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ABSTRACT 
Artificial destratification equipment was installed in Lake Samsonvale in October 1995 

to reduce the biomass of potentially toxic cyanobacteria in the reservoir. This study was 

undertaken to investigate the effects of the destratifier on the limnological processes 

occurring in the lake and to determine if operation of the destratifier has been effective 

at reducing the summer populations of Cylindrospermopsis raciborskii and Microcystis 

aeruginosa.  

 

The study showed that artificial destratification of Lake Samsonvale has been successful 

at reducing the surface to bottom thermal gradient and increasing dissolved oxygen 

concentrations at depth. While the destratifier has not resulted in the lake becoming 

completely ‘mixed’ during summer, it has weakened resistance to mixing from 

meteorological events, which has led to a reduction in mean concentrations of total and 

dissolved phosphorus during summer. Although not conclusive, it is likely that the 

influence of the destratifier is restricted to a narrow radial distance around the bubble-

plumes during periods of strong stability, so internal loading may continue to provide a 

substantial source of nutrients for cyanobacterial growth, particularly in regions of the 

lake less influenced by the destratifier. 

 

The results for cyanobacteria are less encouraging. Despite the reduction in 

concentrations of dissolved phosphorus, the destratifier has not been effective at 

reducing summer populations of C. raciborskii and M. aeruginosa. On the contrary, 

there is evidence to suggest that populations have actually increased which could have 

serious operational consequences for the lake by mixing the previously buoyant 

cyanobacteria to the level of the water off-take. 

 

The growth season for C. raciborskii has been extended by up to 3 months and 

population onset now occurs during spring. This increase in spring populations could be 

a result of significantly greater baseline populations during winter, or the earlier 

germination of akinetes as a result of increased sediment temperatures.  
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The seasonal successional relationship between C raciborskii and M. aeruginosa 

appears to have shifted from one of alternating dominance between the two species to 

one of co-existence under conditions of intermediate disturbance.  

 

It was concluded that although the continued operation of the destratifier may prove 

useful to minimise water treatment costs through reducing internal loading of dissolved 

constituents, it has not been successful in achieving its original objective of controlling 

cyanobacterial populations in the lake.  
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CHAPTER 1 Introduction 
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1.1 Background 
1.1.1 The problem 

European settlement of Australia has brought with it numerous environmental problems. 

The clearing of land, addition of agricultural fertilisers and pesticides, rural and urban 

settlement, industrial development and river regulation have all contributed to the 

deterioration in quality of our most precious resource - water. Urban development and 

agricultural and industrial production places increased demands for water for various 

uses including, irrigation, domestic supply, industrial processes, recreational activities, 

hydroelectricity and flood control. This increased pressure on water resources in 

Australia has led to the proliferation of dams to provide reliable water supplies.  

 

Eutrophication of lakes and reservoirs, through excessive inputs of nutrients, silt and 

organic matter has led to the deterioration of water quality and contributed to algal and 

cyanobacterial blooms, reduced recreational aesthetics, increased hypolimnetic oxygen 

depletion, reduced transparency and fish kills (Cooke et al. 1993, Gachter and Meyer 

1990, Gachter and Wehrli 1998). This water quality deterioration can limit the uses for 

which the water body is designated through development of tastes and odours, reduced 

volume of aerated water for fish, accumulation of dissolved constituents, staining of 

clothes and cyanobacterial toxins.  

 

Dam construction interferes with river ecosystems, by creating a physical barrier for 

fish migration, increasing mean water depth, altering residence times and flushing rates 

and ultimately impacting on community structure and function (Petrere 1996, Araujo-

Lima et al. 1995). Araujo-Lima et al. (1995) found that fish communities in a number 

of Brazilian reservoirs had undergone a ‘restructuring process’ resulting in reduction or 

extinction of some species and the proliferation of other opportunistic species.  

 

The fundamental processes occurring in natural lakes and artificial reservoirs are similar 

(Cooke et al. 1993). The main habitats such as pelagic, profundal and littoral zones, and 

processes such as thermal stratification and internal nutrient cycling are the same in 

most standing water bodies (Thornton 1990a). However, differences in morphology, 

hydrology and water residence times need to be recognised before comparisons can be 

made between the natural lakes and artificial reservoirs (Soballe and Kimmell 1987). 

The following sections outline some of the major hydromorphological differences 
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between lakes and reservoirs and how artificial destratification has been used as a 

management tool in Australia to overcome some of the water quality problems 

associated with eutrophication of standing water bodies. 

 

1.1.2 A comparison of lakes and reservoirs 

Reservoir and basin morphology 

Lakes are more likely to have a fairly symmetrical shape, whereas reservoirs tend to be 

more dendritic, narrow and elongated (Cooke et al. 1993, Thornton 1990b, Wetzel 

1990b). Inflows to natural lakes are usually confined to small streams draining small 

watersheds and overland flow (Ford 1990). Therefore the inflow impact of natural lakes 

is usually confined to the littoral zone and surface waters (Ford 1990). However, 

reservoirs are usually at the downstream end of a large drainage basin and water and 

sediment inflows usually enter at the upper end of the reservoir (Cooke et al. 1993, Ford 

1990). Less energy is required to transport fine clay and silt particles, therefore, fluvial 

sediments are usually enriched with these finer particles, which are readily transported 

downstream to the reservoir during storm events (Thornton 1990b).  

 

The average size of reservoir catchments is approximately an order of magnitude larger 

than lakes, resulting in greater annual flow volumes, hence the potential for far greater 

sediment and nutrient loads entering reservoirs than lakes (Cooke et al. 1993, Thornton 

1990b). This combined with the riverine influence suggests that the total mass of fine 

particles (e.g. silts and clays) and particulate nutrients, is greater in the inflow to 

reservoirs than to lakes (Thornton 1990b). This may impact on the nutrient cycling 

dynamics of reservoirs due to the high sorbtive capacity of fine clays for nutrients, 

particularly phosphorus. Additionally, the spatial distribution of water and sediment 

inflows in reservoirs can promote the development of pronounced physical and 

chemical gradients , in turn impacting on primary productivity and water quality 

(Thornton 1990b). 

 

Longitudinal gradients 

Rivers are primarily characterised by gradients along their longitudinal axis, such as 

channel morphology, flow and substrate type, while lakes are more characterised by 

vertical gradients such as light, temperature and dissolved substances (Kimmel et al. 

1990). It has been suggested that the physical, chemical and biological processes 
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occurring in reservoirs are somewhere in between rivers and lakes (Araujo-Lima et al. 

1995, Soballe and Kimmell 1987), and that both vertical and longitudinal gradients 

influence the metabolic function of reservoirs (Kimmel et al. 1990, Petrere 1996). 

Although riverine impacts dissipate following changes in basin width and depth 

throughout the length of the reservoir, the influences can persist for great distances in 

some reservoirs (Kennedy and Walker 1990). Therefore, in contrast to most natural 

lakes, the chemical and biological processes in reservoirs are influenced by flow regime 

to varying extents, depending on morphology and rainfall intensity (Kennedy and 

Walker 1990) 

 

Reservoirs experience marked spatial heterogeneity due to longitudinal gradients in 

basin morphology, flow velocity, water residence time, suspended solids, light and 

nutrient availability (Kimmel et al. 1990). Reservoirs have three distinct longitudinal 

zones of increasing mean depth, the riverine zone, the transitional zone and the 

lacustrine zone (Kimmel et al. 1990). However, it should be noted that the zones are not 

discrete entities and often respond dynamically to runoff events, density flow 

characteristics and reservoir operation (Kimmel et al. 1990).  

 

The riverine zone is relatively narrow and shallow, has low primary productivity and 

the dominant process is transport and mixing (Araujo Lima et al. 1995, Cooke et al. 

1993). Although phytoplankton productivity can be high in the riverine zone, high 

turbidity often limits the depth of the photic zone through reduced light penetration, and 

therefore limits primary productivity (Kimmel et al. 1990).  

 

The transitional zone typically experiences enhanced productivity through reduced 

water flow, increased basin depth and breadth, increased water residence time and 

increased light penetration due to sedimentation of silt and clay particles (Araujo Lima 

et al. 1995, Cooke et al. 1993, Kimmel et al. 1990)  

 

The lacustrine zone is usually the deepest region and close to the dam and has little 

suspended sediment. (Araujo-Lima et al. 1995, Cooke et al. 1993). It generally has the 

longest residence time, lower concentrations of dissolved nutrients and a deeper photic 

layer. However, phytoplankton are often nutrient limited during the growing season and 

nutrient cycling is primarily autochthonous (Kimmel et al. 1990). 
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Residence time 

Increased water residence time leads to greater water column stability and increased 

sedimentation of nitrogen and phosphorus (Petrere 1996) and influences the 

accumulation of sediments and organic matter (Harris and Baxter 1996). Additionally, 

water residence time governs the time available for biological interactions to occur and 

influences such factors as sedimentation, resuspension, dilution, diffusion, turbidity and 

nutrient supply (Soballe and Kimmell 1987). Small impoundments, such as weirs, 

generally have low water residence times and the phytoplankton growth and species 

composition may be influenced by the flushing rate of the system. However, if the 

flushing rate is less than the phytoplankton doubling time, the increased inflow 

associated with reservoirs can enhance primary productivity and hence phytoplankton or 

cyanobacterial growth (Kimmel et al. 1990, Sherman et al. 1998).  

 

Reservoirs located in regions of highly variable rainfall, such as tropical and sub-

tropical systems need to be larger than those with less variability, to maintain a 

minimum water supply (Thornton and Rast 1993). This is particularly important in 

those areas affected by the El Niño Southern Oscillation (ENSO) as large rainfall events 

may have been preceded by long periods of drought (Harris and Baxter 1996). This can 

lead to long water residence times during drought periods, followed by large flushing 

floods and resultant input of sediments, nutrients and organic matter during wet years.  

 

Water yield and drawdown 

The general rule for reservoir operation is gradual drawdown prior to seasonal inflows 

(Thornton 1990b). Reservoir uses such as water supply, flood mitigation, irrigation and 

hydroelectric power generation can also result in pronounced water level fluctuations 

(Thornton 1990b, Wetzel 1990b). Periodic flooding and drawdown of reservoirs can 

result in transport, exchange and re-deposition of sediments and therefore influence 

sediment and water interactions (Thornton 1990b). Extended periods of reservoir 

drawdown can impact on the thermal regime by causing the riverine system to have a 

greater impact on circulation patterns of the lacustrine system (Hawkins 1996, Hawkins 

1985). Hawkins (1985 and 1996) showed that the extent of the riverine influence 

depended on the intensity and duration of a rainfall event and the reservoir volume 

preceding the event. 
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Large fluctuations in reservoir water level can restrict the development of productive 

and stabilising littoral flora. However, clear reservoirs with stable water levels can 

support substantial littoral macrophyte and associated epiphyte communities (Kimmel et 

al. 1990). The reduction or elimination of littoral flora around reservoirs with highly 

variable water levels reduces the nutrient sieving capacity, which functions effectively 

in most lake ecosystems. While the loads of dissolved organic matter are similar in 

lakes and reservoirs, loading of particulate organic matter can be very high in reservoirs, 

particularly during floods (Wetzel 1990b). The limited littoral development and high 

loadings of particulate organic matter in reservoirs allows pelagic processes to assume a 

greater importance than in natural lakes (Kimmel et al. 1990, Wetzel 1990b). 

 

Periodic flooding and drawdown of reservoirs, coupled with seasonal stratification, 

causes sediments to alternate between aerobic and anaerobic states, which may enhance 

nutrient release from sediments (Wetzel 1990b). This would be particularly true when 

the period of drawdown is long enough for the establishment of riparian vegetation. 

Once inundated, the large quantities of organic matter can enhance microbial 

metabolism and anoxia in littoral sediments (Imberger 1987). Additionally, large loads 

of organic matter in the littoral zone can lead to uneven heat adsorption in the 

epilimnion and ultimately influence the nutrient cycling dynamics of the reservoir 

(Imberger 1987). Alternatively, studies by Baldwin et al. (1997) and Mitchell and 

Baldwin (1998) have shown that when sediments are exposed to air and dried, their 

ability to release phosphorus under anaerobic conditions was reduced. The reduction in 

phosphorus release under these conditions was accounted for by the loss of sulfate 

reducing bacteria, an increase in carbon limitation and mineral aging. 

 

1.1.3 The use of artificial destratification as a management tool 

Artificial destratification has often been used as a management tool to control some or 

all of the problems associated with seasonal thermal stratification, but is most 

commonly used for the reduction of dissolved constituents through chemical oxidation 

and management of cyanobacterial populations (Cooke et al. 1993). Artificial 

destratification is referred to as the process of breaking down or preventing the onset of 

stratification. It is achieved by applying mixing energy to a waterbody, thereby 

establishing circulating currents and assisting with wind mixing by reducing/eliminating 
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the thermal (density) gradient (Burns and Powling 1981, McAuliffe and Rosich 1989). 

 

Artificial destratification involves the complete mixing of the water column to make 

atmospheric oxygen available to the entire water column and remove, or prevent, 

thermal stratification. The most common method of destratification involves pumping 

compressed air into the hypolimnion. However, mechanical propeller-like mixers have 

also occasionally been used (Horne and Goldman 1994). 

 

Artificial destratification has been employed extensively as a management tool over the 

last 40 years for the control of the chemical and biological water quality problems 

associated with stratification, with varied degrees of success (Barbiero et al. 1996, 

Hawkins and Griffiths, 1993, Lindenschmidt and Chorus, 1997, Lorenzen and Mitchell 

1975, McAuliffe and Rosich 1989, Reynolds et al. 1983 and 1984, Visser et al. 1996).  

 

An early review of artificial destratification applications by Pastorok et al. (1981) 

showed that of the 40 reservoirs studied, significant changes in phytoplankton biomass 

occurred in 65% of the cases. Of these, 70% underwent a biomass decrease and 30% 

experienced an increase accompanied by changes in the species composition. For 

example, artificial destratification did not have any effect on cyanobacteria biomass or 

species composition in East Sidney Lake, New York (Barbiero et al. 1996), while 

artificial destratification during summer months in Lake Tegel, Berlin, favoured growth 

of M. aeruginosa and A. flos-aqaue (Lindenschmidt and Chorus 1997). 

 

Alternatively, artificial destratification has been shown to successfully reduce 

cyanobacteria biomass and alter species composition in a number of studies (Hawkins 

and Griffiths, 1993, Reynolds et al. 1983 and 1984, Visser et al. 1996). 

 

1.1.4 Artificial destratification – the Australian perspective 

Artificial destratification of a reservoir was first attempted in Australia in 1966 in Little 

Nerang Dam in South East Queensland (McAuliffe and Rosich 1989). Since this time 

more than 60 different systems have been applied in lakes and reservoirs throughout 

Australia. In a detailed study by McAuliffe and Rosich (1989), over 50 destratification 

applications were examined and presented as case studies. Their conclusions were that 

destratification applications in Australia have generally met with limited success, 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn  8 

 

particularly in the control of cyanobacteria. The study found that 68% of destratification 

applications to control cyanobacterial blooms failed. Artificial destratification was, 

however, found to be effective at alleviating problems associated with colour and 

turbidity, and to a lesser extent iron and manganese. 

 

Contrary to these findings, Burns (1994) reported that cyanobacteria were successfully 

controlled in the Little Bass Reservoir, by applying automated year round aeration, as 

opposed to using manual operation during the summer months only. It was found that 

there were occasions during winter months where the thermal gradient was sufficient to 

trigger operation of the aerator, indicating that prior to automation, there may have been 

critical periods of stratification and oxygen depletion during winter months that were 

not previously controlled. Burns (1994) found that suppression of cyanobacterial 

populations was not achieved until after the automated aeration was introduced. 

Subsequent to this study, Burns (1994) reported similar success in a further 14 lakes and 

reservoirs, although published data to support this claim is limited.   

 

A study undertaken on Chaffey Dam in New South Wales (NSW) (Sherman et al. 2000 

a,b) represents one of the most comprehensive multidisciplinary studies on reservoir 

limnology undertaken in Australia. Investigations included identifying and quantifying 

nutrients and transport processes throughout the reservoir and determining the impacts 

of these processes on phytoplankton biomass and community structure, particularly in 

relation to operation of an artificial destratification system. The study found that 

operation of the destratification system did not result in large-scale mixing of the lake, 

although it did function to reduce stratification intensity, resulting in a greater chance of 

meteorological induced mixing. Because the destratifier was unable to significantly alter 

the surface mixed layer, average light intensities were not sufficiently reduced to limit 

phytoplankton growth. The study concluded that light limitation of phytoplankton could 

only be achieved with a surface mixed layer of at least 11m, which is almost equivalent 

to the average depth of the reservoir when full.  

 

Artificial destratification was found to reduce the internal nutrient load, resulting in 

shorter periods of anoxia and lower concentrations of hypolimnetic phosphorus. 

However, this was only achieved if the compressors were started prior to the 

commencement of stratification and remained in continual operation throughout the 
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stratification period (Sherman et al. 2000 a,b).  

 

1.2 Lake Samsonvale 
1.2.1 Location and study area 

The North Pine Dam impounds the North Pine River to form Lake Samsonvale. Lake 

Samsonvale is located in the Pine Rivers Shire, approximately 30 kilometres north of 

Brisbane (Queensland) at the sub-tropical latitude of 27°16′S and longitude 152°56′E 

(Figure 1.1). Mean summer and winter temperatures at nearby Dayboro are 25°C and 

15°C, respectively. Mean annual rainfall is 1,265mm, although this is subject to extreme 

annual and seasonal variation (Figures 1.2 A-B). In general, approximately 55% of 

annual rainfall occurs between the period December to March (Figure 1.2A). 

 

The drainage basin of Lake Samsonvale covers an area of 347 km2, while the surface 

area of the lake is 21.63 km2 (at full capacity). Lake Samsonvale has a storage capacity 

of 215, 000 ML (215 x 106m3) with an average depth of 9.4m. Lake Samsonvale 

supplies water to the cities of Redcliffe and Brisbane and the Shires of Pine Rivers and 

Caboolture (SEQWB 1998). The catchment can be divided into 3 main sub-catchments, 

the North Pine River, Kobble Creek and Terrors Creek, draining 47%, 15% and 8% 

respectively.  

 

Final dam construction was completed in 1976, although the dam was already filled to 

near full capacity as a response to heavy rains between 1973 and 1975.  

 

Landuse in the catchment consists mainly of native forest with dry sclerophyll forest 

dominating the drier central and eastern regions, and wet sclerophyll in the wetter 

highlands (King and Everson 1978). Large areas of the catchment have been designated 

for improved and unimproved grazing, principally for beef production and dairying. 

Urban development is centred in the township of Dayboro, however the area of rural 

residential development is increasing. Other landuses include pineapple farming and 

various recreational activities. 
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Figure 1.1. Map showing location of Lake Samsonvale 

Diffuser Lines

Dayboro (3km) 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 11

 

Seasonal rainfall 1984-2000

0

50

100

150

200

250

300

350

400

450

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998

date

m
m

summer

autumn

winter

spring

 
Figure 1.2A. Seasonal rainfall at Dayboro Post Office (mm) 1984-1998 
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Figure 1.2B. Total annual rainfall at Dayboro Post Office (mm) 1984-1998, showing 
average, wet and dry years (based on 1 Standard Deviation from the mean).  

 

1.2.2 Limnological characteristics 

Lake Samsonvale is a warm monomictic reservoir, experiencing thermal stratification 

between the months of October-May. During the stratification period, hypolimnetic 

oxygen depletion is severe. Prior to installation of destratification equipment, up to 40% 

of the lake volume experienced anoxia during the summer months (Harris and Baxter 

1996). Since installation of destratification equipment, little information has been 

Dry year 

Wet year 

Ave. year 
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gained on the influence of the destratifier on hypolimnetic dissolved oxygen 

concentrations and nutrient entrainment. It is suspected that the bubble-plumes may 

provide a substantial source of dissolved nutrients for the growth of cyanobacteria 

through entrainment of hypoxic water from the hypolimnion.  

 

Brady and Madden (1978) reported that internal seiching in Lake Samsonvale has often 

resulted in the supply of poor quality water to the treatment plant. Internal seiching is 

where the stratified layers in the lake become tilted along the axes of diurnal prevailing 

winds and begin to oscillate. This can result in the injection of poor quality 

hypolimnetic water into surface layers for short periods during a 24 hour cycle, which 

may pose operational problems of high levels of iron and manganese entering the water 

treatment plant. Internal seiching also has implications for phytoplankton biomass in 

that periodic oscillations could result in entrainment of nutrient rich hypolimnetic water 

into the nutrient depleted surface mixed layer. 

 

1.2.3 Artificial destratification of Lake Samsonvale  

Since complete filling in 1976, Lake Samsonvale has experienced high cyanobacterial 

populations. This is supported by Solly (1981), who confirmed that blooms of 

Microcystis species were present on numerous occasions between 1977-1979. 

Cyanobacterial treatment during this time consisted of copper sulphate dosing around 

the intake area. The coupling of large cyanobacterial crops and the supply of reduced 

hypolimnetic water to intake structures due to internal seiching, often led to problems 

with the supply of good quality water from Lake Samsonvale. 

 

Artificial destratification trials were conducted in Lake Samsonvale between July and 

September 1978 to determine the effect on phytoplankton populations and hypolimnetic 

iron and manganese concentrations. The aerator consisted of two pipelines, suspended 

near the intake tower, pumping 100L/s of compressed air via a compressor unit located 

on the dam wall (McAuliffe and Rosich 1989, Solly 1981). These trials produced the 

following results (from McAuliffe and Rosich 1989): 

• The destratifier contributed to the redistribution of iron and manganese 

throughout the water column; 

• Complete thermal destratification was achieved if aeration commenced early 

enough to prevent the formation of strong stratification; 
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• The destratifier was unable to break down a well established stratification 

regime; and, 

• Destratification of a well formed hypolimnion may have contributed to larger 

than usual phytoplankton blooms, due to nutrient entrainment. 

 

No further investigations into destratification were undertaken until 1995. Lake 

Samsonvale was closed during April-August 1995 due to a potentially toxic bloom of 

the cyanobacterium, C. raciborskii. As a result, artificial destratification equipment was 

installed in October 1995 with the objective of reducing the biomass of potentially toxic 

cyanobacteria in the reservoir.  

 

The following information relating to the destratification system for Lakes Samsonvale 

is taken from a report by SKM (1996) on the modelling and implementation of a 

destratification system for North Pine Dam.  

