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ABSTRACT 

Over the last few decades, anthropogenic eutrophication has become a significant 

problem in New Zealand and other parts of the world. Lake Rotorua is located in 

the central North Island, New Zealand. It is a lake with significant historical, 

cultural and recreational values that has undergone anthropogenic eutrophication. 

 

Lake Rotorua has been exposed to anthropogenic impacts through conversion of 

forested land to agricultural use within its catchment, and the discharge of 

domestic sewage into the lake. Cyanobacterial blooms have become a common 

occurrence in the lake each summer. These blooms not only reduce aesthetic 

appeal but also have potential to affect human health. Lake stratification and 

physical mixing events are the most important factors influencing nutrient 

availability and phytoplankton growth in Lake Rotorua. 

 

The main objective of this study was to use high frequency monitoring data to 

investigate the significance of lake stratification events and how these events 

interact with the development of the cyanobacteria population and changes in 

nutrient concentrations in Lake Rotorua. The second objective was to use an 

ecological model to understand the relationship between physical, chemical and 

biological variables, and phytoplankton dynamics. 

 

Data from a high frequency real-time water quality monitoring buoy was used as 

the basis for 12 sampling trips to Lake Rotorua timed around stratification and 

mixing events. Water samples were collected from five different sites for nutrient 

analysis, chlorophyll a analysis, and phytoplankton and zooplankton 

identification at depth intervals of 6 meters. Profiles were taken for temperature, 

dissolved oxygen and fluorescence. Total suspended solids and volatile 

suspended solids were also analysed. The data provided by the buoy, combined 
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with additional sampling and measurements around stratification events, were 

used to calibrate a three-dimensional ecosystem model, ELCOM-CAEDYM. 

 

Periods consisting of a few days of high solar radiation and low winds caused 

Lake Rotorua to become stratified between 26 January 2009 and 20 February 

2009. During this stratification period the bottom waters became deoxygenated 

and there were large increases in of phosphorus and nitrogen concentrations in 

bottom waters, which were subsequently dispersed through the water column 

when the lake mixed again. Ammonium and phosphate were the dominant 

species of inorganic nitrogen and phosphorus in bottom waters during the periods 

of stratification. Upon mixing there was rapid growth of cyanobacteria 

(Microcystis sp. and Anabaena sp.). For the zooplankton community, copepod 

and rotifer densities increased significantly after the stratification event and 

replaced the previously dominant cladocerans. 

 

In the study high frequency modelling with ELCOM-CADYM simulated the 

general trends of water temperature, dissolved oxygen and nutrient 

concentrations in Lake Rotorua. The model captured the water temperature 

fluctuation before, during, and after lake stratification as well as subsequent 

dissolved oxygen changes over time and space. Simulated nutrient concentrations 

were close to the field measurements, in particular NH4, TN and TP. Some issues 

occurred with high frequency simulations such as being unable to capture the 

strong fluctuations of lake surface temperature, and the magnitude of the 

decreases in dissolved oxygen under strong stratification. 
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CHAPTER 1-INTRODUCTION 

1.1 General Introduction 

Eutrophication, or over-enrichment with nutrients, is an environmental issue of 

concern for wetlands, streams, rivers, lakes, and reservoirs worldwide (Smith, 

2009). Eutrophication is commonly associated with increased nitrogen and 

phosphorus loads from various forms of anthropogenic sources entering the 

environment, such as by atmosphere deposition, domestic discharge, agricultural 

discharge, land use and sediments. 

 

Once excess nutrients enter a water body they are often consumed by 

phytoplankton or other plants, leading to excessive growth of algae, in particular 

cyanobacteria (Carmichael, 1995). Unlike most other phytoplankton species, 

cyanobacteria may threaten people, animals, and the environment, as a result of 

the production of toxins. 

 

Cyanobacteria, also known as blue-green algae, represent a group of prokarytoes 

that obtain energy through oxygenic photosynthesis (Knoll, 2008). Cyanobacteria 

are widely dispersed throughout most of the world’s aquatic habitats; over 2000 

species of cyanobacteria have been found and identified across all climatic zones 

(Howard, 1998). They are also highly varied morphologically, ranging from 

solitary cells to long filaments.  

 

Cyanobacterial blooms become a problem when they create health hazards for 

humans via toxins released into sources of drinking water (Howard, 1998). There 

are more than 46 species of cyanobacteria that have been found to produce toxic 

effects in vertebrates (Sivonen & Jones, 1999). The most common toxic 

cyanobacteria found in freshwater are Microcystis, Anabaena, Oscillatoria and 

Aphanizomenon (Howard, 1998). Cyanobacterial blooms normally consist of one 
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or more genera of cyanobacteria. 

 

Cyanobacteria can produce three groups of toxins: neurotoxins, hepatotoxins and 

endotoxins (Howard, 1998). Neurotoxicity can cause muscle tremors, 

hyper-salivation, respiratory distress and paralysis in humans. Hepatotoxicity 

gives symptoms of liver and circulatory damage, and less seriously, endotoxicity 

can cause contact irritation and minor gastrointestinal illness. Different 

cyanobacterial groups are responsible for each toxin. Microcystis spp. is more 

often associated with hepatoxicity; Oscillatoria spp. and Anabaena spp. with 

neurotoxicity and endotoxicity with Oscillatoria spp. and Aphanizomenon spp. 

(Howard, 1998). 

 

In addition to often being toxic, cyanobacterial blooms also produce odorous 

substances. For example, Oscillatoria spp. can produce geosmin and 

2-methylisoborneol, which give rise to earthy and musty odours, whilst 

Microcystis spp. can produce large quantities of β-cyclocitral, which has an 

odour of smoky tobacco (Howard, 1998). 

 

Cyanobacterial blooms also reduce the recreational value of surface waters. They 

can produce thick layers of surface scum and reduce the use of amenities for 

water sports (Oliver & Ganf, 2000). When cyanobacteria are decaying, they also 

deplete dissolved oxygen, and as a consequence can cause fish kills (Oliver & 

Ganf, 2000). Therefore, understanding the dynamics of cyanobacteria is very 

important. 

 

The basic requirement for any microorganism is to increase and multiply. As a 

photoautotrophic microorganism, cyanobacteria growth depends on sufficient 

light, inorganic macronutrients and micronutrients, CO2 and suitable temperature. 

Cyanobacteria are able to survive in different environments with different 

temperature ranges. The optimal temperature for cyanobacteria growth is 



P a g e  | 3 

 

commonly between 20 and 35 °C (Howard, 1998). 

 

Light is the primary energy source for cyanobacteria. Cyanobacteria are able to 

carry out photosynthesis by using chlorophyll a as the primary photosynthetic 

pigment and phycobiliproteins as light harvesting pigments (Overmann & Pichel, 

2006). Radiant energy is attenuated with depth, however, through absorbance by 

the water and other suspended particles (Reynolds, 1984). In order to gain light, 

cyanobacteria need access to the upper illuminated zone of the water column 

(Reynolds, 1984), and this is achieved through buoyancy regulation. 

 

Most cyanobacteria species possess gas vacuoles. The function of gas vacuoles is 

to give cells buoyancy, and together with physiological changes and storage 

products associated with photosynthesis and respiration, this can allow 

cyanobacteria to regulate their position in the water column through changes in 

density. Cyanobacteria can either modify the degree of gas vacuolation in gas 

vacuoles or alter the ratio of dense components, such as carbohydrate (density ca. 

1600 kg m
-3

) and protein (density ca. 1300 kg m
-3

) accumulated in the cell 

(Hitzfeld & Höger, 2000; Oliver & Ganf, 2000). 

 

Mass proliferations of cyanobacteria are associated with high nutrient 

concentrations. There are about 20 elements in cyanobacteria tissue needed to 

maintain their healthy cell functions. The cyanobacteria require nutrients in 

soluble forms which pass through the semi-permeable membrane into the cell 

(Reynolds, 1984). 

 

Phosphorus is an essential component of nucleic acids, and adenosine 

triphosphate contributes to the function and growth for cyanobacteria (Reynolds, 

1984). Either inorganic or organic forms of phosphorus and nitrogen are found in 

water (Reynolds, 1984). The chemical form that is available to cyanobacteria is 

inorganic phosphate. Organic forms of phosphorus are a constituent of the 
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biomass and products of plant and animal excretion. They are usually converted 

by bacteria into soluble inorganic forms and bound by complexation with iron 

and aluminium oxides associated with the sediment mineral structure. In such 

form, they are not available for growth of phytoplankton or cyanobacteria (Yoo, 

1995). 

 

Inorganic compounds (nitrate, nitrite, and ammonia), organic molecules (urea, 

free amino-acids, and peptides) and atmospheric dinitrogen (N2) are the 

important sources of nitrogen for phytoplankton and cyanobacteria growth 

(Padisak, 2003). Atmospheric dinitrogen is theoretically an unlimited source 

(Padisak, 2003). However, only certain cyanobacteria have the ability to carry 

out direct fixation. In addition, fixation not only consumes energy and requires 

high light inputs, but also needs presence of micronutrients (e.g. Mo, Fe). 

