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ABSTRACT 
 

There is little known about the role of nutrients in affecting phytoplankton 

growth and composition in subtropical reservoirs, unlike their temperate or 

tropical counterparts. Subtropical reservoirs that are typically larger than 

their temperate counterparts, with long residence times and undergo 

intense stratification in summer. These characteristics favour growth of one 

phytoplankton group, cyanobacteria, which tend to be the dominant taxa in 

subtropical reservoirs.  

 

This study examined the role of nutrients in promoting phytoplankton 

growth and species composition in a subtropical reservoir during a period of 

low inflows from the catchment. Chlorophyll a concentrations in Wivenhoe 

reservoir were in the range of eutrophic to hypertrophic levels with the 

highest concentrations (>60 µg L-1) recorded at the upstream sites compared 

to the dam wall downstream (~10 µg L-1). Nutrient concentrations were also 

higher upstream and the phytoplankton biomass was positively correlated 

with depth of the water column and total dissolved phosphorus 

concentrations. Mixing of the water column ensured that nutrients from the 

bottom of the water column are circulated to the euphotic zone in the 

shallow upstream sites, whereas at the downstream sites the water column 

was deeper and more often stratified. Therefore availability of nutrients was 

likely to be a key factor in increasing phytoplankton biomass.  

 

The reservoir phytoplankton community composition also correlated with 

the depth of the site and was dominated by cyanobacteria, by cell 

concentrations, and by diatoms, in terms of cell biovolume.  Some of the 

dominant cyanobacterial groups, i.e. Aphanocapsa spp., Aphanothece spp., 

Cyanodictyon spp., Cyanocatena spp., Cyanonephron spp., Cyanogranis spp., 

Planktolyngbya spp. and Pseudanabaena spp. in this study are poorly 

understood with little or no published literature on their ecology. The toxin 

producing species, Cylindrospermopsis raciborskii, was also present in 

relatively high concentrations near the dam wall.  
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The species composition in the reservoir, and potential drivers of growth, 

were compared with the functional classification system proposed by 

Reynolds et al., (2002). The P and N thresholds for determining dominance 

of genera do not seem appropriate for many of the species in this study. 

Most of the genera, especially cyanobacteria, were tolerant of low dissolved 

inorganic nitrogen and phosphorus concentrations achieving comparable 

densities above and below the nutrient thresholds. In contrast, the 

sensitivity to mixing of the cyanobacteria and diatoms in this study is 

consistent with Reynolds et al. (2002) functional classification. 

 

Three distinct zones; lacustrine, transitional and riverine, were 

characterised along the longitudinal gradient of the reservoir based on 

phytoplankton biomass and species composition. These zones were 

consistent with zones described for reservoirs based on physical attributes 

(Wetzel, 2001). The lacustrine zone was a lake-like downstream zone with a 

deep water column and is stratified in summer months. The upstream part, 

the riverine zone, was shallower and the surface mixed layer and water 

column depth were similar. The nutrient availability and chlorophyll a 

concentration was the highest in the riverine zone. The transitional zone in 

between these two had a mixture of the features and had the highest 

phytoplankton cell concentration and diversity. Within the zones, the 

physiochemical factors that correlated with species composition varied. 

 

Low dissolved phosphorus concentrations (≤ 0.002 mg L-1) combined with 

TN:TP ratios greater than Redfield’s ratio of 16:1 indicated that there was 

more likely to be P-limitation in the reservoir. However, nutrient addition 

bioassays done along the longitudinal gradient of the reservoir indicated 

that there was co-limitation of both N and P in the summer months. No 

response to nutrients was observed for winter months possibly due to the 

winter overturn of the water column resulting in dissolved nutrients from 

bottom waters being available to the phytoplankton for growth. 
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Mesocosm experiments with N+P addition showed that there was an 

increase in chlorophyll a and cell concentrations with nutrient addition but 

no change in the phytoplankton community composition.  Increases in 

chlorophyll a and cell concentrations was evident even at the low phosphate 

plus nitrate addition rate with final concentrations of 5 μg L-1 P and 50 μg L-

1 N for both experiments. There was a consistent increase of 3.8 µg L-1 

chlorophyll a concentrations with every 1 µg L-1 increase in dissolved 

inorganic phosphorus (FRP) for FRP concentrations up to 20 µg L-1. 

 

In summary my study suggests that nutrients from internal sources were 

important drivers of phytoplankton growth and species composition. The 

results provide new key insights into understanding into nutrient and 

phytoplankton growth and species composition dynamics in subtropical 

reservoirs. 
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CHAPTER 1- INTRODUCTION 
 

1.1 SIGNIFICANCE OF STUDY AND RESEARCH QUESTION 
 
Algae are photosynthetic unicellular or multicellular organisms that occur 

in most habitats, ranging from marine and freshwater to desert sands and 

from hot boiling springs to snow and ice.  They are typically autotrophic, 

photosynthetic, and contain chlorophyll. Algae play an important role in the 

ecology of waterways, whereby, they produce oxygen and organic carbon 

compounds. The microscopic forms of algae (microalgae) that live suspended 

in the water column are known as phytoplankton and this study 

concentrates on this group. Phytoplankton form the basis of aquatic food 

chains, and are included in the diet of many zooplankton, fish and birds. 

Phytoplankton live in fluctuating environments where many factors such as 

light availability, nutrient uptake and turnover, temperature, sinking and 

grazing pressure influence the production and distribution of the 

communities in time and space. There is very little known about the role of 

nutrients in promoting the phytoplankton growth and composition in 

subtropical reservoirs unlike their temperate or tropical counterparts. 

Reservoirs that are typically large, have long residence times and undergo 

stratification are characteristics that favour growth of one phytoplankton 

group, the cyanobacteria. Conditions like high nutrient levels, low flow rates 

in lotic ecosystems, water column stability and high temperatures promote 

cyanobacterial blooms (Staer and Sand-Jensen, 2006). 

 

Phytoplankton are a natural component of aquatic environments but when 

phytoplankton growth increases to bloom levels there are ecological, social 

and economic consequences. Hence there is need to understand causal 

factors of blooms, especially nutrient processes in our waterways and their 

effects on phytoplankton communities. The aim of this study was to develop 

such an understanding of whether nutrients are the key drivers of 

phytoplankton biomass and composition in a subtropical reservoir. A 

thorough understanding of the phytoplankton-nutrient dynamics is a 
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prerequisite for targeting management options to reduce phytoplankton 

blooms and improve water quality in waterways. 

 

1.2 PHYTOPLANKTON GROWTH 
The growth of phytoplankton in lakes and reservoirs is regulated by various 

physical and chemical factors (Komárková and Hejzlar, 1996; Naselli-Flores 

and Barone, 2000) (Fig. 1.1). Some important factors that regulate 

phytoplankton growth are outlined below. 

 

Light intensity affects the rate of photosynthesis and consequently 

phytoplankton growth (Kunz and Diehl., 2003). In all aquatic systems, the 

light intensity diminishes with depth due to absorption and scattering by 

dissolved compounds and particles within the water column (An and Park, 

2003). The attenuation of light (by absorption and scattering) through water 

with depth limits the zone in which phytoplankton growth is possible 

(defined as the euphotic depth, Zeu). The light saturation at Zeu is 1% of its 

surface value beyond which phytoplankton cells do not grow due to light 

limitation. 

 

Light conditions have a seasonal pattern with lower euphotic depth and a 

deeper surface mixed layer depth (Zmix) in winter, whereas a higher euphotic 

depth and a shallower mixed layer depth in summer in lakes and reservoirs 

in temperate and subtropical environments. The light quanta a 

phytoplankton encounters depends largely on the extent to which mixing 

moves the cells through the area of water where light penetrates (Kunz and 

Diehl, 2003). If the depth of water mixing (Zmix) is large or greater than the 

euphotic depth then the motion will carry cells in and out of the light zone, 

therefore, the cells will spend a relatively shorter period of time in the light, 

and growth will be restricted (Wallace and Hamilton, 2000). The proportion 

of time that the cells spend in the light is determined by the ratio of the 

euphotic depth to the mixing depth (zeu:zmix). Certain phytoplankton species 

are motile, e.g. flagellates are able to regulate their buoyancy. For instance, 

Microcystis spp have gas vesicles that help regulate their buoyancy in the 
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water column in response to changes in the nutrient and light climate 

(Wallace and Hamilton, 2000; Brookes and Ganf, 2001). It gives the cells a 

competitive advantage of being able to have access to areas in the water 

column that have light and nutrient levels for production. The response to 

light is typically temperature dependant and variable among species.  

 
Mixing along with stratification has an impact on the phytoplankton 

diversity with some authors finding low diversity in a stable water column 

(Weithoff et al., 2001). Mixing also affects the distribution of nutrients in 

the water with flow-on effects to phytoplankton productivity (Ostrovsky et 

al., 1996). As the mixing depth increases, nutrient supply and algal 

production increases (Diehl, 2002; Diehl et al., 2002).  The depth of the 

mixed layer is independent of reservoir retention time (RT), which suggests 

it is dominated by other factors such as light, radiation and wind conditions 

(Anda et al., 2001). In a West African reservoir, Arfi (2003) found that winds 

typically do not play a significant role in mixing with the exception of storm 

events. 

 
Temperature controls many physiological functions of phytoplankton and is 

a regulating factor for primary production. Rates of photosynthesis, 

respiration and growth increase with temperature (Staer and Sand-Jensen, 

2006). Temperature influences the distribution of phytoplankton in space 

(altitude, latitude) and time (seasonal periodicity) (Butterwick et al., 2005).  
 
In addition to sufficient light and an optimal temperature regime, 

phytoplankton also require nutrients. Nutrients are needed for the 

metabolism of cells and maintenance. Apart from major elements (like 

Silica, Aluminium, Potassium, Sodium and Magnesium), carbonate 

elements (Calcium and Mg), mobile elements (like Manganese, Iron and 

Sulfur), trace elements (like Mercury, Cadmium, Lead, Zinc, Copper, 

Chromium, Nickel, Silver, Vanadium etc) and nutrient elements (like 

organic Carbon, Nitrogen and Phosphorus) are considered essential too. 

Phosphorus and nitrogen are considered to be the key nutrients for primary 

production in an aquatic system. Excessive nutrient loads, particularly 
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nitrogen (N) and phosphorus (P), can readily trigger phytoplankton blooms 

if other physico-chemical characteristics of the water body are favourable 

(Hart and Ford, 1999; Naselli-Flores and Barone, 2003). 
 
Competition with other phytoplankton for light, nutrients and space can 

regulate the growth and distribution of phytoplankton assemblages 

(Reynolds, 1998). Zooplankton by grazing on phytoplankton, and in turn 

being eaten by planktivorous organisms (e.g. fish), occupy a key position in 

an aquatic food web and can regulate the phytoplankton community 

assemblages (Lampert, 1997). Their grazing also regulates the 

phytoplankton, including cyanobacterial, abundance, (Work and Havens, 

2003). Based on the relationship between phosphate and chlorophyll a, b 

and c, the results reported by Alam et al., (2001) support the hypothesis that 

phytoplankton population growth during the summer bloom is controlled by 

grazing.  

 
Most phytoplankton groups are known to harbour intracellular symbionts 

including viruses, bacteria and fungi (Park et al., 2004). A decrease in the 

rate of photosynthesis in infected phytoplankton cells has been observed 

thus reducing the host phytoplankton population abundance. Lytic viruses 

can cause mortality and decline in phytoplankton populations but to the 

extent, to which they control the populations is still being studied 

(Brussaard, 2004; Park et al., 2004). Phytoplankton blooms can be reduced 

by these viruses as they regulate high abundances or can prevent high 

phytoplankton biomass from developing (Brussaard, 2004). 

 
Programmed cell death is a process of major significance for most 

multicellular lineages (including phytoplankton), both during development 

and as a means to eliminate damaged or mutated (such as in cancer) cells. 

Mitochondria, the organelles responsible for producing energy to fuel cell 

processes, also appear to release molecules that set the cell death program 

in motion (Novak, 1996). However, the functional role of mitochondria in cell 

death and its implications in bloom development are not well understood in 

phytoplankton (Franklin et al., 2006). 
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Figure 1.1 Conceptual model of physical factors regulating phytoplankton growth (Biological factors have been excluded)
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1.3 PHYTOPLANKTON BLOOMS 
 

Blooms are the excessive growth of phytoplankton, generally caused by high 

nutrient concentrations and regulated by factors such as temperature, 

zooplankton grazing, pH and turbidity, dissolved oxygen and depth (Souza 

et al., 1998; Alam et al., 2001; Wang et al., 2005). 

 

1.3.1 Cyanobacterial blooms 
One group of phytoplankton, the cyanobacteria, grow naturally in fresh and 

saline waters and their blooms are a common seasonal phenomena in lakes 

and reservoirs across the world including Australia (Haider et al., 2003). 

Cyanobacterial blooms have been evident in southern Australia, Western 

Australia, Queensland and even in inland temperate regions of NSW 

(Baker, 1996; Fitzgerald et al., 1999; Steffensen et al., 1999; McGregor and 

Fabbro, 2000; White et al., 2003). 

 

Blooms have a wide range of social, economic and environmental impacts. 

Some bloom forming cyanobacteria are toxic with strains of individual 

species varying in their toxin quota. The harmful toxic, surface-dwelling, 

scum-forming genera are Anabaena, Aphanizomenon, Nodularia, and 

Microcystis and some subsurface bloom-formers are Cylindrospermopsis 

raciborskii, and Oscillatoria spp. (Paerl et al., 2001). The most common 

freshwater toxic species in Australia are C.raciborskii, Microcystis 

aeruginosa, Anabaena circinalis, Aphanizomenon ovalisporum and 

Nodularia spumigena (White et al., 2003). 

 

Due to toxin production, cyanobacterial blooms are of major concern. The 

toxins can cause poisoning in humans and livestock if the water is drunk 

untreated and can cause skin irritation upon direct contact as cyanobacteria 

contain lipopolysaccharides, which act as irritants. A. circinalis is a common 

cyanobacterial species in Australia and is one species among several genera 

including Oscillatoria spp. and Aphanizomenon spp. (Steffensen et al., 1999) 

which produce neurotoxins. These toxins all disrupt normal signalling 
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between neurons and muscles. Various toxins produced by different species 

have been isolated around the world and in Australia (Table 1.1). 

 

One such cyanotoxin is cylindrospermopsin, which is produced by 

C.raciborskii (Saker and Neilan, 2001). This species was found in 70% of 47 

reservoirs and weir pools in Queensland (McGregor and Fabbro, 2000). 

Cylindrospermopsin has been implicated in human poisonings and induces 

liver and kidney damage in humans and experimental animals (Hawkins et 

al., 1985; Falconer et al., 1983, 1999). On Palm Island in 1979, 149 people 

became ill after the town water supply was treated with copper sulphate. In 

Queensland significant health effects were reported which were likely to be 

due to exposure to C.raciborskii (Hawkins et al., 1985). In Brazil, it was 

reported that C.raciborskii was responsible for producing paralytic shellfish 

toxins which are toxic to humans (Lagos et al., 1999). 

 
Table 1.1 Cyanobacteria and drinking water quality: Major classes of toxic 
compounds produced by cyanobacteria in Australia and their significance to 
drinking water quality (adapted from Steffensen et al., 1999) 
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Blooms may result in the deoxygenation of the water column when large 

masses of the plankton die and decompose. This may endanger the 

zooplankton and fish populations (Hietala et al., 1997; Ferrao-Filho et al., 

2000, 2002; Albay and Akçaalan, 2003), which in turn may affect the bird 

populations and thus upsetting the natural balance of plant and animal in 

the waterbody. High concentrations of cyanotoxins have been found in the 

Lesser Flamingo food sources and livers which in turn have chronic effects 

on the health of the birds and can cause mass mortalities (Ballot et al., 

2004). Large fluctuations in the pH of the water are observed when blooms 

are present and this has been associated with the enhanced phosphorus 

release from the sediments (Xie et al., 2003). Cyanobacterial blooms are also 

known to produce unpleasant odours and tastes (Bowling and Baker, 1996; 

Chowdhury and Al Bakri, 1998; Al Bakri and Chowdhury, 1999). Other 

impacts include effects on local economies with industries such as fisheries 

and tourism experiencing loss of recreation amenities, decline of aquatic 

biodiversity and increased costs of water treatment. 

 

The cost of water treatment increases if toxins are present in drinking 

water. The cost of monitoring, assessing and controlling cyanobacterial 

blooms is quite high. In Australia, for example, freshwater cyanobacterial 

blooms are estimated to cost society between $A180-240 million a year 

(Atech, 2000). 

 

1.4 DRIVERS OF PHYTOPLANKTON BLOOMS 
 
Phytoplankton, including cyanobacteria take advantage of nutrients, light 

and temperature to maximize growth by photosynthetic processes (Reynolds 

et al., 1987) and blooms often occur in the warm stable conditions of the 

upper layer during summer (Kanoshina et al., 2003). A study done in Ben 

Chifley Reservoir, Australia concluded that the availability of nutrients, 

coupled with higher temperatures (15–22°C), a stable water column, an 

absence of river flow, weak winds, thermal stratification (ΔT = 2.7–2.8°C), 
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DO depletion and the warm, dry period of the year, provided favourable 

conditions for growth of cyanobacteria (Rahman et al., 2005).  

1.4.1 Light 
Light availability has a major effect on phytoplankton productivity and 

species composition (Fabbro and Duivenvoorden, 1996; Havens et al., 1998; 

Reynolds, 1998; Sherman et al., 1998; Urabe et al., 1999; Huszar et al., 

2000). A study done in Lake Elphinstone, a tropical waterbody in Australia 

concluded that changes in the phytoplankton assemblages were due to the 

light availability and nutrient levels together with the surface temperature 

of the water body (White et al., 2003). However, with higher irradiances, 

growth rates of cyanobacteria can be inhibited (Litchman, 2000).  

 

In addition to Zeu, the Zeu:Zmix ratio is an indicator of light availability. At 

ratios of less than 0.3, phytoplankton dependant on mixing will be 

disadvantaged in relation to other algae having other strategies for 

maintaining their position in the euphotic zone (cyanobacteria having 

buoyancy vacuoles, dinoflagellates having swimming flagella). Green algae 

that lack flagella require some vertical mixing to cycle them through the 

euphotic zone. Under calm (low mixing) conditions typical of mid to late 

summer, green algae will be further disadvantaged in relation to other 

phytoplankton which have strategies for maintaining their position in the 

euphotic zone.  
 
Studies on lakes with Oscillatoria and Lyngbya show that Oscillatoria is 

more likely to be influenced by water temperature and Lyngbya by low 

irradiance (Havens, et al., 1998). In deeper eutrophic lakes and reservoirs, 

which have high TP and low TN:TP ratios, surface blooms of Anabaena, 

Aphanizomenon and Microcystis occur in summer (Reynolds, 1993). These 

species require high light and stable water columns to flourish (Reynolds, 

1980). Cyanobacteria (eg C. raciborskii) are also capable of utilising and 

intracellular stores of assimilated low concentrations of phosphorus and are 

adapted to low light conditions (Paerl et al., 2001). Some cyanobacteria (eg 

Aphanizomenon flos-aquae, Anaebaena flos-aquae, Microcystis and 

Oscillatoria agardhii) have the competitive advantage of being able to 
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regulate their buoyancy to access light and nutrient concentrations (Oliver 

and Ganf, 2000; Wallace and Hamilton, 2000; Brookes and Ganf, 2001). 
 

1.4.2 Nutrients 
The availability of most nutrients has profound effects on phytoplankton 

growth. Cyanobacterial growth is sometimes limited by inorganic nutrients. 

Phosphate levels in water were positively correlated with phytoplankton 

densities in reservoirs that had cyanobacterial dominance (Antenucci et al., 

2005; Burford and O’ Donohue, 2006). It is well established that some 

cyanobacteria can outcompete all other phytoplankton under nitrogen 

limitation due to their ability to fix nitrogen (Havens et al., 2003). However, 

it has been shown that ammonium is the preferred nitrogen source, when 

available, followed by nitrate and then nitrogen fixation (Burford et al., 

2006). Based on their study results, Alam et al., 2001 suggested that cell 

cycle progression was also temporally regulated by a multiplicity of external 

factors such as temperature, nutrients, dissolved oxygen (DO) and pH. 

 

1.4.2.1 Nitrogen  
Nitrogen occurs in many forms in freshwaters: including as dissolved 

molecular nitrogen (N2), nitrite (NO2), nitrate (NO3), ammonia (NH4), amino 

acids, amines, and proteins. Inputs of nitrogen into reservoirs are through 

precipitation/rainfall, nitrogen fixation in both water and sediments, and 

surface and groundwater drainage. Nitrate is a common form of inorganic 

nitrogen entering freshwater systems from surface water runoff, 

groundwater and precipitation. Nitrogen loss from the water occurs from 

outflows from the drainage basin, the reduction of NO3 to N2 by bacterial 

denitrification and sedimentation/burial which is the loss of inorganic and 

organic nitrogen- containing compounds to the sediments of the water body. 

 

Nitrogen loads from precipitation are extremely variable depending on local 

meteorological conditions, wind patterns, and the location of streams and 

lakes with respect to industrial and agricultural outputs (Wetzel, 2001). N2 

is not particularly soluble in water and is usually saturated as a result of 
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surface temperature and pressure in streams and during periods of 

circulation. In full sunlight, N2 fixation is often inhibited at the surface and 

shows a nearly exponential decrease with greater depth and associated light 

attenuation (Wetzel, 2001).  Maximum concentrations of N2 are found in 

winter due to increased solubility at colder temperatures. While the heating 

of the epilimnion during the summer thermal stratification decreases N2 

solubility, a decrease in N2 concentrations occurs in the lower hypolimnion 

above the sediments due to bacterial fixation of N2 in productive lakes.  

 

Nitrate (NO3-) is the common form of inorganic nitrogen entering 

freshwaters from the drainage basin surface waters, groundwater and 

precipitation. Nitrate is assimilated and aminated into organic nitrogenous 

compounds within organisms. It is bound and cycled in photosynthetic and 

microbial organisms. During metabolism and death of these organisms 

much of the nitrogen is released as ammonia. 

 

Ammonia, present mainly as NH4+ ions, is the other major component of the 

dissolved inorganic nitrogen (DIN) pool and is generated by heterotrophic 

bacteria as the primary nitrogenous end product of decomposition of 

proteins and other nitrogenous organic compounds of plants and animals. 

NH4 concentrations tend to be low in natural river waters, but high in 

anaerobic waters of reservoirs and lakes.  With bacterial nitrification, NH4 

is oxidized to NO2- and then to NO3-. Bacterial nitrification occurs in two 

stages including the (1) oxidation of NH4+ to NO2- largely by Nitrosomonas 

and other bacteria and (2) oxidation of NO2- to NO3- by Nitrobacter 

(Willoughby, 1974). 

 

Another important component of the nitrogen budget is the dissolved 

organic nitrogen (DON), also known as the filterable organic nitrogen. 

Recent studies have shown that many organic nitrogeneous compounds (e.g. 

urea and amino acids) are released into the DON pool and taken up from 

this pool by planktonic microbiota on timescales of hours to days (Berman 

and Bronk, 2003). Bacteria and some phytoplankton are rapidly able to 
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assimilate low molecular weight dissolved organic nitrogen compounds such 

as urea (Shaw et al., 1998) and amino acids (Wheeler and Kirchman, 1986). 

 

This suggests that components of the DON pool can play an active role in 

supplying N nutrition directly or indirectly to the phytoplankton and 

benthic community. A study in Wales indicates that DON constitutes a 

significant component of the total dissolved nitrogen pool typically 

representing 40 to 50% of the total nitrogen in streams and lakes but 

sometimes representing greater than 85% of the total dissolved nitrogen 

(Willet et al., 2004). This study found DON levels are inversely correlated 

with the concentration of dissolved inorganic nitrogen (DIN). In contrast to 

DIN concentrations, which showed distinct seasonality, DON showed no 

consistent seasonal trend (Campbell et al., 2000; Willet et al., 2004). 

 

1.4.2.2 Phosphorus 
Phosphorus plays a major role in biological metabolism and stimulates the 

growth of phytoplankton and aquatic plants which provide food for larger 

organisms, including: zooplankton, fish, humans, and other mammals. A 

large proportion of phosphorus in freshwaters is bound in organic 

phosphates and the cellular particulate phase of living biota, especially 

phytoplankton, bacteria and other microbes, and within adsorbed colloids. 

The sources of phosphorus include natural decomposition of rocks and 

minerals, stormwater run-off, erosion and sedimentation, fertilizer run-off 

from agricultural land, atmospheric deposition, direct input by animals, 

wastewater treatment plants and industrial discharges. The range of total 

phosphorus in freshwaters is quite large ranging from <5 µg/L in very 

unproductive waters to 100 µg/L, in highly eutrophic waters (Wetzel, 2001). 

In lakes, dissolved (or soluble) phosphorus is generally considered to be a 

limiting nutrient (Talling and Lemoalle, 1998). 

 

Phosphorus in water exists in either a particulate phase or a dissolved 

phase. Particulate matter includes living and dead plankton, precipitates of 

phosphorus, phosphorus adsorbed to particulates, and amorphous 
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phosphorus. The dissolved phase includes inorganic phosphorus and organic 

phosphorus. Phosphorus in natural waters is usually found in the form of 

phosphate (PO43-). Phosphates can be in inorganic form (including 

orthophosphates and polyphosphates), or organic form (organically-bound 

phosphates).  

 

Particulate organic phosphate is bound to plant or animal tissues. Organic 

phosphates may occur as a result of the breakdown of organic pesticides 

which contain phosphates or can be formed from orthophosphates in 

biological treatment processes. In water they may exist in solution, as loose 

fragments, or in the bodies of aquatic organisms.  

 

Dissolved organic phosphorus (DOP) contributes significantly to the total 

phosphorus pool (Bentzen and Taylor, 1992). DOP is biologically available to 

phytoplankton and bacteria for uptake (Cembella et al., 1984). Bacterial and 

phytoplankton phosphatase activity convert dissolved organic phosphorus to 

phosphate. Phytoplankton use both phosphate and some forms of DOP, 

particularly at high substrate concentrations (Cotner and Wetzel, 1992). 

Inorganic phosphate is phosphate that is not associated with organic 

material. Types of inorganic phosphate include orthophosphate and 

polyphosphates. Orthophosphate is sometimes referred to as "soluble 

reactive phosphorus" (SRP or FRP). It is the most stable kind of phosphate 

and is immediately available for phytoplankton and plant growth 

(Willoughby, 1976). As this form of phosphorus is easily dissolved in water, 

it is also called ‘dissolved inorganic phosphorus’. Orthophosphate is 

produced by natural processes. Polyphosphates (also known as 

metaphosphates or condensed phosphates) are strong complexing agents for 

some metal ions. They are unstable in water and will eventually convert to 

orthophosphate. 

Based on chemical analysis of the reactivity of phosphorus with molybdate, 

several categories have been outlined for phosphorus. Out of these the four 

functional ones are soluble reactive P, soluble unreactive P, particulate 
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reactive P and particulate reactive P. Most of the data of phosphorus for 

freshwaters deals with TP and inorganic soluble P. When total phosphorus 

is separated into fractions most of TP is in an organic phase out of which 

70% or more is within the particulate organic matter and the remainder 

present as dissolved or colloidal organic P (Wetzel, 2001). 

 

Dissolved phosphorus in rivers is generally higher than in lakes and often 

increases with rainfall in the drainage basin. At low concentrations in 

streams, phosphorus can be limiting. Most of phosphorus recycling is related 

to microbiota attached to particles. Less than 5% of the recycling is 

associated with macroinvertebrates and higher organisms (Wetzel, 2001). 
 

1.4.2.3 Nutrient limitation 
Natural phytoplankton populations are often exposed to nutrient limitation 

(Sakshaug and Olsen, 1986; Hecky and Kilham, 1988; Litchman et al., 

2003). Traditionally, it was thought that there was N-limitation in marine 

systems and P-limitation in freshwater bodies. However, apart from systems 

that have low P concentrations and thus P-limitation, N-limitation for 

primary production is also found in some riverine systems and tropical 

waters (Maitland, 1990; Guildford et al., 2000).  

 

In recent years, contrary to the concept of single nutrient limitation, the 

concept of N and P co-limitation has been put forward by various 

researchers (Lewis Jr and Wurtsbaugh, 2008; Sterner, 2008). N and P co-

limitation was found in 63% of 30 small upland lakes in Cumbria, Wales, 

Scotland and Northern Ireland (Maberly et al., 2002), in Lake Pátzcuaro in 

Mexico (Bernal-Brooks et al., 2003),  in two warm temperate Texan 

reservoirs (Sterner and Grover, 1998; Grover et al., 1999)  and some Kansas, 

USA reservoirs (Dzialowski et al., 2005). 

The uptake ratio, or Redfield ratio, (Redfield, 1958) is used to provide a first 

estimate of whether P or N is most likely to be growth limiting. A molar 

ratio of TN: TP around 16 is favourable for cyanobacterial growth (Reynolds, 

1984). Aquatic ecosystems with a N:P ratio (molar) < ≈ 10 are considered to 
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be N-deficient, whereas those with N:P ratios (molar) > ≈ 20 are considered 

to be P-limited (Grayson et al,. 1997). However this method has limitations. 

It does not, for example, take into account the absolute concentrations of 

nutrients, or the availability. 

Nutrient addition bioassays are another method conducted to determine the 

key nutrient regulating phytoplankton growth. Experiments done with N 

and P addition have shown that in some systems, phytoplankton are N or P, 

or N+P co-limited. A high frequency of N-limitation or co-limitation at high 

N:P ratios was measured in nutrient enrichment bioassay experiments from 

thirty small upland lakes in Cumbria, Wales, Scotland and Northern 

Ireland (Maberly et al., 2002),  in floodplain habitats in Croatia (Perŝić et 

al., 2009) and a river impoundment in USA (Bukaveckas and Crain, 2002). 

Co-limitation of N+P was evident in nutrient enrichment bioassay 

experiments in Lake Tanganyika, Africa (De Wever et al., 2008).Changes in 

the community structure and function (productivity, DO levels) have also 

been noted with nutrient addition experiments (Havens et al., 1999). 
  

1.4.2.4 Nitrogen fixation 
As lakes become more productive, the concentration of nitrate and ammonia 

can be severely reduced by photosynthetic assimilation (Wetzel, 2001). In N-

limited systems, cyanobacteria like Anabaena, Aphanizomenon, 

Cylindrospermopsis, and Nodularia, are capable of fixing nitrogen to 

overcome nitrogen limitation (Paerl et al., 2001; Havens et al., 2003; 

Sprober et al., 2003). These bacteria and cyanobacteria possess heterocytes 

which are specialized cells that occur singly (Paerl, 1996; Wetzel, 2001; 

Havens et al., 2003). However in N-limited lakes and reservoirs, 

heterocystous cyanobacteria may be often absent. Non-heterocystous 

cyanobacteria which have N2-fixing potential (nif genes resulting in 

nitrogenase enzyme activity) have evolved additional structural, 

biochemical, and ecological strategies facilitating limited exploitation of 

oxygenated, nutrient-sufficient waters (Paerl, 1996). Nitrogen fixation by 

cyanobacteria is much greater than heterotrophic bacteria but is light 

dependant (Rejmánková et al., 2004). 
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1.4.2.5 Internal loading of nutrients from sediments in reservoirs  

Nutrients are released from the sediments in reservoirs as a result of the 

reducing conditions (dependant on oxygen supply), mineral solubility, 

turbulence, and bacterial and fungal breakdown of organic matter (delivered 

during inflows or dead phytoplankton produced within the reservoir itself) 

(Burley et al., 2001; Chalar and Tundisi, 2001; Nurnberg, 2004). The coarse 

organic matter (from inflow) is concentrated at the upstream end of the 

reservoir. The phytoplankton detritus and finer particles are distributed 

throughout the reservoir sediments. Bacteria use oxygen to breakdown 

settled organic matter leading to anoxic bottom waters and reducing 

conditions in stratified reservoirs, resulting in the release of inorganic N 

and P. Slower release of nutrients can also occur under aerobic conditions 

due to an increase in pH resulting from intense photosynthetic activity of 

submersed macrophytes and attached algae. 

 

An increase in nutrients like phosphorus in the water column is from 

diffusion of soluble phosphorus across the sediment-water interface (Jensen 

and Anderson, 1992). The release and storage of phosphorus across the 

sediment-water interface are regulated by oxidation-reduction (redox) 

reactions (Anda et al., 2001). Except for the upper few millimeters of the 

sediment, exchange is slow and controlled by low diffusion rates in the 

sediment. If the water above the sediments is oxygenated, an oxidized layer 

is formed below the water-sediment interface. Below this layer the 

sediments are extremely reducing. The oxidized layer prevents phosphorus 

from migrating by diffusion upward into the water column. But as the 

hypolimnion become anoxic, the oxidized layer is lost and hence ferric iron is 

reduced to the ferrous state. The insoluble ferric phosphate is precipitated 

into the bottom sediments. Phosphorus is immobilised and readily released 

into the water column. The sorption capacities of Fe (III) oxide decreases 

and release of phosphorus from the sediment is enhanced when pH levels 

increase ranging from 5-10 (Appan and Ting, 1996; Jensen and Anderson, 

1992). Jensen and Anderson, (1992) concluded that water temperature alone 
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explained about 70% of the seasonal variation in sediment P release. Higher 

temperatures stimulate the mineralisation and therefore liberate organic 

bound P into the sediment pore water. 
 

Internal phosphorus loading from the sediment seems to be an important 

process regulating nutrient concentrations in the water column during 

summer period because the bottom waters are frequently anoxic 

(Søndergard et al., 2003). Increases of epilimnetic summer TP in a German 

lake were frequently observed under low-inflow conditions into the lake and 

when 85% of the total lake volume was hypoxic, indicating that phosphorus 

is supplied internally (Ramm and Scheps, 1997). 

 

Under anoxic conditions, ammonia (NH4) is released from sediments and is 

directly transformed into nitrate (nitrification). The anaerobic zone of the 

sediment-water interface reduces the adsorptive capacity of sediments for 

NH4. NH4 is released from the sediments which increases its concentration 

in the hypolimnion. The turnover rates of NH4 in the water column are 

rapid but slower in sediments (Wetzel, 2001). NO3/NO2 in anoxic conditions 

is rapidly denitrified to N2. Assimilation of NH4 by phytoplankton requires 

less energy than assimilation of NO3 and N2 (Axler and Reuter, 1996). 

 
Bacterial denitrification involves the reduction of oxidized nitrogen and 

occurs in anaerobic environments such as the hypolimnion or anoxic 

sediments. NO3 is reduced to NO2- to N2O to N2 which is subsequently 

released into the atmosphere. Nitrite (NO2) concentrations are usually low 

as it is readily oxidized and rarely accumulates except in the metalimnion, 

upper hypolimnion or interstitial water of sediments. Denitrification may be 

an important nitrogen output in stratified eutrophic lakes where anoxic 

conditions in the hypolimnion enable this reaction to occur. Intense 

denitrification processes may result in higher iron concentrations and the 

accumulation of hydrogen sulphide (H2S) in the deep water (Scharf, 2002). 

 

Rahman et al., (2005) conducted an experiment using core incubation 

techniques during mid spring to investigate the source-sink behaviour of 
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nutrients in the bottom sediments of Ben Chifley Dam, Australia. They 

found that the release of NH4 is higher than that of oxidised nitrogen. 

Moreover, the absorption of oxidised nitrogen was higher rather then its 

release rate. The release of dissolved reactive phosphorus was low. The 

release of nutrients from sediments has an input in the nutrient budget of 

the lake water column. Therefore, it is essential to determine how the 

sediments can affect nutrient status of the water column and what 

conditions are favourable for nutrient release from the sediments.  

 
Studies on Chaffey Dam, Australia, indicated that phytoplankton biomass 

that developed in the summer season depended on the amount of 

phosphorus released from the sediments into the anoxic deeper waters 

during the preceding year. Phosphorus was mixed into the surface layers 

when the reservoir water overturned and this determined the concentration 

in the surface layer when temperature stratification re-developed. It is this 

phosphorus that supported the phytoplankton growth in the next growing 

season (Sherman et al., 1998). 

 

The decay of inundated vegetation also results in anaerobic conditions in the 

bottom waters providing nutrients (i.e. phosphorus) for autotrophic 

production and organic material (DOM) for the heterotrophic-based food 

web (Scharf, 2002). Studies done in reservoirs show that phytoplankton 

were able to utilise phosphorus released from leaching of the inundated 

vegetation in the presence of an aerobic hypolimnion and sediment surface 

(Schraf, 2002). Irrespective of oxygenated conditions in the water the 

sediment surface remained anoxic because of abundant organic matter, 

which resulted in low redox conditions that released phosphorus. 

 

1.4.3 Temperature 
The interaction between season, nutrient availability and ambient 

temperature is responsible for most observed variability in phytoplankton 

growth rates (Fietz et al., 2005; Staer and Sand-Jensen, 2006). Temperature 

of the water column regulates the growth rate and biomass of 
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phytoplankton populations in water bodies (Alam et al., 2001; Tsujimura 

and Okubo, 2003; Butterwick et al., 2005). Low temperature reduces 

enzyme activity, membrane fluidity and electron chain transfer resulting in 

lower respiration rates, nutrient uptake and growth of phytoplankton cells 

(Alam et al., 2001; Raven and Geider, 1988). As temperature increases, the 

demand for nutrients also increases and, thus the likelihood of a nutrient 

limitation (Rhee and Gotham, 1981).  