 

The destratification system for Lake Samsonvale uses two diffusers, each being 

approximately 550 metres long and discharging 47.5 L/s-1 of compressed air measured 

at the depth of the diffuser. This equates to approximately 200L/s-1 of free air delivery 

for each diffuser (See Figure 1.1 for location of the diffusers). Two compressors are 

required for effective operation of the destratification system. Each compressor is 

capable of 200L/s-1 of free air delivery, and operate continuously between the months of 

September to March. 

 

1.3 Study aim and objectives 
The broad aim of the study was to determine the limnological processes occurring in 

sub-tropical in Lake Samsonvale covering the period pre and post installation of the 

destratification system. The research provides the managers of Lake Samsonvale with 

fundamental information on the limnology of the reservoir to assist with determining 

long-term management strategies, particularly for the control of internal nutrient loading 

and cyanobacterial populations.   

 

The specific objectives of this study were to determine the influence of artificial 

destratification on: 

1. Thermal stability and dissolved oxygen regimes; 
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• Water column stability and vertical distribution of dissolved oxygen 

concentrations  

• The vertical and longitudinal transition of the anoxic zone during summer 

stratification 

2. Internal nutrient cycling;  

• Mean concentrations of nitrogen and phosphorus 

• Surface to bottom nutrient ratios with increasing distance from the diffuser 

• Entraining and delivering nitrogen and phosphorus to the euphotic zone 

3. Composition and abundance of C. raciborskii and M. aeruginosa.  

• Seasonal populations of C. raciborskii and M. aeruginosa 

• Seasonal successional relationship between C. raciborskii and M. aeruginosa 

• Light limitation of C. raciborskii and M. aeruginosa 

 

Due to the historical component of these investigations, the SEQWCo provided the 

opportunity to analyse historical data for the lake. These data were supported by field 

observations and data collection, where necessary, in order to provide comparisons of 

pre- and post-operation of the destratifier and for specific research components of the 

study. 
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2.1 Introduction 
2.1.1 Seasonal stratification and mixing 

Most tropical and sub-tropical lowland lakes deep enough to stratify are classified as 

warm-monomictic, that is they experience one period of complete mixing each year 

(Lewis 1996, Lewis 1987, Talling 1969). Warm-monomictic lakes begin to stratify in 

spring as the intensity of solar radiation increases. Sunlight warms the surface waters, 

forming a layer of less dense warm water over denser cooler water (Henry 1995). The 

lake then becomes stratified into three distinct layers: the warmer and less dense 

epilimnion, the zone of the greatest temperature change with depth, or metalimnion 

(defined by the thermocline) and the cooler and more dense hypolimnion. Energy is 

required to mix waters of different density and the energy required for mixing increases 

(i.e. water column stability increases) the greater the density difference. Therefore, 

thermal stratification remains fairly stable for the entire stratification period (Horne and 

Goldman 1994).  

 

Seasonal variation in solar radiation is generally the driving mechanism of stratification 

at temperate latitudes. However, seasonal variation is minimal near the equator and the 

effects of climatological regimes, such as wind and humidity, may be of greater 

importance (Hawkins 1986, Talling 1969). Talling (1969) found predictable annual 

patterns of cooling and mixing in Lake Victoria, although these processes are chiefly 

regulated by atmospheric factors such as wind regime and humidity.  

 

Surface temperature is directly related to solar irradiance, which in turn influences water 

column stability. The differences in surface and bottom temperatures are lowest near the 

equator, highest between 30° and 50° latitude and then decline (Lewis 1987). However, 

changes in water density associated with temperature increase substantially above 4°C, 

therefore higher temperature ranges will produce greater stability (Lewis 1987), and is 

the principal reason that seasonal stratification can be sustained in tropical lakes (Lewis 

1973). For example, the changes in density between 25-26°C are considerably more 

than changes in density between 5-6°C (Lewis 1983).  

 

Heat loss and gain can also influence stability (Lewis 1987). Because the annual 

temperature range and the minimum temperature determine the stability of a water body 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 17

in the absence of wind mixing, it has been suggested that lakes and reservoirs between 

the latitudes 20°-30°, should have the maximum stability (Hawkins 1985). Minimum 

temperatures increase with decreasing latitude, while the range in temperatures 

decrease, therefore annual variations in stability will be greater in tropical systems 

(Lewis 1996). A small loss of heat will result in reduced stability, while a gain will 

increase the stability of tropical systems compared to temperate (Lewis 1987). Heat 

budgets are smaller for tropical and sub-tropical systems, and can result in non-seasonal 

variations in the mixing depth (Henry and Barbosa 1989, Lewis 1996, Lewis 1987, 

Lewis 1984, Lewis 1983). Mixing from localised storms or wind events and diurnal 

variation can lead to the establishment of secondary thermoclines, such as found for 

Lake Lanao, Philippines (Lewis 1973), Lake Valencia, Venezuela (Lewis 1983) and 

Lake Dom Helvecio, Brazil (Matsumura-Tundisi and Tundisi 1995).  

 

2.1.2 Latitudinal effects 

While the some of the basic principles of limnology can be easily transferred across 

latitudes, many of the most important variables influencing ecosystem structure and 

function are likely to form latitudinal trends (Lewis 1987). Factors such as the timing 

and degree of mixing vary across years and have been studied for numerous temperate 

lakes. However, little information is available for tropical and sub-tropical systems 

(Lewis 1984). Contrary to earlier beliefs, studies have shown that tropical systems show 

predictable patterns of stratification and mixing, although they are more likely to 

experience non-seasonal variations than temperate systems (Lewis 1996, Lewis 1973, 

Lewis 1984, Talling 1969). The thermal regime of a lake influences many chemical and 

biological reactions, including the rate of organic matter metabolism, oxygen 

consumption, redox conditions and subsequently internal nutrient cycling (Lewis 1973). 

The primary causes and associated effects and interactions influencing changes in 

ecosystem structure and function between latitudes are illustrated in Figure 2.1. 
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Figure 2.1. Major causes, effects and interactions influencing latitudinal trends in the 
structure and function of lakes (modified from Lewis 1987) 

 

Nutrient recycling is more efficient in tropical and sub-tropical lakes and reservoirs, 

because non-seasonal deep mixing and higher temperatures enhance biological activity 

(Gardner et al. 1998, Lewis 1996, Lewis 1987). Additionally, biological processes are 

more likely to dominate nutrient cycling in tropical systems, whereas physical processes 

(temperature and light) are likely to dominate in temperate systems (Gardner et al. 

1998, Kilham and Kilham 1990).  

 

A longer period of stratification in tropical and sub-tropical lakes implies a longer 

growing season for phytoplankton, as there is a longer period available for 

photosynthesis (Lewis 1983, Wetzel 1979). A longer stratification period also 

influences productivity, O2 consumption, ammonium and orthophosphate loading, 

denitrification and N-fixation (Hawkins 1985, Lewis 1983, Lewis 1990). However, 

prolonged periods of stratification can lead to nutrient depletion in the epilimnion. This 

loss of nutrients from the euphotic zone via sedimentation can be offset by hypolimnetic 

entrainment resulting from variations in the depth of the mixed layer, such is the case 

Physical 

Biological
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for Lake Valencia, Lake Lanao and Solomon Dam (Hawkins 1985, Lewis 1990, Lewis 

1983). A large increase in mixed layer depth following a period of cloudy or windy 

weather can impact on primary production through a change in light availability caused 

by dilution and movement of phytoplankton to greater depths (Lewis 1987). 

Hypolimnetic entrainment of nutrients in temperate lakes is usually negligible because 

the hypolimnion is less likely to mix with epilimnetic water until overturn. Therefore, 

nutrients will be steadily depleted throughout the stratification period, without any 

replenishment from bottom waters (Lewis 1987). 

 

Latitude influences the amount of oxygen depletion as increased temperatures lead to 

increased oxygen demand and reduced solubility of oxygen resulting in lower oxygen 

concentrations in bottom water at the onset of stratification (Lewis 1987). The longer 

periods of stratification and increased productivity at lower latitudes may confound this 

leading to more extreme seasonal anoxia in the hypolimnion (Lewis 1987). 

Additionally, tropical and sub-tropical lakes experience higher winter temperatures, 

which may lead to higher rates of primary productivity throughout winter than 

temperate lakes. Higher oxygen demand during the mixing period will result in lower 

dissolved oxygen concentrations throughout the water column in lakes of lower 

latitudes (Lewis 1987).  

 

The coriolis force directs currents to the right in the northern hemisphere and left in the 

southern hemisphere (Lewis 1973, Lewis 1987) and is a result of changes in the balance 

of centrifugal and gravitational forces as mass moves over the earth’s surface (Lewis 

1986). The force is zero at the equator and strongest at the poles, and is an important 

factor influencing thermocline depth (Lewis 1973). The coriolis force deflects 

horizontal currents created by wind stress in the mid to high latitudes and therefore 

reduces the current velocity that can be maintained by a given wind velocity. For 

example Lewis (1973) calculated that the approximate predicted wind velocity needed 

to mix the tropical Lake Lanao (120m depth) when it was isothermal, would only mix 

an equivalent temperate lake to 50m.  

 

In lakes and reservoirs, the mixing depth able to be achieved by wind is directly related 

to the velocity of surface currents (Lewis 1987). Therefore, the stability of sub-tropical 

and tropical lakes will be less than temperate lakes due to the reduced effect of the 
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coriolis force on wind mixing (Lewis 1973). The coriolis force can account for 

pronounced differences in mixing depths between tropical and temperate latitudes 

(Lewis 1987). 

 

2.1.3 Climatic effects 

ENSO causes large scale variations in ocean-atmosphere relationships in the low 

latitudes of the Pacific Ocean (Simpson et al. 1993), and can influence tropical and sub-

tropical hydrologic regimes (Harris and Baxter 1996). ENSO has been shown to 

increase surface temperatures, enhance stability and promote sediment-nutrient release 

during drought periods (Harris and Baxter 1996). ENSO has also been implicated in 

incomplete mixing of Lake Dom Helvecio, Brazil (Matsumura-Tundisi and Tundisi 

1995) and Baroon-Pocket Dam, Australia (Jones 1997). 

 

In contrast to temperate climates, most rainfall occurs in summer in tropical and sub-

tropical climates (Jones 1997). This can have a profound effect on primary productivity 

as large amounts of nutrients and organic matter can be transported from the watershed 

during the phytoplankton growth season. This has been demonstrated at Hinze Dam, 

Qld, Australia (Jones and Sherman 1998), where a bloom of Anabaena occurred 

immediately following a large summer inflow (April 1999). Conversely, summer 

inflows can increase inorganic turbidity, causing an increase in light attenuation and 

reduced algal productivity, although this is usually short lived. Additionally, large 

inputs of organic matter during the stratification period can greatly enhance oxygen 

consumption at depth through increased microbial metabolism (Wetzel 1983). 

 

Cyclonic or monsoonal weather patterns influence summer rainfall in tropical and sub-

tropical regions (Townsend and Boland 1987). Summer storms and rainfall can reduce 

stability and cause a deepening of the mixed layer, and in some shallow lakes, complete 

mixing (Hawkins 1986, Hawkins 1985, Jones and Poplaswki 1997, Townsend and 

Boland 1987). Hawkins (1985 and 1986) found that summer rainfall events led to 

erosion of the thermocline in the tropical Solomon Dam (Palm Island). Complete 

mixing was induced when lake capacity was low or following prolonged rainfall events. 

Similarly, profile data collected for the Darwin River Reservoir (Northern Territory) 

showed the water column to be isothermal following cyclonic weather (Townsend and 

Boland 1987). However, the more wind protected neighbouring Manton River 
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Reservoir retained thermal stratification (Townsend and Boland 1987). Jones and 

Poplawski (1997) also found that meteorological conditions, such as low pressure 

systems, induced partial or complete mixing in the comparatively shallow subtropical 

Leslie Reservoir on three occasions during 1994. 

 

2.1.4 Impact of artificial destratification on stratification and mixing 

Natural mixing results from the seasonal reduction of solar irradiance, thereby gradually 

cooling the surface layer, causing the mixed layer to deepen until complete mixing is 

induced. This is usually achieved by a process of differential cooling, where shallow 

littoral waters cool more quickly. This temperature gradient produces a density current 

where the cooler denser water flows from the edge along the bottom of the reservoir 

until it reaches the level of neutral buoyancy at which point it plunges into the main 

basin.  

 

Conversely, artificial destratification physically removes the thermal gradient through 

the injection of compressed air and entrainment of anoxic water to the surface. This 

‘physical’ mixing produces winter like conditions. This acts to deepen the surface 

mixed layer and enable oxygen diffusion at the air-water interface to penetrate into the 

warmer reservoir water. However, while natural mixed conditions result from the 

gradual cooling of the entire water column, destratification causes a uniform 

distribution of intermediate temperatures resulting from mixing the warmer epilimnion 

with the cooler hypolimnion.  

 

In theory, a well designed destratification system will thoroughly mix the water column, 

thereby reducing internal loading of nitrogen and phosphorus through oxidation of the 

sediment surface. Jones and Poplawski (1997) point out that the terms “destratification” 

and “mixing” are often, incorrectly, used interchangeably. A destratifier may indeed be 

effective at reducing or removing the thermal gradient, but if the rate of oxygen demand 

exceeds oxygen replenishment from mixing, strong chemical or biological gradients 

may persist. Therefore a reservoir may be “destratified” but not well mixed (Jones and 

Poplawski 1997). It has been suggested that temperature gradients of less than 0.1°C are 

sufficient prevent the water column from being ‘mixed’. This is supported from the 

results of high resolution temperature and oxygen profiles in Chaffey Dam. Here, a 

temperature difference of only 0.04°C resulted in a weak oxycline at a depth of 4.5m. 
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This thermal gradient was sufficient to prevent both the diffusive atmospheric oxygen 

replenishment and downward migration of buoyant phytoplankton (Sherman et al. 2000 

a,b). 

 

Impact on oxygen concentrations 

According to Fick’s first law, the oxygen transport rate across the sediment’s diffusive 

boundary layer is greatest if the dissolved oxygen concentration is zero at the sediment 

surface. Therefore, in a eutrophic lake where the sediment oxygen demand is equal to or 

greater than the oxygen supply, anoxic conditions can persist at the sediment/water 

interface, regardless if oxygen is present in the overlying water (Gachter and Wehrli 

1998, Stumm and Morgan 1996).  

 

Artificial destratification during the summer stratification period can result in elevated 

hypolimnetic temperatures, leading to increased rates of all biologically mediated 

reactions, especially oxygen consumption. The supply of carbon from terrestrial sources 

varies as a function of inter-annual rainfall, with greater amounts of particulate organic 

matter being transported to receiving waters during rainfall events. For example 

Roberston et al. (1996) reported that more than 30% of the total sediment load (hence 

particulate organic carbon load) transported to Murrumbidgee River between 1949-1990 

occurred during four major flood events. This can have the effect of delivering large 

quantities of particulate organic carbon during the summer rainfall season, resulting in 

further enhancement of microbial degradation, as productivity is directly linked to the 

supply of organic material  (Harris 1986, Wetzel 1983, Cooke et al. 1993). 

 

Sherman et al. (2000 a,b) showed that artificial destratification increased hypolimnetic 

temperature by approximately 10°C in Chaffey Dam, which resulted in an increased 

biochemical oxygen demand (BOD) of a factor of 2.7. In this case, oxygen demand 

exceeded supply resulting in reduced oxygen concentrations due to operation of the 

destratifier. 

 

Impact on water column stability 

Minimum temperatures are higher at lower latitudes, while the range in surface-bottom 

temperatures are lower. For example, as stated previously, sub-tropical systems 

(latitudes between 20°-30°) are more stable than tropical systems due to the greater 
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temperature differences and lower minimum temperatures (Hawkins 1985, Lewis 1987). 

Artificial destratification of sub-tropical reservoirs during summer may influence the 

latitudinal effects on stability by reducing the temperature difference thereby creating 

more ‘tropical’ conditions (e.g. lower heat budget, increased bottom water temperature 

etc). Additionally, the reduction in water density through artificial destratification may 

enhance the degree and frequency of non-seasonal deepening of the surface mixed layer 

from cyclonic or monsoonal weather patterns (Hawkins 1986, Hawkins 1985, Jones 

1997, Talling 1969), which subsequently may lead to the more frequent formation of 

secondary thermoclines. Sherman et al. (2000 a,b) concluded that, while artificial 

destratification did not significantly alter the depth of the surface mixed layer, it did 

weaken the intensity of stratification, increasing the likelihood of meteorologically 

induced deepening of the surface mixed layer. This reduced stability led to faster 

breakdown of stratification in Chaffey Dam during autumn. 

 

2.1.5 Objectives 

This chapter investigates the influence of the destratification system on temperature and 

dissolved oxygen regimes in Lake Samsonvale. The chapter comprises two components, 

namely: 

1. Comparison of changes in temperature and dissolved oxygen  regimes pre and post 

operation of the destratifier; and, 

2. Mapping of the minimum dissolved oxygen concentrations. 

 

Comparison of temperature and dissolved oxygen regimes pre and post 

destratification 

A comparison of the variation in water temperature and dissolved oxygen regimes for 

the periods pre and post operation of the destratifier was undertaken. This was achieved 

using a dataset comprising summer temperature and dissolved oxygen data for various 

years pre and post destratification.  

 

The following scientific hypotheses were tested: 

Temperature 

Hypothesis 1: That the mean surface temperature at NP1 has decreased since 

installation of the destratifier; 

Hypothesis 2: That the mean bottom temperature at NP1 has increased since 
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installation of the destratifier; and, 

Hypothesis3: That the mean surface to bottom temperature range at NP1 has decreased 

since installation of the destratifier.  

 

Dissolved Oxygen 

Hypothesis 4: That mean surface dissolved oxygen concentrations at NP1 have 

decreased since installation of the destratifier; 

Hypothesis 5: That mean bottom dissolved oxygen concentrations at NP1 have 

increased since installation of the destratifier; and, 

Hypothesis 6: That mean surface to bottom range in dissolved oxygen concentrations at 

NP1 have not changed since installation of the destratifier.  

 

Dissolved oxygen mapping study 

The second component of the investigation comprised a dissolved oxygen mapping 

study, which was undertaken to determine the extent of the anoxic zone and its 

evolution over time during the summer stratification period. This study was carried out 

while the destratifier was operational with the aim of determining the area of influence 

of the bubble-plume destratifier in relation to reducing thermal stratification and 

increasing dissolved oxygen concentrations in the hypolimnion.  

 

The study had the following objectives: 

• To determine the spatial distribution of minimum dissolved oxygen concentrations 

throughout the lake with the destratifier operational; and, 

• To compare the volume of water that is anoxic during summer with the pre-

destratification figure reported by Harris and Baxter (1996). 

 

2.2 Methodology 
2.2.1 Sampling methodology and historical data 

Temperature and dissolved oxygen profile data are available for Lake Samsonvale for 

the periods 1978-1991 and 1995-2000. Between 1978 and 1982 profile data were 

collected on fortnightly occasions at the dam wall. Between 1983 and 1991 fortnightly 

data were collected at the dam wall and also at site NP01 (Figure 2.2). No water column 

profile data were available between the period May 1991 and October 1995. In October 

1995 monthly sampling was reinstated and the number of sites was increased to five, 
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namely; NP01, NP03, NP08, NP09 and NP10. Sampling frequency was increased to 

fortnightly between 1998-2000 at NP01 only. 

 

The longest continuous datasets of water column profiles for Lake Samsonvale were 

available for site NP01 for the periods 1982-1991 and 1995-2000. NP01 is located 

100m upstream of the dam wall in the deepest part of the lake. The site is also located 

approximately 100m away from the northern most diffuser line, and therefore provides 

the best reference for the analysis of pre and post destratification operation. 

 

Detailed sampling methodology between 1983 and 1991 is unknown. For the period 

1995-1997, water column profiles of temperature and dissolved oxygen were recorded 

using a submersible Hydrolab datalogger. For the period between 1997-2000, profiles 

were recorded using a YSI 6820 submersible data logger, coupled with a YSI 610DM 

hand held display unit and downloaded to computer following each sampling occasion. 

 

Data prior to 1997 were sourced from historical records. Between 1976 and 1985 

sampling and analysis was undertaken by Brisbane City Council (BCC). The (then) 

South East Queensland Water Board (SEQWB) took over ownership of the lake in 1985 

and data collection between 1985 and 1997 was carried out by SEQWB and BCC 

(under contract to SEQWB). All data collection post 1997 was undertaken by SEQWB 

(now the South East Queensland Water Corporation). Data prior to 1997 were sourced 

from historical records obtained from BCC and SEQWB and were available in various 

formats, including hard copy and early versions of Lotus and Microsoft Excel. Data 

available in hard copy only was manually entered into Microsoft Excel. All historical 

data were thoroughly checked for obvious transcription errors and outliers and re-

formatted into Microsoft Excel 2000.  

 

2.2.2 Selection of datasets for comparison of pre and post destratification 

No water column profile data were available for site NP01 between the years 1991-

1995. Therefore, data available for the assessment of pre destratification were limited to 

the period between 1983-1991. The data selected to be the most representative of 

‘average’ years (based on interpretation of rainfall data in Figure 1.2B) were: 

• 1983-1984; 

• 1984-1985; 
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• 1985-1986; and, 

• 1986-1987. 

The destratifier was not operational during the summer of 1996-1997. Therefore, the 

data available for post destratification were limited to the following:  

• 1995-1996; 

• 1997-1998; 

• 1998-1999; and, 

• 1999-2000. 

 

2.2.3 Dissolved oxygen mapping 

The sampling programme was designed to determine the evolution of the anoxic zone 

over the stratification period hence, it was considered of greater importance to have 

good coverage of the lake in depths more likely to experience severe oxygen depletion 

during this period. The 10m depth contour was plotted within the lake using the 

Geographic Information System, Mapinfo, and the surface area of the portion of the 

lake greater than 10m deep was calculated. Sampling sites were located within the area 

of the lake deeper than 10m. To achieve this the lake was divided into polygons each 

with an approximate area of 2.8 hectares, with the sampling sites positioned at the 

centroid of each polygon (Figure 2.2).  

 

The existing routine monitoring sites were utilised, namely NP01, NP03, NP08, NP09 

and NP10. An additional 19 sampling sites were located in the field using a Trimble 

PRO XRS differential Geographical Positioning System (GPS) with sub-metre 

accuracy, and numbered buoys were placed at each site.  