Therefore, cyanobacterial species will preferentially utilize ammonium ions, 

nitrite, or nitrate when these nutrients are in sufficient quantity in the water 

(Padisak, 2003). 

 

According to the availability of nitrogen and phosphorus in natural environments, 

much evidence has shown that phosphorus is the nutrient most frequently 

limiting in most aquatic environments (Oliver & Ganf, 2000). In a shallow, 

eutrophic, polymictic lake, stratification and associated oxygen depletion of 

bottom waters are the major mechanisms involved in the phosphorus release 

from bottom sediments (Burger et al., 2007). In Lake Rotorua, stratification 

events occur several times during summer, caused by the density differences 

between warm surface waters and colder bottom waters, driven by the stabilising 

effect of solar radiation (Burger et al., 2007). The stratification events can last 

from a few hours to a few weeks, after which the water column will be fully 

mixed again by wind. 

 

In winter, the entire water column is in an isothermal state and surface and 
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bottom waters are able to mix freely. Surface aeration is not limited by 

stratification to surface waters, and oxygen is mixed throughout the whole water 

column. Phosphate is an inorganic anion and binds with iron, manganese and 

other inorganic complexes in the sediments (Søndergaard & Jeppsen, 2003). As 

the sun continues to warm the lake surface, the temperature differences increase 

between the surface and deeper waters. The differences eventually create a 

physical barrier and divide the lake into a warm mixing layer (epilimnion) at the 

top and a colder bottom layer (hypolimnion) which hinders the vertical mixing of 

the water column as well as the supply of oxygen (Omstedt & Murthy, 1994). 

The hypolimnion can become anoxic as its remaining oxygen is consumed by 

bacteria during the degradation process. During such anoxic conditions, 

ammonium and iron-bound phosphates are released from the bottom sediments 

and diffuse into the hypolimnion (Søndergaard & Jeppsen, 2003), further 

enhanced by the absence of nitrification under anoxic conditions. During the 

vertical mixing, nutrients previously accumulated at the hypolimnion are 

distributed throughout the water column and are likely to stimulate algal blooms. 

 

Nutrient enrichment not only affects the productivity and species composition in 

the phytoplankton but also can affect shifts in species composition within the 

zooplankton community (Pearce & Gast, 2005). Zooplankton and cyanobacteria 

may also interact directly via the feeding and excretion relationship (Haney, 1987; 

Lampert, 1987). 

 

Numerous studies indicate that zooplankton communities are negatively affected 

by cyanobacteria blooms. Evidence of the potential effects of cyanotoxins on 

zooplankton appears to suggest that cyanobacteria may exhibit a deleterious 

effect on zooplankton (Sivonen & Jones, 1999). Zooplankton tends to avoid 

grazing on toxic cyanobacteria and continues to graze on non-toxic species. 

Consequently, toxic cyanobacteria can affect the zooplankton community 

structure by allowing certain species to out-compete others (Leonard & Paerl, 
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2005). Some filamentous cyanobacteria (e.g. Planktothrix) appear more difficult 

for zooplankton species to consume, as they have long filaments and may clog 

the filtration apparatus and as a result affect the efficiency of filter feeding 

(Gliwice & Lampert, 1990; DeMott et al., 2001, cited in Huisman & Hulot, 

2005). 

 

In addition, in eutrophic conditions the depletion of oxygen during stratification 

may cause a rapid drop in populations of larger zooplankton. This is because it 

drives the zooplankton into upper layers, where fish are abundant, consequently 

increasing the predation pressure on zooplankton (Shapiro et al., 1975). 

 

In July 2007, Waikato University deployed a real-time monitoring buoy in Lake 

Rotorua. The buoy measures standard meteorological variables, water 

temperature at 2 m intervals through the water column, surface and bottom 

dissolved oxygen, and surface chlorophyll fluorescence every 15 minutes. These 

data are used extensively in this study to form the basis of timing sampling trips 

to occur at different periods during stratification. One of the objectives of this 

study is to understand the variations between meteorological conditions, lake 

stratification events and associated physical, chemical and biological changes. 

 

Hydrobiological models are computer models developed for studies of aquatic 

ecosystems and have been widely applied in different ecological areas (William, 

2006). They combine all physical, chemical and biological components of an 

aquatic system and simulate the interaction among them (William, 2006). 

CAEDYM and ELCOM are two such models, which were developed by the 

University of Western Australia and used in this study and, when combined, can 

allow coupled simulations of hydrodynamics and biogeochemistry. 

 

CAEDYM (Computational Aquatic Ecosystem Dynamics Model) is based on 

simulating the relationships between nutrients, phytoplankton and zooplankton 
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(Bruce et al., 2008). It also simulates other environmental variables, such as 

dissolved oxygen, suspended solids, bacteria, and fish (Hipsey et al., 2005). The 

simulation of dissolved oxygen within CAEDYM is based on the processes of 

atmospheric exchange, the sediment oxygen demand, photosynthetic oxygen 

production and respiratory oxygen consumption, organic matter mineralization 

and consumption of oxygen with nitrification and respiration by other optional 

biotic components (Hipsey et al., 2005). Inorganic phosphorus and nitrogen are 

generated in the degradation cycle of organic matter changing to dissolved 

inorganic ions, with denitrification also included in the nitrogen dynamics 

(Hipsey et al., 2005). 

 

CAEDYM can be coupled to the hydrodynamic driver, the Estuary Lake and 

Coastal Ocean Model (ELCOM), to simulate advection and diffusion in three 

dimensions (Robson & Hamilton, 2004). This model includes surface thermal 

forcing, inflows, outflows and wind stresses (Chung et al., 2009). It is based on 

thermodynamic transfers in the water column and includes physical transport 

equations of Reynolds-averaged Navier-Stokes, scalar transport and Boussinesq 

approximation (Spillman et al., 2007; Hodges & Dallimore, 2001).  

 

In this study, the high frequency data provided by the buoy, combined with 

additional sampling before, during and after stratification events, were used as 

field data with which to evaluate the applicability of the model. This allowed for 

investigation of the spatial and temporal relationships between physical, 

biological and chemical variables over stratification events, which is useful for 

characterising the dynamics of cyanobacterial blooms and allowing predictions 

of behaviour in response to changes in meteorological conditions and external 

nutrient loading. 
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1.2 Description of Study Site 

Lake Rotorua, in the North Island of New Zealand, is to the north east of the city 

of Rotorua (38°05’ S, 176°16’ E) (see Figure 1.1). It is the second largest lake in 

the North Island with total area of 79.98 km
2
 (11.2 km across from north to south 

and 9.6 km from east to west) and mean depth of 10.68 m (Fish, 1975; White, 

1977). The lake was formed approximately 140,000 years ago by the eruption of 

the Mamaku ignimbrite (Lowe & Green, 1987). Rainfall is the biggest single 

input of water into the lake but is similar in volume to input from the Hamurana 

Stream (White, 1977). The annual rainfall averages between 1780 and 2540 mm 

to the west, north, and east of the lake but is only 1270 mm to the south (White, 

1977). 

 

The lake catchment covers 425.2 km
2
 and half of it is under pasture for 

production of wool, meat, and dairy products (Burger, 2008). Land use has 

impacted on groundwater quality. According White et al. (2009), median total 

nitrogen (~2-5 mg L
-1

) was found at shallow groundwater sites associated with 

dairy, urban road and cropping land uses. 

 

Lake Rotorua has been one of only two New Zealand lakes to receive municipal 

sewage directly. Sewage was discharged into the lake from at least 1884 until the 

Rotorua City sewage treatment system was built in 1991 (Rawlence, 1984). The 

cessation of wastewater discharges was expected to improve lake water quality; 

however, the lake still has relatively high nutrient concentrations and 

cyanobacteria blooms occur each summer (Burger, 2007). In a study of sediment 

nutrient fluxes by Burger (2007) it was found that internal loading is a major 

nutrient input to Lake Rotorua. 

 

Lake Rotorua has a greater variety of phytoplankton species than many other 
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surrounding lakes, such as Lake Rotoma and Lake Rotoiti (Jolly & Chapman, 

1977). The main species of phytoplankton have been found to be Dinobryon sp., 

Aulacoseira sp. and chlorophyceae such as Mougeotia sp. (Jolly & Chapman, 

1977). The main zooplankton groups or species include cladocerans, 

Ceriodaphnia dubia, Bosmina meridionalis, and the calanoid copepod 

Calamoecia lucasi (Jolly & Chapman, 1977). 