 

1.4.3.1 Thermal stratification 
A water body becomes thermally stratified when two distinct temperature 

layers form. The surface layers i.e. the epilimnion, becomes warm in spring 

thus becoming less dense. This layer is mixed with the cooler ‘bottom’ water, 

the hypolimnion, by wave action. As the heating continues, circulation is 

reduced and mixing ceases. During autumn this process is reversed, and the 

water body is said to ‘turn over’. During stratification the bottom layer has 

low concentrations of dissolved oxygen that creates favourable conditions for 

the release of nutrients from the sediments. The enhanced nutrient flux 

from the bottom sediment to the overlying water can make significant 

contributions of phosphorus and nitrogen to the water column.  

 

Thermal stratification in natural lakes depends on external and internal 

driving forces. The major external forces are the hydro-meteorological 

conditions of the waterbody which is determined by its location 

geographically and by the wind acting on the lake surface (Anda et al., 

2001). The major internal variables are lake morphometry (like surface area 

and shape, depth, basin shape) and light absorption conditions. In deep 

river valley reservoirs an important additional force is the through-flow of 

the river that determines the theoretical retention time of water (RT) 

(Straškraba and Hocking, 2002). Flows from headwaters can decrease or 

stop during drought conditions allowing thermal stratification to develop 

(Maier et al., 2004). Weirs and extraction of water for irrigation and stock 

watering also reduce flow in rivers. 
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The major cause of the decrease in stratification as flow increases is the 

increase in energy available for mixing coming from the inflows (Straškraba 

and Hocking, 2002). One of the most important factors regulating 

phytoplankton growth and the triggering of phytoplankton blooms is the 

lack of mixing of the surface and deeper water layers in a river or reservoir 

(Visser et al., 1996; Reynolds et al., 2000; O’Brien et al., 2003). Naselli-

Flores (2000, 2003) pointed out that water-level fluctuations and summer 

drawdown interfered with the periodicity and stability of stratification in 

Sicilian reservoirs. The dominant variables affecting stratification are 

retention time (RT), the outlet elevation and the inflow temperature. An 

increase in RT which equates to lower flow causes an increase in 

stratification. The water retention of reservoirs is highly variable depending 

on the relative size of the reservoir. Flushing rates not only influence 

nutrient availability but also turbidity (Faithful and Griffiths, 2000). 

Retention of phosphorus (P) is affected by water retention times. 
 

1.5 CATCHMENT NUTRIENTS 
 

Catchments have a network of streams and rivers that transport water 

along with nutrients and sediments. Changing land uses and other 

activities in catchments, such as sewage discharge, clearing of vegetation for 

agriculture and forestry, agricultural farming and cropping, fertilizer 

application, grazing cattle, dairy farms, etc can lead to increased loads of 

these materials entering our waterways. Input of excess nutrients over a 

period of time can result in large fluctuations in lake water quality and 

trophic status, and in some cases periodic blooms of cyanobacteria as 

nutrients stimulate growth of the phytoplankton and microbial 

communities. 

 

In contrast to urbanized catchments, nutrients in agriculturally dominated 

catchments usually come from multiple diffuse sources, including 

agricultural run-off, fertilizers, groundwater seepage and atmospheric 

deposition (Tanik et al., 1999). Nutrient inputs from such sources depend on 

episodic storm events and seasonal agricultural activities. Because of the 
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extensive variability of diffuse sources, identification and measurement of 

nutrients and sediments entering water bodies in rural areas are difficult, 

and their control is often not feasible (Baginska et al., 2003; Rahman et al., 

2005). 

1.5.1 Catchment nutrient inputs to reservoirs 
Catchment nutrients enter reservoirs in various ways. Factors include soil 

type, geology, slope, rainfall, drainage density, catchment size and land 

management practices (Young et al., 1996). Soil types differ in their 

adsorption capacities and it determines the nutrient concentrations leaching 

from the soil during rainfall. 

1.5.1.1 Soil type in catchments 
Soil type affects nutrient exports in a number of ways. Soils differ in their 

nutrient adsorption capacity. The soil structure affects the ability of the 

rainfall to infiltrate, the ability of the soil to withstand erosion, and together 

with vegetation determine the resistance to land flow (Young et al., 1996). 

 

Beaulac and Reckhow (1982), summarised the nutrient properties of soil 

types in the following way (as quoted by Young et al., 1996) 

(i) Sandy/gravel soils:  
—low cation content (i.e. low adsorption capacity) 
—low erodibility 
—high infiltration capacity 
 

(ii) Clay soils:  —high cation content 
—high erodibility 
—low infiltration capacity 
 

(iii) Organic soils:  —high nutrient content 
—limited nutrient retention capacity 
—low infiltration capacity 

 

1.5.1.2 River inputs, rainfall and runoff from land into reservoirs 
Reservoirs typically receive most external phosphorus and nitrogen loads 

from their catchment and tributary streams (McKee and Eyre, 2000; 

Chapman et al., 2005). Stream/river water quality has a direct effect on 

reservoir water quality. Chemical characteristics are directly or indirectly 
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linked to reservoir trophic state, phytoplankton productivity and 

phytoplankton communities (Kennedy and Walker, 1990; Kimmel et al., 

1990; Beyruth, 2000). In-stream production and decomposition of matter 

like debris, leaf litter and organisms all contribute to the nutrient budget of 

the reservoir.  

Runoff waters from land include major ions (Na, K, Mg, Ca, SO4, Cl, HCO3), 

atmospheric gases (N2, O2), key nutrient ions (phosphates, nitrates, 

ammonium, silicate, iron, manganese, carbondioxide), trace nutrient ions 

and organic substances (Moss, 1998). There are also suspended organic and 

inorganic particles. Due to differences in the land-use pattern in catchments 

the chemical composition of the runoff may vary. Human impacts like 

removal of vegetation cover and agriculture affect the nitrogen and 

phosphorus inputs into the waterways. Intense rainfall can cause increased 

erosion of sediment from the riparian zones where the vegetation has been 

cleared (Kang et al., 2001). Disturbance of vegetation and soils by 

agriculture lead to a greater loss of nitrogen than phosphorus from the soils 

(Moss, 1998). With prolonged fertilisation, the soils can become saturated 

with phosphorus which easily leaches out. Heavy use of fertilisers and 

animal wastes also contribute to the additional nutrient inputs. A cow can 

produce up to 18 kg y-1 of phosphorus (equivalent to what is produced by 

1760 ha of forest) and 70 kg y-1 of nitrogen (same as for a 70 ha of forest) 

(Moss, 1998). 

 

Where a catchment has intensive agriculture or wastewater or irrigation 

drainage water discharges, high levels of bio-available nutrients during low 

flow conditions may increase phytoplankton biomass. Under high discharge 

conditions across the catchment there is a high influx of suspended 

sediments and organic material loading on inlet depositional zones and on 

bottom water sediments (Hashim and Abdullah, 2005). This leads to the 

remobilisation of nutrients from both, the inlet zone and bottom water 

sediments of the reservoir. Nutrient loss from the catchment has been 

linked to the human usage in the catchment area (Caraco, 1995). In the 

Richmond catchment in Australia, which was dominated by livestock 
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farming, it was found that for 26% of the N and 66% of the P in the nutrient 

budget came from fertiliser inputs (McKee and Eyre, 2000). 

 

The direct nutrient loads from rain, and the quantity of nutrients and 

particles exported from the catchments by rivers may have a large inter-

season variation due to the wet and dry seasons. A much higher inter-

annual variation occurs in the tropical zone than the temperate zone due to 

higher rainfall in the wet season. Generally in storm events, a flush of 

nutrients occurs in the waterbody from the catchment. Studies have shown 

that in deep upstream parts of reservoirs, summer blooms of cyanobacteria 

occur in years when there is a high volume of storm water runoff, whereas, 

in the downstream parts, cyanobacterial blooms may occur in any year when 

the flow rate is low and temperature is high (Reynolds et al., 2000). Input of 

nutrients during flood events and mineralization of organic matter in the 

hypolimnion seem to play a major role in the availability of dissolved 

inorganic nitrogen and soluble reactive phosphorus (Naden et al., 1996). 

 

Catchment studies have shown that the export of P from agricultural 

sources is generally low during base-flow conditions. The export, however, is 

triggered by storm events which lead to a rapid increase in the 

concentration of dissolved P and particulate phosphorus (PP) in the 

receiving waters (An and Park, 2002). In a study on the export of nitrogen 

and phosphorus in the Richmond catchment, Australia, the results indicated 

that nutrient concentrations are the lowest during baseflow conditions but 

during a storm discharge the dissolved and particulate nitrogen and 

phosphorus concentrations increase (Mckee and Eyre, 2000; Chapman et  

al., 2005). In the Murray-Darling Basin in inland Australia a major 

proportion of the incoming phosphorus is bound to the sediment particles 

transported in high flow events (Oliver et al., 1993). In contrast, Kerr et al., 

(2010a, b) found a high proportion of dissolved phosphorus in a subtropical 

catchment. Higher nitrate concentrations are found in rivers affected by 

agricultural runoff. Maximum nitrate concentration during storm inflows 

was directly related to the storm magnitude and resulting in high discharge 



 24

and was inversely related to the frequency of storms (Arfi, 2003; Tate, 1990; 

Triska et al., 1990). Dissolved nitrogen is usually in saturated 

concentrations regardless of the season and location, and the effect of flow 

regime on the total nitrogen pool was minor, compared to phosphorus.  

 

The paradigm for temperate and subtropical lakes is that the mean summer 

chlorophyll a is a function of the spring or summer mean total phosphorus 

(Vollenweider, 1968). McKee and Eyre, (2000) documented that inputs of 

phosphorus were closely associated with the landuse pattern and also 

largely influenced by the flow regime.  Large P-inputs during intense 

monsoon may result in eutrophic to hypereutrophic conditions. However, the 

high TP may not affect phytoplankton production due to a wash-out of 

phytoplankton cells due to a short water residence time and reduced light 

attenuation due to mineral turbidity (Miranda and Matvienko, 2003).  
 

1.5.1.3 Nutrient loading 
For many tropical and subtropical reservoirs, the climate is in seasons of 

wet and dry. In the wet season nutrients enter from the catchment via 

inflow. The lack of washout during the dry season also leads to a greater 

retention of nutrients in the water column and sediments and hence a much 

larger supply is kept in circulation (Malmaeus et al., 2006). With elevated 

temperatures there is a more rapid mineralization and recycling of 

nutrients (Jensen and Anderson, 1992). N and P loads discharged into 

subtropical reservoirs from the catchment have been documented to 

increase in a non-linear relationship with flow (Kerr, 2009). 

 

1.6 RESERVOIRS 

1.6.1 Types of reservoirs 
There are generally three types of reservoirs, according to Serruya and 

Leventer, (1984): 1) operational; 2) a storage and operational, and 3) a 

multipurpose. 
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Operational reservoirs behave as rivers and have a short retention time, 

shallow depths and high transparency. Benthic phytoplankton growth 

predominates. Storage reservoirs have a longer retention time of 4-6 

months, a depth of approximately 8-20 m and a low transparency. The 

biological characteristics are similar to that of lakes. Thermal stratification 

and an oxycline may be present, and a high rate of primary production is 

seen in the upper layers. Multipurpose reservoirs receive water from various 

sources having different chemical composition, such as groundwater, flood 

water, and raw or purified sewage. These reservoirs have high turbidity, a 

low transparency and a high nutrient content. Algal populations may be 

abundant but the absolute concentration of phytoplankton is due to reduced 

light availability (Faithful and Griffiths, 2000; Reynolds et al., 2000). 
 

1.6.2 Zones in a reservoir  
There are typically three zones in a reservoir each with different 

characteristics. The zones are listed below; 

1.6.2.1 Riverine zone 
The riverine zone of reservoirs is often relatively narrow due to the river 

geomorphology. Here the water is well mixed and although the water 

velocity decreases as the water enters the reservoir, the currents are able to 

move significant quantities of fine suspended particulates (silts, clays and 

organic particulate matter) along the longitudinal gradient. The high 

particulate turbidity means reduced light penetration and limited primary 

production within the water of this zone. Loading of organic matter from 

allochthonous sources is high in proportion to water volume. High 

decomposition rates often result with high consumption of dissolved oxygen 

but aerobic conditions generally prevail due to the shallow, well mixed-zone 

(Burley et al., 2001). 
 

1.6.2.2 Transitional zone 
This zone has a larger area over which the energy is dispersed compared 

with the riverine zone and thus the water velocity decreases. A significant 

proportion of the suspended solid load settles out of the upper water strata. 
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This decreased turbidity results in enhanced light penetration and 

increased rates of primary productivity (Nogueira, 2000). A high percentage 

of total organic matter loading from phytoplankton occurs and rooted 

vascular plants may be seen. 

 

1.6.2.3 Lacustrine zone  
The lacustrine zone of reservoirs has characteristics that are equivalent to 

lake ecosystems. It is often thermally stratified and may have similar 

planktonic production, nutrient limitation, and decomposition in the 

hypolimnion as natural lakes. Stratification and water movements can be 

modified or complicated both spatially and temporally by hypolimnetic or 

bottom withdrawal of water from the reservoir at the dam wall.  
 

1.6.3 Along the longitudinal gradient in reservoirs 
Longitudinal reservoir models (Kennedy et al., 1985; Kimmel et al., 1990) 

have shown that the trophic state decreases along a longitudinal gradient 

from the headwaters to the reservoir, based on nutrient concentrations, 

chlorophyll a, or Secchi transparency. Chlorophyll a concentration increases 

with increasing TP in the headwaters while the concentrations of both are 

lower in the downstream part of the reservoir. This may reflect increased 

light availability due to reduced inorganic turbidity and dominance of bio-

available P at downstream sites (Kennedy and Walker, 1990; Kimmel et al., 

1990). Findings support the hypothesis that phytoplankton abundance per 

unit of phosphorus is greater in the lacustrine than in the riverine zone of a 

reservoir. 

 

1.6.4 Nutrient pathways in reservoirs 
There are several potential nutrient pathways in reservoirs (Harris, 1996). 

They comprise of: 

• direct uptake of bio-available nutrients from the surface mixed layer 

(both deep and shallow reservoirs); 
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• mixing of nutrient-rich bottom waters with reservoir turnover (deep 

reservoirs); 

• re-mobilisation of nutrients from anoxic sediments in inlet 

depositional zones (both deep and shallow reservoirs); 

• mixing, drainage and re-suspension of anoxic sediment porewater, 

which is high in nutrients, with the surface mixed layer under 

conditions of rapid drawdown (deep reservoirs); 

• entrainment of nutrient rich bottom waters in the surface mixed 

layer under conditions of surface water discharge from the reservoir 

(deep reservoirs); 

•  direct recycling of nutrients between phytoplankton by microbial 

processes (both deep and shallow reservoirs). 

 
Studies indicate that the 'direct pathway' (phytoplankton up-take of 

nutrients directly discharged into reservoirs) is the least likely nutrient 

pathway for many Australian reservoirs; and the 'internal loading related 

pathways' (release of nutrients from the sediments as a result of elevated 

organic loading) are the most likely nutrient pathways (Harris, 1996).  
 

1.6.5 Phytoplankton succession and seasonality in reservoirs 
Although the growth and biomass of phytoplankton in reservoirs and lakes 

are controlled by the same physico-chemical parameters, Wetzel (1990) and 

Komárková and Hejzlar (1996) have reported marked differences between 

these two types of aquatic ecosystems. In particular, factors including flow 

rate, stratification, irregular water use (including summer drawdown), and 

faunal diversity and abundance may influence the growth of phytoplankton 

as well as steady state assemblages. Due to frequent variation in inorganic 

turbidity in reservoirs, the limiting effect of light penetration on 

photosynthetic activity may be more severe than nutrient limitation, in 

comparison to lakes (Wetzel, 2001). 

 

Irregular water inflows and rapid water flushing rates alter environmental 

conditions for biotic communities. In the riverine portion of the reservoir, 

factors such as turbulence, sediment instability, high turbidity, and reduced 
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light availability regulate primary productivity rather than nutrient 

availability. As the reservoir acts as a sink for sediments and solutes, the 

non-phytoplankton turbidity load settles out along the gradient from the 

transitional to the lacustrine zone (Wetzel, 2001). There is generally greater 

light penetration, and consequently the photic zone increases and an 

increase in primary productivity may be seen. 

 
Distinct seasonal patterns and periodicity is seen in the composition and 

biomass of phytoplankton in temperate and tropical/subtropical zones. 

Succession patterns of phytoplankton in the lacustrine zone of the reservoir 

are similar to those in natural lakes. As seasonal succession is linked to 

meteorological and stratification processes, patterns in temperate 

ecosystems differ from that of tropical systems (Reynolds et al., 2000; Fietz 

et al., 2005). Seasonal changes that occur with mixing conditions resulting 

in turbulent conditions with elevated inflows in early spring or thermal 

stratification over late spring through to summer may affect the 

phytoplankton community composition. 

 

1.6.5.1 Seasonal cycles in temperate zones 
In temperate fresh waters, growth of phytoplankton is greatly reduced in 

winter when low temperature and high water column stability, reduced 

light, moderate nutrient availability, low zooplankton grazing pressure 

prevail (Wetzel, 2001). The major factors are light availability and 

temperature (Salmaso, 2000; Anneville et al., 2005). The concentration of 

inorganic nutrients is high especially near the sediments from microbial 

mineralisation and from minimal mixing. Species that are adapted to low 

temperature and light can grow if nutrients are adequate. Ultraplankton for 

example flagellates are most often seen (Salmaso, 2000). However, in some 

temperate zone lakes a significant biomass or bloom of large cyanobacteria 

that became established in the previous autumn is occasionally maintained 

(Wetzel, 2001). 

 
A spring biomass maximum is commonly observed as day length and light 

intensity increases (Padisak et al., 1998). The bloom utilises the nutrients 



 29

washed in from the drainage basin or recycled in the water column during 

autumn or winter. The biomass often consists predominantly of diatoms and 

cryptophytes adapted to low light conditions (Busing, 1998; Reynolds et al., 

2000; Salmaso, 2000). The water temperature increases in the shallow zones 

and progresses to the deeper zones allowing for increased growth rate. 

Large diatoms, e.g. Asterionella spp., are favoured under conditions of deep 

mixing (Reynolds et al., 2000). Furthermore, growth is favoured more due to 

the presence of smaller sized zooplankton which exert less grazing pressure 

on the phytoplankton in the early spring (Reynolds et al., 2000; Wetzel, 

2001).  

 
The onset of summer stratification has a major effect on the phytoplankton 

community. In some water bodies, the external inputs of nutrients may 

decline as there are reductions in river discharges. Higher temperature and 

abundant nutrient supply allow phytoplankton to grow. At first green algal 

species flourish until a nutrient, such as N becomes limiting. Under N 

limitation conditions, nitrogen-fixing cyanobacteria have the competitive 

advantage and may increase in dominance. A reduction in edible 

phytoplankton for zooplankton then occurs (Ryan et al., 2003)  

 

 In autumn, a decrease in phytoplankton biomass is seen due to an 

increased grazing pressure by zooplankton and a decrease in temperature 

(Reynolds et al., 2000). At higher latitudes the days are shorter, hence there 

is less duration of light available for primary production even if nutrients 

are available. The limited growing season often results in one summer 

maximum of the phytoplankton biomass. Overall, the primary production of 

phytoplankton shows a seasonal periodicity, with a high spring and/or 

summer maximum and a smaller autumn maximum (Padisak et al., 1998). 
 

1.6.5.2 Tropical lakes/reservoirs 
The seasonal cycle that occurs in temperate zones typically does not occur in 

tropical lakes and reservoirs. Here the phytoplankton biomass cycles are 

linked to seasonal or inter-year variability in water runoff, nutrient supply 

as well as seasonal and short term changes to the water column stability 
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(Komárková and Tavera, 2003). Factors like rain, high light availability and 

higher temperatures throughout the year promote phytoplankton growth 

(Willoughby, 1976).  

 

Water stability is affected by changes in density currents resulting from 

river discharge and turbidity, wind speed and temperature (Faithful and 

Griffiths, 2000; Kanoshina et al., 2003).  Reductions in stability allow for a 

thickening of the mixed layer and increased nutrient cycling from the anoxic 

or hypoxic hypolimnion thus promoting short-term primary production, an 

increase in phytoplankton community biomass, and an increase in 

herbivorous zooplankton abundance (Reynolds et al., 2000). Increased 

internal loading of nutrients is also associated with higher summer 

temperatures (Jensen and Anderson, 1992). In tropical lakes, the total 

phytoplankton biomass is more constant and higher than in temperate 

lakes. Also, the presence of phytoplanktivorous and omnivorous fish species, 

affects phytoplankton growth (Rejas et al., 2005).  
 

1.6.6 Reducing stratification in reservoirs 
Artificial mixing is used in some reservoirs to reduce phytoplankton blooms, 

especially of cyanobacteria, as well as to increase oxygen levels in deeper 

waters (Visser et al., 1996). Artificial destratification can reduce 

phytoplankton growth by reducing the remineralisation of phosphorus in 

the sediment. Gächter and Wehrli (1998) suggested that internal 

phosphorus cycling in lakes can be limited by an aerated hypolimnion.  

 

 Artificial destratification is accomplished by two mechanisms: aeration 

through a perforated pipe which creates bubble plumes and surface 

mechanical mixers (propellers or impellers) near the dam wall (Antenucci et 

al., 2003). The bubble plumes allow mixing to occur in the deeper layers over 

a greater horizontal extent while the impellers have draft tubes that are 

able to access the upper region of the water column. Both mechanisms 

create a circulation pattern that reduces the differences in temperature, 

oxygen and nutrients between the top and the bottom waters. 
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The artificial mixing improves the oxygen concentrations in the deep layers 

within only a few days (Schraf, 2002), thus anaerobic conditions in the 

bottom waters can be prevented and the internal loading of phosphorus 

halted (Antennuci et al., 2003). The circulation also creates turbulence that 

has a faster velocity than the movement of motile phytoplankton, hence 

their productivity is affected. Antenucci et al., (2003) found in a study of a 

eutrophic reservoir in Argentina, that bubbling plumes were more effective 

in decreasing the phytoplankton bloom than the impellers, which had little 

or no effect. However, some studies show that artificial mixing is unable to 

prevent internal phosphorus cycling in the water body (Scharf, 1999).  
 

The mixing also moves the phytoplankton deeper into the water column 

reducing light for photosynthetic activity. Artificial mixing in the 

hypertrophic Lake Nieuwe Meer, Netherlands was successful in preventing 

blooms of the cyanobacterium Microcystis spp. (Visser et al., 1996). The 

phytoplankton shifted from a cyanobacteria-dominated community in 

summer to a mixed community of flagellates, green algae and diatoms. The 

entrainment of cyanobacteria in the turbulent flow nullified their advantage 

of buoyancy (Visser et al., 1996). 

 
A study done in a subtropical reservoir, North Pine Dam, Australia, showed 

the long-term effects of artificial destratification on phytoplankton species 

composition (Antenucci et al., 2005). An overall increase in abundance of 

diatoms, cyanobacteria and chlorophytes was observed. Densities of colonial 

species like Aphanocapsa spp., Merismopedia spp. and Cyanodictyon spp. 

were lower in spring when the destratification unit was switched on and the 

abundance of solitary filamentous species C.raciborskii and Planktolyngbya 

spp. was higher (Burford and O’Donohue, 2006). A subsequent study 

demonstrated that the reduced light availability as a result of mixing 

promoted growth of C. raciborskii (O’Brien et al. 2009). 
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1.7 CONCLUSIONS 
 
Availability of nutrients, light and mixing conditions, the water residence 

time and temperature are the major determinants of phytoplankton growth 

and composition in reservoirs. Both biomass and species composition may be 

further affected by their buoyancy, grazing by zooplankton, competition, 

viral infection and programmed cell death. The interaction of these factors is 

complex and variable, and may differ within reservoirs due to latitude, 

catchment land uses and management, reservoir depth, drawdown 

conditions of the reservoir, and seasonal climatic conditions. 

 

One algal group, cyanobacteria are common in reservoirs. They are favoured 

by long residence times, stratified waters, hypolimnial anoxia, ability to fix 

nitrogen and the ability to utilise low phosphorus level by some species. 

Cyanobacteria with buoyancy regulation can regulate their depth through a 

mechanism of gas vacuoles and ballast accumulation which is linked to 

photosynthesis and the underwater light climate.  

 

The major nutrients affecting the growth and abundance of phytoplankton 

are nitrogen and phosphorus. The various sources of these nutrients include 

stormwater run-off, erosion and sedimentation, fertilizer run-off from 

agricultural land, atmospheric deposition, direct input by animals, 

wastewater treatment plants, and industrial discharges. During high flow 

conditions, a flush of dissolved nutrients, organic and particulate matter 

occurs from the catchments to reservoirs, via rivers and streams.  

 

Sediment fluxes of nitrogen, which regulate the form and concentration of N 

in surface waters (especially ammonia from anoxic sediments), are 

important in determining both phytoplankton biomass and species 

composition. Species composition of dominant cyanobacteria in freshwater 

may be manipulated by changing the dominant form of DIN in the system. 

Small-celled, non N-fixing cyanobacteria (Microcystis spp.) appear to be 

favoured by the presence of high levels of NH4 in the water, whereas N-
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fixing cyanobacteria (Anabaena spp., Aphanizomenon spp.) are favoured by 

low concentrations of nitrate. C. raciborskii, a common toxic cyanobacterial 

species in Australia, prefers ammonium as its source of nitrogen even 

though it can fix N. It is also able to utilise P and grow even at low P 

concentrations and has the ability to store P (Burford et al., 2006).  

 
 
Input of nutrients from the catchments may be limited due to the frequency 

of the rainfall/inflow events therefore local mineralization of organic matter 

in the hypolimnion during the stratification period may play a major role in 

the availability of dissolved inorganic nitrogen (DIN) and filterable reactive 

phosphorus (FRP). Reservoir sediments become the major source of 

nutrients and the availability of nutrients (via internal loading) influences 

phytoplankton growth. Release of nutrients from the sediments is mediated 

by reducing conditions dependant on oxygen supply, mineral solubility, 

turbulence, and bacterial and fungal breakdown of organic matter delivered 

during inflows or dead phytoplankton produced within the reservoir itself.  

In low or no inflow the direct pathway (phytoplankton uptake of nutrients 

directly discharged into reservoirs) is the least likely nutrient pathway for 

many Australian reservoirs while internal loading (release of nutrients from 

the sediments as a result of elevated organic loading) are the most likely 

nutrient pathways.  

 

The role of nutrients and their effect in promoting phytoplankton growth 

and the species composition in subtropical reservoirs is poorly understood 

compared with temperate systems. The paradigms and key findings from 

studies done in the temperate and tropical systems may not apply to 

subtropical systems. Subtropical reservoirs largely tend to be dominated by 

cyanobacteria. It is important to understand what the key drivers of their 

growth are, their interactions with nutrients and limitations. Therefore this 

thesis will examine the role of nutrients in driving phytoplankton growth 

and species composition in a large subtropical reservoir, Wivenhoe reservoir. 
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In Chapter 2 of this thesis, I statistically analyse five years of data on 

phytoplankton and physico-chemical parameters collected from Wivenhoe 

reservoir to derive which factors are affecting the phytoplankton biomass 

and composition. A more detailed summer study was undertaken in Chapter 

3 to more fully elucidate the factors driving phytoplankton biomass and 

species composition.  To test the findings of Chapter 3, the response of 

phytoplankton to nutrient additions was tested in bioassays (Chapter 4). A 

larger scale, more detailed study was then conducted using mesocosms to 

see how phytoplankton genera/species responded (Chapter 5). 
 

1.8 STUDY SITE- Wivenhoe Reservoir 
 
Wivenhoe Reservoir (27° 24′ S, 152° 36′ E) is 50 km in length, has a surface 

area of 107.5 km2 and is the largest water reservoir in Southeast 

Queensland. The dam is built across the Brisbane River (Fig 1.2 and Fig 

1.3) in the Esk shire and is situated about 80km by road from Brisbane. 

Construction of the dam was completed in 1985. The reservoir has a storage 

capacity of 1,165,000 ML at a full supply level at 67 m. It was designed and 

built as a multifunctional facility to provide the main water supply to the 

city of Brisbane (2 million people) and adjacent towns. The dam also serves 

as a flood control in case of heavy rainfall in the upper catchment and can 

hold back a further 1,450,000 ML above its normal storage capacity. The 

reservoir has a mean depth of 10.8 metres (Burford, et al., 2007). The 

catchment area of the reservoir is 5,554 km2 with the land use being 

dominated by natural forest (50%), agriculture (49%) and with residential 

areas of approximately 1% (Burford et  al., 2007).          

 

The water input into the reservoir is from controlled releases from Somerset 

Dam (located upstream via Stanley River) and from the Upper Brisbane 

River. Wivenhoe reservoir is also the lower storage for a pumped-storage, 

500-megawatt hydro-electric power station. The Wivenhoe Power Station is 

situated between Splityard Creek Dam and Wivenhoe, which is around 

100 m below the Splityard Creek Dam. Water is released from the Wivenhoe 

Dam into the lower Brisbane River where it is extracted and treated at the 
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Mt Crosby Water Treatment Plant, before being supplied to the greater 

Brisbane area for use.       

 
 
Figure 1.2 Photo of Wivenhoe dam (Source: www.seqwater.com.au) 
 
 
 

 
Figure 1.3 Map of Wivenhoe Reservoir showing 6 study sites labelled along the 
reservoir to the dam wall (site 1) (map outline courtesy of Mr A. Cook) 
 
 

The climate in the catchment area and the reservoir is sub-tropical. Average 

monthly rainfall at the dam is 75 ± 50 mm in the wet season (September to 

April) and 34 ± 26 mm in the dry season (Burford and O’Donohue, 2006). 
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For the past few years, the area has experienced less summer rainfall and 

hence the supply level dropped from 100% in 2001 to almost 15% by August 

2007. In September, 2008 the reservoir level was at 54 m and the reservoir 

was approximately 27.3% full due to rainfall in the summer of 2007-2008 

(Fig. 1.4). 
             

      
Figure 1.4  Water supply level of Wivenhoe, Somerset and North Pine reservoirs 
from April 2003 to July 2008 (Source : www.seqwater.com.au) 
 
Previous studies have indicated that the dominant phytoplankton genera at 

the dam wall site are cyanobacteria and the top three groups 

(Aphanocapsa/Merismopedia/Cyanodictyon,Cylindrospermopsis raciborskii 

and Planktolyngbya) represent about 80% of the total phytoplankton 

abundance (Burford and O’Donohue, 2006). The most abundant group, 

Aphanocapsa/Merismopedia/Cyanodictyon follow a seasonal succession 

pattern having a peak in abundance in October while C.raciborskii and 

Planktolyngbya reach their peak abundance 2-3 months later.  
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CHAPTER 2- ANALYSIS OF HISTORICAL DATA TO 
INVESTIGATE THE EFFECT OF NUTRIENTS AND PHYSICO-

CHEMICAL PARAMETERS ON PHYTOPLANKTON BIOMASS 
AND SPECIES COMPOSITION 

 

2.1 INTRODUCTION 
 
Phytoplankton utilise light, organic and inorganic forms of nutrients like 

nitrogen, phosphorus and carbon, and trace elements to form biomass (Paerl 

et al., 2001). Concentration of nutrients (or limiting nutrients), water 

temperature, underwater light regime, mixing, pH, rainfall, reservoir 

volume, watershed area and water retention time and reservoir 

characteristics like volume, a stable water columns, long residence times 

and variable light attenuation all correlate with phytoplankton biomass. 

(Reynolds, 1998; Harris, 2001; Villar-Argaiz et al., 2001; Bormans et al., 

2005; Burford et al., 2007; Bergstrom et al., 2008).  

 

Subtropical reservoirs are typically dominated by the phytoplankton group, 

cyanobacteria (Burford et al., 2007). However, unlike their temperate 

counterparts, not much is understood about the factors driving the 

phytoplankton biomass accumulation and species composition in subtropical 

reservoirs. Studies in three Australian subtropical reservoirs, North Pine, 

Wivenhoe and Somerset reservoirs, suggest that they are P rather than N 

limited, based on N:P ratios and low P concentrations (Burford et al., 2006). 

Nostocales cyanobacteria e.g. Cylindrospermopsis raciborskii, Anabaena 

spp. and Aphanizomenon spp. possess heterocytes, which are specialised 

cells that can fix atmospheric nitrogen when N concentrations are low 

(Dokulil and Teubner, 2000). Hence these cyanobactria can overcome 

nitrogen deficiency by fixing atmospheric nitrogen. Some cyanobacteria, e.g. 

C.raciborskii are also capable of a high P uptake affinity and a high storage 

capacity for P (Isvánovics et al., 2000; Posselt, 2010).   

 



 38

Knowledge on what drives the phytoplankton growth and species 

composition is essential especially when toxin producing species like 

C.raciborskii, Microcystis aeruginosa, Anabaena circinalis and 

Aphanizomenon ovalisporum are present in the waterbody and are a water 

management concern, especially in drinking water supply reservoirs 

(Falconer et al., 1999; Steffensen et al., 1999; Paerl et al., 2001).  
 

In an attempt to understand the drivers of phytoplankton blooms, this 

chapter will investigate which factors promote or limit the phytoplankton 

biomass, cell concentration and species composition along the longitudinal 

gradient of the reservoir by analysing historical data.   
      

2.2 MATERIALS AND METHODS 
 

2.2.1 Study and sampling sites 
Water quality data was for the 5 sites in Wivenhoe Reservoir from January 

2001 to December 2005 (Fig. 1.3, Table 2.1) was obtained from the water 

authority with management of the reservoirs, Seqwater (for more details of 

study site see Chapter 1.6). Samples and profiles were collected during 

regular monitoring of the reservoir. Site 5 (Caboonbah Intake Tower) is the 

most upstream site below the Stanley and Brisbane river confluence. Site 4 

is at Esk water intake tower; Sites 2 and 3 are further downstream nearer 

to the dam wall and are situated in the old Upper Brisbane River channel. 

Site 1 (the dam wall site) is the most downstream site of the reservoir. 

Dissolved nutrient data was not available for Sites 4 and 5, and for the time 

period July 2002 to June 2003 so it was excluded from the analysis for 

nutrients. 

 

Water samples were collected monthly from the sites in the reservoir.  A 3 m 

long hosepipe sampler (5 cm diameter) was used to collect a depth-

integrated sample at the surface. Three replicates were collected. After 

mixing the replicates in a bucket, subsamples were taken. Unfiltered 

subsamples were taken for TN and TP analysis and for dissolved nutrients 

the samples were filtered through a 0.45 lm membrane filter. The samples 
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were frozen. A 250 mL sample was collected for phytoplankton analysis. 1 

mL of 100% Lugols solution was added and the samples were stored in the 

dark till analysis. 1L of unfiltered sampled was taken and kept cool in the 

dark for chlorophyll a analysis. It was filtered immediately once received in 

the lab on the day of sampling. For the bottom of the water column water 

samples were collected in triplicate with a Van-Dorn (3.2 L Vertical Beta 

Plus) water sampler and mixed in a bucket for sub-sampling. Only nutrient 

subsamples were taken. Physical parameters i.e. water column 

temperature, dissolved oxygen concentration, pH, conductivity and 

turbidity, were measured with a water quality monitoring multiprobe meter 

(YSI 6920 Sonde). 

 
Table 2.1 Surface water quality parameters from sites in Wivenhoe reservoir 
used for statistical analysis   
                  
Site 
Number 

Seqwater 
site  

Phytoplankton Nutrients 
(surface 
and 
bottom) 

Physical variables 
(surface-3m depth 
integrated) 

Site 1 30001 Total Phytoplankton 
counts 
Species composition 
Chlorophyll a 

TN/TP, 
Dissolved 
nutrients 
(NO3/NO2, 
NH4, PO4) 

Water temperature 
DO, pH, turbidity 
conductivity, secchi 
depth 

Site 2 30015 Total Phytoplankton 
counts 
Species composition 
Chlorophyll a 

TN/TP 
 

Water temperature 
DO, pH, turbidity 
conductivity, secchi 
depth 

Site 3 30017 Total Phytoplankton 
counts 
Species composition 
Chlorophyll a 

TN/TP 
 

Water temperature 
DO, pH, turbidity 
conductivity 

Site 4 30004 Total Cyanobacteria 
counts  
Cyanobacteria species 
composition 

No nutrient 
data 
available 

Water temperature 
DO, pH, turbidity 
conductivity, secchi 
depth 

Site 5 30018 Total Cyanobacteria 
counts  
Cyanobacteria species 
composition 

No nutrient 
data 
available 

Water temperature 
DO, pH, turbidity 
conductivity 

                    
Phytoplankton were identified to species level if possible and counted under 

a light microscope with 400X magnification using a phase contrast objective. 