 

Dissolved oxygen profiles were measured fortnightly between September 1999 and 

May 2000 at 23 sites throughout the lake. Data were recorded at 2 metre intervals 

throughout the water column using a YSI 6820 submersible data logger. Data for each 

site were stored digitally using a YSI 610DM hand held display unit and downloaded to 

computer following each sampling occasion. 
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Figure 2.2. Location of dissolved oxygen mapping sites 
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2.2.4 Data analysis 

Comparison of temperature and dissolved oxygen regimes pre and post 

destratification 

The following summary statistics were calculated from the water column profile data 

for site NP01 for the summers of four years pre and post destratification (refer to 

Appendix A1): 

• Mean surface; 

• Mean bottom; 

• Range (mean surface-mean bottom).  

• Maximum surface; 

• Maximum bottom; 

• Minimum surface; and, 

• Minimum bottom. 

The surface and bottom values almost always equated to the maximum and minimum 

values, respectively. For surface temperature, on the few occasions that differences were 

observed, the difference was between 0.1 and 0.2ºC. No differences were found 

between minimum and bottom temperatures. For dissolved oxygen, differences were 

observed on few occasions (for both surface-max and bottom-min), and the differences 

were generally less than 0.2 mg/L.  

 

Each of the 12 data sets (six summary variables for temperature and six for dissolved 

oxygen) were analysed using a hierarchical analysis of variance (ANoVA) with ‘Year’ 

as a random Block effect nested within the two levels of the ‘Pre-Post’ Treatment 

Factor. The reason for including the Block term was to allow for possible year-to-year 

variations in the water column variable within both the pre- and post-destratification 

periods. The importance of including this term was borne out by it being statistically 

significant for eight of the twelve models (see table 2.1).  

 

Dissolved oxygen mapping study 

Data were imported into the Geographic Information System (GIS) Arcview. A query 

was established for each date, and these were then set out on a separate table, 

comprising 18 fortnightly intervals each with approximately 15 records. This tabular 

information was then joined to the geographic positions of each sampling point 
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resulting in one GIS data layer with the minimum DO information as attributes. A three 

dimensional extension to Arcview (3D Analyst) was used to produce individual Grids 

for each fortnightly interval. These Grids had a common legend relating to the DO 

levels assigned to it and were then overlaid on top of the aerial photography and other 

data layers. The maps were then exported as bitmap images and converted to JPEG files 

(compressed bitmaps) at a resolution of 640 x 887 pixels. Eighteen individual JPEG 

files were imported into an image morphing software package called Morpher for 

Windows V 2.1, which produced intermittent images between the fortnightly readings. 

Calculations determined that based on a final movie of approximately 1 minute 

duration, 628 separate images would need to be produced. This was based on a final 

frame rate of 10 frames per second, with each day represented by 2 ½ frames. Once 

individual images were created, each file was opened and the date added to the image. 

 

Images were compiled into the final digital movie using VideoFramer (produced by 

FlickerFree). The original file of 589mb was compressed to the 9mb AVI file using the 

Radius Compression Method by Cinepac Codec. 

 

An attempt to calculate the average summer hypolimnetic volume, with the destratifier 

operational, was attempted. By comparing the average summer storage level and 

thermocline depth against the filling curve of the lake (prepared by the Queensland 

Department of Primary Industries) it would be possible to determine the volume of the 

hypolimnion.  

 

2.3 Results 
2.3.1 Comparison of pre and post temperature 

Results of the analysis of variance revealed that no statistically significant change in 

surface temperature was observed since installation of the destratifier. However, 

significant variation was observed between years within either the pre or post periods 

(Table 2.1, Appendix A2).  

 

A significant increase in mean bottom temperatures (P <0.001) from 16.7ºC to 24.6ºC 

since installation of the destratifier was observed. This difference was observed despite 

the significant year-to-year variation for within both the pre and post factors (Table 2.1, 

Appendix A2).  
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The temperature range between surface and bottom showed a significant decrease since 

installation of the destratifier (P<0.001). 

 

2.3.2 Comparison of pre and post dissolved oxygen  

No statistically significant difference in mean summer surface oxygen concentration 

between pre and post destratification periods was detected. However, significant 

variation was evident between years within either the pre or post periods (Table 2.1, 

Appendix A2).  

 

Mean dissolved oxygen concentration of the bottom waters during summer showed a 

significant increase between the pre- and post-destratification periods. However, mean 

concentrations post destratification were still low (1.61 mg/L). No variation was 

observed between years within either of the pre or post periods.  

 

The surface to bottom dissolved oxygen range showed a significant decrease since 

installation of the destratifier (P<0.05). However the post destratification range was still 

very high at 5.65 mg/L. No variation was observed between years within each of the pre 

and post periods (Table 2.1, Appendix A2).  
 
Table 2.1 Summary of the ANoVA results for temperature and dissolved oxygen. 

Water column 
variable 

P-value for 
year-to-year 

random 
effect 

Mean pre-
destrat 

Mean post-
destrat 

P-value for 
Pre-post 

effect 

TempMin <0.001 16.7 24.6 <0.001
TempBot <0.001 16.7 24.6 <0.001
TempMax 0.002 26.0 26.4 ns
TempSurf <0.001 25.9 26.4 ns
TempRange ns 9.3 1.8 <0.001

DOMin ns 0.23 1.43 <0.01
DOBot ns 0.24 1.61 <0.01
DOMax 0.007 7.47 7.41 Ns
DOSurf 0.005 7.46 7.26 Ns
DORange ns 7.22 5.65 <0.05
(Min=minimum, Bot=mean summer bottom, Max=maximum, Surf=mean summer surface, Range=mean 

surface-mean bottom) 
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2.3.3 DO mapping September 1999 to May 2000 

Evolution of the hypolimnion 

The destratifier was in continual operation between 21/10/1999 and 14/4/2000. The 

destratifier was then run intermittently until the end of June (23/4, 7/6, 16/5, 22/5, 3/6, 

18/6, 26/6).  

 

The onset of thermal stratification had commenced prior to the first sampling event on 

September 9, 1999. This was evident from an average surface to bottom temperature 

and dissolved oxygen differential throughout the lake of 3.3ºC and 5.4mg/L, 

respectively. While this was accompanied by oxygen depletion at depth, hypolimnetic 

anoxia was not evident throughout the lake, with a mean bottom water dissolved oxygen 

concentration of 4.4mg/L. By the end of the following month (28/10/99) dissolved 

oxygen concentrations had decreased and hypolimnetic anoxia was widespread (mean 

bottom water concentration of 0.3mg/L), despite the initiation of artificial aeration a 

week earlier. A slight increase in hypolimnetic oxygen was observed in mid November. 

However, this was short lived (Figure 2.3-2.5).  

 

Minimum dissolved oxygen concentrations throughout the lake were very low between 

November and February (Figures 2.3-2.5, Appendix A3). During this period the lake 

did not become completely isothermal, even at sites located in the immediate vicinity of 

the diffuser lines, and average surface to bottom temperature differences throughout the 

lake ranged between 1.0-3.7ºC. 

 

Storms during mid February resulted in deepening of the surface mixed layer and partial 

mixing of the lake. Temperature profiles collected on 24 February 2000 show the lake 

to be almost isothermal, with an average surface to bottom temperature range of 0.6 ºC. 

The surface to bottom range in dissolved oxygen was also reduced during this time.   

 

Stratification and subsequent oxygen depletion began to re-commence in early March, 

with most sites showing moderate to severe oxygen depletion at depth by mid March 

(Figure 2.5, Appendix A3).  

 

Cooler autumn temperatures resulted in lake turnover in April, with the lake becoming 

isothermal by mid April. While there was negligible difference in the dissolved oxygen 
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range between surface and bottom, concentrations throughout the water column were 

generally suppressed at around 5-6mg/L (compared to surface water concentrations of 

>7mg/L during previous months). Results of subsequent sampling occasions at the end 

of April and mid May showed oxygen replenishment throughout the lake to 

concentrations consistent with winter saturation (Figures 2.3-2.5, Appendix A3).  
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Figure 2.3. Mean dissolved oxygen concentrations in Lake Samsonvale between 
September 1999 and May 2000   
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Figure 2.4. Mean temperature concentrations in Lake Samsonvale between September 
1999 and May 2000 
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Figure 2.5. Minimum dissolved oxygen concentrations, Lake Samsonvale between 
September 1999 and May 2000. 
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Figure 2.5. Minimum dissolved oxygen concentrations, Lake Samsonvale, September 
1999 to May 2000 (continued). 
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Hypolimnetic volume 

Despite a mean summer surface to bottom temperature range post destratification of 

1.8°C (refer to table 2.1) no clear distinction between the epilimnion and hypolimnion 

was evident during any sampling occasion (i.e. thermocline extends from surface to 

bottom). Figure 2.6 provides a comparison of typical summer temperature and dissolved 

oxygen profiles pre and post destratification. This figure illustrates the near linear 

change in temperature between the surface and bottom of the lake during summer with 

the destratifier operational. The maximum change in temperature between any two 

vertical sampling points is 0.2°C, at a depth of 3m. This also corresponds to the largest 

decrease in dissolved oxygen concentrations of 0.5 mg/L, indicating a 

microstratification layer is present at a depth of 3m.  

 

Although there is evidence of a weak oxycline post destratification, this is not sufficient 

to enable an accurate calculation of hypolimnetic volume. This weakened stratification 

is also likely to facilitate periodic non-seasonal deepening of the surface mixed layer 

and/or partial mixing from storm events. Therefore, as a true estimation of the 

hypolimnetic volume post destratification cannot be obtained, further quantitative 

comparisons of pre and post hypolimnetic volume were not undertaken. 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 36

 

0

5

10

15

20

25

10.0 15 .0 20 .0 25 .0 30.0

T em p erature
de

pt
h 

(m
)

post destra t p re  destra t

0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9

Dissolved Oxygen

D
ep

th
 (m

)

pre destrat post destrat
 

Figure 2.6. Comparison of typical temperature profile at NP01 during summer, pre and 
post destratification.   

 

2.4 Discussion 
2.4.1 Influence of destratification on temperature and stability 

Artificial destratification has been effective at ‘thermally destratifying’ Lake 

Samsonvale. However, as pointed out by Jones and Poplawski (1997), ‘destratified’ 

does not necessarily mean well ‘mixed’, and strong chemical or biological gradients 

may persist in reservoirs that are said to be ‘thermally destratified’. This is supported by 

Sherman et al. (2000 a,b), who found that temperature ranges as low as 0.04°C were 

sufficient to prevent complete mixing of Chaffey Reservoir. While the destratifier has 

been effective in reducing summer surface to bottom temperature ranges in Lake 

Samsonvale, this reduction (to an average summer range of 1.79°C) is not sufficient to 

result in complete ‘mixing’ of the lake. However, the reduced thermal density gradient 

has resulted in the production of more ‘tropical’ conditions thereby reducing the 

resistance to mixing from meteorological events. This has enhanced the degree and 
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frequency of non-seasonal deepening of the mixed layer as a result of meteorological 

events. This may subsequently lead to the more frequent formation of secondary 

thermoclines, or in some cases, complete mixing. This is supported from the results of 

temperature profile data collected during the dissolved oxygen mapping experiment, 

where a rainfall event in February 2000 resulted in almost complete mixing of the lake. 

Thermal and chemical gradients were rapidly re-established following a period of warm 

and calm weather, resulting in substantial depletion of hypolimnetic dissolved oxygen 

concentrations by mid March.  

 

As reported by Harris and Baxter (1996), Lake Samsonvale is a hydrologically unstable 

reservoir, characterised by a strong 40 day periodicity in rainfall and stratification. This 

variability is related to the passage of high and low pressure systems and storm events 

leading to partial mixing, which varies in strength in relation to ENSO events. The 

study found that major storm events led to abrupt epilimnetic cooling, causing partial to 

complete mixing. Weakened stratification as a result of major inflow events, led to more 

extended periods of complete mixing in winter. So, while Lake Samsonvale is 

characterised as ‘warm monomictic’, the reservoir has been shown to be poly-mictic 

when influenced by extreme inflows. This hydrological instability is further enhanced 

by operation of the destratifier, as the weaker stratification makes the reservoir more 

susceptible to partial or complete mixing from storm events. This enhanced instability is 

likely to result in winter mixing being induced earlier and sustained longer. This is 

supported by Sherman et al. (2000 a, b), where it was found that destratification in 

Chaffey Dam led to a faster breakdown of stratification and subsequent earlier onset of 

complete mixing during autumn. 

 

It was expected that mixing the cooler bottom water with the warmer surface water, 

destratification would result in intermediate temperatures throughout the water column. 

However, while bottom water temperatures increased significantly post destratification, 

no significant change was observed in surface temperatures. This indicates that despite 

mixing of the cooler bottom waters with warmer surface waters, solar irradiation has 

been effective in rapidly re-heating surface waters. This may lead to further increases in 

bottom water temperatures as cooler water is brought to the surface, re-heated and 

circulated again to the cooler bottom waters.  
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The significant increase in bottom temperatures post destratification would result in 

elevated microbial degradation at the sediment-water interface, and hence increased 

biochemical oxygen demand. It is expected that this increase would be in the same order 

of magnitude as that reported by Sherman et al. (2000 a,b) for Chaffey Dam (factor of 

2.7 for a typical increase in temperature from 14 to 24°C). This may be further 

compounded by the elevated summer supply of particulate organic carbon from sub-

tropical monsoonal and cyclonic events (Harris 1986, Cooke et al. 1993).  

 

A number of authors have reported the feasibility of reducing power generation costs by 

running a destratifier intermittently, as opposed to the continuously throughout the 

stratification period (e.g. Solly 1981, McAuliffe and Rosich 1989, Sherman et al. 1999). 

The increase in sediment oxygen demand resulting from elevated sediment temperatures 

and summer supply of organic matter, will result in a much greater level of oxygen 

consumption than under naturally stratified conditions. Therefore, if the oxygen 

supplied from photosynthetic production and transfer across the air-water interface is 

not transported to the hypolimnion at sufficient rates to outweigh the increased demand 

from the sediment, then destratification can potentially reduce the total amount of 

oxygen in the water column. This is illustrated by the results of the temperature and 

dissolved oxygen profile data collected on 28 October 1999. On this occasion, the 

initiation of destratification a week earlier initially resulted in rapid consumption of 

hypolimnetic dissolved oxygen. This occurred because sediment oxygen demand 

resulting from mixing of the warm epilimnetic water (under already stratified 

conditions) exceeded the photosynthetic and atmospheric supply. 

 

Because of the higher temperatures and concomitant increased oxygen demand, if the 

destratifier were turned off (or broke down) during the stratification period, 

hypolimnetic oxygen depletion would be more rapid than under naturally stratified 

conditions. This is supported by experimental studies on Lake Samsonvale by Solly 

(1981), who showed that if destratification was commenced prior to the onset of 

stratification, complete mixing could be achieved. However, complete mixing was 

prevented if destratification was commenced after the formation of a well-established 

thermocline.  
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2.4.2 Influence of destratification on dissolved oxygen concentrations (pre and 

post comparisons) 

No variation in surface concentrations was observed between pre and post operation of 

the destratifier, despite a significant reduction in the surface to bottom range during the 

destratification period. As with temperature, it would have been expected that mixing 

water containing low dissolved oxygen concentrations in the hypolimnion with water 

containing higher concentrations in the epilimnion, would lead to an intermediate 

concentration throughout the water column. This indicates that dissolved oxygen in 

surface waters is rapidly being replenished across the air-water interface.  

 

Despite the destratifier facilitating the exchange of oxygen rich surface water with 

oxygen depleted bottom water, the mean hypolimnetic oxygen concentrations during 

summer remained low (1.61mg/L). This indicates that the atmospheric and 

photosynthetic oxygen supply and the rate of downward mixing of oxygen is exceeded 

by respiration and bio-chemical oxygen demand occurring in bottom waters.  

 

2.4.3 Evolution of dissolved oxygen concentrations during destratification 

The results of the dissolved oxygen mapping study illustrates the ineffectiveness of the 

destratifier at consistently maintaining high oxygen levels at depth, with widespread and 

severe anoxia occurring throughout summer through most areas of the lake. This was 

particularly evident shortly following the commencement of destratification where 

artificial mixing of the already stratified water column resulted in rapid consumption of 

dissolved oxygen in the hypolimnion. 

 

Varying degrees of anoxia were present from October to March, with the exception of a 

brief period of partial mixing in February 2000, coinciding with a storm event. This 

suggests that artificial destratification in Lake Samsonvale has influenced that 

latitudinal effects, creating more unstable (‘tropical’) conditions through a reduction in 

the heat budget of the lake. However, partial mixing was short lived with stratification 

re-establishing within two weeks, leading to hypolimnetic anoxia shortly after.  

 

Additional temperature and dissolved oxygen results obtained for the Bubble Plume 

experiment (see Chapter 3) did indicate that there was a very small area of influence 

immediately around the diffuser lines (Appendix B3). Therefore, while some 
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improvement in hypolimnetic dissolved oxygen concentrations was observed, 

particularly in the immediate vicinity of the diffuser lines, it is unlikely that the 

destratifier is having a substantial influence on concentrations at sites located some 

distance from the plumes. 

 

2.4.4 Volume of the hypolimnion 

An attempt was made to make quantitative comparisons between the volume of the 

hypolimnion during post destratification periods with those recorded during pre 

destratification periods by Harris and Baxter (1996). Harris and Baxter (1996) found 

that 40% of volume of the reservoir was anoxic during summer. However, while the 

destratifier has not been effective in completely ‘mixing’ the lake, it has significantly 

reduced the surface to bottom thermal gradient. This has resulted in the lack of an 

obvious thermocline and a more ‘linear’ reduction in temperature and dissolved oxygen 

from surface to bottom. Therefore, the volume of the hypolimnion cannot be reliably 

calculated. However, on closer inspection of the data, there appears to be the presence 

of a microstratification layer at a depth of 3m, as demonstrated by the reductions of 

0.2ºC and 0.5mg/L in temperature and dissolved oxygen, respectively. Prior to 

destratification a distinct thermocline was present at between 6-9m, implying that the 

destratifier may actually be causing a reduction in the mixing depth. However, 

hypolimnetic dissolved oxygen has increased significantly post destratification, and 

while this may not be sufficient to completely stop the release of dissolved constituents, 

when coupled with the reduction in stability and increase in non-seasonal mixing 

events, it is likely to have resulted in a substantial reduction in the volume of the lake 

which is anoxic.  
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CHAPTER 3 Influence of Artificial Destratification on Internal 
Nutrient Cycling in Lake Samsonvale 

 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 42

3.1 Introduction 
While discussion will focus on the phosphorus and nitrogen cycling dynamics of sub-

tropical lakes and reservoirs and how these differ from tropical and temperate systems, 

it is important to first ‘set the scene’ by outlining the fundamental processes involved in 

phosphorus and nitrogen cycling in lakes and reservoirs.   

 

3.1.1 Phosphorus and nitrogen cycling during stratification and mixing 

Figures 3.1 and 3.2 illustrate the major processes involved in phosphorus and nitrogen 

cycling of lakes during the periods of summer stratification and winter mixing, 

respectively. In oligotrophic lakes nutrient availability and primary production are low, 

therefore oxygen demand is not sufficient to cause complete deoxygenation of the 

hypolimnion during the stratification period. Alternatively, the flux of organic matter to 

the sediments may be significant in eutrophic waters increasing the sediment oxygen 

demand, leading to complete hypolimnetic anoxia during the stratification period 

(Harris 1986).  

 

Oxygen consumption in the hypolimnion is achieved primarily through microbial 

respiration and catabolism of organic matter by bacteria and fungi and, to a lesser 

extent, by invertebrate respiration (Bostrom et al. 1982). The rate of oxygen 

consumption is directly related to the rate of organic loading (Cooke et al. 1993). This 

has implications for internal nutrient cycling as redox conditions are altered, facilitating 

the release of orthophosphate from the sediment (Brezonik 1973, Mawson et al. 1983). 

Mahmdi et al. (1994) found hypolimnetic ammonium increased as a result of 

accelerated microbial activity following organic loading in several Moroccan reservoirs. 

The transition from oxic to hypoxic or anoxic conditions may also result in the 

denitrification of NO3
- and NO2

- to N2 gas (di-nitrogen) and subsequent loss of nitrogen 

from the system (Forsberg 1989, Harris 1986).  
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Figure 3.1. Phosphorus and nitrogen cycling processes (littoral, pelagic and biota) during summer stratification 
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Figure 3.2. Phosphorus and nitrogen cycling processes (littoral, pelagic and biota) during winter mixing 
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Phosphorus cycling 

Phosphorus is generally considered the main element limiting plant and algal biomass in 

freshwaters, as it is the least abundant macronutrient (Kleeberg and Kozerski 1997, 

Vollenweider 1976). The majority of phosphorus in freshwaters occurs as organic 

phosphates, with about 70% retained in living or dead biomass and the remainder as 

soluble or colloidal phosphorus. Orthophosphate is the main form of soluble phosphorus 

available for algal growth (Horne and Goldman 1994, Wetzel 1983).  

 

The phosphorus cycle involves organic and inorganic phosphorus in both soluble and 

particulate forms. The phosphorus cycle is relatively simple compared to the nitrogen 

cycle, as it only has one stable ion and no gaseous phase (Figure 3.3). Environmental 

cycling and metabolism of phosphorus requires no oxidation and reduction steps 

(Stumm and Morgan 1981, Harris 1986).  

 

The majority of phosphorus in natural waters is bound to particulate matter, with only 

around 5% occurring in soluble form. However, soluble phosphate in sewage and 

agricultural runoff can be as high as 90% and may alter the balance of particulate and 

dissolved phosphate input to lakes, particularly in highly impacted catchments (Horne 

and Goldman 1994).   

 

Phosphorus is assimilated by fish, herbivorous zooplankton and bacterioplankton and 

excreted mostly as soluble phosphate and some organic phosphorus compounds. 

Excreted phosphorus is rapidly metabolised by algae and when other available 

phosphorus sources are low, can provide a large proportion of their nutritional 

requirements (Wetzel 1983). 
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Figure 3.3. Phosphorus cycle showing major reactions occurring between organic and 
inorganic states. 

 

The importance of lake sediments in the internal cycling of phosphorus and nitrogen has 

been widely acknowledged over the past 20-30 years (Martinova 1993, Preston et al. 