 

1.3 Aims and Objectives 

The primary objective of this study is to understand temporal and spatial 

variability of chlorophyll a, zooplankton and nutrients in meso-to eutrophic Lake 

Rotorua. The application of a model coupled with high frequency monitoring 

data for validation purposes allows for quantitative assessments of the effects of 

internal nutrient loads on phytoplankton and zooplankton, and the interacting 

effects of thermal stratification in this polymictic lake. The experimental design 

enabled two aspects to be assessed: 

 

(1) Combining high frequency remote monitoring data with high resolution 

manual sampling to understand the interactions of physical and biogeochemical 

processes in the lake, and  

 

(2) Applying a high frequency, three-dimensional ecosystem model, 

ELCOM-CAEDYM, to quantify the interactions between stratification events, 

internal nutrient loading and phytoplankton dynamics. 
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Figure 1.1: Bathymetry map of Lake Rotorua and study sites (labelled 1 to 5). 
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CHAPTER 2-MATERIALS AND METHODS 

2.1 General Aspects of Experimental Design 

Remote monitoring data were obtained from a high frequency sampling buoy 

located near the centre of Lake Rotorua. Based on data obtained from this 

monitoring buoy, twelve sampling trips were made coinciding with different 

stages of lake stratification and mixing. Water samples were collected from five 

different sites for nutrients and chlorophyll a analysis, and for phytoplankton and 

zooplankton enumeration and identification. Depth profiles were also taken for 

temperature, dissolved oxygen and chlorophyll fluorescence at each site. These 

data are used to provide additional validation data for calibrating a 

three-dimensional lake ecosystem model, ELCOM-CAEDYM. 

 

2.2 Real Time Monitoring Buoy 

In July 2007, the University of Waikato constructed and deployed a 

high-frequency meteorological and water quality monitoring station for Lake 

Rotorua. The whole monitoring system is powered by four solar panels charging 

a sealed lead acid battery using a solar voltage regulator and fixed by anchors 

above the deepest part of the lake (22 m), which is located near Mokoia Island 

(see Figure 2.1). The monitoring system contains sensors for water, 

meteorological and quality variables (see Table 2.1 and Figure 2.2) including: 

 

 Meteorology: wind speed and direction, air temperature, relative humidity, 

barometric pressure, and precipitation. 

 Water variables: surface and bottom dissolved oxygen, chlorophyll 

fluorescence (phytoplankton biomass), and water temperature at 2 m intervals 

over the 22 m water column. 
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The logger stores data internally and transmits data quarter-hourly in near 

real-time via the GPRS modem to the iQuest “HydroTel” database system. All 

data can be accessed in real-time through the iQuest website. 

 

 

Table 2.1: Sensors’ model, manufacturer, function and their depth distribution for measuring 

meteorological and water quality variables. 

 

Sensor Variable Depth (m) 

Scienterra (NZ) temperature string Water temperature 0.5, 2.5, 4.5, 6.5, 8.5, 10.5, 

12.5, 14.5, 16.5, 18.5 and 

20.5 

Zebra-tech (NZ) “D-opto” Dissolved oxygen (ppm & % 

saturation) 

Water temperature 

0.5, 20.5 

Turner Designs (USA) C3 

multi-fluorometer 

Chlorophyll a 

Phycocyanin (blue-green algae) 

Turbidity 

0.5 

Instrumentation Northwest (USA) 

pressure sensor 

Water level bottom 

Vaisala (Finland) WXT510 compact 

weather station 

Air temperature 

Relative humidity 

 Wind speed 

 Wind direction 

Barometric pressure 

Rainfall 

Hail 

surface 

Apogee Instruments (USA) 

pyranometer 

Solar radiation (short-wave) surface 
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Figure 2.1: Monitoring buoy on Lake Rotorua. 

 

Figure 2.2: Main components of Lake Rotorua real-time monitoring buoy. 
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2.3 Field Methodology 

2.3.1 General aspects 

A total of five representative sampling sites were selected around the lake (see 

Table 2.2 and Figure 2.3). All sampling sites were located by GPS and accessed 

by boat. 

 

 

 

Figure 2.3: Satellite map of Lake Rotorua (Google Earth), and sampling sites (1-5). 

 

Table 2.2: Sampling site coordinates, features and depths. 

Sites Coordinate (Long/Lat) Site Descriptions Sampling Depth (m) 

Site 1 176.27773 -38.12239 Geothermal area 0, 6  

Site 2 176.27116 -38.07071 Lake deepest part 0, 6, 12, 18 

Site 3 176.24692 -38.06569 Major inflow 0, 6, 12 

Site 4 176.26343 -38.05482 Major inflow 0, 6, 12 

Site 5 176.23071 -38.04530 Outflow 0, 6, 12 
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2.3.2 Field data collection 

The sampling trips were carried out from late January to early March 2009. A 

major lake stratification event was captured and 12 sampling trips were made on 

days before (21 January), during (3, 4, 16, 17, 18, 21 and 25 of February) and 

after (2, 7 and 8 March) the stratification event. 

 

Samples for zooplankton and phytoplankton enumeration and identification and 

for chlorophyll a, nutrients and suspended solids analysis were collected on each 

sampling trip. The following standard operating procedures were applied to the 

collection of representative samples from the lakes. 

 

According to the site depth, all samples were immediately taken from below the 

surface, then sub-surface samples were taken at 6 m depth intervals using a 

Schindler-Patalas trap sampler. 

 

Water samples for total nutrient analysis were collected in the field by directly 

transferring sample water from the Schindler-Patalas trap to 15 ml Falcon tubes. 

 

Water samples for dissolved nutrient analysis were collected in the field by 

filtering a 50 ml water sample through a syringe tip containing a GC50 0.45 µm 

glass fibre filter (Advantec) and transferred to 15 ml Falcon tubes. 

 

Chlorophyll a samples were undertaken by flushing 50 ml of sample water 

through a GC50 45 µm glass fibre filter (Advantec). The filter was then folded in 

half and wrapped in aluminium foil. 

 

Phytoplankton samples were transferred into 50 ml Falcon tubes and preserved 

immediately with 2-3 drops Lugol’s iodine solution. 
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Zooplankton samples were collected by passing 2.5 L of water through a 50 μm 

mesh and collecting the organisms held in this net. Samples were preserved in a 

250 ml honey bottle with 70% ethanol immediately for subsequent enumeration 

and identification. 

 

Water samples were taken for suspended solids analysis by directly filling 

sample water into a clean 1 litre sample bottle and storing in the dark on ice until 

further processing in the laboratory. 

 

A Conductivity Temperature Depth probe (CTD) (SBE 19 plus SEACAT profiler, 

Sea-Bird Electronics Inc.) was used to measure and record the vertical profile of 

temperature, dissolved oxygen, chlorophyll fluorescence, conductivity and 

photosynthetically active radiation (PAR) through the water column. 

 

2.4 Laboratory Analysis 

2.4.1 Nutrient analysis 

All nutrients were analysed using a Lachat QuickChem Flow Injection Analyser 

(FIA+8000 series, Zellweger Analytics, Inc.). Total nitrogen (TN) and total 

phosphorus (TP) samples were pre-digested using the persulphate and analysed 

using QuickChem Methods 10-107-04-1-A and 10-115-01-1-A (Ebina et al., 

1983). Ammonium (NH4-N) was analysed using Lachat QuickChem Method 

10-107-06-2-C (Prokopy, 1992). Nitrite (NO2-N) was analysed using Lachat 

QuickChem Method 10-107-04-1-A (Wendt, 2000). Nitrate (NO3-N) was 

determined through the subtracting NO2-N values from NOX (NO3+NO2) values. 

Phosphate (PO4-P) was analysed using Lachat QuickChem Method 

10-115-01-1-A (Diamond, 2000). All reagents were prepared fresh daily. Milli-Q 

water was used in preparing all standards and reagents. Calibration standards 

were prepared by diluting stock standards with Milli-Q water. 
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2.4.2 Chlorophyll a analysis 

Chlorophyll a samples were analysed following the method described by Arar 

and Collins (1997). Samples were thawed and ground into a slurry with 90% 

acetone solution buffered with magnesium carbonate (MgCO3) and stored in a 

dark freezer at ~0 °C. Within less than 24 hours, the steeped slurry was 

centrifuged for 10 minutes at 3,300 rpm and cooled to room temperature. The 

fluorescence was measured pre- and post- acidification (15 μL of 10% HCl) in a 

10-AU Fluorometer (Turner Designs). 

 

The following equations were used to determine the chlorophyll a concentration 

in the sample extract (Equation 2.1) and the chlorophyll a concentration in the 

whole water sample (Equation 2.2). 

 

 

(2.1) 

Where CE,c is the chlorophyll a concentration (µg L
-1

) in the analysed sample 

extract, Fs is the response factor for the sensitivity setting (0.132), r is the before 

to after acidification ratio, Rb is the fluorescence of the sample extract before 

acidification and Ra is the sample extract after acidification. 

 

 

(2.2) 

Where CS,C is the chlorophyll a concentration in the whole sample (µg L
-1

), EV 

is the extract volume, DF is the dilution factor and SV is the sample volume. 
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2.4.3 Phytoplankton enumeration and identification 

Phytoplankton samples were settled in a Hydrp-Bios
TM

 settling chamber and 

viewed under an inverted microscope, an Olympus
TM

 X71 at magnification of 

200× or 400× with two single transect scans for total phytoplankton and a full 

chamber scan specifically for cyanobacteria. All phytoplankton identification 

accordance with the University of Waikato protocol for the analysis of freshwater 

phytoplankton samples (Paul et al., 2007). 

