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LakeHayes is an important ecological, historical and cultural asset to the Otago Region. The lake and
its catchment have been substantially altered from their natural condition, including conversion of

the catchment from forest to paster invasion of the lake by nemative macrophytes, blooms of
cyanobacteria (blugireen algae) and lake Trophic Level Index has increased over recent years
(Figure A). Since 2010 the lake has been characterised by very poor water quality and pronounced
summer algal blooms. This has attracted public attention and provided impetus from community

and stakeholders to assess available management options for restoring water quality in the lake

This report examines the drivers of poor water quality and associltgd blooms in the lake, and
assesses various management options that have been either specifically proposed for Hayes, or have
proven effective for other lakes in New Zealand and globally. Here we report on monitoring
undertaken by Otago Regional Couirtithe catchment (surface inflows) and in the lake. Primarily,

we apply stateof-the-art computer models to simulate physical, chemical, and biological processes
within the lake. These simulations are then used to evaluate a range of management scenarios
provide guidance on the likely effects of management options.

Catchment and lake monitoring data were synthesised for the period 1983 to 201 #tdrang

monitoring showed strong evidence for substantial internal nutrient loading to the lake (i.e.,

recyding of nitrogen (N) and phosphorus (P) from bottom sediments during lake stratification over
warmer months). Also evident were changes in the magnitude of internal loading over the c. 35
years of monitoring data including a possible reduction over regeats, however, inconsistent

timing and measurement depth makes analysing for trends difficult. Similarly, calculation of long
term changes in lake Trophic Level Index (TLI) was confounded somewhat by intermittent sampling,
but nonetheless showed a notabilecrease in the mi2000s followed by a steady decline in TLI

since, indicating slowly improving water quality over the present decade (Figure A).
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Following initial analyses obeervational data, the period 20@72017 was selected for

management scenario modelling (i.e., to better reflect the present state of the lake), and a process
based physicabiogeochemical model (DYRESMEDYM) was configured for Lake Hayes. A review

of historical phytoplankton analyses was undertaken, and on this basis, a synthetic approximation of
seasonal phytoplankton succession (changes in community composition over annual cycles) was
constructed with which to calibrate the phytoplankton componentshaf lake model.

The model was able to reproduce physical and chemidakiem dynamics with acceptable accuracy
relative to previous applications of DYRESRMEDYM. The established model can therefore be
considered the most advanced tool available withathio assess potential management options for
Lake Hayes. Four broad categories of model scenarios were undertaken using model simulations,
with results as follows:

1. Nutrient load reduction:Reduction of nutrient loads from the immediate catchment resulted
(expectedly) in improved overall water qualitwith reductions in lake TLI resulting from
catchment loading reductions of just 10 and 2%%urther scenario of 50% reduction, which
can be considered as a sensitivity test rather than an achievable maeageoption,
produced a dramatic improvement in water quality.

2. Arrow River diversionDiversion of Arrow River irrigation water into Lake Hayes had a positive
effect on overall water quality. Synergistic effects were observed such that diversion of Arrow
River water in combination with a 10% catchment load reduction gave a similar magnitude of
improvement to a 25% catchment load reduction alone. For the three Arrow River flow
scenarios (including scenarios Flow 1 and Flpwe2 Table JA the resulting TLI was very
similar, in fact, an absence of summer flow yielded slightly favourable water quality compared
with scenarios where summer flow was included, suggesting summer diversion may not be
required. Model simulations of lake bottom vea temperature compared with Arrow River
water temperatures showed that diverted water is likely to entrain to the surface of the lake
during warmer months and this supply of nutrients to the epilimnion. This may explain the
neutral to negative effect cstummer flow diversion.

The modelled scenario of hypolimnetic withdrawal alone gave a slight improvement to overall
water quality over the baseline model. When combined with Arrow River diversion,
hypolimnetic withdrawal resulted in further water qualitypnprovement over hypolimnetic
withdrawal alone. However, due to the small magnitude of change, the cost benefit for this
option would need to be carefully considered.

3. Artificial aeration: The DYRESMAEDYM model allows for the simulation of aeration by a
bubbler plume (bottoraup mixing). The two airflow rates assessed (300L/s and 500L/s)
yielded broadly similar improvements to water quality to the Arrow River diversion, however,
simulations showed that cyanobacteria blooms could be exacerbated by thenamtithe
bubblergbubbler scenarios showed an increased occurrence of surface algal blooms,
presumably due to improving access to light and increasing transport of nutrients from
bottom to surface waters, while not sufficiently negating the buoyancy cépabi of
cyanobacteria. However, this result could be highly sensitive to the parameterisation of
cyanobacteria within the model. Although CAEDYM includes only a simplistic representation
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of phytoplankton motility, these results highlight a potential gitfof aeration and indicate
that this option should be thoroughly evaluated. The potential effects of aeration/mixing on
aquatic biota (particularly the effects of altered temperature dynamics on the trout
population) should also be considered in detaild were beyond the scope of this study.

4. Geochemical engineeringthe application of flocculation and/or sediment capping agents
such as Phoslo&k z2G1 (modified zeolite), or aluminium sulphate (alum) is a management
approach that has been applied with some success in the Rotorua lakes (Bay of Plenty).
Although CAEDYM cannot explicitly simulate the mode of action (i.e., adsorption) of these
agents,scenarios were undertaken to approximate their effects by adjusting process rate
coefficients to simulate an increase in the settling rate of organic matter (flocculation), and
the reduction of internal sedimentater nutrient fluxes (i.e. sediment capjgin

Flocculation and capping scenarios resulted in substantial TLI reductions, although results
should be interpreted cautiously due to the conceptual simplifications necessary in these
simulations. The efficacy of these agents is highigepkndent, ad the timing and intensity

of their application must be considered in detail, along with the buffering capacity of the
waterbody. Further, ecotoxicological and community/cultural factors are important
considerations when evaluating geochemical engineesim@ lake management option (see
Tempero 2015).

Based on scenario simulations, as summarised in Table A, model simulations support catchment
nutrient load reduction as central to achieving positive change in the water quality of Lake Hayes.
Diversion ofArrow River water, even if only during cooler months, appears to be a promising option
to improve water quality and could potentially work synergistically with any catchment nutrient load
reductions. Aeration and geoengineering approaches also have patémtiwater quality

improvement, however, these approaches are subject to greater degrees of model uncertainty as
well as necessary considerations of direct and indirect consequences, such as effects on lake biota.
Further development of the model and sw&ios could provide additional guidance for management
strategies going forward. Collection of more comprehensive water quality data including lake level,
high frequency water quality and climate data, would aid this process as well as enhance general
understanding of key processes and trends in Lake Hayes.