A Sedgewick-Rafter (S-R) counting chamber (GRATICULES) was used for 

the counting. A minimum of 40 squares at high power and 100 
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phytoplankton units were counted to reduce the error of counting to 30% 

(Hotzel and Croome, 1999). For chlorophyll a, the water sample was filtered 

through 47mm glass fibre filters (ADVANTEC, GF75) and frozen till 

analysis. The filter papers were thawed and macerated for chlorophyll 

extraction. Absorbance of these extracts were measured at 750nm, 665nm, 

664nm, 647nm and 630nm in 90% acetone and chlorophyll concentrations 

were calculated (Jeffrey and Welshmeyer, 1997). Nutrients were analysed 

using standard colorimetric methods (American Public Health Association 

(APHA), 1995). 
 
Mean monthly physico-chemical data including water temperature, 

dissolved oxygen (DO), pH, turbidity and conductivity were averaged for the 

five years based on the top 3 m measured during the day. Depth-integrated 

surface data (0-3 m) was used for total phytoplankton counts, species 

composition, chlorophyll a, and nutrients. For purposes of statistical 

analyses, data for every month in each year for each site was used.  

The periods from October to March each year were used as wet summer 

months, and April to September as dry winter months for all analyses. 

Monthly rainfall recorded at the dam wall was used (www.seqwater.com). 

Inflow into Wivenhoe reservoir was assumed to be the Upper Brisbane 

River, and controlled releases from Somerset dam via Stanley river. The 

inflow recorded in the wet months was 25 037 + 44 618 ML and in the dry 

months was 3 511 + 2 592 ML (Fig. 2.4). The last major rain event was 

recorded in February 2001 (237 876 ML inflow).  

 

To calculate euphotic depth (Zeu) (depth at which light saturation is at 1% of 

the surface light and photosynthesis is still possible) from secchi depth (Zsd) 

the following formula was used (Burford et. al., 2007); 

         Euphotic depth (Zeu) (m) = secchi depth (m) * 1.8           (Equation 2.1) 
 
The index of 1.8, calculated by Burford et. al., 2007, for southeast 

Queensland reservoirs is similar to the mean index of 1.7 used worldwide to 

calculate Zeu from Zsd (Padial and Thomaz, 2008). 
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2.2.2 Statistical analyses 
Univariate analyses of variance were performed on the physical parameters, 

nutrient and phytoplankton cell concentration using the program SPSS 

(Version 15, for Windows, SPSS, Inc) to examine differences among the five 

sites and the two seasons: wet/summer and dry/winter. Data was 

transformed when not normal or when heteroscedastic. A One-way ANOVA 

was done on the data that were significantly different with the univariate 

analysis. To see correlations between the variables Spearman’s ranked 

correlation coefficient (a non-parametric correlation where it assumes 

variances are unequal) was calculated between the physical parameters and 

nutrients with total phytoplankton cell concentration and chlorophyll a 

concentrations.  

 

Spearman’s correlation (s) was undertaken with SPSS software to 

determine which phytoplankton genera correlated with the physical 

parameters, inflow and TN and TP at the surface. BIOENV and RELATE 

analysis was also done using PRIMER5 to see the combined effect of 

physical factors and nutrients on the phytoplankton composition at the 

different sites. Phytoplankton genera that were more than 7 000 cells ml-1 at 

any time of the year were used for the analyses. These genera formed about 

80% of the total phytoplankton counts and presumably also the total 

phytoplankton biomass.  

 

Using the software PRIMER5 (New Plymouth laboratory, UK; http:// 

www.primer-e.com/), similarity indices of the physical parameters and 

nutrients from all the sites and years were calculated. A multi-dimensional 

scaling (MDS) was performed to determine the degree of similarity between 

the sites comparing the physical parameters, nutrients and phytoplankton 

composition.  Data for physical parameters were log-transformed (except for 

pH) before the analyses.  
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2.3 RESULTS  

 

2.3.1 Inflow and Rainfall 
Inflow into Wivenhoe reservoir is from controlled releases from Somerset 

dam (located upstream via Stanley River) and from the Upper Brisbane 

River. The inflow was highly variable with most of the rainfall recorded 

during the summer months (Fig. 2.1). This increase corresponded to the 

rainfall in the summer months. The rainfall recorded from January 2001 to 

December 2005 at the dam wall ranged from 0 to 173 mm month-1, with 

most rainfall in the summer months October to March (75 + 51mm) than 

winter (24 + 19 mm) (Fig. 2.2). 
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Figure 2.1 Monthly inflow (ML) into the Wivenhoe reservoir from Somerset 
reservoir and Upper Brisbane River for the period January 2001-December 2005 
(Source: seqwater) 
 

2.3.2 Physical water characteristics 
 
The mean summer surface water temperatures were higher (26.10 + 2.14°C) 

than the winter surface water temperatures (19.77 + 2.77°C) but there was 

no significant difference observed in the surface temperatures between the 

five sites (p>0.05) (Fig. 2.3). The surface water dissolved oxygen levels in the 

wet summer months were lower than the winter concentrations (p>0.05) 
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(Fig. 2.4). There was no seasonal or site-specific difference in conductivity of 

the surface waters at the five sites (Fig. 2.5). However, for the turbidity and 

pH of the water column differences between seasons and among sites were 

significant.  
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Figure 2.2  Mean (+ SD) monthly rainfall (mm) at the Wivenhoe dam for the period 
January 2001 to December 2005. (Source: seqwater) 
 

The most upstream and shallower site, Site 5, had significantly higher 

turbidity than the downstream sites 1, 2 and 3 (p<0.05). Turbidity was 

higher in summer than winter (p<0.05) (Fig. 2.6).  

 
The mean pH of the surface waters ranged from 7.06 to 8.96 for the five year 

period at the five sites in the reservoir. The pH in summer was higher than 

winter (p<0.05) (Fig. 2.7). The pH tended to decrease along the longitudinal 

gradient with the mean pH at Site 5 being significantly lower than the 

downstream sites (One way-ANOVA, p<0.05) while Site 3 had a higher pH 

than Site 1.  
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Figure 2.3 Mean (+ SD) monthly water temperature (0C) at the surface for the five 
sites in Wivenhoe reservoir from January 2001 to December 2005 
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Figure 2.4 Mean (+ SD) monthly dissolved oxygen (mg L-1) at the surface for the 
five sites in Wivenhoe reservoir from January 2001 to December 2005 
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Figure 2.5 Mean (+ SD) monthly conductivity (µS cm-1) at the surface for the five 
sites in Wivenhoe reservoir from January 2001 to December 2005 
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Figure 2.6 Mean (+SD) monthly turbidity (NTU) at the surface for the five sites in 
Wivenhoe reservoir from January 2001 to December 2005 
 

   

6.5

7.0

7.5

8.0

8.5

9.0

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

pH

 
Figure 2.7 Mean (+SD) monthly pH at the surface for the five sites in Wivenhoe 
reservoir from January 2001 to December 2005 
                      
The euphotic depth for the reservoir ranged from 1.3 to 5.2 m. There was a 

deeper euphotic zone in winter (p<0.05). The downstream Sites 1 and 2 had 

a deeper euphotic zone than Site 4 (p<0.05). 

 

The chlorophyll a concentration in the reservoir ranged from 2.3 to 28.0 

µg L-1 over the five years, and there was a seasonal and a site difference in 

the concentrations. Concentrations were higher in summer for all the sites, 

and Site 3 had more chlorophyll a than Site 1 and 2 downstream (Fig, 2.8; 

p<0.05). 
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Figure 2.8 Mean (+SD) monthly chlorophyll a (µg L-1) at the surface for three sites 
in Wivenhoe reservoir from January 2001 to December 2005. 
 

An MDS of the five sites in relation to their similarity in physical 

parameters (including temperature, surface DO, turbidity, pH and 

conductivity) reveals slight clustering of the sites, however the sites tended 

to overlap each other (Fig. 2.9). The two downstream sites; Site 1 and 2 

clustered together showing similarity in terms of their physical parameters 

while upstream Sites 4 and 5 clustered closely to each other showing 

similarity in their physical parameters.  

 

 
Figure 2.9 MDS of the five sites in Wivenhoe reservoir using physical variables 
(temperature, surface DO, turbidity, pH and conductivity) from January 2001 to 
December 2005 
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2.3.3 Total Nitrogen and Total Phosphorus in the reservoir 
The mean total nitrogen (TN) and phosphorus (TP) concentrations in the 

bottom waters were significantly higher than the surface concentrations at 

all the three sites throughout the year (p<0.05).  

 
There was a seasonal difference in the concentration of the total nutrients 

either at the surface or bottom except for TN concentrations. Surface TN 

and surface and bottom TP concentrations were higher in summer months 

at Sites 1, 2 and 3 (Fig. 2.10 and 2.11). MDS plots for TN and TP show a 

high variability in concentrations between sites in summer but less 

variability in winter (Fig. 2.12). 

 
Site 3, which was midstream of the reservoir, had significantly higher TN 

and TP concentrations irrespective of the season or the location in the water 

column (bottom or surface) than the other two downstream sites (Table 2.2) 

(p<0.05). Site 3 had more variable concentrations compared with Sites 1 and 

2 (Fig. 2.13). 
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Figure 2.10 Mean monthly surface and bottom total nitrogen (TN) concentration 
(mg L-1) at Site 1 from January 2001 to December 2005 in Wivenhoe reservoir 
(summer months highlighted in grey) (Note data from June 2002 to July 2003 has been 
excluded)           
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Figure 2.11 Mean monthly surface and bottom total phosphorus (TP) 
concentration (mg L-1) at Site 1 from January 2001 to December 2005 in 
Wivenhoe reservoir (summer months highlighted in grey) (Note data from June 2002 
to July 2003 has been excluded)          
  
 
Table 2.2 Mean TN and TP (+ SD) concentrations (mg L-1) at the surface and 
bottom of the water column in summer and winter at three sites in Wivenhoe 
reservoir 
                                  
Nutrient Season Site 

1 (mg L-1) 2 (mg L-1) 3 (mg L-1) 
TN surface summer 0.44 (0.05) 0.45 (0.07) 0.50 (0.06) 

winter 0.45 ( 0.07) 0.44 (0.07) 0.49 (0.06) 

TN bottom summer 0.51 (0.11) 0.48 (0.10) 0.72 (0.24) 

winter 0.46 (0.09) 0.48 (0.10) 0.53 (0.09) 

TP surface summer 0.015 (0.004) 0.016 (0.004) 0.023 (0.005) 

winter 0.013 (0.004) 0.013 (0.003) 0.018 (0.005) 

TP bottom summer 0.027 (0.023) 0.031 (0.036) 0.088 (0.082) 

winter 0.016 (0.012) 0.016 (0.015) 0.023 (0.007) 
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Figure 2.12 MDS of surface and bottom total nitrogen and total phosphorus in 
different seasons, summer and winter, for three sites in Wivenhoe reservoir from 
January 2001 to December 2005 

 
Figure 2.13 MDS of surface and bottom total nitrogen and total phosphorus for 
Sites 1, 2 and 3 in Wivenhoe reservoir from January 2001 to December 2005 
 
 

2.3.4 Dissolved inorganic nutrients at the dam wall 
Mean ammonia (NH4), nitrate/nitrite (NO3/NO2) and filterable reactive 

phosphorus (FRP) concentrations were higher at the bottom (0.065 + 0.015; 

0.075 + 0.009 and 0.007 + 0.001 mg L-1 respectively) than at the surface 

(0.012 + 0.004; 0.029 + 0.007 and 0.003 + 0.001 mg L-1) at Site 1 at the dam 

wall (p<0.05).  

 

In the wet summer months, NH4 and FRP concentrations (0.094 + 0.024 and 

0.009 + 0.001 mg L-1 respectively) were higher than winter concentrations at 

the bottom (0.025 + 0.009 and 0.004 + 0.001 mg L-1) (p<0.005) (Figs. 2.14, 

2.16).  
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In winter, the mean surface NH4 (0.022 + 0.01) and NO3/NO2 concentrations 

(0.063 + 0.015 mg L-1) were higher than in summer (0.005 + 0.001 and 0.005 

+ 0.001 mg L-1) .There were corresponding peaks for NO3/NO2 in summer 

(Fig. 2.15). There was no difference in the bottom concentrations of NO3/NO2 

between winter and summer (p>0.05). There was no significant difference 

between the bottom NH4 and surface FRP concentrations in summer and 

winter (0.025 + 0.009; 0.004 + 0.001 mg L-1 and 0.022 + 0.01; 0.004 + 0.001 

mg L-1 respectively).  

 

The dissolved inorganic nitrogen and phosphorus molar ratio (DIN:DIP) was 

around 33:1 at the surface and approximately 15:1 at the bottom of the 

water column at the dam wall . In winter, however, the DIN:DIP ratio was 

higher in bottom waters compared to summer, reaching to almost 30:1.  
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Figure 2.14 Mean surface and bottom ammonia (NH4) concentrations (mg L-1) at 
Site 1 from January 2001 to December 2005 in Wivenhoe reservoir (summer 
months highlighted in grey) (Note data from June 2002 to July 2003 has been 
excluded) 
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Figure 2.15 Mean surface and bottom nitrate/nitrite (NO3/NO2) concentrations (mg 
L-1) at Site 1 from January 2001 to December 2005 in Wivenhoe reservoir (summer 
months highlighted in grey) (Note data from June 2002 to July 2003 has been 
excluded) 
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Figure 2.16 Mean surface and bottom filterable reactive phosphorus (FRP) 
concentrations (mg L-1) at Site 1 from January 2001 to December 2005 in 
Wivenhoe reservoir (summer months highlighted in grey) (Note data from June 2002 
to July 2003 has been excluded) 

 
 

2.3.5 Phytoplankton cell concentration in the reservoir 
When the five sites in Wivenhoe reservoir were compared, the total 

phytoplankton cell concentration showed similar trends across sites, 

showing a peak in the summer months with cell concentrations up to  
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730 000 cells mL-1 at Site 2 and 650 000 cells mL-1 at Site 1 in 2001-2002 

summer and winter concentrations of 4000 cells mL-1 in 2004 and 2005 

winters at Sites 4 and 5 (Fig. 2.17). There was a significant effect of 

seasonality in the total phytoplankton cell concentration. Mean summer cell 

concentrations (199 290 + 131 740 cells mL-1) were significantly higher than 

winter concentrations (80 415 + 53 175 cells mL-1) (p<0.05).  

 

Sites 4 and 5 had only cyanobacterial counts available and they were 109 

870 + 10 545 cells mL-1 and 132 530 + 14 460 cells mL-1 month-1 respectively 

and it was not logical to compare them with the total phytoplankton counts 

from the other sites. 
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Figure 2.17 Total phytoplankton cell concentration (cells mL-1) for Sites 1, 2 and 3 
and cyanobacterial counts for Site 4 and 5 from January 2001 to December 2005 
at five sites in Wivenhoe reservoir (logarithmic scale). 
 
               

2.3.6 Phytoplankton composition 
The twelve most abundant genera which were present at greater than 6000 

cells ml-1 were examined (Table 2.3). These were predominantly 

cyanobacteria and ranged from undetectable in some months to 488 865 

cells ml-1. Cell concentrations for all genera were higher at the start of 

summer (around October). Genera including Aphanothece (colonies), 
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Ankistrodesmus/Monoraphidium (solitary or aggregated) Aphanizomenon 

(filamentous), Chroomonas (colonial mats) and Microcystis (colonies) 

dominated in summer (Fig. 2.18). 
 
There was a significant effect of the season on the phytoplankton with 

summer cell concentrations higher than winter (p<0.05), except for 

Cyanodictyon spp. and Microcystis spp. (p<0.05). Aphanocapsa spp., which 

had a higher mean cell concentration than all the other genera, was present 

throughout the year and contributed a large proportion of the total cell 

concentrations (Table 2.3; Fig. 2.18; Fig. 2.19). It was present in higher 

numbers at upstream sites with Site 5 having higher numbers than Sites 1, 

2 and 3 and 4 (p<0.05) 

 
Table 2.3 Mean (+SD), minimum and maximum cell concentration (cells mL-1) of 
the most abundant phytoplankton genera (>7000 cells mL-1) in Wivenhoe 
reservoir 
CYC- Chroococcales Cyanobacteria                  CH- Chlorophyta    
CYN- Nostocales Cyanobacteria         CR- Cryptophyta    
CYO- Oscillatoriales Cyanobacteria                                                            
 
Genus 
 

Group Mean + SD 
(cells mL-1) 

Max 
(cells mL-1) 

Anabaena spp. CYN 2055 + 5450 54 140 

Ankistrodesmus/ 
Monoraphidium spp. CH 12 180 + 5450 527 470 

Aphanizomenon spp. CYN 585 + 1215 7 590 

Aphanocapsa spp. CYC 66513 + 71190 488 865 
Aphanothece spp. CYC 6360 + 12315 122 500 

Chroomonas spp. CR 800 + 1385 7 800 

Cyanodictyon spp. CYC 10730 + 30625 328 000 
C.raciborskii CYN 8125 + 18105 110 240 

Merismopedia spp. CYC 11165 + 15565 104 800 

Microcystis spp. CYC 455 + 1530 17 975 
Planktolyngbya spp. CYO 20240 + 34785 321 055 
Pseudanabaena spp. CYO 6275 +11270 86 740 
 

Other genera that contributed to a large portion of the cell counts included 

Cyanodictyon spp. (mostly in summer), C. raciborskii, Planktolyngbya spp. 
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and Merismopedia spp. Cyanodictyon spp. was present throughout the year 

and peaked in early summer. It was present in high concentrations at Site 5 

compared to downstream Sites 1, 2 and 3 (p<0.05). C. raciborskii was 

present in higher concentrations at the downstream sites with higher 

numbers in mid-late summer where Sites 1 and 2 had significantly higher 

cell concentrations than Sites 4 and 5 (p<0.05). There were no differences in 

the Planktolyngbya spp. and Merismopedia spp. cell concentrations among 

the five sites. Anabaena spp. was present in higher concentrations in the 

upstream site, Site 5, than Sites 1, 2 and 3 (p<0.05). Microcystis spp. was 

present in low numbers with a peak in abundance in late summer and the 

upstream sites had a lower abundance compared to downstream sites.  
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Figure 2.18 Monthly cell concentration (cells ml-1) of most abundant phytoplankton genera from January 2001 to December 2005 (5 
sites) in Wivenhoe reservoir 
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Figure 2.19 The most abundant genera at five sites as a percentage of the total cell concentration in Wivenhoe reservoir from 
January 2001 to December 2005  
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2.3.7 Correlations between physical parameters, nutrients and 
phytoplankton cell concentration and composition  
 
Phytoplankton cell concentration was significantly positively correlated 

with the water temperature (r2 = 0.29), pH (r2 = 0.15), turbidity (r2 = 0.08), 

rainfall (r2 = 0.09), inflow (r2 = 0.23), TN (R2 = 0.06) and TP (r2 = 0.10) 

concentrations at the surface and negatively correlated with euphotic 

depth (r2 = 0.23) (p<0.05). However all r2 values were low. 

 

Chlorophyll a concentrations were significantly positively correlated with 

turbidity (r2 = 0.13), TN (r2 = 0.12) and TP (r2 = 0.19) at the surface and 

also negatively correlated with euphotic depth (r2 = 0.15) (p<0.05). Once 

again, all r2 values were low. 

 

Water column temperatures had a negative correlation with the oxygen 

concentration in the water column (r2 = 0.10) and a positive correlation 

with chlorophyll a concentrations (r2 = 0.26), TP concentrations at the 

surface (r2 = 0.10) and bottom waters (r2 = 0.51) and TN at the bottom (r2 = 

0.20) (p<0.05).  

 

At Site 1 (the only site with dissolved nutrient data), phytoplankton cell 

concentrations were strongly negatively correlated with the surface 

NO3/NO2 concentrations (p<0.05) (Table 2.4).  Water column temperatures 

significantly correlated with the ammonia and FRP concentrations at the 

bottom. Ammonia, NO3/NO2 and FRP concentrations were all correlated 

with each other at the surface and only ammonia and FRP with each other 

at the bottom.  
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Table 2.4 Spearman’s correlation coefficients (r2) for phytoplankton cell concentration that significantly correlated with the dissolved 
nutrients in the water column and inflow at Site 1 (dam wall) in Wivenhoe reservoir (p<0.05) * Negative correlation  
 
 
 

 
 
 

 Phytoplankton 
concentration 

Temperature Inflow Surface 
NH4 

Surface  
NO3/NO2 

Surface 
FRP 

Bottom 
NH4 

Bottom 
NO3/NO2 

Bottom 
FRP 

Phytoplankton 
concentration 

 0.52 0.23  0.29*    0.21 

Temperature 0.52  0.36    0.24  0.45 

Inflow 0.23 0.36   0.18*    0.12 

Surface NH4     0.35 0.21    

Surface  
NO3/NO2 

0.29*  0.18* 0.35  0.23  0.17  

Surface SRP    0.21 0.23   0.09  

Bottom NH4  0.24       0.44 

Bottom  
NO3/NO2 

    0.17 0.09    

Bottom SRP 0.21 0.45 0.12    0.44   
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2.3.8 Correlations between physical parameters, nutrients and 
phytoplankton composition  
 
Cyanobacteria were weakly correlated with the physico-chemical 

parameters, inflow and TN and TP (Table 2.5). Only Aphanothece spp. was 

positively correlated with ammonia, NO3/NO2 and FRP (r2 = 0.30, 0.17 and 

0.11 respectively) (p<0.05). However, the correlation with FRP was not 

highly significant (p>0.01). Cyanodictyon spp. on the other hand had a 

negative correlation with surface NO3/NO2 but this was also not highly 

significant (p>0.01). 

 

There were no significant correlations calculated between temperature, 

conductivity, turbidity, surface TN, surface DO and the total 

phytoplankton composition data across all sites..  
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Table 2.5 Spearman’s correlation coefficients (r2) for phytoplankton genera that significantly correlated with the physico-chemical 
parameters of the water column, rainfall and inflow in Wivenhoe reservoir (p<0.05) (* Negative correlation) 
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Anabaena spp. 0.43 0.09* 0.14 0.03*  0.09 0.11 0.17* 0.13 
Ankistrodesmus/ 
Monoraphidium spp. 

0.25 0.03* 0.11   0.08 0.11   

Aphanizomenon spp. 0.30 0.06*   0.03     
Aphanocapsa spp.  0.03 0.07     0.06*  
Aphanothece spp. 0.15 0.03* 0.02 0.06 0.05 0.03* 0.07   
Cyanodictyon spp.   0.07 0.05      
C.raciborskii 0.27 0.02*  0.02*  0.06   0.11 
Merismopedia spp. 0.25 0.06* 0.03 0.03   0.08   
Microcystis spp. 0.05 0.04* 0.08     0.08*  
Planktolyngbya spp. 0.45 0.07* 0.09   0.03 0.09 0.07* 0.13 
Pseudanabaena spp. 0.30 0.06* 0.08   0.05 0.08  0.08 
Chroomonas spp.    0.28*      
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2.4 DISCUSSION 
From the historical data analysis it was seen that there was a site effect 

where the phytoplankton biomass was higher upstream than downstream 

near the dam wall. Chlorophyll a concentrations were positively correlated 

with water temperature, turbidity and TN and TP at the surface. The 

correlation of phytoplankton cell concentrations with inflow may reflect an 

increase in the loads of bioavailable nutrients from the catchment which 

promoted growth of phytoplankton. 

 

The phytoplankton species composition was dominated by cyanobacteria at 

those sites for which total phytoplankton composition was available. It is 

unknown whether the same is true at the other sites. The cyanobacterial 

genera, Aphanocapsa, Cyanodictyon and Anabaena were present in higher 

concentrations upstream than the downstream sites. However, the presence 

of C.raciborskii in higher numbers downstream near the dam wall than 

upstream may be due to its affinity to thrive better in deep, less mixed 

waters, its ability to regulate its buoyancy in the water column to take 

advantage of light and nutrients (Paerl et. al., 2001) and especially the 

ability to grow in low FRP concentrations and respond to FRP pulses 

(Posselt et al., 2009). C.raciborskii, which according to the group S from 

Reynolds classification, has a tendency to tolerate vertical mixing (Reynolds 

et al., 2002, O’Brien et al., 2009). 

 

All phytoplankton genera had positive correlations with temperature with 

the exception of Aphanocapsa, Cyanodictyon and Chroomonas indicating 

that these species are present in high cell concentrations even in winter 

months. This is consistent with the study of Burford and O’Donohue (2006) 

which showed that Aphanocapsa/Merismopedia/Cyanodictyon group had 

comparable densities throughout much of the year. Anabaena, 

Aphanocapsa, Microcystis and Planktolyngbya may not be light limited 

compared to others. The negative correlation of all the genera with the DO 

concentration at the surface seemed to be more linked to the correlation 

between temperature and DO where the water column in summer tends to 
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have a lower concentration of DO. Anabaena, Monoraphidium, 

Planktolyngbya and Pseudanabaena are more likely to be affected by TN 

and TP concentrations. Alternatively, they were contributing most to the TN 

and TP concentrations. However, there was no significant correlation with 

the dissolved nutrients at the dam wall. Huszar and Caraco (1998) found 

that cyanobacteria were positively associated with temperature, pH and TP 

and negatively with light and NO3 : TP ratios in six temperate lakes. 

 

The surface TN, TP and bottom TP was higher in summer than winter. 

Multidimensional scaling for TN and TP indicates that concentrations were 

highly variable in summer but restricted to a smaller range in winter. The 

high variability in summer could be attributed to inflow, remineralisation of 

nutrients from the water column and sediments. The bottom ammonia, 

NO3/NO2 and FRP concentrations at the dam wall (which was the only site 

where dissolved inorganic nutrient data were available) were higher than 

the surface concentrations throughout the year, however, ammonia was 

higher in summer than winter at the bottom. Due to the absence of 

stratification and the mixing of the water column in the winter months, 

ammonia and NO3/NO2 were higher in winter at the surface. A higher level 

of TP at the bottom of the water column in summer could mean that 

internal loading of P might be occurring from the sediments to the water 

column and accumulating as the water column could be stratified. 

Therefore, since the P is not being mixed in the whole water column it might 

not be available for phytoplankton growth.  

 

Release of dissolved nutrients from the sediment is evident when waters 

become anaerobic as a result of redox reactions (Sherman et al., 1998, 

Havens et al., 2003). In Chaffey dam, Australia, artificial destratification of 

the water column resulted in an increase in the DO concentrations causing 

FRP to be bound to the Fe in sediments (Sherman et al., 1998). Fluctuations 

in the pH of the water also occur with high phytoplankton productivity and 

abundance, and this has been associated to the enhanced phosphorus 

release from the sediments (Xie et al., 2003). 
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Previous studies done by Burford et al., (2007) in seven sub-tropical 

reservoirs including Wivenhoe reservoir (my study site), have shown that 

the phytoplankton species composition correlated with rainfall, reservoir 

volume, watershed size, percentage agricultural land and forest in the 

watershed and water column residence time. In another study, phosphate 

concentrations were correlated with the phytoplankton assemblage in 

Wivenhoe reservoir and an adjacent reservoir Lake Somerset (Burford and 

O’Donohue, 2006). Based on a number of reservoir and watershed criteria 

Wivenhoe reservoir was to be the most vulnerable to cyanobacterial blooms 

in comparison to 14 other reservoirs in the region (Leigh et al., 2010). 

 

The proportion of dissolved inorganic N in TN was about 19% at the surface 

and 17% at the bottom, and for FRP in TP was about 22% and 33% 

respectively at the dam wall. Dissolved inorganic ions are readily available 

for uptake by phytoplankton for growth and productivity. They are a better 

indicator of bioavailable nutrients than TN and TP as the phytoplankton 

are contributing to quite a fraction of the TN and TP content.  

 

The TN and TP molar ratio for the reservoir  was greater than the Redfield 

(1958) ratio and it decreased upstream due to the increase in TP 

concentrations both at the surface and bottom as also seen in other studies 

done in Wivenhoe reservoir (Burford et al., 2007). The Redfield (1958) ratio, 

is used to provide a first estimate of whether P or N is most likely to be 

growth limiting. A molar ratio of TN:TP around 16 is optimal for 

cyanobacterial growth (Reynolds, 1984). Aquatic ecosystems with a N:P 

ratio (molar) < ≈ 10 may be N-deficient, whereas those with N:P ratios 

(molar) > ≈ 20 may be P-limited (Grayson et al., 1997). In this case the 

TN:TP ratio was above 16 and this indicated that the reservoir is more 

likely to be P-limited than N. Schindler (1977) in his whole-lake research 

suggested that high concentrations of P and a low N:P ratio are favourable 

for cyanobacteria growth. While Smith (1983) proposed that a TN:TP ratio 

of less than 29 in temperate lakes favours cyanobacterial dominance. In this 

study the TN:TP ratios were greater than 29 and yet dominance of 



 64

cyanobacteria was documented. Canfield et al., (1989) have shown that 

cyanobacteria can dominate even in low TP concentrations. Therefore, 

nutrient concentration ratios may not be an ideal way of determining 

nutrient limitations and effect on cyanobacterial dominance. Experimental 

methods like bioassays may give clearer conclusions. 

 

The most upstream and shallower site had significantly lower pH and 

phytoplankton cell concentrations and higher turbidity than the 

downstream sites. This is consistent with other reservoirs where turbidity 

decreases along a longitudinal gradient as the water velocity become slower 

and suspended material settles out (Wetzel, 2001).  Sherman et al., (1998) 

investigated the surface mixed layer (SML) and its regulation of 

phytoplankton growth in Chaffey Dam and concluded that as the depth of 

the SML increased, the light dose experienced by the phytoplankton 

decreased until there was insufficient light for population growth. Therefore 

genera that are adapted to low light levels like some Oscillatoriales 

cyanobacteria could gain a competitive advantage over other algae (van 

Duin et al., 1995). These genera can continue to grown even though light 

levels and biomass become high (Scheffer et al., 1997). In my study genera 

like Pseudanabaena and Planktolyngbya were among the dominant 

phytoplankton in the reservoir.  

 

Though the BIOENV analysis did not identify any significant parameter 

that was causing the patterns in the phytoplankton composition, this may 

be site specific. The availability of data on total phytoplankton composition 

and dissolved nutrient for all the sites in the reservoir would be beneficial in 

examining correlations between them. It could help in identifying which 

factors correlate with and drive the phytoplankton biomass growth and 

composition which the results from this study did not show clearly. Hence 

an intensive study of the physicochemical parameters used in this study and 

parameters for which data was not available need to be investigated on a 

smaller temporal and frequent scale, to identify which parameters are 

promoting the phytoplankton growth and species composition. This is 
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addressed in Chapter 3 where an intensive monthly study was undertaken 

in one summer with sites along the longitudinal gradient of the reservoir.  
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CHAPTER 3- DRIVERS OF PHYTOPLANKTON BIOMASS AND 
SPECIES COMPOSITION IN WIVENHOE RESERVOIR 

3.1 INTRODUCTION 
 
The community composition of the phytoplankton is an indicator of the 

trophic state of lakes and other water-bodies (Desortova, 1981; Kummerlin 

and Biirgi, 1989). In oligotrophic waters, which have low productivity and 

nutrient concentrations, the phytoplankton community may consist of the 

desmid group of Chlorophyta e.g Staurastrum, as well as Bacillariophyta 

(Diatoms) e.g. Tabellaria, Cyclotella, and Chrysophyta (Golden-brown algae) 

e.g. Dinobryon (Wetzel, 2001; Table 3.1). In water bodies that are nutrient 

enriched (eutrophic) are stratified and have long residence times; have high 

irradiance the typical phytoplankton composition can include cyanobacterial 

genera, e.g. Aphanizomenon, Anabaena, Cylindrospermopsis, Microcystis, 

Nodularia and Oscillatoria (Paerl et al., 2001; Wetzel, 2001; Table 3.1). 

 

Reynolds et al., (2002) takes the examination of phytoplankton assemblages 

a step further from taxonomic classification and described a classification 

for phytoplankton found in different habitat types based upon the functional 

associations of species present. Rather than phylogeny, the classification 

looks at adaptive features of phytoplankton as the key ecological driver.  It 

consists of features like tolerances or sensitivities to nutrient, 

concentrations, light availability, mixing and stratification of the water 

column. 

 
Many phytoplankton species coexist, fluctuate in abundance or biomass, and 

shift in their relative dominance depending on various factors including 

seasonality, concentration of nutrients (or limiting nutrients), water 

temperature, underwater light regime, mixing, pH, rainfall, reservoir 

volume, watershed area and water retention time (Reynolds, 1998; Harris, 

2001; Villar-Argaiz et al., 2001; Bormans et al., 2005; Burford et al., 2007; 

Bergstrom et al., 2008).  Freshwater bodies have previously said to be most 

likely to be phosphorus (P) limited but in the recent years nitrogen (N) and 

P co-limitation has been observed in lakes and reservoirs around the world 
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(Sterner and Grover, 1998; Maberly et al., 2002; Bernal-Brooks et al., 2003; 

Dzialowski et al., 2005). The external loading of limiting nutrients can 

promote phytoplankton abundance and growth (Vollenweider, 1976). 

Nutrient enrichment or increased nutrient loading may give rise to shifts in 

phytoplankton species (species selection) or cause an increase in 

phytoplankton biomass or the duration of phytoplankton blooms.  Reynolds 

(1987) observed that temperate lakes with low phosphorus concentrations 

did not have a high abundance of bloom-forming cyanobacteria.  

 

Reduction of nutrient loads can also promote changes in phytoplankton 

composition. Results from lake re-oligotrophication studies from 35 lakes 

(including sub-tropical to temperate, lowland-upland and deep and shallow 

lakes) showed that phytoplankton biomass and community structure 

changed with declining TP concentrations (Jeppesen et al., 2005). In deep 

lakes an increase in chrysophytes and dinophytes and a decline in 

cyanobacteria was seen while in shallow lakes the dominant community 

changed to bacillariophytes, cryptophytes and chrysophytes but no change 

was seen in the cyanobacterial community. 

 

Physical geographical variables or meteorological events, such as, rainfall 

and wind, can induce changes in the physical and chemical environment of a 

water body in short timeframes which in turn also affect phytoplankton 

species composition and diversity (Pannard et al., 2008). A study of 21 

Sicilian reservoirs showed that the change in the phytoplankton species 

composition was in response to physical factors such as mixing and euphotic 

depth and the hydraulic regime of the reservoirs, rather than in response to 

nutrient availability alone (Naselli-Flores, 2000). Water abstraction led to a 

deepening of the mixed layer which meant phytoplankton were circulated 

out of the euphotic zone and hence species that adapted well to the modified 

light availability had a competitive advantage.  

 

Conversely in stratified systems, the thermocline may exist for longer 

periods of time. Therefore, phytoplankton species that can regulate their 
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buoyancy may be advantaged as they can access longer periods of light and 

nutrients (Antenucci et al., 2005). 
 

Tropical and subtropical catchments differ from temperate catchments 

because they have episodic large rain events mainly in summer months and 

inter-dispersed with extended dry periods in the cooler months. In storm 

events, transport of nutrients leads to an increase of nutrients in the 

receiving waters. Nutrients in agriculturally dominated catchments come 

from multiple sources like agricultural run-off, fertilizers, groundwater 

seepage and atmospheric deposition. Nutrient inputs from such sources 

depend on episodic storm events and seasonal agricultural activities such as 

ploughing. Previous studies done by Burford et al., (2007) in seven sub-

tropical reservoirs including Wivenhoe reservoir (my study site), have 

shown that the phytoplankton species composition correlated with rainfall, 

reservoir volume, watershed size, percentage agricultural land and forest in 

the watershed and residence time. In another study, phosphate 

concentrations were correlated with the phytoplankton assemblage in 

Wivenhoe reservoir and an adjacent reservoir, Lake Somerset (Burford and 

O’Donohue, 2006). 
 

Higher nutrient concentrations in storm inflows are directly related to the 

storm magnitude and discharge and inversely related to storm frequency, 

but inflow is not the only major pathway of nutrients into lentic 

waterbodies. In lakes and reservoirs, studies have shown a high proportion 

of nutrients are being recycled internally (Reynolds et al., 2000). However, 

there are knowledge gaps about the relative effects of nutrient inputs and 

recycling on phytoplankton composition in subtropical catchments, therefore 

a need for an intensive study on these systems.