 

Trials were carried out initially to determine the volume of samples that needed 

to be settled to ensure that a sufficient number of the dominant species was 

present or not too dense to count. A count of 100-150 planktonic units was made 

for the dominant taxa. Samples were diluted when dominant taxa density was 

higher than 150 units in a 1 mL subsample or concentrated when cell density was 

less than 100 planktonic units per 10 mL. Whole chamber scans were applied to 

cyanobacteria species. The following texts were consulted for assistant with 

phytoplankton identification: Joosten (2006), McGregor and Fabbro (2001), 

Entwisle et al. (1997) and Prescoot (2000). Photographs of the dominant species 

and other species that were represented with reasonable frequency were taken 

with an Carl Zeiss
TM

 AxioCam HR camera to assist in identification. 

 

The following equation was used to calculate the phytoplankton concentration in 

water samples analysed (equation 2.3). 

 

 

(2.3) 

where N is the number of algal cells per mL in the original water sample, C is 

the total number of algal cells counted in all transects, A is the total number of 
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algal cells counted in all transects, a is the total area of the transect (mm
2
), b is 

the number of transects counted, f is the dilution or concentration factor and V is 

the volume of lake water that was settled (mL). 

 

2.4.4 Zooplankton enumeration and identification 

Zooplankton concentration and species composition were estimated by counting 

and identifying a 5 mL sub-sample settled in a gridded counting tray viewed 

under an Olympus
TM

 X-2 stereo microscope. All zooplankton were identified to 

genus level for the three dominant taxa: copepods, cladocera and rotifer. Each 

sample was counted in a zig-zag pattern along the chamber cells under 20-40× 

magnification. To aid in identification of zooplankton the following texts were 

used: Shiel (1995) and Chapman and Lewis (1976). 

 

The following equation was used to calculate the zooplankton concentration in 

water samples analysed (equation 2.4). 

 

 

(2.4) 

Where N is number of zooplankton specimens per L in original water sample, C 

is total number of zooplankton specimens counted in chamber, a is total volume 

of the aliquot, b is volume of subsample, V is volume of lake water that was 

filtered (ml). 

 

2.4.5 Total suspended solids and volatile suspended solids (VSS) 

The water sampled for total suspended solids (TSS) analysis was analyzed on the 

same day as sample collection, to avoid biological degradation. A 1 L well-mixed 

water sample was filtered through a weighed 45 µm glass fibre filter (Advantec) 

using a vacuum pump. The filter paper was then removed from the filtration 
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apparatus and transferred to an inert aluminum weighing dish as a support. The 

sample was then dried in an incubation oven to a constant weight at 103 – 105 °C 

for 12 hr. The filter paper was then cooled in a desiccator and weighed again to 

determine sample TSS in mg L
-1

. 

 

The following equations were used to calculate the total suspended solids in the 

water samples analysed (equation 2.5). 

 

（ ）
 

(2.5) 

Where TSS is total suspended solids concentration (mg L
-1

), a is weight of filter 

and dried residue (mg), b is weight of filter (mg), V is volume of lake water that 

was filtered (L). 

 

After the TSS analysis the filter papers were placed in a furnace for 12 hr at 550 ºC 

for volatile suspended solids (VSS) analysis. After ignition the filter paper was 

cooled in a desiccator and weighed again to determine sample VSS (mg L
-1

). 

 

The following equations were used to calculate the volatile suspended solids in 

the water samples analysed (equation 2.6). 

 

（ ）
 

 (2.6) 

Where VSS is volatile suspended solids concentration (mg L
-1

), VSSa is weight 

of filter and residue (mg) before ignition, VSSb is weight of filter and residue 

after ignition (mg), V is volume of lake water that was filtered (L). 
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2.5 Schmidt Stability 

Schmidt Stability was calculated to determine lake stratification where S>30 mJ
-2

 

considered as stratified. 

 

The following equations were used to calculate the Schmidt Stability of Lake 

Rotorua (equation 2.7) (Idso, 1973; Lawson & Anderson, 2007). 

 

 

(2.7) 

Where S is Schmidt Stability (J m
-2

), A0 is the surface area of the lake (m
2
), Az is 

the lake area at depth z (m), zm is maximum depth, ρz is density at depth z (kg 

m
-3

), ρ* is the mean density (kg m
-3

), z* is the depth where the mean density 

occurs, dz is the depth interval and, g is the acceleration due to gravity (m s
-2

). 

 

2.6 Statistics 

Statistics programme STATISTICA (v. 9.1) was used to perform correlations 

between environmental variables and phytoplankton and zooplankton 

assemblages. Means were calculated for water temperature, and surface and 

bottom dissolved oxygen. Analyses of significant differences of air temperature, 

surface and bottom dissolved oxygen, wind speed and solar radiation, as well as 

relative humidity, were carried out with the one-way ANOVA test. Means were 

calculated for total phytoplankton density as well as three dominant phyla: 

chlorophyta, bacillariophyta and cyanobacteria. Phytoplankton concentrations 

were compared with nutrient concentrations using the ANOVA test. 

Phytoplankton taxa with species which were less than 5% of the total 
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phytoplankton concentration were excluded. Means were calculated for total 

zooplankton as well as for three dominant zooplankton groups, Cladoceran, 

Copepod, and Rotifer. Zooplankton concentrations were compared against 

phytoplankton concentrations using an ANOVA test. 

  

2.7 Modelling 

Input files for the ELCOM-CAEDYM model included daily data of inflows and 

outflows, the lake’s physical and biological chemical values, including nutrients, 

chlorophyll a and dissolved oxygen. There were prepared in a specific format for 

the requirement of the ELCOM-CAEDYM water quality model for Lake 

Rotorua. 

 

Quarter-hourly meteorological data were collected from the real-time monitoring 

buoy in the center of Lake Rotorua. The meteorological data included measures 

of rainfall, wind speed, relative humidity, air temperature and solar radiation 

obtained from Rotorua Aerodrome Automated Weather Station (Figure 2.4). The 

lake inflow and outflow volume, water quality and lake morphometry data was 

were provided by the University of Waikato from a hydrological model of the 

Lake Rotorua catchment (Figure 2.5). The model ELCOM-CAEDYM was run 

on 15 minute time steps between 21 January and 10 March for calibration. Field 

data used for initial conditions in the model were from 21 January. Field data 

used for calibration and validation of the model were for the period 3 January to 

8 March. The output was validated and calibrated against 0, 6, 12 and 18 m depth 

data for temperature and dissolved oxygen, nutrients and chlorophyll a. 
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Figure 2.4: Meteorological data collected from Rotorua Aerodrome Automated Weather Station used as 

daily input for the ELCOM-CADYM model (a) atmospheric pressure, (b) air temperature, (c) rainfall, (d) wind 

speed and (e) solar radiation.
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Figure 2.5: Bathymetry map of Lake Rotorua applied in ELCOM-CADYM model. 
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CHAPTER 3-RESULTS 

3.1 Meteorology 

During sampling from 21 January to 8 March, the daily mean air temperature ranged 

from approximately 16.1 °C to 25.1 °C with the highest value recorded on 9 

February and the lowest on 8
 
March (Figure 3.1a). The wind regimes for Lake 

Rotorua were variable during sampling (Figure 3.2). Average daily wind speed 

ranged from approximately 0.6 m s
-1

 (18 February) to 12.8 m s
-1

 (5 March). In 

general, light southwest winds blew in late January and early February (Figure 3.2). 

On 12 February the wind direction suddenly changed to the south-east and was 

associated with substantial precipitation. Five rainfall events were observed, on 12, 

20, 24, 28 February and 7 March, and ranged from 0.004 to 0.05 mm. The air 

temperature and relative humidity were positively correlated during the sampling 

period (r = 0.56, P < 0.01) (Figure 3.2). Atmospheric pressure, solar radiation and 

rainfall were inter-related. High atmospheric pressure was associated with clear skies 

while low pressure was associated with unsettled or stormy weather and 

precipitation (Figure 3.1a). 

 

 

Figure 3.1: Variation of (a) rainfall (bar graph) and atmospheric pressure, and (b) air temperature and relative 
humidity between 21 January and 8 March at airport station. 
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Figure 3.2: Wind rose plot for Site2 between 21 January and 8 March. 

 

3.2 Water Temperature 

Lake Rotorua was stratified for approximately 21 days between 23 January to 15 

March, where stratification was considered to be Schmidt number, S>30 J m
-2

. Over 

the period of stratification, water temperatures ranged from approximately 22.3 to 

25.5 °C in the epilimnion and 22.1 to 20.1 °C in the bottom of the hypolimnion. The 

metalimnion was located between 10 and 16 m depth during the stratified period. 

Turnover occurred on 16 February, when the water column became almost 

isothermal (~21°C). 

