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Abstract 

Excessive growth of cyanobacteria, commonly known as cyanobacterial blooms, appear 

to be increasing in magnitude and frequency worldwide, thus posing a serious threat to 

the safety and security of water resources. With the increasing global water stress, there 

is a need for effective management of cyanobacterial blooms in water bodies. So far, it 

has been a great challenge to mitigate and assess public health risks associated with 

cyanobacterial blooms due to difficulty in predicting the level of cyanobacterial biomass 

and microcystin concentrations in water bodies. Moreover, the effectiveness of the 

current bloom prevention and risk assessment strategies depend upon the understanding 

of the dynamics of cyanobacteria and microcystin under natural conditions. Thus, this 

research aims to: i) assess the variability of the relationship between cyanobacterial 

biomass and microcystin concentration, which is currently used to assess the risk to 

human and ecosystems health; ii) determine the environmental drivers of the dynamics 

of cyanobacterial dominance and microcystin concentration and assess site specificity of 

the environmental drivers; and iii) investigate how changes in the structure of 

phytoplankton community and cyanobacterial composition in response to nutrient 

concentration affect the dynamics of microcystin concentration.  

 

The results contained in this thesis revealed that the biomass-toxin relationship is a 

function of spatiotemporal patterns that affect cyanobacterial and microcystin dynamics. 

The correlation between the biomass and toxin is weak and site-specific, and large 

changes in total microcystin concentrations occur even at stable cyanobacterial biomass 

concentrations. This could pose a significant threat to the risk assessment associated 

with microcystin contamination in water bodies.  
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In relation to the environmental drivers of the dynamics of cyanobacterial dominance 

and microcystin concentration, the results revealed the significant role of phosphorus 

and iron concentrations in the water column. Low phosphorus and iron concentrations 

in the water column trigger the dominance of cyanobacterial biomass in the 

phytoplankton community. Specifically with regard to bloom toxicity, high phosphorus 

and iron concentrations in the water column trigger high microcystin concentration. 

Furthermore, different concentrations of phosphorus, nitrogen and iron species 

explained the succession of different cyanobacterial genera at the cyanobacterial 

community level. Nevertheless, the correlations between the dynamics of cyanobacterial 

dominance and microcystin concentration and environmental factors are site-specific. 

This might potentially be related to the effect of spatial heterogeneity of the local 

nutrient concentrations and cyanobacterial community present in the systems. 

 

In addition to nutrients, changes in the structure of phytoplankton community are also 

significantly correlated to the dynamics of microcystin concentration. Under high 

nutrient concentrations, other phytoplankton groups are capable of growing faster and 

gain dominance over cyanobacteria. However, this study shows that under this scenario, 

cyanobacteria produce more toxins. This supports the hypothesis of allelopathic 

interaction in cyanobacteria.  

 

The results presented in this thesis will improve the fundamental understanding of the 

dynamics of toxic cyanobacterial blooms. Additionally, these results can be used to 

supplement the existing strategies for the prevention of cyanobacterial blooms and 

assessment of risk associated with cyanobacterial toxins to humans and the 

environment. 
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2 

1.1 Background  

The world population had increased significantly in the last five decades from 3 billion 

in 1960 to 6.7 billion in 2009 (World Bank 2012). Based on the current population 

growth rate, the world’s population is projected to increase to 7.8 billion by 2025 (Cai 

and Rosegrant 2002). The increasing world population will cause agricultural and non-

agricultural water uses to grow rapidly (Cai and Rosegrant 2002). As shown in Table 

1.1, total water withdrawal and the ratio of total water withdrawal to total renewal water 

resources are estimated to increase significantly at a global, regional and national level 

(Rosegrant and Cai 2002). At a global level, the total water withdrawals are projected to 

increase from 3,906 km
3
 in 1995 to 4,794 km

3
 in 2025. The total global water 

withdrawals in 2025 will represent 10% of the total renewable water resources. In 

addition, the total water withdrawals in South Asia, China, India, Western Asia and 

Northern Africa in 2025 will represent between 29 to 87% of the total renewal water 

resources. High ratios of the total water withdrawals to total renewal water resources in 

these countries and regions indicate a significant water stress in the future. Therefore, 

there is an urgent need to sustain the availability and quality of water resources to 

ensure an adequate water supply in the future. 

 

Table 1.1: Total water withdrawal and ratio of total water withdrawal to total renewable 

water resources (%), estimated 1995 and projected to 2025 for selected countries and 

regions (Rosegrant and Cai 2002). 

Countries/Regions Total water withdrawal 

(km
3
) 

Ratio of total water withdrawal 

to total renewal water (%) 

 1995 2025 1995 2025 

World 3906 4797 8 10 

China 679 858 26 33 

India 674 813 30 36 

USA 497 533 24 26 

South Asia 1027 1235 24 29 

Southeast Asia 203 289 4 5 

Western Asia and Northern 

Africa 

236 297 69 87 
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Water availability and its quality will be one of the major challenges for the 

environment and society due to increased effects from anthropogenic disturbances and 

climate change. Changes in the hydrological cycle affect the function and operation of 

existing water infrastructures, thus leading to variability and risk in water supply 

availability (IPCC 2008, Gossling et al. 2012). Rising global temperatures (Elliott 2012, 

Zhang et al. 2012) and changes in the hydrological cycle, along with increase in human 

activities (Paerl et al. 2011a), has increased nutrient loading into water bodies, thus 

stimulating further eutrophication and leading to deterioration in the quality of the 

available water resources (IPCC 2008, El-Shehawy et al. 2011, Newcombe et al. 2011, 

Paerl et al. 2011a, Paerl and Paul 2011, Reichwaldt and Ghadouani 2011, Carey et al. 

2012).  

 

Eutrophication increases primary productivity in water bodies and results in an 

increased incidence of excessive proliferation of algal biomass, commonly known as 

bloom (Chorus and Bartram 1999). Excessive algae growth in eutrophic freshwater is 

often associated with the dominance of cyanobacterial biomass (Codd 2000). 

Cyanobacteria are photosynthetic prokaryotic organisms that are also known as blue-

green algae (Chorus and Bartram 1999). An example of excessive cyanobacterial 

growth in eutrophic freshwater lake is shown in Fig. 1.1. High cyanobacterial biomass 

in freshwater systems is likely to affect the size structure of zooplankton community 

and change the stability of aquatic ecosystems (Rohrlack et al. 1999, Rohrlack et al. 

2001, Ghadouani and Pinel-Alloul 2002, Ghadouani et al. 2004, Ghadouani et al. 2006). 

In addition, the issue of high cyanobacterial biomass is also affecting the treatment 

efficacy in wastewater treatment plant due to biomass accumulation in pipe and 

pumping delivery infrastructure (Barrington and Ghadouani 2008, Barrington et al. 

2011, Martins et al. 2011). Moreover, the excessive growth of cyanobacterial biomass is 
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of additional concern due to toxin contamination, which can seriously deteriorate the 

quality of the water resources and present health hazards to human and animal (Codd 

2000, Rohrlack et al. 2003, Rohrlack et al. 2005, Havens 2007, Djediat et al. 2011, 

Zamyadi et al. 2011, Romo et al. 2012). The issue of cyanobacterial blooms appears to 

be increasing worldwide, thus posing an additional threat to the global availability and 

quality of usable water resources. Shortage of portable water resources, in addition to 

increasing harm of toxic cyanobacterial blooms, will greatly impact human population 

sustainability, especially in developing and water scarce countries.  

 

 

Fig.1.1: Satellite image (A) and photograph (B) of the excessive cyanobacterial growth 

in Yangebup Lake, South West Australia (source of satellite image: 

www.nearmap.com; source of photograph: Nang, S.C.S., 2011). 

 

Against this background, it is important to protect available water resources from the 

increasing harm of cyanobacterial blooms. Therefore, this research aims to enhance our 

current understanding of the occurrence and the dynamics of cyanobacterial blooms and 

its associated toxin. This research seeks to identify the environmental drivers of the 

dynamics of cyanobacteria and microcystin. As microcystin production can be highly 

A B 
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dynamic on both spatial and temporal scales, this research also aims to assess how this 

affects the existing microcystin risk assessment strategy.  

 

1.2 Historical descriptions of cyanobacterial blooms 

The recognition and anecdotal evidence of massive cyanobacterial development were 

reported in the literature as early as in AD 77 (Codd et al. 1994). One of the earliest 

reports dates from the Han dynasty in China, where military troops were poisoned after 

crossing a “green coloured river” (Chorus and Bartram 1999). Later in the 12
th

 century, 

an awareness of the poisonous nature of water bodies coloured with green scum, 

possibly cyanobacterial blooms, existed at the former Monasterium Virdis Stagni in 

South west Scotland (Codd 1996). In 1850, local Aboriginal hunting peoples at Milang, 

Lake Alexandrina, South Australia were also reported to have been aware of animal 

deaths associated with the formation of cyanobacterial scum (Anon 1878, as cited in 

Codd et al. 1994).  

 

1.3 Scientific reports of toxic cyanobacterial blooms 

The world’s first scientific report of the toxicity of cyanobacterial blooms was 

published by George Francis in 1878. Francis described the rapid death of stock animals 

at Lake Alexandrina, a freshwater lake at the mouth of Murray River in South Australia 

(Francis 1878). Subsequent to the work of Francis, cyanobacterial blooms were reported 

at various latitudes and climatic zones (Chorus and Bartram 1999). As shown in Fig.1.2, 

field surveys in Europe, North America, South America, Australia, Asia and Africa, 

have shown that cyanobacterial blooms can occur under a range of environmental 

conditions and nearly in all parts of the world (Svrcek and Smith 2004, Zurawell et al. 

2005, Haande et al. 2007).  
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Fig.1.2: Global occurrence of cyanobacterial blooms (modified after Zurawell et al. 

2005) 

 

The presence of high cyanobacterial biomass in water bodies, either used for drinking or 

recreational purposes, may pose serious health risks for human and animal populations. 

This is due to the fact that various cyanobacterial genera including Microcystis, 

Anabaena, Anabaenopsis, and Planktothrix are capable of producing a range of toxins, 

which can have lethal and sub-lethal effects in both humans and animals (Codd et al. 

2005, Falconer 2005, Damkova et al. 2011, Froscio et al. 2011, Lance 2011, Nonga et 

al. 2011, Wood et al. 2012). Cyanobacterial toxins are categorised into two main types, 

namely cyclic peptides and alkaloids. Cyclic peptides are consist of microcystin and 

nodularin, while alkaloids include neurotoxins and cylindrospermopsin (Chorus and 

Bartram 1999, NHMRC 2011). Of all cyanobacterial toxins, microcystin is the most 

commonly encountered cyanobacterial toxin that is likely to pose a risk to the 

consumers of drinking and recreational water (Falconer and Humpage 2005). 

Furthermore, microcystin Microcystin is potent and previously described as “fast-death 

factor” (Bishop et al. 1959).  

 

Canada 
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New Zealand 
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Humans may be exposed to cyanobacterial toxins through direct contact and ingestion 

of toxic cyanobacteria from drinking or recreational water (Chorus et al. 2000). Humans 

may also be exposed to cyanobacterial toxins through the consumption of contaminated 

plants (Chen et al. 2012), shellfish (Chorus et al. 2000) and intravenous exposures 

related to medical procedures (Azevedo et al. 2002). In the past, scientific studies on 

human illness due to cyanobacterial toxins were reported in the USA, Australia, Brazil, 

China, and England as early as 1931 (Chorus and Bartram 1999) (Table 1.2).  

 

Table 1.2: Examples of early reports of human illness associated with the exposures to 

cyanobacterial blooms. 

Year Location Routes of 

exposure 

Signs and 

symptoms 

Number 

affected 

References 

1931 Ohio and 

Potomac rivers, 

USA 

Drinking water Gastrointestinal 

illness 

5000-8000 Tisdale 1931, as 

cited in Chorus 

et al. 2000 
 

1979 Palm Island, 

Australia 

Drinking water Gastrointestinal 

illness 

>100 (Griffiths and 

Saker 2003) 
 

1989 England Recreational 

water 

Pneumonia 10 (Van Apeldoorn 

et al. 2007) 
 

1993 China Drinking water Liver cancer 202 (Yu 1995) 
 

1996 Caruaru, 

Brazil 

Intravenous 

exposure 

(dialysis) 

Acute liver 

failure 

100  

(52 deaths) 
(Jochimsen 

1998, Azevedo 

et al. 2002) 

 

In the USA, a massive Microcystis spp. bloom in the Ohio and Potomac Rivers caused 

gastrointestinal illness to between 5000 and 8000 people whose drinking water was 

sourced from these affected rivers (Tisdale 1931, as cited in Chorus et al. 2000). In 

1979, a bloom of Cylindrospermopsis raciborskii, contaminated a drinking water 

reservoir in Palm Island, Australia, resulted in the serious illness of over 100 people 

from an Aboriginal community (Griffiths and Saker 2003). In 1989, cases of severe 

pneumonia were reported in England, when army recruits were exposed to Microcystis 
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aeruginosa blooms while swimming and canoeing (Van Apeldoorn et al. 2007). In 

1993, incidences of liver cancer in China were correlated to people drinking from 

cyanobacterial infested surface water (Yu 1995). In 1996, the worst recorded incidence 

of human fatalities from cyanobacterial toxins was reported in Caruaru, Brazil, when 

100 patients developed acute liver failure, which resulted in 52 deaths after being 

exposed to cyanobacterial toxins during renal dialysis (Jochimsen 1998, Azevedo et al. 

2002). These human exposures to cyanobacterial blooms and toxins with associated 

health outcomes were reported to be related to microcystin poisoning (Codd et al. 2005, 

Huisman et al. 2005). Therefore, this research will specifically focus on microcystin, 

due to its potential harm if present in drinking and recreational water. With regards to 

the serious harm of toxic cyanobacterial blooms to the water safety, a better 

understanding of the ecological conditions leading to the intensification of 

cyanobacterial blooms and their toxicity in water bodies is needed. 

 

Based on existing knowledge, occurrences of cyanobacterial blooms are not necessarily 

associated with the presence of toxins in the water column. For instance, Carrasco et al. 

(2006) has reported that only 45 to 70% of material in potentially toxic cyanobacterial 

blooms was found to contain toxins. Early studies have proposed that blooms toxicity is 

dependent on the presence of toxic cyanobacterial strains and the level of microcystin 

production. The proportion of cyanobacterial strains capable of producing microcystin 

can vary significantly even within a single population, and may range between 12% (Xu 

et al. 2010) to 60% (Kurmayer et al. 2011) and 80% (Briand et al. 2008b). Additionally, 

total microcystin content per cell within the same cyanobacterial population also vary 

on a spatial and temporal basis (Carrasco et al. 2006, Vasconcelos et al. 2011). Further, 

the formation of cyanobacterial blooms and microcystin production might be regulated 

by different ecological conditions. Accordingly, the ecology of cyanobacterial blooms 
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and microcystin production are discussed separately in the following sections. A 

conceptual model illustrating the ecology of cyanobacterial bloom and microcystin 

production is shown in Fig.1.3. 
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Fig.1.3. Conceptual model of the ecology of cyanobacterial bloom and microcystin production 
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1.4 Environmental factors affecting blooms  

Current studies have proposed a range of physicochemical factors which trigger the 

occurrence of cyanobacterial blooms in freshwater ecosystems. Among other factors, 

excessive nutrient loading and increasing water temperatures are known as the basis for 

the presence of massive cyanobacterial biomass (Paerl and Huisman 2008). As massive 

cyanobacterial blooms usually occur in eutrophic water bodies, high phosphorus and 

nitrogen concentrations are assumed to be the primary triggers for their growth (Chorus 

and Bartram 1999, Paerl et al. 2011b). Additionally, rising water temperatures favour 

the formation of high cyanobacterial biomass through the migration of biomass from 

sediment into the water column (Schöne et al. 2010), increasing stratification and 

reducing vertical mixing (Paerl and Huisman 2008), and enhanced hypolimnetic 

phosphorus accumulation from sediment (Sondergaard et al. 2003).  

 

1.4.1 Cyanobacterial ecostrategies 

Cyanobacterial ecostrategies refer to specific behaviour and reactions to changes in 

environmental conditions (Chorus and Bartram 1999). Cyanobacterial ecostrategies 

determine the succession of cyanobacteria in dominating the phytoplankton community 

(Chorus and Bartram 1999, Dokulil and Teubner 2000). Cyanobacteria have a 

competitive advantage over other phytoplankton in environments that are nutrient 

limited, high water temperatures and low light availability.  

 

Cyanobacteria are known to have a higher phosphorus uptake rate and lower half 

saturation constant than other phytoplankton (Amano et al. 2010). This means that 

cyanobacteria can out-compete other phytoplanktons under phosphorus limited 

conditions. Additionally, cyanobacteria have a higher internal phosphorus storage and 

can deplete phosphorus to much lower levels than other phytoplankton groups, 
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especially chlorophytes (Lang and Brown 1981). Therefore, it is possible that low 

phosphorus concentrations (< 0.1 mg L
-1

) are sufficient to induce excessive 

cyanobacterial growth (Amano et al. 2010), and enable cyanobacteria to bloom in 

oligotrophic waters (Chorus and Bartram 1999, de Figueiredo et al. 2004).  

 

Nitrogen fixation is another feature which allows certain cyanobacterial species from 

genera Anabaena, Aphanizomenon, Cylindrospermopsis, Nodularia and Nostoc to gain 

a competitive advantage under nitrogen deficient conditions (Chorus and Bartram 

1999). Although nitrogen fixation is costly from a physiological perspective, nitrogen 

fixation is advantageous when the concentrations of dissolved nitrate and ammonium 

are low (Huisman and Hulot 2005).  