 69

Table 3.1 Characteristics of common major algal associations of the phytoplankton in relation to increasing lake eutrophication                   
(Rawson, 1956; Wetzel, 2001; Round, 1984; Paerl et al., 2001) 
 

General 
Lake Trophy 

Water 
characteristics 

Dominant algae Other commonly 
occurring algae 

Dystrophic 
 

Nutrient poor; High level of 
humic substances; variable 
productivity; brown peaty water 

chrysophytes       
  Dinobryon, Synura, Mallomonas 

bacillariophytes    
  Melosira 

Oligotrophic Nutrient-poor; 
Low productivity and 
phytoplankton biomass 

desmid chlorophytes        
  Staurodesmus, Staurastrum,         
  Cosmarium etc 
bacillariophytes  
  Asterionella, Cyclotella, Melosira,    
  Synedra, Tabellaria 

chrysophytes   
  Dinobryon, Mallomonas 
Other chlorophytes 
  Sphaerocystis, Gloeocystis,Botryococcus 
dinophytes 
  Peridinium 
Other small chrysophytes, cryptophytes, 
and bacillariophytes 

Mesotrophic  dinophytes 
  Peridinium, Ceratium  

Glenodinium and many other algae 
from different groups 

Eutrophic Nutrient enriched, high 
productivity and phytoplankton 
biomass; common in warmer 
periods of temperate lakes or 
perennially in enriched tropical 
lakes 

cyanobacteria  
  Aphanizomenon,  
  Anabaena, Microcystis, 
  Cylindrospermopsis,  
  Lyngbya, Oscillatoria  
 
Other cyanobacteria like 
chroococcales  
  Aphanocapsa 

chlorophytes 
  Ankistrodesmus, Chlorella,  
  Dictyosphaerium, Pediastrum, 
  Scenedesmus, Sphaerocystis etc  
desmid chlorophytes  
  if dissolved organic matter is high 
bacillariophytes    
  Melosira, Fragilaria, Asterionella  
dinophytes 
  Peridinium, Ceratium 
cryptophytes and chrysophytes 
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Reservoirs are typically classified into three zones based on their physical 

attributes. The downstream part of reservoirs are classified as lacustrine as 

it is more lake-like being deep, less flow and a more stable water column 

and sometimes stratified. The upstream part is called a riverine zone 

because of its riverine-like features: narrower, shallower, more flow and 

more often mixed well. The river-reservoir transition zone is somewhere in 

the middle of the two zones. Increased primary productivity and higher 

phytoplankton diversity has been observed in this transition zone 

(Nogueira, 2000). In a study on 3 Texan reservoirs, N-fixation was found to 

be the highest in the transition zone and chlorophyll a concentrations 

highest in the riverine zone (Scott et al., 2009). However, there is also little 

published work on how these physical defined zones affect nutrient 

concentrations and phytoplankton composition along the longitudinal 

gradient of reservoirs. 
 
Therefore this study aimed to test the following hypotheses: 

1. The phytoplankton biomass decreases and species composition 

changes down the longitudinal gradient of the reservoir  

2. Phytoplankton biomass upstream is driven by nutrient inputs from 

Somerset reservoir in the absence of significant inflows from the 

Upper Brisbane River. 

3. The phytoplankton species composition and nutrient concentrations 

form similar zonations to the those described by physical parameters 

(lacustrine, transitional and riverine)  

4. Phytoplankton groups present in the reservoir adhere to Reynolds et 

al., (2002) functional group classification 

5. Phosphorus availability in the reservoir is the main driver of 

phytoplankton biomass and species composition  
 

3.2 MATERIALS AND METHODS 
 

3.2.1 Study sites 
The study was conducted at six chosen sites along the Wivenhoe reservoir, 

Southeast Queensland (Fig. 3.1) in the summer season from beginning of 
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October 2006 to end of April 2007 (see Chapter 1.6 for more details on study 

site). The dam water level was about 25% at the start of the sampling period 

in October and had dropped to about 17% by the end of the study in April 

2007. The average monthly rainfall for the study period recorded at the dam 

wall was 33 (± 35) mm and the total rainfall recorded was 235 mm. There 

was no or very minimal flow into Wivenhoe reservoir from the Upper 

Brisbane River. Only one rain event observed in December, at the upstream 

parts of the reservoir had some surface runoff causing an increase of 0.1% 

change in the reservoir storage. The main inflow into the reservoir was from 

controlled releases from an upstream reservoir, Lake Somerset, via the 

Stanley River (Fig. 3.2). The average discharge at the beginning of the study 

was 2.1 ML day-1 which increased to 106 ML day-1 at the end of the study. 

 

 

 
Figure 3.1 Wivenhoe Reservoir with the six study sites labelled along the 
reservoir to the dam wall (Site 1) (map outline courtesy of Mr A. Cook) 
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Figure 3.2 Daily volumes of water discharged from Lake Somerset from October 
2006 to April 2007 
 
 
3.2.2 Sampling procedure 

The six sites chosen were along the longitudinal gradient of the reservoir 

with Site 1 at the dam wall and moving up the reservoir to Site 6 (Fig. 3.1 

and Table 3.2).  Water samples were taken monthly by Seqwater for 4 sites 

as part of their regular monthly dam monitoring programme. Additionally, I 

carried out fortnightly sampling at 3 upstream sites. 
 
Table 3.2 Location and depth of the six sampling sites in Wivenhoe Reservoir 
and sampling frequency 
 
Site Coordinates 

(degrees) 
Distance 
from dam 
wall (km) 

Sampling 
frequency 

Sampled 
by 

Water 
samples 
and Sonde 
profiles 

1 S 27.39219 
E 152.6106 

0 monthly seqwater Water-
surface/ 
bottom of 
water 
column 
 
Sonde- at 
the surface 
and every 
metre to 
the bottom 
of water 
column  

2 S 27.3527 
E 152.594 

6 monthly seqwater 

3 S 27.2922 
E 152.547 

22 monthly seqwater 

4 S 27.2329 
E152.4969 

36 fortnightly seqwater/ 
self 

5 S 27.1464 
E 152.4903 

48 fortnightly self 

6 
 
 

S 27.1712 
E 152.5125 
 

52 

 

fortnightly self 
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3.2.3 Collection of water samples and analyses 
Samples were taken from the mid channel of the reservoir. Water samples 

were collected in triplicate with a Van-Dorn (3.2 L Vertical Beta Plus) water 

sampler at the surface and bottom of the water column at each site on each 

sampling occassion (Table 3.2). Subsamples were taken for  

 nutrients  

- total nitrogen (TN) and phosphorus (TP),  

- total dissolved nitrogen (TDN) and phosphorous (TDP) 

- dissolved inorganic nutrients (phosphate (PO4)(FRP), ammonia 

(NH4) and nitrate/nitrite (NO3/NO2)) 

 phytoplankton biomass ( chlorophyll a ) 

 phytoplankton cell counts (surface) 

 total suspended solids 

 

Nutrient and phytoplankton count samples were processed and stored on 

site immediately after collection. Extra water samples were taken in 1 L 

bottles and stored on ice for chlorophyll and total suspended sediment 

filtration in the laboratory.  

 

3.2.3.1 Nutrients 
Whole (unfiltered) water samples were collected directly in 25ml vials for 

TN and TP. For TDN and TDP, phosphate, ammonia and NO3/NO2 , the 

water samples were filtered using a syringe and a 0.45 µM filter (MILLEX-

HA/HV). They were collected in 25 mL vials for totals and 10 ml vials for 

dissolved nutrients respectively. The samples were stored on ice 

immediately and were later frozen until analysed. 

 

Dissolved inorganic nutrients (phosphate, ammonia and NO3/NO2) were 

analysed by the Griffith University analytical services using a Discrete 

Chemical Analyser (DCA). The detection limit for phosphate was 0.002 mg 

L-1, ammonia 0.015 mg L-1 and for NO3/NO2 it was 0.003 mg L-1. 
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Samples were submitted to the Nutrient lab in Queensland Health Forensic 

and Scientific Services (QHFSS), for the analysis of TN, TDN, TP and TDP. 

The samples were digested using a simultaneous persulfate digestion 

method for nitrogen and phosphorus (Hosomi and Sudo, 1986; Johnes and 

Heathwaite, 1992) and analysed on a flow injection analyser (LACHAT 

8000QC).  

 

 The concentration of different fractions of nitrogen and phosphorus were 

calculated from the results of the above analysis. Particulate phosphorus 

(PP) was calculated by subtracting TDP from TP. Dissolved organic 

phosphorus (DOP) was calculated by subtracting phosphate (FRP) from 

TDP. Dissolved organic nitrogen (DON) was calculated by subtracting 

dissolved inorganic nitrogen (DIN) (i.e. NO2/NO3 + NH4) from TDN. 

Particulate N (PN) was obtained by subtracting TDN from TN. 

 

Nutrient budget: concentrations of the nutrient fractions were used to 

calculate a nutrient budget for the reservoir. Monthly nutrient 

concentrations of the surface or bottom of the water column of the reservoir 

were averaged for all the sites.  The concentrations were used to calculate 

the amount of nutrients in the reservoir (in tonnes) using the average 

volume in the reservoir during the study period and the actual load in the 

reservoir was calculated in tonnes year-1. For inflow of nutrients into the 

reservoir, average nutrient concentrations from the surface and bottom of 

the water column at the dam wall of Somerset reservoir (where water is 

discharged) were used, together with the volume of water released 

downstream into Wivenhoe reservoir. To calculate the outflow the same 

protocol was followed but using nutrient concentrations at the bottom of the 

water column at the Wivenhoe dam and the volume of water released 

downstream from Wivenhoe. 

 

3.2.3.2 Phytoplankton  
Procedures outlined in Hotzel and Croome, 1999, were followed for 

phytoplankton sample collection, preservation and enumeration. Whole 
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water samples were collected in 250 mL bottles and 2-2.5 mL Lugols iodine 

solution was added immediately to preserve the live material. The ratio of 

Lugols iodine solution to sample was 1:100. The sample bottle was inverted 

gently to mix the preservative. Preserved phytoplankton samples were then 

stored in the dark untill analysed.  

 

Phytoplankton samples collected monthly by seqwater (as part of their 

regular monitoring) or by me (under seqwater event funding) were 

submitted to the Phycology Laboratory, a section of Queensland Health 

Forensic and Scientific Services (QHFSS), for total phytoplankton 

identification and enumeration. Phytoplankton were identified by QFHSS to 

either species (where possible) or genera level during enumeration under a 

light microscope with 400X magnification using a phase contrast objective. 

Results were collated for statistical analyses. 

 

Biovolumes for the different phytoplankton species were calculated using 

values from published literature (Hillebrand et al., 1999) and from direct 

measurements (provided by QHSS) for some green algae. 
 

3.2.3.3 Chlorophyll a 
In the laboratory known volumes of the water sample was filtered through 

47mm glass fibre filters (ADVANTEC, GF75) for chlorophyll analysis. The 

filters were folded and put in foil bags for storage in the dark at -80 oC until 

analysed. 

 

Chlorophyll a concentrations were determined by sonicating the thawed 

glass fibre filters in 100% acetone to extract the pigments. Absorbance of 

these extracts were measured at 750nm, 665nm, 664nm, 647nm and 630nm 

in 90% acetone (diluted to 1:9 water to acetone) and chlorophyll 

concentrations were calculated (Jeffrey and Welshmeyer,1997). Once the 

absorbance was read, one drop of 2 M hydrochloric acid was added and 

absorbance read to adjust for phaeopigments (Jeffrey and Welshmeyer, 

1997). 
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3.2.3.4 Total suspended solids 
In the laboratory known volumes of the water sample was filtered through 

pre-combusted and pre-weighed 47mm glass fibre filters (WHATMAN, 

GF/F) for determination of the total suspended material in the water. The 

filters were placed in filter paper holders and stored at -80 oC until analysed. 

These filter papers were also used for stable isotope analysis. 

 

To determine the total suspended solids in the sample, filter papers were 

thawed, dried for 24 h at 70oC and reweighed. The difference in weight (mg) 

was divided by the volume of water (L) to get the concentration of suspended 

solids in the water column. 

 

3.2.3.5 Physical parameters 
For my own sampling sites the physical parameters (water column 

temperature, dissolved oxygen concentration, pH, conductivity and 

turbidity) were measured at each site on each sampling occassion at every  

1 m intervals to the bottom of the water column with a YSI water quality 

monitoring multiprobe meter (YSI 6920 Sonde). The probes were calibrated 

prior to every trip. For sites that were sampled by seqwater, data for 

physical parameters, which were also collected with a YSI Sonde in a 

similar manner as described above, was obtained from them. 

 

Irradiance (light) profiles or photosynthetically active radiation (PAR) 

penetration were measured for the water column with a 4 pi spherical light 

sensor (LI-COR, 1400) from the surface, at 0.2 m intervals for the first  two 

metres of the water column and then for every metre till the bottom for 

every site .The euphotic depth (Zeu), at which 1% incident light remains for 

photosynthetic activity (Koenings and Edmundson, 1991) was calculated for 

the reservoir from the light sensor data (PAR). It is calculated as “y” from 

the regression analyses of depth against the natural logarithm (Ln) of the 

percent of incident light (PAR) (Kirk, 1994; Koenings and Edmundson, 

1991). The slope of the equation is, Kd, which is the vertical light 

attenuation coefficient (m-1) and is also be calculated by the equation 
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   Kd= Ln (I0 )- Ln (IZ)  

            Z                                            (Equation 3.1) 

where I0 and IZ are the two PARs at depth 0 and  Z respectively (Padial and 

Thomaz, 2008). 

 

Thus    Zeu = Ln (0.01) =  (│-4.6│) 

    Kd    Kd                            (Equation 3.2) 

As IZ is taken as IEU which means there will be only 1% irradiation  

 

Since only secchi depth data was available for the seqwater sampled sites to 

calculate euphotic depth from secchi depth (Zsd), Equation 2.1 (Burford et 

al., 2007) was used  

                                Euphotic depth (m) = secchi depth (m) * 1.8  
 
The surface mixed layer (SML) was measured by calculating the difference 

in temperature of the water between metre depths and if the temperature 

difference was >0.05 0C the upper depth was taken as the surface mixed 

layer. Temperature data from 0-1m were excluded from the calculations as 

the surface heating of the water column could lead to misinterpretations of 

the results. 

 

3.2.4 Statistical analyses 
A two-way analysis of variance (ANOVA) was performed using the program 

SPSS (Version 15, for Windows, SPSS, Inc) with site and date of sampling 

as fixed factors and replication as a random factor with interaction (p<0.05) 

to answer the relevant hypotheses. Data were transformed when not normal 

or when heteroscedastic. A Tukeys post-hoc test was also performed to 

determine the significance. When the interaction between site and date 

(site*date) was significant the corresponding sites were taken and a One-

way ANOVA with post hoc tests was done to see where the significant 

differences came from. 

 

Spearmans Ranked Correlation Coefficient, a non-parametric correlation 

where it assumes variances are unequal, was calculated between the 
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physical parameters and nutrients with total phytoplankton cell 

concentration and chlorophyll a to see the correlations between the 

variables.  

 

A Normalised-Euclidean matrix calculated from the physical parameters 

and nutrient data (of all the sites and months) using the program PRIMER5 

(Plymouth, UK, http://www.primer-e.com/) a multi-dimensional scaling 

(MDS) was performed to see the degree of similarity between the sites 

comparing the physical parameters and nutrients. 
 
Using the software PRIMER5, a One-way analysis of variance (ANOSIM) 

was performed using the Bray-Curtis dissimilarity matrix of the 

phytoplankton composition, for every month for all the six sites, to examine 

differences in the phytoplankton composition at 95% confidence interval 

(p<0.05), with site or sampling month as factors. All data was log-

transformed as phytoplankton abundance data tends to be skewed.  

 

The Bray-Curtis dissimilarity matrix was used to perform a multi-

dimensional scaling (MDS) to see the degree of similarity between the sites 

comparing the phytoplankton composition. To see if the sites fell into the 

appropriate zones established in chapter 3 the data points were plotted with 

zone location as a factor. Sites 1 and 2 were taken as representative of the 

lacustrine (downstream) zone of the reservoir, Sites 3 and 4 as transitional 

(midstream) zone of the reservoir and Sites 5 and 6 as the riverine 

(upstream) zone of the reservoir. 

 

A Spearmans Rank Correlation was also done in PRIMER5 by doing a 

BIOENV with the physico-chemical data and the phytoplankton composition 

dissimilarity matrix to see the synergy effect of physical factors and 

nutrients on the phytoplankton composition for the whole reservoir (every 

month, all sites data). With the RELATE function (with 999 permutations) 

it was possible to perform a Spearmans correlation to see which factors were 

significantly correlated (p<0.05). Data for physical parameters were also log-

transformed (except for pH) before the analyses. A BIOENV was also 
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performed for each site to see if the same factors were correlating at all the 

sites or the correlations were site specific. 
 

 

3.3 RESULTS 
 

3.3.1 Reservoir status and water quality parameters  
The reservoir decreases in depth from downstream to upstream and the 

same is observed with euphotic depth. Site 1 had a deeper euphotic zone 

compared to Sites 5 and 6, while the euphotic depth at Site 6 was smaller 

than Sites 2 and 4 (p<0.05; Table 3.3).  The surface mixed layer (SML) at 

the sites was similar but highly variable upstream for the study period 

(Table 3.3). 

 

Site 6 had a lower concentration of dissolved oxygen at the surface than Site 

4 (p<0.05) and a lower conductivity than Sites 3 and 4 (p<0.05; Table 3.3). 

There was no significant difference in the pH of the surface of the water 

column at all sites. The TSS concentration of the surface waters was higher 

at the upstream Sites 3 4, 5 and 6 than Sites 1 and 2. Consequently, Sites 3, 

4, 5 and 6 had a higher turbidity than the dam wall site with Sites 5 and 6 

also having a higher turbidity than Site 2 (p<0.05).  
 
 

At the bottom of the water column the dissolved oxygen concentration was 

higher at the upstream Sites 5 and 6 than downstream Sites 1 and 2 and 

the conductivity was higher at Site 6 than Sites 1 and 2 (p<0.05). Sites 1 

and 2 also had lower TSS than Sites 3, 4, 5 and 6 (p<0.05). No difference in 

pH was observed.
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Table 3.3 Mean (±SD) of physico-chemical parameters recorded at the surface of the water column at the six sites in Wivenhoe reservoir  
 

 
 
 
 
 
 

Site Distance 
from dam 

wall 
(km) 

Water column 
depth 

(m) 
 

Euphotic 
depth 

(m) 
 

Surface mixed 
layer (SML) 

(m) 

Surface 
Conductivity 

(mS/cm) 

Surface DO 
(mg L-1) 

Surface pH Surface 
Turbidity 

(NTU) 

TSS 
(mg L-1) 

1 0 19.1 ± 1.0 2.65 ± 0.34 1.29 ± 0.76 456 ± 9 8.3 ± 0.9 8.4 ± 0.3 0.9 ± 0.7 4.4 ± 0.5 

2 6 19.3 ± 1.1 2.07 ± 0.47 1.14 ± 0.38 459 ± 9 8.6 ± 0.5 8.5 ± 0.2 0.9 ± 0.8 4.6 ± 1.0 

3 22 11.7 ± 1.0 1.44 ± 0.16 1.29 ± 0.76 492 ± 24 8.8 ± 1.2 8.5 ± 0.3 3.3 ± 1.0 8.4 ± 1.9 

4 36 8.1 ± 0.9 1.91 ± 0.25 1.29 ± 0.76 518 ± 44 9.5 ± 1.5 8.4 ± 0.3 4.8 ± 1.7 10.9 ± 2.8 

5 48 4.0 ± 0.3 1.50 ± 0.57 1.00 ± 0.01 448 ± 146 9.3 ± 2.7 8.4 ± 0.8 11.3 ± 6.0 15.9 ± 4.8 

6 52 4.5 ± 0.9 1.21 ± 0.39 1.43 ± 1.13 380 ± 117 6.9 ± 1.4 7.6 ± 0.6 25.7 ± 26.1 26.0 ± 14.8 
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3.3.2 Nutrient concentrations and budget 
Throughout the study, the total nitrogen (TN) concentration in the surface 

water column at Site 1 was 0.50 ± 0.06 mg L-1. The concentration increased 

along the longitudinal gradient with Site 6 having 0.88 ± 0.21 mg L-1 (Fig. 

3.3, Table 3.4).  Sites 3, 4, 5 and 6 (0.64 ± 0.06 mg L-1, 0.80 ± 0.15 mg L-1 , 

0.91 ± 0.14 mg L-1  and 0.88 ± 0.21 mg L-1 respectively) had higher TN 

concentrations than Sites 1 and 2 (0.50 ± 0.06 mg L-1 and 0.50 ± 0.04 mg L-1 

respectively) (p<0.05). Site 3 had a lower TN concentration than Sites 4, 5 

and 6 (p<0.05).  

 

Regarding dissolved inorganic nitrogen in the surface waters, Site 4 and 6 

had a higher nitrate/nitrite concentration (0.071 ± 0.063 mg L-1 and 0.088 ± 

0.114 mg L-1 respectively) than Sites 1 and 2 (0.019 ± 0.017 mg L-1 and 0.013 

± 0.004 mg L-1 respectively) at the surface. Site 6 (0.083 ± 0.121 mg L-1) had 

the significantly higher concentration of ammonia than Sites 1 and 2 (0.006 

± 0.003 mg L-1 and 0.006 ± 0.005 mg L-1 respectively) (p<0.05; Figs. 3.4 and 

3.5, Table 3.4).There was no difference in the total dissolved nitrogen 

concentrations (TDN) between the sites even though the concentrations 

were highly variable upstream (p>0.05). 

 

Similar to TN, the total phosphorus (TP) concentration at the surface was 

lowest at the dam wall (0.019 ± 0.002 mg L-1) and at Site 6 it was highly 

variable (0.099 ± 0.029 mg L-1) (Fig. 3.6, Table 3.4).  The TP concentration at 

the upstream Sites 5 (0.084 ± 0.024 mg L-1) and 6 was significantly higher 

than Sites 1, 2, 3, and 4 (0.019 ± 0.002 mg L-1, 0.020 ± 0.003 mg L-1, 0.032 ± 

0.002 mg L-1 and 0.047 ± 0.017 mg L-1 respectively) (p<0.05). Sites 3 and 4 

had a significantly higher TP concentration than Sites 1 and 2 (p<0.05).  

 

There was no significant difference in the dissolved inorganic phosphorus 

(FRP) concentrations between the sites and the concentrations were near or 

under the detection limit (Fig. 3.7, Table 3.4). The total dissolved 

phosphorus (TDP) in the surface waters was significantly higher at Sites 5 

and 6 (0.008 ± 0.001 mg L-1 and 0.010 ± 0.004 mg L-1 respectively) compared 
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to Sites 1, 2, 3 and 4 (0.004 ± 0.001 mg L-1,  0.005 ± 0.002 mg L-1 , 0.005 ± 

0.001 mg L-1 and 0.006 ± 0.001 mg L-1 respectively) (p<0.05). Site 4 TDP 

concentrations at the surface were also higher than Site 1 and lower than 

Site 6 (p<0.05). 

 

The TN:TP ratio by molar mass of the surface water column was around 59 

at the dam wall and decreased upstream to 21 at Site 6 (Fig. 3.8). Most of 

the total nitrogen in the surface waters was in the dissolved organic (DON) 

form (40 to 75%) followed by nitrogen bound to particles (PN) (23 to 54%) 

(Fig. 3.9). The DIN is about 5 to 10% of the TN pool. There was no 

significant difference in the DON concentrations at all sites. The proportion 

of PN tended to be higher in the upstream of the reservoir with Sites 4, 5 

and 6 having higher PN concentrations than Sites 1 and 2. Sites 5 and 6 

also had a higher concentration than Site 3 (p<0.05).  

 

Most of the phosphorus (80 to 90%) in the surface water column was bound 

to particles (PP) and about 5 to 15% was in the dissolved organic state 

(DOP). Sites 5 and 6 had higher PP concentrations than Sites 1, 2, 3 and 4 

and Sites 3 and 4 higher than Sites 1 and 2 (p<0.05). Site 6 had a 

significantly higher DOP concentration than Site 1 and 2 (p<0.05).The 

dissolved inorganic phosphorus (DIP or FRP) was a low percentage (3 to 7%) 

of the phosphorus pool (Fig. 3.10).  

 

At the bottom of the water column Sites 4, 5 and 6 (1.05 ± 0.14 mg L-1, 0.85 ± 

0.13 mg L-1 and 0.89 ± 0.27 mg L-1 respectively) had a significantly higher 

concentration of TN than Sites 1 and 2 (0.60 ± 0.14 mg L-1 and 0.68 ± 0.27 

mg L-1) (p<0.05; Fig. 3.11, Table 3.4) and Site 3 had a lower TN 

concentration (0.69 ± 0.09 mg L-1) than Site 4. Site 4 also had a higher TDN 

concentration than Sites 1, 3 and 6 (0.52 ± 0.11 mg L-1, 0.51 ± 0.04 mg L-1 

and 0.58 ± 0.24 mg L-1 respectively)  and a higher nitrate/nitrite 

concentration (0.23 ± 0.16 mg L-1) than Sites 1, 2 and 5 (0.04 ± 0.05 mg L-1 , 

0.04 ± 0.03 mg L-1 and 0.04 ± 0.04 mg L-1 respectively)  (p<0.05; Fig 3.12, 
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Table 3.4). There was no difference in the ammonia (Fig. 3.13, Table 3.4) 

and DON concentrations between the sites.  

 

There was a significantly higher concentration of PN upstream in the 

bottom of the water column with Sites 4, 5 and 6 (30 to 47%) having greater 

concentrations than Sites 1 and 2 downstream (13%) (p<0.05; Fig. 3.16). 

Looking at the proportions of the different groups in the nutrient pool, the 

bottom of the water column has a higher proportion of DIN (12-30%) than 

the surface and about 40-60% of DON in the TN pool (Fig. 3.16)  

 

For TP at the bottom column, Sites 1 (0.031 ± 0.015 mg L-1) and 2 (0.042 ± 

0.039 mg L-1) had a significantly lower concentration of TP than Sites 4, 5 

and 6 (0.061 ± 0.006 mg L-1, 0.080 ± 0.017 mg L-1 and 0.096 ± 0.030 mg L-1 

respectively) and Site 3 had a lower concentration than Sites 5 and 6 (Fig. 

3.14, Table 3.4). TDP was also at a higher concentration at Site 1 (0.013 ± 

0.008 mg L-1), Site 2 (0.013 ± 0.005 mg L-1) and Site 6 (0.011 ± 0.005 mg L-1) 

than Site 3 (0.006 ± 0.001 mg L-1) (p<0.05).  

 

There was a higher concentration of FRP in the bottom of the water column 

downstream of the reservoir, at Site 1 (0.010 ± 0.008 mg L-1) and Site 2 

(0.008 ± 0.006 mg L-1) (about 24-29% of the TP pool; Fig 3.17) than Site 6 

(p<0.05; Figs. 3.15 and 3.17, Table 3.4). For Sites 3, 4, 5, and 6 the FRP 

concentration at the bottom of the water column was almost or under 

detection limit (Fig 3.15, Table 3.4). Similar to the surface of the water 

column, the percentage of PP was comprised to about 60-90% of the TP pool 

at the bottom of the water column. DOP was about 1-17% of the TP pool 

(Fig. 3.17) 

 

Nitrate/nitrite, ammonia, TDN and TDP concentrations were significantly 

higher at the bottom of the water column than the surface while PN 

concentrations were higher in the surface waters (p<0.05). 
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Table 3.4 Mean (±SD) of nutrient concentrations (mg L-1) at the surface (0-3m) and bottom of the water column at the six sites from  
October 2006 to December 2007 in Wivenhoe Reservoir (S= surface, B= Bottom) 
Site/ 
Parameter  1 2 3 4 5 6 

TN S 0.504 (0.062) 0.499 (0.037) 0.636 (0.063) 0.795 (0.153) 0.914 (0.142) 0.878 (0.210) 
B 0.603 (0.141) 0.675 (0.266) 0.689 (0.086) 1.053 (0.136) 0.851 (0.133) 0.893 (0.267) 

TDN S 0.386 (0.031) 0.384 (0.011) 0.411 (0.036) 0.446 (0.055) 0.408 (0.034) 0.478 (0.205) 
B 0.515 (0.107) 0.560 (0.140) 0.505 (0.038) 0.765 (0.211) 0.453 (0.065) 0.579 (0.245) 

DIN S 0.024 (0.018) 0.019 (0.005) 0.045 (0.059) 0.084 (0.067) 0.057 (0.077) 0.170 (0.235) 
B 0.172 (0.110) 0.218 (0.145) 0.153 (0.058) 0.384 (0.201) 0.121 (0.119) 0.237 (0.249) 

NO3/NO2 S 0.019 (0.017) 0.013 (0.004) 0.020 (0.016) 0.071 (0.063) 0.033 (0.040) 0.088 (0.114) 
B 0.045 (0.045) 0.035 (0.031) 0.084 (0.029) 0.232 (0.162) 0.042 (0.038) 0.086 (0.108) 

NH3 S 0.006 (0.003) 0.006 (0.005) 0.025 (0.046) 0.013 (0.014) 0.025 (0.037) 0.083 (0.121) 
B 0.127 (0.132) 0.183 (0.163) 0.069 (0.062) 0.152 (0.170) 0.079 (0.085) 0.152 (0.168) 

DON S 0.362 (0.021) 0.366 (0.013) 0.367 (0.067) 0.362 (0.044) 0.350 (0.048) 0.308 (0.080) 
B 0.343 (0.032) 0.342 (0.035) 0.352 (0.042) 0.381 (0.049) 0.333 (0.081) 0.342 (0.038) 

PN S 0.118 (0.040) 0.114 (0.037) 0.225 (0.085) 0.349 (0.145) 0.507 (0.163) 0.399 (0.146) 
B 0.088 (0.095) 0.115 (0.131) 0.184 (0.065) 0.288 (0.089) 0.398 (0.132) 0.313 (0.081) 

TP S 0.019 (0.002) 0.020 (0.003) 0.032 (0.004) 0.047 (0.017) 0.084 (0.024) 0.099 (0.029) 
B 0.031 (0.015) 0.042 (0.039) 0.039 (0.009) 0.061 (0.006) 0.080 (0.017) 0.096 (0.030) 

TDP S 0.004 (0.001) 0.005 (0.002) 0.005 (0.001) 0.006 (0.001) 0.008 (0.001) 0.010 (0.004) 
B 0.013 (0.008) 0.013 (0.005) 0.006 (0.001) 0.009 (0.003) 0.008 (0.002) 0.011 (0.005) 

PO4 S <0.002 (0.001) <0.002 (0.001) <0.002 (0.001) 0.003 (0.003) 0.003 (0.003) 0.004 (0.003) 
B 0.010 (0.008) 0.008 (0.006) 0.006 (0.011) 0.001 (0.001) 0.006 (0.009) 0.005 (0.002) 

DOP S 0.003 (0.001) 0.004 (0.003) 0.003 (0.001) 0.004 (0.001) 0.005 (0.002) 0.006 (0.002) 
B 0.003 (0.002) 0.005 (0.002) 0.003 (0.002) 0.007 (0.003) 0.001 (0.010) 0.006 (0.003) 

PP 
 

S 0.015 (0.002) 0.015 (0.004) 0.027 (0.004) 0.042 (0.016) 0.076 (0.024) 0.089 (0.026) 
B 0.018 (0.011) 0.029 (0.038) 0.033 (0.008) 0.052 (0.006) 0.073 (0.016) 0.085 (0.029) 
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Figure 3.3 Mean (± SD) total nitrogen (TN) concentrations (mg L-1) at the surface 
(0-3m) of the water column at the six sites from October 2006 to December 2007 
in Wivenhoe Reservoir  
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Figure 3.4 Mean (± SD) nitrate/nitrite (NO3/NO2) concentrations (mg L-1) of the 
surface water at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir (Detection limit= 0.003 mg L-1)  
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Figure 3.5 Mean (± SD) ammonia (NH3) concentrations (mg L-1) at the surface (0-
3m) of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir (Detection limit= 0.015 mg L-1)  
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Figure 3.6 Mean (± SD) total phosphorus concentrations (mg L-1) at the surface 
(0-3m) of the water column at the six sites from October 2006 to December 2007 
in Wivenhoe Reservoir  
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Figure 3.7 Mean (± SD) phosphate (FRP) concentrations (mg L-1) at the surface (0-
3m) of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir (Detection limit = 0.002 mg L-1)  
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Figure 3.8 Mean (± SD) total nitrogen and total phosphorus molar ratios at the 
surface (0-3m) of the water column at the six sites from October 2006 to 
December 2007 in Wivenhoe Reservoir  
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Figure 3.9 Proportions in the nitrogen pool at the surface (0-3m) of the water 
column at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir 
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Figure 3.10 Proportions in the phosphorus pool in the at the surface (0-3m) of the 
water column at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir 
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Figure 3.11 Mean (± SD) total nitrogen (TN) concentrations (mg L-1) at the bottom 
of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir 
 
 

           
 

Figure 3.12 Mean (± SD) nitrate/nitrite (NO3/NO2) concentrations (mg L-1) at the 
bottom of the water column at the six sites from October 2006 to December 2007 
in Wivenhoe Reservoir (Detection limit= 0.003 mg L-1) 
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Figure 3.13 Mean (± SD) ammonia (NH3) concentrations (mg L-1) at the bottom of 
the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir (Detection limit= 0.015 mg L-1)  
 

         
Figure 3.14 Mean (± SD) total phosphorus concentrations (mg L-1) at the bottom 
of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir 
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Figure 3.15 Mean (± SD) phosphate (FRP) concentrations (mg L-1) at the bottom 
of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir (Detection limit= 0.002 mg L-1)  
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Figure 3.16 Proportions in the nitrogen pool at the bottom of the water column at 
the six sites from October 2006 to December 2007 in Wivenhoe Reservoir 
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Figure 3.17 Proportions in the phosphorus pool at the bottom of the water 
column at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir 
 
        

Inflow of nutrients into the Wivenhoe reservoir for the study periods was 

mainly from controlled releases from an upstream reservoir, Somerset 

reservoir (Fig. 3.18). Surface flow from the Upper Brisbane river (UBR) into 

the Wivenhoe reservoir was reported as nil by the gauging stations 

upstream as the flow was low or under detection limit. The reservoir has a 

high load of nutrients in the water column even though the outflow loads of 

nutrients exceed the inflow loads. Most of the N in the reservoir was in 

dissolved form (60%) with DON about 51%, and DIN only 9% of the TN pool 

of the reservoir. The annual P budget of the reservoir shows that most of the 

TP is in particulate form (88%) with DIP concentrations very low (5%).  
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Figure 3.18 Nutrient budget (Inflows and outflows) (T y-1) of Wivenhoe reservoir for the study period from October 2006-April 2007 
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3.3.3 Chlorophyll a concentrations in the reservoir 
The chlorophyll a concentration of the surface water at the dam wall was 

10.41 ± 2.92 mg L-1 and increased upstream. Sites 1 and 2 (10.41 ± 2.92 µg 

L-1 and 11.11 ± 2.68 µg L-1 respectively) had lower chlorophyll a 

concentrations than Sites 3, 4, 5, and 6 (21.22 ± 5.83 µg L-1 , 38.26 ± 13.99 µg 

L-1, 66.52 ± 29.11 µg L-1 and 61.20 ± 24.08 µg L-1 respectively) (p< 0.05; Fig 

3.19). Site 3 had a lower chlorophyll a concentration than Site 4 which was 

in turn lower than Sites 5 and 6 (p< 0.05). 

 

At the bottom of the water column the chlorophyll a concentration was lower 

than the surface concentrations and similar results were seen with the 

chlorophyll a concentration at the bottom of the water column. The 

chlorophyll a concentrations for the sites in an ascending order going from 

downstream to upstream were (2.29 ± 1.76 µg L-1 , 3.70 ± 2.89 µg L-1 , 15.35 

± 5.65 µg L-1 , 26.19 ± 8.75 µg L-1 , 40.91 ± 16.56 µg L-1 and 32.65 ± 11.92 µg 

L-1 respectively) (Fig. 3.20). 
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Figure 3.19 Mean (± SD) chlorophyll a concentrations (µg L-1) at the surface (0-
3m) of the water column at the six sites from October 2006 to December 2007 in 
Wivenhoe Reservoir 
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Figure 3.20 Mean (± SD) chlorophyll a concentrations (µg L-1) at the bottom of the 
water column at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir 
 

3.3.4 Correlations between Chlorophyll a concentrations and physico-
chemical variables 
The chlorophyll a concentrations at the surface of the water column had a 

significant negative correlation with the water column depth (r2= 0.84, 

p<0.05, n= 40) and euphotic depth (r2= 0.41, p<0.05, n= 40). The biomass 

increases as the water column and euphotic depth decrease. Phytoplankton 

biomass also correlated with TDP concentrations (r2= 0.62, p<0.05, n= 40) 

and weakly with nitrate/nitrite, ammonia and FRP (r2<0.3).  

 

Chlorophyll a concentrations also correlated with TN (r2= 0.87, p<0.05, n= 

40), TP (r2= 0.89, p<0.05, n= 40), PP (r2= 0.89, p<0.05, n= 40), PN (r2= 0.82, 

p<0.05, n= 40), turbidity (r2= 0.89, p<0.05, n= 40) and TSS (r2= 0.93, p<0.05, 

n= 40). 

 

The chlorophyll a concentrations at the bottom of the water column also had 

significant negative correlations with the depth of the water column (r2= 

0.80, p<0.05, n= 36) and euphotic depth (r2= 0.43, p<0.05, n= 36) and 
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positively with the bottom dissolved oxygen concentrations (r2= 0.51, p<0.05, 

n= 36). 

 

3.3.5 Phytoplankton cell concentration in the reservoir 
A total of 103 species of phytoplankton belonging to 94 genera were 

identified from the reservoir over this summer study. Phytoplankton that 

were present only on one sampling occasion or in low numbers were also 

included. The total phytoplankton cell concentration was highly variable 

among and within the sampling sites with cell concentrations ranging from 

~50 000 cells mL-1 to 350 000 cells mL-1 with the highest concentrations 

recorded at the downstream sites (Fig 3.21). 