 

The deepest site (Site 2, ~22 m) had the strongest (S~90 J m
-2

) and longest (18-day) 

period of stratification compared with other sites. Sites 3, 4 and 5 (12 m deep) only 

stratified from 9 to 12 February (S>30 J m
-2

) when the surface water temperature 

exceeded ~24 °C. The shallowest site 1 (6 m) was not stratified (S<30 J m
2
) during 

the sampling period. Clearly the interpretation of stratification is dependent on the 

water depth at the station of interest, particularly in the presence of the metalimnion 

depth varying from 10 to 16 m in the middle of the lake. 
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3.3 Dissolved Oxygen 

Dissolved oxygen concentrations showed a similar pattern to temperature variations 

through the sampling period. The epilimnion was generally well oxygenated (>8.3 

mg L
-1

) throughout both stratification and isothermal periods. Lower values were 

observed when water temperatures were warmer. 

 

The hypolimnion remained poorly oxygenated from relatively early on in the period 

of thermal stratification (23 January to 15 February) with dissolved oxygen 

concentration ranging between 3.77 to 0.02 mg L
-1

 (Figure 3.3a). When stratification 

started to develop, a strong dissolved oxygen gradient appeared between 17 to 20 m 

and formed an anoxic zone (< 0.5 mg L
-1

) below 20 m. Along with the gradual 

increase in surface temperature the anoxic zone extended upward from 20 to 16 m 

by the warmest day on 11 February. However, during turnover (15 February) the 

entire lake water was well oxygenated with concentrations in the range of 8.2-10.3 

mg L
-1

. During the period of sampling a close relationship was observed between 

Schmidt stability and bottom dissolved oxygen concentration where a high Schmidt 

number (S<30 J m
-2

) was associated with low oxygen content in the hypolimnion 

(<4 mg L
-1

) and a low Schmidt number reflected a well oxygenated lake bottom 

(Figure 3.4a). 

 

Not surprisingly, without stratification Site 1 remained well oxygenated (>8 mg L
-1

) 

from top to bottom during the period of sampling. Sites 3, 4, and 5 were also less 

affected by lake stratification and only developed a thin layer of deoxygenated water 

(<1mg L
-1

) at 1-2 m above the water-sediment interface in the warmest period (9-11 

February) (Figure 3.3b). 
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Figure 3.3: Variation of Schmidt Stability and dissolved oxygen at 18m and 12m between 21 January and 8 

March. 

 

 

Figure 3.4: Variation of Schmidt Stability and dissolved oxygen at (a) 18m and (b) 12m with duration of 
stratification between 23 January and 15 February. 
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Figure 3.5: Profiles of dissolved oxygen at (a) Site 1, (b) Site2, (c) Site 3, (d) Site 4 and (e) Site 5 between 21 
January and 8 March. 

(a) 

 
 
 

 
 
 

(b) 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
(c) 

 
 
 

 
 
 

 
 
 

 
 
(d) 

 
 
 

 
 
 

 
 
 

 
 
(e) 

 
 
 

 
 
 

 
 
 

 
 
 

 



P a g e  | 30 

 

 

3.4 Nutrients 

3.4.1 Nitrogen 

Ammonium (NH4-N) was the dominant species of inorganic nitrogen during periods 

of stratification, while nitrate (NO3-N) was low and less variable. Ammonium 

concentrations varied with thermal stratification. Once stratification occurred there 

was rapid depletion of dissolved oxygen in bottom waters and an increase in 

ammonium. The maximum ammonium concentration (0.29 mg L
-1

) was observed on 

11 February at 18 m depth when the water column was strongly stratified (S = 94.7 J 

m
-2

) (Figure 3.9a). During a period of stratification (23 January to 16 February), the 

ammonium concentration at 18 m depth was positively correlated with lake Schmidt 

Stability (r=0.94, p<0.05). Nitrate (NO3-N) concentrations ranged from 0.001-0.009 

mg L
-1

 from 21 January to 15 February but were higher after thermal stratification 

(16 February to 8 March), varying between 0.001-0.023 mg L
-1

. Total nitrogen 

concentrations were similar amongst sites and varied from 0.185 to 0.898 mg L
-1

. 

The highest concentration (0.898 mg L
-1

) was observed at Site 2 at 18 m depth on 11 

February (Figure 3.9d), mostly as a result of a very high contribution by ammonium. 

 

3.4.2 Phosphorus 

The phosphate concentration at Site 2 also showed a marked increase during the 

period of stratification from 21 January to 8 March. The highest concentration (0.36 

mg L
-1

) was observed on 11 February at 18 m, which coincided with thermally 

stratified conditions and resultant anoxia (Figure 3.9c). Not surprisingly, other 

non-stratified shallow sites showed lower concentrations, ranging between 0.002 and 

0.013 mg L
-1

. Total phosphorus concentrations had a similar trend to phosphate 

when phosphate made up a significant part of total phosphorus, which was generally 

the case in deeper waters during stratification. 
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Figure 3.6: Schmidt Stability during the sampling period (21 January to 31 March) and concentrations of (a) 
ammonium, (b) nitrate, (c) phosphate, (d) total nitrogen and (e) total phosphorus at sites 1, 2, 3, 4 and 5 at 0m 
depth. 
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Figure 3.7: Schmidt Stability during sampling period (21 January to 31 March) and concentrations of (a) 
ammonium, (b) nitrate, (c) phosphate, (d) total nitrogen and (e) total phosphorus at sites 1, 2, 3, 4 and 5 at 6m 
depth. 
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Figure 3.8: Schmidt Stability during sampling period (21 January to 31 March) and concentrations of (a) 
ammonium, (b) nitrate, (c) phosphate, (d) total nitrogen and (e) total phosphorus at sites 2, 3, 4 and 5 at 12m 
depth. 
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Figure 3.9: Schmidt Stability during sampling period (21 January to 31 March) and concentrations of (a) 
ammonium, (b) nitrate, (c) phosphate, (d) total nitrogen and (e) total phosphorus at Site 2 at 18m depth. 
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3.5 Chlorophyll a 

Chlorophyll a concentrations varied substantially during the sampling period of 21 

January to 8 March, ranging from 0.9 to 20.9 μg L
-1 

(Figure 3.10). In general there 

was a similar pattern amongst sites, with all showing low values during stratification 

(21 January to 8 March; 0.9 to 12.6 μg L
-1

) and gradually increasing once mixing 

had occurred (16 February to 8 March; 3.1 to 20.9 μg L
-1

). 

 

 

 

Figure 3.10: Site-averaged (Site 1, 2, 3, 4 and 5) chlorophyll a concentrations from 21 January to 8 March at 

depth 0m, 6m 12m and 18m. 

 

3.6 Phytoplankton 

The phytoplankton assemblage of Lake Rotorua indicated very distinct temporal 

variation around lake stratification (21 January to 8 March). More than 20 

phytoplankton species were found in Lake Rotorua from three main phyla: 

Bacillariophyta, Chlorophyta, Cyanobacteria. In general, Chlorophyta and 

Bacillariophyta were numerous but less prolific than cyanobacteria in cell numbers 

(Figure 3.11). Both Cryptophyta and Chrysophyta species such as Cryptomonas sp. 

and Dinobryon sp. were also observed during the period of sampling but at low 

concentrations (<3 %) and are therefore not considered further. 
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Figure 3.11: Sites (1, 2, 3, 4 and 5) and depth (0, 6, 12 and 18 m) averaged total Cyanobacteria, Bacillariophyta, 
Chlorophyta cell counts and chlorophyll a concentrations between 21 January and 08 March. 

 

Cell count results in late January showed both Bacillariophyta and Chlorophyta were 

dominant in the water column and made up 58% and 38% of the total cell count, 

respectively and Cyanobacteria were present in low densities (~3%). Fragilaria sp., 

Aulacoseira sp., Sphaerocystis sp. and Mougeotia sp. were the dominant species 

amongst Bacillariophyta and Chlorophyta. In the period of stratification (23 January 

to 15 February, S>30 Jm
-2

), Bacillariophyta species progressively dropped to a low 

concentration (~300 cells mL
-1

) and chlorophytes gradually increased to 67 % 

abundance (Figure 3.12). A Cyanobacteria bloom developed rapidly after mixing 

and towards to the end of the monitoring period (early March) and were as much as 

81 % abundance on 7 March. Microcystis sp. and Anabaena sp. were the dominant 

Cyanobacteria species and composed 78% and 15% of total cyanobacteria 

concentration, respectively. Other cyanobacteria species, Chroococcus sp. 

Planktolyngbya sp. and Planktothrix sp., were also found but with very low 

abundance (<1%). 
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Figure 3.12: Lake Schmidt Stability and (a) Cyanobacteria, (b) Bacillariophyta and (c) Chlorophyta concentrations 
at 0, 6 12 and 18 m during sampling period from 21 January to 8 March. 
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3.7 Zooplankton 

Bosmina sp. was the most abundant of the large zooplankton species in the water 

column and made up 50% of total counts before the lake stratified (21 to 23 January). 

In the same period Copepods and Daphina sp. were at lower abundance of 30% 15 

and 5%, respectively. During the period of stratification (26 January to 16 February), 

both cladoceran and rotifer species decreased rapidly to a minimum density of ~30 

L
-1

 on 11 February while copepods remained relatively stable, ranging between 60 

and 108 L
-1

. Zooplankton species were more abundant below the surface. The 

vertical profile showed during lake stratification (23 January to 16 February) 

samples collected at 6 m depth and below made up ~90% of the total zooplankton 

concentration (depth integrated).  