Table A. Summary of projected water quality for all Lake Hayes management scenarios. Refe3tior scanario

details. Abbreviations as follows. s: scenario; numbers (50 to 100): percentage multiplier applied to catchment
nutrient concentrations. Arr: Arrow diversion; hWQ: Higher water quality for Arrow River; flow 1: low summer flow
of Arrow River water tdh.ake Hayes; Flow2: no summer flow of Arrow River to Lake Hayes; hypWdr: Hypolimnetic
withdrawal; bub: Aeration/Bubbler; infDose: Geochemical engineering; sedCap: Sediment chjgiéengrophic

Level Index is a thrggarameter TLI consisting of total nitrogen total phosphorus and chloroahyll

_ Trophic _Total Total Chlorophyll
Scenario Level nitrogen phosphorus "
Index (g n®) (g n) (mg n)
s100 4.8 0.37 0.04 16.36
s90 4.65 0.33 0.04 14.81
s75 4.52 0.29 0.03 13.84
s50 4.07 0.2 0.02 9.04
s100_arr 4.64 0.31 0.04 15.23
s90_arr 4.54 0.28 0.03 14.31
s75_arr 4.42 0.25 0.03 13.24
s100_arr_flowl 4.66 0.32 0.04 15.51
s100_arr_flow2 4.62 0.32 0.04 1491
s100_arr_hWQ 4.6 0.3 0.04 15.02
s100_hypWdr 4.73 0.36 0.04 15.83
s100_arr_hypwdr 4.6 0.31 0.04 14.62
s$100_bub_300L 4.67 0.4 0.03 14.12
s100_bub_500L 4.66 0.4 0.03 13.82
s100_infDose 4.76 0.36 0.04 15.99
s100_infDose_sedCa 4.56 0.35 0.03 12.87
s100_sedCap 4.58 0.35 0.03 13.34
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(2012H N MT O D t SNF2NXI yOSa ¢SNB YS! fickeNRR mead dvefage ard IMAR)2 Y Q& 02
root mean square error (RMSE), and coefficient of variation (CV). Units are applied only in MAE and.RMSE.

Table 7. Summary of projected water quality for all management scenarios. Note Trophic Level Index iparédmeter
TLI consisting of total nitrogen total phosphorus and chloroghyll..............cooiiiii e, 53
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Lake Hayes is an important ecological, historical and cultural astet @tagoregion It is a popular
recreational destination and is saiol be the most photographed lake in New Zealand, due to the
spectacular reflection observdtbm mountains of the Wakatipu Basilhe lake and its catchment
have been substantially altered from their natural condition, including conversion of forested
catchment to pastureDegradation of water quality in Lake Hayes is an important issue to Tangata
Whenua, local community, and recreational users. Algal blooms associated with eutrophication, as
well as declines in the Lake Hayes fishery have been well datadhé.g., Mitchell & Burns 147

1980, ORC 1995Y.he lake was likely degraded relative to reference condit{pas presettlement)
before limnological studies began (in the 1950s), when bottom water hypoxia was observed along
with relativelylow claiity (<6 m Secchi dept)) green colour and neautrophic conditions. This was
attributed in large part to the advent of aerial topdressing within the catchment (Jolly, 1959). Other
stressors to lake water quality incladwetland drainage, point sourcegtiharge from industry (a
cheese factory operating from 194855), and land usiatensification includingimplementation of

the Arrow River irrigation scheme

Ozanne (2014) and Schallenberg & Schallenberg (2017) assessed multiple management strategies
potentially arrest or reverse further declines in water qualifyaluating the efficacy of various

options and prioritising management strategies based on-besgfit is challenging. To that end,
processbhased catchment and lake models are the most adedrdecision support tool available for
evaluatingpotential management strategies, as well asspiblesynergistic effects of parallel
restorationstrategies (Hamilton et al. 2012, Trolle et al. 2012).

1.1 Overview of lake modelling within a management proge

¢CKS !'{ 9Y@GANBYYSyYyillf t2ftA0e ! 3Sy0e RSTAYySa | ydz
constructed to gain insights into select attributes of a particular physical, biological, economic, or
a20AFf aeadasSyé¢ o! {9t manyreasongfordnhe isé af $uehauddéls id oINS | NE
making purposes, the present application for Lake Hayes can be considszedaaio analysisn

GKA& (el 2F Y2RSttAy3 addzRRes | WwWolaStAySQ Y2RSt
environment,and processes of interest aseibsequentlymodified to examinghe modelled

response relative to the baseline simulatifre., to represent various alternative management

strategies) Figurel summariss how lake modelhg can fall within a framework and/or process for

lake management.

A comprehensive lake ecological model was first developed in early 1970s (Di Toro et al., 1975), but
it is only recently that water quality modelling of freshwater lakes (i.e., more tlyanofogy)

became a major interest of policy makers. A typical lake ecological model is one of the most complex
of all aquatic models (Robson, 2014), making it highly specialized and resource hungry. Therefore,
achieve a meaningful outcomeis importart to (1) determine an adequate selection of model type

and configuration, and (2) generabégh qualitydatasets formodelforcingand calibration.

Because of their intricacgpmecomplex procesbased models can suffer from errors and
limitations from sdtware malfunctions. The biogeochemical model CAEQXdvhputational Aquatic
Ecosystem DYnamics Mopedas first developed approximate®0 years ago (Hamilton and
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Schladow, 1997; Schladamd Hamilton, 1997), and has since been updated and applied to many
lakes and reservoirs globally.g.Gal et al., 2009; Ozkundakci et al., 2011; Trolle et al.,)2011
CAEDYM is an ideal choice for the present project due to its pediggebal and Ne Zealand
applicationsas well aghe availability of modules for simulating artificial aeration (within the
DYRESM hydrodynamics model). A summary conceptual diagram of a hydrodyimgaachemical
lake model ishown inFigure2, anda more detailed summary is Appendk figurel.

1. Determine water quality objectives for the lake ]
|
2. ldentify the main sources of nutrients to the lake based on v
consideration of land management/use, monitoring data and (if
necessary) catchment modelling
3. Identify appropriate management actions ]
4. Usea lake modelto assess the likely efficacy of suite(s) of
proposed management actions with regard to attaining water
quality objectives
A 4
5. Implementchosenmanagementaction(s)
v

6. Monitor environmental performance of management action(s)

Figurel. Example of how lake modelling can contribute to the implementation of lake management actions during
a consultative process. Adaptédm Elliot & Sorrell (2002).

Atmospheric deposition to lake

Particulate organic matter,
phytoplankton growth &
nutrient cycling

Streams

Sedimentation®

Internal loading

Figure2. Simplified conceptual diagram of the Lake Hayes water quality model.
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For lakes and reservoirs, environmental variability can exist in two primary spatial directions; (a)
verticalvariability caused by density and light gradients, and (b) horizontal variability, usually caused
by morphological complexitfWetzel 2001)Water quality parameters are heavily influenced by

these environmental heterogeneities, anccdn beideal to simuate them in the finest possible
resolution. However, a major limitation of any modelling project is the required computational
resources and time required talibrate themodel. Modellers are required to carefully examine the
best discretization (numeré representation resolution in both time and space) solutions with a

good outcometo-NB & 2 dzZNOS o+ f | yOS® C2 NI &Nb (| HRAKEHaGEK 8 INE dzy R
makes it a near ideal candidate folDLmodelling. This type of model only considers valtic

variabilityof water parameter®verreasonably longime periods (at daily or better time resolutign)
while assuming negligible spatial variabilities.