 

Cyanobacterial competitive advantages under nitrogen and phosphorus limitation 

suggest that low N:P ratio may infer cyanobacterial dominance, particularly of nitrogen-

fixing species, over the other phytoplankton communities (Smith 1983, Bouvy 1999). 

Smith (1983) has shown that cyanobacterial blooms are likely to occur when the N:P 

ratio is below 29. However, low N:P ratios might not always determine cyanobacterial 

dominance as phytoplankton cells have the ability to store a certain amount of 

phosphorus (Davies et al. 2010). 

 

Iron is an element with low biological availability and may become a limiting resource 

for the growth of phytoplankton (Boyer et al. 1987) including cyanobacteria (Molot et 

al. 2010). Cyanobacteria have a competitive advantage to dominate under low iron 

availability due to their ability to alter their cellular iron requirements and increase their 

ability to utilize iron at low concentration through the presence of siderophores (Boyer 

et al. 1987, Wilhelm 1995, Lee et al. 2011). For example, many cyanobacterial genera 
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including Anabaena, Microcystis and Planktothrix can produce siderophores to 

facilitate the uptake of ferric ions into cells under iron limited conditions (Wilhelm 

1995, Nagai et al. 2007). 

 

Temperatures exceeding 25ºC are likely to provide optimum conditions for 

cyanobacteria to grow rapidly and dominate in water bodies, through regulation of 

cyanobacterial photosynthetic capacity, respiration and growth rate (Robarts and Zohary 

1987). These optimum temperature values are higher than those for chlorophytes and 

diatoms (Chorus and Bartram 1999), indicating that global warming will favour 

cyanobacterial dominance in the phytoplankton community. However, there is also 

evidence that cyanobacteria can form blooms under ice (Vasas et al. 2010) and have 

active photosynthetic activity at low temperatures (Konopka and Brock 1978). 

Therefore, the effects of temperature on cyanobacterial dominance may be direct or 

indirect (Robarts and Zohary 1987, Hyenstrand et al. 1998). Temperature, for instance, 

might indirectly contribute to the dominance of cyanobacteria through its effect on 

water mixing and nutrient transport from sediment (Sondergaard et al. 2003, Paerl and 

Huisman 2008). On the other hand, direct effects of temperature are associated with its 

combined effects with other environmental factors to affect cyanobacterial dominance 

(Tilman et al. 1986, as cited in Robarts and Zohary 1987). 

 

Cyanobacteria are able to absorb light efficiently due to the presence of two reaction 

centers, PS I and PS II, in their photosynthetic apparatus. This feature allows 

cyanobacteria to use effectively the light spectrum between the absorption peaks of 

chlorophyll-a and carotenoids (Ormerod 1992 , Chorus and Bartram 1999). 

Additionally, cyanobacteria are also known to have a lower specific maintenance rate 

than chlorophytes. Hence, cyanobacteria may require smaller amounts of energy to 
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sustain their cellular function and growth (Van Liere and Mur 1979, Fogg and Thake 

1987). As a result, cyanobacteria are able to maintain a higher growth rate than other 

phytoplankton under low light intensity. Having a competitive advantage in relation to 

other phytoplankton under low light energy supply allows cyanobacteria to become 

dominant in turbid water (Hyenstrand et al. 1998, Chorus and Bartram 1999).  

 

Many cyanobacteria including Microcystis spp. and Aphanizomenon spp. contain gas 

vacuoles, which give their cells a lower density than water (Chorus and Bartram 1999). 

With the presence of gas vacuoles, cyanobacterial cells are able to control their 

buoyancy and can migrate vertically along physical, chemical and light gradients to 

achieve optimum growth conditions (Chorus et al. 2000, Xiao et al. 2012).  

 

1.4.2 The relationship between cyanobacterial biomass and environmental factors 

In spite of the cyanobacterial ecostrategies described in the previous section, the 

environmental factors causing cyanobacterial blooms in water bodies remain the subject 

of a long-standing debate. This is due to the fact that eco-physiological differences 

between cyanobacterial groups in mixed blooms have led to non-homogenous 

behaviour and responses to the natural environment (Chorus and Bartram 1999). In the 

literature, the reported relationships between environmental factors and cyanobacterial 

biomass are contradictory. In terms of phosphorus, Izydorczyk et al. (2008) has 

suggested that high phosphorus concentrations promote high cyanobacterial biomass. 

On the other hand, de Figueiredo et al. (2006) has reported that low phosphorus 

concentrations favour high cyanobacterial biomass. Similarly, nitrogen was also 

reported to have either positive (Wilhelm et al. 2011, Srivastava et al. 2012) or no 

correlation (Babanazarova and Lyashenko 2007) with cyanobacterial biomass. The 

relationship between the ratio of total nitrogen to total phosphorus (TN:TP ratio) and 
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cyanobacteria also differs between studies. The hypothesis of low TN:TP ratio 

favouring the dominance of cyanobacteria (Smith 1983) has been challenged by studies 

which reported contrasting findings (Downing et al. 2001, Barros et al. 2010). The 

potential correlations between iron concentration in the water column and 

cyanobacterial biomass have been reported to be either positive (Jiang et al. 2008, 

Molot et al. 2010), negative (Sharma et al. 2009) 2009) or no clear correlation (Yan et 

al. 2004). Analogously, the correlations between temperature, light and cyanobacterial 

biomass are also contrasting (Hyenstrand et al. 1998, de Figueiredo et al. 2006, Wagner 

and Adrian 2009, Lehman 2011). The presence of high cyanobacterial biomass in water 

bodies is usually associated with warmer water temperature, as this positive relationship 

was previously observed in many studies (de Figueiredo et al. 2006, Izydorczyk et al. 

2008, Wu et al. 2008, Markensten et al. 2010). However, there is also evidence that this 

is highly species specific and that the length of the warm period is more important that 

the absolute temperature (Galvao et al. 2008, Wagner and Adrian 2009). In terms of 

light, it has been suggested that low light availability in the water column is responsible 

to initiate the presence of high cyanobacterial biomass (Hyenstrand et al. 1998). In 

contrast, it has been found that low light conditions were not the trigger for the 

development of high cyanobacterial biomass, but rather caused by it (Presing et al. 

1996). 

 

The contrasting findings of the potential relationship between the environmental factors 

and cyanobacteria have limited our ability to understand the key environmental drivers 

of the occurrence of cyanobacterial blooms in water bodies. Hence, this research aims to 

identify the ecological factors which trigger the proliferation of massive cyanobacterial 

biomass and the dominance of these organisms in the water column.  
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1.5 Ecology of microcystin production 

In addition to knowledge of the ecological conditions leading to the formation of 

cyanobacterial blooms in general, it is also crucial to take into account the regulatory 

factors of the blooms’ toxicity.  The ability of cyanobacteria to produce microcystin is 

firstly determined at the genetic level with the presence of microcystin synthesis genes 

known as mcy genes (Tillett et al. 2000, Tooming-Klunderud et al. 2007, Kehr et al. 

2011). Microcystin is synthesized non-ribosomally by the thio-template functions of 

large multifunctional enzyme complexes. Gene clusters encoding the biosynthetic 

enzyme (mcyS) have been sequenced and characterized in Microcystis genera (Fig.1.4). 

In Microcystis aeruginosa PCC7806, the mcyS genomic locus spans 55kb and 

comprises 10 genes arranged in two divergently transcribed operons (mcyA-C and 

mcyD-J) (Tillett et al. 2000). 

 

 

Fig.1.4: Microcystin biosynthesis gene cluster in Microcystis aeruginosa. The direction 

of transcription is shown by arrow (Tillett et al. 2000). 

 

In nature, cyanobacterial populations may consist of single or mixed species, and a 

single species may be a mixture of toxic and non-toxic strains (Chorus and Bartram 

1999, Lopes et al. 2012, Wood et al. 2012). Strains are specific genetic subspecies with 

slightly different traits (Chorus and Bartram 1999). As an example, 11 strains of 

Microcystis aeruginosa were isolated from a single cyanobacterial population (Rico et 

al. 2006). The proportions of cyanobacterial strains capable of producing microcystin 
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within a single population are highly variable, ranging from 12% (Xu et al. 2010, 

Srivastava et al. 2012) to 80% (Briand et al. 2008b). Therefore, the concentration of 

microcystin produced during a bloom will, to some extent, depend on variations in the 

proportion of strains containing mcy genes (Srivastava et al. 2012).  

 

On the other hand, microcystin content in the individual cell can vary considerably in 

any given strain due to different levels of expression of genes which are involved in 

microcystin biosynthesis (Briand et al. 2008a). A range of environmental factors 

including temperature (Davis et al. 2009), light intensities (Kaebernick et al. 2000, 

Phelan and Downing 2011, Renaud et al. 2011), phosphorus (Rinta-Kanto et al. 2009), 

nitrogen (Long et al. 2001), TN:TP ratio (Vezie et al. 2002), iron (Sevilla et al. 2010) 

and the presence of other competing phytoplankton (Engström-Öst et al. 2011) have 

been suggested to correlate with the level of gene expression involved in microcystin 

biosynthesis. However, the influences of these environmental factors on microcystin 

production remain largely unclear and inconsistent between studies, as discussed in the 

following sections. 

 

1.5.1 Physical and chemical factors 

Temperature gradient has been reported to cause up to a three-fold difference in cellular 

microcystin content (Chorus and Bartram 1999).  For example, microcystin production 

increased from 300 to 900 µg g
-1

 phytoplankton dry mass as water temperature 

increased from 25 to 29°C (Ame et al. 2003). On the other hand, there are also reports 

suggesting that microcystin production was reduced from 2 to 1 mg g
-1

 dry mass when 

the water temperatures increased from 25 to 30°C (Rapala et al. 1997).  
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High concentrations of nitrogen and phosphorus in the water column have also been 

suggested to have a positive correlation with microcystin production (Oh et al. 2000, 

Takahashi et al. 2007). This may be due to extra energy required for toxin biosynthesis 

in toxic cyanobacteria (Vezie et al. 2002). For example, higher nitrogen availability was 

found to be associated with higher microcystin concentrations in non-nitrogen fixing 

cyanobacteria such as Microcystis aeruginosa (Li et al. 2007). Nevertheless, there are 

also studies which reported that microcystin production in Microcystis aeruginosa is 

independent of nitrogen availability (Sevilla et al. 2010, Wilhelm et al. 2011). Similar to 

the role of nitrogen, the effect of phosphorus on microcystin production appears to 

differ between studies. Wang et al. (2002) and Rinta-Kanto et al. (2009) have shown 

that the cellular microcystin content in Microcystis aeruginosa increased with higher 

total phosphorus concentrations in the water column. In contrast, other studies suggests 

a negative correlation or no correlation between phosphorus and microcystin production 

(Wu et al. 2006, Srivastava et al. 2012). These conflicting findings are possibly due to 

non-linear effects of nutrients on microcystin production (Graham et al. 2004). Graham 

et al. (2004) has demonstrated that microcystin concentrations exceeding 2 µg L
-1

 

occurred when the total amount of nitrogen in the water column varied between 1 to 4 

mg L
-1

 . In contrast, microcystin concentration decreased to below 1.5 µg L
-1

 when total 

nitrogen exceeded 8 mg L
-1

. Therefore, it is possible to speculate that nutrient regulation 

on microcystin production may depend on the range of nutrient present in the systems. 

 

Iron availability has similarly been demonstrated to have a significant effect on 

microcystin production (Wilhelm 1995). Microcystis aeruginosa was found to produce 

20-40% more microcystin when grown in media in the absence of, or at low iron 

concentrations (<2.5 µM ≈ 0.14 mg L
-1

) (Lukac and Aegerter 1993). It has been 

assumed that microcystin production occurs as a response to environmental stress 
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associated with iron deficient conditions (Alexova et al. 2011). On the other hand, 

contrasting findings relating to the role of iron in microcystin production argue that 

higher levels of iron (0.9 mg L
-1

) will potentially enhance microcystin production (Jiang 

et al. 2007). In addition, results published in Yan et al. (2004) have shown that 

microcystin production was enhanced at higher iron concentrations, when cyanobacteria 

were grown at iron concentrations ranging between 0.5 to 10 mg L
-1

. A possible 

explanation to support this result is related to the fact that iron is an essential element 

involved in photosynthesis and many other metabolic pathways.  

 

The contrasting findings relating to the effects of physicochemical factors on 

microcystin production suggest there are gaps in knowledge in terms of understanding 

the environmental drivers of microcystin production during cyanobacterial blooms. A 

better understanding of the environmental conditions leading to high microcystin 

production is essential for the assessment of risk associated with cyanobacterial bloom 

in water bodies. Therefore, this research aims to identify the environmental factors 

which trigger microcystin production in natural blooms. 

 

1.5.2 The structure of phytoplankton community  

In addition to physical and chemical factors, microcystin production in cyanobacterial 

cells is potentially influenced by the interspecific interaction between cyanobacteria 

with other phytoplankton groups, or within the cyanobacterial community. It has been 

proposed, through the theory of allelopathic interaction, that cyanobacteria may increase 

microcystin production to outcompete their competitors in ecosystems (Huisman and 

Hulot 2005, Schatz et al. 2007, Engström-Öst et al. 2011). Under growth limiting 

conditions, the benefit of producing microcystin might outweigh the cost (Briand et al. 

2008b). It was shown that the presence of microcystin in the water column can affect 
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the growth of co-existing organisms such as microalgae (Babica et al. 2006, Camacho 

2008).  

 

At this stage, there is insufficient evidence to support the theory that microcystin is 

produced by cyanobacteria in order to provide a competitive advantage in the 

phytoplankton community. This is due to the limited number of studies which have 

focused on the effects of the dynamics of the phytoplankton community and 

cyanobacterial composition on microcystin production. This issue has limited our ability 

to predict, especially under highly dynamic environmental conditions, the potential 

toxicity of cyanobacterial blooms from the structure of phytoplankton community and 

cyanobacterial composition. The ability to predict microcystin production from the 

dynamics of phytoplankton community structures in response to nutrient will improve 

our ability to assess the bloom toxicity in water bodies. It is beneficial if the level of 

microcystin production could be estimated from the commonly tested parameters 

included in water quality monitoring, such as the fraction of cyanobacterial biomass in 

the total phytoplankton community, fraction of the biomass of a certain cyanobacterial 

genera in cyanobacterial community and nutrient concentration. To address this 

knowledge gap, this research seeks to investigate how changes in the structure of 

phytoplankton community and cyanobacterial composition, in response to nutrient 

concentration, can affect the dynamics of microcystin production. 

 

1.6 Variations in the correlations between the physicochemical factors and 

cyanobacterial and microcystin dynamics  

As described in previous sections, both laboratory and field studies reveal inconsistent 

findings in the relationship between environmental factors and cyanobacterial and 

microcystin dynamics. Inconsistencies regarding the roles of physicochemical factors 



Chapter 1 | I n t r o d u c t i o n  

21 

on cyanobacterial biomass and microcystin in laboratory studies could be due to 

variations in experimental setup, including the use of different cyanobacterial strains 

and the range of the tested physicochemical factors. Inconsistent findings between 

laboratory and field studies could be explained by the fact that laboratory conditions can 

be controlled, and the effects of single parameters can be tested, while several 

physicochemical factors may vary simultaneously in field studies (Kardinaal and Visser 

2005). Furthermore, in field studies, inconsistent reports on the relationship between 

environmental factors and cyanobacterial biomass or microcystin may be related to the 

roles and characteristics of the environmental factors that are subjected to spatial 

heterogeneity.  

 

The questions on the extent to which the cyanobacterial biomass and microcystin are 

subjected to site-specific physicochemical factors remain unclear. As suggested by 

Sabart et al. (2010), the effect of local environmental conditions could add to the 

difficulty of managing toxic cyanobacterial blooms. For example, the remedial or 

prevention method, which has been proven to be a successful management strategy in 

certain water bodies, might not give a similar result when used in different locations.  In 

addition, the site specificity of cyanobacterial blooms and toxin dynamics could add to 

the difficulty of managing and predicting the potential toxicity of cyanobacterial 

blooms.  

 

This is a crucial issue which requires further research. Integrating the effect of site 

specificity to a list of significant environmental causation factors will provide a more 

accurate understanding of the potential reasons behind the inconsistent outcomes of 

adopted cyanobacterial bloom management strategies. As a step forward, this research 

will focus on the understanding of how the physicochemical environmental factors 
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correlate with cyanobacterial blooms and microcystin dynamics under local 

environmental conditions. To achieve this aim, it is essential to compare the 

physicochemical factors responsible for cyanobacterial blooms and microcystin 

dynamics on a spatial basis. 

 

1.7 Microcystin dynamics 

Microcystin concentrations in the natural environment are highly dynamic on both 

spatial and temporal scales. From the results published in the literature (Table 1.2), total 

microcystin concentrations in water may range over five orders of magnitude, from 5 µg 

L
-1

 to 37 mg L
-1

. Similarly, when expressed per unit of algal dry mass, the reported 

microcystin concentrations also ranged within the same orders of magnitude, from 9 µg 

g
-1

 to 20 mg g
-1

. Additionally, there are possibilities that the microcystin concentrations 

in water bodies could range in more than five orders of magnitude as not all extreme 

occurrences of microcystin in water bodies are reported in the literature. The variability 

of microcystin concentration reported in the literature, suggest a variation in the level of 

microcystin production per cyanobacterial cell (Vasconcelos et al. 2011). Hence, the 

highly dynamic microcystin production may result in unexpected microcystin 

concentrations with small notable changes in cyanobacterial biomass. 
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Table 1.3: A comparison of the highest total (cellular and extracellular) microcystin 

concentrations reported in studies conducted throughout the world. Concentrations are 

presented in µg L
-1

, or else in µg g
-1

 dry mass as indicated. 