 

The cyanobacteria (blue-green algae) group had thirty-nine species, 

chlorophytes (green algae) forty-one, followed by the bacillariophytes 

(diatoms) with nine, dinophytes (dinoflagellates) with nine species, the 

euglenophytes (euglenoids) and chrysophytes (golden-brown algae) four 

species each, cryptophytes (cryptomonads) two species and the groups 

Xanthophyta and Raphidophyta were represented by a single species each . 

In addition, there were numerous picoplankters (cell diameter < 2 mm) and 

some phytoplankton from each group that were distorted by preservation, 

which could not be identified.  

 
Cyanobacteria were the most abundant phytoplankton group, contributing 

between 62 to 93% of the total phytoplankton cell concentration while the 

green algae ranged from 3-37% (Figs. 3.22 and 3.23). There was no 

significant difference in the total phytoplankton concentration, the 

cyanobacteria, chlorophyte, chrysophyte and dinoflagellate cell 

concentrations between the six sites, however, Sites 5 and 6 had higher cell 

concentrations of bacillariophytes (diatoms) (Fig 3.23) and euglenophytes 

than Sites 1 and 2 (p<0.05). Site 5 also had a higher cell concentration of 

cryptophytes than Sites 1 and 2 (p<0.05). 
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Figure 3.21 Mean (± SD) phytoplankton cell concentrations (cell mL-1) of the 
surface water at the six sites from October 2006 to December 2007 in Wivenhoe 
Reservoir 
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Figure 3.22 Percentage of phytoplankton groups of the surface water at the six 
sites from October 2006 to December 2007 in Wivenhoe Reservoir 
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Figure 3.23 Mean (± SD) cell concentrations (cells mL-1) of different phytoplankton groups in the surface water at the six sites from October 
2006 to December 2007 in Wivenhoe Reservoir 
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3.3.6 Phytoplankton composition along the longitudinal gradient of the 
reservoir 
The one-way ANOVA performed on phytoplankton species composition data 

for the six sites for the period of the study revealed that the phytoplankton 

composition changed along the longitudinal gradient of the reservoir but 

adjacent sites had similar composition (Fig 3.24, Table 3.5). The multi-

dimensional scaling (MDS) showed a gradual change in composition from 

the dam wall (Site 1) upstream to Site 6. Site 1 had a similar phytoplankton 

composition to Sites 2 and 3 (p>0.05) but was different from the upstream 

Sites 4, 5 and 6 (p<0.05). Phytoplankton composition showed a stepwise 

similarity between site pairs going from downstream to upstream directly: 

Site1≈ Site 2; Site 2 ≈ Site 3; Site 3 ≈ Site 4; Site 4 ≈ Site 5 and Site 5 ≈ Site 

6 (p<0.05). Taking into consideration the distance from dam wall, the 

farther the site from the dam wall the more different was the phytoplankton 

composition. 

 

When a MDS was performed on the phytoplankton composition dissimilarity 

matrix with reservoir zone (upstream-riverine zone; midstream- transitional 

zone and downstream-lacustrine zone), the grouping of the similar sites 

showed a clear pattern in the reservoir zone (Fig 3.25). Sites 1 and 2 fell into 

the downstream zone, while Sites 3 and 4 into the midstream zone and Site 

5 and 6 in the upstream zone. 

 

There was more variability in the phytoplankton composition at the 

beginning of the study period where the first two months, October and 

November, early in the summer, had dissimilar phytoplankton composition 

in comparison to December 2006 to April 2007 (One-way ANOSIM, p< 0.05; 

Fig 3.26). The phytoplankton composition in November and December were 

similar and so was from December to April (p>0.05).  
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Figure 3.24 Multi dimension scaling (MDS) of the phytoplankton composition at 
the six sites (site as a factor) for monthly data from October 2006 to December 
2007 in Wivenhoe Reservoir 
 

 
Figure 3.25 MDS of the phytoplankton composition at the six sites (reservoir 
zone as a factor) from October 2006 to December 2007 in Wivenhoe Reservoir 
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Figure 3.26 MDS of the phytoplankton composition at the six sites (with month 
as a factor) from October 2006 to December 2007 in Wivenhoe Reservoir 
 
 
Table 3.5 Correlation coefficients and p-values calculated by ANOSIM when 
comparing the degree of similarity between the six sites. (* denotes that the 
phytoplankton composition at these two sites are significantly different, p<0.05) 

Sites R R2 p - value 

1,2 -0.093 0.009 0.891 
1,3 0.072 0.005 0.171 
1,4 0.347 0.120 0.001* 
1,5 0.536 0.287 0.001* 
1,6 0.707 0.500 0.001* 
2,3 0.009 0.000 0.385 
2,4 0.299 0.089 0.003* 
2,5 0.384 0.147 0.004* 
2,6 0.616 0.379 0.002* 
3,4 0.121 0.015 0.098 
3,5 0.262 0.069 0.009* 
3,6 0.405 0.164 0.006* 
4,5 0.147 0.022 0.078 
4,6 0.44 0.194 0.005* 
5,6 -0.008 0.000 0.489 
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When the volume of water released from Somerset reservoir was increased 

in October (from almost 0 ML to 2.06 ML day-1) and March (from 25 ML day-

1 to 100 ML day-1) (Fig 3.26), the BIOENV between sampling times 

(monthly) showed that there was no difference in the phytoplankton 

composition before or after the increase in water release from Somerset 

Reservoir.  

 

Total cell concentrations of genera from the reservoir showed that mostly 

cyanobacteria dominated the count together with a chlorophyte, 

Monoraphidium spp. and pennate diatoms (Table 3.6). When the data for 

each genus at each site was averaged for the study and ranked in a 

descending order, the ten most dominant genera by cell densities for the six 

sites in the reservoir were mostly cyanobacteria (blue-green algae), i.e. 

Anabaena spp, Aphanizomenon spp., Aphanocapsa spp., Aphanothece spp., 

Cyanocatena spp., Cyanodictyon spp., Cyanogranis spp., Cyanonephron spp., 

Cylindrospermopsis raciborskii, Merismopedia spp., Planktolyngbya spp., 

and Pseudanabaena spp. (Table 3.7). The dominance by cell concentrations 

also included Monoraphidium spp., Coelastrum spp., Melosira spp. and 

pennate diatoms. The same genera tended to dominate at all the sites but 

order varied.  Most of the cyanobacteria were consistently dominant in 

comparison to the other groups.  
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Table 3.6 Mean (± SD) phytoplankton cell concentrations (cells mL-1 ) and biovolume (mm3 L-1) of the twelve most dominant phytoplankton 
group/genera or species observed in Wivenhoe reservoir from October 2006 to April 2007 (ranking based on mean cells mL-1 and mm3 L-1 for 
the 7 months)  
 
Key:  CYC- Chroococcales Cyanobacteria                   BA- Bacillariophyta- diatom   DI- Dinophyta   

CYN- Nostocales Cyanobacteria    CH- Chlorophyta     EU- Euglenophyta     
CYO- Oscillatoriales Cyanobacteria   CR- Cryptophyta                                                         

      

Phytoplankton species Group Cell concentration 
(cells mL-1) 

Phytoplankton species Group Biovolume 
(mm3 L-1) 

Planktolyngbya limnetica CYO 25110 (36930) Pennate diatoms BA 2.293 (5.369) 
Aphanocapsa spp. CYC 18980 (16490) Trachelomonas spp. EU 0.525 (1.136) 
Merismopedia spp. CYC 13745 (15310) Cryptomonas spp. CR 0.525 (0.428) 
Pseudanabaena limnetica CYO 13630 (13905) Aulacoseira spp. BA 0.448 (0.829) 
Cyanocatena imperfecta CYC 11150 (22690) Peridinium spp. DI 0.343 (0.497) 
Aphanothece spp. CYC 10760 (9670) Pseudanabaena limnetica CYO 0.300 (0.305) 

Monoraphidium spp. CH 9135 (15320) Unidentified unicellular 
phytoplankton  0.208 (0.241) 

Planktolyngbya minor CYO 6660 (6970) Synedra spp. BA 0.184 (0.482) 
Pennate diatoms BA 6380 (14955) Carteria spp. CH 0.163 (0.507) 
Cyanodictyon spp. CYC 6430 (12320) Cyclotella spp. BA 0.162 (0.162) 
Anabaena spp. CYN 4545 (8250) Anabaena spp. CYN 0.152 (0.276) 
C.raciborskii CYN 4010 (6255) C.raciborskii CYN 0.147 (0.230) 
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Table 3.7 Mean (± SD) phytoplankton cell concentration of the twelve most dominant phytoplankton genera measured at each of the six 
sites in Wivenhoe reservoir from October 2006 to April 2007 (ranking based on mean cells mL-1 for the 7 months)  
Key:  CYN- Nostocales Cyanobacteria    CR- Cryptophyta                                                       BA- Bacillariophyta- diatom  
 CYO- Oscillatoriales Cyanobacteria    CYC- Chroococcales Cyanobacteria             CH- Chlorophyta  
   
Phytoplankton 
species 

Group Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

Anabaena spp. CYN 1460 (1990)   3995 (4300)   15515 (15905) 3985 (5280) 
Aphanizomenon  spp. CYN 1475 (2200) 1435 (1875)         
Aphanocapsa  spp. CYC 11970 (7270) 18630 (12370) 12170 (3980) 31905 (15170) 28295 (28780) 13275 (16370) 
Aphanothece  sp. CYC 11141 (12745) 6975 (4960) 8630 (6770) 15460 (6680) 16095 (14300) 6945 (8390) 
Chroomonas spp. CR         2080 (1210)   
Coelastrum spp. CH 1435 (2500) 1785 (2950)         
Cyanocatena  spp. CYC       37075 (38040) 21600 (19680) 9745 (20740) 
Cyanodictyon  spp. CYC 1660 (1330) 1855 (1640) 1875 (2005) 15760 (20770) 6565 (7770) 10745 (18010) 
Cyanogranis spp. CYC         2060 (2370)   
Cyanonephron spp. CYC           3040 (4530) 
C.raciborskii CYN 9930 (10940) 3105 (2335) 3165 (3620) 3980 (5460) 2725 (3695) 112 (167) 
Melosira  spp. BA           4615 (5050) 
Merismopedia punctata CYC       13175 (13800)     
Merismopedia  spp. CYC 24095 (20635) 14430 (10200) 20460 (13335) 18230 (15630)     
Monoraphidium  spp. CH 19360 (28910) 11410 (11150) 9940 (12735) 9000 (7720)     
Myxobaktron plankticus CYC     1425 (700)       
Planktolyngbya  
limnetica  

CYO 60790 (53665) 48800 (40350) 17950 (18055) 5955 (9660) 2310 (1750) 6490 (12000) 

Planktolyngbya  minor CYO 4650 (5140) 4000 (5575) 6985 (4920) 11965 (7980) 4415 (2130) 7910 (11605) 
Planktothrix spp. CYO           3215 8505 
Pseudanabaena galeata CYO   1280 (2100)         
Pseudanabaena  
limnetica 

CYO 11080 (7380) 13490 (13310) 20530 (23525) 22265 (12710) 11080 (7345) 3345 (5115) 

Pennate diatoms BA     4360 (3865) 4300 (4030) 23240 (31325) 8290 (11605) 



 

 105

Out of the 35 most dominant genera of species mean cell concentrations by 

density or biovolume show that Sites 4, 5 or 6 had some groups/species in 

higher densities than Sites 1, 2 or 3 (Table 3.8; p<0.05). In the 

cyanobacteria group genera like Aphanizomenon spp., Aphanocapsa spp., 

Aphanothece spp., Cyanocatena spp., Cyanodictyon spp., Geitlerinema spp., 

Merismopedia spp and M.punctata and Pseudanabaena galeata were the 

only ones that had different cell concentrations in the reservoir. Of the two 

potentially toxic species, Anabaena circinalis was present only at Site 5 

and C.raciborskii cell concentrations were similar at all sites. 
 
Table 3.8 Significant differences in the mean cell concentrations (cells mL-1) of 
the most dominant phytoplankton group/species (35) in cell concentration or 
biomass measured at each of the six sites in Wivenhoe reservoir from October 
2006 to April 2007 (only significant results reported, p<0.05) 
CYN- Nostocales Cyanobacteria    CR- Cryptophyta                                                       
CYO- Oscillatoriales Cyanobacteria    BA- Bacillariophyta- diatom 
CYC- Chroococcales Cyanobacteria         DI - Dinophyta 
CH- Chlorophyta     EU- Euglenophyta     
   
Genera Group Results p-value 

Aphanizomenon spp. CYN Site 2 > Site 4, 5 and 6 <0.05 

Aphanocapsa spp. CYC 4>6 <0.05 

Aphanothece spp. CYC 4>6 <0.05 

Carteria spp. CH 6>2 <0.05 

Cryptomonas spp. CR 5>1 and 2 <0.05 

Cyanocatena spp. CYC 5>1 and 2 
4>1, 2, and 3 

<0.05 

Cyanodictyon spp. CYC 4>1 <0.05 

Geitlerinema spp. CYO 6>1 <0.05 

Melosira spp. BA 6>1 and 2 <0.05 

Merismopedia spp. CYC 1 and 2 >6 <0.05 

Merismopedia punctata CYC 4 and 5 > 1, 2 and 3 <0.05 

Peridinium spp. DI 4 and 5 > 1 <0.05 

Pseudanabaena galeata CYO 3>4 <0.05 

Scenedesmus spp. CH 4 and 5 >1 <0.05 

Trachelomonas spp. EU 5 and 6 > 1 and 2 <0.05 
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3.3.7 Phytoplankton species cell biovolume 
Biovolume was calculated using the mean phytoplankton cell 

concentration for groups/genera/species for the seven months of the study. 

Unlike the cell concentration dominance by cyanobacteria, the dominant 

groups were different in the biovolume rank.  

 

Much of the biovolume in the reservoir was contributed by diatoms 

(pennate + Synedra spp., Cyclotella spp. and Aulacoseira spp.) (Table 3.6). 

Only three cyanobacteria, Anabaena spp., C.raciborskii and 

Pseudanabaena limnetica were dominant by biovolume in the top twelve 

ranking. Other phytoplankton that had a high biovolume  include the 

chlorophyte, Carteria spp., a dinoflagellate, Peridinium spp., and 

euglenophyte, Trachelomonas spp., a cryptophyte, Cryptomonas spp. and 

unidentified unicellular phytoplankton. Apart from the pennate diatoms, 

unicellular phytoplankton and the cyanobacteria, all the above mentioned 

phytoplankton had mean cell concentrations lower than 1000 cell mL-1.  
 

Phytoplankton cell biovolume increased from the dam wall to upstream, 

coherent with the chlorophyll a concentrations (Table 3.9). Similar to the 

collective biovolume of the reservoir, biovolume at all the sites was 

dominated by bacillariophytes (Table 3.9) except for the dam wall site 

(Site 1) where C.raciborskii contributed to the greatest biovolume.  

C. raciborskii and Monoraphidium spp. biovolume increased downstream 

while the biovolume of euglenophytes and cryptophytes decreased 

downstream. Towards upstream Merismopedia punctata and Melosira spp. 

appeared while Planktothrix spp. was found only at Site 6. Pseudanabaena 

limnetica tended to have a higher biovolume in the midstream sites, 

Planktolyngbya limnetica at the dam wall.  The high biovolume at Site 5 

was contributed by the presence of raphidophytes in higher numbers 

which were not present in the downstream Sites 1 and 2. 
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Table 3.9 Mean biovolume (mm3 L-1) of the twelve most dominant genera of phytoplankton measured at each of the six sites in 
Wivenhoe reservoir from October 2006 to April 2007 (ranking based on mean mm3 L-1 for the 7 months) 
Key:  CYN- Nostocales Cyanobacteria    CR- Cryptophyta                                     BA- Bacillariophyta- diatom  
 CYO- Oscillatoriales Cyanobacteria    CH- Chlorophyta     DI- Dinophyta     
  CYC- Chroococcales Cyanobacteria         RA- Raphidophyta    EU-Euglenophyta 
 
Phytoplankton genera/species Group Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 
Total biovolume (mm3 L-1)  2.65 2.88 4.95 7.39 17.40 11.26 
Acanthoceras spp. BA 0.07 0.07 0.12 0.41  0.13 
Anabaena spp. CYN 0.04 0.04 0.11 0.08 0.43 0.11 
Aulacoseira spp. BA 0.18 0.33 0.27 0.15 0.83 1.02 
Carteria spp. CH 0.01 0.01 0.01 0.01 0.25 0.72 
Chroomonas spp CR 0.04 0.06 0.08 0.11 0.21 0.07 
Coelastrum spp. CH 0.09 0.12 0.06 0.07 0.09 0.03 
Cryptomonas spp. CR 0.22 0.26 0.47 0.50 1.06 0.76 
Cyclotella spp. BA 0.10 0.08 0.09 0.17 0.27 0.29 
C.raciborskii CYN 0.37 0.11 0.12 0.15 0.10 <0.01 
Euglenophytes EU 0.05 0.08 0.47 0.23 2.57 1.81 
Melosira spp. BA   0.01 0.04 0.07 0.45 
Merismopedia punctata CYC    0.21 0.03 0.01 
Monoraphidium spp. CH 0.09 0.05 0.05 0.04 0.01 0.01 
Peridinium spp. DI 0.02 0.25  0.84 0.71 0.25 
Planktolyngbya limnetica CYO 0.32 0.26 0.10 0.03 0.01 0.03 
Planktothrix spp. CYO      0.31 
Pseudanabaena limnetica CYO 0.24 0.30 0.45 0.49 0.24 0.07 
Raphidophytes RA   0.04 0.18 8.34 0.46 
Small pennate diatoms BA 0.23 0.26 1.57 1.54 0.28 2.98 
Synedra spp. BA 0.11 0.07 0.17 0.46 0.28 0.04 
Unicellular phytoplankton un 0.04 0.07 0.07 0.33 0.48 0.33 
Urosolenia spp. BA 0.12 0.08 0.15 0.35 0.10 0.06 
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3.3.8 Correlation between phytoplankton composition and physico-
chemical variables 
When a BIOENV was performed with the physico-chemical variables, no 

individual nutrient was significantly correlated with the phytoplankton 

composition. Correlations that were significant had low correlation 

coefficients (r2). However, total dissolved nitrogen (TDN), which included 

ammonia, nitrate/nitrite and DON, was the only nutrient parameter that 

correlated with the phytoplankton composition for all the sites in the 

reservoir. This was in conjunction with other physical variables (Table 3.10). 

Together, distance of the site from the dam wall (site location), depth of 

water column, conductivity, turbidity, total suspended solids (TSS), and 

water temperature contributed to 28% of the variation in phytoplankton 

composition in the reservoir (p<0.05).  

 

However, when the analysis was split for each site to be analysed separately 

it shows that the correlations are more site specific, with factors affecting 

the variability in the phytoplankton composition varying between sites 

(Table 3.11). In the downstream Sites 1 and 2, the location of the site and 

depth of the nutrients were critical in conjunction with conductivity, DOP, 

TN and TP and its ratio.  

 

At Site 3, site location, the depth of the water column, DO, FRP, TN, TP, 

DON and PP were important factors that correlated with the phytoplankton 

composition while at Site 4, euphotic depth, conductivity, pH, DO, turbidity, 

TSS, ammonia and FRP correlated (Table 3.11). 

 

In the upstream part of the reservoir at Site 5 and 6, which are shallow 

sites, the site depth or the euphotic depth again correlated (Table 3.11). 

Nutrient concentrations like ammonia, DOP, FRP, DIN and TDP had 

significant interactions with the phytoplankton species composition. In the 

most upstream Site 6, the site location, euphotic depth, water temperature 

TP, PP and the TN:TP ratios correlated with the phytoplankton assemblage. 

This site had the highest phytoplankton biomass and lowest TN:TP ratios.  
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When the correlations were done for the different zone in the reservoir, in 

the lacustrine zone (Sites 1 and 2) and transitional zone (Sites 3 and 4) site 

depth, conductivity, water temperature and TSS were common factors that 

correlated with the phytoplankton assemblage in the two zones. However, in 

the lacustrine zone, NO3/NO2 and TP were also critical correlations, while in 

the transitional zone FRP, TDN, DON and turbidity were important 

correlations too (Table 3.12).  At the upstream of the reservoir, in the 

riverine zone there were very weak correlations observed with conductivity 

and nutrients such as ammonia, TDN, DIN and TDP. Significant 

correlations had low correlation coefficients (r2). 

 
Table 3.10 Factors that correlate with the phytoplankton composition of 
Wivenhoe Reservoir (all combinations listed were significant, p< 0.05) (Site 
location = distance from the dam wall) 
 

Physico-chemical parameters R R2 p-value 
Site location, conductivity, turbidity, TSS, TDN 0.529 0.280 0.001 

Site depth, conductivity, turbidity, TSS, TDN 0.528 0.279 0.001 

Site location, water temperature, conductivity, 

turbidity, TDN 

0.527 0.278 0.001 

Site depth, water temperature, conductivity, 

turbidity, TDN 

0.524 0.275 0.001 

Site location, water temperature, conductivity, 

turbidity, TSS 

0.523 0.274 0.001 
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Table 3.11 Factors that correlate with the phytoplankton composition of 
Wivenhoe Reservoir (all combinations listed were significant, p<0.05) 
 
Site Parameters R R2 p-value
Site 1 Site depth, DON:DOP 0.778 0.605 0.001 

 Site location, site depth, DON:DOP 0.760 0.578 ~0.001 

 Site depth, DOP 0.747 0.558 0.002 

 Site location, site depth, DOP 0.743 0.552 ~0.001 

 Site depth, conductivity, PP, DON:DOP 0.738 0.545 0.005 

Site 2 Site depth, conductivity, TSS,TN, TN:TP 0.961 0.924 0.001 

 Site depth, conductivity, TSS, TP, TN:TP 0.953 0.908 0.001 

 Site depth, conductivity, TN, TP, TN:TP 0.952 0.906 0.001 

 Site depth, conductivity, TSS, TP 0.948 0.899 0.002 

 Site location, site depth, conductivity, TSS, TP 0.948 0.899 ~0.001 
Site 3 Site depth, DO, FRP, TP, DON 0.948 0.899 0.001 

 DO, FRP, TN, DON, PP 0.944 0.891 0.001 

 Site depth, FRP, TP, DON 0.940 0.884 0.001 

 Site location, site depth, FRP, TP, DON 0.940 0.876 ~0.001 

 Site depth, DO, FRP, DON, PP 0.936 0.869 0.001 

Site 4 Zeu , conductivity, turbidity, TSS, NH4 0.810 0.656 0.001 

 DO, turbidity, TSS, FRP, TN:TP 0.799 0.638 0.001 

 Conductivity, pH, turbidity, NH4 , TN:TP 0.796 0.634 0.001 

 Conductivity, DO, turbidity, TSS, FRP 0.795 0.632 0.001 

 Conductivity, turbidity, TSS, NH4 , FRP 0.794 0.630 0.002 

Site 5 Site depth, conductivity, ammonia, DOP, 
DON:DOP 

0.896 0.803 0.003 

 Site depth, conductivity, pH, FRP, DOP 0.893 0.797 0.004 

 Site depth, conductivity, pH, DIN, DOP 0.893 0.797 0.002 

 Site depth, DO, ammonia, TDP, DIN  0.893 0.797 0.009 

 Site depth, DO, TDP, DIN, DOP 0.893 0.797 0.005 

Site 6 Zeu , TN:TP 0.762 0.581 0.002 

 Site location, Zeu , TN:TP 0.762 0.581 ~0.001 

 Zeu , temperature, TP, TN:TP 0.752 0.566 0.001 

 Site location, Zeu , temperature, TP, TN:TP 0.752 0.566 ~0.001 

 Zeu , PP, TN:TP 0.749 0.561 0.001 
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Table 3.12 Factors that correlate with the phytoplankton composition of the 
zones along the longitudinal gradient in Wivenhoe Reservoir (all combinations 
listed were significant, p<0.05) 
 
Zones Parameters R R2 p-value
Lacustrine Site depth, conductivity, TSS, NO3/NO2  0.847 0.717 0.001 

(Sites 1 & 2) Site depth, conductivity, TSS, NO3/NO2, 
TP 

0.839 0.704 0.001 

 Site depth, water temperature, 
conductivity, TSS, NO3/NO2 

0.835 0.697 0.001 

 Site depth, water temperature, 
conductivity, TSS, TP 

0.835 0.697 0.001 

 Site depth, conductivity, NO3/NO2, TP 0.832 0.692 0.001 

Transitional Conductivity, turbidity, TSS,FRP, TDN 0.663 0.440 0.001 

(Sites 3 & 4) Turbidity, TSS,FRP, TDN 0.658 0.433 0.001 

 Water temperature, turbidity, TSS,FRP, 
TDN 

0.657 0.432 0.001 

 Site depth, turbidity, TSS,FRP, TDN 0.651 0.424 0.001 

 Site depth, turbidity, TSS,FRP, TDN, 
DON 

0.649 0.421 0.002 

Riverine Conductivity, NH4, TDN 0.435 0.189 0.002 

(Sites 5 & 6) Conductivity, NH4, TDN, DIN 0.434 0.188 0.006 

 Conductivity, TDN, TDP, DIN 0.433 0.187 0.003 

 Conductivity, NH4, TDN, TDP, DIN 0.432 0.187 0.003 

 Conductivity, NH4, TDN, TDP 0.431 0.186 0.002 

 

Weak correlations (low r2 values) were calculated between the 

phytoplankton genera/species and the physico-chemical parameters (Table 

3.13). C.raciborskii and Anabaena spp. correlated with the water 

temperature. The cyanobacterial oscillatoriales group tended to correlate 

also with water temperature and conductivity. Only the euglenophytes and 

Melosira spp. correlated with the FRP concentrations. Large sized cells like 

Melosira spp, pennate diatoms, Peridinium spp. and Cryptomonas spp. 

tended to be more sensitive to the euphotic depth and hence negatively 

correlated. Coelastrum spp. had a negative correlation with the surface 

mixed layer (SML). Merismopedia punctata, Melosira spp. and the pennate 

diatoms had a positive correlation with the DIN concentrations. 

Positive correlations were calculated between TDP and Cryptomonas spp. 

(DOP also), Cyanocatena imperfecta (DOP also), Cyanodictyon spp., Melosira 

spp., Merismopedia punctata, Peridinium spp. and the pennate diatoms. 
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Table 3.13 Factors that correlate with the top fifteen genera/ species of 
phytoplankton by cell concentration (cells mL-1) or biovolume (mm3 L-1) in 
Wivenhoe Reservoir (p<0.05; n= 40)  
(note: all listed correlated with TN, TP, PP, PN, turbidity and TSS)  
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Anabaena spp. CYN H1/H2 Water temperature 0.424 0 
Aphanocapsa spp. CYC K TDN 0.101 0.046 

Coelastrum spp. CH J SML (negative) 
DO 

0.345 
0.363 

0.029 
0.022 

Cryptomonas spp. CR Y 
TDP 
DOP 
Zeu (negative) 

0.469 
0.515 
0.622 

0.002 
0.001 
0 

Cyanocatena imperfecta CYC  

TDP 
DOP 
Conductivity 
DO 

0.150 
0.102 
0.162 
0.118 

0.002 
0.045 
0.010 
0.030 

Cyanodictyon spp. CYC  TDP 
DO 

0.109 
0.123 

0.038 
0.027 

Cylindrospermopsis 
raciborskii CYN SN Water temperature 0.366 0 

Melosira spp. BA  

NO3/NO2 
NH4 
FRP 
TDP 
DON (negative) 
Zeu (negative) 
Conductivity 

0.517 
0.384 
0.421 
0.520 
0.430 
0.414 
0.334 

0.001 
0.018 
0.005 
0.001 
0.006 
0.008 
0.035 

Merismopedia spp. CYC LO TDP (negative) 0.102 0.044 

Merismopedia punctata CYC LO 

NO3/NO2 
NH4 
TDP 
Water temperature  

0.388 
0.411 
0.504 
0.320 

0.013 
0.008 
0.001 
0.044 

Monoraphidium spp. CH X1 Water temperature  
Conductivity 

0.102 
0.355 

0.045 
0.025 

Pennate diatoms BA D 

NO3/NO2 
NH4 
TDP 
DOP 
Water temperature 
Zeu (negative) 

0.151 
0.240 
0.297 
0.339 
0.181 
0.186 

0.013 
0.001 
0 
0 
0.006 
0.006 

Peridinium spp. DI LO 

TDP 
DON 
Zeu (negative) 
Water temperature 

0.324 
0.463 
0.333 
0.470 

0.041 
0.003 
0.036 
0.002 

Planktolyngbya limnetica CYO  Water temperature 0.219 0.002 
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Planktolyngbya minor CYO  Water temperature 
Conductivity 

0.203 
0.162 

0.003 
0.001 

Pseudanabaena limnetica CYO S1 Water temperature 
Conductivity 

0.317 
0.336 

0 
0 

 

3.4 DISCUSSION 
 

This study showed that the chlorophyll a concentration (phytoplankton 

biomass) in the reservoir increased from downstream to upstream and was 

relatively high, classifying the reservoir as eutrophic to hyper-eutrophic 

upstream (Wetzel, 2001). The phytoplankton composition also changed from 

upstream to downstream and showed a stepwise similarity between site 

pairs. Overall, site location and depth were the two important factors that 

were highly correlated with the phytoplankton dynamics in Wivenhoe 

reservoir. Burford et al., (2007) in a study across seven reservoirs, found 

reservoir characteristics, such as the volume of water and depth in the 

reservoir, correlated with the phytoplankton community, and hence, on the 

type of phytoplankton blooms in the reservoir. Drought conditions presided 

in the geographical area when my study was undertaken and the water 

levels in the reservoir had decreased down to 17% of the storage level. In 

reservoirs, the physical, chemical and biological conditions are strongly 

regulated by hydraulic exchanges and resultant surface level fluctuations 

(Thornton et al., 1990). Periodic disturbances like these are considered to 

influence the outcome of seasonal succession of phytoplankton (Padisák et 

al., 1993), however, the cyanobacterial group dominated the phytoplankton 

cell concentration throughout the reservoir in this study.  

 
Phytoplankton biomass increased as the depth of the water column 

decreased. In other words, as the difference between the surface mixed layer 

(SML) and the depth of water column became lower the biomass increased.  

In the upstream part of the reservoir, (Sites 5 and 6 especially), where the 

water column depths were shallower, the SML extended to the bottom 

resulting in a water column that was fully mixed. 
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Availability of nutrients is likely to be a key factor in promoting 

phytoplankton biomass. Mixing of the water column ensured that nutrients 

from the bottom of the water column were circulated to the euphotic zone in 

the shallow upstream sites, whereas in the downstream sites the water 

column was deeper and more often stratified. The dissolved inorganic 

nutrient concentrations at the bottom of the water column were higher. This 

also has been shown by previous studies where nutrient concentrations were 

typically higher in the bottom waters of Wivenhoe reservoir in the summer 

months, reflecting sediment remineralisation processes (Burford and 

O’Donohue, 2006, Burford et al. in press).  However, a substantial 

proportion of P inputs are buried (Burford et al. in press).  

 
Longmore et . al., 2008, in their study in Wivenhoe Reservoir observed that 

when taken as a whole the sediments were a source of dissolved nutrients, 

however, this varied with depth and season. In summer deep sites act as N 

sinks while in winter shallow sites act as phosphate sinks. Therefore, they 

concluded that the sediments appeared to be a limited source of nutrients 

especially to the pelagic communities (Longmore et. al., 2008 and  

A.Grinham pers.comm). Sediments as nutrient sources in Wivenhoe 

reservoir need to be investigated further, in both deep and shallow sites as 

the above study included my sites 1 to 4 only and it would have been useful 

to measure the benthic fluxes of sites 5 and 6 which are shallow and well 

mixed sites. Benthic fluxes measured in Wivenhoe reservoir indicated low 

phosphate fluxes at only two deep sites while the observed mean N:P 

benthic flux molar ratios of ~ 160:1 in summer indicated that any plant 

supported by the benthic fluxes at the time of their study was likely to be 

strongly P-limited (Longmore et al., 2008).  

 
Phytoplankton biomass was positively correlated with TDP concentrations 

with TDP higher in the upstream sites. Higher concentrations of DIN and 

DOP were also measured at the upstream site (Site 6) in the surface waters. 

Apart from utilising dissolved inorganic nutrients, phytoplankton are also 

able to utilise some forms of DON and DOP. DON (urea and free amino 

acids), is also an important stimulant of phytoplankton productivity 
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(Presing et al., 2001; Berman and Bronk, 2003). Some forms of DOP are 

biologically available to phytoplankton and bacteria for uptake (Cembella et 

al., 1984). Bacterial and algal phosphatase activity convert dissolved organic 

phosphorus to phosphate. Phytoplankton use both FRP and DOP, 

particularly at high substrate concentrations, for growth (Cotner and 

Wetzel, 1992), however, DOP is energetically harder to use than FRP. In 

this study FRP was near or under the detection limit, therefore it was 

possible that the phytoplankton could have utilised forms of DOP as a 

source of P. Other studies in Wivenhoe reservoir have shown that dissolved 

organic phosphorus is used when DIP concentrations were low (M. Prentice, 

pers. comm.). 

 
The phytoplankton biomass, as measured by chlorophyll a concentrations, 

was also higher upstream at the bottom of the water column. It also 

negatively correlated with the water column and euphotic depth at all sites. 

Upstream at Sites 5 and 6, the high chlorophyll a concentrations at the 

bottom of the water column followed a similar pattern to the high 

concentration of nutrients and there was unlikely to be severe light 

limitation for phytoplankton growth as the average euphotic zone and SML 

more often extended to the bottom of the water column. At the downstream 

sites (Sites 1 and 2) dissolved nutrients at the bottom of the water column, 

at similar or higher concentrations to the upstream sites, did not result in 

equivalent chlorophyll a concentrations. Therefore, phytoplankton growth 

throughout the water column was most likely limited by the light 

availability. 
 
In a similar way to that of phytoplankton biomass, P was most likely not the 

only factor driving the phytoplankton composition in the reservoir. At the 

dam wall (Site 1) the site depth, location, conductivity, DON:DOP ratio, 

DOP and PP all correlated with the composition of the phytoplankton. At 

Site 2, the TN:TP ratios were important to the phytoplankton composition, 

at Site 3 FRP and DON are the key nutrients, at site 4 it was ammonia and 

FRP, at Site 5 it was TDP (FRP, and DOP) and DIN ,while at Site 6 

upstream, the key driving factor of the phytoplankton composition was the 
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euphotic depth. Therefore, it can be said that N, P or both were likely to be 

affecting phytoplankton composition in this reservoir.  

 
The TN:TP ratios in the surface of the water column at Sites 5 and 6 were in 

the range of 21-25 which was closer to Redfield’s ratio of 16 or the new 

proposed TN:TP ratio of 21 for large freshwater lakes by Guildford et al., 

2000. The high TN:TP ratios at the downstream Site 1 and 2 (mean of ~50) 

indicate that this zone would most likely have P-limitation. However, 

results from the nutrient addition bioassays (Chapter 4) on water samples 

taken from Sites 1, 2, 3 and 4 during this study indicate that there is N or P 

or N+P co-limitation in the summer at the sites along the longitudinal 

gradient of the reservoir. Therefore, assessing potential nutrient limitation 

by examination of nutrient mass ratios and concentrations may not be 

adequate in forming conclusions about nutrient limitation.  

 
Based on the annual nutrient budget, significant amounts of TN and TP 

were input from Somerset reservoir to Wivenhoe reservoir during this 

study. There were high discharge loads of TN and TP relative to the TN and 

TP loads in the water column, with proportionally more TN being removed 

from the reservoir, which is contrary to some studies that have shown that 

there is retention of N and P is higher in low flow conditions (Garnier et al., 

1999; Bukaveckas and Crain, 2002).Most of the N in the reservoir was in the 

dissolved form (60%) with DON about 51%, and DIN only 9% of the TN pool 

of the reservoir, whilst most of the TP was in particulate form (88%) with 

DIP concentrations very low (5%) suggesting that the reservoir is likely to 

be P-limited.  

 
In terms of phytoplankton species composition, stratification and mixing 

play a key role in affecting diversity with mixed waters having higher 

diversity compared to when the water column was stable (Weithoff et al., 

2000). Salmaso, (2000), found that increasing mixing depth and nutrient 

availability favoured a progressive dominance of the cyanobacteria 

Planktothrix and colonial diatoms while the genera Planktolyngbya 

increased with higher TP.  This is consistent with my study where higher 
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nutrient concentrations coincided with higher cell concentrations of 

Melosira spp. (a colonial diatom) and Planktothrix spp. at the upstream 

sites. Studies in Brazilian lakes have shown that the abundance of 

cyanobacteria is negatively associated with light availability, mixing and 

NO3/NO2 concentrations and positively associated with temperature 

(Huszar et al., 2000).  In three Texan (USA) lakes, cyanobacteria 

composition was positively associated with water temperature, pH and TP 

and negatively associated with light and NO3:TP ratios, while chrysophytes 

were negatively related to temperature, pH, soluble reactive phosphorus 

and TP (Huszar and Caraco, 2000). Villar-Argaiz et al., (2002) documented 

positive correlations between TDP and phytoplankton biomass in their 

study, as found in my study.   