Accurate and precise forcing data (environmental fluctuations that externally modify lake
conditiors) are key to producingreappropriately functionamodel. Such data include temporally
varyingin situmeteorological conditions, hydrological and water quatibharacteristic®f inflows
andoutflows, ideally at daily resolution or better. Water leveldtuatiors are oftenusedto resolve
the water mass balance which can be critical to seasonality in l&ediment geochemical
compositionand sediment diagenesis informatiialsousefulwhen developing lake models
Unfortunately,such longterm, comprehensive data sets are rarely availathierefore, modelling
projectsoften begin bysynthesizing these data using statistical relationshipdpassumption
and/or expert opinionOutputs from models simulating water qualityltew £aland laks are often
summarised by transparency, phytoplankton biomass, and nutrient concentrations that comprise
the Trophic Lake Index (TLI), or National Objective Framework (NOF) standards.

1.2 Phytoplankton seasonal succession in lakes

Phytoplankton playnajor rolesin regulating lake nutrient concentrationdictatingoxygen
fluctuationsand other key water quality dynamics. Many New Zealand la&es undergone

nutrient enrichment (eutrophication) resulting in phytoplankton bloamloomsmayhave
signficantadverse effects includingnpleasaniodours, reduced water clarityfish killsfrom oxygen
depletion associated with decompositi@n indirectly, benthic macrophyte loss via reduced light
availability andPERHAPSost importantly potential health éazards frontyanobacteriatoxin
production. These issues are species and condition dependent, making it important to assess and
potentially manage wich speciesccur in ordetto regulate water quality.

Physical and biological factors that favour or sgscertainspecies (e.g. functional groupse

well described in literatureandseveraltheories have been postulateatcount forseasonal
phytoplankton assembly dynamics in a typical lake. Hla@kton Ecology Group (PEG) model is a
generalized theorpf annual phytoplankton dynamics proposed by Sommer et al. (15883,

2012. The theory predicts both the timing of the total phytoplankton biomass dynamics and likely
functional groups. A simplified schematic of a seasonal phytoplankton biomass dynamics and
conditions (dominant pressures) in a typical monomictic eutrophiciskemmarised ifrigure3.
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Mixed Stratified Mixed

Biomass

Winter Summer Winter

Figure3. Conceptual seasonal dynamics of phytoplankton biomass (red line) and simplified dominant pressures
(colours) that restricts certain types of species of phytoplankton from growing are shown, based on the Plankton
Ecology Group (PEG) model (Sommer et al. 1993). Dominant physical pressures colour codes are, blue: light energy
and temperature; green: nutrient liri@tion; and yellow: intense grazing pressure.

Dominant pressures and drivers of phytoplankton succession are summarised in Sommer et al (1993,
2012).In a typical monomictieutrophic lake, phytoplankton biomass is low during winter due to

low light energ and low temperatureBroadly, vinenphysical conditions beeoe sufficient to

promote growth in spring, total phytoplankton biomass rapidly increases, reaching a peak otherwise
known as the spring bloom. Species likely to domimabengthis phase are geerally fast growing

small unicellular species able qoickly take up nutrients, however othepecieghat benefit from

the turbulent environment can also have enhanced survival. When the available resources are fully
utilized, this spring increase of biomass reduces due to zooplankton population increase and
associated grazing. This leads to an enhanced water clarity condition known as a clear water phase.
Zooplankton communitiegenerallycannot sustain theimcreasedoopulaion abundancefor long

periods due to increased fish predation pressures and reduced phytoplankton biomass.
Subsequentlygrazing pressure is supressed in early summer, allowing phytoplankton biomass to re
grow under noAimiting resources to form summériooms.The speciesanposition ofthe algae
communityduring this period reflects the dynamic environment and therefore diversified functional
group richnesss apparent For example, rgrowth preferentially grazed algal speciesy occur due

to low zoopankton grazing pressure (e.gyptophytes), while frequent observations of colony

forming algae (less edible to zooplankton) are also reported. @otréents are depleted from the
epilimnion(likely around miesummer), the edible fast growing algae hdweer survival ratesind

diatom speciebegin toestablish, however large dinoflagellates or cyanophytes atsydominate
depending on the condition If nitrogen is depleted, it provides opportunities for nitrogen fixing
filamentous cyanobacteria growttiue to their ability to convert nitrogen gas into a form suitable for
growth. However, summephytoplanktonsuccession can be disturbed by mixing events in a medium
depth lake due tavind driveturbulenceand resultingncreased epiinnetic nutrient comentrations.

This disruption of succession eventually leads to the likely autumn dominance of diatoms, with
populations of large unicellular or filamentous algdso occurringas well as variableccurrences

of edible algae species depending on the zooktamabundance This phase may promote the total
phytoplankton biomass to increasesulting inautumn bloomformation. Once the available light
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energy and temperature decreased towards winter, a lake phytoplankton biomass likely reaches
winter minimum.

Realworld pecies assemblages are the result of complex interaction histbetgeenspecies and
the environment,andare often substantiallynore complex than the theoretically described
transitions of species successionodels However theoretical modés provide abasis of
understandindor lake- andtime-specific conditionsvhichaidin understandingalgal community
dynamics From this perspective, any ecological model of algal dynamics needs to aghieve
reasonable simulation of environmental conditions and events, in orddrit@ growth within
phytoplanktoncomponents of the model.

1.3 Modelling ams and objectives

Through synthesief available relevant data to Lake Hayes, the present study aims to establish a
verticallyresolved, daily resolution model simulation using a robust modelling process, including

detailed calibration and validation of both hydrodynamic and biogeochemicablegical)
O2YLRySyldad 2SS GKSyYy |LILXe& | NIy3aS 2F WaoOSyl NR2 3
represent, as best as possible, a suite of potential management strategies for water quality in the

lake. In doing so, we aim to provide robust guida of the appropriateness of the management

strategies available. It is not within the scope of the present study to evaluatebeostfit ofthe
proposedstrategies, rather to estimate as thoroughly as possible their likely effects on lake water

gualityin the medium to longterm.
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2.1 Study site

Lake Hayes (44° 58 51S, 168° 48 FHidtred) is located 11 km northwest of Queenstown. The lake
has a surface area of approximately 2.74kmean depth of 19.75 m and maximum dept33.3

m (Tablel). The lake has a major inflow in Mill Creek to the noRigyre4), and avatershed of

48.1 knt. Lake Hayes is situated 327.7 m above sea level. Before Polynesian settleenent
catchment was covered with evergreen Kahikaf@acrycarpus dacrydioidg®rest. This was
replaced by native tussock in upland areas and swampland in lowland areas. The catchment has
been largely transformed into pasture/agriculture since the armfdturopean settlers during the

S| NI & (Qargso 20008

Tablel. Lake Hayes morphological and catchment characteristics

Altitude 327.7m
Area 2.74 kn?
Catchment land area 48.10 kn?
Catchment to lake area ratio (at present) 1755:1
Mean depth 19.75m
Maximum depth 33.3m
Shoreline length 7.45 km
Volume 53.1x16m?3

£ W
ORCEBendemeerd Bay %)
£

@ Monitoring sites '
Inflows (REC2) BPE

Hayes depth (m)

Il 0.0

Il 5.0

Il 10.0

I 15.0

B 20.0

I 25.0

[7130.0

[]35.0

Figured. Lake Hayes bathymetry, with ORC monitoring sites (orange point), and REC2 stream network.
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2.2 Catchment

2.2.1 Catchmentmonitoring

In-stream measurements of water temperature, chemistry, and discharge were collected for
calibration and validation of catchment modeBtago Regional Cound®R¢has sampled Mill

Creek stream inflows from 1983 to present with minute interal flow data and water quality
samples bimonthly or monthly. Suldaily sampling of water chemistry has been undertaken for
certain periods, although naturingthe past 10 years. The Lake Hayes catchment and monitoring
sites are shown ifrigure5. Baseflow for each day was calculated as minimurdaydflow

(Rutherford 2008)Dischargenutrient concentration relationships were assessed using all available
data, and where such relationships were identified, these were used to estimatentrations for
each analyte where flow was greater than baseflow.