Range  

(µg L
-1

  or 

µg g
-1

) 

The highest total microcystin 

concentration detected  

(µg g
-1

 dry mass or µg L
-1

) 

 Country References 

<10 5  USA (Graham et al. 2004) 

7   France (Briand et al. 2005) 

9 µg g
-1

  Spain (Aboal and Puig 2005) 

10 - 1000 14  Singapore (Te and Gin 2011) 

37  Czech Republic (Blahova et al. 2007) 

87  Portugal (Vasconcelos et al. 2011) 

120  Spain (Romo et al. 2012) 

415 µg g
-1

  Africa (Wicks and Thiel 1990) 

590 µg g
-1

  China (Liu et al. 2011) 

>1000 1295 µg g
-1

  Philippines (Baldia et al. 2003) 

1385 µg g
-1

  USA (Jean et al. 2000) 

2400 µg g
-1

  Argentina (Ame et al. 2003) 

2500   Australia (White et al. 2003) 

3284 µg g
-1

  Japan (Ozawa et al. 2005) 

6171 µg g
-1

  Czech Republic (Blaha et al. 2010) 

19800 µg g
-1

  Kenya (Ballot et al. 2004) 

29163  Algeria (Nasri et al. 2004) 

36500  New Zealand (Wood 2006) 

 

1.8 Microcystin risk assessment methods 

In relation to public health protection, a provisional guideline value of 1 and 20 µg L
-1

 

microcystin are set for drinking and recreational water, respectively (WHO 1998,2003). 

The guideline values are based upon Tolerable Daily intake (TDI) derived from animal 

study (No Observed Adverse Effects Level, NOAEL), with the application of 

appropriate uncertainty factors (NHMRC 2011). However, in many countries including 

Australia, the current alert level framework for potentially toxic cyanobacterial blooms 

in public water is based on cyanobacterial biomass (ANZECC 2000, NHMRC 2011), 

which are used as an indicator to indirectly estimate the risk of microcystin 

contamination. Certain levels are set as thresholds which trigger action by water 

authorities during water quality monitoring (Watzin et al. 2006). As an example, 2 000 

and 20 000 cyanobacterial cells mL
-1

, or 1 and 10 µg L
-1

 chlorophyll-a has been set as 

the safe level of potential microcystin concentration in drinking and recreational water, 
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respectively (ANZECC 2000, WHO 2003). This indirect microcystin risk assessment is 

based on the assumption of a linear relationship between cyanobacterial biomass and 

microcystin concentrations, and assuming a constant microcystin production for a given 

strain or genotype (WHO 2003). As an example, microcystin content per cyanobacterial 

cell is estimated as 0.2 and 0.4 pg cell
-1

 for Microcystis spp. and Planktothrix spp., 

respectively. 

 

1.9 The effects of the variation in microcystin production on the indirect 

microcystin risk assessment 

At this stage, it is unclear as to how the dynamics of cyanobacterial biomass and 

microcystin production affect the indirect microcystin risk assessment. Current studies 

have proposed that small variations in microcystin concentrations can be explained by 

the dynamics of potentially microcystin producing cyanobacteria, and total microcystin 

content per cell can vary significantly between toxic cells (Briand et al. 2008b). As 

published by WHO (2003), an average toxin content of 0.2 pg per Microcystis spp. cell 

is used to estimate the potential microcystin concentration that is likely to occur in 

cyanobacterial blooms consisting of Microcystis spp. On the other hand, Downing et al. 

(2005) has reported significantly higher microcystin content per Microcystis cell of 1.7 

pg cell
-1

. To illustrate the risks of underestimating microcystin concentration in indirect 

microcystin risk assessment, high microcystin production is calculated based on 

microcystin content published in Downing et al. (2005), while the average microcystin 

production is calculated based on microcystin content published in WHO (2003) 

(Fig.1.5). In the case of high microcystin production, it is clear that 2 000 and 20 000 

cyanobacterial cells/mL could result in much higher microcystin concentrations than the 

recommended WHO guideline value of 1 and 20 µg L
-1

. Under high microcystin 
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production of 1.7 pg cell
-1

, 2 000 and 20 000 cells mL
-1

 could result in microcystin 

concentrations exceeding 3 and 30 µg L
-1

, respectively.  

 

Fig.1.5: The estimation of microcystin concentration from cyanobacterial biomass based 

on the average microcystin production (solid line: microcystin content ~ 0.2 pg cell
-1

, 

WHO 2003) and microcystin production measured by Downing et al. (2005) (long 

dashed line: microcystin content ~ 1.7 pg cell
-1

). Two vertical dotted lines represent the 

ANZECC cyanobacterial cell count threshold value of 2 000 and 20 000 cells mL
-1

, and 

two horizontal dotted lines indicate the recommended WHO guideline value of 1 and 20 

µg L
-1

. 

 

In addition, the correlative evidence for a link between cyanobacterial biomass and 

microcystin concentration remains contentious. A review of results from field studies 

shows no consistent empirical relationship between cyanobacterial biomass and 

microcystin concentration (Table 1.4). The reasons for why this may be the case remain 

unclear, as no trend has been observed with regards to the sampling frequency used in 

these studies, the range of microcystin concentrations detected, the dominant 

cyanobacterial genera during blooms, and the units of measurement used to express 
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both cyanobacterial biomass and microcystin concentrations. These contrasting results 

illustrate that the presence of low cyanobacterial biomass is not necessarily connected to 

the presence of a low microcystin concentration, or vice versa. Therefore, indirect 

microcystin risk assessment from cyanobacterial biomass might not be a satisfactory 

method to evaluate the safety of water resources affected by cyanobacterial blooms.  

 

The present state of knowledge shows that it is becoming crucial to assess the 

correlation between the cyanobacterial biomass and microcystin concentration, in order 

to fulfil the need for reliable microcystin risk assessment in public waters. Future 

climate change is likely to increase the incidence of toxic cyanobacterial blooms and the 

presence of elevated microcystin concentrations in water bodies. The presence of toxic 

cyanobacterial genotypes may intensify with higher nutrients and warmer temperatures 

(Davies et al. 2010). Furthermore, the changing physicochemical factors may cause up 

to 50 fold changes to microcystin production (Chorus and Bartram 1999). As a result, 

indirect microcystin risk assessment may underestimate the blooms’ toxicity and as a 

consequence pose harm to public health. 

 

Despite the number of studies focusing on the empirical relationship between 

cyanobacterial biomass and microcystin, only few attempts have been made to compare 

this relationship on spatial and temporal scales. A greater understanding of the 

variability of the relationship between the cyanobacterial biomass and microcystin is 

needed, as this information is necessary to be generalized, if the existing microcystin 

risk assessment strategy was to be reliable for protecting public health from the 

occurrence of highly dynamic microcystin production. Therefore, this research aims to 

examine the variability of cyanobacterial biomass-microcystin relationship on spatial 

and temporal scales.  
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Table 1.4: The comparison of the empirical relationship between cyanobacterial biomass and microcystin concentration reported in studies conducted 

throughout the world. Concentrations are presented in µg L
-1

, or else in µg g
-1

 dry mass as indicated. 

Biomass-toxin 

correlation 

Biomass indicator 

 

Dominant species Highest microcystin 

concentration  

(µg L
-1

 , mg g
-1

 dry mass) 

Sampling frequency References 

Positive Cell numbers (cells mL
-1

) Microcystis spp. 87.0 Not reported (Vasconcelos et al. 2011) 

Positive Cell numbers (cells mL
-1

) Planktothrix spp. 7.4  Twice per month (Briand et al. 2008b) 

Positive Cell numbers (cells mL
-1

) Planktothrix spp. 6.7  Once or twice per month  (Briand et al. 2005) 

Positive Cell numbers (cells mL
-1

) Microcystis spp. 10.0 Monthly  (Okello et al. 2010) 

Positive Biovolume (mm
3
 L

-1
) Microcystis spp. 34.0 mg L

-1
  Twice per month to weekly (Naselli-Flores et al. 2007) 

Positive Biovolume (µm
3
 L

-1
) Oscillatoria spp. 5.0  < Once per month (Graham et al. 2004) 

Positive Chlorophyll-a (µg L
-1

) Microcystis spp. 28.0  Monthly  (Nasri et al. 2007) 

Positive Chlorophyll-a (µg L
-1

) Mixed population 1.1 mg g
-1

 Not reported (Frank 2002) 

Positive Chlorophyll-a (µg L
-1

) Microcystis spp. 2.6 Weekly (Hotto et al. 2008) 

Positive Chlorophyll-a (µg L
-1

) Microcystis spp. 4.5  Not reported (Wu et al. 2008) 

Positive  Chlorophyll-a (µg L
-1

) Microcystis spp. 125.0  Daily (Znachor et al. 2006) 

Negative Chlorophyll-a (µg L
-1

) Microcystis spp. 34.6  Not reported (Al-Shehri 2010) 

No correlation Cell numbers (cells mL
-1

) Microcystis spp. 1.1 mg g
-1

 < Once per month (Pavlova et al. 2006) 

No correlation Cell numbers (cells mL
-1

) Mixed population 

 

2.4  Twice per month to weekly (Watzin et al. 2006) 

No correlation Cell numbers (cells mL
-1

) Microcystis spp. 17.3  Monthly  (Yang et al. 2006) 

No correlation Biovolume (mm
3
 L

-1
)  Microcystis spp. 81.0  Monthly  (Jayatissa et al. 2006) 

No correlation Chlorophyll-a (µg L
-1

) Microcystis spp. 0.9 mg g
-1

 Weekly (Baldia et al. 2003) 

No correlation Chlorophyll-a (µg L
-1

) Microcystis spp. 19.8 mg g
-1

 < once per month (Ballot et al. 2003) 

No correlation Chlorophyll-a (µg L
-1

) Microcystis spp. 70.0  Monthly to weekly  (Carrasco et al. 2006) 

No correlation Chlorophyll-a (µg L
-1

) Anabaena spp. 0.7  Monthly (Chen et al. 2009) 
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1.10 Research aims 

Given the complexity and dynamics of toxic cyanobacterial blooms in freshwater 

ecosystems, this research investigates the causes and effects of cyanobacterial and 

microcystin spatiotemporal dynamics in freshwater systems. More specifically, this 

research examines how cyanobacterial and microcystin spatiotemporal dynamics affect 

the indirect microcystin risk assessment in public waters. This research aims to explore 

the environmental factors which significantly correlate with cyanobacterial and 

microcystin dynamics, and determine the site specificity of environmental drivers. This 

research also aims to investigate how changes in the structure of phytoplankton and 

cyanobacterial community, in response to nutrient concentration, can affect the 

dynamics of microcystin concentration.  

 

The originality of this research is manifold. Firstly, this research compares the 

variability in the dynamics of toxic cyanobacterial blooms in a gradient of shallow lakes 

that vary in their physicochemical characteristics. Secondly, this research also 

incorporates new approaches, including a critical assessment of the cyanobacterial 

biomass-microcystin relationship by comparing the variability of the correlation on 

spatial and temporal scales; integrating site-specific effects of environmental factors to 

explain divergences in highly debated relationships between the environment and 

cyanobacterial biomass, and the environment and cyanobacterial microcystin content; 

and incorporating the community structure of phytoplankton and cyanobacteria with 

nutrient factors to infer the level of cyanobacterial microcystin content. Consequently, 

this research will improve the overall ability to manage toxic cyanobacterial blooms.  
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1.11 Thesis outline 

The body of work presented in this thesis is comprised of three chapters (3 to 5). Each 

of these chapters is a paper written for journal publication. Each of these chapters has its 

own literature review, discussion and conclusion section. Table 1.5 provides an outline 

of the thesis structure, including the research aims pursued in each section. The 

connection between chapters in this thesis is illustrated in Fig.1.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 | I n t r o d u c t i o n  

30 

Table 1.5: Thesis structure 

 Research focus 

Chapter 1 

Introduction 

 

Chapter 2 

Research design and study sites 

 

Chapter 3 

Spatial and temporal variability in the 

relationship between cyanobacterial 

biomass and the occurrence of 

microcystin  

 

Field study in eight shallow lakes on Swan 

Coastal Plain (2008-2009) 

 Quantify the dynamics of cyanobacterial 

biomass and microcystin concentration 

in eight lakes on Swan Coastal Plain. 

 Evaluate the empirical biomass-toxin 

relationship which is traditionally used 

as an indirect microcystin risk 

assessment. 

 Identify the source of divergence 

between the dynamics cyanobacterial 

biomass and microcystin. 

Chapter 4 

Site-specific environmental drivers of 

cyanobacterial and microcystin 

dynamics: The influence of the local 

cyanobacterial community and 

nutrient concentration gradients 

 

Field study in three shallow lakes on Swan 

Coastal Plain (2010) 

 Identify the environmental drivers which 

correlated significantly with 

cyanobacterial and microcystin 

dynamics. 

 Investigate the site specificity of 

significant environmental drivers by 

comparing the environmental drivers of 

cyanobacterial and microcystin 

dynamics between lakes. 

Chapter 5 

Structure of phytoplankton community 

in response to changes in nutrient 

gradient implies the level of 

microcystin concentrations  

Field study in three shallow lakes on Swan 

Coastal Plain (2010) 

 Quantify the effects of the changes in the 

structure of phytoplankton and 

cyanobacterial community on 

cyanobacterial microcystin content.  

 Identify the effects of changes in nutrient 

concentration on the structure of 

phytoplankton community. 

 Investigate the nutrient factors which 

correlated to the succession of different 

cyanobacterial genera within a 

population. 

 

Chapter 6 

General conclusions 
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Fig.1.6: Framework showing the structure and connection between bodies of work discussed in the main chapters in this thesis. 

 

Problem 

Spatiotemporal 

dynamics of 

cyanobacterial 

biomass and 

microcystin  

Chapter 3 

How do cyanobacterial 

and microcystin 

dynamics affect 

microcystin risk 

assessment? 
 

 

What triggers these 

dynamics? 
 

Chapter 4 Chapter 5 

Physical factor 

Temperature 

 

Chemical factors 

Salinity, pH, nitrogen, 

phosphorus, iron 

Biological factors 

Phytoplankton community, 

cyanobacterial composition 



Chapter 1 | I n t r o d u c t i o n  

32 

1.12 References 

Aboal, M. and Puig, M.A. (2005) Intracellular and dissolved microcystin in reservoirs 

of the river Segura basin, Murcia, SE Spain. Toxicon 45(4), 509-518. 

Al-Shehri, A.M. (2010) Toxin-producing blooms of the cyanobacterium Microcystis 

aeruginosa in rainwater ponds in Saudi Arabia. Oceanological and 

Hydrobiological Studies 39(4), 171-187. 

Alexova, R., Fujii, M., Birch, D., Cheng, J., Waite, T.D., Ferrari, B.C. and Neilan, B.A. 

(2011) Iron uptake and toxin synthesis in the bloom-forming Microcystis 

aeruginosa under iron limitation. Environmental Microbiology 13(4), 1064-

1077. 

Amano, Y., Sakai, Y., Sekiya, T., Takeya, K., Taki, K. and Machida, M. (2010) Effect 

of phosphorus fluctuation caused by river water dilution in eutrophic lake on 

competition between blue-green alga Microcystis aeruginosa and diatom 

Cyclotella sp. Journal of Environmental Sciences-China 22(11), 1666-1673. 

Ame, M.V., Díaz, M.d.P. and Wunderlin, D.A. (2003) Occurrence of toxic 

cyanobacterial blooms in San Roque Reservoir (Córdoba, Argentina): A field 

and chemometric study. Environmental Toxicology 18(3), 192-201. 

Anon. 1878 as cited in Codd, G.A., Steffensen, D.A., Burch, M.D. and Baker, P.D. 

(1994) Toxic blooms of cyanobacteria in Lake Alexandrina, South Australia - 

Learning from history. Australian Journal of Marine and Freshwater Research 

45(5), 731-736. 

ANZECC (2000) Australian and New Zealand guideline for fresh and marine water 

quality. 

Azevedo, S.M.F.O., Carmichael, W.W., Jochimsen, E.M., Rinehart, K.L., Lau, S., 

Shaw, G.R. and Eaglesham, G.K. (2002) Human intoxication by microcystins 

during renal dialysis treatment in Caruaru Brazil. Toxicology 181-182, 441-446. 

Babanazarova, O.V. and Lyashenko, O.A. (2007) Inferring long-term changes in the 

physical-chemical environment of the shallow, enriched Lake Nero from 

statistical and functional analyses of its phytoplankton. Journal of Plankton 

Research 29(9), 747-756. 



Chapter 1 | I n t r o d u c t i o n  

33 

Babica, P., Blaha, L. and Marsalek, B. (2006) Exploring the natural role of microcystins 

- A review of effects on photoautotrophic organisms. Journal of Phycology 

42(1), 9-20. 

Baldia, S.F., Conaco, M.C.G., Nishijima, T., Imanishi, S. and Harada, K. (2003) 

Microcystin production during algal bloom occurrence in Laguna de Bay, the 

Philippines. Fisheries Science 69(1), 110-116. 

Ballot, A., Pflugmacher, S., Wiegand, C., Kotut, K. and Krienitz, L. (2003) 

Cyanobacterial toxins in Lake Baringo, Kenya. Limnologica - Ecology and 

Management of Inland Waters 33(1), 2-9. 

Ballot, A.A., Krienitz, A.L., Kotut, A.K., Wiegand, A.C., Metcalf, A.J., Codd, A.G. and 

Pflugmacher, A.S. (2004) Cyanobacteria and cyanobacterial toxins in three 

alkaline rift valley lakes of Kenya - Lakes Bogoria, Nakuru and Elmenteita. 

Journal of Plankton Research 26(8), 925-935. 

Barrington, D.J. and Ghadouani, A. (2008) Application of hydrogen peroxide for the 

removal of toxic cyanobacteria and other phytoplankton from wastewater. 

Environmental Science & Technology 42(23), 8916-8921. 

