefficient for the compariso® 760 andhe RMSEvalue is
1.655 mgL'* (Table4.1).

Oxygen depletion from bottom waters commenced with the onset of thermal
stratification around September 200Bigure 4.4) but the decline in oxygen
tended to be slightly slower in the simulations. For exampl®eicember2008

the measured oxygen concentration in the hypolimnion was arbnohg L'*

lower thanthe simulated concentratipbut in February 2009 measured and
modelled levels of oxygem the hypolimnionwere well aligned. During June
2009 when the water column was well mixed, both the model simulation and the
measured data showed horizontal gramienith values around 7 mg'* in the

main basirgradually increasing & mgL'! in the shallower western basin
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4.4.3 Chlorophyll a simulations

Compared with the field measurements and model reswdta #2004 2005,
measured and modelled chlorophglivalues were generally lower in the post
wall period from Augus008 to June 200€hlorophyll a concentratioa were
overestimated in the model simulationsthe months of August and September
2008. Followingthis period from October 2008 to December 200ld data
werepredicted welby the modelwhich captured the trend bfgher values in the
western basirwith a gradual declie towards the main basin (Figur5b). In
October and November 2008eeated chlorophyll concentrationsoccurred,
around 30 mand 20 mdepthrespectively,n the western ed of the main basin.
Surface concentratiaof chlorophyll a were slightly oveif predicted during this

time, however thisvasrestrictedmostly tothe western basin

In February 2009 there was little horizontal variatiomieasureahlorophyll but
there was elevated chlorophyll at Ifa depth in contrast tdvé model simulations
which indicated a surface bloom (cyanobacterial chlorophyll concentrations up to
14 ¢ g 'YLin the top 5 m. In the western basin in March 2009 there was a
increase in measured chiphyll concentrations with values up to 3 pg L'*
which exceeded corresponding chlorophyll valileghe simulateddata (Figure

45).

Whenthe modelpredictedan increasd contribution ofdiatons to chlorophyll in
April to June 2009he modelledchlorophyll concentration was mainly increased
in the western basiValues up to 16 d.'* gradually declining towards the main
basinto 10¢ d.'* in the most western part of tineain basin and 6 d.'* in the
main basinwere predicted, contrary to fieltleasurements that remained around
10 € gL''. Despite the underestimation of chlorophgliconcentration in the
western basin during March 2009, thr@del generdly showed atrendin overi
estimate chlorophyla concentrations in this are®ver the whole simulation
period, thePearson correlation coefficientlue was0.456 andthe RMSE was
3.89 ug L' for the comparison of model simulations with measuremgrable

1).
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The fit of the simulaion to measuredhlorophyll a concentrations isvithin the
range of other modelling studies which have used DYRESMEDYM, with
Pearson correlation coefficiefR) and RMSE valuegor chlorophyll a of 0.29
and 13.1 pg L' (Burger et al. 2008and 0.35 and 10.40 pg't (Trolle et al.
200&). An applicaton of ELCOM CAEDYM involving simulation of five
phytoplankton groups in Lake Kinnergielded R values between 0.03 and 0.5
for different phytoplanktongroups while a Spearman correlation analys$ this
simulation resulted in values between 0.21 arfd82 for the different
phytoplankton groupéGal et al. 2009)Further modelling study with DYRESM
CAEDYM applied to Lake Kinneret by Bruce et al. (2006), showed that the
normalized mean absolute error for the phytoplankton groups simddgitetbse
to the normalized mean standard deviation of the field datecating a good

model fit.

4.4.4 Nutrient simulations

The general trend of modelled surface nutrient concentraticbsg@bns land 2
was forlow values over spring and summer stratificatimnt with increasing
concentrations at the end of stratification whengsindace mixed layestarted to
deepen Figure 4.6). This general trend was not apparenshallow Station 3.
Contrary to the other two statigret Station 3simulatednutrientconcentrations
startedto increa® in the middle of summer (January 2008) towards a maximum in
late March 2008 followed by a decrease over ghbsequentwo months. Te
only exceptiorto this trend washe phosphateoncentrationwhich remained low
throughout the modelled period at Stationw&h a maximum concentration of
0.03 mgL'*in June 2009Compared with measured data, there was up tdadb
increase in thsimulated nutrient concentrations of #© and NHi N at Station
1in May and June 2008nda markedncrease of simulated NNON to up to 0.29
mg L'*, while field measurements remained below 0.005 figri_the month of
May and June 2009The same trendbccurred atStation 2 even though the

fractionalincreasewas slightly lower thanthat simulatedor Station 1.
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Table 4.2: Root' meari squaréerror (RMSE) and Pearson correlation coefficient (R) values for
Stations 12 and 3 for total phosphorus (TP), phosphatei{PQtotalnitrogen (TN), ammonium
(NH4i N) and nitrate (N@' N).