ORCAV ﬁLGre

@ Monitoring sites
Inflows (REC2)
Met_sites

Figure 5. Lake Hayes catchment boundary (red line) in relation to Queenstown Airport (yellow symbol; the
meteorological station used for lake modelling forcirega). REC2 = River Environment Classification version 2
(NIWA).
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2.3 Lake

2.3.1 Lake monitoring

Otago Regional Councibllected samples of physical, chemical, biological properties of water from
Lake Hayes approximately monthly commencingudayn1983 (however, chlorophy#l samples were
collected from Jamary 1998 onwards and there are gaps in the monitoring record for certain

periods). The Trophic Level Index (TLI; Burns et al. 1999) is calculated from measured water quality
variables, and is comonly used in New Zealand to report on lake water quality and assess the
performance of restoration initiative§.he TLI is the average of four individual components on
standardised (logarithmic) scales, including (annual averages of total nitrogendfaNphosphorus

(TP), chlorophyh, and transparency (as measured by Secchi depth). TLI equations can be found in
Burns (1999). Raw monitoring data from surface waters (ORC) were used to calculate annual TLI for
the study period. Because of the sporadature of some sampling, sample data were aggregated to

a seasonal average, and seasonal means were then averaged to calculated annual (hydrological year)
means which were used to estimate TLI for the lake. Not all years had at least one sample point for
each season and each TLI variaMenitoring datasetsand monitoring records were assessed for
features that ould affect the choice of management activities faakeHayes (e.g., N:P ratio,

evidence of nitrogetiixation, internal loading). Field measurents were also used for calibration of

the lake model an@valuationof its performance.

2.3.2 Lake Hayes seasonal dynamics of phytoplankton functional groups

Phytoplankton cell densitiei Lake Hayewere recorded for the period of September 2016 to May
2017 8 sampling points). Because the model uses elemental ratios such as C:N:P to establish
simulation of abundance, cell density can be misleading in terms of resources a species biologically
reserves. To overcome this limitation, theoretical cell volumesevestimated using literature

values for each speciebserved and likely chlorophyl concentrations were calculated using an
empirical relationship to cell volumes proposed by Mantagnes and Berges (1994) that:

#(,! B R TBITTT ¢ W

where CHLACc is thraass of chlorophyh pigment in a cell (pg /cell), and Vc is the volume of a cell
YoUO® LYRA@GARdzZrf &LISOAS&aQ OS&doficenRaioh averditier OSt f @2 f
aggregated to taxonomical groups.

2.4 Lake modelling

The onedimensional (1D) hydrodynamic model DYRESM (versionr@3) Was coupled with the

aquatic ecological model CAEDYM (version 36)0both developed at and used under license from
the Centre for Water Research, The University of Western AusttetMRESM resolves the vertical
distribution of temperature, salinity, and density in lakes and reservoirs, while CAEDYM simulates
time varying fluxes of biogeochemical variables (e.g., nutrient species, phytoplankton biomass). The
model includes comprehena process representations for carbon (C), nitrogen (N), phosphorus (P),
and dissolved oxygen (DO) cycles, and several size classes of inorganic suspended solids. Several
applications have been made of DYRESMEDYM (e.g., Bruce et al., 2006; Burger €2@08; Trolle
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et al., 2008; Gal et al., 2009) and these applications provide detailed descriptions of the model
equations.

The interactions between phytoplankton growth and losses, sediment nutrient fluxes, and the
mineralisation and decomposition of pa&tilate organic matter influence N and P cycling in the

model Appendix figured). Fluxes of dissolved inorganic and organic nutrients from the bottom
sediments are dependent on temperature, Ni® and DO concentration in the water layer

immediately above the sediment surface. In the present application, CAEDYM was configured with
three phytoplankton groups (positively buoyant cyanobacteria, neutrally buoyant green algae and
negatively buoyant diatoms) and the effects of higher trophiele are parameterised through loss
terms. Secchi depth is not explicitly simulated by CAEDYM but was estimated from simulated optical
properties in order to calculatéLl from model output.

2.4.1 Forcing data for lake modelling

2.4.1.a Bathymetry

Lake Hayes bathymstmvas sourced from an echo sounding survey completed from the232

March, 1977 (Irwin 1981), which was digitised into a shape file, and subsequent digital elevation
model (rasterg 5 m resolution) shown iffigure4. The elevation moel was then used to calculate
hypsometric data describing relationships between lake height (depth), area and volume used as
input to 1-D modelling Figure6).
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2.4.1.b  Water level

Lake vater level data were only available for a short period in the early 199@sire7). In the
absence ofurther information, we made an assumption of a constant water level of 33.5 m above
the lake bottom. This likely introduces substantial error into the model water balance atrsulal
time-scales.
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2.4.1.c  Meteorology

Meteorological data used as input tell modelling were sourced from a meteorological station at
Queenstown airportwhich is located approximately 5.5 km from the southern shore of Lake Hayes
(Figureb, 45.0210° S, 168.7399° E).

Most hourly meteorological data for years 1980013 for the Queenstown airporheteorological

stationwere downloadedrom the NIWA Cliflo databasat{ps://cliflo.niwa.co.nz). Data from this

station for the years 20132018 were acquired through the MetService directly. Data included

atmospheric pressure (P, hPa), airtempdelS 0 ¢ ANE o/ 03X ¢S odzZ 6 GSYLIS
LRAYG GSYLISNI GdzZNBE 6¢RSg> e/ 0% NBfIFOGADS KdzYARAGE
(U, mg.

Hourly vapor pressurPv,hPg was estimated as:

6D — %8 A®MTO———

= T Wu Y (TVA 1972)

The meteorological forcing datddir, Pv,U, precip derived from these observations were generated
at daily frequency by averaging or summation, as appropriagss in the data set were either
linearly interpolated or filled with data from nearby stations including Queenstown EAS 93476
S,168.66364 E; approx. 12 km distance from the lake

Hourly shortwave radiatioSW W n1?) data for the period of 199& 2018 fromthe same station

was downloaded from the NIWA Cliflo databa®ke cloud cover fractiorCLOUDis required by the
model to calculate long wave radiation. CLOUD was derived from the relationship between observed
SW and cleasky shortwave radition (SWiea) and shortwave radiation under 100% cloud cover
(SWouay) as follows:

600 Y2p ,
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estimated from historical SW records, where fully cloudy day was assumed as 5% of all the data.