Barrington, D.J., Ghadouani, A. and Ivey, G.N. (2011) Environmental factors and the 

application of hydrogen peroxide for the removal of toxic cyanobacteria from 

waste stabilization ponds. Journal of Environmental Engineering-Asce 137(10), 

952-960. 

Barros, L.S.S., de Souza, F.C., Tavares, L.H.S. and Amaral, L.A. (2010) Microcystin-

LR in Brazilian aquaculture production systems. Water Environment Research 

82(3), 240-248. 

Bishop, C.T., Anet, E.F.L. and Gorham, P.R. (1959) Isolation and identification of the 

fast-death factor in Microcystis Aeruginosa Nrc-1. Canadian Journal of 

Biochemistry and Physiology 37(3), 453-471. 

Blaha, L., Blahova, L., Kohoutek, J., Adamovsky, O., Babica, P. and Marsalek, B. 

(2010) Temporal and spatial variability of cyanobacterial toxins microcystins in 

three interconnected freshwater reservoirs. Journal of the Serbian Chemical 

Society 75(9), 1303-1312. 



Chapter 1 | I n t r o d u c t i o n  

34 

Blahova, L., Babica, P., Marsalkova, E., Marsalek, B. and Blaha, L. (2007) 

Concentrations and seasonal trends of extracellular microcystins in freshwaters 

of the Czech Republic results of the national monitoring program. Clean-Soil 

Air Water 35(4), 348-354. 

Bouvy, M. (1999) Dynamics of a toxic cyanobacterial bloom (Cylindrospermopsis 

raciborskii) in a shallow reservoir in the semi-arid region of northeast Brazil. 

Aquatic Microbial Ecology 20(3), 285-297. 

Boyer, G.L., Gillam, A.H. and Trick, C. (1987) Fay, P. and Baalen, C.v. (eds). Iron 

chelation and uptake. p. 415-431. In: The Cyanobacteria. Elsevier Science 

Publishers, Netherlands. 

Briand, E., Gugger, M., Francois, J.C., Bernard, C., Humbert, J.F. and Quiblier, C. 

(2008a) Temporal variations in the dynamics of potentially microcystin-

producing strains in a bloom-forming Planktothrix agardhii (cyanobacterium) 

population. Applied and Environmental Microbiology 74(12), 3839-3848. 

Briand, E., Yepremian, C., Humbert, J.F. and Quiblier, C. (2008b) Competition between 

microcystin- and non-microcystin-producing Planktothrix agardhii 

(cyanobacteria) strains under different environmental conditions. Environmental 

Microbiology 10(12), 3337-3348. 

Briand, J.F., Jacquet, S., Flinois, C., Avois-Jacquet, C., Maisonnette, C., Leberre, B. and 

Humbert, J.F. (2005) Variations in the microcystin production of Planktothrix 

rubescens (Cyanobacteria) assessed from a four-year survey of Lac du Bourget 

(France) and from laboratory experiments. Microbial Ecology 50(3), 418-428. 

Cai, X.M. and Rosegrant, M.W. (2002) Global water demand and supply projections 

part - 1. A modeling approach. Water International 27(2), 159-169. 

Camacho, F.A. (2008) Amsler, C.D. (ed) Macroalgal and cyanobacterial chemical 

defenses in freshwater communitites. p. 105-120. In: Algal Chemical Ecology. 

Heidelberg, Germany. 

Carey, C.C., Ibelings, B.W., Hoffmann, E.P., Hamilton, D.P. and Brookes, J.D. (2012) 

Eco-physiological adaptations that favour freshwater cyanobacteria in a 

changing climate. Water Research, doi:10.1016/j.watres.2011.1012.1016. 



Chapter 1 | I n t r o d u c t i o n  

35 

Carrasco, D., Moreno, E., Sanchis, D., Wormer, L., Paniagua, T., Cueto, A.D. and 

Quesada, A. (2006) Cyanobacterial abundance and microcystin occurrence in 

Mediterranean water reservoirs in Central Spain: microcystins in the Madrid 

area. Journal of Phycology 41 (3), 281-291. 

Chen, H.R., Burke, J.M., Mosindy, T., Fedorak, P.M. and Prepas, E.E. (2009) 

Cyanobacteria and microcystin-LR in a complex lake system representing a 

range in trophic status: Lake of the Woods, Ontario, Canada. Journal of Plankton 

Research 31(9), 993-1008. 

Chen, J., Han, F., Wang, F., Zhang, H.M. and Shi, Z. (2012) Accumulation and 

phytotoxicity of microcystin-LR in rice (Oryza sativa). Ecotoxicology and 

Environmental Safety 76(2), 193-199. 

Chorus, I. and Bartram, J. (1999) Toxic cyanobacteria in water: A guide to their public 

health consequences, monitoring and management, E & FN Spon, London and 

New York. 

Chorus, I., Falconer, I.R., Salas, H.J. and Bartram, J. (2000) Health risks caused by 

freshwater cyanobacteria in recreational waters. Journal of Toxicology and 

Environmental Health-Part B-Critical Reviews 3(4), 323-347. 

Codd, G.A. (1996) Harmful algae news, The Intergovernmental Oceanographic 

Commission of UNESCO, An IOC Newsletter on Toxic Algae and Algal 

blooms, Vol 15, p.4. 

Codd, G.A. (2000) Cyanobacterial toxins, the perception of water quality, and the 

prioritisation of eutrophication control. Ecological Engineering 16(1), 51-60. 

Codd, G.A., Morrison, L.F. and Metcalf, J.S. (2005) Cyanobacterial toxins: risk 

management for health protection. Toxicology and Applied Pharmacology 

203(3), 264-272. 

Codd, G.A., Steffensen, D.A., Burch, M.D. and Baker, P.D. (1994) Toxic blooms of 

cyanobacteria in Lake Alexandrina, South Australia - Learning from history. 

Australian Journal of Marine and Freshwater Research 45(5), 731-736. 

Damkova, V., Paskova, V., Bandouchova, H., Hilscherova, K., Sedlackova, J., 

Novotny, L., Peckova, L., Vitula, F., Pohanka, M. and Pikula, J. (2011) 



Chapter 1 | I n t r o d u c t i o n  

36 

Testicular toxicity of cyanobacterial biomass in Japanese quails. Harmful Algae 

10(6), 612-618. 

Davies, J.M., Nowlin, W.H., Matthews, B. and Mazumder, A. (2010) Temporal 

discontinuity of nutrient limitation in plankton communities. Aquatic Sciences 

72(4), 393-402. 

Davis, T.W., Berry, D.L., Boyer, G.L. and Gobler, C.J. (2009) The effects of 

temperature and nutrients on the growth and dynamics of toxic and non-toxic 

strains of Microcystis during cyanobacteria blooms. Harmful Algae 8(5), 715-

725. 

de Figueiredo, D.R., Azeiteiro, U.M., Esteves, S.M., Goncalves, F.J.M. and Pereira, 

M.J. (2004) Microcystin-producing blooms - A serious global public health 

issue. Ecotoxicology and Environmental Safety 59(2), 151-163. 

de Figueiredo, D.R., Reboleira, A., Antunes, S.C., Abrantes, N., Azeiteiro, U., 

Goncalves, F. and Pereira, M.J. (2006) The effect of environmental parameters 

and cyanobacterial blooms on phytoplankton dynamics of a Portuguese 

temperate lake. Hydrobiologia 568, 145-157. 

Djediat, C., Moyenga, D., Malécot, M., Comte, K., Yéprémian, C., Bernard, C., 

Puiseux-Dao, S. and Edery, M. (2011) Oral toxicity of extracts of the 

microcystin-containing cyanobacterium Planktothrix agardhii to the medaka 

fish (Oryzias latipes). Toxicon 58(1), 112-122. 

Dokulil, M.T. and Teubner, K. (2000) Cyanobacterial dominance in lakes. 

Hydrobiologia 438(1-3), 1-12. 

Downing, J.A., Watson, S.B. and McCauley, E. (2001) Predicting cyanobacteria 

dominance in lakes. Canadian Journal of Fisheries and Aquatic Sciences 58(10), 

1905-1908. 

Downing, T.G., Meyer, C., Gehringer, M.M. and van de Venter, M. (2005) Microcystin 

content of Microcystis aeruginosa is modulated by nitrogen uptake rate relative 

to specific growth rate or carbon fixation rate. Environmental Toxicology 20(3), 

257-262. 



Chapter 1 | I n t r o d u c t i o n  

37 

El-Shehawy, R., Gorokhova, E., FernÃ¡ndez-PiÃ±as, F. and del Campo, F.F. (2011) 

Global warming and hepatotoxin production by cyanobacteria: What can we 

learn from experiments? Water Research, doi:10.1016/j.watres.2011.1011.1021. 

Elliott, J.A. (2012) Is the future blue-green? A review of the current model predictions 

of how climate change could affect pelagic freshwater cyanobacteria. Water 

Research, doi:10.1016/j.watres.2011.1012.1018. 

Engström-Öst, J., Repka, S. and Mikkonen, M. (2011) Interactions between plankton 

and cyanobacterium Anabaena with focus on salinity, growth and toxin 

production. Harmful Algae 10(5), 530-535. 

Falconer, I.R. (2005) Is there a human health hazard from microcystins in the drinking 

water supply? Acta Hydrochimica Et Hydrobiologica 33(1), 64-71. 

Falconer, I.R. and Humpage, A.R. (2005) Health risk assessment of cyanobacterial 

(blue-green algal) toxins in drinking water. International Journal of 

Environmental Research and Public Health 2(1), 43-50. 

Fogg, G.E. and Thake, B. (1987) Algal cultures and phytoplankton ecology, University 

of Wisconsin Press, London. 

Francis, G. (1878) Poisonous Australian lake. Nature 18, 11-12. 

Frank, C.A.P. (2002) Microcystin-producing cyanobacteria in recreational waters in 

southwestern Germany. Environmental Toxicology 17(4), 361-366. 

Froscio, S., Sieburn, K., Lau, H.M. and Humpage, A.R. (2011) Novel cytotoxicity 

associated with Anabaena circinalis 131C. Toxicon 58(8), 689-692. 

Galvao, H.M., Reis, M.P., Valerio, E., Domingues, R.B., Costa, C., Lourenco, D., 

Condinho, S., Miguel, R., Barbosa, A., Gago, C., Faria, N., Paulino, S. and 

Pereira, P. (2008) Cyanobacterial blooms in natural waters in southern Portugal: 

a water management perspective. Aquatic Microbial Ecology 53(1), 129-140. 

Ghadouani, A. and Pinel-Alloul, B. (2002) Phenotypic plasticity in Daphnia pulicaria 

as an adaptation to high biomass of colonial and filamentous cyanobacteria: 

experimental evidence. Journal of Plankton Research 24(10), 1047-1056. 



Chapter 1 | I n t r o d u c t i o n  

38 

Ghadouani, A., Pinel-Alloul, B., Plath, K., Codd, G.A. and Lampert, W. (2004) Effects 

of Microcystis aeruginosa and purified microcystin-LR on the feeding behavior 

of Daphnia pulicaria. Limnology and Oceanography 49(3), 666-679. 

Ghadouani, A., Pinel-Alloul, B. and Prepas, E.E. (2006) Could increased cyanobacterial 

biomass following forest harvesting cause a reduction in zooplankton body size 

structure? Canadian Journal of Fisheries and Aquatic Sciences 63(10), 2308-

2317. 

Gossling, S., Peeters, P., Hall, C.M., Ceron, J.-P. and Dubois, G. (2012) Tourism and 

water use: Supply, demand, and security. An international review. Tourism 

Management 33(1), 1-15. 

Graham, J.L., Jones, J.R., Jones, S.B., Downing, J.A. and Clevenger, T.E. (2004) 

Environmental factors influencing microcystin distribution and concentration in 

the Midwestern United States. Water Research 38(20), 4395-4404. 

Griffiths, D.J. and Saker, M.L. (2003) The Palm Island mystery disease 20 years on: A 

review of research on the cyanotoxin cylindrospermopsin. Environmental 

Toxicology 18(2), 78-93. 

Haande, S., Ballot, A., Rohrlack, T., Fastner, J., Wiedner, C. and Edvardsen, B. (2007) 

Diversity of Microcystis aeruginosa isolates (Chroococcales, Cyanobacteria) 

from East-African water bodies. Archives of Microbiology 188(1), 15-25. 

Havens, K.E. (2007) Chapter 33: Cyanobacteria blooms: effects on aquatic ecosystems. 

p. 733-747. In: Cyanobacterial harmful algal blooms: State of the science and 

research needs. Springer New York. 

Hotto, A.M., Satchwell, M.F., Berry, D.L., Gobler, C.J. and Boyer, G.L. (2008) Spatial 

and temporal diversity of microcystins and microcystin-producing genotypes in 

Oneida Lake, NY. Harmful Algae 7(5), 671-681. 

Huisman, J. and Hulot, F.D. (2005) Huisman, J., Matthijs, H.C.P. and Visser, P.M. 

(eds). Population dynamic of harmful cyanobacteria. p. 143-176. In: Harmful 

cyanobacteria. springer, Netherlands. 

Huisman, J., Matthijs, H.C.P., Visser, P., Edwin, W., Kardinaal, A. and Visser, P. 

(2005) Huisman, J., Matthijs, H.C.P. and Visser, P.M. (eds). Dynamics of 



Chapter 1 | I n t r o d u c t i o n  

39 

cyanobacterial toxins. p. 41-63. In: Harmful Cyanobacteria. Springer 

Netherlands. 

Hyenstrand, P., Blomqvist, P. and Petersson, A. (1998) Forsberg, C. and Pettersson, K. 

(eds). Factors determining cyanobacterial success in aquatic systems - A 

literature review. p. 41-62. In: Advances in Limnology 51 - Lake Erken - 50 

Years of Limnological Research. 

IPCC (2008) Climate change and water-IPCC technical paper VI. Intergovernmental 

Panel on Climate Change.  

Izydorczyk, K., Jurczak, T., Wojtal-Frankiewicz, A., Skowron, A., Mankiewicz-

Boczek, J. and Tarczynska, M. (2008) Influence of abiotic and biotic factors on 

microcystin content in Microcystis aeruginosa cells in a eutrophic temperate 

reservoir. Journal of Plankton Research 30(4), 393-400. 

Jayatissa, L.P., Silva, E.I.L., McElhiney, J. and Lawton, L.A. (2006) Occurrence of 

toxigenic cyanobacterial blooms in freshwaters of Sri Lanka. Systematic and 

Applied Microbiology 29(2), 156-164. 

Jean, M.J., Diane, C.C., Eugene, B.W., Hardy, F.J. and Michele, C. (2000) 

Environmental factors associated with a toxic bloom of Microcystis aeruginosa. 

Canadian Journal of Fisheries and Aquatic Sciences 57(1), 231. 

Jiang, C.L., Fan, X.Q., Cui, G.B. and Zhang, Y.B. (2007) Removal of agricultural non-

point source pollutants by ditch wetlands: Implications for lake eutrophication 

control. Hydrobiologia 581, 319-327. 

Jiang, Y., Ji, B., Wong, R.N.S. and Wong, M.H. (2008) Statistical study on the effects 

of environmental factors on the growth and microcystins production of bloom-

forming cyanobacterium Microcystis aeruginosa. Harmful Algae 7(2), 127-136. 

Jochimsen, E. (1998) Liver failure and death after exposure to microcystins at a 

hemodialysis center in Brazil. The New England Journal of Medicine 338(13), 

873-878. 

Kaebernick, M., Neilan, B.A., Borner, T. and Dittmann, E. (2000) Light and the 

transcriptional response of the microcystin biosynthesis gene cluster. Applied 

and Environmental Microbiology 66(8), 3387-3392. 



Chapter 1 | I n t r o d u c t i o n  

40 

Kardinaal, W.E.A. and Visser, P.M. (2005) Huisman, J., Matthijs, H.C.P. and Visser, 

P.M. (eds). Dynamics of cyanobacterial toxins- Sources of variability in 

microcystin concentration. p. 41-63. In: Harmful cyanobacteria. Springer, 

Netherlands. 

Kehr, J.-C., Picchi, D.G. and Dittmann, E. (2011) Natural product biosyntheses in 

cyanobacteria: A treasure trove of unique enzymes. Beilstein Journal of Organic 

Chemistry 7, 1622-1635. 

Konopka, A. and Brock, T. (1978) Effect of temperature on blue-green algae 

(cyanobacteria) in Lake Mendota. Applied and Environmental Microbiology 

36(4), 572-576. 

Kurmayer, R., Schober, E., Tonk, L., Visser, P. and Christiansen, G. (2011) Spatial 

divergence in the proportions of genes encoding toxic peptide synthesis among 

populations of the cyanobacterium Planktothrix in European lakes. FEMS 

Microbiology Letters 317(2), 127-137. 

Lance, E. (2011) Impact of microcystin-producing cyanobacteria on reproductive 

success of Lymnaea stagnalis (Gastropoda, Pulmonata) and predicted 

consequences at the population level. Ecotoxicology 20(4), 719-730. 

Lang, D.S. and Brown, E.J. (1981) Phosphorus-limited growth of a green-alga and a 

blue-green-alga. Applied and Environmental Microbiology 42(6), 1002-1009. 

Lee, W., van Baalen, M. and Jansen, V.A.A. (2011) An evolutionary mechanism for 

diversity in siderophore-producing bacteria. Ecology Letters 15(2), 119-125. 

Lehman, J.T. (2011) Nuisance cyanobacteria in an urbanized impoundment: Interacting 

internal phosphorus loading, nitrogen metabolism, and polymixis. 

Hydrobiologia 661(1), 277-287. 

Li, S., Xie, P., Xu, J., Zhang, X., Qin, J., Zheng, L. and Liang, G. (2007) Factors 

shaping the pattern of seasonal variations of microcystins in Lake Xingyun, a 

subtropical plateau lake in China. Bulletin of Environmental Contamination and 

Toxicology 78(3-4), 226-230. 