RMSE R
Station 1 Station 2 Station 3 Station 1 Station 2 Station 3
TP (mg LY 0.026 0.023 0.026 0.497 0.208 0.436
PO, (mg L™ 0.024 0.020 0.007 0.778 0.805 -0.171
TN (mg L™ 0.162 0.166 0.398 -0.194 -0.205 0.287
NH, (mg L™ 0.023 0.023 0.047 0.891 0.748 -0.244
NO; (mg L™ 0.123 0.140 0.312 0.251 0.345 -0.153

Pearson correlation coefficient®r nutrient species varied betwedi®.205
(Station 2, TN) and 0.891 (Station MH4i N) at Stations land 2(Table4.2) but
were not a lot different from values derivefrom DYRESM CAEDYM
applications byBurger et al. (2008), who reported Pearson correlation values
betweeni 0.01 (NH;i N) and 0.41 (TN) and RMSE between 0.08g L'* (PO,

P) and 0.232ng L'* (TN) and the summary data for a large number of studies,
that is presented by Arhonditsis and Brett (2004). A comparison of the latter
summary data against my simulation results puts the resultHgiN at Station

1 and 2 in the upper 20% and 10,1 P in the upper 40%. Values of RMSE are
generally highest at Station 3 with the exception ofilPO(Table 4.2)lt was
expectedthat there would béow correlations at Station 3 as the calibration in
Chapter3 had alreadybeenshown to havesome deficienciefor the period May
2004 to May 2005In summary, values of theearson correlationoefficient at
Stations lwere as high a€.891 (Station 1, NHi N) but even yielded negative
values (0.194, Station 1) in the case DN and were between 0.805 (H®) and
710.205 (TN) at Station 2while Station 3 genengl showed low or negative
correlation coefficient values between simulatedand measuredsurface

concentrationsf all nutrient species
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4.4.5 Ohau Channel and Okawa Bay tracer

The monthly change in Ohau Channel tracer concentradio, 21, 42 and 6t

for Station 1, at 0, 9 18 and 24 m for Station 2 and at 0 and 3 m for Station 3
(Figure4.7), showed anarkeddecreaseompared with theimulationsfrom June
2004to May 2005(Chapter3).

Change in tracer (%)

3m

4 A

-6
Sep-2008 Dec-2008 Mar-2009 Jun-2009

Figure 4.7: Rate of change of tracer concentration as % per month relative to the assigned tracer
concentration (100%) in the Ohau ChanndligtStation 1,(B) Station 2 andC) Station 3.

139



Modelling Ohau Channel inflow diversion

The Ohau Cénnel tracerwas at no time predicted to penetrate intortian basin
(Station 1, Figure 4.7A) indicating redged inflow of Ohau Channelvater
compared with the ngi diversion simulation in Chapter 3, when the maximum
change in Ohau Channel tracer was #Figure 4.8 and Chapter 3 In the
western basiiiStation 2)the monthlychange in traceconcentration wabetween

4 and 5%after the inflow diversionThe four displayed deptHhsr this station
show a similar general tremd slightly increasedates oftracerinput from August
2008 toMarch 2009 after which timethere is a decrease and a switafi 4% in

the month of June 2009 at all simulated depths. This switch to negative tracer
concentrationcoincided with the end ofthe stratification period The only
significant vertical difference in the general trestdStation 2wasat 9 m depth
wherethe tracer ineased by 5%n January 2009 comparemdth the previous
month.In Okawa Bay(Station 3) the valuehangedbetweeni 3 and 4% Figure
4.7C) at both depth indicating a reduceithput of Ohau Channel into Okawa Bay
compared with the preliversion case values that were betwé&é&f and 206
(Chapter 3Figure 3.12. In Okawa Bay tracer concentrations tended to be slightly
positive during the earlier period tife simulation followed by a sudden decrease

to the minimum value af4% by June 2009.

The tracer of Okawa Bay water, which was based on water in the bay assigned a
value of 100% at the beginning of the simulatishopwed a monthlghangeof

only between Go 1 % pré and postdiversion wallin the main basir{Figure

4.8A). The maximum monthly change in the Okawa Bay tracer in the main basin
of 1.5% for 42 and 60 mdepth (Figure 4.9A) coincided with thend of the
stratification periodfor the postdiversion wall case, while prior tthe inflow
diversion maximum change of Okawa Bay tracer imtiaén basin (Statiorl) was
simulated during summeBefore the inflow diversion the maximum rate of
change of Okawa Bay tracer in the western basin (Station 2) was simulated to
occur during summer, while there was a sudden switch negativevalue at
Station 2 at the end of the stratification period (June 2(€i§ure4.8B), similar