All model input meteorological forcing data are visualiseBigurel8, including daily average air
temperature (C), cloud cover (fracth of whole sky), rainfall (m), shortwave radiation (W)m
vapour pressure (hPa), and wind speed (h s

2.4.2 Model calibration method

A conceptual diagram summarising the final development process of the Lake Hayes ecological
model is shown ifrigure8. In any model, forcing data (inputs such as meteorological data and
inflow / outflow data) need to be carefully prepared. Because many forcing data in Lakehdages
been synthesisedue to lack of observations or low sampling resolution (e.g., evaporation form the
lake), some of the physically sensitive forcing data were prepared as initial estimates and
dynamically adjusted after initial model runs. Once the forcing data were rtedolyappliedin the
model, parameter values for the initial model run was estimated from a typical literature values and
from morphologically / ecologically similar lake models, as well as obsers#tepplicable. Initial
conditions for temperature, dsolved oxygen, nutrient concentration and phytoplankton biomass
were derived from measurements as a representative beginning of hydrological year (July 1st).
Model parameters were adjusted manually within a typical range (i.e. from literature and previous
model applications) to fit ilake observations. Manual calibration was operated in stepwise fashion,
although feedback and readjustment of calibrated parameters were necessary due to the dynamic
nature of the model (e.g., phytoplankton biomass modifieattbudget, whereas this process will
influence surface evaporation and eventually water balance and stratification).tRest,
hydrodynamic component was calibrated, primarily to the water level, and stratification dynamics
thereafter. With reasonable sttification dynamics, TN, TP, DO, audpended sedimenSgwere
calibrated toa sustainable level. The model does not explicitly simulate TN, Tabsuspended
sediment TS$ these values were estimated from inorganic and organic nutrients assvalltrient
storage in phytoplankton biomass. Because chlorogieasurementsare compostes of
phytoplankton species dynamics, chloroptadlynamics were simulated by modelling five different
GFE2y2YAOI f 3INP dzlDEiCOntimued witlaigal ani Rey nutrient@pedies dynamics
showed a reasonable match, while adjustment of hydrodynamic componesrsmade
simultaneously.

Modelled TLI was compared with observed data and calibration of parameégesnvdertaken in
DYRESMAEDYM until amtimal match was achieved between daily simulated variables and
available field measurements, and between modelled and measured TLI components. We aimed to
calibrate model Tiwithin + 0.1 TLI units of measured Tliring ths process, three years of
observations froml July2007to 1 July2010 were used taalibratethe model. After every few

model iterations, the model was extended %q/ears froml July2007to 1 July2012 to test if the
dynamics oB3 years were naturally extended foyears. At the ed of calibration, & year validation
period of1 July2012to 1 July2017 was used to determine unbiased model erfauto-calibration
software was developetb assist calibration efforts, and thousands of simulations were run until no
further improvement in model performance was achieved. A range of error statistics were used to
assess model performance éappendix Tabl8).
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2.4.3 Scenario simulations
adzf GALX S 1S YIylFr3aSySyid WaoSyIFINA2aQ gSNBE 02y OSL
using DYRESNIAEDY Nbr the entire simulation period (20072017,Table3). The assessed
approaches can be broaditributed to five categories:

1- External nutrient load reductionassociated with land use change or nutrient loss mitigation
by improved management pctices and/or targeted interventions, e.g. erosion mitigation,
denitrification beds. Nutrient reduction scenarios included] 25, 50% reductions of N, P and
suspended sediment (SS).

2- Hydrological modifications:various options to reoute flow from nearly Arrow River
Irrigation Scheme to the lake. Options include full or partial diversion, as well as constant or
seasonally varying discharge to the lake.

3- Artificial mixing: by aeration (bubbler). This included two different air flow rates of 300 and
500 LS.

4- Geochemical engineerindyy sediment capping to reduce internal loading (e.g. PhoSIck
and/or continuous lowdosage alum treatment to reduce dissolved P and increase flocculation
in the water column.
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5- Hypolimnetic withdrawal: Lake water is withdrawrlikely via a pipe) from near the lake
bottom, which aims to extract nutrient rich water (due to sediment nutrient release.

The combinations of above management options comprising each simulated management scenario
are described iTable3. TLI values were compared between modelled scenarios to provide an
assessment of the predicted effects of each scenario on lake trophic status in the context of water
guality objectives.

For scenarios of reduced external loading, maximum moddéile@s of sediment release and

oxygen demand were reduced by a corresponding am@Uable2). This broad assumption
acknowledges that internal loading is likely to change along with external loading, although these
processes will likely take a decade or more to equilibrate to one anoflegpeseret al., 2007;
Sendergaaret al., 2007. In this sense the scenarios represent a medittmiongterm outcome for
lake water quality, rather than an immediate response to emamagement strategy.

PG NHs Oxygen

Scenario TN load TP load release release demand
(ty?y (ty?y (gm2dy)  (gm2d? (g m2d?)
s100 8.68 0.491 0.020 0.025 2.00
s90 7.88 0.449 0.018 0.023 1.82
s75 6.69 0.386 0.016 0.019 1.56
s50 4.69 0.282 0.011 0.013 1.12
s100_arr 9.60 0.604 0.019 0.021 1.90
s90_arr 8.81 0.562 0.018 0.019 1.76
s75_arr 7.61 0.499 0.015 0.016 1.55
s100_arr_flowl 9.41 0.580 0.019 0.021 1.90
s100_arr_flow2 9.22 0.556 0.018 0.021 1.77
s100_arr_ hWQ 9.42 0.581 0.018 0.021 1.84
s100_hypWdr 8.68 0.491 0.020 0.025 2.00
S100_arr_hypwdr 9.60 0.604 0.019 0.021 1.90
s100 bub 50L 8.68 0.491 0.020 0.025 2.00
s100_bub_300L 8.68 0.491 0.020 0.025 2.00
s100_infDose 8.68 0.491 0.020 0.025 2.00
s100_infDose_sedCaj; 8.68 0.491 0.010 0.013 1.00
s100_sedCap 8.68 0.491 0.010 0.013 1.00
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Catch