Liu, Y.M., Chen, W., Li, D.H., Huang, Z.B., Shen, Y.W. and Liu, Y.D. (2011) 

Cyanobacteria/cyanotoxin contaminations and eutrophication status before Wuxi 



Chapter 1 | I n t r o d u c t i o n  

41 

drinking water crisis in Lake Taihu, China. Journal of Environmental Sciences-

China 23(4), 575-581. 

Long, B.M., Jones, G.J. and Orr, P.T. (2001) Cellular microcystin content in N-limited 

Microcystis aeruginosa can be predicted from growth rate. Applied and 

Environmental Microbiology 67(1), 278-283. 

Lopes, V.R., Ramos, V., Martins, A., Sousa, M., Welker, M., Antunes, A. and 

Vasconcelos, V.M. (2012) Phylogenetic, chemical and morphological diversity 

of cyanobacteria from Portuguese temperate estuaries. Marine Environmental 

Research 73(1), 7-16. 

Lukac, M.M. and Aegerter, M.R. (1993) Influence of trace metals on growth and toxin 

production of Microcystis aeruginosa. Toxicon 31(3), 293-305. 

Markensten, H., Moore, K. and Persson, I. (2010) Simulated lake phytoplankton 

composition shifts toward cyanobacteria dominance in a future warmer climate. 

Ecological Applications 20(3), 752-767. 

Martins, J., Peixe, L., Vasconcelos, V., Peixe, L. and Vasconcelos, V. (2011) 

Unraveling cyanobacteria ecology in wastewater treatment plants (WWTP). 

Microbial Ecology 62(2), 241-256. 

Molot, L.A., Li, G.Y., Findlay, D.L. and Watson, S.B. (2010) Iron-mediated 

suppression of bloom-forming cyanobacteria by oxine in a eutrophic lake. 

Freshwater Biology 55(5), 1102-1117. 

Nagai, T., Imai, A., Matsushige, K. and Fukushima, T. (2007) Growth characteristics 

and growth modeling of Microcystis aeruginosa and Planktothrix agardhii 

under iron limitation. Limnology 8(3), 261-270. 

Naselli-Flores, L., Barone, R., Chorus, I. and Kurmayer, R. (2007) Toxic cyanobacterial 

blooms in reservoirs under a semiarid Mediterranean climate: The magnification 

of a problem. Environmental Toxicology 22(4), 399-404. 

Nasri, A.B., Bouaicha, N. and Fastner, J. (2004) First report of a microcystin-containing 

bloom of the cyanobacteria Microcystis spp. in Lake Oubeira, eastern Algeria. 

Archives of Environmental Contamination and Toxicology 46(2), 197-202. 



Chapter 1 | I n t r o d u c t i o n  

42 

Nasri, H., Bouaicha, N. and Harche, M.K. (2007) A new morphospecies of Microcystis 

spp forming bloom in the Cheffia dam (Algeria): Seasonal variation of 

microcystin concentrations in raw water and their removal in a full-scale 

treatment plant. Environmental Toxicology 22(4), 347-356. 

Newcombe, G., Chorus, I., Falconer, I. and Fuh Lin, T. (2011) Cyanobacteria: Impacts 

of climate change on occurrence, toxicity and water quality management. Water 

Research, doi:10.1016/j.watres.2011.1012.1047. 

NHMRC (2011) National water quality management strategy: Australian drinking water 

guidelines 6. Vol 1. National Health and Medical Research Council. 

Nonga, H.E., Sandvik, M., Miles, C.O., Lie, E., Mdegela, R.H., Mwamengele, G.L., 

Semuguruka, W.D. and Skaare, J.U. (2011) Possible involvement of 

microcystins in the unexplained mass mortalities of Lesser Flamingo 

(Phoeniconaias minor Geoffroy) at Lake Manyara in Tanzania. Hydrobiologia 

678(1), 167-178. 

Oh, H.M., Lee, S.J., Jang, M.H. and Yoon, B.D. (2000) Microcystin production by 

Microcystis aeruginosa in a phosphorus-limited chemostat. Applied and 

Environmental Microbiology 66(1), 176-179. 

Okello, W., Portmann, C., Erhard, M., Gademann, K. and Kurmayer, R. (2010) 

Occurrence of microcystin-producing cyanobacteria in Ugandan freshwater 

habitats. Environmental Toxicology 25(4), 367-380. 

Ormerod, J.G. (1992 ) Mann, N.H. and Carr, N.G. (eds). Physiology of the 

photosynthetic prokaryotes. p. 93-120. In: Photosynthetic prokaryotes. Plenum 

Press, New York. 

Ozawa, K., Fujioka, H., Muranaka, M., Yokoyama, A., Katagami, Y., Homma, T., 

Ishikawa, K., Tsujimura, S., Kumagai, M., Watanabe, M.F. and Park, H.D. 

(2005) Spatial distribution and temporal variation of Microcystis species 

composition and microcystin concentration in lake biwa. Environmental 

Toxicology 20(3), 270-276. 

Paerl, H.W., Hall, N.S. and Calandrino, E.S. (2011a) Controlling harmful 

cyanobacterial blooms in a world experiencing anthropogenic and climatic-

induced change. Science of The Total Environment 409(10), 1739-1745. 



Chapter 1 | I n t r o d u c t i o n  

43 

Paerl, H.W. and Huisman, J. (2008) Climate - Blooms like it hot. Science 320(5872), 

57-58. 

Paerl, H.W. and Paul, V.J. (2011) Climate change: Links to global expansion of harmful 

cyanobacteria. Water Research, doi:10.1016/j.watres.2011.1008.1002. 

Paerl, H.W., Xu, H., McCarthy, M.J., Zhu, G., Qin, B., Li, Y. and Gardner, W.S. 

(2011b) Controlling harmful cyanobacterial blooms in a hyper-eutrophic lake 

(Lake Taihu, China): The need for a dual nutrient (N & P) management strategy. 

Water Research 45(5), 1973-1983. 

Pavlova, V., Babica, P., Todorova, D., Bratanova, Z. and Maršálek, B. (2006) 

Contamination of some reservoirs and lakes in Republic of Bulgaria by 

microcystins. Acta Hydrochimica et Hydrobiologica 34(5), 437-441. 

Phelan, R.R. and Downing, T.G. (2011) A growth advantage for microcystin production 

by Microcystis PCC7806 under high light. Journal of Phycology 47(6), 1241-

1246. 

Presing, M., Herodek, S., Voros, L. and Kobor, I. (1996) Nitrogen fixation, ammonium 

and nitrate uptake during a bloom of Cylindrospermopsis raciborskii in Lake 

Balaton. Archives of Hydrobiology 136(4), 553-562. 

Rapala, J., Sivonen, K., Lyra, C. and Niemela, S.I. (1997) Variation of microcystins, 

cyanobacterial hepatotoxins, in Anabaena spp. as a function of growth stimuli. 

Applied and Environmental Microbiology 63(6), 2206-2212. 

Reichwaldt, E.S. and Ghadouani, A. (2011) Effects of rainfall patterns on toxic 

cyanobacterial blooms in a changing climate: between simplistic scenarios and 

complex dynamics. Water Research doi:10.1016/j.watres.2011.11.052. 

Renaud, S.L., Pick, F.R. and Fortin, N. (2011) Effect of light intensity on the relative 

dominance of toxigenic and nontoxigenic strains of Microcystis aeruginosa. 

Applied and Environmental Microbiology 77(19), 7016-7022. 

Rico, M., Altamirano, M., LÃpez-Rodas, V. and Costas, E. (2006) Analysis of 

polygenic traits of Microcystis aeruginosa (Cyanobacteria) strains by Restricted 

Maximum Likelihood (REML) procedures: Size and shape of colonies and cells. 

Phycologia 45(3), 237-242. 



Chapter 1 | I n t r o d u c t i o n  

44 

Rinta-Kanto, J.M., Konopko, E.A., DeBruyn, J.M., Bourbonniere, R.A., Boyer, G.L. 

and Wilhelm, S.W. (2009) Lake Erie Microcystis: Relationship between 

microcystin production, dynamics of genotypes and environmental parameters in 

a large lake. Harmful Algae 8(5), 665-673. 

Robarts, R.D. and Zohary, T. (1987) Temperature effects on photosynthetic capacity, 

respiration, and growth-rates of bloom-forming cyanobacteria. New Zealand 

Journal of Marine and Freshwater Research 21(3), 391-399. 

Rohrlack, T., Christoffersen, K., Dittmann, E., Nogueira, I., Vasconcelos, V. and 

Borner, T. (2005) Ingestion of microcystins by Daphnia: Intestinal uptake and 

toxic effects. Limnology and Oceanography 50(2), 440-448. 

Rohrlack, T., Christoffersen, K., Hansen, P.E., Zhang, W., Czarnecki, O., Henning, M., 

Fastner, J., Erhard, M., Neilan, B.A. and Kaebernick, M. (2003) Isolation, 

characterization, and quantitative analysis of microviridin J, a new Microcystis 

metabolite toxic to Daphnia. Journal of Chemical Ecology 29(8), 1757-1770. 

Rohrlack, T., Dittmann, E., Borner, T. and Christoffersen, K. (2001) Effects of cell-

bound microcystins on survival and feeding of Daphnia spp. Applied and 

Environmental Microbiology 67(8), 3523-3529. 

Rohrlack, T., Henning, M. and Kohl, J.G. (1999) Mechanisms of the inhibitory effect of 

the cyanobacterium Microcystis aeruginosa on Daphnia galeata's ingestion rate. 

Journal of Plankton Research 21(8), 1489-1500. 

Romo, S., Fernandez, F., Ouahid, Y. and Baron-Sola, A. (2012) Assessment of 

microcystins in lake water and fish (Mugilidae, Liza sp.) in the largest Spanish 

coastal lake. Environmental Monitoring and Assessment 184(2), 939-949. 

Rosegrant, M.W. and Cai, X.M. (2002) Global water demand and supply projections 

part - 2. Results and prospects to 2025. Water International 27(2), 170-182. 

Sabart, M., Pobel, D., Briand, E., Combourieu, B., Salencon, M.J., Humbert, J.F. and 

Latour, D. (2010) Spatiotemporal variations in microcystin concentrations and in 

the proportions of microcystin-producing cells in several Microcystis aeruginosa 

populations. Applied and Environmental Microbiology 76(14), 4750-4759. 



Chapter 1 | I n t r o d u c t i o n  

45 

Schatz, D., Keren, Y., Vardi, A., Sukenik, A., Carmeli, S., Borner, T., Dittmann, E. and 

Kaplan, A. (2007) Towards clarification of the biological role of microcystins, a 

family of cyanobacterial toxins. Environmental Microbiology 9(4), 965-970. 

Schöne, K., Jähnichen, S., Ihle, T., Ludwig, F. and Benndorf, J. (2010) Arriving in 

better shape: Benthic Microcystis as inoculum for pelagic growth. Harmful 

Algae 9(5), 494-503. 

Sevilla, E., Martin-Luna, B., Vela, L., Bes, M.T., Peleato, M.L. and Fillat, M.F. (2010) 

Microcystin-LR synthesis as response to nitrogen: Transcriptional analysis of 

the mcyD gene in Microcystis aeruginosa PCC7806. Ecotoxicology 19(7), 

1167-1173. 

Sharma, N.K., Mohan, D. and Rai, A.K. (2009) Predicting phytoplankton growth and 

dynamics in relation to physico-chemical characteristics of water body. Water 

Air and Soil Pollution 202(1-4), 325-333. 

Smith, V.H. (1983) Low nitrogen to phosphorus ratios favor dominace by blue-green 

algae in lake phytoplankton. Science,New series 221(4611), 669-671. 

Sondergaard, M., Jensen, J.P. and Jeppesen, E. (2003) Role of sediment and internal 

loading of phosphorus in shallow lakes. Hydrobiologia 506(1-3), 135-145. 

Srivastava, A., Choi, G.-G., Ahn, C.-Y., Oh, H.-M., Ravi, A. and Asthana, R. (2012) 

Dynamics of microcystin production and quantification of potentially toxigenic 

Microcystis sp. using real-time PCR. Water Research 46(3), 817-827. 

Svrcek, C. and Smith, D.W. (2004) Cyanobacteria toxins and the current state of 

knowledge on water treatment options: A review. Journal of Environmental 

Engineering and Science 3(3), 155-185. 

Takahashi, E., Yu, Q., Eaglesham, G., Connell, D.W., McBroom, J., Costanzo, S. and 

Shaw, G.R. (2007) Occurrence and seasonal variations of algal toxins in water, 

phytoplankton and shellfish from North Stradbroke Island, Queensland, 

Australia. Marine Environmental Research 64(4), 429-442. 

Te, S.H. and Gin, K.Y. (2011) The dynamics of cyanobacteria and microcystin 

production in a tropical reservoir of Singapore. Harmful Algae 10(3), 319-329. 



Chapter 1 | I n t r o d u c t i o n  

46 

Tillett, D., Dittmann, E., Erhard, M., von Dohren, H., Borner, T. and Neilan, B.A. 

(2000) Structural organization of microcystin biosynthesis in Microcystis 

aeruginosa PCC7806: An integrated peptide-polyketide synthetase system. 

Chemistry & Biology 7(10), 753-764. 

Tilman, D., Kiesling, R., Sterner, R., Kilham, S. A., Johnson,F. A., 1986 as cited in 

Robarts, R.D. and Zohary, T. (1987) Temperature effects on photosynthetic 

capacity, respiration, and growth-rates of bloom-forming cyanobacteria. New 

Zealand Journal of Marine and Freshwater Research 21(3), 391-399. 

Tisdale, E.S. 1931 as cited in Chorus, I., Falconer, I.R., Salas, H.J. and Bartram, J. 

(2000) Health risks caused by freshwater cyanobacteria in recreational waters. 

Journal of Toxicology and Environmental Health-Part B-Critical Reviews 3(4), 

323-347. 

Tooming-Klunderud, A., Rohrlack, T., Shalchian-Tabrizi, K., Kristensen, T. and 

Jakobsen, K.S. (2007) Structural analysis of a non-ribosomal halogenated cyclic 

peptide and its putative operon from Microcystis: Implications for evolution of 

cyanopeptolins. Microbiology-Sgm 153, 1382-1393. 

Van Apeldoorn, M.E., van Egmond, H.P., Speijers, G.J.A. and Bakker, G.J.I. (2007) 

Toxins of cyanobacteria. Molecular Nutrition & Food Research 51(1), 7-60. 

Van Liere, L. and Mur, L.R. (1979) Growth kinetics of Oscillatoria agardhii Gomont in 

continuous culture, limited in its growth by the light energy supply. Journal of 

General Microbiology 115(1), 153-160. 

Vasas, G., Istvan, B., Gyula, S., Hamvas, M., Csaba, M. and Sandor, A. (2010) Isolation 

of viable cell mass from frozen Microcystis viridis bloom containing 

microcystin-RR. Hydrobiologia 639(1), 147-151. 

Vasconcelos, V., Morais, J. and Vale, M. (2011) Microcystins and cyanobacteria trends 

in a 14 year monitoring of a temperate eutrophic reservoir (Aguieira, Portugal). 

Journal of Environmental Monitoring 13(3), 668-672. 

Vezie, C., Rapala, J., Vaitomaa, J., Seitsonen, J. and Sivonen, K. (2002) Effect of 

nitrogen and phosphorus on growth of toxic and nontoxic Microcystis strains 

and on intracellular microcystin concentrations. Microbial Ecology 43(4), 443-

454. 



Chapter 1 | I n t r o d u c t i o n  

47 

Wang, X.F., Parkpian, P., Fujimoto, N., Ruchirawat, K.M., DeLaume, R.D. and 

Jugsujinda, A. (2002) Environmental conditions associating microcystins 

production to Microcystis aeruginosa in a reservoir of Thailand. Journal of 

Environmental Science and Health. Part A, Toxic/Hazardous Substances & 

Environmental Engineering 37(7), 1181-1207. 

Wagner, C. and Adrian, R. (2009) Cyanobacteria dominance: Quantifying the effects of 

climate change. Limnology and Oceanography 54(6), 2460-2468. 

Watzin, M.C., Miller, E.B., Shambaugh, A.D. and Kreider, M.A. (2006) Application of 

the WHO alert level framework to cyanobacterial monitoring of Lake 

Champlain, Vermont. Environmental Toxicology 21(3), 278-288. 

White, S.H., Fabbro, L.D. and Duivenvoorden, L.J. (2003) Changes in cyanoprokaryote 

populations, Microcystis morphology, and microcystin concentrations in Lake 

Elphinstone (Central Queensland, Australia). Environmental Toxicology 18(6), 

403-412. 

WHO (1998) Cyanobacterial toxins: Microcystin-LR. In: Guidelines for drinking water 

quality, World Health Organization, Geneva, Switzerland, pp.95-110. Vol 2. 2nd 

Edition.  

WHO (2003) Algae and cyanobacteria in freshwater: Guidelines for safe recreational 

water environments, World Health Organization, Geneva, Switzerland, pp. 136–

154.  

Wicks, R.J. and Thiel, P.G. (1990) Environmental factors affecting the production of 

peptide toxins in floating scums of the cyanobacterium Microcystis aeruginosa 

in a hypertrophic African reservoir. Environmental Science & Technology 

24(9), 1413-1418. 

Wilhelm, S. (1995) Ecology of iron-limited cyanobacteria: A review of physiological 

responses and implications for aquatic systems. Aquatic Microbial Ecology 9(3), 

295-303. 