 

Rotifer density showed large fluctuations after the lake mixed (Figure 3.13) and 

density increased to as high as 560 L
-1

 (18 February) then decreased to 300 L
-1

 at the 

end of sampling (8 March). Cladoceran and copepod species increased after 

stratification to ~260 and 320 L
-1

 respectively. The vertical profile of zooplankton 

concentration in the mixing period differs very much than in the stratified condition 

where all zooplankton species were vertically well distributed in the water column 

(Figure 3.14).  

 

Figure 3.13: Sites (Site 1, 2, 3, 4 and 5) and depth (0m, 6m, 12m and 18m) averaged total Bosmina sp., Daphina 
sp., Copepod and Rotifera density between 21 January and 08 March. 

0

100

200

300

400

500

600

21/1/09 31/1/09 10/2/09 20/2/09 2/3/09

In
d

iv
id

u
a
ls

 (
c
e
ll
L

-1
)

Time (dd/mm/yy)

Bosmina sp. Daphina sp. Copepod Rotifera



P a g e  | 39 

 

 
 

 

 

Figure 3.14: Lake Schmidt Stability and (a) Bosmina sp., (b) copepod, (c) Daphnia sp. and (d) rotifer density at 0, 
6, 12 and 18m during the sampling period from 21 January to 8 March. 
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3.7 Total Suspended Solids and Volatile Suspended Solids 

Total suspended solid (TTS) concentrations ranged from 3.8 to 6.0 mg L
-1

 (Figure 

3.15). The highest concentration was observed on 8 March (6.0 mg L
-1

)
 
under mixed 

condition (S < 30 Jm
-2

) and the lowest concentration was found in a period of 

stratification (3.8 mgL
-1

; 11 February). Volatile suspended solids (VSS) densities 

progressively increased during the period of sampling. They ranged from 1.9 to 4.2 

mg L
-1

, corresponding to increasing relative content of TSS, from 32 % to 65%. 

 

Figure 3.15: Variation of total suspended solids (TSS) and volatile suspended solids (VSS) during sampling period 

(21 January to 08 March). 

 

3.8 Modelling 

The comparisons of temperature data simulated by the model and measured data 

from both monitoring buoy (Site 2) and CTD casts (Sites 1, 3, 4 and 5) showed in 

general that the temperature had been predicted closely (Figure 3.16). The model 

successfully demonstrated spatial and temporal variations during the sampling 

period where higher water temperatures occurred on warmest days and water 

temperatures decreases after lake stratification, in particular the deep water 

temperature. However, the surface temperature simulations were relatively lower (~2 

ºC) than observations and unable to pick up the large daily surface temperature 

fluctuations at all sites. 
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At the water surface the model was consistent with the general trend of the dissolved 

oxygen, but with slightly higher concentrations. The model captured the reduction of 

dissolved oxygen concentration associated with lake stratification and predicted 

close results at sites 3, 4 and 5 (12 m). However, at the deepest site, Site 2, the 

simulation failed and underestimated the strong depletion of dissolved oxygen at 18 

m on the most stratified days. 

 

The ammonium and total nitrogen simulations were relatively close to the field data 

(Figure 3.18 & 3.20). The model was able to capture the ammonium release from the 

sediments during stratification, but returned lower concentrations than the field data. 

This might have been caused by the model initially underestimating the dissolved 

oxygen in the bottom layer. Nitrate simulations were inaccurate and returned lower 

estimations than actually occurred (Figure 3.19). The model returned total 

phosphorus patterns which appeared to be similar to observed data, especially the 

surface concentration (Figure 3.22); however, overestimation occurred after lake 

stratification, in particular at Site 5. 
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Figure 3.16: Temperature for model simulations and field observations: (a) S1 0m, (b) S1 6m, (c) S2 0m, (d) S2 
6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) S5 0m, (n) S5 
6m, and (o ) S5 12m. 
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Figure 3.17: Dissolved oxygen concentration for model simulations and field observations: (a) S1 0m, (b) S1 6m, 
(c) S2 0m, (d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) 
S5 0m, (n) S5 6m and (o ) S5 12m. 
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Figure 3.18: Concentration of NH4-N for model simulations and field observations: (a) S1 0m, (b) S1 6m, (c) S2 
0m, (d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) S5 
0m, (n) S5 6m and (o ) S5 12m. 
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Figure 3.19: Concentration of NO3-N for model simulations and field observations: (a) S1 0m, (b) S1 6m, (c) S2 
0m, (d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) S5 
0m, (n) S5 6m and (o) S5 12m. 
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Figure 3.20: Concentrations of TN for model simulations and field observations: (a) S1 0m, (b) S1 6m, (c) S2 0m, 
(d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) S5 0m, (n) 
S5 6m, and (o ) S5 12m. 
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Figure 3.21: Concentrations of PO4-P for model simulations and field observations: (a) S1 0m, (b) S1 6m, (c) S2 
0m, (d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, (m) S5 
0m, (n) S5 6m and (o ) S5 12m. 
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Figure 3.22: Concentrations of total phosphorus for model simulations and field observations: (a) S1 0m, (b) S1 
6m, (c) S2 0m, (d) S2 6m, (e) S2 12m, (f) S2 18m, (g) S3 0m, (h) S3 6m, (i) S3 12m, (j) S40m, (k) S4 6m, (l) S4 12m, 
(m) S5 0m, (n) S5 6m, and (o )S5 12m. 
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Site/ 
Depth 

Tem  ºC DO mgL
-1

 NH4-N mgL
-1

 NO3-N mgL
-1

 TN mgL
-1

 PO4-P mgL
-1

 TP mgL
-1

 

 R RMSE R RMSE R RMSE R RMSE R RMSE R RMSE R RMSE 
S1 0m 0.790 1.772 0.260 2.293 0.690 0.029 0.020 0.004 0.270 0.096 0.030 0.014 0.390 0.013 
S1 6m 0.860 1.432 0.320 3.090 0.570 0.036 0.170 0.005 0.140 0.112 0.092 0.012 0.230 0.033 
S2 0m 0.760 1.802 0.240 1.311 0.320 0.010 0.240 0.003 0.510 0.120 0.370 0.006 0.045 0.018 
S2 6m 0.660 0.851 0.210 2.342 0.180 0.018 0.130 0.007 0.460 0.087 0.130 0.008 0.800 0.049 
S2 12m 0.350 0.954 0.280 2.701 0.100 0.026 0.180 0.004 0.540 0.087 0.120 0.007 0.620 0.052 
S2 18m 0.140 0.715 0.670 2.786 0.860 0.066 0.040 0.004 0.000 0.165 0.650 0.011 0.060 0.051 
S3 0m 0.740 1.367 0.066 2.449 0.070 0.019 0.040 0.001 0.130 0.016 0.090 0.007 0.370 0.016 
S3 6m 0.810 1.029 0.026 2.684 0.100 0.014 0.013 0.001 0.490 0.240 0.380 0.007 0.300 0.024 
S3 12m 0.670 0.992 0.480 3.070 0.420 0.034 0.030 0.003 0.440 0.200 0.070 0.004 0.060 0.029 
S4 0m 0.610 1.398 0.114 2.331 0.230 0.010 0.013 0.004 0.210 0.234 0.580 0.005 0.180 0.016 
S4 6m 0.730 1.206 0.030 2.488 0.560 0.011 0.200 0.004 0.600 0.194 0.460 0.007 0.070 0.004 
S4 12m 0.530 1.181 0.100 2.665 0.160 0.023 0.560 0.003 0.590 0.210 0.400 0.005 0.040 0.025 
S5 0m 0.620 1.361 0.090 2.392 0.490 0.020 0.090 0.001 0.830 0.049 0.220 0.006 0.007 0.018 
S5 6m 0.750 1.384 0.320 2.921 0.320 0.019 0.050 0.003 0.540 0.119 0.020 0.005 0.430 0.070 
S5 12m 0.430 1.272 0.190 2.996 0.220 0.028 0.054 0.003 0.180 0.129 0.400 0.007 0.320 0.096 

 
Table 3.1: Statistical comparison between model simulations and observed data for temperature, dissolved 
oxygen, NH4-N, NO3-N, TN, PO4-P and TP. 
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CHAPTER 4-DISCUSSION 
 

4.1 Effects of Meteorology on Lake Stratification and Mixing 

Lake Rotorua has a typical oceanic climate with moderately cool summers and 

comparatively moderate winters. It is one of only two large lakes that do not develop 

permanent stratification in the Rotorua area (Jolly & Irwin, 1975); the other is Lake 

Rotoehu. My data demonstrated that wind and temperature clearly affected the 

stratification and mixing. Calm, warm weather conditions favour stratification while 

storms and cold conditions break down stratification (Pettersson & Grust, 2003), 

even in mid-summer in Lake Rotorua. 