 
The change in both phytoplankton composition and the physico-chemical 

parameters formed a distinct zonation pattern in the reservoir. The 

upstream sites (Sites 5 and 6) were classified as the riverine zone, the 

midstream sites (Sites 3 and 4) as the transitional zone and the downstream 

sites (Sites 1 and 2) as the lacustrine zone (Wetzel, 2001 and Scott et al., 

2009) (Table 3.14). Interestingly, the zonation in species composition is 

consistent with the zonation of reservoirs based on physical characteristics.  

 
Not many studies conducted in reservoirs compare the differences in the 

phytoplankton dynamics found in these zones. Kimmel et al., (1990) 

suggested that phytoplankton production in reservoirs would be relatively 

low in the lacustrine zone due to nutrient limitation, highest in the 

transition zone where nutrient and light availability is the highest and 

again low in the riverine zone due to light limitation. However, in my study 

the nutrient availability and chlorophyll a concentration was the highest in 

the riverine zone. The phytoplankton cell concentration and diversity were 

the highest in the transitional zone of the reservoir, as found also by 

Nogueira (2000). Similar to my study, Scott et al., 2009, in their study of 

three Texan (USA) reservoirs, found that the riverine zone had the highest 

chlorophyll a concentrations. They also found that the transition zone had a 

higher rate of N-fixation, however, my study showed that this zone had the  
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Table 3.14 The three zones in the longitudinal gradient of a reservoir, their characteristics and phytoplankton community composition 
studying Wivenhoe reservoir. 
 
Zone Physical 

characteristics and 
water quality 
parameters 

Nutrient 
concentrations 

Phytoplankton composition  
(and genera that may dominate) 

Correlations with 
phytoplankton 
composition 

 Lacustrine 
(downstream) 

Deep water column, 
higher euphotic depth 
than upstream, stable 
conductivity, DO and 
pH, low turbidity, 
long water residence 
time 

TN and TP and 
chlorophyll a 
concentrations lowest in 
the reservoir 
High TDP and FRP at the 
bottom 

High abundance of filamentous (trichome) 
and chroococcales cyanobacteria 
(C. raciborskii, Aphanizomenon, 
Planktolyngbya limnetica, Aphanocapsa, 
Aphanothece, Monoraphidium, Acanthoceras) 
 

Site depth, 
conductivity, water 
temperature, TSS 
and TP and 
NO3/NO2 
concentrations 

Transitional 
(midstream) 

High conductivity and 
DO, variability in 
depth of water column  

NO3/NO2 concentrations 
high at surface and 
bottom 
TN, TDN, DIN 
concentrations at the 
bottom highest in 
reservoir 

High phytoplankton cell concentration and 
mixed phytoplankton community 
(Pseudanabaena limnetica, Merismopedia, 
Spirulina laxissima, Woronichia, 
Aphanocapsa, Cyanodictyon, Aphanothece, 
Cyanocatena, Aulacoseira, Peridinium) 
  

Site depth, 
conductivity, water 
temperature, 
turbidity, TSS, FRP, 
TDN and DON 
concentrations  

Riverine 
(upstream) 

Shallow water column 
and euphotic depth, 
SML extends to the 
bottom of the water 
column, highly 
variable conductivity, 
DO concentrations 
and pH, high turbidity 
and TSS 
concentrations  

High concentrations of 
TN, TP, TDP, PN, PP, 
DIN 
Nutrient concentrations 
at bottom similar to 
surface concentrations 
TN:TP near 21 
Chlorophyll a 
concentrations in 
hypereutrophic range 

High abundance of chroococcales 
cyanobacteria 
Diatoms and euglenoids have high numbers 
and biovolume  
(Anabaena, Aphanocapsa, Cyanocatena, 
Cyanodictyon, Planktothrix, Melosira, 
Cyclotella, Scenedesmus, Carteria, 
Cryptomonas) 

Conductivity, TDN, 
DIN, ammonia and 
TDP (and maybe 
euphotic depth) 
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highest N concentration and N-fixing species such as C.raciborskii, 

Aphanizomenon spp. were more abundant in the lacustrine zone.  
 
When there was a significant inflow from upper Brisbane River, the 

phytoplankton composition remained unchanged even though the cell 

concentration decreased temporarily in the riverine zone of the reservoir. 

This showed that either the nutrient inputs from upstream Somerset 

reservoir were having an effect, or that internal recycling of nutrients was 

providing the nutrient sources.  

 
Although physico-chemical parameters, such as the depth of the water 

column, water temperature, conductivity, turbidity, total suspended solids 

(TSS) and total dissolved nitrogen significantly correlated with the 

phytoplankton assemblage of the reservoir as a whole, the zonation pattern 

was also important as the correlating factors that worked in synergy to 

promote the phytoplankton growth and composition varied at each site and 

in each zone. Lind et al., 1993 suggested that the transition zone may be at 

the highest risk of experiencing water quality problems because of the 

variable physico-chemical factors. 

 
Species dominating by cell concentrations in the Wivenhoe reservoir were 

not necessarily dominant by biovolume. Even though cyanobacteria had 

high cell concentrations, other groups, especially the diatoms tended to 

dominate by biovolume. The surface/volume ratio of a cell affects the rate at 

which dissolved substances are transported in and out of a cell. Smaller cells 

have large surface areas and therefore a higher surface area/volume ratio 

enables them to take up nutrients more rapidly than cells that have lower 

surface area/volume ratio (Agusti and Kalff, 1989). Therefore, smaller celled 

species can outcompete larger celled species in low nutrient environments 

(Litchman et al., 2010). In four Spanish reservoirs it was observed that 

under decreased availability of nutrients and higher light extinction 

coefficients (Kd), phytoplankton that had shapes with a higher 

surface/volume ratio dominated (Caputo et al., 2008). This could be the 

likely reason why my study found a high cell concentration of small 
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cyanobacterial chroococcales genera such as Aphanocapsa spp., Aphanothece 

spp., Cyanodictyon spp., Cyanocatena spp., Cyanonephron spp., Cyanogranis 

spp. at all of the sites. However, their actual contribution to the biomass 

was very small. Little is known about the ecology of these species.  

 
In comparison, the toxic cyanobacterium C. raciborskii cell is typically 2.0 to 

8.5µm in length and 2.5 to 4 µm in breadth therefore contributing 

substantially to the phytoplankton biomass. C.raciborskii is capable of a 

high affinity, high storage capacity and rapid response to P pulses giving it 

a competitive advantage (Isvánovics et al., 2000; Posselt et al., 2009). It also 

has a flexible strategy for N, being able to utilise DIN when available and 

able to switch to N fixation as required (Burford et al., 2006). It is not 

limited by light, as it is able to regulate its buoyancy into the euphotic zone, 

and it is capable of growing well under low light conditions (O’Brien et al. 

2009; Kehoe, 2010). Stratified eutrophic lakes, such as the one in my study, 

typically are comprised of N-fixing taxa, including Anabaena and 

Aphanizomenon (Paerl et al., 2001). Oscillatoriales cyanobacteria such as 

Planktothrix spp., Pseudanabaena spp. and Planktolyngbya spp. can attain 

high biomass as they have the ability to maintain net growth at low 

underwater irradiance (van Duin et al., 1995). The above genera have 

elongated cells and this shape is able to take up more nutrients in stagnant 

water than spherical cells of equivalent volume due to a higher surface-

volume ratio (Pahlow et al., 1997). This may be the reason why in my study 

that there was a dominance of genera like Planktothrix upstream, and 

Pseudanabaena and Planktolyngbya downstream by cell concentration or 

biovolume.  

 
The upstream site, Site 6 had the highest phytoplankton biomass and had a 

higher cell concentration of diatoms. This may be because the water column 

at Site 6 was regularly mixed and diatoms require mixing to maintain 

themselves in the euphotic zone (Rhew et al., 1999). Studies in Jurumirim 

reservoir (Brazil) showed high growth of the diatom, Aulacoseira in spring 

in the upstream sites (Nogueira, 2000). Large cells may be further 

advantaged, due to their size and to the presence of vacuoles, as they can 
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increase their nutrient storage capacity during fluctuating nutrient 

conditions (Grover, 1991). However, P storage capacity does not respond 

rapidly to P fluctuations compared to N in diatoms (Litchman et al., 2009). 

 
Based on Reynolds et al., (2002), the phytoplankton genera in my study 

were characterised into their functional groups where possible. Results from 

this study have been used to build on the existing classification information 

(Table 3.15). There is very little published literature on the ecology of some 

of the numerically dominant cyanobacterial genera/species in this study and 

their ecological significance in an ecosystem.  Therefore an attempt has been 

made to match the sensitivities and tolerances of the phytoplankton 

genera/species to the physicochemical variables measured in this study. The 

criteria of Reynolds et al., (2002) used in Table 3.15 were N and P 

concentrations and the SML. Other criteria such as water temperature were 

omitted as temperatures were never close to the 80C threshold. Light 

availability, silica, CO2 concentrations, and grazing pressure were also 

omitted due to insufficient information.  

 
Most species in this study were tolerant to mixing, while some were more 

sensitive to stratification, low DIN, TDP and FRP concentrations or low 

temperature and conductivity. The mixing thresholds generally seemed to 

be consistent in my study, however, the N and P thresholds did not seem 

appropriate for many of the species in this study. Even though the nutrient 

concentrations in the reservoir were low, especially P, many genera/species 

showed tolerance to this condition and were present in high concentrations.  

The thresholds seemed more appropriate for some species of chlorophytes 

and diatoms. Therefore, the nutrient thresholds, as characterised by 

Reynolds et al., (2002), may not be appropriate in eutrophic subtropical 

reservoirs where cyanobacteria dominate in high numbers, even with low 

nutrient concentrations. This study also contributes new information about 

species previously not characterised by Reynolds et al., (2002) including 

Carteria spp., Cyanodictyon spp., Cyanocatena spp., Cyanogranis spp., 

Cyanonephron spp., Geitlerinema spp. and Myxobaktron plankticus.    
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Table 3.15 Responses to habitat properties of functional groups of commonly 
occurring phytoplankton in subtropical reservoirs (adapted from Reynolds et al., 
2002) Note: no bracket symbols denotes Reynolds et al.’s 2002 original text, symbols 
in brackets (+) denote findings of this study. 
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Anabaena spp. H1/ 
H2 

+ (+) - (+) + (+) Stratification Mixing, 
low 
temperature, 
high turbidity 
and TSS 

Aphanizomenon  spp. H1 + (+) - (+) + (+) Low [N] and 
TDP 

  

Aphanocapsa  spp. K + (+) - (+) + (+)  Low TDN 

Aphanothece  spp. K + (+) - (+) + (+) Low 
nutrients 

 

Aulacoseira spp. B -  (+)   + (-) -  (+) Mixing Deep 
stratified 
waters 

Carteria spp.    Nd 
   (+) 

 Nd 
   (-) 

  Nd 
   (-) 

Mixing Low DOP, 
high Zeu 

Chroomonas spp. Y* + (+) - (+) - (+)     
Coelastrum spp.  J + (+) - (+) - (+)  Low DO, high 

SML 
Cyanocatena  spp. K* + (+) - (+) -  (-)  Low TDP and 

DOP, low DO, 
low 
conductivity, 
stratification 

Cyanodictyon  spp. K* + (+) - (+) -  (+) Mixing Low TDP and 
DO 

Cyanogranis spp. K* + (+) -  (+) -  (+) Stratification Mixing 
Cyanonephron spp. K* + (+) -  (-) -  (-) Mixing Stratification 
Cyclotella spp. A -  (+) + (+) + (+) Low 

nutrients 
 

Cylindrospermopsis 
raciborskii 

SN + (+) -  (+) + (+)  Low 
temperature 

Geitlerinema spp.  Nd 
   (+) 

Nd 
   (-) 

 Nd 
  (-) 

Mixing Low DIN 
(NO3/NO2 and 
NH4), TDP, 
DOP and 
high Zeu 

Melosira  spp. B/C?* -  (-) +/-  
     (-) 

-  (-) Mixing Stratification, 
low DIN, 
TDP and 
FRP,  high 
conductivity 
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and Zeu 
Merismopedia 
punctata 

LO + (+) + (-) - (-) Mixing Low DIN, 
TDP and 
temperature 

Merismopedia  spp. LO + (+) + (+) - (+) Low TDP Mixing 
Monoraphidium  spp. X1 + (+) -   (-) - (-)  Mixing 
Myxobaktron 
plankticus 

  Nd 
   (+)   

 Nd 
    (-) 

Nd 
   (-)  

 Low 
temperature,  
mixing 

Planktolyngbya  
limnetica  

R* + (+) -  (+) - (+) Mixing Low 
temperature 

Planktolyngbya  
minor 

R* + (+) -  (+) - (+) Mixing Low 
temperature 
and 
conductivity 

Planktothrix spp. S1/R?
* 

+ (+) -  (-) - (-) Mixing   

Pseudanabaena 
galeata 

S1 + (+) - (+) - (+)  Low NO3/NO2 

Pseudanabaena  
limnetica 

S1 + (+) - (+) - (+)  Low 
temperature  

Pennate diatoms D* + (+) - (+) - (-) Mixing Low DIN, 
TDP, DOP 
and 
temperature, 
high Zeu,  

Peridinium spp. L0 + (+) - (-) - (-)  Low TDP and 
DON, low 
temperature, 
high Zeu 

Scenedesmus spp. J + (+) - (-) - (-)  Low DIN, 
TDP and 
DOP, high Zeu 

Spirulina laxissima S2 + (+) - (+) - (+)  Low 
temperature 
and 
conductivity 

Trachelomonas spp. W2 + (+) - (-) - (-)  Low FRP, 
TDP and 
temperature, 
high Zeu 

Urosolenia spp. A -  (+) + (+) + (+)   
 
Key:  (+) denotes tolerance or organism does well 

(-) denotes sensitivity 
(+/-) denotes some species in the association are tolerant 
(?) denotes unsure of tolerance 
SML - surface mixed layer from the surface, m 
[P]- concentration of FRP, in mol L-1  ( 10-7 mol L-1 = 0.003 mg L-1) 
[N]- concentration of DIN, in mol L-1 ( 10-6 mol L-1 = 0.014 mg L-1) 
Nd- no data available   
* assumed to be in this group 
 



 

124 
 

 

In conclusion this study highlights that the key factor driving the 

phytoplankton biomass and species composition is likely to be the nutrient 

availability, which itself is dependant on the depth of the water column. It is 

proposed that at shallow sites, whose SML extends to the bottom of the 

water column, become mixed and therefore that the nutrients from the 

bottom become available throughout the water column for uptake by 

phytoplankton. Additionally this study identified a similarity between 

reservoir zones based on physical parameters and phytoplankton species 

composition. 
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CHAPTER 4- NUTRIENT LIMITATION 

 

4.1 INTRODUCTION 
 
Factors like light, nitrogen (N), phosphorus (P) and trace elements 

commonly regulate primary production in phytoplankton (Sommer, 1989; 

Litchman et al., 2003).  Nutrient limitation is prevalent in many aquatic 

systems where many freshwater bodies tend to be P-limited or N-limited. A 

molar ratio of TN:TP around 16 is favourable for phytoplankton growth 

(Reynolds, 1984). Aquatic ecosystems with a N:P ratio (molar) < ≈ 10 are 

considered to be N-deficient, whereas those with N:P ratios (molar) > ≈ 20 

are considered to be P-limited (Grayson et al., 1997). 

 

The traditional P-limitation paradigm suggests that phytoplankton 

production in freshwater bodies is more likely to be controlled by phosphate 

than nitrogen availability (Vollenweider, 1968; Dillon and Rigler, 1974; 

Schindler, 1977). This paradigm was developed by limnologists in North 

America studying temperate lakes (Schindler, 1974; 1977). However, studies 

from tropical latitudes found that N was more likely to be limiting (Vincent 

et al., 1984; Wurtsbaugh et al., 1985; Dávalos et al., 1989). Contrary to the 

concept of single nutrient limitation, the concept of N and P co-limitation 

has been put forward by various researchers (Lewis Jr and Wurtsbaugh, 

2008; Sterner, 2008). Co-limitation of N and P was found in Lake Pátzcuaro 

in Mexico (Bernal-Brooks et al., 2003),  in 63% of 30 small upland lakes in 

Cumbria, Wales, Scotland and Northern Ireland (Maberly et al., 2002), in 

two warm temperate Texan reservoirs (Sterner and Grover, 1998; Grover et 

al., 1999)  and some Kansas, USA reservoirs (Dzialowski et al., 2005). 

 

Moreover, spatial and temporal variation in nutrient limitation can occur 

within the same water body (Phlips et al., 1993; Havens, 1994). To identify 

clearly the limiting nutrient controlling aquatic primary productivity in 

freshwater bodies it requires a case by-case investigation (Bernal-Brooks et 

al., 2003). 
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Previous studies in Wivenhoe and other adjacent reservoirs have suggested 

that P limitation is more important in playing a role in phytoplankton 

growth (Burford and O’Donohue, 2006). This was based on low 

concentrations of available P. N limitation was less likely to be important as 

the phytoplankton biomass in the reservoir were dominated by Nostocales 

cyanobacteria which have specialised cells that fix N (Burford et al., 2006; 

Chapter 3 of this thesis). However, nutrient concentrations may give a false 

impression of limitation and manipulative experiments may provide more 

insights. 
 

Bioassays are experiments designed to determine the effect of a particular 

substance on an organism. Nutrient addition bioassays for aquatic systems 

are helpful in assessing nutrient limitation (e.g. N, P or micronutrients) in 

the water body, and to measure the response of phytoplankton communities 

when a nutrient concentration is increased.  

 

This study used nutrient addition closed bottle bioassays to ascertain 

nutrient limitation along the longitudinal gradient in Wivenhoe reservoir. 

The study was done to determine whether P or N or N+P both co-limit the 

phytoplankton productivity at different sites in the reservoir. 
 
 

4.2 MATERIALS AND METHODS 

4.2.1 Study site, experimental setup and data analysis 
 
The nutrient enrichment experiment was undertaken in closed bottles 

under controlled light and temperature settings. In August, November and 

December 2007, 0-3 m depth integrated samples of water were collected 

from 4 sites in Wivenhoe reservoir (Fig. 4.1) in acid washed 5 L buckets and 

transported to the laboratory. The samples were kept in the dark and cool 

during transportation. Upon arrival at the lab the samples were 

immediately distributed into 375 mL sterile clear plastic bottles. Each site 

had 3 replicate bottles each for control, phosphorus (P add), nitrogen (N add) 

and N+P addition respectively making it a total of 12 bottles for each site. 2 
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x 10 mL samples were taken for each site from the buckets and kept aside in 

the dark for measuring the background photosynthetic yields using a 

PHYTOPAM (Walz). 

 

                               
Figure 4.1 Wivenhoe reservoir showing the four sites where the water samples 
were taken for the study with site 1 at the dam wall (Map courtesy of G.Curwen)  
 

Nutrients were added in the following concentrations: 

N = 0.07 ml of NH4Cl solution, i.e. 70 μM N was added 

P = 0.02 ml of KH2PO4 solution, i.e. 2 μM P was added 

The nutrient concentrations added were in excess of what was available in 

the water column at the time of sampling (N ~60 times more and P~20 

times more than background concentrations). 

 

After the nutrients were added, the bottles were inverted gently a few times 

and placed on a light box (12L:12D) in a controlled temperature room. The 

temperature of the control room was set at the mean temperature measured 

at the surface of the water column in the reservoir at the time of sampling; 
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• August 20 ± 2 oC 

• November 24 ± 2 oC 

• December 27 ± 2 oC 

The bottles were retrieved after 24 and 48 h, kept in the dark for at least 20 

min before photosynthetic yield (activity) was measured using a 

PHYTOPAM (Heinz Walz GmbH, Germany) (Ganf and Rea, 2007). The 

PHYTOPAM is a pulse-amplitude modulation fluorometer. The total 

photosynthetic activity is calculated using the fluorescence measurements 

before and after a saturation pulse of light. A one-way ANOVA with a post-

hoc test was performed on the data to test for statistical differences between 

the treatments using the statistical program SPSS (Version 17).   A 

Spearmans rank correlation was also performed using SPSS to see the 

correlation between the yields and the nutrient concentrations.                           
 

4.3 RESULTS 
 
4.3.1 Nutrient concentrations in the reservoir 
 
The nutrient concentrations in the reservoir increased from the dam wall 

towards upstream (Table 4.1). Phosphate concentrations (FRP) and 

dissolved organic phosphorus (DOP) were below or near the detection limit 

of 0.002 mg L-1 for all the three months. In August (winter) the 

concentrations of dissolved inorganic nitrogen (NO2/NO3 + NH4) were higher 

than the summer concentrations while the dissolved organic nitrogen (DON) 

concentrations were similar at all sites in summer (Table 4.1). Site 4 

upstream had significantly higher TN, TP and NO2/NO3 concentrations than 

the downstream sites 1 and 2 (p<0.05). The TN:TP ratios are greater than 

the Redfield ratio (Redfield, 1958) of 16, and higher in winter than in 

summer (Table 4.1). There was a 7 0C difference in the mean water 

temperature at surface of the water column between the winter and the two 

summer months (Table 4.1). 
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Table 4.1 Mean nutrient concentrations (mg L-1) at the surface (0-3m) of the water 
column at the 4 sites in Wivenhoe reservoir. n/a= not available 
 

Month Site Water 
temp 
(0C) 

TN 
(mg L-

1) 

DON 
(mg L-1) 

NO2/NO3 
(mg L-1) 

NH4 
(mg L-

1) 

TP 
(mg L-

1) 

DOP 
(mg L-1) 

FRP 
(mg L-1) 

TN:TP 
 

August 1 18.0 0.540 n/a 0.031 0.022 0.020 n/a < 0.002 60 
 2 18.0 0.690 n/a 0.044 0.023 0.030 n/a < 0.002 51 
 3 18.0 0.810 n/a 0.130 0.150 0.021 n/a < 0.002 85 
  4 18.0  0.920 n/a  0.089  0.220  0.047 n/a 0.003 43 
November 1 23.8 0.455 0.352 0.016 0.006 0.021 0.003 < 0.002 49 
 2 25.6 0.490 0.377 0.009 0.004 0.023 0.004 < 0.002 48 
 3 24.7 0.555 0.353 0.039 0.003 0.031 0.004 < 0.002 40 
  4 24.9 0.795 0.390 0.144 0.006 0.036 0.003 0.003 49 
December 1 25.3 0.475 0.350 0.006 0.003 0.020 0.002 0.002 54 
 2 24.9 0.480 0.355 0.010 0.014 0.020 0.002 0.002 53 
 3 26.2 0.655 0.365 0.008 0.012 0.034 0.003 0.002 43 
  4 25.8 0.825 0.312 0.160 0.013 0.045 0.003 0.002 41 

 
 

4.3.2 Photosynthetic yields 
 
In the winter month of August, the photosynthetic yield of water samples at 

the dam wall was 0.59 ± 0.01 and this increased towards upstream with site 

4 having the highest background yield i.e. 0.65 ± 0.01 (Fig. 4.2).  There was 

no significant difference observed in the photosynthetic yield of algae with N 

and P addition after 24 h and 48 h incubations (Fig. 4.3, Table 4.2). In fact 

in a couple of sites a lower yield was recorded.  
  

In November, the background photosynthetic yields were similar to August 

with site 1 having 0.53 ± 0.02, increasing upstream with site 4 having 0.66 ± 

0.01(Fig. 4.4). The interaction between site and treatment was significant 

(p<0.05). Addition of either N or P alone, or mixture of N and P resulted in a 

significant increase of the yields at the dam wall, however, at site 2, 

addition of P only had a significant effect (p<0.05) (Fig. 4.5 and Table 4.3). 

Further upstream, site 3 and 4 had increased yields with N only and N+P 

additions, with N+P having the highest yields (p<0.05) (Fig., 4.5, Table 4.3). 
 
In December (mid/peak summer), again there was a significant interaction 

between sites and treatments (p<0.05). The background photosynthetic yield 

at site 1 was 0.57 ± 0.01 and increased upstream with site 4 having 0.72 ± 
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0.01(Fig. 4.6). At site 1, the N addition and N+P addition treatments had 

lower yields than the control in 24 h incubations, but after 48 h, N+P had 

the highest yields (Fig. 4.7 and Table 4.4). At site 3, N addition and N+P 

treatments had higher yields while nutrient addition had no significant 

effect on the yields at site 2 and 4 (p<0.05). At the downstream sites N+P 

addition tended to have a higher yield than all the other treatments (p< 

0.05). P addition treatment yields were frequently lower than the control or 

other treatments at all sites (Fig. 4.7) 
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Figure 4.2 Mean (± SD) background yield of the water samples from 4 sites in 
Wivenhoe reservoir before the experiment in August 2007 
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Figure 4.3 Mean (± SD) yields of the control and nutrient treatments after 24 and 
48 h incubations in August 2007 
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Table 4.2 Results of One-way ANOVA performed on yields of the control and 
nutrient treatments sampled after 24 and 48 h incubations in August 2007 
(p<0.05). ns = non significant 
 
Site 24 h incubations 48 h incubations 
1 ns (all treatments) ns (all treatments) 

2 P add < Control 
N+P < Control  
 

ns (control and treatments) 
N add, P add > N+P 

3 P add < Control 
N add < Control 
N+P < Control  
 

P add > Control 
N+P < Control 
 

 
4 ns (all treatments) ns (all treatments) 
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Figure 4.4 Mean (± SD) background yield of the water samples from 4 sites in 
Wivenhoe reservoir before the experiment in November 2007 
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Figure 4.5 Mean (± SD) yields of the control and nutrient treatments after 24 and 
48 h incubations in November 2007 
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Table 4.3 Results of One-way ANOVA performed on yields of the control and 
nutrient treatments after 24 and 48 h incubations in November 2007 (p<0.05) 
 
Site 24 h incubations 48 h incubations 
1 P add > Control  

N add > Control  
N+P > Control  

P add > Control  
N add > Control  
N+P > Control 
 

2 P add > Control  
 

P add > Control  
N+P > Control  

3 N add > Control  
N+P > Control  

N add > Control  
N+P > Control  

4 N add > Control  
N+P > Control  

N add > Control  
N+P > Control  
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Figure 4.6 Mean (± SD) background yield of the water samples from 4 sites in 
Wivenhoe reservoir before the experiment in December 2007 
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Figure 4.7 Mean (± SD) yields of the control and nutrient treatments after 24 and 
48 h incubations in December 2007 
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Table 4.4 Results of One-way ANOVA performed on yields of the control and 
nutrient treatments after 24 and 48 h incubations in December 2007 (p<0.05) ns = 
non significant 
 
Site 24 h incubations 48 h incubations 
1 P add = Control 

N add < Control 
N+P < Control 
 

P add < Control 
N add < Control 
N+P > Control 
 

2 N add < Control 
 
 

P add < Control 
N add > Control 
N+P > Control 
 

3 P add = Control 
N add > Control 
N+P > Control 
 

N add > Control 
N+P > Control 
P add < Control 

4 P add < Control 
N add and N+P = Control 
 

ns (all treatments) 

 
 

Photosynthetic yield in the treatments correlated positively (but weakly) 

with the NO2/NO3 concentrations (r2= 0.36, n=12, p<0.05), FRP 

concentrations (r2= 0.46, n=12, p<0.05), TN (r2= 0.64, n=12, p<0.05) and TP 

(r2= 0.37, n=12, p<0.05).  
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Table 4.5 Summary of significant increases in yields (in brackets) with N, P and 
N+P addition treatments at the different sites from Wivenhoe reservoir in August, 
November and December and their corresponding nutrient concentrations  
(n/a= not available, ns= treatments not significant) 
 
 Mon. Site 1 Site 2 Site 3 Site 4 

TN 

Aug 0.540 (ns) 0.690 (ns) 0.810 (P) 0.920 (ns) 

Nov 0.455 (N, P, N+P) 0.490 (P, N+P) 0.555 (N, N+P) 0.795 (N, N+P) 

Dec 0.475 (N+P) 0.480 (N, N+P) 0.655 (N, N+P)  0.825 

NO3/NO2 

Aug 0.031 (ns) 0.044 (ns) 0.130 (P) 0.089 (ns) 

Nov 0.016 (N, P, N+P) 0.009 (P, N+P) 0.039 (N, N+P) 0.144 (N, N+P) 

Dec 0.006 (N+P) 0.010 (N, N+P) 0.008 (N, N+P) 0.160 (ns) 

NH4 

Aug 0.022 (ns) 0.023 (ns) 0.150 (P) 0.220 (ns) 

Nov 0.006 (N, P, N+P) 0.004 (P, N+P) 0.003 (N, N+P) 0.006 (N, N+P) 

Dec 0.003 (N+P) 0.014 (N, N+P) 0.012 (N, N+P) 0.013 (ns) 

DON 
Aug n/a n/a n/a n/a 

Nov 0.352 (N, P, N+P) 0.377 (P, N+P) 0.353 (N, N+P) 0.390 (N, N+P) 

Dec 0.350 (N+P) 0.355 (N, N+P) 0.365 (N, N+P) 0.312 (ns) 

TP 
Aug 0.020 (ns) 0.030 (ns) 0.021 (P) 0.047 (ns) 

Nov 0.021 (N, P, N+P) 0.023 (P, N+P) 0.031 (N, N+P) 0.036 (N, N+P) 

Dec 0.020 (N+P) 0.020 (N, N+P) 0.034 (N, N+P) 0.045 (ns) 

FRP 

Aug < 0.002 (ns) < 0.002 (ns) < 0.002 (P) 0.003(ns)  

Nov < 0.002 (N, P, 

N+P) 

< 0.002 (P, 

N+P) 

< 0.002 (N, 

N+P) 

0.003 (N, N+P) 

Dec 0.002 (N+P) 0.002 (N, N+P) 0.002 (N, N+P) 0.002 (ns) 

DOP 
Aug n/a n/a n/a n/a 

Nov 0.003 (N, P, N+P) 0.004 (P, N+P) 0.004 (N, N+P) 0.003 (N, N+P) 

Dec 0.002 (N+P) 0.002 (N, N+P) 0.003 (N, N+P) 0.003 (ns) 

TN:TP 
Aug 60 (ns) 51 (ns) 85 (P) 43 (ns) 

Nov 49 (N, P, N+P) 48 (P, N+P) 40 (N, N+P) 49 (N, N+P) 

Dec 54 (N+P) 53 (N, N+P) 43 (N, N+P) 41 (ns) 

DIN:DIP 
Aug >59 (ns) >74 (ns) >310 (P) 228 (ns) 

Nov >24 (N, P, N+P) >14 (P, N+P) >46 (N, N+P) 111 (N, N+P) 

Dec 10 (N+P) 27 (N, N+P) 22 (N, N+P) 191 (ns) 

DON:DOP 

Aug n/a n/a n/a  n/a 

Nov 260 (N, P, N+P) 209 (P, N+P) 195 (N, N+P) 288 (N, N+P) 

Dec 387 (N+P) 393 (N, N+P) 269 (N, N+P) 230 (ns) 
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The nutrient concentrations and their molar ratios across the sites in the 

reservoir are highly variable, (Table 4.5). Despite this, nutrient limitation 

was evident in some sites. 
 

In summary, there were distinct differences in the nutrient concentrations 

between sampling occasions but no evidence of a downstream trend. In 

August, there was no response to nutrients. In November, the downstream 

sites responded to N or P or N+P, while the upstream sites only responded 

to N and N+P addition but not to P addition. In December, Site 1 responded 

to N+P addition after 48 h, while at Sites 2 and 3, N and N+P addition 

treatments were higher, but there was no difference in the yields at Site 4. 

Photosynthetic responses to nutrients were correlated with NO3/NO2, FRP, 

TP and TN. 
 
 

4.4 DISCUSSION 
 
The bioassay results show that phytoplankton are capable of responding to 

both N and P, and the response differs along the longitudinal gradient of the 

reservoir and by season in Wivenhoe reservoir. Addition of P stimulated the 

photosynthetic activity of phytoplankton. However an increased response in 

the N treatments indicates that it is likely there is N limitation too, and 

hence a higher cumulative effect of N and P in the N+P addition treatment.  

 

In winter, the water column was well mixed and bottom nutrients are 

available to the phytoplankton as documented in chapter 2.This may 

explain why the addition of nutrients in August did not result in any 

significant response. In summer, N-limitation was more prevalent in the 

upstream sites of reservoir, most likely due to low DIN concentrations at 

these sites.  

  

This study is consistent with other studies that indicate nutrient co-

limitation. Nutrient enrichment bioassay experiments from thirty small 

upland lakes in Cumbria, Wales, Scotland and Northern Ireland, showed 
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that there was a high frequency of N-limitation or co-limitation at high N:P 

ratios (Maberly et al., 2002). Similar results were reported from floodplain 

habitats in Croatia (Perŝić et al., 2009) and a river impoundment in USA 

(Bukaveckas and Crain, 2002). Co-limitation of N+P was evident in nutrient 

enrichment bioassay experiments from Lake Tanganyika, Africa (De Wever 

et al., 2008).  

 

Previous studies in Wivenhoe suggest that the reservoir is more likely to 

respond to the addition of P, due to a relatively high TN:TP ratio by mass 

(>16) (Burford and O’Donohue, 2006). However, this study indicates that 

there is also a response to N. Dzialowski et al., (2005) suggested that 

generally reservoirs were N limited if the water column had TN:TP ratios 

(molar) <18, co-limited by N and P if TN:TP ratios was between 20 and 46 

and P limited if TN:TP ratio >65. However, this is not the case in Wivenhoe 

reservoir, where N limitation was seen at sites with TN:TP molar ratios 

>40. Therefore assessing potential nutrient limitation by examination of 

nutrient mass ratios and concentrations may not be adequate in forming 

conclusions about nutrient limitation. Nutrient concentrations and their 

molar ratios were highly variable in the reservoir (Table 4.5), but the 

increased response of phytoplankton to the nutrient addition showed that 

the former two are not good indicators of the state of nutrient limitation in 

the cells.  

 

Ryding and Rast (1989) suggested that during the period of maximum algal 

biomass there is potential for P limitation, if the concentration of 

biologically available P is <5 µg L-1 , and N limitation if biologically 

available N is about 20 µg L-1, and co-limitation if both are less than the 

above concentration. Biologically available nutrients also include certain 

forms of DON and DOP. In P limited conditions, phytoplankton have been 

observed to use phosphatase enzymes to utilise certain forms of DOP 

(Bentzen and Taylor, 1991; Yelloly and Whitton, 1996). DON (urea and free 

amino acids), is also an important stimulant of phytoplankton productivity 
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(Présing et al., 2001; Berman and Bronk, 2003). Therefore, DOP and DON 

could also be potential drivers of phytoplankton growth. 

Our study showed that spatial and temporal variation in nutrient limitation 

can occur within the same waterbody. This is in consistent with other 

studies (Phlips et al., 1993; Havens, 1994; Lo´pez and and Da´valos-Lind, 

1998). Bukaveckas and Crain, (2002), reported that growth responses of 

phytoplankton were greatest at downstream sites and in late summer, and 

the inter-annual variation in nutrient limitation and primary production 

corresponded to differences in the timing of hydrological inputs and inflow 

of especially dissolved nutrients.  Characteristics like the nature of internal 

nutrient fluxes, underlying geological substrate in the catchment and 

reservoir, and biotic characteristics (shifts in phytoplankton composition 

due to nutrient limitation) could determine whether N or P was limiting 

(Grimm et al., 2003). This is the reason why the P-paradigm does not apply 

to all freshwater systems around the world. The paradigm was based on 

studies in regions with low P-parent geology and/or high N-loading from 

agriculture (Grimm et al., 2003). 

 
Another key reason for the differential impacts of nutrient limitation is that 

the growth response of phytoplankton is likely to be related to the 

community composition and competitive ability of species to make use of the 

nutrient inputs in waterbodies (Hecky and Kilham, 1988; Mitrovic et al., 

2001b; Burger et al., 2007). Rhee (1978) demonstrated that the optimal 

cellular N:P may be species-specific i.e. growth of different phytoplankton 

species may be limited by different nutrients.  Phytoplankton species occur 

in varying densities and the physiological requirements of individual species 

may play a role (Reynolds, 1998). Seasonal succession and varying 

phytoplankton cell concentrations could be likely reasons of differential 

responses in this experiment (results from Chapter 2).  

 

In Wivenhoe Reservoir, cyanobacteria are the dominant phytoplankton 

group by cell concentration and biomass (Burford and O’Donohue, 2006; 

Burford et al., 2007, Chapters 2, 3). Cyanobacteria are capable of “luxury” 

uptake of P and the Nostocales group have heterocytes which are specialised 
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cells that can fix atmospheric nitrogen. However, since nitrogen fixation is 

energetically expensive for the organism, biological available nitrogen, NH4 

followed by NO3 are the preferred forms for uptake as was found by Burford 

et al., (2006) in an adjacent reservoir, North Pine. The combination of the 

ability of cyanobacteria to store P internally, the ability to withstand low 

concentrations of external P, the ability to fix N when dissolved N 

concentrations are low makes it difficult to determine nutrient limitation 

without carrying out nutrient addition experiments in the particular 

waterbody. When doing nutrient addition experiments to elucidate the 

response of the phytoplankton community and hence to determine which 

nutrient is limiting, it is also important to see the response in terms of cell 

concentration and biomass of the species composition on a larger and a 

longer time scale.  Therefore Chapter 5 will use mesocosm experiments to 

test the response to N and P to address these issues. Mesocosms can be 

deployed in-situ to depict the environmental conditions (like light and 

temperature), have larger volumes than bottle bioassays and can be 

continued for a longer time period making them an ideal approach to carry 

out environmental field studies.  