Flushing Aeration/ Inflow .
. ment = Sediment .
Scenario name flow to mixing flocculant ) Description
TN & ) capping
Hayes rate dosing
TP
(%) m3st (Lsh \Y \%
5100 100 - - - - Baseling'businessas-usual’)
s90 90 - - - - 10% reduction in catchment N, P and TSS
s75 75 - - - - 25% reduction in catchment N, P and TSS
s50 50 - - - - 50% reduction in catchment N, P and TSS
Arrow River water added to Mitireek at constant flow of 0.2 hs?, nutrient concentrations set to average of measurements at
s100_arr 100 0.2 - - -
Morven Ferry Road.
S90_arr 90 0.2 - - - 25% reduction in catchment N and P, Arrow R. flushing with surface withdrawal.
s75_arr 75 0.2 - - - 25% reductionn catchment N and P, Arrow R. flushing with surface withdrawal
Arrow River water added to Mill creek 0.2 st April to October, 0.1 fs® November to March.
s100_arr_flowl 100 <0.2 - - - . -
Nutrient concentrations set to average of measurements at Morven Ferry Road.
$100_arr_flow2 100 «<02 . ) ) Arroyv River water a_ldded to Mill creek 0.2 81, April to October only.
Nutrient concentrations set to average of measurements at Morven Ferry Road.
. ) . ! o .
S$100_arr_hwo 100 0.2 } : : Arrow River vx{qter added to Mlll'creek 0.2 311 ‘nutru_ent concentrations set to 50% average of measurements at site (to reflect
upstream positiorof offtake relative to monitoring site.
S100_hypwdr 100 - - - - Hypolimnetic withdrawal of 200 L'¢replaces some of surface withdrawal)
Arrow River water added to Mill creek 0.2 st.
$100_ar_hypwdr 100 02 . . . Nutrient concentrations as average of measurements at Morven Ferry Road. Hypolimnetic withdrawal of:200 L s
s100_bub_300L 100 - 300 - - Artificial aeration with air flow of 300 L s*
s$100_bub_500L 100 - 500 - - Artificial aeration with air flow of 500 L s*
s100_infDose 100 - - \% - Continuous application of aluminium sulphate (50 % of DRP inflow converted to PIP)
$100_infDose_sedCap 100 : ) v v Continuous application of high dgse of aluminium sulphate (80% of DRP inflow converted to PIP); in-lake PQ, release rate
50% of s100, oxygen consumption 75%, NH, release 75%
$100_sedCap 100 . ) . v Sediment capping dose of aluminium sulphate direct to lake bottom; in -lake PO, release rate 50% of s100, oxygen

consumption 75%, NH, release 75%
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3wSadzZ (a4
3.1 Synthesis oft.ake Hayes monitoring record

Data fromin situ samping provided a background against which to assess more detailed studies of
lake processedzigure9 summarises all profile sensor observations (Temperature, DO, pH,
chlorophyll fluorescence, conductivity and turbidity) from 1980s onwé&fdgjrel0focuses on the
same data for the period 2068017.Figue 11illustrates nutrient sampling observations
(ammonium nitrate + nitrte, phosphate, total nitrogen, and total phosphojudsom all depths from
1980s onwards, anBigurel2 shows this data plotted in recent yeafSgurel3 also summarises
nutrient samples in recent years, but only shows hypolimnetic observations which are typically
affected by anoxic conditions under stratified environments in sumifigurel4 displays time

series of Secchi disc depth and chlorophy!l

From temperature and dissolved oxygen profile observations, it is evident that Lake Hayes water
column experiences strong yearly stratification (i.e., monomictic). It was also shown that majority of
hypolimnetic oxygen is consumed resulting in near anoxianwstratified. An increase in overall
turbidity was observed from 2014 onwards, but no clear origin of this increase was present in other
water quality indicators. Because the turbidity increase was observed in both the hypolimnion and
the epilimnion, itis possible that this change was mainly mechanical in origin, however reduced
Secchi disk depths were also indicated from limited recent observations as well as Schallenberg &
Schallenberg (2017). Therefore, possibilities of increased TSS due to phytmplspécies shift

cannot be eliminated, considering that no TSS increase was presentimgitestream data.

Surface nutrient reasurements from the lake, approximately monthly from 204 2018, suggested

an average N to P ratio of approximately 10this is lower than the baseline Redfield ratio of 16:1,

and may indicate N is a limiting factor for phytoplankton grovidiipolimnetic P concentration

peaks showed signs of gradual decrease since Zgr€ 11), and hypolimnetic TP concentration
followed a similar trend. However, no major surface TP concentration changes were observed in the
data we obtained. No clear trends in N concentration were observed in both swafat deep

samples.

Secchi disk depth decreases are apparent since 2005, but there is insufficient data to assess trends
over recent years. Chlorophgliconcentrations indicate no clear seasonality, but a significant
increase from 20022009 were observednd attributed toCeratium hirundinella
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Figure9. Vertical profiles of water quality in Lake Hayes, 1983 to 2017 for a) water temperature (TEMPTURE), b)
dissolved oxygen (% saturation; DOpc), ¢) dissolved oxygen-¥niOl), d) pH, e) Chlorophyll fluorescence
(uncalibrated relative units; FIChl), Conductivitg €m'; Cond), and Turbidity (uncalibrated relative units; Turb). The
colour of each point in the plot represents the value of the water quality variable (whitsesepresents no profile

taken). Maximum frequency of profiles was approximately monthly, with long periods of discontinuity. Data supplied

by Otago Regional Council
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FigurelO. Vertical profiles of water quality in Lake Hay$%)5 to 2017 for a) water temperature, b) dissolved oxygen
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Figue 11. Water quality data from Otago Regional Council sampling of Lake Hayes at multiple sites, 1983 to 2017
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m), and total phosphorus (TP; g F)aMeasurement depth is represented by the colour of the dots, ranging from
near surface (blue) to nearly 30 m depth (red).
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Figurel2. Water quality data from ORC sampling of Lake Hay@siliple sites, 2005 to 2017 for a) ammonium
(NHs; g N nP), b) nitrate + nitrite (NNN; g N'#) phosphate (Pg P ), total nitrogen (TN; g N #), and total
phosphorus (TP; g P9nMeasurement depth is represented by the colour of the dots, ramffiom near surface
(blue) to nearly 30 m depth (red).
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Figurel3. Water quality data derived from Otago Regional Council monitoring on Lake Hayes at multiple sites, 2010
to 2017 and restricted to samples collected between 20 2Bdn depth (with actual depth indicated by the colour

of the dot). Values are shown for a) ammonium {NHN n¥), b) nitrate + nitrite (NNN; g N'#) phosphate (P9g

P mq), total nitrogen (TN; g N ), and total phosphorus (TP; g PY)mSome evidere of a reduction in internal
loading (i.e., reduction in the releasédissolved nutrients from bottom waters during stratification) is indicated by

the relatively lower measurements of recent years, however, apparent trends may be due to differengesrbet
sampling and analytical methodologies across the three separate monitoring periods evident.
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Figureld. Water quality data from Otago Regional Council sampling of Lake Hayes at multiple sites, 1983 to 2017
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colour of the dots, ranging from near surface (blue) to nearly 30 m depth (red). Notable changes in both
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A summary of long term yearly tinseries of TLI components (in original units) is showigiuré&
15, with seasonal variability for each year were also displayed.-3émes of annual TLI (in TLI scale)
with the four TLI components are also summariseBigurel6.

Steady annual average concentrations of TN, TP and chlorephghe observed until the mid

2000s. Rapid increases in these variables were obsémvbe late 2000s, with slow steady
reductions thereafter. Seasonal variability of TP has been consistently high since the 1980s.
However, while relatively high winter concentrations were found throughout the period, high
summer concentrations were onhpeerved since the mi000s. Similarly, even though seasonal
variability was relatively small for TN and chlorophyit early years, high summer TN and
chlorophylla values were only observed after the rri2@00s.A decline of Secchi disc depth was also
observed in the mi2000s, although observations were infrequent.