1980, Sonzogni et al. 1977 and Twinch 1986). Lake sediments can contribute to the 

internal loading of phosphorus due to a number of biological, physical, chemical and 

mechanical factors. Such factors include the adsorption/desorption capacity of the 

sediment, the conditions of the overlying water, and the composition of organic carbon 

and biota within the sediment (Forsberg 1989, Gachter and Meyer 1990, Kleeberg and 

Kozerski 1997, Wetzel 1983).  

 

Phosphorus forms complex bonds with numerous metal oxides, such as ferric iron, 

manganous manganese, zinc and copper (Stumm and Morgan 1981). The binding 

capacity of phosphorus to metal oxides is strongly dependent on redox conditions at the 

sediment-water interface (Martinova 1993, Mawson et al. 1983, Tanaka & Fukuhara 

1981, Twinch 1986). Phosphorus exchange across the sediment-water interface is 

influenced by oxygen concentrations and redox reactions, pH, ion complexation and 

activities of benthic flora and fauna (Gachter and Meyer 1990, Gonsiorczyk et al. 1997, 

Mawson et al. 1983, Tanaka & Fukuhara 1981, Twinch 1986, Pettersson 1998, Bostrom 

et al. 1982).  

+ = enzymatic, photochemical, pH variability; * = reductive, photochemical, pH variability 
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In oxic waters, phosphorus is readily bound to iron oxides. Alternatively, under 

anaerobic conditions Fe3+ is reduced to Fe2+ leading to the release of bound 

orthophosphate (Baldwin et al. 1997, Bostrom et al. 1982, Forsberg 1989, Harris 1986, 

Mitchell and Baldwin 1998, Sonzogni et al. 1977). Additionally, as oxygen is consumed 

in the overlying water, bacteria utilise other electron acceptors such as nitrate and 

sulphate (Baldwin et al. 1997, Mitchell and Baldwin 1998). Sulfate reducing bacteria 

reduce SO4
- to S2-, which can facilitate the reduction of Fe3+ to Fe2+. This emphasises 

the importance of bacterially mediated phosphorus release from sediments, in addition 

to the earlier simplified models which suggested that phosphorus release from 

sediments was governed principally by the redox conditions at the sediment water 

interface (i.e. physico-chemical conditions only) (Baldwin et al. 1997, Mitchell and 

Baldwin 1998). 

 

In lakes where nutrient concentrations are sufficient to cause anoxia before the end of 

the summer stratification period, significant amounts of orthophosphate and ammonium 

will accumulate in the hypolimnion. These may in turn become available for 

phytoplankton growth through hypolimnetic entrainment from variations in the mixing 

depth (Lewis 1983), or be returned to surface waters during turnover (Harris 1986). 

Lanthrop et al. (1999) and Jones (1997) pointed out that seasonal internal loading of 

phosphorus during dry summers in eutrophic lakes often greatly exceeds external 

loading.  

 

As surface waters cool and oxygen is introduced to the hypolimnion during the autumn 

turnover, phosphorus concentrations are reduced corresponding to the oxidation and 

precipitation of ferrous iron. Phosphorus becomes retained in the sediment during 

winter mixing resulting in a net flux to the sediments during this time.  

 

Nitrogen cycling 

Nitrogen is the fourth most abundant element in living cells and is an essential element 

used in almost all biochemical reactions (Fitzgerald 1969). Nitrogen in aquatic systems 

is present in various inorganic and organic forms. Nitrogen is present in inorganic forms 

as nitrate (NO3
-), nitrite (NO2

-), ammonium (NH4
+), organic nitrogen (R-NH-R) and 
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nitrogen gas (N2) (Brezonik 1973). Organic nitrogen is present as proteinaceous 

nitrogen, non-living particulate matter and soluble organic compounds.  

 

Ammonium is the preferred source of nitrogen for cyanobacterial metabolism, followed 

by nitrate and then N2 (Brezonik 1973, Toetz 1971). Wetzel (1983) suggests that growth 

rates for the cyanobacteria Aphanizomenon flos-aquae and Microcystis aeruginosa are 

always greater for NH4
+, than for NO3

- or N2. This is consistent with the expected 

energy required to metabolise these sources, with NH4
+ requiring the least, followed by 

NO3
- and then N2 (Wetzel 1983). Nitrate is also metabolised by algae, but only after 

transformation by the enzyme nitrate reductase. Nitrate reductase is only present in algal 

cells when it is used as the primary source of nitrogen. The assimilation rates of NH4
+ 

have been shown to be consistently greater than that of NO3
- (Brezonik 1973).  

 

The nitrogen cycle demonstrates the transformations of nitrogen from inorganic forms 

in soil, water and air, through assimilation into living systems and back to inorganic 

forms (Figure 3.4) (Brezonik 1973).  
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Figure 3.4. Nitrogen cycle showing major reactions occurring between oxidised and 
reduced, and organic and inorganic states 

 

The major reactions occurring in the nitrogen cycle include ammonification, 

nitrification, denitrification and nitrogen fixation. While nitrification requires oxygen, 

R=organic 
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denitrification and nitrogen fixation occur under anaerobic conditions, mediated by 

cyanobacteria and bacteria (Brezonik 1973). 

 

Although ammonia dissolves readily in water to form the toxic ammonia hydroxide 

(NH4
+OH-), it is generally present in lakes in concentrations too low to cause any 

serious effects (Trussel 1972). The production of ammonia (ammonification) is 

achieved mainly by the decomposition of organic matter by heterotrophic bacteria and 

desorption from sediments under anaerobic conditions (Wetzel 1983).    

 

Nitrification, the oxidisation of ammonia to nitrate, occurs in oxidised sediment zones 

and under low and high oxygen conditions when ammonia has diffused into the water 

column. Nitrifying bacteria oxidise NH4
+ to NO2

-, which is further oxidised to NO3
-

(Forsberg 1989). The redox conditions at the sediment surface influence nitrification 

rates (Rysgaard et al. 1994). Nitrite is generally present in low concentrations in surface 

waters due to the rapidity of nitrification and the ubiquitous presence of oxygen. 

Similarly, ammonium is also rapidly nitrified in oxygenated waters and sediment and is 

therefore generally found in low concentrations during the mixed period (Harris 1986, 

Forsberg 1989). However, Harris (1986) pointed out that the rate of nitrification is 

temperature limited and may lead to an accumulation of ammonium in winter, 

producing a considerable oxygen demand of nitrification at the commencement of 

stratification. Tanaka and Fukuhara (1981) confirmed that release rates of ammonium in 

Lake Suwa, Japan, are affected by temperature and the release rates were controlled to a 

large extent by microbial mineralisation. Although oxygenated conditions are required 

for nitrification, ammonium will continue to be nitrified at dissolved oxygen levels as 

low as 0.3mg/L (O’Neill and Wilkinson 1977).  

 

Denitrification, or dissimilatory nitrate reduction, involves the use of NO3
- as a terminal 

electron acceptor by anaerobic bacteria in the absence of oxygen. Denitrification is 

considered a nitrogen sink as it converts available nitrogen (nitrate and nitrite) to 

molecular nitrogen (di-nitrogen) under anoxic conditions (Brezonik 1973). During the 

stratification period, organic material settles out of the surface water and oxygen is 

consumed below the thermocline, causing a loss of nitrogen from the system as N2 gas 

through denitrification. Dissolved inorganic nitrogen can then be re-introduced into the 
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system through nitrogen fixation and the release of NH4
+ at the sediment water interface 

(Forsberg 1989, Harris 1986). 

 

Nitrogen fixation is the reduction of molecular nitrogen to ammonia and then to cellular 

nitrogen by the enzyme nitrogenase and is therefore considered a nitrogen source 

contributing to lake productivity (Brezonik 1973). Although the loss of nitrogen from 

the system through denitrification can be compensated for by nitrogen fixation 

(Forsberg 1989), Horne and Goldman (1994) suggest that denitrification rates in lakes 

generally exceed nitrogen fixation rates and the balance is provided by input from 

streams and rainfall. Nitrogen fixation occurs in anoxic conditions and can only be 

carried out by a small number of prokaryotic bacteria or cyanobacteria (Harris 1986). N-

fixation by cyanobacteria is common in lakes and can play a significant role in the 

recycling of nitrogen in the system (Harris 1986, Horne and Goldman 1994). The 

cyanobacteria genera commonly contributing to nitrogen fixation in lakes and reservoirs 

include Aphanizomenon, Anabaena, Cylindrospermopsis, Gleotrichia and Nodularia 

(Keeney 1972). While cyanobacteria require oxygen for photosynthesis, nitrogenase is 

unable to function in the presence of oxygen. Cyanobacteria overcome this through use 

of their highly oxygen demanding heterocysts, resulting in anoxia within the heterocyst 

(Fogg 1971). Nitrogen fixation in the pelagic zone has been strictly correlated with 

cyanobacteria possessing heterocysts. As cyanobacterial populations increase, so does 

N-fixation. Therefore N-fixation is greater in summer than winter, although the 

distinction may be less in more productive tropical systems (Lean et al. 1978, Flett et al. 

1980). N-fixation generally occurs when the supply of nitrate or ammonium is depleted, 

such is often the case late in the stratification period (Brezonik 1973).  

 

3.1.2 Influence of trophic status on phosphorus and nitrogen cycling 

Internal nitrogen and phosphorus cycling is influenced by trophic status, as different 

trophic levels create different conditions for lake metabolism (Forsberg 1989). 

Oligotrophic lakes are resilient to increases in nutrient loading and can retain large 

amounts of phosphorus in the lake sediments (Bostrom et al. 1982, Twinch 1986). This 

is mainly due to the phosphorus buffering capacity of the sediments (Twinch 1986), 

which is the equilibrium between free orthophosphate ions and phosphorus adsorbed to 

mineral particles (Froelich 1988). At the onset of eutrophication, phosphorus 

concentrations in the water column remain low in relation to the external load, as 
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phosphorus bound to particulate matter is sedimented. With prolonged saturation with 

phosphorus, the buffering capacity of the sediment is exceeded resulting in large 

phosphorus concentrations in the water column (Bostrom 1982, Twinch 1986).  

 

Janus and Vollenweider (1984) concluded that phosphorus residence time in lakes is 

strongly related to trophic condition. Furthermore, the resilience of lakes will depend on 

their previous history, in that oligotrophic lakes will respond slowly to an increased load 

and quickly to a decreased load, while eutrophic lakes will respond quickly to an 

increased load and slowly to a decreased load (Janus and Vollenweider 1984, 

Søndergaard et al. 1999). An example of eutrophication and subsequent reduction in 

buffering capacity can be illustrated for the hypertrophic Hartbeespoort Dam, South 

Africa (Robarts 1984, Twinch 1986). While in 1932 the lake was described as 

‘oligotrophic’, in 1958 it was referred to as an ‘oxidating pond’, and subsequent studies 

have described it as ‘eutrophic’ or ‘hypertrophic’ (Robarts 1984).  

 

A study undertaken by Søndergaard et al. (1999) demonstrated that despite an 80-90% 

reduction in external phosphorus loads, Lake Søbygaard has remained hypertrophic. 

Similar results have been found in other hypertophic lakes such as; Lake Mügelsee 

(Kozerski et a.l 1999), Lake Finjasjön (Annadotter et al. 1999) and Lake Pyhäjävi 

(Ekholm et al. 1997). The delayed recovery in each of these lakes has been attributed to 

internal loading resulting from a long history of nutrient enrichment and consequently, a 

reduced sediment buffering capacity.   

 

Harris (1986) points out that the turnover rates of nitrogen and phosphorus pools are 

influenced by trophic states and seasons. In winter or in eutrophic waters, the turnover 

rates can be measured in hours or days. As the demand created by algal growth becomes 

greater and the supply becomes smaller, the turnover times become less (minutes or 

seconds). Therefore, phosphorus and nitrogen pools build up during the winter mixed 

period and are rapidly depleted by algae during spring and summer. The dissolved 

inorganic phosphorus and nitrogen pools must be rapidly turned over to sustain algal 

growth (Harris 1986). 

 

Harris (1986) identifies a number of properties, which demonstrate differences in 

internal nutrient cycling between trophic states. These are summarised as follows: 1) 
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The dissolved inorganic nitrogen (DIN) and dissolved inorganic phosphorus (DIP) 

pools increase with increasing trophic state, and show reduced temporal and spatial 

variability; 2) the DIN and DIP turnover rates are faster in oligotrophic waters due to 

the smaller pool sizes; 3) the sediments of oligotrophic lakes retain more phosphorus 

than eutrophic waters because the system acts as a net sink, due to low oxygen depletion 

rates. 

 

Concentrations of NH4
+ in the epilimnion of oligotrophic lakes during summer 

stratification are generally low, and any excess is metabolised by phytoplankton. 

Concentrations increase slightly at overturn and decrease during the winter mixed 

period. Alternatively, summer concentrations of ammonia in eutrophic lakes are highly 

variable. Concentrations increase significantly during overturn, then decrease (Horne 

and Goldman 1994).  

 

3.1.3 Role of detritus in phosphorus and nitrogen cycling 

Detritus consists of decomposing organic matter and includes particulate and dissolved 

organic forms (Piecynska et al. 1984, Rich and Wetzel 1978, Robertson et al. 1996).  

Organic matter is an integral component of overall ecosystem functioning (Robertson et 

al. 1996). The availability of detritus as an energy source for biota is dependent on 

particle size, distribution and break down rates (eg woody plants are more recalcitrant 

than non-woody species) and the nutritional quality (Piecynska et al. 1984, Robertson et 

al. 1996).  

 

The supply of organic matter can indirectly influence nutrient release from sediments by 

enhancing microbial metabolism, creating a greater sediment oxygen demand and 

altering the redox conditions at the sediment water interface. The rate of organic loading 

will determine the rate of oxygen consumption and is a critical component linked to the 

eutrophication of water bodies (Cooke et al. 1993).  

 

Carbohydrates and some amino acids are fermented under anaerobic conditions, 

producing acetate and fatty acids (Baldwin et al. 1997). Acetate can be utilised by 

bacteria for numerous processes such as methanogenesis, denitrification, 

ammonification, sulfate, iron and manganese reduction and hydrolysis of poly-P 

(Baldwin et al. 1997). Mitchell and Baldwin (1997) found that phosphorus release 
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under anaerobic conditions increased following the addition of acetate, indicating 

carbon limitation of bacterial processes. Moreover, the availability of acetate is 

dependent on the availability of a suitable carbon source and the community structure of 

the bacteria (Mitchell and Baldwin 1997). 

 

3.1.4 The role of artificial destratification in regulating internal nutrient loading 

The control of dissolved constituents such as Fe2+, Mn2+, NH4
+ and PO4

3- by artificial 

destratification is achieved primarily through increasing the supply of dissolved oxygen 

to the hypolimnion, thereby altering the redox state at the sediment water interface and 

encouraging oxidation and sedimentation.  

 

As mentioned in the previous chapter, a well designed destratification system will 

theoretically thoroughly mix the water column, thereby reducing internal loading of 

nitrogen and phosphorus through oxidation of the sediment surface. If a destratification 

system is turned on after stratification has established, the slow erosion of the 

thermocline may lead to upwelling of nutrient rich hypolimnetic water to the euphotic 

zone. In these situations the destratifier may prove to be highly inefficient due to the 

greater energy required to remove established stratification. Furthermore, if a 

destratification system is under-designed (i.e. does not provide sufficient energy to 

completely mix the water column), nutrients previously contained in the hypolimnion 

during summer months, with be entrained to the euphotic zone. This was demonstrated 

by Solly (1981) where operation of the destratifier in Lake Samsonvale after 

stratification was established resulted in an injection of nutrients into the euphotic zone 

and subsequent larger than average blooms of M. aeruginosa.  

 

Water column mixing increases hypolimnetic temperatures, thereby enhancing 

microbial respiration and increasing the oxygen demand of the sediment. Fast (1981) 

states that the rate of organic decomposition is approximately doubled for a 10°C 

increase in temperature. According to Sherman et al. (2000 a,b) oxygen demand 

increased in  Chaffey Reservoir by a factor of 2.7 for an increase in temperature from 14 

to 24ºC. Even though the destratifier may be effective at increasing oxygen 

concentrations at depth, this may not be sufficient to offset the increased oxygen 

demand of the sediment, resulting in anoxic conditions at the sediment-water interface. 

Therefore, even in well-designed systems, the sediment-water exchange rates and 
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nutrient bioavailability may increase as a result of operation of the destratification 

system.  

 

In a study on two eutrophic Swiss lakes, Lake Baldegg and Sempach, Gachter and 

Werhli (1998) found that based on 10 years of experience with artificial destratification 

and hypolimnetic aeration, the internal phosphorus loading was not affected by 

increased dissolved oxygen concentrations. This was because, while hypolimnetic 

dissolved concentrations above 4mg/L were sustained throughout the year, anoxic 

conditions persisted at the sediment/water interface, due to continually high organic 

matter sedimentation rates and high biochemical oxygen demand at the sediment 

surface.  

 

Benthic organisms rapidly recolonise during destratification, which may enhance 

nutrient supply and availability through direct excretion or bioturbation. Benthic 

macroinvertebrates can influence the release of phosphorus by physical disruption of the 

sediments through feeding, burrowing, locomotive and respiratory activities 

(bioturbation), although they are only likely to play a small role in the overall 

phosphorus cycle of lakes (Bostrom et al. 1982). Currents produced by feeding may 

oxidise the sediment around burrows and lead to enhanced sediment oxygen demand 

through increased metabolism (Forsberg 1989). Macroinvertebrate larvae incorporate 

phosphorus by feeding on the organic material in the sediments and may transport this 

phosphorus to other compartments in the system on emigration as adults (Keeney 1973).  

 

Fish have been shown to regulate the supply of phosphorus and nitrogen directly 

through excretion, mortality and benthic feeding, and indirectly by impacting on food 

web structure through predator-prey interactions of planktivorous fish (Bostrom et al. 

1982, Persson 1997). Persson (1997) showed that phosphorus released by fish in Lake 

Finjasjon (Sweden) was in a form directly available to phytoplankton, suggesting that 

phosphorus excreted by fish may be an important food source for algae (Persson 1997). 

Destratification can extend the depth distribution of benthic feeding fishes, such as 

European Carp, which can contribute large loads of bioavailable nitrogen and 

phosphorus through excretion. 
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3.1.5 Objectives 

This chapter investigates the influence of the artificial destratification system on the 

internal nutrient concentrations in Lake Samsonvale. The chapter comprises two 

components, namely: 

1. A comparison of surface and bottom nutrient concentrations pre and post 

installation of the destratifier; and, 

2. An investigation of the spatial influence of the destratifier on internal nutrient 

concentrations. 

 

Comparison of internal nutrient concentrations pre and post destratification 

A comparison of surface and bottom nutrient concentrations in relation to the periods 

pre and post installation of the destratifier was undertaken.  

 

The following hypotheses were tested: 

Hypothesis 1: That the concentration of total and dissolved phosphorus has decreased 

since installation of the destratifier; and, 

Hypothesis 2: That the concentration of total and dissolved nitrogen has decreased 

since installation of the destratifier. 

 

Spatial influence of the destratifier on nutrients – Bubble Plume study 

The second component of the study aimed to determine the effect of the destratifier on 

entraining nutrients to the euphotic zone and if the nutrient concentrations and 

entrainment to the surface decreases with increasing distance from the diffuser lines. To 

achieve this, experimental data were collected on three separate occasions during 

summer, while the destratifier was operational.  

 

The following hypotheses were tested: 

Hypothesis 1:  That the ratio of total phosphorus between surface water and bottom 

water (TPS:TPB) decreases with increasing distance from the bubble plume; 

Hypothesis 2:  That the ratio of total nitrogen between surface water and bottom water 

(TNS:TNB)decreases with increasing distance from the bubble plume. 
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3.2 Methodology 
3.2.1 Sample collection and analysis 

Sampling prior to 1995 was carried out by Brisbane City Council (with some sampling 

undertaken by the now South East Queensland Water Corporation (SEQWCo) after 

1989) and detailed sampling methodology during this time is not known. From 1995, 

sample collection, storage and preservation was undertaken following the Queensland 

Department of Environment and Heritage Water Quality Sampling Manual (for use in 

testing for compliance with the Environmental Protection Act 1994) 2nd Edition 

(QDEH 1995). Laboratory analyses were undertaken in accordance with the methods 

and detection limits specified in the American Public Health Association Standard 

Methods for the Examination of Water and Wastewater, 19th/20th Editions (APHA 1992 

and 1998) (Table 3.1).  

 

Surface grab samples were collected using new, sample rinsed polyethylene (PET) 

bottles. Samples were obtained from depth using a Van Dorn depth sampler and 

decanted into clean, sample rinsed PET bottles. Samples collected for FRP, NO3
2- and 

NH4
+ were filtered in the field, immediately following collection. Samples were filtered 

through a 0.45 µm cellulose acetate filter paper. Samples were stored on ice and 

delivered to the laboratory on the same day as sampling.  
 
Table 3.1. Analytical methods and detection limits (in mg/L) for all sampling parameters1.  

Parameter Section Page No. Method Detection limit

TN APHA 4500 4-99 4500-N 0.002

TP APHA 4500 4-148 4500-PF 0.05

NH4
+ APHA 4500 4-109 4500-NH4G 0.01

NO3
2- APHA 4500(by calc.) 4-112 4500-NO2b 0.01

FRP APHA 4500 4-148 4500-PF 0.002

 

 

 

 

                                                 
1 Methods taken from APHA Standard Methods for Water and Wastewater, 19th/20th Edition (1992 and 

1998). 
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3.2.2 Sampling methodology 

Comparison of  nutrient concentrations pre and post destratification 

Surface and bottom phosphorus and nitrogen samples have been collected on a monthly 

basis from site NP01 (100m from the dam wall) since 1993 (Figure 3.1). Sampling was 

increased to fortnightly for site NP01 from September 1998. Unfortunately, different 

chemical species were monitored during different periods making comparison between 

years, and between the pre and post destratification periods, difficult (Table 3.2).  

 

For example, data for NO3 and NO2 were available between 1993 and 1997, covering 3 

years prior to operation of the destratifier and only one full years post installation. Data 

for TN were only available in the post period, and data for TKN were only available for 

1 year during the pre period. The only continuous datasets available between 1993 and 

2003 were for TP and FRP. To minimise statistical error, only TP and FRP have been 

used for the comparison of pre and post nutrient concentrations. Hence, the hypothesis 

“that the concentrations of total and dissolved nitrogen has decreased since installation 

of the destratifier” could not be tested. 