to Ohau Channel tracer during this timmethe same locatiomhe Okawa Bay
tracer dispersion was predicted to be more variablethe western basin

throughout the year compared with the main basin. A comparison ofapie
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post diversion cases in the western basin revealed a change in Okawa Bay tracer

concentration froni 5 to 5% prei diversion and3 to 7% post diversion

Consideration was made of whether thte ofexchangdetween Okawa Bay and
the western basimay have beeaffected by wind direction and wind speddhe
daily meanwind speedat Rotorua Airport, which was used as forcing input for
the modeltended to b higherfrom August 2008 to August 2009 compared with
May 2004 to May 2005FKjgure 4.9) In 2008 2009 (Figure 4.9B)the dominant
daily wind direction was west to soiithest while in 2004 2005 it had a strong
southerly component but with a fairly even et of weserly and easterly
componentsWind forcing in 20082009 is mostly aligned with the direction of

the pathway from Okawa Bay to the western basin (Figure 4.9C).
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Figure 4.8: Rate of change of Okawa Bay tracer concentration as % per month relative to the
assigned tracer concentration (100%) in the Okawa B##)aBtation 1 andB) Station 2 pré
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Figure 4.9: Wind rose ofspeed andlirection for the period of the modsimulations from(A)
May 2004to May 2005and(B) August 20080 August 2009; (C)vesternbash of Lake Rotoiti
and Okawa Bay

4.5 Discussion

4.5.1 Water quality in Lake Rotoiti after the inflow diversion

The work presented in this chapter indicates that the diversion of Ohau Channel
inflow appears to have had a beneficial effect in reducing chlorophyll a
concentrations in Lake Rotoiti. Field measurements showed a chlorophyll
maximum at a depth of approximately 15 m in February 2009. Deep chlorophyll
maxima are generally an indication of high water clarity that allows the
chlorophyll layer to persist below the surface mixed layer in large lakes (Pérez et

al. 2002; Hamilton et al.(0). Deep chlorophyll maxima have been commonly
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observed in three oligotrophic lakes (Taupo, Tarawera and Rotoma), but the
relatively high light attenuation in Lake Rotoiti, driven by high levels of
chlorophyll in surface waters, was considered to pretrenformation of a deep
chlorophyll maximum in this lake (Hamilton et al. 2010) before the

implementation of the diversion wall.

Even though field data and model results indicated a rapid, beneficial effect of the
diversion wall, it is not certain how tHake will change as it adjusts towards a
new equilibrium state in response to the wall. Inflow diversions may cause
immediate reductions in external loading, but lake trophic state response can be
widely different. Jeppesen et al. (2005) tracked the eftécnutrient load
reductions in 35 lakes and found that a new equilibrium for TP was generally
reached after 15 years and that this response time was only marginally
influenced by the hydraulic residence time. The time on which an ecosystem
responds uiil the new steady state equilibrium is reached, even in small lakes
with a high flushing rate, can take several years. For example despite a residence
time of a few weeks, the net retention of TP was still negative 13 years after
reduced sewage loading shallow hypertrophic Lake Sgbygard, while TN
decreased proportionately with the loading reduction (Jeppesen et al. 1998). The
high and persistently negative P retention was attributed to a high P pool in the
sediment, amounting to 240 g Pi2nin the upper23 cm of sediment. The
complexity of response times, with appar
to nutrient load reductions, brings into question whether even the most complex
mechanistic model descriptions of lake ecosystems are capable ofu@pgpd

these dynamics.

The assessment of the success of the inflow diversion is difficult to determine
after only one year of data for Lake Rotoiti. The proposed long recovery period of
lake ecosystems (Jeppesen et al. 2005) and the diversity ofdamgesponses to
changes in inflow composition make it difficult to undertake a direct comparison.
For example, even though the phosphorus load to Lake Sammamish was reduced
by onéthird after a sewage diversion, chlorophyll a and phosphorous

concentrations didiot change significantly over several subsequent years (Welch
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et al. 1986). A management plan to short circuit inflows through Lake Delavan to
reduce phosphorus loads resulted in only minor reductions compared with an
alum treatment of the lake (Robertsenal. 2000). Efforts to dilute inflowing
water and diverting sewage effluent from Lake Moses were reported to have
successfully decreasedilake phosphorus and chlorophyll a concentrations by
over 70% when the lake approached a steady state conditibryears later
(Welch et al. 1992). In Lake Rotorua, despite sewage diversion from the lake in

1991, trophic status has changed little (Burger et al. 2008).