I AGG2NROFEE& [F 1S ¢40pgb8t&iear dedgradatidniwgs diSEveFiltBeYnido @ p

2000s. However, a steady TLI improvement has been observed since 2007, with values beiween 4
and 5.
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Figurel5. Measurements of TLI variabléSecchi depth, chlorophyll a (TCHLA), total phosphorus (TP) and total
nitrogen (TN)) il.akeHayes, 1983 to 2019ndividual samples were aggregated, retaining onlyntieanvalue for
eachseasorand variable, shown by the coloured circles. Black ciimtésatethe mean value of seasonal averages
for the four TLI variable3he diameter of all circles is scatedepresentthe number of monthly measurements
aggregatedNote x is is hydrological year.
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Figurel6. Annual Trophic Level Index (Tfaf)Lake Hayelsy hydrological year (previous July to present June). Each
coloured circle is the mean of seasonal medosone TLI variablith the relevantTLI equatiorapplied(Burns et

al. 1999). Large black circles are the annual TLI (average of four components). Solid circles denote years for which
at least one measurement was available for all four seasons (solid black circles denote thatalirfponent

variables of the TLI were sampled each season). Open circles denote that measurementssiegefon at least

one season. Note x axis is hydrological year.

3.2 Meteorological inputs

Rainfall was summed for each hydrological year, with notaiglke rainfall years being 1989, 1994
1996 and 200@Figurel?). Meteorological forcing data (derived from Queenstown Airport) generally
showed temporally stable pattern&igurel8). However, it is notable that rainfall was generally
more variable pre2000.
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Figurel7. Total annual rainfall from Queenstown Airport, 1984 to 2018.
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3.3 Catchment discharge and water quality

331 bdziNASY G f2FRa SadAYlIGSR o6& GKS W/ [!9{
Inflowsto Lake Hayewere measurd at Mill Creek, however this does not account for groundwater
and surface water fromephemeral flows directly to the lake edge/bottom. Therefore, an estimate
for total inflow (steady state flowjvassourced from the catchment model CLUES (Catchment Land
Use for Environmental Sustainability; developed by NIVWAble4). The ratio of CLUES flow and Mill
Qeek flow were used to derive a west and east catchmi@ow (representing all streams other than
Mill Creek)

Table4. Hydraulic, nutrien{Total nitrogen (TN); total phosphorus (BRY sedimen{SS)dads predicted by the
steadystate catchment model CLUES (Catchment Land Use for Environmental Sustainability model; NIWA NZ). The
catchment was divided into three sections; Mill Creek (to the North),candolidatedyroups of streams for the

eastern andvestern catchment.

Discharge TN load TP load SS load

Type (mes?) (tyY (tyY (kty)
Mill Creek Major inflow 0.494 14.678 1.487 2.215
East Streams  Multiple small streams 0.024 1.286 0.106 0.077
West Streams  Multiple small streams 0.024 1.249 0.078 0.058
Outflow Lake outflow 0.547 6.68 0.27 0.072

Total dischargefrom Mill Creek Figurel9), West and East, plus rainfall was used to create a water
balance (including evaporation loss). From this water balémedake outflow is calculated as the 30
day rolling average of theater balanceaesidual

S
1

N
1

Discharge (m®s™")

Sl

Figurel9. Mill Creek discharge (blu®aseflow was calculated as a 10 day rolling minimum of Mill Creek discharge
(red).

1990 2000 2010
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however after this period, average discharge has been generally lower and less véiiginie20).

The result of this lower average discharge would be longer residence times and lower flushing rates.

Lower average discharge post 2000 also corresponds to generally lower nutrient concentrations in

Mill Creek Figure21).
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Linear relationships between monthly measurements of inflowing water quality parameter

concentrations and discharge volume at Miteek Figure21) were applied to estimate daily water
guality parametersKigure2?2).

DRP NH4 NNN
0.44 * 2 » 2 > 2
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Figure21. Discharge flow relationshipsed to estimate daily water quality in Lake Hayes infléwsmonium (NH4),

Nitrate +Nitrite (NNN), Total nitrogen (TN), Dissolved inorganic nitrogen (DIN), Dissolved reactive phosphate (DRP),
Total phosphorus (TP), Total suspended sediment (TSS).

38



Lake water quality modelling to assess management options for Lbdesges

Discharge (cumecs)

4_
2.
1992 1995 1998 2001 2004 2007 2010 2013 2016
NH4-N (g/m"3)
4_ 0]
3.
2.
] -
1992 1995 1998 2001 2004 2007 2010 2013 2016
NO3-N (g/m"3)
0.751 | 'E . \
0.501 " Al i | |
A PRL d
0.251 ® . .
0.00 - ; L. : 2 . U L v : -
1992 1995 1998 2001 2004 2007 2010 2013 2016
PO4-P (g/m"3
0.125 (g/m”3)
0.1001
0.0751
0.0501
0.0251
0.000 . y . . ; ; . ; .
1992 1995 1998 2001 2004 2007 2010 2013 2016
Total nitrogen (g/m”3)
2.0
1.51
1.0
0.51
0.0 | —— *.LJ—L—I—
1992 1995 1998 2001 2004 2007 2010 2013 2016
Total phosphorus (g/m”3)
15001
[ ] [ ]
10001
500 ‘ E h | L T,
0- . . dlll M \ I.Illn_ M L“.Iljl,_. i M_JLJ ]
1992 1995 1998 2001 2004 2007 2010 2013 2016
Total suspended solids (g m”3)
0.204 *
0.154
0.10
0.05
0.00+4 . ’ Sy Sme seed - I""-—_ — -—-—‘——-I— W
1992 1995 1998 2001 2004 2007 2010 2013 2016

Figure22. Modelled daily water qualt parameters Ammonium (NH4), Nitrate +Nitrite (NNN), Total nitrogen (TN)
Dissolved reactive phosphate (DRP), Total phosphorus (TP), Total suspended sediment (TSS).
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3.4 Seasonality in physical drivers

A key factor to consider is the residence time of watdriolt can be simply determined by dividing

the lake water storage by the inflow volume. When the residence time of water is longer, flushing
rate reduces and seasonal thermal stratification dynamics become an important influence on water
quality.