Wilhelm, S.W., Farnsley, S.E., LeCleir, G.R., Layton, A.C., Satchwell, M.F., DeBruyn, 

J.M., Boyer, G.L., Zhu, G. and Paerl, H.W. (2011) The relationships between 

nutrients, cyanobacterial toxins and the microbial community in Taihu (Lake 

Tai), China. Harmful Algae 10(2), 207-215. 



Chapter 1 | I n t r o d u c t i o n  

48 

Wood, S.A. (2006) Survey of cyanotoxins in New Zealand water bodies between 2001 

and 2004. New Zealand Journal of Marine and Freshwater Research 40(4), 585-

597. 

Wood, S.A., Kuhajek, J.M., de Winton, M. and Phillips, N.R. (2012) Species 

composition and cyanotoxin production in periphyton mats from three lakes of 

varying trophic status. FEMS Microbiology Ecology 79(2), 312-326. 

Wu, S., Wang, S., Yang, H., Xie, P., Ni, L. and Xu, J. (2008) Field studies on the 

environmental factors in controlling microcystin production in the subtropical 

shallow lakes of the Yangtze River. Bulletin of Environmental Contamination 

and Toxicology 80(4), 329-334. 

Wu, S.K., Xie, P., Liang, G.D., Wang, S.B. and Liang, X.M. (2006) Relationships 

between microcystins and environmental parameters in 30 subtropical shallow 

lakes along the Yangtze River, China. Freshwater Biology 51(12), 2309-2319. 

Xiao, Y., Gan, N., Liu, J., Zheng, L. and Song, L. (2012) Heterogeneity of buoyancy in 

response to light between two buoyant types of cyanobacterium Microcystis. 

Hydrobiologia 679(1), 297-311. 

Xu, Y., Wang, G.X., Yang, W.B. and Li, R.H. (2010) Dynamics of the water bloom-

forming Microcystis and its relationship with physicochemical factors in Lake 

Xuanwu (China). Environmental Science and Pollution Research 17(9), 1581-

1590. 

Yan, H., Pan, G., Zou, H., Song, L.R. and Zhang, M.M. (2004) Effects of nitrogen 

forms on the production of cyanobacterial toxin microcystin-LR by an isolated 

Microcystis aeruginosa. Journal of Environmental Science and Health. Part A, 

Toxic/Hazardous Substances & Environmental Engineering 39(11-12), 2993-

3003. 

Yang, H., Xie, P., Xu, J., Zheng, L., Deng, D., Zhou, Q. and Wu, S. (2006) Seasonal 

variation of microcystin concentration in Lake Chaohu, a shallow subtropical 

lake in the People's Republic of China. Bulletin of Environmental 

Contamination and Toxicology 77(3), 367-374. 

Yu, S. (1995) Primary prevention of hepatocellular carcinoma. Journal of 

Gastroenterology and Hepatology 10(6), 674-682. 



Chapter 1 | I n t r o d u c t i o n  

49 

Zamyadi, A., MacLeod, S.L., Fan, Y., McQuaid, N., Dorner, S., SauvÃ©, S.b. and 

PrÃ©vost, M.l. (2011) Toxic cyanobacterial breakthrough and accumulation in a 

drinking water plant: A monitoring and treatment challenge. Water Research, 

doi:10.1016/j.watres.2011.1011.1012. 

Zhang, M., Duan, H., Shi, X., Yu, Y. and Kong, F. (2012) Contributions of meteorology 

to the phenology of cyanobacterial blooms: Implications for future climate 

change. Water Research 46(2), 442-452. 

Znachor, P., Jurczak, T., Komarkova, J., Jezberova, J., Mankiewicz, J., Kastovska, K. 

and Zapomelova, E. (2006) Summer changes in cyanobacterial bloom 

composition and microcystin concentration in eutrophic Czech reservoirs. 

Environmental Toxicology 21(3), 236-243. 

Zurawell, R.W., Chen, H.R., Burke, J.M. and Prepas, E.E. (2005) Hepatotoxic 

cyanobacteria: A review of the biological importance of microcystins in 

freshwater environments. Journal of Toxicology and Environmental Health-Part 

B-Critical Reviews 8(1), 1-37. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 | I n t r o d u c t i o n  

50 

This page has been left blank intentionally 

 

 



 

 

 

 

 

 

 

 

Chapter 2 

 

Research Design, Methodology and Study Sites 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 | R e s e a r c h  D e s i g n ,  m e t h o d o l o g y  a n d  S t u d y  S i t e s  

 52 

2.1 Research design and hypotheses 

This research aims to explore the dynamics of toxic cyanobacterial blooms to identify 

the potential environmental causative factors of the dynamics, and how the dynamics 

could affect the existing microcystin risk assessment. 

1. In the first part of the research, eight lakes on Swan Coastal Plain (South West 

Australia) were sampled from November 2008 to July 2009 to identify and quantify 

the dynamics of cyanobacterial biomass and microcystin concentration. This part of 

research is based on the following hypotheses (Chapter 3): 

a. Cyanobacterial biomass and microcystin concentration in the water column 

are highly dynamic on spatial (between lakes) and temporal scales. 

b. The dynamics of cyanobacterial biomass is positively related to the 

dynamics of microcystin concentration in the water column. 

c. Potential divergence between the dynamics of cyanobacterial biomass and 

microcystin are due to physical and chemical environmental factors in the 

systems. 

2. In the second part of this research, three lakes on Swan Coastal Plain were selected 

and sampled from January to March 2010 to identify the environmental drivers of 

both cyanobacterial and microcystin dynamics in more details and compare the roles 

of the environmental factors between lakes. In this second part of research, the 

following hypotheses were investigated (Chapter 4): 

a. Cyanobacterial dominance and cyanobacterial microcystin content are 

significantly correlated to the nitrogen, phosphorus and iron concentration in 

the water column. 

b. The correlations between the environmental factors and cyanobacterial and 

microcystin dynamics are different between lakes. 
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3. Data collected from January to March 2010 was further analyzed to investigate the 

effects of the changes in the structure of phytoplankton community and 

cyanobacterial composition, in relation to their response to changes in nutrient 

concentration, on the dynamics of cyanobacterial microcystin content. In this part of 

research, the following hypotheses were tested (Chapter 5): 

a. Changes in nutrient concentration cause changes in the structure of 

phytoplankton community and cyanobacterial composition. 

b. The dynamic of cyanobacterial microcystin content is significantly 

correlated to changes in the structure of phytoplankton community and 

cyanobacterial composition.  

The research design, methodology and all parameters included in this research are 

summarized in Fig. 2.1. 
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Fig. 2.1: The simplified research design and techniques used to analyze the parameters included in the two sampling periods.

Measurements and laboratory analyses 

Parameters Methodology 

Microcystin quantification 

(Intracellular and extracellular 

fractions) 

Samples were subjected to solid phase extraction 

(SPE) followed by HPLC analysis using Water 

Alliance 2695 instrumentation with PDA detector at 

238 nm 

Microcystin confirmation and 

identification 

LC-MS analysis using Agilent 1200 series capillary 

pump with 6430 Ion Trap mass selective detector 

pH, Temperature, Salinity Onsite measurements with TPS probes 

TP Analyzed according to Standard Methods  

(APHA 1998) 

TDP, TN, TDN, NH4, TFe, 

TDFe 

Analyzed according to Standard Methods  

(APHA 1998) 

Cyanobacterial chl-a 

Phytoplankton chl-a 

Direct measurements with Fluoroprobe (bbe 

Moldaenke) 

Phytoplankton identification and 

enumeration 

Microscopic examination of Lugol’s samples 

(Utermöhl’s 1958) 

 

Three lakes  

(January - March 2010) 
 

The dynamics of cyanobacterial biomass and 

microcystin concentrations were compared between 

lakes. Three lakes were selected and studied in 

details. 

 

Eight lakes  

(November 2008 - July 2009)  
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2.2 Assumptions of this study 

 The FluoroProbe uses five different wavelengths to estimate the fluorescence 

intensity of different phytoplankton groups where the signature of each 

phytoplankton group is captured by a set of fingerprint (Beutler et al. 2002). The 

fluorescence intensity is then transformed through an algorithm and the total 

biomass of each phytoplankton division including cyanobacteria is expressed as 

chlorophyll-a concentration equivalents (μg chl-a L
-1

) (Beutler et al. 2002, 

Ghadouani and Smith 2005). Cyanobacterial biomass measured by FluoroProbe 

was shown to correlate strongly with the data obtained from microscopic and 

spectrophotometric analysis (Catherine et al. 2012). Based on the assumption that 

the fingerprint of each phytoplankton group is always valid and that FluoroProbe 

can provide good estimates of cyanobacterial biomass, the validation of 

cyanobacterial chlorophyll-a was not performed in this study. However, the total 

phytoplankton chlorophyll-a was validated against the values obtained from 

spectrophotometric analysis (APHA 1998). 

 Cyanobacterial chlorophyll-a fluorescence (μg chl-a L
-1

) as measured by 

FluoroProbe was used as a proxy for cyanobacterial biomass throughout the study. 

This is based on an assumption that cyanobacterial chlorophyll-a fluorescence is 

the most accurate estimate of cyanobacterial biomass in comparison to dry mass 

and biovolume.  

 Microcystin concentration was expressed per volume of water (µg L 
-1

) and per unit 

of cyanobacterial dry mass. Microcystin expressed per volume of water allows a 

direct comparison of the measured microcystin concentrations with the national or 

international guideline levels. On the other hand, microcystin expressed per unit of 

cyanobacterial dry mass is more relevant to investigate the variability of 

cyanobacterial microcystin content.  
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 High cyanobacterial microcystin content is assumed to illustrate high microcystin 

production.  

 Cyanobacterial dry mass is likely to be overestimated in the presence of organic 

materials and sediments on dried filter papers. As an implication, this study might 

underestimate the cyanobacterial microcystin content. Therefore, interpretation 

microcystin data presented in this thesis should be subjected to this potential error. 

 Diel changes in cyanobacterial cell density due to changes in the cellular 

carbohydrate content are assumed to have no influence on the interpretation of the 

study’s results. Large changes in carbohydrate content were not expected as only 

day samples were taken under fixed sampling time. 

 Large variations in surface light intensities were not expected as samples were 

taken under bright day light and fixed sampling time. Additionally, it has been 

suggested that surface light is rarely a limiting factor for algae growth in shallow 

lakes under Australian climatic conditions (Melbourne Water 2005). Due to this 

reason, light parameter was intentionally excluded from this study. 

 

2.3 Methodology 

This section will provide additional information as a supplement to the methodology 

described in Chapters 3, 4 and 5.  

 

2.3.1 Microcystin quantification with HPLC 

Pre-concentrated samples for intracellular and extracellular microcystin were analysed 

by using Alliance 2695 HPLC (Waters, Australia) with a PDA detector (1.2nm 

resolution) and an Atlantis T3 3µm column (4.6 x 150mm i.d). Mobile phases used were 

acetonitrile + 0.05% v/v trifluoroacetic acid (TFA) and Milli-Q water + 0.05% TFA. 
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Microcystin peaks separation was achieved by using a gradient as described in Table 

2.1.  

 

Table 2.1: Linear gradient conditions at 0.6 mL min
-1 

used in HPLC; Solvent 

A= acetonitrile + 0.05% TFA; Solvent B= Milli-Q water + 0.05% TFA (Modified after 

(ISO 2005) 

 

Minutes 0 5 28 31 32 37 

Solvent A (%) 30 35 100 100 30 30 

Solvent B (%) 70 65 0 0 70 70 

 

Microcystin was identified based on the peak PDA spectrum at 238nm. An example of a 

chromatogram and typical absorption spectrum of a microcystin identified in this 

research is shown in Fig.2.2 and Fig.2.3. Microcystin was quantified by comparing peak 

areas of microcystin in the tested samples to peak areas of commercially available 

microcystin-LR standard (Sapphire Bioscience, Australia; purity ≥95%). 

 
Fig.2.2: Chromatogram of microcystin presence in cyanobacterial cell extract. 
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Fig.2.3: Typical PDA spectra of microcystin identified in this research. 

 

2.3.2 Validation of chlorophyll-a measurement in Fluoroprobe 

Total chlorophyll-a measured with Fluoroprobe (bbe Moldaenke, Germany) was 

validated against the values obtained from samples extracted according to standard 

methods (APHA 1998). Phytoplankton chlorophyll-a in 34 selected samples were 

extracted with 80% acetone and quantified with a fluorometer, at an excitation 

wavelength of 430 nm and an emission wavelength of 663 nm. A strong correlation was 

found between the chlorophyll-a concentration measured with Fluoroprobe and the 

chlorophyll-a concentration measured with the standard method. The regression curve 

of chlorophyll-a concentration measured from both techniques is shown in Fig.2.4. 
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Fig.2.4: Linear regression analysis of chlorophyll-a concentration measured with the 

Fluoroprobe and the standard method, R
2
 = 0.94, N = 32, P <0.05. 

 

2.3.3 Nutrient analyses 

Nutrients including phosphorus, nitrogen and iron were measured according to the 

standard method (APHA 1998). A summary of methods used to quantify these nutrients 

is shown in Table 2.2. 
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Table 2.2: Details of methods used for nutrient quantification 

Nutrient Sample preparation Method Principle of the analysis 

Total 

phosphorus 

Persulphate digestion 

method 

Ascorbic acid 

method 

Ammonium molybdate 

and potassium antimonyl 

tartrate react with 

orthophosphate to form a 

heteropoly acid. This acid 

is then reduced to 

intensely colored 

molybdenum blue by 

ascorbic acid 

 

 

Total 

dissolved 

phosphorus 

 

Filtration through 0.45 

µm syringe filter 

followed by persulfate 

digestion method  

 

Ascorbic acid 

method 

Total 

nitrogen 

Persulfate digestion 

method 

Cadmium 

reduction 

method 

 

Nitrate is reduced to nitrite 

by cadmium. Nitrite is 

determined through the 

formation of highly 

colored azo-dye, when 

reacted with sulfanilamide 

with N-(1-Naphthyl)-

ethylenediamine 

dihydrochloride. 

 

Total 

dissolved 

nitrogen 

Filtration through 0.45 

µm syringe filter 

followed by persulfate 

digestion method 

Cadmium 

reduction 

method 

Ammonium - Phenate method The reaction of ammonia, 

hypochlorite, and phenol 

catalyzed by sodium 

nitroprusside produce blue 

colored indophenol. 

 

Total iron - Phenanthroline 

method 

 

Phenanthroline 

method 

Iron is reduced to ferrous 

state by boiling with acid 

and hydroxylamine, and 

treated with 1, 10-

phenanthroline at pH 3. 

Phenanthroline molecules 

will interact with the 

molecules of ferrous iron 

to form an orange-red 

complex. 

 

 

 

Total 

dissolved 

iron 

 

 

Filtration through 0.45 

µm syringe filter 
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2.4 Study lakes 

The Swan Coastal plain lies between the Darling Scarp and the Indian Ocean in Western 

Australia (Fig.2.5). Eight lakes were chosen to encompass the ranges of 

physicochemical differences found in Perth wetlands. 

 

Fig. 2.5: Map showing the locations of eight studied lakes on Swan Coastal Plain, 

marked locations from north to south: Emu Lake, Jackadder Lake, Lake Monger, Blue 

Gum Lake, North Lake, Bibra Lake, Little Rush Lake and Yangebup Lake (source of 

image: www.maps.google.com.au). 
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2.4.1 Emu Lake 

Emu Lake (31°50′12″S, 115°52′57″E) is located within the City of Swan, 14 km north 

of the Perth CBD. Emu Lake is an artificial wetland and is surrounded by residential 

area. This lake was previously described as a mature wetland with a little open water 

area, and later three artificial lakes were constructed east of the main lake during the 

development of housing areas in 1980 (Woodward and Hanna 2009). The lake has a 

total area of 12.8 ha, and maximum depth approximately 2.2 m. Emu Lake is a 

groundwater through-flow wetland that accepts groundwater from the north and 

discharge groundwater to the south. The lake receives stormwater runoff from 11 

stormwater drains, and surface water level in this lake is approximately 32 m AHD. 

Cyanobacterial biomass in Emu Lake are always high and dominated by potentially 

toxic species (Woodward and Hanna 2009). 

 

2.4.2 Jackadder Lake 

Jackadder Lake (31°54′30″S, 115°47′36″E) is located within the City of Stirling, 11 km 

north of Perth CBD. The lake covers a total area of 7.18 ha and is surrounded by 6.6 ha 

of parkland (Arnold 1990). Water levels in Jackadder Lake are maintained by the input 

of surface runoff via 10 drain inlets, and maximum depth is measured at 2.1 m (Rajah 

1991, as cited in Kemp 2009). The lake has been subject to cyanobacterial blooms in 

spring and autumn that have led to bird deaths from either algal poisoning or botulism 

(Arnold 1990).  

 

2.4.3 Lake Monger 

Lake Monger (31°55′59″S, 115°49′45″E) is located within the Town of Cambridge, 6 

km north of Perth CBD. The lake covers a total area of 71.3 ha with approximately 70 

ha of open water (Growns et al. 1993). Lake Monger is a permanent wetland (Growns et 
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al. 1993) located within a public park and is surrounded by urban development and 

bounded by a freeway on the eastern side. This lake is used as a stormwater drainage 

basin, receiving input from 23 drains that service a catchment of 600 ha (Powe and 

Cameron 1992 as cited in Kemp 2009). Water levels are artificially maintained and the 

maximum water depth is approximately 1.5 m (Lund and Davis 2000).  

 

2.4.4 Blue Gum Lake 

Blue Gum Lake Reserve (32°2′12″S, 115°50′54″E) is located in within the City of 

Melville, 13 south of Perth CBD. Originally, the lake was a swamp, but slowly changed 

to a permanent lake due to development of neighbouring urban areas and subsequent 

management practices. The reserve area covers a total area of 79.3 ha covering 

bushland, recreational parkland, a central lake and island (Fox and MacShane 2004). 