 
Table 3.2. Periods of monitoring data for nutrient determinands 

Chemical species Data records from* Data records to** 

FRP, TP January 1993 May 2003 

NO3, NO2 January 1993 July 1997 

TFe, TMn July 1995 June 1997 

NH3 July 1995 May 2003 

TN July 1997 May 2003 

TKN July 1996 Jun 1997 
*data records provided by SEQWCo from January 1993 

**data records provided by SEQWCo up to May 2003 

 

 

Spatial influence of the destratifier on nutrients – Bubble Plume experiment 

Five sites were selected for sampling in Lake Samsonvale on the 2/12/98, 18/2/99 and 

17/2/00.  Sites were located at increasing distances from the diffuser line as follows 

(Figure 3.6): 

Site1 0m; 

Site2 40m; 
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Site3 120m; 

Site4 360m; and, 

Site5 1080m. 

 

The bubble plume selected for the study was the last bubble plume on the most westerly 

diffuser line, as this provided the furthest distance in a straight line away from the 

plumes and was also in deeper water near the original river bed.  Distance between 

sampling sites was estimated and, where needed, buoys placed to enable the boat to 

remain stable during sampling.  GPS readings were taken at each site to ensure 

sampling sites remained constant between sampling occasions. 

 

Surface and bottom samples were collected at each site and analysed for TN, TP, NO3, 

FRP, NH4, TFe and TMn.  

 

A large rainfall driven inflow event occurred in early February 1999 increasing lake 

capacity to above full supply level.  Water was released from the dam for a period of 

five days between 10-14 February 1999.  During the rainfall event substantial quantities 

of sediment were transported to the lake from the surrounding catchment.  An 

inspection of the lake immediately after the rainfall event indicated that the destratifier 

was re-suspending settling sediment, evident from highly turbid water visible in the 

immediate vicinity of the bubble plumes.  Due to the obvious re-suspension effects of 

the destratifier, additional sampling was undertaken at the above five sites. 

 

The inflow-triggered sampling was undertaken on 18/2/99 following the same methods 

identified above.  However, soluble fractions were not analysed as it was assumed that 

the majority of the nitrogen and phosphorus would be bound to particulate matter on 

this occasion.  
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Figure 3.5. Map of Lake Samsonvale showing location of monitoring stations for comparison of nutrient concentration pre and post 
operation of the destratifier. 
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Figure 3.6. Map of Lake Samsonvale showing location of monitoring stations for the Bubble Plume study. 
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3.2.3 Data analysis 

Comparison of  nutrient concentrations pre and post destratification 

Median surface and bottom nutrient concentrations were calculated for all chemical 

species for the period 1993-2003 and compared to periods of operation of the 

destratifier (refer Appendix B1). However, for the reasons mentioned in Section 3.2.2, 

pre and post comparisons could only be made for FRP and TP.  Due to the amount of 

data below the detection limit another test (other than a Mann-Witney U test) had to be 

devised. A Fisher’s Exact Test for 2x2 contingency tables was performed to determine 

if the proportions of samples above a specified threshold (T=90th percentile) 

concentration show a statistically significant difference between the pre and post 

concentrations.   

 

Spatial influence of the destratifier on nutrients 

Due to the limited amount of data available for the soluble nutrient fractions (2 

sampling occasions only), data used for comparison were limited to TN, TP, TFe and 

TMn for all three sampling occasions. Surface to bottom ratios of TP, TN, TFe and 

TMn were calculated for each sampling occasion and for each of the five distances from 

the plume (Appendix B2).  

 

The surface to bottom ratios of TN and TP for each distance and each sampling date 

were plotted. Because of the limited amount of data available and the large differences 

shown between the three sampling occasions, it was determined that further statistical 

analysis would be unlikely to provide reliable results (refer to Figures 3.7-3.10). 

Therefore, no further statistical testing was undertaken on the data. 

 

3.3 Results 
3.3.1 Comparison of nutrient concentrations pre and post destratification 

The results of the Fisher’s Exact Tests for 2x2 contingency tables show that in all 

seasons and for both FRP and TP the percentage of values below the 90th percentile 

threshold (T) increased between the pre and post periods. This infers that the proportion 

of low concentrations of FRP and TP following installation of the destratifier has 

increased. However, the result was significant in only two of the cases, FRP in summer 

and TP in Autumn (Table 3.3).  
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The proportion of higher concentrations appears to have decreased since installation of 

the destratifier. However, these results should be interpreted with caution because a 

large proportion of the data showed concentrations near or below detection and the 

concentrations also varied considerably between years within either of the pre or post 

periods.   

 
Table 3.3 Results of the Fisher’s Exact Test for 2x2 contingency tables for comparison of 
pre and post concentrations of FRP and TP. 

   FRP    TP   

 T (90%ile)  0.01    0.035   

  Summer Autumn Winter Spring Summer Autumn Winter Spring 

Pre <T 4 3 7 6 6 5 7 5 

 >=T 5 5 1 1 2 3 1 1 

Post <T 13 11 12 13 14 14 12 13 

 >=T 0 3 0 0 0 0 0 1 

          

Increase in % <T 56 41 13 14 25 38 13 10 

          

P- value <0.01 ns ns ns ns <0.05 ns ns 

 

 

3.3.2 Spatial influence of the destratifier on nutrients 

Data for February 1999 showed a marked reduction in surface to bottom ratios of TN 

and TP (i.e. higher bottom concentrations compared to surface concentrations) with 

increasing distance from the bubble-plume, particularly between Site 1 and Site 2 (0-

40m) indicating that the destratifier was responsible for mixing nutrients to the surface 

on this occasion. This was also evident from visual inspections at the time of sampling, 

where highly turbid water was observed directly above the plumes (refer to Section 

3.2.2). As this was an inflow-triggered sampling event, this increase in nutrient 

concentrations in the immediate vicinity of the diffuser line was expected (Figures 3.7-

3.10).  

 

No obvious decreasing trends in surface to bottom ratios for TN and TP were observed 

for either of the other two sampling occasions. While there is evidence of a reduction in 

the surface to bottom ratios of TFe and TMn between the site located immediately 
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above the diffuser line to the most distant site (1060m), this reduction varies between 

the two dates and also between the other distances. The data do, however, show a 

reduction in the surface to bottom TFe and TMn ratios beyond 360-1060m, indicating 

higher concentrations of TFe and TMn with increasing distance from the diffuser.   

 

Results of temperature and dissolved oxygen profiles taken at the time of sampling 

indicate that thermal and chemical stratification was very weak on both the December 

1998 and February 2000 sampling occasions. However, very strong stratification was 

found during the February 1999 sampling occasion (Appendix B3). This can be 

attributed to the greater than normal concentrations of suspended sediment from the 

recent inflow, resulting in enhanced heating of the surface mixed layer.  
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Figure 3.7. Surface/bottom ratios for TN with increasing distance from the bubble plume. 
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Figure 3.8. Surface/bottom ratios for TP with increasing distance from the bubble plume. 
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Figure 3.9. Surface/bottom ratios for TFe with increasing distance from the bubble plume. 
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Figure 3.10. Surface/bottom ratios for TMn with increasing distance from the bubble 
plume. 

 

3.4 Discussion 
3.4.1 Comparison of nutrient concentrations pre and post destratification  

Results of the pre and post comparisons for dissolved oxygen (refer to section 2.4.2) 

showed that despite the continuous operation of the destratifier, dissolved oxygen 

concentrations in the bottom water remained low (1.61mg/L). Phosphate has been 

shown to be remobilised from sediments into the overlying water when dissolved 

oxygen concentrations fall below 2mg/L, due to the concomitant lowering of the redox 

potential (Gachter and Wehrli 1998, Mortimer 1941, 1942, and 1971, Ruben and 

Demare 1998). Furthermore, in anoxic waters, phosphate ions can be released up to 

1000 times faster than under oxygenated conditions. Based on these figures, the low 

hypolimnetic dissolved oxygen concentrations recorded while the destratifier was 

operational suggests that artificial mixing would not substantially reduce phosphorus 
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release from the sediments. However, the lower FRP and TP concentrations do not 

support this. Although mean bottom concentrations of dissolved oxygen remained low, 

the significant increase (from 0.24mg/L to 1.61mg/L) has been sufficient to reduce (but 

not completely suppress) the internal loading of FRP and TP.  

 

The reduction in FRP and TP concentrations may be linked to the reduced water column 

stability (refer section 2.4.1). Non-seasonal deepening of the mixed layer caused by 

weakened stability has led to periodic replenishment of dissolved oxygen at depth. This 

temporary replenishment of oxygen may be responsible for lowering mean summer FRP 

concentrations, despite continued high internal loading during periods of increased 

stability. This is supported by the results of the dissolved oxygen mapping study 

(section 2.3.3), which showed that bottom water concentrations often fell below 1mg/L 

during more stable periods (during operation of the destratifier), but that storms resulted 

in non-seasonal deepening of the surface mixed layer and subsequent temporary 

replenishment of dissolved oxygen at depth.  

 

Diffusion of oxygen from the overlying water to the sediments creates an oxidised 

microzone, which varies in depth depending on the amount of oxygen supplied, the 

degree of turbulent mixing, temperature, biological activity and the oxygen demand of 

the sediment (Olila and Reddy 1997). Even in well-aerated systems, such as during the 

mixing period, oxygen will only penetrate a few centimetres into the sediment by 

diffusion (Howeler and Bouldin 1971). Mortimer (1941, 1942 and 1971) showed that 

phosphorus release from the sediment was prevented by the persistence of a very thin 

oxidised microzone (<5mm) for Lake Windermere, England. Alternatively, 

orthophosphate has been shown to be released (but at a much slower rate) under oxic 

conditions (Sonzogni et al. 1977). Kamp-Nielsen (1975) reported that phosphorus 

release in aerobic water was equivalent to that released in anaerobic water when 

temperatures exceeded 18°C for Lake Esrom. Furthermore, Jensen and Andersen (1992) 

state that, under aerobic conditions, temperature, nitrate availability, pH and organic 

matter inputs are important factors governing phosphorus exchange across the 

sediment-water interface.  

 

The rapid recolonisation of benthic organisms during destratification coupled with 

enhanced biological metabolism from increased temperatures, may lead to increases in 
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the internal supply of phosphate due to excretion and bioturbation. These factors could 

offset the direct redox mediated release of dissolved nutrients and may provide a partial 

explanation why concentrations of FRP and TP have not been completely suppressed.  

 

Pre and post comparisons could only be made for FRP and TP as insufficient data were 

available for the other chemical species, so conclusions cannot be drawn as to the 

influence of the destratifier on nitrogen concentrations. It is, however, likely that the 

increase in mean bottom water dissolved oxygen concentrations has also impacted on 

the hypolimnetic concentrations of NH4
+. Nitrification of NH4

+ is influenced by the 

redox conditions at the sediment-water interface (Rysgaard et al. 1994) and will 

continue to be nitrified at dissolved oxygen levels as low as 0.3mg/L (O’Neill and 

Wilkinson 1977). This implies that the increase in mean bottom dissolved oxygen 

concentrations to >1mg/L would be sufficient to facilitate nitrification and subsequent 

loss of nitrogen from the system through denitrification. The reduction in NH4
+ may 

also have implications for cyanobacterial growth, as this is the preferred nitrogen source 

for cyanobacterial metabolism. Furthermore, as the rates of nitrification are temperature 

limited, increased sediment temperatures may result in reduced accumulation of NH4
+ 

during winter. This would subsequently lead to a reduction in the oxygen demand of 

nitrification at the commencement of the stratification period.  

 

While the results tend to support the hypothesis that concentrations of FRP and TP have 

decreased as a result of artificial destratification, further data collection and analysis 

should be undertaken to support this conclusion. Additional data collection and analysis 

is also required to determine if the destratifier is in fact effective at reducing NH4
+ 

through increasing nitrification rates, as hypothesised above. 

 

3.4.2 Spatial influence of the destratifier on nutrients 

It was expected that the destratifier would entrain nutrients to the surface, thereby 

creating intermediate concentrations throughout the water column in the immediate 

vicinity of the diffuser line. As the influence of the destratifier became less pronounced 

and stronger stratification was established, surface water concentrations would become 

depleted, while bottom concentrations would increase as a result of internal loading. 

According to this hypothesis, the ratio of surface to bottom concentrations for both TN 

and TP would decrease with increasing distance from the diffuser line. However, no 
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clear trends were observed in surface to bottom ratios of TN and TP for data collected in 

December 1998 or February 2000. On both of these occasions, the lake was relatively 

well mixed, with the temperature difference between surface and bottom waters ranging 

from 0.5 to 2ºC. Dissolved oxygen concentrations in bottom waters were also elevated 

(4-6mg/l) with the exception of the most distant site (2-4mg/L). As the stratification was 

slightly stronger at the most distant site, this implies that the operation of the destratifier 

facilitated partial mixing of the lake as a response to local storm events, as confirmed in 

Chapter 2 (see section 2.3.3) and this effect becomes weaker with increasing distance 

from the diffusers. The elevated dissolved oxygen concentrations at the sediment water 

interface would have been sufficient at this time to prevent the release of dissolved 

nitrogen and phosphorus. Under more stratified conditions, when hypolimnetic water is 

anoxic, internal nutrient loading would be greater, therefore the effects of 

destratification would be expected to be more evident.  

 

Although no tests for statistical significance were able to be performed on data for TP, 

FRP or NH4+ (due to the lack of data to make reliable comparisons), statistically 

insignificant reductions in the surface to bottom ratios of TFe and TMn were observed 

with increasing distance from the diffuser line for data collected in December 1998 and 

February 2000. The reason for these reductions is not clear. As oxygen concentrations 

were sufficient at the time of sampling to prevent the release of dissolved nutrients, it is 

assumed that the majority of TP, Fe and Mn was present in particulate form. 

Nevertheless, as phosphorus readily binds to Fe and Mn under oxygenated conditions, 

it would be expected that any change in Fe and Mn would correspond to a change in 

TP.  

 

In contrast to the above, sampling in February 1999 was undertaken under more 

stratified conditions, with strong thermal and chemical gradients evident. Bottom water 

dissolved oxygen concentrations were much lower at all sites, and decreased with 

distance from the plume. This corresponded to reductions in the surface to bottom 

ratios for all determinands, particularly between Site 1 and Site 2, which supports the 

hypothesis that surface to bottom ratios of TN, TP, TFe and TMn decrease with 

increasing distance from the plume. This also implies that the destratifier has a very 

limited radial area of influence. However, this may have been compounded by the 

unusually turbid conditions and rapid surface heating during the February 1999 
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sampling, as the radial distance was much less pronounced on the other two occasions. 

Further data collection during conditions of stronger stratification would confirm this.  

 

From the data collected to date, strong conclusions cannot be drawn as to the spatial 

influence of the destratification system on nutrient concentrations in Lake Samsonvale. 

There is evidence that under highly stratified conditions, there is a limited radial 

influence somewhere between 0 and 40m. However, further data collection during 

periods of strong stratification should be undertaken to provide further evidence to 

support the above hypotheses. 
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CHAPTER 4 Influence of Artificial Destratification on 
Composition and Abundance of C. raciborskii and M. 

aeruginosa in Lake Samsonvale 
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4.1 Introduction 
4.1.1 Cyanobacterial responses to stratification and mixing 

The seasonal phytoplankton cycle is influenced by nutrient pools and solar irradiance, in 

that biomass increases until the surface mixed layer is filled, or nutrients and/or light 

become limiting. Light attenuation is an important factor affecting productivity of lakes 

as it can determine phytoplankton species composition, the maximum depth for 

photosynthesis and the depth of direct heating (Townsend and Boland 1996, Bowling 

1989, Bowling et al. 1986). Bowling (1989) found that variations in the light 

attenuation characteristics of some north-eastern New South Wales lakes probably 

resulted from regional climatic and vegetational conditions. Sources of colour and 

turbidity include phytoplankton (autochthonous) and soil erosion and leaching of humic 

substances (allochthonous) from the catchment following heavy rain (Bowling 1989). 

Water, sediment and nutrient inputs in sub-tropical and tropical regions of Queensland 

are dominated by intense summer rain (Harris and Baxter 1996, Mitchell et al. 1997).  

 

Some colony forming cyanobacteria genera, such as Anabaena, Microcystis, and 

Cylindrospermopsis are capable of high rates of photosynthesis and store large 

quantities of carbohydrates during the growth period. These genera possess gas 

vacuoles enabling them to regulate their buoyancy in order to position themselves in the 

water column at optimal light intensities for growth (Chorus and Bartram, 1999). 

Buoyancy regulation also enables nutrient replenishment through vertical migration to 

the nutrient rich hypolimnion. This ability for certain cyanobacteria to position 

themselves at optimal locations in the water column provides a competitive advantage 

over other phytoplankton, such as diatoms, that rely on more passive movement. A 

condition of this buoyancy regulation is that the waterbody turbulence is minimal and 

the euphotic zone is shallow in relation to the depth of vertical mixing (Zeu < Zmix) 

(Chorus and Bartram, 1999, Harris 1986). Alternatively, population growth of non-

buoyant phytoplankton is enhanced under mixed conditions as losses from 

sedimentation are reduced (Lindenschmidt and Chorus 1997, Visser et al. 1996). 

 

Stored energy reserves are limited and will only last for relatively short periods of time. 

Therefore, if phytoplankton spend too much time below the euphotic zone, primary 

production will be reduced (Lawrence et al. 2000). If Zmix>Zeu, then phytoplankton cells 

will be carried in and out of the photosynthetic zone. The proportion of time that the 
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cells spend in the light is then determined by the ratio of Zeu:Zmix. If the mixing depth is 

large, then cells will spend shorter periods in the light and growth will be reduced 

(Lawrence et al. 2000). 

 

Harris (1986) points out that phytoplankton populations have the ability to track small 

variations in mixing conditions and adapt physiologically (by altering growth rates and 

community composition) in order to grow until biomass reaches the nutrient carrying 

capacity of the surface mixed layer. However, he also notes that this general 

relationship is not possible in the presence of large scale perturbations in Zmix at a scale 

of days (e.g. induced by storm events).  

 

4.1.2 Rates of growth and succession 

In any community it is possible to identify a number of reproductive strategies, ranging 

from ‘r’ strategists (i.e. opportunistic, use large amounts of energy for production, short 

generation times and occur in unstable environments), to ‘K’ strategists (i.e. slow 

growth and reproduction, competitive and occur in stable environments) (Connell, 1978, 

Kilham and Kilham, 1980). The complex interactions in the physical environment, as 

well as the resource availability, impact on the normal winter-spring-summer sequence 

of a shift in phytoplankton community structure from r-selected species to ones 

favouring conditions of K-selection.  

 

In comparison to the classical definitions of K-selection species proposed by Connell 

(1978), all phytoplankton could be considered as ‘r’ strategists, in that they have 

evolved in temporary habitats where maximum density cannot be maintained for long 

periods due to competition or rapid environmental changes. However, Kilham and 

Kilham (1980) suggest that phytoplankton demonstrate the full range of (‘r’ to ‘K’) life 

history strategies. 

 

The seasonal cycle of the Zeu:Zmix ratio influences the sequence of shifts from ‘r’ to ‘K’ 

strategists in seasonal succession. Succession is also influenced by the interaction 

between the cycle of stratification and nutrients, as nutrient sedimentation in summer 

leads to a reduction in biomass and an increased Zeu. The onset of thermal stratification 

is a major factor influencing phytoplankton succession and seasonal alterations between 

mixing and stratification and constitutes one of the major variables driving 
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phytoplankton periodicity in lakes (Reynolds 1984). The development of the 

thermocline reduces the surface mixed layer and enables surface layers to become more 

stable. Increased stability leads to vertical heterogeneity in species as mixing rates 

decrease and it becomes possible for organisms capable of regulating their buoyancy to 

vertically migrate throughout the water column. The thermocline prevents the 

regeneration of nutrients during summer and leads to a gradual depletion of nutrients in 

the surface mixed layer towards the end of summer (Harris 1986).  

 

Harris and Piccinin (1980) demonstrated that the rates of change in community structure 

were correlated with changes in the mixing depth in Hamilton Harbour, and that there 

was evidence of critical Zeu:Zmix ratios for certain species. Harris and Piccinin (1980) 

found that storm events led to major alterations in the Zeu:Zmix ratio, which resulted in 

changes in phytoplankton community structure. The severity of the impact was 

dependent largely on the temporal scales of the perturbation (i.e. major changes in 

species composition occurred when the physiological adaptation by the cells could no 

longer cope with the physical changes).  

 

Environmental fluctuations in turbulence at a scale of 50 hours to 200 hours have an 

important effect on community composition as this enables interaction with growth 

rates and population dynamics of organisms (Harris 1986). This is supported by Harris 

and Smith (1977), who found that a reduction in vertical mixing, from a scale of a few 

days to two weeks, led to a reduction in diversity and increased biomass.   

 

4.1.3 Use of artificial destratification to control cyanobacteria 

Artificial destratification can influence the growth of cyanobacteria through a number of 

mechanisms, such as: 

• Reducing the internal nutrient load; 

• Increasing the depth of the surface mixed layer in relation to the depth of the 

euphotic zone (i.e. increasing the Zmix and decreasing the Zeu); and, 

• Creating a shift in dominance from cyanophytes to greens or diatoms through 

increasing concentrations of CO2 and decreasing pH in the surface mixed layer;  

 

Artificial destratification can also reduce biomass in the surface mixed layer through 

dilution and mixing, although the overall biomass remains the same (Barbiero et al. 
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1996). Species composition and abundance of cyanobacteria can be controlled by 

artificial destratification through manipulating the Zeu:Zmix ratio, thereby returning the 

waterbody to more ‘winter’ like conditions where light is limiting (Cooke et al. 1993, 

Shapiro et al. 1982). This balance between Zeu and the Zmix is referred to as the ‘critical 

depth’. Beyond this depth photosynthetic carbon gain is reduced while respiratory 

carbon gain remains unchanged, therefore net phytoplankton growth cannot occur 

(McAuliffe and Rosich 1989, Talling 1971). 

 

In experiments undertaken by Reynolds et al. (1983 and 1984), using large limnetic 

enclosures (Blenham Tarn), vertical mixing was artificially induced, increasing the Zmix 

over a period of days. The tubes were allowed to re-stratify between mixings. The 

artificially induced changes in the Zeu:Zmix ratio resulted in a clear community 

succession. Under stable conditions the high Zeu:Zmix ratio favoured the growth of ‘r’ 

strategists. When vertical mixing was induced the community reverted to more stable  

forms, such as ‘K’ species. ‘K’ strategists persisted throughout summer but reached 

lower, later peaks as the fluctuations in the Zeu:Zmix ratio slowed their growth (i.e. 

growth occurred during stable conditions, but not during mixing). These results suggest 

that the timing and frequency of perturbation is critical. Where no mixing occurs during 

summer, it is likely to result in domination of ‘K’ species and potential blooms of 

cyanobacteria. However, total mixing may lead to blooms of ‘r’ strategists (e.g. 

diatoms).  