 
The findings from this study indicate that there is likely to be a co-

limitation of N and P in Wivenhoe Reservoir, which appears to fluctuate 

seasonally and along the longitudinal gradient. N:P ratios did not give an 

accurate representation of limitation. Nutrient enrichment bioassays 

provide a potentially more meaningful tool. However, to determine if a 

photosynthetic yield response translates to increased growth, larger scale 

and longer term experiments are needed. This is addressed in Chapter 5 

which deals with N+P enriched mesocosm studies to investigate responses 

of the phytoplankton growth and species composition to nutrient 

enrichments. 

 
 
 



 

142 
 

CHAPTER 5- EFFECT OF NUTRIENT ADDITION ON 
FRESHWATER PHYTOPLANKTON BIOMASS AND 

COMPOSITION: A MESOCOSM STUDY 

5.1 INTRODUCTION 
 

With demand for drinking water increasing due to population growth and 

environmental constraints such as reduced rainfall in catchments, cities 

around the world are considering the option of using Potable Recycled Water 

(PRW) including two Australian cities, Adelaide and Brisbane. In south-east 

Queensland (SEQ), Australia it was proposed by the Queensland State 

Government to release PRW into SEQ's drinking water supplies as a part of 

an emergency drought response when SEQ's combined dam levels 

(Wivenhoe, Somerset and North Pine) fall to 40% (Queensland Water 

Commission, 2008).  

 
PRW is wastewater that has been treated through a 7-barrier process 

where, in addition to current wastewater treatment standards, the water is 

subjected to micro-filtration, reverse osmosis and advanced oxidation 

(Queensland Water Commission, 2008). However, this does not remove all 

the nutrients from the recycled water even though the concentrations are 

reduced. Once released into the reservoir, the PRW will get mixed with the 

reservoir water and follow the standard processes for water purification 

before being distributed to the consumers. This process is sometimes termed 

as planned Indirect Potable Use (IPU) or reservoir augmentation (Asano et 

al., 2007). 

 

Planned and unplanned IPU has existed around the world in several 

countries. Many cities have been using water from rivers that contain 

effluent discharged from upstream sewage treatment plants, e.g. River 

Thames upstream of London, Mississippi River in the United States. 

Nowadays, with planned treatment of wastewater, PRW is used for 

irrigation and drinking purposes although irrigation remains the popular 

choice (e.g. in Orange County USA, Upper Occoquan USA (Aquarec project), 
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Montebello USA, Singapore, Belgium and Essex, UK, Wadi Musa desert in 

Jordan, Tunisia, Australia etc). Singapore is planning to increase its 

proportion of PRW in the reservoir from 1% to 2.5% by 2011 

(http://www.pub.gov.sg/newater).  

 

The introduction of PRW will mean that the reservoir will have a continuous 

supply of nutrients into the reservoir compared to episodic runoff events, 

particularly in the wet summer months. Current estimates suggest that the 

phosphate concentration of PRW will be in the range of 0.01 to 0.02 mg L-1 

with nitrate/nitrite (NO3/NO2) concentrations about ten times of that of 

phosphate (seqwater, unpublished data). This is of concern because 

combined nitrogen plus phosphorus enrichments enhance phytoplankton 

growth more frequently than additions of nitrogen or phosphorus alone 

(Adame et al., 2008). 

 
Previous studies done on Wivenhoe reservoir indicate that the reservoir is 

phosphorus limited whereby phosphate concentrations near the dam wall 

are near or under the detection limit of 0.002 mg L-1 (Burford and 

O’Donohue, 2006; Burford et al., 2007 and Chapter 3).  Molar TN:TP ratios 

tend to be greater than Redfield’s ratio (Redfield, 1958). Work by the author 

has shown that the reservoir is dominated by cyanobacteria in terms of 

biomass and concentration and with potentially toxic species 

Cylindrospermopsis raciborskii, Anabaena circinalis and sometimes 

Microcystis aeruginosa are present (see Chapter 3). 

 

Shifts and species successions in phytoplankton communities of lakes and 

reservoirs have been documented widely around the world. The changes 

have been due to light conditions, nutrient concentrations and changes in 

the physico-chemical parameters. Nitrogen-limiting conditions favour N2-

fixing cyanobacteria only when sufficient light is available for their growth 

(in less hypertrophic waters) (Guildford and Hecky, 2000).Green algae and 

diatoms typically have the fastest growth and are likely to be promoted by 

nutrient inputs. 
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Even though PRW is being used world-wide there is little information on the 

inflow of nutrients and its effects on the phytoplankton population. One 

approach is to undertake in-situ experiments involving mesocosms. 

Mesocosms have been widely used in both the freshwater and marine 

environments to examine the effects of factors such as temperature, pH, 

nutrients (Villena and Romo, 2007) and grazing by mesozooplankton on 

phytoplankton.  

 

This study aimed to see the effect of daily additions of nitrogen and 

phosphorus on the phytoplankton biomass, in terms of chlorophyll a, using 

mesocosms in Wivenhoe reservoir. The hypotheses to be tested were, that 

nutrient inputs to the water column would:  

 increase the phytoplankton biomass, and that this response is 

quantifiable 

 cause a shift in the phytoplankton composition, e.g. cyanobacterial 

dominance would switch to chlorophytes (green algae) and 

bacillariophytes (diatoms) dominance 

 increase the dissolved phosphorus concentrations, which would 

selectively promote the growth of the toxic cyanobacteria 

C.raciborskii over other species 

 

5.2 MATERIALS AND METHODS 

5.2.1 Site 
The mesocosm experiments were setup near the dam wall of the Wivenhoe 

reservoir. For study site details refer to Chapter 1, Fig. 1.3.    

5.2.2 Experiment 
Experiment 1 was undertaken in January, 2008, and Experiment 2 in 

February 2008. The mesocosms consisted of 0.5m x 0.5m x 3m deep bags 

made of polyethylene sheeting. The plastic bags had their top ends sewn 

with cords onto square frames that were fitted to a poly-vinyl piping (PVC) 

structure for floating support (Fig. 5.1). The volume of the bags was 

approximately 1000 L and they were closed at the bottom therefore sealing 
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the bag and preventing any exchange of water between the ambient water 

column and water in the bags. Bird netting was put on top of the frames to 

prevent birds from sitting and defecating or disturbing the experimental 

setup (Fig. 5.2). 

                               
Figure 5.1 Mesocosm experimental setup 

                  
Figure 5.2 Mesocosm experiment closeup 

 

The experimental design for Experiment 1 had 4 treatments (3 replicates) 

and for Experiment 2 there were 3 treatments (4 replicates). The nutrient 

treatments had addition of phosphate (KH2PO4) and nitrate (NaNO3) to get 

a final concentration as outlined below: 

N+P0 (Control):  no PO4 and no NO3 addition 

N+P5: 5 µg L-1 PO4  : 50 µg L-1 NO3   

N+P10:10 µg L-1 PO4  : 100 µg L-1 NO3                    

N+P20: 20 µg L-1 PO4 : 200 µg L-1 NO3                    

N+P100:100 µg L-1 PO4  : 1000 µg L-1 NO3                                                                               
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Treatments in Experiment 1 in January 2008 were Control, N+P5, N+P10 

and N+P100 with three replicates of each while Experiment 2 in February 

had Control, N+P5 and N+P20 treatments with four replicate bags. N+P100 

treatments were used in the Experiment 1 to provide information about 

maximum phytoplankton responses to very high nutrient concentrations 

even though it was unlikely to have dissolved nutrient concentrations of this 

magnitude in the reservoir. Since there was accumulation of dissolved 

nutrients in the N+P100 treatments in Experiment 1, N+P20 was instead 

used in the second experiment. The number of treatments was decreased in 

the second experiment in order to increase bag replication from three to 

four. The added nitrate concentration of the PRW was ten times the 

concentration of phosphate hence the same ratio was maintained for the 

nutrient addition treatments.  

 

Both the experiments were run for 10 days (d). On Day 0, adjacent reservoir 

water was pumped into the mesocosm bags from a depth of 2-2.5 m using 

bilge pumps. Nutrients were added daily, after samples had been collected, 

then mixed gently with a secchi disk in the bags. Samples and profiles of 

physicochemical parameters were taken at approximately the same time 

(early morning) each day to minimise errors attributed to diel variation. 
 

5.2.3 Sampling 
Water samples were collected daily with a 3 m long depth-integrated 

sampler from the mesocosms and from the adjacent reservoir water. All 

equipment used for sample collection was rinsed with ambient water first to 

avoid cross-contamination with higher nutrient treatments. The entire 

water volume of the integrated sampler was mixed by pouring the water 

sample into a pre-rinsed bucket before subsamples were taken for analysis. 

Care was taken not to contaminate the leftover water in the bucket as it was 

put back into the mesocosms to minimise the reduction in mesocosm 

volume.  
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Subsamples were taken for  

 nutrients 

- total nitrogen and phosphorus 

- total dissolved nitrogen and phosphorous 

- dissolved nutrients (phosphate (PO4), ammonia (NH4) and 

nitrate/nitrite (NO3/NO2)) 

 phytoplankton biomass (chlorophyll a)  

 phytoplankton cell counts  

The methods outlined in Chapter 3 section 3.2 were followed to collect the 

nutrient and phytoplankton samples. 

 

Physical parameters i.e. water column temperature, dissolved oxygen 

concentration, pH, conductivity and turbidity, were measured daily with a 

water quality monitoring multiprobe meter (YSI 6920 Sonde) in the surface 

waters in the mesocosms and adjacent water (Amb) before mixing the 

nutrients in the mesocosms. The probes were checked and calibrated every  

5 d.  

 

Daily photosynthetically active radiation (PAR) penetration in the water  

column was recorded with a 4 pi spherical light sensor (LI-COR, 1400) from 

0 to 3 m at 0.2 m intervals for the first metre and then for every metre until 

3 m. Secchi disk depth (Zsd) was also recorded. The euphotic depth (Zeu), the 

depth at which 1% incident light remains for photosynthetic activity 

(Koenings and Edmundson, 1991) was calculated for the reservoir from the 

light sensor data (PAR) as outlined in section 3.2.2.6 using Equations 3.1 

and 3.2.  

 

To calculate Zeu from Zsd, the following Equation 2.1 (Burford et al., 2007) 

was used  

         Zeu (m) = Zsd (m) * 1.8 
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5.2.4 Sample analysis and data collection 

5.2.4.1 Chlorophyll a and nutrients 
Methods outlined in the Materials and Methods of Section 3.2 (Chapter 3) 

were used for the analyses of nutrient and chlorophyll concentrations.  

5.2.4.2 Cell Enumeration  
A Sedgewick-Rafter (S-R) counting chamber (GRATICULES) was used for 

the counting. After gently inverting the preserved sample 10-20 times to 

thoroughly mix it, a wide bore plastic disposable pipette was used to 

dispense about 1 mL of the sample/diluted sample into the counting 

chamber (DNRM, 2008). Care was taken not to overfill the cell. The 

counting chamber was left for 20 min to allow settling of the sample before 

counting. If the cell concentration of the original sample was too high for 

accurate counting, the sample was diluted accordingly prior to counting 

after mixing it thoroughly. 

 

Using a compound microscope (LEICA DM 4000) the samples were counted 

at 400x magnification on phase contrast. Squares in the counting chamber 

were randomly selected, taking care not to count cells near to the edge of the 

chamber and therefore avoid accumulation errors. Counting was done in 40 

squares at high power and the counting chamber was scanned for up to 200 

squares at low power to note any less abundant phytoplankton. 

Phytoplankton cells, colonies and filaments crossing/overlapping the upper 

and right hand boundaries of the S-R chamber were included in the counts 

(Woelkerling et al., 1976). Counting was stopped for the most common taxa 

after a minimum of 23 units (trichomes/filaments or clumps) was counted 

(DNRM, 2008). Three replicates of each sample were counted where the 

counting error with a 95% confidence limit was kept within 30% of the 

results obtained (Hotzel and Croome, 1999).  

 

Cells were identified based on texts for keys, diagrams and description 

(Prescott, 1961; Baker and Fabbro, 1997; Enwistle et al., 1997; McGregor 

and Fabbro, 2001 and http://www.rbgsyd.nsw.gov.au). Samples were also 
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examined separately at 400x or 1000x magnification prior to counting to 

provide a preliminary identification of the dominant phytoplankton.  

 

The formula used for calculating units or cells mL-1 from raw counts was 

C =   N * 1000 

                   S                 (Equation 5.1) 

where  C is the concentration of phytoplankton units or cells 

            N is the number of units counted 

            S is the number of squares counted in the counting chamber 

 
To calculate cells mL-1 from units mL-1, published literature and mean cell 

counts from the sample were used in conjunction. The number of cells per 

unit from the samples was determined from a minimum of 30 units for the 

particular genera/species, and a mean and standard deviation was obtained. 

 

5.2.5 Growth rate 
The growth rate (µ, d -1) of the phytoplankton group/genera/species was 

calculated using the following formula from Sterner et al.,1998  

                     µ = ln Nx – ln Ny        (Equation 5.2) 

                                     z 

where Nx and Ny are phytoplankton cell concentrations (cells mL-1) on Day x 

and Day y 

            z is the number of days between x and y 

 

5.2.6 Bioassay and photosynthetic yields  
Nutrient addition bioassays were carried out on the ambient surface water 

taken adjacent from the mesocosm (Amb). Treatments included Control, N 

addition, P addition and N+P addition.  

 Nutrients were added in the following concentrations: 

N = 0.07 ml of NH4Cl solution, i.e. 70 μM N was added 

P = 0.02 ml of KH2PO4 solution, i.e. 2 μM P was added 
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Methods outlined in Chapter 4.2 were followed for incubation and yield 

reading. Incubation was carried out for 24 hours at 26 ± 2 0C. 

 

To see the photosynthetic response of the phytoplankton to nutrient 

addition in the mesocosm experiment, daily photosynthetic yields were 

measured using the PHYTOPAM for samples taken from all the treatments 

in the mesocosm experiment and the adjacent reservoir water (Amb) for the 

two experiments. 

  

5.2.7 Statistical analysis 
A One-way ANOVA was performed using the statistical program SPSS to 

see the effects of the treatments on the phytoplankton concentration. Where 

significant, a Bonferonni’s test was used as a post hoc test to see which 

treatment had the more pronounced effect. Where there was no 

homogeneity of variance and the data did not follow a normal distribution 

pattern, it was transformed (most frequently logarithmic transformed) 

before being used for the analysis. The same steps were followed while 

performing statistical analyses on the physico-chemical parameters. 

 

5.3 RESULTS 

 

5.3.1 Phytoplankton Biomass 
In Experiment 1, an increase in all the chlorophyll a concentrations was 

observed in the nutrient addition treatments one day after starting the 

experiment (Fig. 5.3). The maximum increase was seen by Day 5 or 6 after 

which the chlorophyll a concentration plateaued or variability increased 

among the replicates, especially with high nutrient addition treatments e.g. 

N+P100. N+P100 had the highest chlorophyll a concentrations which 

peaked at 100 µg L-1 by Day 5 during the 10 d experiment. There was no 

significant difference between the chlorophyll a concentrations of N+P10 

and N+P100 treatments by the end of 10 d, but these were significantly 

higher than N+P5 and the control treatment concentrations (p<0.05). 
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Additionally, there was no difference between the  chlorophyll a 

concentration in the control and N+P5 treatments and between the control 

and the adjacent surface water of the reservoir at the end of the 10 d 

(p<0.05).  

 

Similarly, in Experiment 2 the chlorophyll a concentrations again peaked by 

Days 5 - 6 and the concentrations in the nutrient addition treatments were 

again higher than control, with N+P20 having the highest concentration 

reaching up to 80 µgL-1 (p<0.05) (Fig. 5.4).          
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Figure 5.3  Mean (+ SD) Chlorophyll a (µg L
-1

) concentrations for N+P5, N+P10, 
N+P100, control and the adjacent surface water (Amb) of the reservoir in 
Experiment 1 (n = 3) 
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Figure 5.4   Mean (+ SD) Chlorophyll a concentrations (µg L

-1
) for N+P5, N+P20, 

control and the adjacent surface water (Amb) of the reservoir in Experiment 2 
(n=4) 
 

In both of the experiments by the end of the 10 d, the chlorophyll a 

concentration of the higher nutrient treatments N+P20 and N+P100 were 

similar, i.e.  80-100 µg L-1.  However, there was a difference in the 

chlorophyll a concentration of the two N+P5 treatments. In Experiment 2, 

N+P5 (~50 µg L-1) concentrations were twice that of Experiment 1 N+P5 

(~25 µg L-1). 
 

5.3.2 Phytoplankton cell concentration and composition 

5.3.2.1 Total phytoplankton cell concentration 
In both of the experiments, the nutrient addition increased cell 

concentrations compared to the control and ambient water.  In Experiment 

1, by Day 4, phytoplankton cell concentrations in N+P10 (777 780 ± 111 310 

cells mL-1) and N+P100 (766 395 ± 190 895 cells mL-1) were significantly 

higher than the control (259 445 ± 30 535 cells mL-1) and the adjacent 

reservoir water (216 500 ± 5800 cells mL-1 ) cell concentrations (Fig. 5.5). 
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N+P5 cell concentrations (396 750 ± 208 950 cells mL-1) were similar to all 

treatments and the reservoir water.  

 

By Day 10, only N+P10 had a significantly higher phytoplankton cell 

concentration (1 328 665 ± 129 635 cells mL-1) compared to all of the other 

treatments and the adjacent reservoir water (p<0.05). N+P10 showed a 

consistent significant increase in cell growth from Day 0 (398 585 ± 16 435 

cells mL-1) to Day 4 (777 780 ± 111 310 cells mL-1) through to Day 10 (1 328 

665 ± 129 635 cells mL-1) (p<0.05) (Fig. 5.5).   

 

This was not quite the same for the other two nutrient treatments N+P5 

and N+P100. An increase in cell concentration was observed but it was not 

significant from Day 0 (398 585 ± 16 430 cells mL-1) to Day 4 (N+P5: 396 750 

± 208 950 cells mL-1, N+P100: 766 395 ± 190 895 cells mL-1) through to Day 

10 (N+P5: 792 000 ± 337 290 cells mL-1, N+P100: 629 500 ± 272 235 cells 

mL-1) (p<0.05) (Fig. 5.5). 

 

There was no highly significant difference in the phytoplankton 

concentration of the control treatments between Day 0 (398 585 ± 16 430 

cells mL-1), Day 4 (259 445 ± 30 535 cells mL-1) and Day 10 (385 500 ± 50 

910 cells mL-1) (p>0.01) (Fig. 5.5). A significantly lower phytoplankton cell 

concentration, however, was observed in the surface water of the reservoir 

(ambient) on Day 4 (216 500 ± 57 985 cells mL-1) and Day 10 (235 135 ± 20 

315 cells mL-1) compared to at the start of the experiment (398 585 ± 16 430 

cells mL-1) (p<0.05).  
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Figure 5.5   Mean (+ SD) total phytoplankton concentrations (cells mL-1) for N+P5, 
N+P10, N+P100, control and the adjacent surface water (AMB) from the reservoir 
in Experiment 1 on Day 0, 4 and 10 
 

Similarly, in Experiment 2, there was an increase in cell concentrations 

observed in the control and nutrient addition treatments. By Day 4, N+P5 (1 

080 880 ± 168 835 cells mL-1) and N+P20 (1 050 950 ± 124 695 cells mL-1) 

phytoplankton cell concentrations had increased from the original cell 

concentration of the reservoir water that was put into the mesocosms 

(p<0.05) (Fig. 5.6). In the whole experiment, N+P5 phytoplankton cell 

concentrations increased from 1 080 880 ± 168 835 cells mL-1 on Day 4 to 1 

860 835 ± 48 655 cells mL-1 on Day 10 (p<0.05) (Fig. 5.6). N+P20 though 

having lower cell concentrations than N+P5, still showed a significant 

increase from 1 050 950 ± 124 695 cells mL-1 on Day 4 to 1 390 280 ± 75 700 

cells mL-1 on Day 10 (p<0.05) (Fig. 5.6). There was no highly significant 

difference in the cell concentrations of the adjacent reservoir water and the 

control on Day 4 or 10 (p>0.01). 

 

On Day 4, N+P5 and N+P20 had similar phytoplankton cell concentrations 

to each other, but both concentrations were significantly higher than the 

control (547 640 ± 98 575 cells mL-1) and the adjacent reservoir water (327 
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835 ± 24 750 cells mL-1) on the same day (p<0.05) (Fig. 5.6). On Day 10, 

increase in cell numbers continued, however, a significantly higher cell 

concentration was observed in N+P5 (1 860 835 ± 48 655 cells mL-1) than 

N+P20 (1 390 280 ± 75 700 cells mL-1) (p<0.05) (Fig. 5.6). Here again the 

nutrient treatments had significantly higher cell concentrations than the 

control (498 335 ± 105 300 cells mL-1) and the adjacent reservoir water (353 

500 ± 105 360 cells mL-1) (p<0.05) (Fig. 5.6).   

 

There was consistency shown in both the experiments in terms of increase 

in phytoplankton cell concentrations with nutrient addition. 
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Figure 5.6 Mean (+ SD) total phytoplankton concentrations (cells mL-1) for N+P5, 
N+P20, control and the adjacent surface (Amb) from the reservoir in Experiment 
2 on Day 0, 4 and 10 
 

5.3.2.2 Proportion of different groups in the phytoplankton composition 
The phytoplankton composition consisted of a >80% numerical dominance of 

cyanobacteria, while the chlorophytes (green algae) were about 10% in both 

the experiments. Irrespective of day or treatment for both the experiments 

(Figs 5.7, 5.8) there was no major shift in the dominance of any 

phytoplankton group in the phytoplankton composition with respect to the 
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particular classes. The top ten species in the treatments by cell 

concentrations were similar in both the experiments, with nine out of the 

ten listed being cyanobacteria.  Planktolyngbya spp. and Pseudanabaena 

limnetica, the two Oscitoriallean cyanobacteria, had the highest cell 

concentrations, however, the group that had dominance by cell 

concentrations in both the experiments were the Chroococcalean 

cyanobacteria. Cylindrospermopsis raciborskii, the potentially toxic and 

nitrogen-fixing cyanobacterium, was present in both the experiments. The 

chrysophytes and cryptophytes also had high cell concentration in 

Experiment 1 and in Experiment 2. Monoraphidium spp., a chlorophyte, 

was present in high numbers. (Table 5.1) 

 

In Experiment 1, cyanobacterial cell concentration was observed to 

significantly increase from Day 0 through to Day 10 in the nutrient 

treatments. On Day 4 there were more cyanobacteria in N+P10 and N+P100 

than the control while by Day 10 only N+P10 had a higher concentration of 

cyanobacteria than the control (p<0.05). There was no significant change in 

the chlorophyte cell concentration in N+P5 or N+P10 but in N+P100 on Day 

10 the concentration was higher (p<0.05). In N+P10, the bacillariophyte 

(diatoms) cell concentrations increased from Day 0 to 4 to Day 10 while in 

N+P100 the numbers increased by Day 10 also. 

 

In Experiment 2, by Day 4 the cyanobacterial cell concentration in N+P5 

and N+P20 was significantly higher than the control (p<0.05). The diatoms 

were increasing in the order of control<N+P5<N+P20 and the chrysophytes 

and cryptophytes were higher in N+P20 than the control (p<0.05). The 

significant cell concentration increase in the nutrient addition treatments 

by Day 10 were contributed by an increase in the cell concentration in the 

chlorophytes, cyanobacteria, crytophytes/chrysophytes and diatoms.  

 

Biovolume calculations showed that the biovolume increased and then 

declined by Day 10 for all the treatments and the adjacent reservoir surface 

water (Amb) in Experiment 1, whereas in Experiment 2 it was higher by the 
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end of the experiment on Day 10. Bacillariophytes contributed to a large 

percentage of the total phytoplankton biovolume, even though they 

represented a small percentage of both the total cell concentration of the 

ambient reservoir water and of the treatments of both the experiments 

(Tables 5.2 and 5.3).  

 

There was no dominance by any one group for the biovolume concentrations, 

unlike in the cell concentrations, where cyanobacteria dominated.   

Chrysophytes, cryptophytes, dinophytes, euglenophytes and some 

chlorophytes all contributed somewhat equally to the increased biovolume 

concentration. This lack of dominance by any one genera/species by 

biovolume was similar in both the experiments. Genera that were 

represented in the top ten dominance by cell concentration and biovolume 

were cyanobacteria such as C. raciborskii, Chroococcus spp., Merismopedia 

spp., Planktolyngbya spp. and Pseudanabaena limnetica. 
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Figure 5.8 Proportions of phytoplankton groups (%) for N+P5, N+P20, control and 
the adjacent surface water (Amb) from the reservoir in Experiment 2 on Day 0, 4 
and 10 
 
Table 5.1 The top ten phytoplankton species/genera/group in both the 
experiments (ranked in descending order according to their cell concentration, cells 
mL-1 in the nutrient addition treatments) 
 
CYN- Nostocales Cyanobacteria    CHR- Chrysophyta                                                       
CYO- Oscillatoriales Cyanobacteria    CH- Chlorophyta 
CYC- Chroococcales Cyanobacteria          
       
Experiment 1 Experiment 2 

Planktolyngbya spp. (CYO) Planktolyngbya spp. (CYO) 

Aphanocapsa spp. (CYC) Pseudanabaena spp. (CYO) 

Pseudanabaena spp. (CYO) Aphanocapsa spp. (CYC) 

Merismopedia spp. (CYC) Merismopedia spp. (CYC) 

Cyanodictyon spp. (CYC) Cyanodictyon spp. (CYC) 

Cyanonephron spp. (CYC) Aphanothece spp. (CYC) 

Chrysophytes/Crytophytes (CHR/CR) Cylindrospermopsis raciborskii (CYN) 

Cylindrospermopsis raciborskii (CYN) Chroococcus spp. (CYC) 

Aphanothece spp. (CYC) Cyanonephron spp. (CYC) 

Chroococcus spp. (CYC) Monoraphidium spp. (CH) 
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Table 5. 2 Mean phytoplankton cell biovolumes (mm3 L-1) for the top ten genera/species present in the treatments and adjacent 
surface water (Amb) from the reservoir during Experiment 1 (SD not shown) 
 
CYN- Nostocales Cyanobacteria    BA- Bacillariophyta- diatom    CR-Cryptophyta                                                        
CYO- Oscillatoriales Cyanobacteria    CH- Chlorophyta     CHR-Chrysophyta 
CYC- Chroococcales Cyanobacteria         EU- Euglenophyta        DI- Dinophyta 
 

Treatment   Amb Control N+P5 N+P10 N+P100 
  Group  Day 0 Day 10 Day 4 Day 10 Day 4 Day 10 Day 4 Day 10 Day 4 Day 10 
Total biovolume (mm3 L-1) 29.80 4.36 14.70 5.15 62.78 19.59 57.60 26.45 47.66 13.74 
Aphanizomenon spp. CYN  0.49    0.64  1.27   
C.raciborskii CYN 0.17 0.13 0.30 0.77 0.26 0.39 0.17 0.515 0.50 0.206 
Centric diatoms BA 0.22 0.39  0.17 0.55  0.66  1.06 0.33 
Chroococcus spp CYC 0.35 0.12  0.07 0.31 1.03 0.58 5.01 0.72 1.21 
Cosmarium spp CH   0.40   1.28  2.04  1.53 
Cryptomonas spp  CR 0.48  0.33 0.16 0.79   0.63   
Dinophytes DI 1.33  0.44  1.33  0.89  0.89  
Euglenophytes EU        2.66   
Gonium spp. CH 0.48      2.86   2.25 
Large pennate diatoms BA 24.03 1.29 10.44 1.29 56.65 9.01 45.49 2.58 36.52  
Mallomonas spp CHR   0.23        
Merismopedia spp  CYC 0.31   0.12  0.38 0.43 0.84 0.46 0.47 
Other colonial 
chlorophytes CH  0.15 0.63  0.26 0.36   0.54 0.94 
Planktolyngbya spp CYO 0.42 0.42 0.49 1.18 0.82 2.01 1.40 2.86 1.15 0.64 
Pseudanabaena limnetica   CYO  0.36 0.26 0.33 0.44 2.69 0.83 5.00 0.73 3.79 
Scenedesmus spp CH          0.42 
Small pennate diatoms BA 0.24 0.14 0.44 0.18   0.54    
Unicellular phytoplankton 0.47 0.55  0.63 0.94 0.65 1.84 0.68 2.36 0.85 
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Table 5.3  Mean phytoplankton cell biovolumes (mm3 L-1) for the top ten genera/species present in the treatments and adjacent 
surface water (Amb) from the reservoir during Experiment 2 (SD not shown) 
 
CYN- Nostocales Cyanobacteria    BA- Bacillariophyta- diatom    CR-Cryptophyta                                                        
CYO- Oscillatoriales Cyanobacteria    CH- Chlorophyta     CHR-Chrysophyta 
CYC- Chroococcales Cyanobacteria         EU- Euglenophyta        DI- Dinophyta 
 

Treatment   Amb Control N+P5 N+P20 
  Group Day 0 Day 10 Day 4 Day 10 Day 4 Day 10 Day 4 Day 10 

Total biovolume (mm3 L-1) 9.81 28.59 7.73 11.48 23.68 46.42 47.34 61.63 
Anabaena spp. CYN      1.27   
Aphanizomenon spp.  CYN    1.56 0.38 1.41   
C.raciborskii CYN 0.32 0.90 0.95 0.76 0.97 1.51 1.06 1.32 
Centric diatoms BA    0.31   1.17 0.76 
Chroococcus spp. CYC 0.72 0.23 0.50  1.17 3.20 2.05 7.27 
Cosmarium spp. CH    0.63    2.04 
Cryptomonas spp. CR  0.63       
Dinophytes DI 0.62 1.33   0.89   2.66 
Euglenophytes EU 0.62  0.59    1.27  
Large pennate diatoms BA 3.69 21.89 1.43 3.58 9.21 18.60 29.02 35.19 
Mallomonas spp. CHR 0.78 0.51 0.26      
Merismopedia spp. CYC   0.24 0.26 0.44 2.12 1.24 2.26 
Planktolyngbya spp. CYO 0.68 0.65 1.43 1.11 2.70 3.21 1.86 1.71 
Pseudanabaena limnetica CYO 0.72 0.28 0.63 0.82 3.93 6.75 2.75 4.84 
Small pennate diatoms BA 0.30 0.36 0.27 0.83 0.92 4.29 0.93  
Unicellular phytoplankton 0.23 0.96 0.68 0.52 0.94 1.66 2.12 0.81 
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5.3.2.3 Cylindrospermopsis raciborskii cell concentrations 
There was no significant difference observed in the cell concentration of 

Cylindrospermopsis raciborskii among the treatments in Experiment 1 (p< 

0.05) (Fig. 5.9) even though there was an increase in the cell concentration.  

The percentage of C.raciborskii in the total phytoplankton cell 

concentration, however, remained the same, which was 1-3% (Table 5.4).  

 

In Experiment 2 there was also no difference in the cell concentration of 

C.raciborskii between the nutrient treatments and the control on Day 4. 

However, by the end of the experiment, N+P5 had the highest cell 

concentration of C.raciborskii (p<0.05) (Fig. 5.10). However, even though the 

cell concentration was higher, the proportion of the toxic cyanobacterium in 

the total phytoplankton cell concentration remained almost the same (Table 

5.5). 
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Figure 5.9  Mean (+ SD) Cylindrospermopsis raciborskii cell concentrations  
(cells mL-1) for N+P5, N+P10, N+P100, control and the adjacent surface water 
(Amb) from  the reservoir for Experiment 1 on Day 0, 4 and 10 
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Table 5.4  Percentage of Cylindrospermopsis raciborskii in the total 
phytoplankton cell concentration in the treatments of Experiment 1 on Day 0, 4 
and 10 
Treatment Day 0 (%) Day 4 (%) Day 10 (%) 

Ambient water 1 2 2 

Control 1 2 3 

N+P5 1 1 1 

N+P10 1 1 3 

N+P100 1 2 1 
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Figure 5.10  Mean (+ SD) Cylindrospermopsis raciborskii cell concentrations 
(cells mL-1) for N+P5, N+P20, control and the adjacent surface water from the 
reservoir for Experiment 2 on Day 0, 4 and 10 
 
Table 5.5 Percentage of Cylindrospermopsis raciborskii in the total 
phytoplankton cell concentration in the treatments of Experiment 2 on Day 0, 4 
and 10 
Treatment Day 0 (%) Day 4 (%) Day 10 (%) 

Ambient water 3 2 2 

Control 3 3 3 

N+P5 3 2 2 

N+P20 3 2 1 
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5.3.2.4 Phytoplankton growth rates 
The rate of change of cell concentrations as determined from Day 0 to 10 

under the assumption that there was a logarithmic increase, cell numbers in 

Experiment 1 were higher in the nutrient addition treatments than in the 

control (Fig. 5.11). The control showed a decrease in cell concentration. 

Taking into account the rate of cell concentration change in the different 

phytoplankton groups, cyanobacteria always had a positive growth rate for 

all the nutrient treatments, unlike the diatoms and the dinoflagellates, 

which showed an opposite trend by decreasing in cell concentration (Fig. 

5.12). The rate of cell concentration change for chlorophytes tended to be 

higher in the N+P10 and N+P100 treatments. 

 

The overall rate for change in cell concentration for the nutrient treatments, 

were higher than the control in Experiment 2 (Fig. 5.13). When the rate was 

taken separately for the different groups the dinoflagellates and 

euglenophytes showed decrease in cell densities in some treatments but 

overall all the other groups had a positive increase (Fig. 5.14). 
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Figure 5.11 Change in the phytoplankton cell concentration for N+P5, N+P10, 
N+P100, control and the ambient water from the reservoir in Experiment 1 from 
Day 0 to Day 10 
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Figure 5.12 Change in the phytoplankton cell concentration for different groups 
in N+P5, N+P10, N+P100 in Experiment 1 from Day 0 to Day 10 
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Figure 5.13  Change in the phytoplankton cell concentration for N+P5, N+P20, 
control and the ambient water from the reservoir in Experiment 2 from Day 0 to 
Day 10 
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Figure 5.14  Change in the phytoplankton cell concentration for the different 
groups in N+P5, N+P20 in Experiment 2 from Day 0 to Day 10 
 

Pseudanabaena limnetica had the highest growth rate in Experiment 1 

while in Experiment 2, it was the Chroococcalean cyanobacteria, 

Aphanothece (Table 5.6 and 5.7). Cyanonephron spp., C. raciborskii, 

Planktolyngbya spp. and the cryptophyte group also exhibited higher growth 

rates. within the higher nutrient concentration treatments (N+P10 and 

N+P100) in Experiment 1. In Experiment 2, the Chroococcalean 

cyanobacteria such as Cyanodictyon spp., Cyanonephron spp., Aphanocapsa 

spp., and Merismopedia spp., and Pseudanabaena limnetica showed the 

higher growth rates.  However, some genera that were not abundant by cell 

concentration exhibited very high growth rates (Table 5.8). This included 

cyanobacterial genera like Aphanizomenon, Anabaenopsis, Geitlerinema and 

Romeria. Aphanizomenon had the highest growth rate in N+P10 in 

Experiment 1 and in the ambient reservoir water in Experiment 2. Some 

chlorophytes also had a high growth rate. 
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Table 5.6 Growth rates (d-1) for the top ten dominant genera/group by mean cell 
concentration for each treatment between Days 0 to 4 in Experiment 1  
 Experiment 1 Ambient Control N+P5 N+P10 N+P100 
Cyanodictyon spp. -0.18 -0.10 -0.09 -0.02 -0.01 
Cyanonephron spp. 0 0.04 -0.02 0.21 0.21 
Aphanocapsa spp. -0.08 -0.07 0 0.06 0.07 
Aphanothece spp. 0.01 -0.04 -0.09 -0.02 -0.07 
Merismopedia spp. -0.08 -0.12 -0.14 0.04 0.04 
Chroococcus spp. -0.14 -0.10 -0.01 0.05 0.08 
Cylindrospermopsis raciborskii 0.03 0.08 0.08 0.08 0.17 
Planktolyngbya spp. -0.01 0.02 0.07 0.13 0.11 
Pseudanabaena limnetica 0.13 0.11 0.17 0.24 0.23 
Chrysophytes  0.01 0.01 0.06 0.12 0.16 

 
Table 5.7 Growth rates (d-1) for the top ten dominant genera/group by mean cell 
concentration for each treatment between Days 0 to 4 in Experiment 2  
 Experiment 2 Ambient Control N+P5 N+P20 
Cyanodictyon spp. -0.11 0.14 0.19 0.17 
Cyanonephron spp. 0.02 0.17 0.16 0.19 
Aphanocapsa spp. -0.06 0.07 0.14 0.15 
Aphanothece spp. -0.14 0.22 0.24 0.22 
Merismopedia spp. -0.05 0.05 0.11 0.23 
Chroococcus spp. 0.05 -0.04 0.05 0.11 
Cylindrospermopsis raciborskii -0.02 0.08 0.08 0.09 
Planktolyngbya spp. 0.02 0.08 0.15 0.11 
Pseudanabaena limnetica 0.02 -0.02 0.18 0.14 
Monoraphidium spp. 0.07 0.02 -0.01 0.01 

 
 
Table 5.8 Growth rates (d-1) for some of the fastest growing genera between Days 
0 to 4 in Experiment 1 and 2  
Experiment 1- 
Genera 

Growth 
Rate 
(d-1) 

Treatment Experiment 2- 
Genera 

Growth Rate 
(d-1) 

Treatment 

Anabaenopsis  0.38 N+P100 Anabaena 0.29, 0.50 N+P20, Amb 
Aphanizomenon  0.83 N+P10 Anabaenopsis  0.48 N+P5 
Cosmarium 0.18 Amb Aphanizomenon  0.75 Amb 
Crucigenia 0.17 Control Closterium 0.31, 0.51 N+P5, N+P20 
Cyclotella 0.10 N+P10 Cosmarium 0.18 N+P20 
Geitlerinema 0.38 

0.46 
N+P100 
N+P10 

Micratinium/ 
Golenkinia 

0.21, 0.33, 0.40 Amb, N+P5, 
N+P20 

Gonium 0.19 N+P10 Cyclotella 0.20 N+P20 
Romeria 0.18 N+P10 Romeria 0.59, 0.65, 0.65 Control, N+P5, 

N+P20 
Synechoccus  0.18 N+P10 Scenedesmus  0.17 P20 
Tetrastrum 0.65 N+P10, 

N+P100 
Spirulina 0.18 P20 
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5.3.3 Nutrients 

5.3.3.1 Phosphorus 
Phosphate, also known as filterable reactive phosphorus (FRP), 

concentrations measured in the mesocosms throughout the study were 

below the detection limit (0.002 mg L-1) for the low nutrient treatments, 

N+P5 and N+P10, and the control in both the experiments. In Experiment 

1, there was no significant difference in the phosphate concentration for the 

control, N+P5, N+P10 and the adjacent reservoir water (p< 0.05) where the 

concentrations ranged from <0.002 mg L-1 to 0.005 mg L-1 (Fig. 5.15). In 

N+P100 there was an increase in the phosphate concentrations. Mean 

concentrations of around 0.25 mg L-1 were seen from Day 4 onwards, which 

was significantly higher than all the other treatments.  