The lake covers a total area of 7 ha with 4.3 ha of open water (Arnold 1990) and has a 

sandy bed, with nearly 80% of sand at the surface even near the centre of the lake (Fox 

and MacShane 2004). Water enters the lake via seven drains, receiving water from a 

catchment of approximately 12 ha (Fox and MacShane 2004). In 1996, the minimum 

water level was recorded as 2 m AHD (Fox and MacShane 2004), and previously during 

the 1970s and 1980s the water level was artificially maintained at an average of 6.6 m 

AHD. This attempt had been made to reduce problems associated with algal blooms.  

 

2.4.5 North Lake 

North Lake (32°4′ 38″S, 115°49′21″E) is located within the City of Cockburn, 18 km 

south of Perth CBD. North Lake is a permanent wetland that is surrounded by urban 

areas and 20% of the perimeter remains vegetated. The lake covers a total area of 51.9 

ha with 24.7 ha of open water (Arnold 1990), and a mean depth between 2-3m (Beeliar 

Regional Park 2001). Stormwater enters North Lake via two drains and increase water 
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levels in the lake (Bayley et al. 1989, as cited in Kemp 2009). This resulted in the lake 

becoming heavily nutrient enriched and experiencing periodic spring and summer algal 

blooms (Newman 1976, as cited in Kemp 2009). The lake and surrounding areas 

support at least 123 species of birds (Beeliar Regional Park 2001). Toxic blooms of 

Microcystis and Anabaena have been recorded and are a potential health risk to the 

public and bird-life (Bayley et al. 1989, as cited in Kemp 2009).  

 

2.4.6 Bibra Lake 

Bibra Lake (32°5′25″S, 115°49′16″E) is located within the City of Cockburn, 20 km 

south of Perth CBD. Bibra Lake is a permanent wetland that is surrounded by urban 

areas and a golf course (Growns et al. 1993). The lake covers a total area of 135 ha with 

open water area of approximately 100 ha and a mean depth of 1.1 m (Strategen 2009). 

Bibra Lake was previously a landfill site, but the western shore has now been developed 

as a recreational area, and is now the home for many water birds (Kemp 2009). Water 

enters Bibra Lake via direct rainfall recharge onto the lake surface or from surface 

runoff from the surrounding catchment (Strategen 2009). The water level in Bibra Lake 

varied between 12 to 16 m AHD in the record from 1950 to 2008 (Strategen 2009).  

  

2.4.7 Little Rush Lake 

Little Rush Lake (32°06′37″S, 115°49′30″E) is located within the City of Cockburn, 23 

km south of Perth CBD and covers a total area of 31 ha (Bamford and Wilcox 2005). 

This lake provides a habitat for about 93 bird species and 21 reptile species (V. Hartill, 

personal communication, 2010). This permanent lake has an elevated level of total 

phosphorus, total nitrogen and TN:TP ratios up to 38 based on measurements made by 

the local government authority between 2007 and 2008 (unpublished data, City of 

Cockburn). In 2008, water level in Little Rush Lake varied between 15 to 16 m AHD. 
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2.4.8 Yangebup Lake 

Yangebup Lake (32°6′56″S, 115°49′33″E) is located within the City of Cockburn, 23km 

south of Perth CBD, and 2 km south of Bibra Lake. The lake is a permanent wetland, 

covers a total area of 90.5 ha with open water area of approximately 68 ha, and is 

surrounded by residential and industrial areas (Growns et al. 1993). Yangebup Lake has 

an average depth of 2.5 m. Yangebup Lake is a groundwater through-flow wetland that 

accepts groundwater from the east and discharges groundwater to the west (Dunlop 

2008). This lake also receives urban runoff from three stormwater drains. In recent 

years, the surface water level in Yangebup Lake has been high and varied between 15 to 

16 m AHD, which lead to the decline in fringing vegetation (Dunlop 2008). Yangebup 

Lake has an elevated level of nitrogen, phosphorus and salinity, due to nearby wool 

scouring operation and stormwater drainage from urban development (Dunlop 2008). 

Algal biomass in Yangebup Lake is always high, and potentially dominated by 

Microcystis spp. (Davis et al. 1993, Dunlop 2008).  
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3.1 Abstract 

The increasing incidence of toxic cyanobacterial blooms, together with the difficulties 

to reliably predict cyanobacterial toxin (e.g., microcystins) concentration have created 

the need to assess the predictive ability and variability of the cyanobacterial biomass-

microcystin relationship, which is currently used to assess the risk to human and 

ecosystems health. To achieve this aim, we assessed the relationship between 

cyanobacterial biomass and microcystin concentration on a spatiotemporal scale by 

quantifying the concentration of cyanobacterial biomass and microcystin in eight lakes 

over nine months. On both, a temporal and spatial scale, the variability of microcystin 

concentration exceeded that of cyanobacterial biomass by up to four-times. The 

relationship between cyanobacterial biomass and microcystin was weak and site-

specific. The variability of cyanobacterial biomass only explained 25% of the variability 

in total microcystin concentration and 7% of the variability of cellular microcystin 

concentration. Although a significant correlation does not always imply causal link, the 

results of multiple linear regression analysis suggest that the variability of 

cyanobacterial biomass and cellular microcystin concentration is influenced by salinity 

and total phosphorus, respectively. The weak cyanobacterial biomass-microcystin 

relationship, coupled with the fact that microcystin was present in concentrations 

exceeding the WHO drinking water guidelines (1µg L
-1

) in most of the collected 

samples, emphasizes the high risk of error connected to the traditional indirect 

microcystin risk assessment method.  

 

Keywords: Cyanobacterial variability; microcystin variability; cellular microcystin 

concentration; cyanobacterial biomass-microcystin relationship; total phosphorus 
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3.2 Introduction 

Toxic cyanobacterial blooms are considered to be a major threat to the safety of water 

resources throughout the world (Ghadouani and Coggins 2011) as they have serious 

negative impacts on public health, affect the stability of aquatic ecosystems (Kann and 

Smith 1999, Ghadouani et al. 2003, Ghadouani et al. 2006, Havens 2007, Chen et al. 

2012), and can affect the availability of treated wastewater for water recycling programs 

(Barrington and Ghadouani 2008, Barrington et al. 2011). Many cyanobacterial genera, 

including Microcystis, Planktothrix, and Anabaena, produce hepatotoxic microcystins, 

which, if ingested, cause both acute and chronical poisoning in animals and humans, 

especially liver injury (Chorus and Bartram 1999, Carmichael et al. 2001, Ghadouani et 

al. 2004, Chen et al. 2009). 

 

The occurrences of cyanobacteria and microcystin in natural environment are highly 

variable on both a temporal and regional scale. A comparison of several studies from 

different regions, including Australia (Kemp 2009), China (Liu et al. 2011), the Czech 

Republic (Palikova et al. 2011), India (Maske et al. 2010), Ireland (Mooney et al. 2011), 

Kenya (Kotut et al. 2010), Philippines (Baldia et al. 2003), Saudi Arabia (Al-Shehri 

2010), and Spain (Carrasco et al. 2006) showed that the maximum microcystin 

concentrations (as microcystin per unit dry mass) detected during cyanobacterial blooms 

ranged over five orders of magnitude, while maximum cyanobacteria ranged over three 

orders of magnitude. This suggests that the cyanobacterial biomass-microcystin 

relationship is highly variable. 

 

The amount of microcystin detected during cyanobacterial blooms has been suggested 

to be a result of cyanobacterial biomass and microcystin production, which are both 
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influenced by environmental factors (Kardinaal and Visser 2005, Zurawell et al. 2005). 

For instance, microcystin production and cyanobacterial growth were both found to be 

positively correlated to temperature, salinity and nutrients in some studies (Hobson and 

Fallowfield 2003, Orr et al. 2004, Camargo and Alonso 2006, Tonk et al. 2007, 

Izydorczyk et al. 2008, Davis et al. 2009, Rinta-Kanto et al. 2009), while other studies 

reported a negative or no correlation (Kotak et al. 2000, Wu et al. 2006, Tonk et al. 

2007, Srivastava et al. 2012). As a result of these inconsistencies, the environmental 

drivers of microcystin and cyanobacterial variability are still highly discussed. It can be 

assumed that the variability of microcystin concentration in the water is regulated by a 

combination of environmental factors that act on the metabolic pathway of microcystin 

production, the rate of cyanobacterial cell division, and the dynamics of spatial 

distribution of cyanobacterial cells. 

 

The observed high variability in the occurrence of microcystin during bloom events 

makes it difficult to develop a reliable risk indicator. Provisional guideline values of 1 

and 20 μg microcystin L
-1

 (expressed as microcystin-LR toxicity equivalents) are set for 

drinking and recreational water, respectively (WHO 1998,2003). Even so, several 

countries have developed their own guideline values for microcystin in drinking water. 

Notably, this level was set at 1.3 µg L
-1

 in Australia (NHMRC 2011) and 1.5 µg/L in 

Canada (Health Canada 2010). However, in many countries, including Australia, the 

current alert level framework for potentially toxic cyanobacterial blooms in recreational 

and drinking water is based on cyanobacterial biomass (ANZECC 2000, NHMRC 

2011), which are used as an indicator to indirectly estimate the risk of microcystin 

contamination.  

 



Chapter 3 | B i o m a s s  a n d  T o x i n  R e l a t i o n s h i p  

73 

 

An analysis of 20 peer-reviewed publications that reported on the cyanobacterial 

biomass-microcystin concentration relationship shows inconsistencies between studies: 

55 % of the cases reported a positive relationship (Frank 2002, Graham et al. 2004, 

Briand et al. 2005, Znachor et al. 2006, Naselli-Flores et al. 2007, Nasri et al. 2007, 

Briand et al. 2008, Hotto et al. 2008, Wu et al. 2008, Okello et al. 2010, Vasconcelos et 

al. 2011), while 45 % reported no clear relationship (Jean et al. 2000, Baldia et al. 2003, 

Ballot et al. 2003, Carrasco et al. 2006, Jayatissa et al. 2006, Pavlova et al. 2006, 

Watzin et al. 2006, Yang et al. 2006, Chen et al. 2009). Furthermore, no trend was 

observed between the cyanobacterial biomass-microcystin relationships and sampling 

frequency, range of microcystin concentration, dominant cyanobacterial genus, or 

measurement units used to express cyanobacterial biomass and microcystin 

concentration. Therefore, a greater understanding of the variability of the relationship 

between cyanobacterial biomass and microcystin is needed to assess whether the 

existing microcystin risk assessment strategy is reliable for protecting public health 

from the occurrence of highly variable microcystin concentration.  

 

In this study, we anticipated that the high spatial and temporal variability in 

cyanobacterial biomass and microcystin occurrence would lead to a weak 

cyanobacterial biomass-microcystin relationship. The overall aims of this study were to 

(i) examine the cyanobacterial biomass-microcystin relationship by comparing the 

variability of the relationship on spatial and temporal scales in eight urban, shallow, 

productive systems; and (ii) identify the potential environmental drivers of 

cyanobacteria and microcystin variability. 
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3.3. Material and methods 

3.3.1 Study area 

Eight urban lakes on the Swan Coastal Plain, which lies between the Darling Scarp and 

the Indian Ocean in Western Australia, were selected for this study: Emu Lake, 

Jackadder Lake, Lake Monger, Blue Gum Lake, North Lake, Bibra Lake, Little Rush 

Lake and Yangebup Lake. All lakes are shallow with a mean depth < 2 m in the 

majority of lakes, and a stable thermal stratification is usually prevented due to 

continuous or intermittent wind mixing (Davis et al. 1993). The hydrologies of these 

lakes are mainly affected by the rainfall pattern and experience a strong seasonal 

hydrological cycle. Furthermore, Emu and Yangebup Lakes are also groundwater 

through-flow systems. Usually, maximum water levels occur in September and October 

after winter, and minimum water levels occur in March and April after the end of 

summer months (Davis et al. 1993). Bibra and North Lakes dry up naturally in summer, 

while the water level of in Lake Monger is artificially maintained during summer. 

 

3.3.2 Sampling and analyses 

Weekly or bimonthly samplings were carried out between November 2008 and July 

2009. The sampling frequency for each lake depended on the presence of cyanobacterial 

biomass, as they are a prerequisite for the presence of cyanobacterial toxins. Three lakes 

were studied for the whole period, while sampling in Bibra Lake, Blue Gum Lake, Little 

Rush Lake, Lake Monger and North Lake ended earlier as they dried up during summer. 

On-site measurements and samples were taken at the same point for every sampling 

occasion, from shore sites with a water depth of 0.6 to 1 m. Grab water samples for 

cyanobacteria, microcystin and total phosphorus quantification were taken from 0.15 m 

below the surface to avoid surface scum. Water temperature, pH and salinity were 

measured on-site with a WP-81 probe (TPS Pty Ltd) at a depth of 0.6 m.  Variations in 
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physicochemical variables at different depths are minimal as another study in this lake 

found no differences between surface and bottom samples (Reichwaldt 2012, 

unpublished data). Samples were stored immediately in glass bottles in the dark on ice 

after the collection. 

 

3.3.2.1 Nutrient analyses and quantification of cyanobacteria 

Total phosphorus (TP) concentrations were analyzed with the ascorbic acid method 

(APHA 1998). Cyanobacterial and total phytoplankton chlorophyll-a (chl-a) were 

measured with a top-bench version of a FluoroProbe (bbe Moldaenke, Germany). The 

FluoroProbe measures chl-a fluorescence and differentiates divisions of phytoplankton 

by their specific fluorescence emission spectrum (Beutler et al. 2002). The fluorescence 

is then transformed through an algorithm and total biomass of each phytoplankton 

division including cyanobacteria, expressed as chl-a concentration equivalents (μg chl-a 

L
-1

) (Beutler et al. 2002, Ghadouani and Smith 2005). FluoroProbe chl-a measurements 

were validated against chl-a data of samples extracted according to standard methods 

(APHA 1998) (linear regression analysis: R
2 

= 0.94, N = 32, P < 0.05). In our study, 

chl-a fluorescence as measured by FluoroProbe was used as a proxy for cyanobacterial 

biomass (Geis et al. 2000, Eisentraeger et al. 2003). 

 

Water samples were filtered through pre-combusted and pre-weighed 47 mm GF/C 

filter papers to separate the intracellular from the dissolved microcystin fraction. Filter 

papers containing particulate organic matter were dried for 24 hours at 60
°
C and re-

weighed to obtain total dry weight (Harada et al. 1999). These filter papers were then 

moistened with Milli-Q water and kept frozen (at -20°C) until intracellular microcystin 

extraction. As we were interested in the microcystin concentration per unit 
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cyanobacterial dry mass, cyanobacterial dry mass was calculated from the total dry 

mass (from the filters) by adjusting it to the percentage of cyanobacteria measured with 

the FluoroProbe. Cyanobacterial dry mass was only used for microcystin quantification.  

 

Water samples collected for cyanobacterial enumeration were preserved with Lugol’s 

iodine solution and identified to the genus level using phytoplankton taxonomic 

guidelines (Komarek and Hauer 2011). The relative abundance of different 

cyanobacterial genera (cells or colonies ml
-1

) was determined from 10-50 ml of water 

samples using an inverse microscope according to Utermöhl (1958). The abundance of 

each cyanobacterial genus present in the samples was then converted into biovolume per 

ml (µm
3
 ml

-1
) by multiplying the mean cells or colonies biovolume (µm

3
) with the total 

cells or colonies per ml (cells or colonies ml
-1

). Mean cell or colony biovolume for each 

cyanobacterial genus was determined by finding the best geometric figures best 

approximating the shape of individual taxa, and measuring the dimension of 20 

individual cells or colonies (Hillebrand et al. 1999). A minimum of 200 cells or colonies 

of the most abundant cyanobacteria were counted for each sample. Different 

cyanobacterial species within each genus can vary in size by several orders of 

magnitude. However, as we measured the mean biovolume of each cyanobacterial 

genus, differences in sizes between species are evened out as a larger mean is expected, 

if larger species are more abundant and vice versa. The calculated mean biovolume of 

each cyanobacterial genus was used to determine the dominant cyanobacteria in the 

studied lakes.  

 

3.3.2.2 Microcystin extraction and quantification 

Filters were freeze-thawed twice to break the cells prior to methanol extraction (Lawton 

et al. 1994). Filters were placed into separate centrifuge tubes and 5 ml of 75% 
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methanol-water (v/v) was added. Filters were sonicated on ice for 25 min, followed by 

gentle shaking for another 25 min. The extracts were then centrifuged at 3273g 

(Beckman and Coulter, Allegra X-12 Series) for 10 min at room temperature. Extracts 

were carefully transferred into conical flasks, and two more extractions were done per 

filter. All three extracts were pooled and diluted with Milli-Q to 20% methanol (v/v). 

 

Intracellular microcystin extracts and the pre-filtered water containing dissolved 

(extracellular) microcystin were subjected to solid-phase extraction (SPE) (Waters 

Oasis HLB) for clean-up and concentration with a loading speed of < 10 ml min
-1

. SPE 

cartridges were then rinsed with 10 ml of 10, 20 and 30% methanol-water (v/v), before 

microcystin was eluted with 100% methanol + 0.1% trifluoroacetic acid (TFA) and 

evaporated with nitrogen gas at 40°C. Finally, samples were re-dissolved in 30% 

acetonitrile and analysed with high-performance liquid chromatography (HPLC) by 

using the Alliance 2695 (Waters, Australia) with a PDA detector (1.2 nm resolution) 

and an Atlantis T3 3µm column (4.6 x 150mm i.d). Mobile phases used were 

acetonitrile + 0.05% v/v TFA and Milli-Q water + 0.05% TFA. Microcystin peaks were 

separated using a linear gradient as described in Lawton et al. (1994) but with a 

maximum acetonitrile concentration of 100% and a run time of 37 min. Column 

temperature was maintained at 37.5 ± 2.5 °C. The limit of detection per microcystin 

peak was 1.12 ng. Microcystin variants were identified based upon their typical 

absorption spectrum detected by PDA detector at 238 nm (Meriluoto and Codd 2005). 