 

Lake stratification acts as a barrier and prevents the vertical mixing of the water 

column between a warm epilimnion and a cold, dense hypolimnion (Elçi, 2008). 

Stratification breaks down when the lake receives sufficient energy (e.g., via wind or 

convective cooling) to overcome the buoyant forces (Lawson & Anderson, 2007) 

whose strength is denoted by the Schmidt stability. In my study, analysis revealed 

that Lake Rotorua became stratified when Schmidt Stability exceeded a critical 

value of 30 J m
-2

. 

 

Lake mixing mechanisms are also related to lake morphology (Kling, 1988). Lake 

Rotorua is exposed to wind energy inputs via a long fetch (12.1 km). This allows for 

wind to generate large waves that enhance mixing. Lake depth also strongly affects 

whether a lake stratifies or not, both within and between lakes. My results show that 

shallow regions do not thermally stratify and have permanently low Schmidt 

Stability (< 30 J m
-2

) as opposed to the same analysis for deep sites. A similar case 

has been observed by Kling (1988) who concluded that the lake stability is highly 

related to lake depth, with shallow depth corresponding to low values of stability. 
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4.2 Nutrients and Lake Stratification and Mixing 

Lake stratification, deoxygenation and vertical mixing are the main physical 

processes that influence water quality in Lake Rotorua, as emphasised by their 

effects on nutrient fluxes at the water-sediment interface (White 1978; Burger et al., 

2007). Lake Rotorua has both high external (34 t TP yr
-1

 and 536 t TN yr
-1

) and 

internal nutrient loading (35 t TP yr
-1

 and 150 t TN yr
-1

) (White et al., 1992; Burger 

et al., 2008). Lake sediments act as both sink and sources of nutrients and they not 

only receive detrital material due to sedimentation but also release nutrients by 

molecular diffusion and resuspension (Brock, 1985). In my study, high 

concentrations of N and P observed in the hypolimnion are clearly related to 

sediment fluxes under anoxic conditions. Similar results have also been found in 

other studies (White, 1978; Burger et al., 2007). 

 

Ammonium is a very important inorganic nitrogen source for phytoplankton growth. 

The release rate of NH4 from organic material is associated with decomposition of 

organic matter by bacterial mineralisation (Forsberg, 1989). The absence of oxygen 

in hypolimnion prevents the resulting ammonium from being transformed into 

nitrate through the nitrification process. In addition, organic materials also produce 

dissolved organic nitrogen through autolysis or hydrolysis, which is mineralised to 

ammonium via bacterial deamination (Hargreaves, 1998; Burger, 2007). 

 

The nitrogen concentration in Lake Rotorua generally followed a trend observed in 

previous research (Burger, 2007), with highest nitrogen concentrations observed in 

the hypolimnion and nitrite remaining at low levels. Most of the nitrogen within 

Lake Rotorua is either in dissolved organic form or particulate organic nitrogen form. 

Nitrate and ammonium concentrations showed some spatial variations between 

shallow and deep sites. The shallow site (6 m) had higher nitrate concentrations 

throughout the sampling period than deep sites had. Ammonium concentrations were 

elevated at 20 m depth. This indicates dominance of mineralisation fluxes of 

ammonium over loss processes such as nitrification (Forsberg, 1989) or 
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phytoplankton or bacterial uptake. With mixing there was a rapid decline in 

ammonium concentrations in bottom waters, likely contributed by the combined 

effects of dilution by mixing, phytoplankton uptake and increased rates of 

nitrification. 

 

The internal loading of phosphorus is associated with hypolimnetic oxygen 

consumption (Beutel et al., 2007) whereby phosphate ions usually bound to 

manganese, iron and organic complexes are released in dissolved form under 

reducing conditions (Mortimer, 1941). The exchange between sediment pore water 

and free water along the concentration gradients and bacterial mineralisation of 

organic material also cause release of phosphorus into the water column (Boström et 

al., 1988; Søndergaard, 1989; Burger, 2007). 

 

My study shows phosphorus concentration had a similar pattern to nitrogen. High 

levels of phosphate were observed in the deeper anoxic layer during stratification 

and may have reflected high phosphorus sedimentation rates (0.5-2.7 g TP m
–2

 d
–1

) 

in the hypolimnion based on previous field measurements in Lake Rotorua (Burger, 

2006). Phosphate made up a significant proportion of total phosphorus throughout 

the sampling period. After mixing, both TP and phosphate decreased in the 

hypolimnion and concentrations in bottom waters were then similar to surface 

concentrations. The high TN:TP mass ratio (16 to 22) compared with Redfield 

values (16) may be related to a decline in phosphorus concentration after 

stratification, perhaps due to differential rates of sedimentation between N and P, or 

rapid uptake by P-limited phytoplankton populations. 

 

4.3 Phytoplankton Succession and Lake Stratification and Mixing 

The phytoplankton population in Lake Rotorua during the sampling period was 

dominated by three main groups; diatoms, chlorophytes and cyanobacteria. The 

succession amongst these groups may be strongly related with lake stratification and 

mixing events. The diatom Fragilaria sp. was dominant (60%) at an early stage of 

the sampling period, before the lake stratified. Chlorophytes also made up a large 
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proportion of total phytoplankton cell concentrations (38%) and there were a 

relatively small percentage (3%) of cyanobacteria. When the lake became stratified, 

Fragilaria sp. density decreased and this genus was gradually replaced by 

chlorophytes. Sphaerocystis sp.; however, this was rapidly replaced by Microcystis 

sp. (>12000 cells mL
-1

) once destratification occurred. 

 

The large filaments of Fragilaria sp., like many other silicified diatom species, are 

highly reliant on turbulent mixing processes to maintain populations in the presence 

of high sedimentation rates (Reynolds, 1983). According to Stokes’ law, large 

phytoplankton sink much faster than smaller phytoplankton, according to the 

exponent squared of the cell, filament or colony diameter (Peperzak et al., 2003). 

Under mixed conditions, Fragilaria sp. filaments were vertically well distributed in 

the water column and should have been able compete well for nutrients and light. 

However, stratification then led to increased sedimentation rates of Fragilaria sp., as 

well as nutrient depletion during stratification. Under such calm conditions, 

Fragilaria sp. may sink into deeper waters and out of the photic zone through 

sedimentation (Reynolds, 1983). In addition, competition between phytoplankton for 

nutrients like silica and phosphate can also lead to further decreases in diatom 

density, especially when inorganic nutrients are confined mostly to the hypolimnion. 

 

The rapid increase in Sphaerocystis sp. during stratification may have been related to 

zooplankton controls on succession. Colonies of Sphaerocystis sp. cells are 

embedded in a complex polysaccharide sheath and once they are consumed by 

Daphnia sp. and other zooplankton, these large colonies are broken into smaller 

clusters of cells and sheath material but are able to pass through the zooplankton gut 

undamaged, thus gain more nutrients during gut passage than losses of cells and 

sheath material during grazing (Porter, 1976). 

 

The rapid increase of cyanobacteria may be supported to a large part by nutrients 

released from the bottom sediments during stratification (Burger et al., 2007). These 

nutrients are subsequently mixed through the water column at turnover. The 
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dominant cyanobacterial species was Microcystis sp., with Anabaena sp. also found 

in the water column in smaller proportions. MacIntosh (2007) suggests blooms of 

Microcystis sp. have become increasingly common in Lake Rotorua in recent years. 

 

The “Redfield Ratio” (7.2:1 by mass) (Redfield, 1958) is sometimes used to 

determine whether phytoplankton are limited by N or P (Noges et al., 2007). Many 

studies, however, show that the ratio is different from lake-to-lake and 

species-to-species, and may range from the 5 to 10 found in some studies up to 29 in 

others (Schindler, 1977; Seip, 1994; Michard et al., 1996; Bulgakov & Levich, 1999; 

Smith, 1983 cited in Noges et al., 2007). During the sampling period, the average 

TN:TP ratio was ~22 before stratification (21, 22 January), ~18 during stratification 

(23 January to 16 March) and ~16 during mixing period (17 February to 8 March). 

This would suggest that phytoplankton are more likely to be limited by phosphorus 

rather than by nitrogen, paralleling findings from bioassay studies by Burger et al. 

(2008). 

 

Besides nutrient enrichment, the dominance of cyanobacteria also depend on the 

cyanobacteria species involved (Xin et al., 2003). Species like Anabaena sp. are 

capable of nitrogen fixation and therefore are more likely to dominate at low N:P 

ratios (Huisman & Hulot, 2005; Noges et al., 2007). Non nitrogen-fixing species, e.g. 

Microcystis sp., require high ammonium concentrations to support high growth rates 

(Moisander et al., 2009). In Lake Donghu (China) blooms of Microcystis sp. result 

in decreases in the TN:TP ratio (Xie et al., 2003). In addition, inter-specific 

competitive relationships may exist amongst Microcystis sp. and Anabaena sp. 

Smith (1983) found increased dissolved inorganic nitrogen concentrations were 

associated with the decay of nitrogen-fixing Anabaena which then provided a 

favourable growth environment for Microcystis sp. 