 

Reynolds et al. (1983) further hypothesised that a cycle of frequent mixing would 

favour the growth of individual species for shorter periods, so that none would realise 

their potential before the hydraulic conditions changed again, leading to a more diverse 

community of average biomass. This hypothesis was supported by Reynolds (1984) 

who found that strong perturbations in the Zeu:Zmix ratio over a 10-20 day scale resulted 

in diverse flora of W, r and k strategists co-existing at a reduced biomass. This appears 

to support the intermediate disturbance hypothesis proposed by Connell (1978), 

whereby it was predicted that ‘r’ strategists are favoured in highly disturbed 

environments and ‘K’ strategists in constant environments and that maximum diversity 

(co-existence of both types) would occur at levels of ‘intermediate disturbance’. The 

underlying theory is that competitive exclusion can be avoided if the time between the 

disturbances is less than the time it takes for competitive exclusion to occur (i.e. 
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intermittent disturbance resulting in periodic population reductions could prevent 

competitive exclusion and lead to increased diversity). 

 

Another way artificial destratification can lead to a shift in species dominance from ‘K’ 

strategists to ‘r’ strategists is by increasing epilimnetic CO2 concentrations and resultant 

reduction in pH levels. CO2 produced during the respiration and oxidation of organic 

matter in the hypolimnion is transported to the euphotic zone, thereby lowering pH 

levels and promoting cyanobacterial cell lysis (Forsberg and Shapiro 1980, Shapiro 

1984, Stumm and Morgan 1996). Additionally, increased CO2 concentrations may 

favour the growth of green algae (Cooke et al. 1993). This has been demonstrated by 

Shapiro et al. (1982), who found that species dominance shifted from cyanobacteria to 

diatoms and green algae, under mixed conditions with reduced pH and increased CO2 

concentrations. Results of a study by Visser et al. (1996) also showed that artificial 

(deep) mixing of Lake Niuewe Meer (Netherlands) was successful at preventing blooms 

of Microcystis, which was attributed to reduced losses from sedimentation coupled with 

lower epilimnetic pH resulting from mixing of hypolimnetic CO2 rich water with the 

CO2 depleted epilimnion.  
 

4.1.4 Consequences of inadequate or poorly timed mixing  

If an artificial destratifier is under-designed it will result in incomplete mixing of the 

water column. This may actually lead to a reduction in the depth of the surface mixed 

layer, thus favouring growth of buoyant cyanobacteria due to improved light conditions 

(Fast 1981). Often a small thermal gradient persists near the surface. This 

microstratification layer near the surface then results in a decrease in the mixed layer 

depth, hence greater gross photosynthesis relative to respiration (Fast 1981, McAuliffe 

and Rosich 1989). Such development of microstratification layers due to incomplete 

mixing from destratification was observed in Little Para Reservoir in South Australia 

(McAuliffe and Rosich 1989). In this example the formation of surface 

microstratification resulted in blooms of Anabaena and Microcystis, which were 

subsequently treated with copper sulphate dosing. 

 

Sherman et al. (2000a, b) concluded that an artificial destratification system installed in 

Chaffey Dam did not significantly deepen the surface mixed layer despite a marked 

reduction in the surface to bottom temperature range, resulting in the continued 
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domination of the potentially toxic cyanobacterium, Anabaena. Furthermore, they found 

that 90% of Chla was concentrated above 4.5m, where there was a temperature change 

of only 0.04ºC. This indicates that this microstratification layer was sufficient to prevent 

the downward migration of buoyant cyanobacteria. They also concluded that although 

the destratifier resulted in an 80% reduction in internal FRP load, the destratifier failed 

to control cyanobacterial blooms due to the high external loads. Similar results were 

reported by Lindenschmidt and Chorus (1997) who demonstrated that artificial 

destratification of Lake Tegel (Germany) did not induce sufficient mixing to reduce 

biomass of Microcystis and Aphanizomenon. They went further to suggest that even 

under conditions whereby the destratifier mixed to the maximum depth of the lake 

(15m) this would not be sufficient to light limit the growth of cyanobacteria.  

 

Experiments by King (1970) found that cyanobacteria are more efficient at using CO2 at  

higher pH levels, and that lower pH may favour greens. In a well mixed lake, CO2 

production is high due to increased rates of aerobic organic matter decomposition. 

Under these conditions CO2 is entrained to the euphotic zone where it is available for 

utilisation by phytoplankton. Destratification systems that are under-designed may not 

supply adequate energy to provide complete mixing of a reservoir. In this case, nutrient 

rich hypolimnetic water is slowly entrained to the epilimnion causing an increase in 

algal productivity, a reduction in CO2 and an increase in pH, favouring the growth of 

cyanobacteria (Shapiro, 1981). This is because, if CO2 is brought to the surface too 

slowly, it may not be able to contribute to decreased pH due to increasing levels of 

photosynthesis. Additionally, if circulation is too slow to provide atmospheric oxygen 

replenishment, or to change the ratio of photosynthesis to respiration, pH may increase, 

favouring cyanobacteria (Shapiro, 1981 and 1984). 

 

Hooper et al. (1953) was one of the first to investigate the influence of destratification 

on phytoplankton. West Lost Lake (Michigan) was mechanically mixed for a period of 

10 days, during which phosphorus rich hypolimnetic water was injected to the 

epilimnion, resulting in an 8-10 fold increase in phytoplankton during the trial. Solly 

(1981) reported similar findings for Lake Samsonvale. Initial destratification trials 

undertaken between July to September 1978, suggest that if the destratifier was started 

after stratification had commenced, large nutrient inputs to the epilimnion resulted in a 

subsequent bloom of Microcystis. 
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4.1.5 Objectives 

This chapter investigates the influence of the artificial destratification system on 

changes in the species composition and abundance of C. raciborskii and M. aeruginosa. 

This is achieved by analysis of phytoplankton abundance data for Lake Samsonvale for 

the period 1984-2002 and using phytoplankton depth profile data collected between 

September 1999 and May 2000.  

 

The following scientific hypotheses were tested: 

Hypothesis 1: That maximum summer counts of C. raciborskii and M. aeruginosa have 

decreased since installation of the destratifier; 

Hypothesis 2: That winter populations of C. raciborskii and M. aeruginosa have 

increased since installation of the destratifier; 

Hypothesis 3: That the length of the growth season of C. raciborskii and M. aeruginosa 

has increased since installation of the destratifier; 

Hypothesis 4: That the seasonal successional relationship between C. raciborskii and 

M. aeruginosa has changed since installation of the destratifier; and, 

Hypothesis 5: That the destratifier is not effective at reducing populations of C. 

raciborskii and M. aeruginosa through light limitation. 

 

4.2 Methodology 
4.2.1 Sampling sites and methodology 

Surface samples have been collected on a weekly basis from the dam wall and 100m 

from the dam wall (NP01) since 1984. The sampling regime was expanded in 1995, just 

prior to the installation of destratification equipment consisting of 5 sites located 

throughout the reservoir (Figure 4.1). However, only NP01 data have been used in this 

investigation as this site comprised the longest continuous dataset. 

 

Phytoplankton were collected between 1984-1997 using surface-grab samples and 

enumeration was carried out using the sedgwick rafter counting chamber, following 

sample concentration by slow sand filtration (for more details refer to Harris and Baxter 

1996). Sample collection after 1997 was undertaken using a 5cm diameter, 3m long 

integrated hosepipe sampler. Samples were preserved in the field with 1mL of 100% 

Lugols iodine, or until the sample turned a light tea colour. Samples were then stored in 
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the dark, prior to delivery to the laboratory.  

 

Phytoplankton enumeration (post 1997) was undertaken following the American Public 

Health Association, Standard Methods for Examination of Water and Wastewater, 20th 

Edition (1998) using the Lugol’s sedimentation technique, followed by identification 

using a Lund cell counting chamber and compound microscope. Potentially toxic 

cyanobacteria were identified to species level with the use of appropriate taxonomic 

keys. 

 

Phytoplankton sampling and enumeration was undertaken by experienced field and 

laboratory technicians at all times. However, the different techniques pre and post 1997 

may have resulted in data inconsistencies. In the absence of any additional data for 

comparison, all data collected prior to 1997 has been deemed comparable to data 

collected after 1997 for the purposes of this study. 

 

4.2.2 Cyanobacterial depth profiling experiment 

Samples were collected from site NP01 between September 1999 and May 2000. 

Samples were collected from depths of 0m, 2m, 4m, 6m, 10m, 14m, 18m, 22m, 26m 

and 30m (depending on the volume of the lake at the time of sampling) using a Van 

Dorn depth sampler. Phytoplankton enumeration was carried out following the 

procedures identified in section 4.2.1 above (post 1997). 

 

4.2.3 Data analysis 

A continuous phytoplankton abundance dataset was available for site NP01 the period 

1984-2002. These data was originally in various formats including early versions of 

Lotus and Microsoft Excel. All data were re-formatted, checked for obvious 

transcription errors and outliers, and incorporated into Microsoft Excel 2000. For the 

purpose of this study, only the predominant (potentially toxic) cyanobacteria C. 

raciborskii and M. aeruginosa were analysed, due to the public health concerns 

associated with toxins in drinking water.   

 

Between 1992-1994, data for M. aeruginosa and C. raciborskii were only available in 

colonies/mL. Data for all other years were recorded in both colonies (or trichomes) /mL 

and cells/mL. The average number of cells/colony varied between sampling occasions. 
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However, to enable all data to be reported as cells/mL, data for colonies/mL were 

converted to cells/mL based on the median cells per colony used in other years (Table 

4.1). Therefore, where data for cells/mL were not available, C. raciborskii and M. 

aeruginosa colonies/mL were multiplied by 18.2 and 50, respectively. 

 

 

 

 
Table 4.1. Summary data for cells/per colony 

 n mean median max min 
M. aeruginosa 90 74.65 50 383.33 4.58 
C.raciborskii 191 19.87 18.2 160 7.14 
 
Comparison of pre and post destratification 

The following summary statistics for C. raciborskii and M. aeruginosa were calculated 

using data for the 13 years pre and 5 years post destratification (refer to Appendix C1 

and C2)2: 

• Peak summer abundance; 

• Median summer abundance; 

• Peak autumn abundance; 

• Median autumn abundance; 

• Peak spring abundance; 

• Median spring abundance; 

• Peak winter abundance; 

• Median winter abundance; 

• Percentage of samples collected in winter <1000 cells/mL;  

• Percentage of samples collected in winter that were positive; and, 

• Length of the growth season (onset to decline). 

 
Based on the classification of population size identified in the World Health 

Organisation publication “Toxic Cyanobacteria in Water – A Public Health Perspective” 

(Chorus and Bartram, 1999), abundance of <1,000 cells/mL were considered to be rare-

very low. The length of the growth season was determined by calculating the number of 

                                                 
2 Median abundance was used due to the non-normal distribution of the data. 
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weeks between onset to decline of the population of each species. The following 

definitions were used: 

• Onset - the first count of three consecutive increasing counts >1,000 cells/mL; and, 

• Decline - the last count of three consecutive decreasing counts <1,000 cells/mL.   
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Figure 4.1. Map of Lake Samsonvale showing location of phytoplankton monitoring stations 
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The summary data were exported to the statistical software package GenStat and a 

Mann-Witney U test performed for each factor to determine if there were any 

significant differences between the pre and post medians. 

 

Changes in the successional relationship pre- and post-destratification 

A comparison of the frequency of occurrence of C. raciborskii and M. aeruginosa, was 

undertaken in order to determine the percentage of occasions in both the pre and post 

periods when: 

• Both species were present (if at all) in concentrations <1000 cells/mL (low-low); 

• C. raciborskii were present (if at all) in concentrations <1000 cells/mL and M. 

aeruginosa were present in concentrations >1000 cells/mL (low-high);  

• Both species were present in concentrations >1000 cells/mL (high-high); and, 

• C. raciborskii were present in concentrations >1000 cells/mL and M. aeruginosa 

were present (if at all) in numbers <1000 cells/mL (high-low). 

In order to reduce the autocorrelation in the data (which tends to exaggerate the level of 

significance of observed effects), an additional comparison was undertaken using data 

for the first sample in each month only. The pre and post percentages were then 

compared statistically using the normal approximation to the binomial method. To 

provide a more sound test for significance between the ‘pre’ and ‘post’ periods, an 

additional test (Mann-Witney U test) was performed on the durations of episodes when 

both species were present in concentrations >1,000 cells/mL (high-high).  

 

Cyanobacterial depth profiling experiment  

Depth profile data for C. raciborskii and M. aeruginosa for the period September 1999 

– February 2000 were exported to GenStat. Wherever possible, a two-way ANoVA was 

performed, except where the standard ANoVA  assumptions of residual normality and 

homoscedasticity were violated. A two-way ANoVA was carried out to determine if the 

destratifier influenced the vertical distribution of C. raciborskii and M. aeruginosa 

throughout the water column. An additional factor was tested to determine if there was 

any significant variation observed between the surface mixed layer (0-6m) and the rest 

of the water column.  
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4.3 Results 
4.3.1 Comparison of pre and post destratification 

C. raciborskii 

Results of the Mann-Witney test for C. raciborskii showed a significant increase (P 

<0.001) in median winter populations since installation of the destratifier. Significant 

increases in background winter populations (decrease in % winter counts <1,000) and 

the number of occasions during winter that the species was present (% positive winter 

counts) were also observed (Table 4.2, Appendix C1).  

 

Although, peak summer abundance and median summer abundance increased from 

32,000 to 52,600 and 1,000 to 17,000, respectively, these increases were shown not to 

be statistically significant. Similarly, peak winter counts showed a slight increase but 

this increase was not significant. 

 

No significant variation was observed in peak autumn counts between the pre and post 

periods. However, a significant increase (P<0.001) in peak spring counts and median 

spring counts, since installation of the destratifier was observed (Table 4.2, Appendix 

C1). 

 

The length of the growth season for C. raciborskii has increased significantly (P<0.01) 

since installation of the destratifier. This appears in part due to earlier onset of C. 

raciborskii populations and the significant increase in median spring populations (Table 

4.2, Appendix C2). Prior to destratification, population onset occurred during summer 

months (December and February). An exception to this occurred in 1996, when 

population onset occurred during November. However, even though the destratifier was 

not operational during the spring-summer of 1996-1997, 1996 spring populations would 

have been influenced by the environmental conditions created as a result of artificial 

destratification that occurred during the preceding summer. Since installation of the 

destratifier, initial population development now occurs during spring (September to 

November).  

 

M. aeruginosa 

Results of the Mann-Witney U test for M. aeruginosa showed that although there was a 

slight increase in winter populations (median winter counts and % positive counts) since 
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installation of the destratifier, no significant differences between the pre and post 

periods were found for any of the population parameters (Table 4.2, Appendix C1). M. 

aeruginosa was present continuously (in concentrations >1,000 cells/mL) between April 

1993 to November 1998. As this period covers a substantial amount of time within both 

the pre and post periods, a comparison between the median length of the growth season 

for M. aeruginosa between the pre and post periods was unable to be drawn (Appendix 

C2). 

 
Table 4.2. Summary of the results of the Mann-Witney test for C. raciborskii and M. 
aeruginosa 

 Median Pre 
destrat

Median Post 
destrat

P-value for pre-
post effect 

C. raciborskii 

Peak Summer (cells/mL) 32000 52576 ns 

Median Summer (cells/mL) 1017 17014 ns 

Peak Autumn (cells/mL) 51000 9450 ns 

Median Autumn (cells/mL) 6370 1901 ns 

Peak Spring (cells/mL) 0 46033 <0.01 

Median Spring (cells/mL) 0 11637 <0.001 

Peak Winter (cells/mL) 820 9250 ns 

Median Winter (cells/mL) 0 2153 <0.01 

% Winter Counts < 1000 100 0 <0.01 

% Positive Winter Counts 4 100 <0.01 

Length of growth season 
(weeks) 

23 84 <0.01 

M. aeruginosa 

Peak Summer (cells/mL) 4650 10915 ns 

Median summer (cells/mL) 1600 1793 ns 

Peak Autumn (cells/mL) 3200 5446 ns 

Median Autumn (cells/mL) 1025 510 ns 

Peak Spring (cells/mL) 17387 8376 ns 

Median Spring (cells/mL) 6500 2087 ns 

Peak Winter (cells/mL) 3050 3408 ns 

Median Winter (cells/mL) 300 3504 ns 

% Winter Counts < 1000 69 29 0.6 

% Positive Winter Counts 57 100 1.4 

Length of growth season 
(weeks) 

N/A N/A N/A 
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4.3.2 Changes in the successional relationship pre and post destratification 

The comparison of the frequency of occurrence of C. raciborskii and M. aeruginosa, for 

all occasions and for the first sample in each month only, showed similar results (Table 

4.3). In order to reduce autocorrelation in the data, a statistical test for significance was 

also carried out on frequency data for the first sample in each month only.  

 
Table 4.3. Frequency of occurrence of C. raciborskii and M. aeruginosa pre and post 
destratification 

C. raciborskii M. aeruginosa Freq Pre Freq Post % Pre % Post 
All data 

Low Low 142 18 26 9 
Low High 210 28 39 14 
High Low 79 58 15 29 
High High 112 97 21 48 

 N 543 201   
Selected data - First sample in each month only 

Low Low 100 6 49 9 
Low High 53 7 26 10 
High Low 20 22 10 32 
High High 32 33 16 49 

 N 205 68   
 

Table 4.4 summarises the comparisons of the pre and post proportions for the selected 

data set using the normal approximation to the binomial. This shows that, since 

installation of the destratifier: 

• The percentage of occasions that C. raciborskii and M. aeruginosa were both 

present in low concentrations (<1000 cells/mL) has decreased significantly (from 

49% to 9%); 

• The percentage of occasions that C. raciborskii was present in low concentrations 

(<1,000 cells/mL) and M. aeruginosa was present in high numbers (>1,000 

cells/mL) has decreased significantly (from 26% to 10%); 

• The percentage of occasions that both species occurred simultaneously in high 

concentrtions (>1,000 cells/mL) has increased significantly (from 15% to 50%); 

and, 

• The percentage of occasions that C. raciborskii was present in high concentrations 

(>1,000 cells/mL) and M aeruginosa was present in low concentrations (<1,000 

cells/mL) has increased significantly (from 10% to 32%).  
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Table 4.4. Results of the Normal Approximation to the Binomial (using 1st sample in each 
month only) for the frequency of occurrence of C. raciborskii and M. aeruginosa.  

C. raciborskii M. aeruginosa Pre Post P-value 
Low Low 0.49 0.09 <0.001 
Low High 0.26 0.10 <0.001 
High Low 0.10 0.32 <0.001 
High High 0.16 0.49 <0.001 
 

4.3.3 Cyanobacterial depth profiling experiment  

C. raciborskii 

Clear differences in the depth profiles for C. raciborskii were observed between the 

dates when the destratifier was ‘on’ to those when destratifier was ‘off’ (Figure 4.2). 

 

The results of the two-way ANoVA showed a significant increase in mean population 

during the ‘on’ period (late spring-summer), compared to the ‘off’ period (early spring), 

despite significant variation between dates within either of the ‘on’ or ‘off’ periods (P 

=0.001) (refer to Appendix C4- ‘Random’ effects). Significant surface to bottom depth 

effects were observed for all dates, and within each of the ‘on’ and ‘off’ periods 

(P<0.01) (Appendix C3-4, Figures 4.2-4.3). A significant decrease was also observed in 

C. raciborskii numbers below six metres for all dates, and within each of the ‘off’ and 

‘on’ periods (P<0.05). However, depth profiles indicate that C. raciborskii populations 

at depth are significantly higher in the ‘on’ period than the ‘off’ period (Appendix C3-4, 

Figures 4.2-4.3). This suggests that although the destratifier is partially mixing C. 

raciborskii throughout the water column, microstratification between 0-6m is sufficient 

to prevent complete vertical mixing. However, these data should be interpreted with 

caution as they are very close to violating the standard assumptions of the ANoVA (i.e. 

residual normality and homoscedasticity).  

 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 86

C. raciborskii 

0.00

1.00

2.00

3.00

4.00

5.00

0 5 10 15 20 25

Depth below surface (m)

Lo
g1

0 
(c

el
ls

/m
L)

Off 1
Off 2
On 1
On 2
On 3
On 4

 
Figure 4.2. Depth profiles for C. raciborskii between September 1999 and Feb 2000 
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Figure 4.3. Results of the ANoVA for the four depth profiles for C. raciborskii, collected 
while the destratifier was operational between November 1999 and Feb 20003 

 

M. aeruginosa 

An ANoVA to determine the depth effect for M. aeruginosa was unable to be 

performed because the residual variation was not normally distributed and the residual 

variability is not the same at all levels of the experiment (refer to Figure 4.4). However, 

a two-way AnoVA was performed on the data to determine if there was any significant 

                                                 
3 Detailed AnoVa results provided in Appendix C3. 
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variation in mean population between the ‘on’ period compared to the ‘off’ period. No 

significant variation in mean population was shown between the ‘on’ period (late 

spring-summer), compared to the ‘off’ period (early spring), when taking into account 

the random effects between dates within either of the ‘on’ or ‘off’ periods (refer 

Appendix C4 – Random effects). No significant variation between the top 6m and the 

rest of the water column was shown in either of the ‘off’ or ‘on’ periods (Figure 4.4, 

Appendix C4).  
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Figure 4.4. Depth profiles for M. aeruginosa between September 1999 and Feb 2000 
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4.4 Discussion 
Influence of artificial destratification on seasonal abundance of C. raciborskii 

and M. aeruginosa 

It was anticipated that peak summer populations would have decreased since installation 

of the destratifier. The basis of this hypothesis was that buoyant cyanobacteria 

previously concentrated in the euphotic zone, would be vertically dispersed, leading to 

an intermediate biomass distributed evenly throughout the water column. However, no 

decreases in surface peaks of either C. raciborskii or M. aeruginosa were observed. In 

fact, populations of both species showed statistically insignificant increases during 

summers when the destratifier was operational. This suggests that overall biomass of C. 

raciborskii and M. aeruginosa has actually increased since operation of the destratifier. 