4.5.2 Change in tracer post diversion

The results of the tracer implementation indicate thatitfieence of Ohau
Channel inflow on the three selected stations has been greatly reduced. There was
very little change in the exchange of Okawa Bay water with the western basin of
the lake between the preand postdiversion cases. Temperature differences
between shallow constricted bays can generate significant water exchange due to
density interflows (Maclintyre et al. 2002) but there was little variation in water
temperature for the two cases. The predominant wind direction of west té south
west winds igmost likely to promote transport of surface water from Okawa Bay
into the western basin. This exchange is further supported when surface
stratification promotes horizontal dispersion due to less friction and the inhibition
of vertical mixing (Rueda et aR008). During the modelling period 200809

the wind directions were clearly aligned to promote water exchange between
Okawa Bay and the western basin, while the results of the tracer indicated a
similar exchange to the simulation period 20Bd05. This mdicates that the
exchange rate between these areas possibly decreasadflovstdiversion, but

the magnitude of this change can only be determined by applying the same
weather forcing conditions to both scenarios. It may be useful to determine the
chang in water exchange following an inflow diversion as bays could potentially
act as a generator for algal biomass (Chapter 2) and in long term predictions; this

may counteract the improvement achieved by the inflow diversion.
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4.5.3 Model comparison and performance

Comparisons of the performance of ecosystem models in an objective and a
quantitative way is often not straightforward. Differences in model complexity,
simulation run time and spatial dimensions make direct comparisons amongst
models difficult, and theuser defined output variables often differ between
models. Even though a complex model may provide for higher degrees of freedom
in the selection of parameters, it does not necessarily predict the field data with
greater accuracy and it may even be charatd by very low predictive ability
(Friedrichs at al. 2006). Thredgimensional modelling studies are rare for large
lakes with complex morphometry where there are complementary field data that
allow for comprehensive horizontal and vertical testing afdet simulation
output against measured data. In my study there were significant variations in
model performance between stations in different lake basins where there were
wide variations in water depth. Rarely have there been horizontally resolved data

to allow for this type of model performance testing.

No model simulations have been undertaken to allow more detailed testing of the
time scales and scenarios associated with amel post inflow diversions in lakes.
Arhonditsis and Brett (2005) simulatedtryphication in Lake Washington after a
sewage diversion in 1963. They tested the performance of a siniple 2
compartment vertical model calibrated for the period of 19086 in simulating
scenarios with the préiversion nutrient loadings. They report acie
predictions of phytoplankton community response, even though the model
consistently undéestimated nitrate and ovestimated summer ammonium
levels. The predictive capability of the model in terms of the inflow diversion was
not tested. The long ruiime of the model for Lake Rotoiti and the complex
morphometry of this lake, with two distinct basins and a large shallow embayment
as well as geothermal inflows, contribute to a level of modelling complexity that
has rarely been applied in 3D modellingpeoaches. The simulation of a very
large inflow diversion within this complex domain has not previously been
undertaken. In Lake Rotoiti, the measured data and the model simulations indicate

an initial response after one year, of reduced trophic statleswilog inflow
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diversion, but there is a need for stable 3D models with reasonable run time to
determine long term changes on which the final outcome of the diversion may be

better predicted.

Arhonditis and Brett (2004) found that increases in model oexitg] model
dimension and runime were generally negatively correlated with model
performance (i.e. statistical fit between model simulations and measured data),
with phosphorus the only exception, amongst the state variables. The results
presented in i8 chapter can be placed in the upper 30% for comparisons of
temperature amongst other models, but in the lower 30% for chlorophyll a. Direct
comparisons with other 3D models cannot readily be made as most other model
comparisons are of a visual nature fpdrytoplankton (e.g. Robson and Hamilton
2004; Spillman et al. 2007). Missaghi and Hondzo (2010) calculated a low R2 of
between 0.17 and 0.35 for chlorophyll a concentrations at three stations in a
shallow lake over a period of six months using a 3D md@emhote sensing data

may offer future opportunities to validate the surfaesolved output of 3D
modelling studies. Approaches have been made to integrate remotely sensed data
with a computational fluid dynamics model to predict surface distributions of
chlorophyll a concentration and temperature (Alvarez et al. 2007), but only a
limited number of case studies have been undertaken to date where remote
sensing data has been compared with a complex ecological model (e.g. Spillman

et al. 2007) and none of e has extended to statistical comparisons.

Model uncertainties and limitations

Ecosystem models are limited by the structuratupetand the usedefined
variables. Recent publications criticise the simplistic representation of sediment
models (Mooji et h2010) and the limitation of data available to improve the
representation of sediment dynamics in existing models (Trolle et al. 2010). To
undertake long term predictions of water quality it may be essential to integrate a
dynamic sediment model. The mbd®es not simulate regeneration of the pools

of phosphorus and nitrogen within the sediments. Sediment nutrient release rates
are controlled by usedefined maximum release rates as well as temperature,

dissolved oxygen concentrations and pH in the oueglyater layer. Internal

146