 

The rapid onset of blooms of cyanobacteria in my study was also associated with a 

significant decrease in chlorophytes and other phytoplankton. Yamamoto and 

Nakahara (2005) noted that when eutrophic lakes are dominated by cyanobacteria, 
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the growth of other phytoplankton appeared to be suppressed by them. Similarly 

Shapiro (1973) observed that cyanobacteria became dominant and outcompeted 

chlorophytes and diatoms under nutrient enriched conditions. 

 

Cyanobacteria not only compete for nutrients with other phytoplankton but also for 

light. The buoyancy of Microcystis sp. can play an important role in maximizing 

light interception and growth, allowing it to out-compete other phytoplankton 

species (Brookes et al., 2003). Under nutrient replete conditions, Microcystis sp. is 

able to change gas vesicle volume, carbohydrate content and protein content to allow 

for buoyancy regulation and optimise light capture (Chu et al., 2007). In addition, 

Microcystis sp. is tolerant of high solar radiation and is therefore less likely to be 

photo-inhibited by bright light at the surface, where it may shade other species and 

reduce the water transparency (Wallace & Hamilton, 2000). Hence, during 

stratification buoyant Microcystis sp. may have a competitive advantage by 

controlling vertical position in the light gradient and precluding other potentially 

competing phytoplankton species via light limitation (Huisman & Hulot, 2005). 

 

4.4 Zooplankton Succession and Lake Stratification and Mixing 

Cladocerans, copepods and rotifers were the three main groups of zooplankton 

observed during the period of sampling. A large zooplankton species, Bosmina sp., 

was found to be abundant at the same time as Fragilaria sp. Reynolds (1982) 

considered that Fragilaria sp. colonies are usually too large to be consumed by 

filter-feeding zooplankton such as Daphnia sp., rotifers or copepods. Large 

cladoceran species such as Bosmina sp. may, however, be sufficiently large to 

consume Fragilaria sp. and therefore themselves may have become more abundant 

during the study period. 

 

Moderate to high concentrations of rotifers appeared to be coincident with abundant 

Sphaerocystis sp. Rotifers are small in size, which means they are hard for 

zooplanktivorous fish to see, making them less likely to be affected by top-down 

control (Segers & Smet, 2007). Demott & Kerfoot (1982) indicate that larger-bodied 
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zooplankton species are able to survive under high levels of intra-specific 

competition; however, predators can force smaller bodied species to become more 

abundant by selectively consuming the larger bodied forms. 

 

Colonies of cyanobacteria are able to inhibit the zooplankton feeding process by 

mechanical interference (Lampert, 1987). It has also been shown that cyanobacteria 

are poor in food quality for grazers as they contain a low abundance of nutrients and 

can be toxic (Haney, 1987). Therefore, zooplankton are thought not to be able to 

coexist with large colonies of Anabaena sp. and Microcystis sp. due to their 

anti-herbivore defenses. My results showed that small zooplankton (rotifers and 

copepods) were less affected by cyanobacterial interference than the larger Bosmina 

sp. and Daphina sp. Lampert (1987) noted the large zooplankton appeared to more 

readily ingest colonies of cyanobacteria that are toxic or poor in nutrition, compared 

with smaller zooplankton, and as a consequence are more likely to be more 

intensively grazed. 

 

4.5 Modelling of Lake Rotorua 

The high-resolution model simulations for Lake Rotorua generally showed positive 

agreement with observed data for temperature, DO, TN and TP. 

 

The model was able to capture the general trend of water temperature change but it 

showed less sensitivity to diurnal fluctuations in surface temperature, particularly on 

warm days. Water temperature at the water surface depth was lower and fluctuated 

less than in observations. However, the modelled water temperatures at 6, 12 and 18 

m were generally a good fit to observations.  

 

Concentrations of DO tended to be overestimated at greater water depths at the deep 

site. The model captured the decreasing DO during stratification at 18 m depth but 

was higher than observations (c. 4 mg L
-1

) as DO declined. Similar results were 

found in past modelling studies by Burger et al. (2008), with the model unable to 

replicate the large diurnal fluctuations. 
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Nutrient species, in particular NO3 and PO4, were not replicated by the model with 

the same success as for NH4, TN and TP. These problems are linked with low 

nutrient concentrations during the sampling period, making the relative error high. 

Therefore, field observations and modeled data for these nutrients were poorly 

correlated. Similar errors were also observed by Burger et al. (2008), where large 

underestimates of dissolved nutrient species occurred in surface waters where there 

were relatively low concentrations. 

 

4.6 Implications for Management of Lake Rotorua 

The management of Lake Rotorua requires control of both external and internal 

loads to exert the required level of control on nutrients to impact upon the trophic 

state. The external loading is associated with reducing agricultural impacts so that 

nutrient losses are reduced to surface and ground water. The management of existing 

high internal loading is more important in Lake Rotorua than in many other lakes in 

the region because this source is so dominant in this lake (Burger et al., 2008). The 

stratification and mixing events enhance the productivity of the lake, as nutrients 

released during stratification are released into the water column during mixing. 

Climate change, such as global warming and extreme weather may further influence 

lake stability and produce more frequent or prolonged stratification events (Trolle, 

2009). Several restoration techniques are being considered to manage future internal 

nutrient loads in Lake Rotorua. 

 

Reduction of phosphorus by chemical treatments may be effective in increasing N:P 

ratios to reduce the potential for occurrences of cyanobacterial blooms. Chemicals 

such as aluminium sulphate (alum), calcium nitrate and modified clays have high 

adsorption capacity of phosphorus ions and are less affected in anoxic conditions 

than bottom sediments with high manganese and iron concentrations (Cooke et al., 

as cited in Xie et al., 2003). Hence, once these materials settle on the lake sediment, 

they can prevent nutrient release from the sediment during stratification. However, 

effective results requires applying large amounts of these chemicals into the lake and 
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at significant costs. For example, Lake Okaro (3.89 km
2
) required 112 t of modified 

zeolite at > $1,000 per tonne. In addition, the consequent ecological footprint and 

the longevity of treatment still remain largely unknown, particularly in Rotorua 

where the sediment appears to be quite mobile. Therefore, some alternatives may be 

more suitable in management of Lake Rotorua such as artificial aeration. In Lake 

Rotorua artificial aeration may require extended operational time compared with an 

opportunity to have a limited (ideally, one) treatment with chemicals to lock up 

phosphorus. The costs of aeration would be associated with operation cost, 

maintenance and power. The existence of a real-time monitoring buoy may assist 

with the efficient operation of an aeration system since it could be linked to 

stratification or bottom-water oxygen concentrations. 

 

Other problems may be associated with lack of enough field measurements to 

validate the model. Ideally, a series of programmable auto-samplers for nutrients and 

phytoplankton could be deployed on Lake Rotorua, to complement the high 

frequency sampling. This would also ensure that water sampling was possible even 

under extreme weather conditions such as storms, when there is potential for 

exceptional changes in water quality (Hamilton & Mitchell, 1997). High frequency 

sampling has potential issues with noise, data gaps, outliers, and measurement drift 

and these data errors must be eliminated and reconstructed before use through a 

proper quality assurance/quality control system (Quilty, 2004). 
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CHAPTER 5-CONCLUSIONS 

The aim of the study was to combine real-time monitoring data and high resolution 

sampling to provide a detailed assessment of physical, chemical and biological 

changes in a polymictic lake, Lake Rotorua. A secondary objective was to apply a 

three-dimensional ecosystem model, ELCOM-CAEDYM, to quantify and better 

understand the interactions between stratification events and internal nutrient 

loading. 

 

The results showed that nutrient releases from bottom sediments were strongly 

related to lake stratification and subsequently increased phytoplankton biomass, as 

well as influencing phytoplankton succession. Ammonium and phosphate were the 

dominant inorganic nutrients in the water column. Bacillariophyta (mostly 

Fragilaria sp.) and chlorophyta (Sphaerocystis sp.) were the dominant 

phytoplankton before and during lake stratification. Blooms of Microcystis sp. 

occurred after lake mixing, when nutrient concentrations were strongly elevated. 

Cladoceran, copepod and rotifer densities also varied with lake stratification, which 

may have been related to changes in phytoplankton community composition. The 

three dimensional model ELCOM-CAEDYM reproduced most of the major spatial 

and temporal variations of temperature, dissolved oxygen and nutrients during the 

sampling period but did not perform as well in reproducing nutrient concentrations 

when they were at low levels more typical of the surface layer during stratification 

events. 

 

The combination of real-time monitoring of water quality and three-dimensional 

modelling may provide further insights into the factors that generate cyanobacterial 

blooms and ultimately might be useful in the development of an early warning 

system for blooms. Expected increases in water temperature associated with future 

climate may increase the frequency and duration of summer stratification events and 

lead to greater eutrophication. Therefore, the reduction of nutrient loads from the 
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catchment to the lake still needs to be addressed, and at the same time techniques 

associated with applications of minerals, such as modified zeolites or air diffusers, 

need to be evaluated for reducing internal nutrient loads. 
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