Figure23shows yearly estimates of water retention time. Prior to the f2@00s, residence time
was generally lower than for later years, but more variable. Residence time over recent years was
relatively steady at between three and four years.
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Water movement in lakes are influenced by physical dragging and buoyancy forces. Therefore,
inflow, surface wind energy and heat budget are the dominant drivers of physical processes on
water transport ad stratification.Figure24, Figure25, andFigure26 summarise the seasonality of
daily flow volume, daily air temperature and wind speed. In Lake Hayes, inflow volumes generally
increase fromuly, reach peak values around late October, and reduce towards sunkigeiré24).
Wind speed also exhibited a strong seasonality with near sinusoidal shigpee5), and daily air
temperature also showed a typicsinusoidal pattern with the peak in FebruaRigure26).
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Figure24. Seasonal patterns of daily total inflow volumes in Lake Hayes. The data from 209D were first

smoothed (30 days zero phase movingrage) and 25, 50 (median) and 75 percentile values of every day of year
were obtained.
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Figure25. Seasonal patterns of daily average wind speed at Queenstown Airport meteorological station. The data
from 1980- 2018 were firssmoothed (30 days zero phase moving average) and 25, 50 (median) and 75 percentile
values of every day of year were obtained.
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Figure26. Seasonal patterns of daily average temperature at Queenstown Airport meteorological .stét@data
from 1980- 2018 were first smoothed (30 days zero phase moving average) and 25, 50 (median) and 75 percentile
values of every day of year were obtained.
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3.5 Reconstructed phytoplankton dynamics in Lake Hayes

Observatiors of 20162017 phytoplankton dynamic&igure27) highlights the differecesin
characteristichetween celbiovolumeandcell density. The figure also suggests that grougpslt
biovolumesis an adequate indicator of grouped chlorodta/toncentration. The resulislso
indicate a spring bloom which was predominarttymposed ofChlorophytes. The bloom collapsed
soon after the beginning of October, presumably as a result of increasmuanktongrazing
pressure. A reduced Chlorophyteduction rate and increase @fryptomonasp. biovolume were
observed befoe January, most likely due teduced grazing pressure. The reduction of total
biovolume around February is likely the result of the reduced nutréemailabilityin the epilimnion,
whereas the increase of Chlorophytes and large Dinoflagellates bioveinraetumn can be
associated witha post stratification autumn bloom. This succession was in alignment with our
knowledge of theoretical phytoplankton succession. However, thissefiebservation higlighted
no signs of Cyanophytdooms, and wintedynamicswvere not included.

—
QO
~

10000
%;ET 8000
&~ 6000
o2
§ § 4000
2000
0
(b) Jul Oct Jan Apr Jul
800000
o 3 600000
g S
S = 400000
g
32 200000
0
Jul Oct Jan Apr Jul
(©) 5
© g 2
ZE
o~
oo 1
o E
=<
(@]
0 o
Jul Oct Jan Apr Jul
® Chlorophyta m Cryptophyta = Cyanobacteria
Diatom m Dinoflagellates

Figure27. Phytoplankton taxonomic group dynamics in Lake Hayes for the period of 2016 to 2017 based on samples
collected byOtago Regional Councilhe dynamics are described in (a) cell density, (b) biovolume, and (c) chlorophyll

aconcentration.
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Sudies by Burns and Mitchell (1974) and Burns and Stockner (1991) were reviewed, and dominant taxa of each four
seasons were extcded (

Table5). Consistent dominant groups were observed when cell density is considered, whereas

dominant functional groups in terms of biovolume were variable. Cyanophytes were only dominant
in terms of biovolumdrom spring1972.

Table5. Summary of istorical and recent dominant phytoplankton taxa by season for Lake Hayes. Data obtained
from Qtago Regional Coung¢iecent measurements) and literature review (historical data). Abbreviations are BACI:
Bacillaiophytes (diatoms); Chlor: Chlorophytes; CRYP: Cryptophytes; [Ci®©flagellates and CYAN:
CyanobacteriaAbbreviations for sources are B&M: Burns and Mitchell (1974); B&S: Burns and Stockner (1991); and
ORC: Otago Regional Council (2016). Colour edaddprovide visual representation of the different groups.

Source Year Spring Summer Autumn Winter

Oct, Nov, Dec Jan, Feb, Mar Apr, May, Jun Jul, Aug, Sep

B&M 1970 CYAN [0 [ 0) BACI BACI
B&M 1971  BACY GYAN 0 [ 0) BBlD BACI  BACY EYAN
Density =~ B&M 1972 CYAN - 4 -
B&S 1990 B> R BRIl BRY P BACI
ORC 2017 [BHlD CYAN CYAN BHE> BElEo pino -
B&M 1970 DINO DINO DINO/ BAC!I BACI
B&M 1971 CRNr BHED 0 [ 0) BBlO BACI  BAC! BRNP
B&M 1972 CYAN - - -
ORC 2017 [BHlC BRYr ER¥r Bl DINO DINO -

Biowlume

The low level of data available meant that no consistent seasonal dynamic patterns could be
discerned, thereforave attempted to create synthetic seasonal dynamics using both available data
and expert knowledge. We adopted the philosophy of theory guided data science, which is an
emerging work flow concept for scientific research (Karpatne et al., 2016). Insteelgiog heavily

on either theoretical knowledge or observatidnformation washarvesed from both theory and
observation. The aim of the concept is to reddice variance of model results without significantly
biasing them. To achieve this, we extractggbroximate monthly biovolume proportions of

functional groups from Burns and Mitchell (1944)d ORC observatia{Figure28). All information

was merged taletermine theprobability of dominant functional groups in every month of are
(Figure28-a). Based on the knowledge of phytoplankton community development, as well as notable
events described in Schalleerg and Schallenberg (2018ynthetic seasonal dominanazf
phytoplankton groups was generated in monthly resolutibig(re28b).
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Figure28. Synthetic (estimated) average monthly phytoplankton biovolume proportion of phytoplankton for Lake
Hayesa) statistical likelihood based on values obtained from literature, and b) adjusted dynamics considering recent
eventbased information as well as phytoplankton seasonal succession tidatg/x axis is month number.

3.6 Model calibration

Temperature and xygen model results (both calibration and validation) are showkigare29 and
Figure30. Temperature and oxygen dynamics were well simulated by the calibrated model, including
hypolimneticoxygen demand (slope of oxygen decline over time in bottom waterisg

stratification) and metalimnion depths (the zone of temperature and density chand)tifning of
stratification onset and mirigwasalso acceptablgimulated, as evidenced by coamson of

modelled temperature and oxygen with measurements from phefile monitoring (

Figure31).
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Figure29. Model simulations (redots) and field observations (black dots) for water column profiles of temperature,
2007 to 2012. A close match between black and red dots represents an ideal calibration.
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Figure30. Model simulations (red dots) arfield observations (black dots) for water column profiles of dissolved
oxygen(mg %), 2007 to 2012. A close match between black and red dots represents an ideal calibration.
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Figure31. Model simulations (coloured background) and field observations (coloured dots withobiidioke) for water column profiles of water temperatu?C; TEMPTUR&)d
dissolved oxyge(mg L*; DO, 2007 to 2017Note where observations are of a similar magnitude to simulations the coloured dots become less obvious.
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Detailed conparison of simulated and observed nutrient dynamics in surface watdysth the
calibration period and validation periad given irFigure32. Good baseline concentnains were
established in all variables, and reasonable seasonal dynamics were simulated in the majority of
cases. However, some extreme values of,NI¥l and TSS were not observed in the model outputs.

Figure32. Model simulations (black line) and field observations (coloured dots) forswegace water quality in Lake
Hayes, 2007 to 2017. The calibration period (2007 to 2012) is shown by the solid line, and the independent validation
period (2012 to 2017) is shawby the dashed lineAmmonium (NH4), Nitrate (NO3), Total nitrogen (TN) Dissolved
phosphate (PO4), Total phosphorus (TP), Total suspended sediment (TSS).
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