Artificial destratification has been shown to be ineffective at reducing summer 

cyanobacterial populations in East Sidney Lake (New York) (Barbiero et al. 1996) and 

Solomon Dam (North Queensland) (Hawkins and Griffiths, 1993). 

 

Previous chapters have shown that, while the destratifier is effective at reducing the 

thermal and chemical gradients, it has not been successful in completely ‘mixing’ the 

lake, resulting in the presence of microstratification layers and continued nutrient 

enrichment from the sediment. Under naturally stratified conditions, the nutrient supply 

is gradually reduced during summer as the biological demand increases in response to 

increasing temperature and light availability. As nutrients in the epilimnion become 

depleted late in the growth season, algal biomass declines unless nutrients are 

replenished. Artificial destratification has reduced the lakes’ resistance to mixing from 

meteorological forces leading to non-seasonal surface mixed layer deepening events and 

nutrient entrainment to the euphotic zone. Therefore, a major factor contributing to the 

persistence of cyanobacteria populations during summer is likely to be the periodic 

injection of nutrient rich hypolimnetic water into the epilimnion as a result of this non-

seasonal deepening of the surface mixed layer. Large winter blooms of Anabaena were 

directly linked to significant nutrient injections from deep mixing in Chaffey Reservoir 

(Sherman et al. 1999). Lindenschmidt and Chorus (1997) concluded that hypolimnetic 

nutrient entrainment from artificial destratification was a major factor favouring the 

growth of Microcystis species. Incomplete mixing from artificial destratification has 

also been linked to the formation of cyanobacterial blooms in other Australian 

reservoirs (McAuliffe and Rosich 1989). 
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Although the destratifier was largely in continuous operation each year between 

October-May, there were a number of occasions (ranging from 1 day to 3 weeks) when 

the destratifier was not operational as a result of mechanical failure. These periods 

would lead to rapid water column stabilization and hypolimnetic oxygen depletion as a 

response to higher sediment temperatures, and it would require much greater energy 

inputs to remove stratification once mixing recommences. Furthermore, the destratifier 

was turned on each year in spring, in response to small changes (<1ºC) in the 

temperature profile of the lake. Even such a low temperature gradient indicates that the 

onset of stratification had already commenced and would be sufficient to create 

chemical barriers leading to rapid oxygen consumption in the hypolimnion. Intermittent 

periods of stratification and mixing, or operation of the destratifier after stabilisation has 

commenced has been linked to blooms of cyanobacteria (e.g. Solly 1981, Hooper et al. 

1952), and is likely to contribute to summer populations of C. raciborskii and M. 

aeruginosa in Lake Samsonvale. 

 

The periodic injection of nutrients into the epilimnion during summer enables 

cyanobacteria to replenish nutrient reserves during a period when nutrient depletion 

would normally limit growth. Furthermore, under a natural seasonal cycle of 

stratification and mixing, winter nutrient pools are large, but phytoplankton growth is 

limited by light and temperature. While these factors continue to limit winter 

populations under an artificial mixing regime, the extended growth season and elevated 

summer hypolimnetic temperatures greatly reduce the period of temperature limitation, 

which may explain why winter populations are not completely suppressed.  

 

The operation of the destratifier has resulted in the onset of C. raciborskii populations 

now occurring in spring and persisting until late autumn. The significant increase in 

spring populations of C. raciborskii is likely to be influenced by increased baseline 

winter populations. Douglas et al. (1999) also suggest that elevated sediment 

temperatures from destratification may have implications for the germination of C. 

raciborskii akinetes, which require minimum temperatures of 22-23C to germinate. The 

increased hypolimnetic temperatures induced by artificial destratification during spring 

could further explain the earlier onset of C. raciborskii populations. However as 
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Douglas et al. (1999) points out, this assumes that akinete germination is crucial to the 

onset population growth, which is a point not yet proven. 

 

Influence of destratification on the successional relationships between C. 

raciborskii and M. aeruginosa pre and post destratification 

Phytoplankton with the ability to regulate their buoyancy are generally favoured under 

stable/stratified conditions (‘k’ selection species). This is because they are able to 

position themselves at locations throughout the water column to best utilise available 

nutrient pools and optimal light intensities. Non-motile species, such as diatoms, favour 

more unstable conditions (‘r’ selection species) where physical mixing and turbulence 

enable them to remain suspended in the water column.  

 

Although not always definitive, historical records for Lake Samsonvale show 

alternating periods of dominance between M. aeruginosa (late spring-early summer) 

and C. raciborskii (late summer-early autumn) and again followed by late autumn 

blooms of M. aeruginosa. Blooms of M. aeruginosa have been observed during late 

summer, although these were generally in years where C. raciborskii populations were 

low. This suggests that M. aeruginosa favours intermediate levels of stability, such as 

found during periods of stratification onset and erosion and opportunistically utilise 

spring nutrient pools, prior to the colonisation of C. raciborskii. Lindeschmidt and 

Chorus (1997) found that Microcystis species are able to adjust to irregular mixing 

events and that a non-growing population can survive into autumn if a significant stock 

exists. This is due to their ability to rapidly adjust their position in mixed water 

columns, theoretically ensuring a quick recovery once stable conditions are re-

established. Furthermore, Microcystis spp. were shown to out-compete other 

cyanobacteria (such as Anabaena) under situations of frequent or intensive turbulence. 

So, while M. aeruginosa exhibits physiological traits of a K- selection species (e.g. 

ability to regulate buoyancy), its ability to adapt to unstable conditions suggests that 

selection lies at an intermediate stage between that of ‘r’ and ‘k’ species.  

 

Reynolds et al. 1983 recognised that a periodic shift in species composition of natural 

limnetic phytoplankton communities occurs in response to major changes in water 

column stability. The extent of the shift depends on the frequency and amplitude of the 

perturbation, with abrupt changes affecting growth rates and ultimately species 
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composition.  

 

Since operation of the destratifier, the frequency that both C. raciborskii and M. 

aeruginosa occur together has increase significantly, indicating a shift in pattern from 

one of alternating succession to one of coexistence. This increase in coexistence is 

further illustrated by the significant increase in winter and spring populations of C. 

raciborskii, with no corresponding significant changes in the winter and spring 

populations of M. aeruginosa. These data are consistent with the Intermediate 

Disturbance Hypothesis proposed by Connell (1978), in that alternating periods of 

mixing and stratification as a consequence of operation of the destratifier has disrupted 

seasonal succession by shifting the competitive advantage too quickly between species, 

resulting in favourable conditions for colonization by both species.  

 

Although not undertaken for this study, it would be useful to compare the seasonal 

changes observed in C. raciborskii and M. aeruginosa to other phytoplankton species to 

determine if the increased instability favours colonisations by ‘r’ strategists, as opposed 

to equilibrium species or ‘K’ strategists, supporting the Intermediate Disturbance 

Hypothesis. This has been demonstrated in Lake Nieuwe Meer, where deep mixing 

reduced the competitive advantage of buoyant cyanobacteria (through reduced 

sedimentation of non-motile species) resulting in a shift in species dominance from 

cyanobacteria to green algae and diatoms (Visser et al. 1996).  

 

Influence of destratification on the vertical distribution of C. raciborskii and M. 

aeruginosa 

The use of artificial destratification to control cyanobacteria abundance through 

manipulation of the Zeu:Zmix ratio, aims to create more winter like conditions, where the 

mixing depth is much greater than the euphotic depth, facilitating light limitation. 

Chapter 2 demonstrated that although the destratifier has been effective at reducing the 

thermal and chemical gradient during summer, it has not been effective at completely 

mixing the lake and there is evidence of a microstratification layer at a depth of 3 m. 

This microstratification layer is shallower than the thermocline under naturally stratified 

conditions (6-9 m), which indicates there has been a reduction in mixing depth, 

therefore a decrease in the ratio of Zeu:Zmix, since operation of the destratifier.  
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Although this microstratification is minimal in terms of the thermal and chemical 

gradient (<0.2C, 0.5mg/L DO), according to Sherman et al. (2000a,b) this would be 

sufficient to prevent the downward migration of buoyant cyanobacteria. This is 

supported by the results of the depth profile data, where C. raciborskii populations were 

found to be significantly higher between 0-6m. However, it appears that vertical 

migration is only partially prevented with bottom populations significantly higher 

during periods when the destratifier was operational, compared to naturally stratified 

periods.  

 

There is evidence of partial mixing of buoyant cyanobacteria throughout the water 

column in Lake Samsonvale. However, it is apparent that they are not being mixed 

below the euphotic zone for long enough periods to result in light limitation. 

Furthermore, it is possible that incomplete mixing is actually facilitating growth of 

cyanobacteria through nutrient replenishment from the hypolimnion. Phytoplankton in 

Chaffey Dam were found to migrate back to the surface within a matter of hours 

following artificial mixing and it was calculated that mixing to a minimum depth of 

11m would be required in order to sufficiently light limit growth. Because 11m is close 

to the average depth of that lake, it was concluded that artificial destratification in 

Chaffey Dam was not effective at reducing cyanobacteria biomass through light 

limitation (due to the broad expanses of shallow water) (Sherman et al. 2000 a, b).  

 

Although average light intensities were not calculated for Lake Samsonvale, it would be 

expected that the principles behind the calculations used in Chaffey reservoir could be 

applied to Lake Samsonvale. The average depth of Lake Samsonvale is approximately 

9m at full supply, with expansive areas of shallow water in the western areas of the 

reservoir (particularly around the inflows). Assuming that buoyant cyanobacteria would 

respond similarly to those in Chaffey reservoir (e.g. rapid migration back to the 

surface), it could be deduced that the destratifier is unlikely to be effective at light 

limiting the growth of cyanobacteria. This is supported by the lack of change observed 

in summer populations of both C. raciborskii and M. aeruginosa between the pre and 

post destratification periods, despite significant increases in populations at depth while 

the destratifier is operational.  
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5.1 Introduction 
5.1.1 Background 

Eutrophication of lakes and reservoirs as a result of European settlement has contributed 

to a number of water quality problems in waterbodies such as algal and cyanobacterial 

blooms, reduced recreational aesthetics, hypolimnetic oxygen depletion, reduced 

transparency and fish kills (Cooke et al. 1993, Gachter and Meyer 1990, Gachter and 

Wehrli 1998).  

 

There are a number of water quality problems associated with thermal stratification. 

These include: drinking water tastes and odours, reduced volume of good quality 

(aerated) water for fish, accumulation of dissolved Fe2+, Mn2+, PO4
3- and NH4+ in 

hypolimnetic water, staining of clothes, microbial deposition of Fe2+ and Mn2+ on water 

intake pipes and cyanobacterial blooms. Artificial destratification has often been used as 

a management tool to control some or all of the problems associated with seasonal 

thermal stratification, but is most commonly used for the reduction of dissolved 

constituents through chemical oxidation and management of cyanobacterial populations 

(Cooke et al. 1993). Artificial destratification is referred to as the process of breaking 

down or preventing the onset of stratification. It is achieved by applying mixing energy 

to a waterbody, thereby establishing circulating currents and assisting with wind mixing 

by reducing/eliminating the thermal (density) gradient (Burns and Powling 1981, 

McAuliffe and Rosich 1989). 

 

Artificial destratification of a reservoir was first attempted in Australia in 1966 in Little 

Nerang Dam in South East Queensland (McAuliffe and Rosich 1989). Since this time 

more than 60 different systems have been applied in lakes and reservoirs throughout 

Australia. In a detailed study by McAuliffe and Rosich (1989), over 50 destratification 

applications were examined and presented as case studies. Their conclusions were that 

destratification applications in Australia have generally met with limited success, 

particularly in the control of cyanobacteria. The study found that 68% of destratification 

applications to control cyanobacterial blooms failed. Artificial destratification was, 

however, found to be effective at alleviating problems associated with colour and 

turbidity, and to a lesser extent iron and manganese. 
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5.1.2 Artificial destratification of Lake Samsonvale 

Artificial destratification trials were conducted in Lake Samsonvale between July and 

September 1978 to determine the effect on phytoplankton populations and hypolimnetic 

iron and manganese concentrations (Solly 1981). However, no further investigations 

were undertaken until 1995 when the Lake was closed during April-August due to a 

potentially toxic bloom of the cyanobacterium, C. raciborskii. As a result, artificial 

destratification equipment was installed in 1995 with the objective of reducing the 

biomass of potentially toxic cyanobacteria in the reservoir. The equipment consisted of 

two diffusers (90mm), measuring a total length of 1.1kms long, with each diffuser 

delivering approximately 200 L/s-1 of compressed air.  

 

Since installation of destratification equipment in 1995, little information has been 

gained on the influence of the destratifier on the limnological processes occurring in the 

lake. It is suspected that the bubble-plumes may provide a substantial source of 

dissolved nutrients for the growth of cyanobacteria through entrainment of anoxic water 

from the hypolimnion.  

 

5.1.3 Summary of findings 

Artificial destratification of Lake Samsonvale has been effective at reducing the surface 

to bottom temperature differential and increasing dissolved oxygen concentrations at 

depth. While the operation of the destratifier has led to ‘destratification’ during the 

summer months, it has not been successful at fully ‘mixing’ the lake. This is evident by 

the presence of weak thermal and chemical gradients and a microstratification layer 

between 0 and 6m. This microstratification layer is sufficient to reduce the downward 

replenishment of atmospheric and photosynthetic dissolved oxygen. This, coupled with 

the significant increase in bottom temperatures during summer has resulted in the 

oxygen demand of the sediment being greater than the rate of replenishment. Hence, 

while operation of the destratifier has led to a significant increase in the average 

summer concentrations of dissolved oxygen in the bottom waters, anoxic conditions are 

likely to persist at the sediment-water interface due to the increased oxygen demand. 

This narrow zone of anoxia may be sufficient to facilitate the release of dissolved 

constituents, providing a substantial source of bioavailable nutrients to the euphotic 

zone during summer.  
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Although the destratifier has not been effective at completely ‘mixing’ the lake during 

summer, destratification has led to a reduction in stability, making the lake prone to 

partial or complete mixing from meteorological events such as monsoonal summer 

storms and positive ENSO events. This instability has contributed to reduced summer 

mean concentrations of total and dissolved phosphorus. Although not proven in this 

study (due to lack of suitable data), it is also likely that increased hypolimnetic oxygen 

concentrations and instability may also result in reductions in ammonium through 

denitrification. However, preliminary results suggest that the area of influence of the 

destratifier is restricted to a narrow radial distance (of approximately 40m) around the 

bubble-plumes during periods of strong stability. Therefore, internal loading may 

continue to provide a substantial source of nutrients for cyanobacterial growth, 

particularly in the regions of the lake less influenced by the destratifier.  

 

Significant changes in the composition and abundance of C. raciborskii and M. 

aeruginosa have occurred since installation of the destratifier. Despite the reductions of 

average summer dissolved phosphorus concentrations, the overall summer 

cyanobacterial biomass has increased, as demonstrated by the more even distribution of 

C. raciborskii and M. aeruginosa throughout the water column, coupled with increased 

abundance of C. raciborskii in the surface mixed layer. This implies that the average 

depth of the lake is not sufficient to maintain buoyant cyanobacteria below the euphotic 

zone for periods long enough to cause light limitation. In addition to the increased 

summer biomass, the growth season for C. raciborskii has been extended by up to three 

months, with population development now occurring earlier (during spring) and 

persisting until late autumn. The extended growth season and altered physical 

conditions of the lake have resulted in increased winter baseline populations of C. 

raciborskii, which provides a possible explanation for the significant increase in spring 

populations. Increased spring populations may also be because of earlier germination of 

akinetes as a result of increased sediment temperatures. Finally, the operation of the 

destratifier has led to changes in the seasonal successional relationship between C 

raciborskii and M. aeruginosa, with a shift from one of alternating dominance to one of 

co-existence under conditions of intermediate disturbance. Further data analysis on 

other phytoplankton species would be useful to further support/refute this hypothesis. 
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5.1.4 Implications of these findings 

Effectiveness of artificial destratification 

Artificial destratification of lakes and reservoirs has been used extensively throughout 

the world as a water quality management tool since the 1960’s. While artificial 

destratification has reportedly been successful at alleviating many physico-chemical 

water quality problems (e.g. McAuliffe and Rosich 1989, Hooper et al. 1953), its use 

for the management of phytoplankton, particularly cyanobacteria, has met with varied 

success. McAuliffe and Rosich (1989) reported that out of fifty Australian lakes and 

reservoirs studied, 68% of artificial destratification applications failed to control 

cyanobacterial biomass. Similarly, in an early review of destratification applications, 

Pastorok et al. (1981) found that out of fourty reservoirs studied, changes occurred in 

65% of cases. Of these, increased biomass was observed in approximately 30% of 

cases. Numerous studies have reported no effect on biomass (Barbiero et al 1996, 

Lindenschmidt and Chorus 1997, Haynes 1973, Sherman et al. 2000a,b), while others 

have reported increased biomass (Hooper et al. 1953, Solly 1981).  

 

The success or failure of artificial destratification for the control of cyanobacteria 

appears to depend largely on the timing and intensity of mixing. Successful 

destratification applications (i.e. decreased biomass) have been attributed to complete 

mixing, with phytoplankton cells spending longer periods out of the euphotic zone and 

thus reducing production through light limitation. In contrast, in those studies where no, 

or negative, effects on biomass were reported, this was largely a result of inadequate or 

poorly timed mixing, where phytoplankton were not thoroughly mixed throughout water 

column, but nutrients were transported to the euphotic zone. The energy required for 

complete mixing is dependent on the specific physico-chemical and 

hydromorphological characteristics of the lake, history of nutrient enrichment and local 

climatic conditions. So, although the design of artificial destratification systems is based 

on sound theoretical hydrodynamic principles, the lake modeling tools used often do not 

consider the full range of environmental variability. This can lead to inadequate energy 

production for complete mixing when applied in practice. Other factors, such as lake 

depth, may also limit the success of artificial destratification systems, as was found in 

Chaffey Dam (Sherman et al. 2000a,b). In this case, the average depth of the lake is too 

shallow to keep cyanobacteria out of the euphotic zone for periods long enough to 

reduce production through light limitation.  
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It is clear from this study that the energy produced through artificial destratification of 

Lake Samsonvale has not been sufficient for complete mixing of the lake, which has 

contributed to an increase in the overall summer biomass of C. raciborskii and M. 

aeruginosa. Although destratification disperses cyanobacteria throughout the water 

column the average depth of the lake may not be sufficient to cause light limitation. 

Incomplete mixing has also resulted in the transport of dissolved nutrients to the 

euphotic zone, further encouraging the growth of cyanobacteria.  

 

Alternative cyanobacterial management options 

In additional to artificial destratification, there are numerous management options 

available for the control of cyanobacterial biomass in lakes and reservoirs, including; 

hypolimnetic aeration, sediment inactivation, biomanipulation, and reduction in external 

nitrogen and phosphorus loads. Each of these techniques has advantages and 

disadvantages for lake management, and successful application will depend on the 

purposes for which the lake/reservoir has been designated and on the specific 

characteristics of the lake and surrounding catchment.  

 

As with artificial destratification applications, alternative management options have met 

with varied success. The application of natural clay derivatives to sediments of the 

Swan River Estuary (Perth, Western Australia, was found to reduce dissolved 

phosphorus concentrations by approximately 90% (Douglas et al. 1999). 

Biomanipulation has been found to only be successful under certain circumstances. 

Highly eutrophic waterbodies are unlikely to respond positively to biomanipulation, 

while success is more likely in shallow and small water bodies (as fish control is easier) 

(DeBernardi and Guissani 1995, Gulati et al. 1990). Furthermore, applications of 

biomanipulation techniques are more complicated for tropical and sub-tropical lakes and 

reservoirs due to the high fish diversity, more complicated food chains and presence of 

omnivorous fish. Successful biomanipulation applications in the tropics have been 

reported using silver carp for Netofa reservoirs (Israel) (Leventer and Teltsch 1990) and 

Paranoa Reservoir (Brazil) (Starling 1993).  

 

The greatest success appears to be when multiple management techniques have been 

applied, particularly where in-lake methods (e.g. aeration, sediment treatment and 

biomanipulation) are combined with reductions in the external load. Reductions in the 
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external nutrient load alone, is rarely sufficient to result in complete lake recovery, 

particularly where the lake has experienced a long history of eutrophication. Reduction 

in external nutrient loads was shown to be ineffective at reducing internal nutrient loads 

in Lake Naardermeer (Netherlands) (Bootsma et al. 1999) and the Upper Kis-Balaton 

Reservoir (Hungary (Istvanovics and Somlyody 1999). Despite a drastic reduction in 

external nutrient loads to the eutrophic Lake Vesijärvi (Finland) in 1976 and later 

application of artificial destratification, the lake failed to recover and in fact resulted in 

excessive blooms of Microcystis and Aphanizomenon. However, following a large scale 

biomanipulation trial undertaken in 1989, Kairesalo et al. (1999) reported a reduction in 

cyanobacteria from 50% to 10% of the total phytoplankton biomass. Biomanipulation of 

Bautzen Reservoir (Eastern Saxony) failed to reduce phytoplankton biomass. However, 

Microcystis was almost completely suppressed when biomanipulation was 

supplemented with the combined ecotechnological approaches of phosphorus 

precipitation and transport of hypolimnetic water rich in free cardon dioxide into the 

epilimnion (Deppe et al. 1999). Often, investigations only focus on the success of a 

single management option. Steel (1975) urged caution when considering claims that 

destratification reduces phytoplankton biomass, as the reductions in Queen Elizabeth II 

reservoir were largely attributed to grazing activity of zooplankton.  

 

Management implications for Lake Samsonvale 

Artificial destratification of Lake Samsonvale has not successfully achieved the original 

objective of reducing the summer biomass of the potentially toxic cyanobacterial 

species, C. raciborskii and M. aeruginosa. However, it has been effective at improving 

physico-chemical water quality through increasing dissolved oxygen concentrations and 

reducing dissolved constituents in the hypolimnion. This has resulted in a substantial 

reduction water treatment costs and created more desirable oxygen conditions for the 

colonisation of fish. However, operation costs of the destratifier are in the order of 

$100,000 per year (SEQWCo. Pers. Comm). For the destratifier to fully mix the lake, 

additional energy is required and the destratifier must be operated continuously 

throughout the entire stratification period, which may further add to these costs. 