 

In Experiment 2, similar results were seen. The control, N+P5 and the 

adjacent surface water of the reservoir had FRP concentrations in the range 

of <0.002 mg L-1 to 0.005 mg L-1 while there was accumulation of FRP in the 

N+P20 treatment from Day 7 with a mean concentration of around 0.03 mg 

L-1 on Day 10 (Fig. 5.16) which was almost ten times lower than the 

phosphate concentration recorded in N+P100.  

Total phosphorus by Day 10, was highest in the N+P100 (0.45 + 0.01 mg L-1) 

(Fig. 5.17) and N+P20 (0.18 + 0.002 mg L-1) (Fig. 5.18) treatments in 

Experiments 1 and 2 respectively (p<0.05). In Experiment 1, there was no 

difference in total phosphorus between the control (0.013 + 0.004 mg L-1) 

and N+P5 (0.021 + 0.004 mg L-1) but N+P10 was significantly higher than 

both (0.07 + 0.02 mg L-1). In Experiment 2, N+P5 (0.052 + 0.004 mg L-1) and 

N+P20 both had significantly higher total phosphorus concentrations than 

the control (0.012 + 0.002 mg L-1) (p<0.05) by Day 10. 

 

In both the experiments there was no difference in the phosphate and total 

phosphorus concentrations of the control and the adjacent surface water of 

the reservoir (p<0.05).
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Figure 5.15  Mean (+ SD) filterable soluble phosphate (FRP) concentrations (mg 
L-1) for N+P5, N+P10, N+P100, control and the adjacent surface water from the 
reservoir in Experiment  1. (Red dotted line denotes detection limit = 0.002 mg L-1)  
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Figure 5.16   Mean (+ SD) filterable soluble phosphate (FRP) concentrations (mg 
L-1) for N+P5, N+P20, control and the adjacent surface water of the reservoir 
Experiment 2. (Red dotted line denotes detection limit = 0.002 mg L-1)    
 

N+P100 on day 1 > 0.047 mg L-1 

N+P20 on day 9 > 0.023 mg L-1 
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Figure 5.17 Mean (+ SD) total phosphorus (TP) concentrations (mg L-1) for N+P5, 
N+P10, N+P100, control and the adjacent surface water from the reservoir in 
Experiment 1. (Detection limit = 0.002 mg L-1) 
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Figure 5.18  Mean (+ SD) total phosphorus concentrations (TP) (mg L-1) for N+P5, 
N+P20, control and the adjacent surface water of the reservoir in Experiment 2. 
(Detection limit = 0.002 mg L-1) 

N+P100 > 0.02 mg L-1 
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 5.3.3.2 Nitrogen 
There was no significant difference in the total nitrogen, total dissolved 

nitrogen and dissolved nitrogen concentrations (NO3/NO2 and ammonia) 

among the treatments in Experiment 1, except for N+P100 which was 

higher than all the other treatments (p<0.05). The same was seen in 

Experiment 2 with N+P20 which had higher concentrations than the other 

treatments (p<0.05). 

 

There was subsequent accumulation of NO3/NO2 in N+P100 and N+P20 

from Day 1, where the NO3/NO2 concentration was 3.77 + 1.21 mg L-1 and 

0.82 + 0.21 mg L-1 respectively for the above treatments by the end of the 10 

d making them significantly higher than all the other treatments in the 

experiments (p<0.05). In both the experiments, on all the days, the NO3/NO2 

concentration was highly variable for all the treatments and including the 

adjacent surface water from the reservoir  (Figures 5.19 and 5.20). 

Frequently the concentrations were under or near detection limit which was 

0.003 mg L-1. N+P100 and N+P20 were excluded from the graphs due to the 

accumulation of nutrients and very high concentrations. There was also no 

difference in the NO3/NO2 concentration of the control treatments and the 

adjacent reservoir water. 

 

Highly variable ammonia concentrations were also seen in all the 

treatments on a daily basis during the two experiments (Figs 5.21 and 5.22) 

which were near or under the detection limit of 0.015 mg L-1. Here again in 

Experiment 1, N+P100 significantly had the highest ammonia concentration 

(0.061 + 0.017 mg L-1) more than in the other treatments and in Experiment 

2, N+P20 was the highest (0.025 + 0.005mg L-1) at the end of the 10 d. 

 

Total nitrogen concentrations also had the same trend as the dissolved 

inorganic nitrogen concentrations whereby N+P100 (4.45 + 2.19 mg L-1) 

(Fig. 5.23) and N+P20 (2.1 + 0.14 mg L-1) (Fig. 5.24) had significant higher 

total nitrogen concentrations at the end of the 10 d (p <0.05). There was no 
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difference between the treatments, the control or the adjacent surface water 

from the reservoir (p<0.05). 
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Figure 5.19  Mean (+ SD) NO3/NO2 concentrations (mg L-1) for N+P5, N+P10, 
control and the adjacent surface water (Amb) from the reservoir in Experiment 1 
(note N+P100 has been excluded; NO3/NO2 > 0.8 mg L-1 on Day 1) (Dotted line 
denotes detection limit = 0.003 mg L-1) 
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Figure 5.20 Mean (+ SD) NO3/NO2 concentrations (mg L-1) for N+P5, control and 
the adjacent surface water (Amb) of the reservoir in Experiment 2 (note N+P20 
has been excluded; NO3/NO2 > 0.2 mg L-1 on Day 1) (Dotted line denotes detection 
limit = 0.003 mg L-1) 
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Figure 5.21 Mean (+ SD) ammonia concentrations (mg L-1) for N+P5, N+P10, 
N+P100, control and the adjacent surface water (Amb) from the reservoir in 
Experiment 1  
 
 
 
In both the experiments the control and the adjacent reservoir water were 

similar but the N+P5 treatment in Experiment 2 had higher NO3/NO2 and 

total nitrogen concentrations. 
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Figure 5.22 Mean (+ SD) ammonia concentrations (mg L-1) for N+P5, N+P20, 
control and the adjacent surface water (Amb) of the reservoir in Experiment 2 
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Figure 5.23 Mean (+ SD) total nitrogen concentrations (mg L-1) for N+P5, N+P10, 
N+P100, control and the adjacent surface water (Amb) from the reservoir in 
Experiment 1   

N+P100 > 3 mg L-
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Figure 5.24   Mean (+ SD) total nitrogen concentrations (mg L-1) for N+P5, N+P20, 
control and the adjacent surface water (Amb) of the reservoir in Experiment 2 
 

5.3.3.3 Nutrient ratios 
In both the experiments the dissolved inorganic nitrogen to dissolved 

inorganic phosphorus (FRP) ratio DIN:DIP by molecular weight was always 

greater than the nutrient ration of 21:1 proposed by Sterner et al., 2008 for 

large freshwater lakes  (Tables 5.9 and 5.10). The high ratios were mostly 

due to the low concentrations of phosphate which was usually below the 

detection limit of 0.002 mg L-1. The total nitrogen and total phosphorus 

(TN:TP) and total dissolved nitrogen and total dissolved phosphorus 

(DN:DP) were also higher than 16.  When looking at the particulate 

nitrogen (PN) to particulate phosphorus (PP) ratios (PN:PP), they were 

always lower than the TN:TP or DN:DP. 
Table 5.9 Mean nutrient ratios of all the treatments for Experiment 1 and the 
adjacent surface water of the reservoir (Amb) from Day 0 to Day 10 
 
 Ambient Control N+P5 N+P10 N+P100 

TN:TP  70 79 60 44 24 

TDN:TDP 172 192 175 208 34 

DIN:DIP 30 80 93 75 30 

DON:DOP 577 273 221 345 52 

PN:PP 23 29 25 26 11 
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Table 5.10   Mean nutrient ratios of all the treatments for Experiment 2 and the 
adjacent surface water of the reservoir (Amb) from Day 0 to Day 10 
 

 Ambient Control N+P5 N+P20 

TN:TP  64 86 47 31 

TDN:TDP 172 209 194 107 

DIN:DIP 127 198 128 230 

DON:DOP 192 414 331 89 

PN:PP 22 29 24 16 

 

5.3.3.4 Nutrient limitation 
The bioassay experiments performed on water taken from one site only 

(near the mesocosm site) showed that there was a higher yield in the N and 

N+P addition treatments than the control after 24 hours of incubation 

(p<0.05) (Fig.5.25). The photosynthetic response from phytoplankton in the 

P addition treatment was lower than in the control, N and N+P addition 

(p<0.05).  

0.40

0.45

0.50

0.55

Amb Control P N N+P

Yi
el

d

 
Figure 5.25 Mean (± SD) yields of the background yield of the reservoir water 
(Amb) at start of experiment and control and nutrient treatments after 24h 
incubations in January 2008 
 

Photosynthetic yield readings taken daily from the mesocosms on the 

PHYTOPAM showed that all the nutrient treatments of N+P addition had 

significantly higher yields than the control in both the experiments (Figs. 

5.26 and 5.27).The photosynthetic ability of the algal community was 

maximised even with addition of low concentrations of N+P like in N+P5 but 
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the highest yields were seen with the N+P100 and N+P20 experiments 

(p<0.05). 
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Figure 5.26 Mean (± SD) yields of the adjacent reservoir water (Amb), control and 
nutrient treatments taken daily from Experiment 1 during January 2008 
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Figure 5.27 Mean (± SD) yields of the adjacent reservoir water (Amb), control and 
nutrient treatments taken daily from Experiment 1 during January 2008 
(Note data for Day 5 and 6 are missing due to technical problems) 
 

5.3.4 Physical parameters 

5.3.4.1 Temperature 
The mean surface water temperature of Experiment 1 was 27.00 + 0.55 oC 

and for Experiment 2 was 26.14 + 0.60 oC. There was no significant 
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difference between the experiments or among the treatments within the 

experiment and the adjacent surface water of the reservoir (p<0.05)  
 

5.3.4.2 Dissolved oxygen 
Peaks in dissolved oxygen concentrations were reached by Day 5 for all the 

treatments after which the concentrations plateaued in Experiment 1. N+P5 

(12.07 ± 0.63 mg L-1), N+P10 (14.68 ± 1.29 mg L-1) and N+P100 (17.47± 1.72 

mg L-1) had a higher oxygen concentration than the control (9.66± 0.29 mg 

L-1) on Day 10 (p<0.05) (Fig. 5.28). In Experiment 2, peaks were reached by 

Day 4 and N+P5 (10.06 ± 0.19 mg L-1) and N+P20 (11.54± 0.78 mg L-1) had 

higher concentrations than control (7.75 ± 1.90 mg L-1) by Day 10, however 

this was not highly significant (p<0.05) (Fig. 5.29).  

 

Experiment 1 had higher dissolved oxygen concentrations in the reservoir 

water and the treatments than did Experiment 2. Comparing treatment to 

treatment, Experiment 1 tended to have higher dissolved oxygen 

concentrations than did Experiment 2 for the same treatments. 
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Figure 5.28   Mean (+ SD) Surface dissolved oxygen (DO) concentration (mgL-1) 
for N+P5, N+P10, N+P100, control and the adjacent surface water of the reservoir 
in Experiment 1 
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Figure 5.29  Mean (+ SD) Surface dissolved oxygen (DO) concentration (mgL-1) 
for N+P5, N+P20, control and the adjacent surface water of the reservoir in 
Experiment 2 
 

5.3.4.3 Turbidity 
In both the experiments the turbidity of the nutrient addition treatments 

was higher than the control (p<0.05) (Fig. 5.30 and Fig. 5.31). The turbidity 

decreased in the control treatments of both the experiments which reflected 

on the decrease in phytoplankton cell concentration in the treatment. At the 

time that Experiment 2 was conducted there was inflow from rainfall almost 

every day, and hence higher turbidity was seen in the adjacent reservoir 

water. 
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Figure 5.30   Mean (+ SD) Surface turbidity (NTU) for N+P5, N+P10, N+P100, 
control and the adjacent surface water from the reservoir in Experiment 1      
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Figure 5.31   Mean (+ SD) surface turbidity (NTU) for N+P5, N+P20, control and 
the adjacent surface water from the reservoir in Experiment 2 
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5.3.4.4 pH 
The pH in Experiment 1 increased on a daily basis, while in Experiment 2 

peak pH was reached by Day 5. By Day 10, the pH of the treatments, N+P5 

(9.21 ± 0.20),  N+P10 (9.72 ± 0.23) and N+P100 (10.27 ± 0.29) was higher 

than the control (8.79 ± 0.04) in Experiment 1 (Fig. 5.32), and the same was 

seen in Experiment 2 where, the nutrient addition treatments, N+P5 (9.14 ± 

0.12) and N+P20 (9.67 ± 0.05), had a significantly higher pH than the 

control (8.32 ± 0.05) (p<0.05) (Fig. 5.33). The pH of the control treatments 

was similar to the pH of the reservoir water by the end of the experiment. 
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Figure 5.32   Mean (+ SD) surface pH for N+P5, N+P10, N+P100, control and the 
adjacent surface water from the reservoir in Experiment 1 
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Figure 5.33   Mean (+ SD) surface pH for N+P5, N+P20, control and the adjacent 
surface water from the reservoir in Experiment 2 
 

5.3.4.5 Conductivity 
The conductivity ranged from 475 to 540 mS cm-1 in Experiment 1 and 443 

t0 463 mS cm-1 in Experiment 2. In Experiment 1, the conductivity of the 

water in the control, N+P5 and N+P10 were no different to each other or the 

ambient reservoir water (p<0.05), except for N+P100 (541 ± 15.05 mS cm-1) 

where it was higher (p<0.05) (Fig. 5.34). In Experiment 2, N+P20 (463± 

04.04 mS cm-1) had a higher conductivity than the control (453± 5.35 mS cm-

1) and N+P5 (447± 7.27 mS cm-1) (p<0.05) (Fig. 5.35). 

 

There was no difference in the conductivity of the water in the control and 

the adjacent reservoir water for either of the experiments, however, the 

conductivity of the reservoir water, control and N+P5 was higher during 

Experiment 1 than during Experiment 2. 
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Figure 5.34   Mean (+ SD) surface conductivity (mS cm-1) for N+P5, N+P10, 
N+P100, control and the adjacent surface water from the reservoir in Experiment  
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Figure 5.35   Mean (+ SD) surface conductivity (mS cm-1) for N+P5, N+P20, 
control and the adjacent surface water from the reservoir in Experiment 2 
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5.3.4.6 Irradiance and Euphotic depth 
The euphotic depth of the adjacent reservoir water (Amb), calculated from 

secchi depth readings for Experiment 1 was 3.3 ± 0.4 m and for Experiment 

2 it was 2.6 + 0.4 m. The mesocosm bags were situated well within the 

euphotic zone of the reservoir. 
 

5.3.5 Correlation between Phosphorus and Chlorophyll a 
Chlorophyll a concentrations from Day 5 for all the treatments in the two 

experiments were plotted against the final concentration of added 

phosphate concentration to calculate a quantitative relationship (Fig. 5.36). 

The results for Day 5 were chosen on the basis that treatments had reached 

a maximum chlorophyll a concentration by this time. The value for N+P100 

was excluded from the trendline calculations as there was no significant 

difference between the N+P20 and N+P100 chlorophyll a concentrations on 

Day 5. 
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Figure 5.36   Mean (+ SD) chlorophyll a concentrations (µg L-1) for N+P5, N+P10, 
N+P20, N+P100 and control plotted against the final concentration of added 
phosphate from both experiments on Day 5 
 

 

Based on the linear line of best fit the calculated equation was:               
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       chl a (µg L-1) = 3.81 x phosphate (PO4) concentration (µg L-1) + 3.69 

                                         (Equation 5.3) 

this means that for every 1µg L-1 increase in dissolved phosphorus 

concentration the chlorophyll concentration would increased by 3.8 µg L-1. 

The chlorophyll a concentrations observed in this experiment did not fit well 

with the expected calculated values of chlorophyll a concentration from 

Smith and Shapiro (1981) (Fig. 5.37). The following correlation equation, 

which also takes into account possible nitrogen limitation, was used. 

 

Log (Chla)= 1.55log(TP)-b          (Equation 5.4) 

 

Where b= log 1.55                    6.404  

        0.0204(TN:TP)+0.334 
 

Even though the observed chlorophyll a concentrations did not fit well with 

the expected values there was a logarithmic correlation between TP 

concentrations and the chlorophyll a concentrations (Fig 5.38). The 

chlorophyll a concentration plateaued as the TP concentration increased. 
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Figure 5.37 Relationship between mean total phosphorus (TP) concentration (µg 
L-1) and chlorophyll a concentrations (µg L-1) for N+P5, N+P10, N+P20, N+P100 
and control. 
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Figure 5.38   Relationship between mean total phosphorus (TP) concentration 
(mg L-1) and chlorophyll a concentrations (µg L-1) for N+P5, N+P10 and control. 
Note N+P100 and N+P20 have been excluded because of the high concentrations 
added and nutrient accumulation. 
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5.3.6 Chlorophyll a and Total Nitrogen 
Similarly to the relationship between TP and chlorophyll a, a logarithmic 

relationship was calculated between TN concentrations and chlorophyll a 

(Fig 5.39). As the concentration of TN increased the chlorophyll a 

concentration tended to plateau.   
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Figure 5.39 Relationship between mean total nitrogen phosphorus (TN) 
concentration (mg L-1) and chlorophyll a concentrations (µg L-1) for N+P5, N+P10, 
and control. Note N+P100 and N+P20 have been excluded because of the high 
concentrations added and nutrient accumulation. 
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5.4 DISCUSSION 
 

This study showed that there was an increase in chlorophyll a and cell 

concentrations with nutrient addition. This was evident even at the low 

phosphate plus nitrate addition rate, i.e. N+P5, for both experiments. This 

indicated that for every 1 µg L-1 increase in the background concentration of 

dissolved inorganic phosphorus (FRP) and ten times of the FRP 

concentration of NO3/NO2, the biomass will increase by 3.8 µg L-1 for FRP 

concentrations up to 20 µg L-1 and 200 µg L-1 of DIN. The chlorophyll a 

concentrations observed in this study were above eutrophic levels in the 

nutrient addition treatments (Smith et al., 1999), therefore, at the nutrient 

concentrations estimated for the potable recycled water (PRW) input (i.e. 

0.01 to 0.02 mg L-1 FRP and 0.1 to 0.2 mg L-1 NO3/NO2) the region of the 

reservoir adjacent to inflow are likely to become more eutrophic or 

hypereutrophic (chlorophyll a concentration > 14.3 µg L-1) (Wetzel, 2001). 

 

According to Vollenweider’s principles, or the P paradigm it states that 

phytoplankton growth can be changed by altering only the P loads 

(Vollenweider, 1976). However, the bioassay experiments in Chapter 4 and 

in this study indicated that N is as likely as P to be limiting to 

phytoplankton growth (Lewis and Wurtsbaugh, 2008).  Since the FRP 

concentrations were near detection limits (2 µg L-1) in the experiments and 

N concentrations on the other hand were measurable, it is more likely that 

P was more limiting then N, allowing for N accumulation.   

 

The experiments showed that there was a logarithmic relationship between 

TP and phytoplankton biomass (Chl a). The chlorophyll a concentration 

plateaued with the increasing FRP and TP concentration. However, there is 

little known about the general relationship between nutrient concentration 

and phytoplankton biomass in subtropical systems. Huszar et al., (2006) 

documented from datasets from 192 lakes from tropical and subtropical 

regions, that there was a poor relationship between log TP and log Chl than 

is generally observed for temperate systems. This is most likely why the 

chlorophyll a concentrations observed did not fit with the expected 
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chlorophyll concentrations calculated from the observed TP calculated using 

the equation by Smith and Shapiro (1981), even though the equation 

accounts for N and P limitations. 

 

Even though the phytoplankton biomass and cell concentration increased 

there was no change in the dominance of cyanobacteria in the 

phytoplankton community, where they contributed to approximately 90% of 

the total phytoplankton concentration. The cyanobacteria C. raciborskii, 

Chroococcus spp., Merismopedia spp., Planktolyngbya spp. and 

Pseudanabaena limnetica were the dominant cyanobacteria by cell 

concentration and biovolume in both the experiments for all the nutrient 

treatments. Previous studies in Wivenhoe reservoir and other adjacent 

reservoir have documented that cyanobacteria are the dominant group in 

the phytoplankton composition by cell concentrations (Burford et al., 2007; 

Leigh et al., 2010). The dominant genera recorded in this study were similar 

to those that are commonly found in this reservoir (Burford and O’Donohue, 

2006; Burford et al., 2007). 

 

The increase in phytoplankton biomass with nutrient addition was in 

accordance with previous studies (Cottingham et al., 1997; Schlüter et al., 

1997; Rhew et al, 1999; Pannard et al., 2007; Villena and Romo, 2007; 

Quiblier et al., 2008). However, the response of the phytoplankton groups in 

these experiments was different. Cottingham et al.,(1997) reported that 

there was no shift in the phytoplankton community composition. Quiblier et 

al., (2008) found that there was an increase in the concentration of the 

cyanobacteria, Cylindrospermopsis raciborskii with N+P addition but the 

response was greater with only P addition. Selective growth of the 

phytoplankton groups was observed by Schlüter et al., (1997), where 

chlorophyte and to a small extent dinoflagellate and cryptophyte growth 

was favoured, while there was no effect of nutrient addition on 

cyanobacteria. Likewise, growth of chlorophytes and diatoms was favoured 

with N+P addition in a study by De Wever et al., (2008), in Lake 

Tanganyika. A study of Singapore reservoirs, where nutrients were supplied 
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with the PRW inputs, showed that in the short term filamentous 

cyanobacteria increased for the first 2 y then remained unchanged (Low, 

2010). Colonial cyanobacteria decreased in the long term. The increase in 

filamentous cyanobacteria such as C. raciborskii, Pseudanabaena limnetica 

and Planktolyngbya spp. in my study was consistent with the above finding. 

 

Similar to our observations, Rhew et al., (1999) found that there was no 

change in the phytoplankton composition with nutrient addition but there 

was an increase in the abundance of the dominant taxa. Villena and Romo 

(2007) reported that cyanobacteria remained the dominant group 

throughout their experiment even when the biomass increased. Therefore, 

whether or not there are changes, the phytoplankton composition is more 

likely to be dependant on genera/species-specific nutrient limitation 

(Mitrovic et al., 2001; Burger et al., 2007).  As Reynolds (1998), states, -

“change in species composition is not immediate nor inevitable but probable 

with nutrient enrichment”. 

 

Even though cyanobacteria were dominant in cell concentrations, the 

biovolume in the ambient reservoir water and the treatments mostly 

consisted of large pennate diatoms. Most of the genera/species that 

contributed to a high biovolume were typically found to have a higher 

biovolume along the longitudinal gradient of the reservoir (Chapter 3). 

Chlorophytes were low in concentration, but due to the larger individual cell 

size contributed substantially to the biovolume. 

 

Growth rates were calculated for species that are not widely studied, i.e. 

Aphanocapsa (0.15 d-1), Aphanothece (0.24 d-1), Cyanodictyon (0.19 d-1), 

Cyanonephron (0.21 d-1), and Planktolyngbya (0.15 d-1). Growth rates 

recorded for the above genera were similar or higher than growth rates of 

most chlorophytes and diatoms in the experiment with the exception of 

genera like Closterium (0.51 d-1) and Tetrastrum (0.65 d-1), which had higher 

growth rates but lower cell concentrations. Cyclotella spp growth rates from 

this study were in the range of published values for bacillariophytes (0.36 to 
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2.1 d-1) (Mur and Lingeman, 1992, quoted in Isvánovics et al., 2000). The 

fastest growing genus was Aphanizomenon and the growth rate recorded in 

this study was within the range of growth rates (0.86- 1.41) published (Mur 

and Lingeman, 1992 quoted in Isvánovics et al., 2000) published in the 

literature The growth rate of Pseudanabaena limnetica was similar to 

growth rates documented by Rojo and Álvarez-Cobelas (1994) in a Spanish 

lake bloom study.  

 

The highest growth rate recorded for C. raciborskii in this experiment was 

0.17 d-1 (N+P 100, Experiment 1) which is comparable to growth rates 

observed in the field but lower than the growth rates documented in 

laboratory studies. Studies in a New Zealand lake found C.raciborskii had 

>0.2 d-1 growth rate (Ryan et al., 2003). In laboratory studies, addition of 

different sources of only DIN on seven strains of C.raciborskii had higher 

growth rates ranging from 0.65 to1.5 d-1 (Saker and Neilan, 2001), while 

only P-addition had 1 d-1 growth rate (Isvánovics et al., 2000). The increase 

in its cell concentration to upto ~41 000 cells mL-1 in Experiment 2 exceeded 

the toxic cyanobacteria alert level guidelines set by World Health 

Organization (WHO) for safe practice in managing bathing waters (Chorus 

and Bartram, 1999). 

 

Use of mesocosm studies to extrapolate experimental data to the 

environment has been criticised due to their controlled and confined nature, 

their poor repeatability, and reproducibility. However, in aquatic ecology, 

mesocosms are considered useful test systems, as they bridge the gap 

between laboratory experiments and uncontrolled large-scale field studies 

(Mohr et al., 2005). Mesocosm experiments are often designed to manipulate 

or isolate specific factors or identify underlying mechanisms, for example, 

nutrient limitation (Newman and Clements, 2007). Reconstituted systems, 

such as mesocosms, may not simulate the natural environment at all levels, 

however, key features at structural and functional levels could be preserved 

to ensure that they are representative of the ecological conditions (Caquet et 

al., 2000). In my study the ambient environment of the reservoir and the 
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control treatments had similar physico-chemical variables, chlorophyll a 

concentrations and phytoplankton cell concentrations, which suggested that 

the mesocosm setup did not deviate significantly from the reservoir. Hence 

the results of this study are applicable to the reservoir more broadly.    

  

This study was undertaken over 10 days in summer and it would be ideal to 

do it for a longer period or in a colder season (lower temperatures and 

irradiance) to see the effects of nutrient addition on phytoplankton growth. 

Longer term studies may be complicated by other factors such as trace 

nutrients, carbon limitation and algal wall growth and these need to be 

factored in when interpreting results. Furthermore, the inflow of PRW into 

a system is more likely to be continuous providing a continuous source of 

nutrients, whereas in this study there were daily additions of nutrients.  

 
In conclusion, this study showed that even the input of low concentrations of 

dissolved inorganic phosphorus and nitrogen into Wivenhoe Reservoir, will 

increase the phytoplankton biomass and cell concentration. The uptake and 

regeneration of DIP by the algae was sufficiently rapid that the DIP 

concentrations remained under detection limits. This study provides a 

better understanding of phytoplankton ecology in a phosphorus and 

nitrogen limited subtropical reservoir that is dominated by cyanobacteria. 

The results provide more comprehensive knowledge that can be used for 

decision making by water reservoir managers in Australia and globally who 

have similar reservoir status. It also gives insights into what could be 

expected with PRW input. 
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CHAPTER 6- CONCLUSION 
 
This study examined the role of nutrients in promoting phytoplankton 

growth and species composition in a subtropical reservoir. Analysis of 

historical data (2001-2005) in Wivenhoe reservoir, located in southeast 

Queensland, Australia, showed that the reservoir is dominated by 

cyanobacteria both in terms in abundance and biomass. The reservoir had 

higher phytoplankton biomass upstream and phytoplankton growth was 

more likely to be phosphorus-limited. However, it was difficult to draw 

conclusions about the relative role of nutrients in contributing to the 

dominance and distribution of the species composition in the reservoir. This 

is because the data lacked sufficient temporal resolution, with most data 

available only from the dam wall site. 

 

Hence, a detailed study was undertaken to answer the question of the 

importance of nutrients in controlling phytoplankton biomass and species 

composition. This study found that the depth of the water column correlated 

with both phytoplankton biomass and species composition in the summer 

months. The chlorophyll a concentrations recorded in the reservoir within 

the eutrophic to hypereutrophic range (Wetzel, 2001) with the highest 

concentrations recorded in shallow upstream sites. If the surface mixed 

layer (SML) was equal to or similar to the depth of the water column, 

mixing of the water column ensured that any nutrients generated in the 

sediment were available continuously to the phytoplankton whereas species 

in stratified deeper sites were more nutrient-limited. Therefore, nutrient 

availability affected phytoplankton biomass through this mechanism. 

Greater light penetration combined with longer water residence may have 

also allowed the phytoplankton to utilize nutrients more efficiently 

downstream where the dissolved nutrient concentration was lower. 

 

The cyanobacterial cell concentrations were dominated by the Chroococcales 

cyanobacteria group, e.g. Aphanocapsa spp., Aphanothece spp., 
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Cyanodictyon spp., Cyanonephron spp., Merismopedia spp. but the highest 

biovolume within the cyanobacterial group was contributed by the 

Nostocales group (diazotrophs) which included Anabaena spp., 

Anabaenopsis spp., Aphanizomenon spp. and Cylindrospermpsis raciborskii, 

followed by the Oscillatoriales group with Planktolyngbya spp. and 

Pseudanabaena limnetica. 
 

Three distinct zones; lacustrine, transitional and riverine, were 

characterised along the longitudinal gradient of the reservoir based on 

phytoplankton biomass and species composition. The lacustrine zone is a 

lake-like downstream zone with a deep water column and is stratified in 

summer months. The upstream part, the riverine zone, is shallower and the 

surface mixed layer and water column depth are similar. The nutrient 

availability and chlorophyll a concentration was the highest in the riverine 

zone. The transitional zone in between these two has a mixture of the 

features and had the highest phytoplankton cell concentration and 

diversity. Within the zones, the different physiochemical factors correlated 

with species composition.  

 

Dissolved phosphorus concentrations under or near the detection limit of 

0.002 mg L-1 contributed to about 20% or less of the total phosphorus pool. 

Low dissolved phosphorus concentrations combined with TN:TP ratios 

greater than Redfield’s ratio of 16:1 indicated that there was more likely to 

be P-limitation in the reservoir. However, nutrient addition bioassays 

indicated that there was co-limitation of both N and P in the summer 

months. No response to nutrients was observed for winter months and the 

most likely explanation is the winter overturn of the water column in the 

reservoir resulting in dissolved nutrients from bottom waters being 

available to the phytoplankton for growth. Although bioassays give some 

indications of nutrient limitation they are small scale and only show short 

term responses (48 h) and thus it did not portray what the effect of nutrient 

addition was on the phytoplankton species composition and biomass. In-situ 

field mesocosm experiments were therefore conducted with increasing 
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concentrations of N+P, to determine the effect of nutrient addition on 

phytoplankton biomass and species composition.  There was an increase in 

the phytoplankton biomass and cell concentration, even with very low 

amounts of N+P addition, indicating that the phytoplankton were capable of 

attaining bloom cell concentrations if the nutrient concentrations were 

increased from inflow, e.g. catchment inflow, purified recycled water. 

 

The phytoplankton composition did not change even though there was an 

increase in cell concentration with cyanobacteria dominating both in terms 

of cell concentration and biovolume. Cylindrospermopsis raciborskii and 

Pseudanabaena typically had the highest growth rates in comparison to 

other phytoplankton in the study. 

 

This study has broader implications to our knowledge of subtropical 

reservoirs. Typically, subtropical reservoirs are larger than temperate 

reservoirs, have relatively high summer temperatures, are monomictic with 

summer stratification, and have large episodic inflows from the catchments 

in summer. This provides phytoplankton with an ideal environment with 

favourable light, temperature and nutrient conditions to grow. The findings 

of this study show that the phytoplankton community composition was 

dominated by cyanobacterial groups that have very little or no published 

literature on their ecology. This includes Aphanocapsa spp., Aphanothece 

spp., Cyanodictyon spp., Cyanocatena spp., Cyanonephron spp., Cyanogranis 

spp., Planktolyngbya spp. and Pseudanabaena spp. The toxic species, 

C.raciborskii, was also dominant due to its ability to grow in low and 

variable nutrient and light conditions.  

 

The species composition in the reservoir, and potential drivers of growth, 

were compared with the functional classification system proposed by 

Reynolds et al., (2002). The P and N thresholds for determining dominance 

of genera do not seem appropriate for many of the species in this study. 

Most of the genera, especially cyanobacteria, were tolerant of low dissolved 

inorganic nitrogen and phosphorus concentrations achieving comparable 
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densities above and below the nutrient thresholds. In contrast, the 

sensitivity to mixing of the cyanobacteria and diatoms in this study is 

consistent with Reynolds et al. (2002) functional classification. Physico-

chemical and nutrient sensitivities and tolerances of genera not previously 

characterised or studied contributes to the understanding of phytoplankton 

ecology especially in subtropical systems. 

 

Interestingly, this study found that N and P inputs enhanced the growth of 

phytoplankton without changing the species composition. This has 

implications on a management level. Efforts have been made to reduce 

nutrient inputs into the waterways in the world. However, most of the 

emphasis has been on P due to the notion that P was most likely to be 

limiting phytoplankton growth. Results from this study indicate that this 

subtropical system, N and P both may be playing a role and phytoplankton 

biomass increases even with low nutrient inputs. Many reservoirs or lakes 

in the tropics and subtropics are eutrophic and measures need to be taken to 

prevent the trophic status from worsening if not improving. If nutrient 

input reduction is to be considered then both N and P have to be included. 

Further research into nutrient and phytoplankton dynamics and their 

relationship would help to initiate suitable restoration projects of already 

eutrophic systems. 

  

Reducing nutrient input could mean the inclusion of riparian buffer zones in 

catchment areas to trap nutrients from rain inflow, reducing fertiliser use, 

upgraded sewage treatments, not only having phosphate free detergents but 

detergents (that do contain nitrate) to have low or no nitrate and alternative 

sources of fossil fuels as nitrate is a by-product. 

 

This study also highlighted that water quality was highly variable in the 

reservoir, especially upstream. Water reservoir managers tend to 

concentrate more on the management of the water quality near the dam 

wall as this is water normally gets released for treatment. It is important to 

understand that large reservoirs have distinct zones and these zones differ 
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in terms of their phytoplankton community composition and 

physicochemical parameters. Sampling along the longitudinal gradient is 

recommended if trying to do studies on the ecology of the reservoir rather 

than sampling only at the dam wall which is more often the case. Results 

from the dam wall could be misleading if the values are taken in general for 

the whole reservoir. Any future research undertaken needs to consider that 

upstream sites are as important as the downstream if the phytoplankton 

and physicochemical dynamics of the whole reservoir needs to be 

understood.  Hence, sampling along the longitudinal gradient would more 

likely give better insights. 

 
Results based on correlations with nutrient data could have their 

limitations due to the highly dynamic nature of spatial and temporal 

variation of nutrients even in short periods of time. This study was 

undertaken in a drought and it would be ideal to see if similar results are 

obtained when the reservoir is fuller. Or a longer term nutrient 

manipulation experiment would perhaps show trends that were not seen 

with short term experiments. A longer timeframe would allow slow-growing 

species to also exhibit their community dynamics and perhaps 

phytoplankton species composition could also change. 

 

In summary my study provides new key insights into understanding how 

nutrients play a role in promoting phytoplankton growth and species 

composition in subtropical reservoirs. 
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