Detailed analysis of the increased costs of operation in relation to the environmental 

benefits and cost savings for water treatment may be required to fully estimate the 

overall benefits of continuous operation of the destratifier. Alternatively, other options 

for lake management, such as reducing external nutrient loads, sediment treatment or 
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biomanipulation could be investigated and implemented to supplement the existing 

operation of the artificial destratifier. The implementation of multiple lake management 

techniques may contribute to the long-term reduction in cyanobacterial biomass, as well 

as improving physico-chemical water quality of the lake. 
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APPENDIX A – Influence of Destratifier- Temperature 
and Oxygen 
A1. Summary data for comparison of pre and post temperature and 
dissolved oxygen 
 

Summer Code 
Mean 
surf T

Mean 
bott T 

Diff 
(ST-BT)

Max 
surf T

Min 
surf T 

Max 
bott T 

Min 
bott T

1983-1984 pre 25.0 15.7 9.3 28.0 21.5 17.0 15.0

1984-1985 pre 25.6 15.3 10.3 26.5 24.0 15.5 15.0

1985-1986 pre 27.3 17.6 9.7 29.5 25.0 17.7 17.4

1986-1987 pre 25.6 17.7 7.9 29.0 22.0 18.1 17.0

1995-1996 post 27.4 25.3 2.1 29.8 26.2 27.3 24.2

1997-1998 post 28.5 26.3 2.2 28.6 28.2 26.8 25.5

1998-1999 post 26.4 24.8 1.6 27.5 25.1 26.6 23.4

1999-2000 post 24.8 23.6 1.2 26.0 23.6 25.5 21.6

    

Summer Code 
Mean 

surf DO
Mean 

bott DO
Diff 

(SDO-BDO)
Max 

surf DO
Min 

surf DO 
Max 

bott DO 
Min

bott DO

1983-1984 Pre 7.9 0.2 7.7 9.4 7.0 0.5 0.0

1984-1985 pre 7.4 0.2 7.2 8.6 6.4 0.2 0.0

1985-1986 pre 7.1 0.1 7.0 7.7 6.3 0.1 0.1

1986-1987 pre 7.4 0.4 7.0 8.2 6.7 1.2 0.2

1995-1996 post 6.2 2.1 4.1 7.5 3.6 6.1 0.0

1997-1998 post 7.3 0.6 6.7 8.0 6.8 1.0 0.2

1998-1999 post 8.8 2.5 6.3 12.5 6.8 5.5 0.5

1999-2000 post 7.0 2.2 4.8 7.9 5.8 7.4 0.4

 
 



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 118

A2. ANoVA Results for Comparison of Pre and Post Temperature and 
Dissolved Oxygen 
Variate: TempMin 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1   778.7537   778.7537   70.15  <.001 
Residual                   6    66.6105    11.1017   21.37 
  
Yeer.*Units* stratum      51    26.4972     0.5196 
  
Total                     58   871.8614 
 
 
***** Tables of means ***** 
  
Grand mean  19.078 
  
  PrePost        1        2 
            16.671   24.561 
     rep.       41       18 
 
  
 
 
Variate: TempAv 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1   258.4372   258.4372   28.65  0.002 
Residual                   6    54.1304     9.0217   10.70 
  
Yeer.*Units* stratum      51    42.9843     0.8428 
  
Total                     58   355.5519 
 
  
***** Tables of means ***** 
 
Grand mean  22.36 
  
  PrePost        1        2 
             20.98    25.52 
     rep.       41       18 
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Variate: TempMax 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1      2.059      2.059    0.17  0.693 
Residual                   6     71.967     11.995    4.22 
  
Yeer.*Units* stratum      51    145.090      2.845 
  
Total                     58    219.116 
  
  
***** Tables of means ***** 
 
Grand mean  26.08 
  
  PrePost        1        2 
             25.96    26.37 
     rep.       41       18 
  
  
 
  
  
Variate: TempBott 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1   778.7537   778.7537   70.15  <.001 
Residual                   6    66.6105    11.1017   21.37 
  
Yeer.*Units* stratum      51    26.4972     0.5196 
  
Total                     58   871.8614 
   
 
***** Tables of means ***** 
  
Grand mean  19.078 
  
  PrePost        1        2 
            16.671   24.561 
     rep.       41       18 
  
 
  



Influence of Artificial Destratification on Limnological Processes in Lake Samsonvale (North Pine Dam) 

MPhil Thesis  Carla Louise Littlejohn 120

 
 
Variate: TempSurf 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1      2.299      2.299    0.19  0.680 
Residual                   6     73.546     12.258    4.36 
  
Yeer.*Units* stratum      51    143.259      2.809 
  
Total                     58    219.104 
 
  
 ***** Tables of means ***** 
 
Grand mean  26.06 
  
  PrePost        1        2 
             25.93    26.36 
     rep.       41       18 
   
 
  
  
Variate: TempRang 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1    696.425    696.425  126.15  <.001 
Residual                   6     33.124      5.521    2.25 
  
Yeer.*Units* stratum      51    125.306      2.457 
  
Total                     58    854.856 
 
 
***** Tables of means ***** 
 
Grand mean  6.98 
  
  PrePost        1        2 
              9.26     1.79 
     rep.       41       18 
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Variate: DOMin 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1    18.0611    18.0611   15.45  0.008 
Residual                   6     7.0134     1.1689    1.23 
  
Yeer.*Units* stratum      51    48.3954     0.9489 
  
Total                     58    73.4698 
 
  
***** Tables of means ***** 
  
Grand mean  0.60 
  
  PrePost        1        2 
              0.23     1.43 
     rep.       41       18 
 
 
 
  
Variate: DOAv 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1    21.6875    21.6875    6.41  0.045 
Residual                   6    20.2855     3.3809    9.11 
  
Yeer.*Units* stratum      51    18.9312     0.3712 
  
Total                     58    60.9042 
  
 
***** Tables of means ***** 
 
Grand mean  3.718 
  
  PrePost        1        2 
             3.317    4.633 
     rep.       41       18 
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Variate: DOMax 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1     0.0531     0.0531    0.02  0.887 
Residual                   6    14.5888     2.4315    3.35 
  
Yeer.*Units* stratum      51    37.0656     0.7268 
  
Total                     58    51.7075 
  
 
***** Tables of means ***** 
  
Grand mean  7.45 
  
  PrePost        1        2 
              7.47     7.41 
     rep.       41       18 
 
 
 
  
Variate: DOBott 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1     23.442     23.442   17.32  0.006 
Residual                   6      8.119      1.353    1.05 
  
Yeer.*Units* stratum      51     65.465      1.284 
  
Total                     58     97.026 
  
 
***** Tables of means ***** 
 
Grand mean  0.65 
  
  PrePost        1        2 
              0.24     1.61 
     rep.       41       18 
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Variate: DOSurf 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1     0.5278     0.5278    0.17  0.699 
Residual                   6    19.1843     3.1974    3.58 
  
Yeer.*Units* stratum      51    45.5577     0.8933 
  
Total                     58    65.2698 
 
  
***** Tables of means ***** 
 
Grand mean  7.40 
  
  PrePost        1        2 
              7.46     7.26 
     rep.       41       18 
  
 
  
  
Variate: DORang 
  
Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 
  
Yeer stratum 
PrePost                    1     31.005     31.005   10.07  0.019 
Residual                   6     18.474      3.079    1.09 
  
Yeer.*Units* stratum      51    144.367      2.831 
  
Total                     58    193.845 
 
  
***** Tables of means ***** 
 
Grand mean  6.74 
  
  PrePost        1        2 
              7.22     5.65 
     rep.       41       18 
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A3. Digital movie showing transition of minimum dissolved oxygen 
concentrations over summer 
 
Refer to attached CD titled: 

“Impact of destratification on minimum dissolved oxygen concentrations”. 
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APPENDIX B – Influence of destratification - Nutrients 
B1. Summary data for comparison of pre and post nutrients (mg/L) (s=Surface, B=bottom).  
 NO3 - median NO2 - median  FRP - median TP - median  

Date Depth PrePost Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring Summer Autumn Winter Spring
92-93 S 1 0.17 0.05 0.24 0.03 0.02 0.02 0.01 0.01 0 0.01 0 0 0 0.02 0 0.01
93-94 S 1 0.03 0.17 0.21 0.08 0.01 0.06 0.01 0.08 0.01 0.01 0 0 0.01 0.01 0 0.01
94-95 S 1 0.04 0.09 0.24 0.07 0 0 0.01 0 0 0 0 0 0.01 0.01 0 0.02
95-96 S 1 and 2 0.11 0.13 0.23 0.13 0 0 0 0 0.01 0.01 0 0 0.02 0.01 0.02 0
96-97 S 1 and 2 0.09 0.22 n/a n/a 0 0 n/a n/a 0 0 0 0 0.01 0 0.02 0.02
97-98 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.01
98-99 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.02
99-00 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.02
00-01 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.01
01-02 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.01 0.01
02-03 S 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 n/a n/a 0.01 0.01 n/a n/a
92-93 B 1 0.21 0.15 0.24 0.43 0.05 0.03 0.12 0.05 0.03 0.02 0 0.01 0.24 0.2 0.11 0.09
93-94 B 1 0.44 0.11 0.28 0.27 0.02 0.02 0.03 0 0.03 0.03 0.01 0 0.04 0.08 0.02 0.01
94-95 B 1 0.26 0.09 0.21 0.1 0.01 0.01 0.04 0 0.03 0.04 0 0 0.03 0.05 0.02 0.27
95-96 B 1 and 2 0.14 0.13 0.29 0.15 0 0 0 0 0 0.01 0 0 0.02 0.02 0.01 0.01
96-97 B 1 and 2 0.16 0.21 n/a n/a 0 0 n/a n/a 0 0 0 0 0 0.01 0.02 0.01
97-98 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.03 0.02 0.02 0.02
98-99 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0.01 0 0 0.02 0.02 0.02 0.02
99-00 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.02
00-01 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.01 0.01 0.01
01-02 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 0 0 0.02 0.02 0.02 0.01
02-03 B 2 n/a n/a n/a n/a n/a n/a n/a n/a 0 0 n/a n/a 0.01 0.01 n/a n/a
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B2. Surface to bottom nutrient ratios for Bubble Plume experiment (mg/L).  
Date dist(m) TN (surf) TN (bott) TN s/b TP (surf) TP (bott) TP s/b TMn (surf) TMn (bott) Tmn s/b Tfe (surf) Tfe (bott) Tfe s/b 

Dec-98 0 0.48 0.46 1.04 0.013 0.014 0.93 45 51 0.88 61 74 0.82 

Dec-98 40 0.46 0.56 0.82 0.013 0.013 1.00 48 46 1.04 64 63 1.02 

Dec-98 120 0.47 0.45 1.04 0.014 0.014 1.00 45 47 0.96 68 74 0.92 

Dec-98 360 0.44 0.45 0.98 0.013 0.014 0.93 40 36 1.11 54 91 0.59 

Dec-98 1080 0.62 0.65 0.95 0.015 0.016 0.94 34 96 0.35 66 113 0.58 

Feb-99 0 0.57 0.63 0.90 0.042 0.053 0.79 21 34 0.62 654 952 0.69 

Feb-99 40 0.49 0.6 0.82 0.023 0.052 0.44 8 45 0.18 126 1040 0.12 

Feb-99 120 0.48 0.59 0.81 0.022 0.048 0.46 7 37 0.19 115 910 0.13 

Feb-99 360 0.48 0.62 0.77 0.025 0.049 0.51 9 36 0.25 111 931 0.12 

Feb-99 1080 0.48 0.7 0.69 0.025 0.061 0.41 9 67 0.13 142 1190 0.12 

Feb-00 0 0.53 0.65 0.82 0.016 0.018 0.89 87 99 0.88 60 64 0.94 

Feb-00 40 0.61 0.55 1.11 0.016 0.016 1.00 87 93 0.94 61 66 0.92 

Feb-00 120 0.53 0.53 1.00 0.016 0.016 1.00 79 68 1.16 59 57 1.04 

Feb-00 360 0.51 0.55 0.93 0.017 0.016 1.06 63 122 0.52 55 97 0.57 

Feb-00 1080 0.63 0.59 1.07 0.018 0.018 1.00 55 82 0.67 55 87 0.63 
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B3. Temperature (°C) and DO (mg/L) profiles December 1998, February 1999 and February 2000 (to determine spatial 
influence of the destratifier) 
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Feb 2000 Temperature
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APPENDIX C – Influence of Destratification– C. raciborskii and M. aeruginosa 
Appendix C1 Summary data for C. raciborskii and M. aeruginosa 1984-2002 (data in cells/mL unless otherwise stated) 
Table C1(a) C. raciborskii 
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1983-1984 Pre 15000 3700 55000 29000 0 0 2400 0 84.6 23 

1984-1985 Pre 0 0 810 0 0 0 6100 0 100 0 

1985-1986 Pre 1100 240 51000 44500 0 0 57000 805 58.3 50 

1986-1987 Pre 41000 55 77000 41000 0 0 15000 110 76.9 53.8 

1987-1988 Pre 1347 55 23660 1911 400 0 819 0 100 15.4 

1988-1989 Pre 1347 582 637 118 0 0 692 0 100 21.4 

1989-1990 Pre 8190 1019 14196 2002 1747 0 182 0 100 30.8 

1990-1991 Pre 70980 30030 103740 60060 0 0 109 0 100 7.7 

1991-1992 Pre 36400 0 18200 6370 0 0 55 0 100 15.4 

1992-1993 Pre 96460 24570 127400 103740 819 0 1383 218 76.9 61.5 

1993-1994 Pre 63700 41860 61880 14742 91 0 783 200 100 69.2 

1994-1995 Pre 32040 3024 7260 4580 2244 120 820 264 100 100 

1995-1996 Post 60000 20000 12000 5600 19000 0 1200 130 92.8 57.1 

                                                 
4 Years run from the start of Summer to the end of Spring (i.e. start Nov to end Oct) 
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1996-19975 Pre 130000 49000 75000 2500 45431 4622 2500 430 76.9 92.3 

1997-1998 Post 30932 14028 26613 1332 46033 23469 8310 2153 0 100 

1998-1999 Post 45171 9449 3158 840 15069 6847 621 281 0 100 

1999-2000 Post 16186 10734 6845 1658 81440 49370 10189 4499 0 100 

2000-2001 Post 110630 30964 6900 2144 67205 16428 10970 2401 0 100 

2001-2002 Post 59980 40021 30646 15665 6900 n/a 20047 N/A6 N/A  N/A  

 

 

                                                 
5 Destratifier was off during the summer of 1996-1997, so has been included as a ‘pre’ year 
6 Data to June 2002 only 
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Table C1 (b) M. aeruginosa  
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1983-1984 Pre 1650 650 800 0 1100 950 2400 0 76.9 46.1

1984-1985 Pre 500 0 0 0 950 0 800 0 100 23

1985-1986 Pre 500 0 0 0 1100 300 650 0 100 41.6

1986-1987 Pre 1100 650 2400 0 650 150 150 0 100 23.1

1987-1988 Pre 2400 650 18000 650 12500 5500 3500 0 69.2 46.1

1988-1989 Pre 4650 1600 2100 1025 13500 9500 2250 300 85.7 78.5

1989-1990 Pre 125000 37000 75000 47000 155000 110000 44500 11000 35.7 57.1

1990-1991 Pre 130000 37750 3200 800 600000 7500 2550 0 84.6 46.1

1991-1992 Pre 4150 1200 1900 1200 19000 5500 3050 1600 30.8 69.2

1992-1993 Pre 22000 6000 4800 1200 195000 48500 13000 2700 15.4 92.3

1993-1994 Pre 150000 30500 12500 3050 100000 37000 22000 6500 0 100

1994-1995 Pre 26500 5600 5500 2400 64200 44400 22000 2600 15.4 92.3

1995-1996 Post 14800 3700 10000 4400 160000 64000 28000 10100 7.1 92.8

1996-19978 Pre 89000 8400 4800 2100 17387 7479 6200 2835 7.7 100

1997-1998 Post 8721 4672 5430 1749 6187 979 2148 1353 28.6 100

1998-1999 Post 1740 130 1496 0 3594 925 0 0 100 0

                                                 
7 Years run from the start of Summer to the end of Spring (i.e. start Nov to end Oct) 
8 Destratifier was off during the summer of 1996-1997, so has been included as a ‘pre’ year 
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1999-2000 Post 4028 1437 2419 467 8376 2148 21417 3504 25.9 100

2000-2001 Post 14151 2150 5463 553 9344 2027 3408 7086 66.6 100

2001-2002 Post 13108 0 15336 0 5463  N/a9 N/a N/a N/a

 

                                                 
9 Data to June 2002 only 
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Appendix C2. Length of growth period – C. raciborskii and M. aeruginosa. 
C. raciborskii 

PrePost Date of onset Date of decline Length (weeks)

Pre N/A 25/06/1984 N/A

Pre 15-Jan-1986 16/07/1986 26

Pre 28-Jan-1987 29/07/1987 26

Pre 10-Feb-1988 18/05/1988 14

Pre 06-Feb-1990 08/05/1990 13

Pre 19-Dec-1990 18/06/1991 26

Pre 11-Feb-992 23/06/1992 19

Pre 12-Jan-1993 08/06/1993 21

Pre 07-Dec-1993 24/05/1994 24

Pre 03-Jan-1994 05/06/1994 22

Post 22-Nov-1995 11/06/1996 29

Pre 11-Nov-1996 12/05/1997 26

Post 19-Sep-1997 29/04/1999 84

Post 14-Sep-1999 25/06/2002 141

M. aeruginosa 

Pre 28-Jul-88 24-May-89 43

Pre 22-Aug-89 26-Mar-91 83

Pre 27-Aug-91 11-Feb-92 24

Pre 23-Apr-92 09-Feb-93 42

Pre/Post* 30-Mar-93 19-Nov-98 294

Post 28-Oct-99 26-Apr-01 78

* - Growth period extends throughout both pre and post. Only 1 discrete ‘post’ period 

(Oct 1999 – Apr 2001) 
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APPENDIX C.3 Results of the Two-Way ANoVA for the depth effect and strata 
effect (top 6m and rest) of the four ‘on’ depth profiles for C. raciborskii. 
***** Analysis of variance ***** 

Variate: C. raciborskii 

Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 

Date                       3    0.45967    0.15322    8.77  <.001 

Depth                      7    0.47846    0.06835    3.91  0.007 

Residual                  21    0.36710    0.01748 

Total                     31    1.30523 

  

 * MESSAGE: the following units have large residuals. 

*units* 8          -0.301   s.e. 0.107 

*units* 24          0.215   s.e. 0.107 

  

***** Tables of means ***** 

Variate: C. raciborskii 

Grand mean  4.066 

     Date    Date3    Date4    Date5    Date6 

             3.928    4.218    3.973    4.146 

    Depth    0.00    2.00    4.00    6.00   10.00   14.00    18.00 

             4.143   4.163   4.184   4.073  4.085   4.073    4.041 

    Depth    22.00 

             3.767 

 

***** Analysis of variance ***** 

Variate: C. raciborskii 

Source of variation     d.f.       s.s.       m.s.    v.r.  F pr. 

Date                       3    0.45967    0.15322    6.20  0.002 

TopBot                     1    0.17809    0.17809    7.20  0.012 

Residual                  27    0.66747    0.02472 

Total                     31    1.30523 

  

 * MESSAGE: the following units have large residuals. 

*units* 8          -0.525   s.e. 0.144 

***** Tables of means ***** 

Variate: C. raciborskii 

Grand mean  4.066 

      Date    Date3    Date4    Date5    Date6 

             3.928    4.218    3.973    4.146 

    TopBot   UpTo6m   Over6m 

             4.141    3.992 
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APPENDIX C4. Results of Two-Way AnoVA for Comparison of the strata effect 
(top 6m and rest) of the ‘on’ and ‘off’ depth profiles for C. raciborskii and M. 
aeruginos10a. 
***** Analysis of variance ***** 

Variate: C. raciborskii        

(Fixed)(Random) 

Source of variation  d.f.       s.s.       m.s.    v.r.  F pr.  F pr 

OffOn                  1    58.7965    58.7965  370.02  <.001  0.001 

OffOn.Date             4     3.6862     0.9215    5.80  <.001 

TopBot                 1     4.7975     4.7975   30.19  <.001 

OffOn.TopBot           1     5.6011     5.6011   35.25  <.001 

Residual              40     6.3560     0.1589 

Total                 47    79.2373 

  

* MESSAGE: the following units have large residuals. 

  

*units* 1          -1.069   s.e. 0.364 

*units* 9           1.438   s.e. 0.364 

  

***** Tables of means ***** 

Variate: C.raciborskii 

Grand mean  3.284 

    OffOn      off       on 

             1.718    4.066 

     rep.       16       32 

    OffOn     Date    10F    11N    13J    14O       7D    9S 

      off                                 1.269            2.167 

       on           4.146   3.928   3.973           4.218 

   TopBot   UpTo6m   Over6m 

             3.600    2.967 

    OffOn   TopBot   UpTo6m   Over6m 

      off             2.518    0.919 

              rep.        8        8 

       on             4.141    3.992 

              rep.       16       16 

                                                 
10 F Pr (Fixed) has been calculated on the assumption that the factor ‘Date’ has been treated as a fixed 

effect, rather than a ‘random’ effect. Therefore, F Pr (Random) should be used to account for variability 

within either the ‘off’ or ‘on’ factors. 
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***** Analysis of variance ***** 

  

Variate: M. aeruginosa        

(Fixed)(Random) 

Source of variation  d.f.       s.s.       m.s.    v.r.  F pr.  F pr 

OffOn                  1     18.182     18.182   12.23  0.001  0.141 

OffOn.Date             4     21.635      5.409    3.64  0.013 

TopBot                 1      0.237      0.237    0.16  0.692 

OffOn.TopBot           1      0.119      0.119    0.08  0.779 

Residual              40     59.471      1.487 

Total                 47     99.644 

  

***** Tables of means ***** 

Variate: M. aeruginosa 

Grand mean  0.87 

    OffOn      off       on 

              0.00     1.31 

     rep.       16       32 

    OffOn     Date    10F     11N     13J    14O     7D      9S 

      off                                    0.00            0.00 

       on            1.92     2.09    0.00           1.21 

   TopBot   UpTo6m   Over6m 

              0.94     0.80 

    OffOn   TopBot   UpTo6m   Over6m 

      off              0.00     0.00 

              rep.        8        8 

       on              1.41     1.20 

              rep.       16       16 


	Text1: NOTE:  Appendix A3 not available as part of this electronic
	Text3: version of the thesis.