Commercially available microcystin-LR standard (Sapphire Bioscience, Australia; 

purity ≥ 95 %) was used to quantify microcystin concentrations. Throughout this 

manuscript we refer to the total concentration of microcystin variants per sample as 

microcystin concentration. In this study, total microcystin concentration (cellular + 
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extracellular) was expressed as µg (microcystin-LR mass equivalents) per L water, 

while cellular (intracellular) microcystin concentration was expressed as µg 

(microcystin-LR mass equivalents) per g cyanobacterial dry mass.  

 

3.3.2.3 Confirmation of microcystin peaks in LC-MS 

One sample per lake was selected and re-analysed with liquid chromatography mass 

spectrometry (Agilent Technologies) to confirm the identity of the microcystin 

congeners found in the HPLC-PDA. The analysis was carried out on an Agilent 1200 

series capillary pump with a 6340 Ion Trap mass selective detector. Chromatographic 

separation was performed at a flow rate of 0.15 ml min
-1

 with an Atlantis T3 3µm 

column (4.6 x 150 mm i.d.). Mobile phases used were acetonitrile + 0.05% TFA (v/v) 

and Milli-Q water + 0.05% TFA. The sample run time was adjusted to 148 min to 

account for the lower flow rate compared to the HPLC. Mass analysis was performed by 

electrospray ionisation in positive mode. A scan for masses between 400 and 1230 m/z 

was performed (ISO 2005) and data analysis was carried out with ChemStation (version 

3.4). 

 

3.4 Statistical analyses 

Variability of cyanobacterial biomass and microcystin between lakes were analysed 

statistically with one-way ANOVA and Least Significance Difference post-hoc test for 

pairwise comparison with samples from an individual lake treated as independent data. 

The coefficient of variation (CV) (%) was used to quantify temporal and between lakes 

variability of cyanobacterial biomass, total microcystin and cellular microcystin 

concentrations. To be able to compare between lakes, the coefficient of variation was 

only calculated with data collected between November 2008 and February 2009, due to 

unavailability of data from North Lake after February 2009. Analysis of Covariance 
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(ANCOVA) was used to identify, if the relationship between cyanobacterial biomass 

and total microcystin concentration or cellular microcystin concentration was different 

between lakes (covariates) (SPSS version 17). ANCOVA allows the comparison of one 

variable in two or more groups by correcting for the variability of covariates. Multiple 

linear regressions (R version 2.9.0) with backward selection were used to identify 

environmental variables that could best explain the variability of microcystin 

concentration and cyanobacterial biomass. Cyanobacterial biomass or microcystin 

concentrations were used as the dependent variable, while pH, temperature, salinity, and 

total phosphorus were used as the explanatory variables. For the multiple linear 

regression analysis, maximum air temperature on each sampling day recorded by 

weather stations located nearest to the studied lakes was used as a substitute for water 

temperature. Maximum air temperatures were used in the analysis, as the onsite 

measurements of water temperatures were dependent on the time of sampling and varied 

by up to 4.6°C over the course of a day. In all analyses, results were considered 

significant at P < 0.05 unless stated otherwise. All data was log transformed to meet the 

assumption of normality. 

 

3.5 Results 

3.5.1 Variability of cyanobacterial biomass 

Cyanobacterial biomass was always present in all lakes but was highly variable 

throughout the study period (Fig.3.1A-H). As estimated through chl-a fluorescence 

measurements, the highest cyanobacterial concentration in five lakes (Blue Gum, Little 

Rush, Monger, North, and Jackadder) were below the level of bloom definition of 50 µg 

chl-aL
-1

 (Chorus and Bartram 1999), while in three other lakes (Bibra, Emu, 

Yangebup), the highest cyanobacterial concentrations were 108.2, 69.8 and 80.3 µg chl-
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a L
-1

, respectively. In seven of the lakes, mass development of cyanobacterial biomass 

occurred at all times of the year, regardless of the season: the highest cyanobacterial 

biomass occurring in summer (December – February) (Blue Gum Lake, Little Rush 

Lake and North Lake), autumn (Bibra, Yangebup and Jackadder Lakes) or winter (Emu 

Lake). In Lake Monger, there was no obvious bloom period throughout the sampling 

period. 
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Figure 3.1 Cyanobacterial biomass and cellular microcystin concentration over the 

study period in all studied lakes; the shaded areas highlight samples collected in 

summer. 
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Cyanobacterial biomass varied by three orders of magnitude between the lowest and the 

highest measured concentrations (0.4 µg chl-a L
-1

, Jackadder Lake; 108.2 µg chl-a L
-1

, 

Bibra Lake) and cyanobacterial biomass varied significantly between the lakes, 

ANOVA (F(7,83) = 8.191, P < 0.001) (Fig. 3.2). Microcystis spp. was the most common 

cyanobacterial genus in all lakes, but only dominant in Yangebup Lake, North Lake, 

Lake Monger and Little Rush Lake. In Emu and Jackadder Lakes, cyanobacterial 

population was mainly composed of Cylindrospermopsis spp., while Anabaena spp. was 

the dominant cyanobacterial genus in Bibra Lake and Blue Gum Lake.  

 

Fig.3.2 Boxplots of cyanobacterial biomass (µg chl-a L
-1

) over the whole study period 

in all studied lakes, boxes represent 25
th

 to 75
th

 percentiles, straight lines within the 

boxes mark the median and short dashed lines indicate the mean. Whiskers below and 

above the boxes indicate 10
th

 and 90
th

 percentiles, respectively, and filled circles 

represent 5
th

 and 95
th

 percentiles. Lakes with common letters are not statistically 

different (P > 0.05). N = number of samples. 
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3.5.2 Variability of microcystin concentration 

Cellular microcystin concentrations varied greatly throughout the study period 

(Fig.3.1A-H). The amount of cellular microcystin was expressed as µg (microcystin-LR 

equivalents) per g cyanobacterial dry mass to estimate the relative cyanobacterial 

microcystin content (Kardinaal and Visser 2005). The maximum cellular microcystin 

concentration recorded in each lake was between 1.7 (North Lake) and 35.5 mg g
-1 

(Bibra Lake). Cellular microcystin concentrations were always highest in summer, 

suggesting a strong seasonal influence on cyanobacterial microcystin content. Cellular 

microcystin concentrations ranged over five orders of magnitude (Fig.3.3) and varied 

significantly across lakes, ANOVA (F (7, 83) = 2.161, P < 0.05).  

 

Fig.3.3 Boxplots of cellular microcystin concentration (µg g
-1

 cyanobacterial dry mass) 

over whole study period in all lakes, boxes represent 25
th

 to 75
th

 percentiles, straight 

lines within the boxes marks the median and short dashed lines indicated the mean. 

Whiskers below and above the boxes indicated 10
th

 and 90
th

 percentiles, respectively, 

and filled circles represent 5
th

 and 95
th

 percentiles. Lakes with common letters are not 

statistically different (P > 0.05). N = number of samples. 
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The extracellular microcystin fraction was always low and only detected in two samples 

collected from North Lake (0.8 µg L
-1

, 0.6 µg L
-1

) and two samples from Yangebup 

Lake (0.6 µg L
-1

, 0.3 µg L
-1

). Total microcystin concentration ranged between 0.02 µg 

L
-1

 in Jackadder Lake to 122.3 µg L
-1

 in Bibra Lake (Fig.3.4). Yangebup Lake had total 

(extracellular + intracellular) microcystin concentrations exceeding the WHO drinking 

water guideline of 1 µg L
-1

 (WHO, 1998) in 100% of the collected samples, while total 

microcystin concentration measured in Jackadder Lake never exceeded this guideline 

(Fig.4). In other lakes, the percentage of samples with total microcystin concentration 

exceeding 1 µg L
-1

 ranged between 67% in Lake Monger to 94% in Emu Lake. The 

comparison of our results to the WHO drinking water guideline is subject to the 

assumption that the mass of all microcystin variants present in our samples have an 

equivalent toxicity to microcystin-LR. Similarly to cellular microcystin concentration, 

total microcystin concentration also varied significantly between lakes, ANOVA (F(7, 83) 

= 7.999; P < 0.001).  
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Fig.3.4 Variability of total microcystin concentration (µg L
-1

) over whole study period 

in all lakes; WHO drinking water guideline of 1 µg L
-1

 is shown by dashed line across 

the plot. Boxes represent 25
th

 to 75
th

 percentiles, straight lines within the boxes mark the 

median and short dashed lines indicate the mean. Whiskers below and above the boxes 

indicated 10
th

 and 90
th

 percentiles and filled circles represent 5
th

 and 95
th

 percentiles. 

Lakes with common letters are not statistically different (P > 0.05). N = number of 

samples. 

 

3.5.3 Quantification of temporal and between lakes variability 

Temporal and between lake variability of cyanobacterial biomass, total microcystin 

concentration and cellular microcystin concentration is shown in Table 3.1. Overall, the 

variability of cyanobacterial biomass and microcystin was high on both a temporal 

(within lake) and a between lakes basis. When compared between lakes, the variability 

of total microcystin concentration (145%) and cellular microcystin concentration 

(114%) was two-times higher than the variability of cyanobacterial biomass (67%). On 

the temporal scale, the variability of cyanobacterial biomass was similar to the 
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variability of total or cellular microcystin concentration in North Lake and Little Rush 

Lake. However, Jackadder Lake, which had the largest temporal variability of 

cyanobacterial biomass, did not show the largest variability of total microcystin 

concentration. Lake Monger and Yangebup Lake showed the lowest temporal 

variability of cyanobacterial biomass (30 and 29%, respectively). However, the low 

temporal variability of cyanobacterial biomass did not always suggest low variability of 

total and cellular microcystin concentration in these lakes; the temporal variability of 

total microcystin concentration was up to four-times higher than the temporal variability 

of cyanobacterial biomass. Similarly, Emu and Bibra Lakes also showed a higher 

variability (two-times) of total microcystin concentration in comparison to the 

variability of cyanobacterial biomass. The larger variability of total microcystin 

concentration corresponded to the higher variability of cellular microcystin 

concentration, which infers large changes in cyanobacterial microcystin content. On the 

other hand, temporal variability of total microcystin concentration in Blue Gum Lake 

(90%) was approximately 1.5-times lower than the temporal variability of 

cyanobacterial biomass.  
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Table 3.1: Temporal and between lake variability of cyanobacterial biomass, total and 

cellular microcystin concentration in all studied lakes from November 2008 to February 

2009. Coefficient of variation (CV) (%) is used to quantify the variability. 

 Cyanobacterial biomass Total microcystin Cellular microcystin 

CV (%) 

Temporal  

CV (%) 

Between 

lakes 

CV (%) 

Temporal  

CV (%)  

Between lakes 

CV (%) 

Temporal  

CV (%) 

Between 

lakes 

Emu  45  

 

 

67 

85  

 

 

145 

85  

 

 

114 

Jackadder  151 88 216 

Monger  30 111 115 

Bibra  69 142 160 

Blue Gum  142 90 127 

Yangebup  29 86 88 

North  88 87 76 

Little Rush  72 67 78 

 

3.5.4 Relationship between cyanobacterial biomass and total microcystin 

concentration or cellular microcystin concentration 

Variability of cyanobacterial biomass, total and cellular microcystin concentrations 

were asynchronous during most of the sampling period (Fig.3.1A-H). As a result, a 

significant but only weak relationship was found between cyanobacterial biomass and 

total microcystin concentration (Fig.3.5A) and cellular microcystin concentration 

(Fig.3.5B) when data from all lakes were combined. The variability of cyanobacterial 

biomass only explained 25% of variability in total microcystin concentration and 7% 

variability of cellular microcystin concentration. However, when these relationships 

were analyzed for each lake separately, three out of eight relationships of cyanobacterial 

biomass-total microcystin concentration (Fig.3.6D, F, G) and five out of eight 

relationships of cyanobacterial biomass-cellular microcystin concentration (Fig.3.7A, B, 

D, F, G) were significant. Moreover, the relationships between cyanobacterial biomass 

and total microcystin (F(7,75) = 2.650, P < 0.05) and between cyanobacterial biomass and 

cellular microcystin concentration (F(7,75) = 3.215, P < 0.01) were significantly different 
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between lakes when analyzed with ANCOVA, suggesting that cyanobacterial biomass-

microcystin relationship can be site-specific. 

 

Fig.3.5: Relationship between cyanobacterial biomass (µg chl-a L
-1

) and (A) total 

microcystin concentration expressed per volume of water (µg L
-1

) in all lakes (R
2
 = 

0.252, P < 0.05, y = 0.75x - 0.3); (B) cellular microcystin concentration (µg/g 

cyanobacterial dry mass) in all lakes (R
2
 = 0.07, P < 0.05, y = 0.32x+1.82) 
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Fig.3.6: Relationship between cyanobacterial biomass (µg chl-a L
-1

) and total 

microcystin concentration expressed per volume of water (µg L
-1

) analysed separately 

for each lake; Significant (P < 0.05) relationships were found in (D) Bibra Lake (y = 

1.23x - 0.34; R
2 

= 0.406), (F) Yangebup Lake (y = 1.36x - 0.94; R
2 

= 0.319) and (G) 

North Lake (y = 1.10x - 0.56; R
2 

= 0.506) only. 
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Fig.3.7: Relationship between cyanobacterial biomass (µg chl-a L
-1

) and cellular 

microcystin concentration (µg g
-1

 cyanobacterial dry mass) analysed separately per lake; 

Significant (P < 0.05) relationships were found in (A) Emu Lake (y = -1.03x +3.77; R
2 

= 0.631), (B) Jackadder Lake (y = -0.98x + 2.5; R
2 

= 0.612), (D) Bibra Lake (y = 0.83x 

+ 2.10; R
2 

= 0.175), (F) Yangebup Lake (y = 0.43x + 2.01; R
2 

= 0.05) and (G) North 

Lake (y = 0.71x + 2.04; R
2 

= 0.223). 
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3.5.5 Relationship between environmental variables and cyanobacterial biomass/ 

microcystin concentration 

The multiple linear regression model explained only 4% of the variance in 

cyanobacterial biomass (CB) (R
2 

= 0.04, P < 0.05, df = 1,91) with salinity being the 

only measured significant variable (log(CB) = -0.204 + 0.379*log(salinity)). On the 

other hand, the variability of cellular microcystin concentration (MC) correlated with 

TP and the linear model explained 11% of the variance (R
2 

= 0.11, P < 0.05, df = 1,91) 

(log(MC) = 4.204 = 0.413*log(TP). However, the correlation between TP and cellular 

microcystin concentration was different in different lakes, with positive (Bibra Lake, 

Yangebup Lake and North Lake), negative (Emu Lake) or no clear correlation 

(Jackadder Lake, Lake Monger, Blue Gum Lake and Little Rush Lake) being observed 

(Fig.3.8). 
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Fig.3.8: Correlation between TP concentration (µg L
-1

) and cellular microcystin (µg g
-1

 

cyanobacterial dry mass) analysed per lake. Significant (P < 0.05) correlations were 

found in Emu Lake (y = -0.73x + 3.49; R
2 

= 0.142), Bibra Lake (y = 2.41x – 4.18; R
2 

= 

0.512), Yangebup Lake (y = 0.36x + 2.0; R
2 

= 0.05) and North Lake (y = 1.08x – 0.19; 

R
2 

= 0.479). 

 

3.6 Discussion 

Cyanobacteria and microcystin were both present throughout our study and at least 67% 

of the samples contained microcystin concentrations >1 µg L
-1

. We found microcystin 

concentrations with maximum values exceeding 100 µg L
-
1, even though chl-a 

concentrations were below 100 µg L
-1

. Such high microcystin to chl-a ratios were 

reported elsewhere (Ha et al. 2011). Additionally, high microcystin concentrations 

recorded in this study are in line with a previous study by Kemp (2009), which reported 

microcystin concentrations exceeding 1000 µg L
-1

 in these lakes. Even though the 

studied lakes are not being used for any recreational activity, these lakes provide main 

water sources for wildlife, especially birds, and are also located in major recreational 

parks. Aside from this, water from these lakes or nearby bores is commonly used for 
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sprinkler irrigation in the surrounding parks. Therefore, animals, especially birds and 

dogs, are potentially at risk of exposure to the hepatotoxic microcystins from these 

water sources. Thus, we intentionally used the WHO drinking water guideline of 1 µg 

L
-1

 (WHO 1998) instead of the recreational water guideline of 20 µg L
-1

 (WHO 2003) to 

validate the relationship between the cyanobacterial biomass and microcystin.  

 

Our findings revealed that cyanobacterial and microcystin variability pose a significant 

challenge to the traditional indirect microcystin risk assessment from the cyanobacterial 

biomass-microcystin relationship. The presence of high microcystin concentration is not 

necessarily related to the presence of high cyanobacterial biomass in the water column 

(Fig.3.1). This conclusion is made based on the mismatch found between cyanobacterial 

and microcystin variability, and the weak relationship between cyanobacterial biomass 

and microcystin. Furthermore, these results also demonstrate possibilities of 

experiencing a high discrepancy between microcystin concentration and cyanobacterial 

biomass, if the risks of microcystin contamination are continuously assessed through the 

assumption of a linear and positive relationship between the cyanobacterial biomass and 

microcystin. Therefore, the indirect estimation of microcystin concentration from 

cyanobacterial biomass might, to some extent, lead to serious negative impacts on 

public health and the stability of ecosystems when the occurrences of high microcystin 

concentration are underestimated. Hence, this indirect microcystin risk assessment 

might not be fully reliable in its real application.  

 

The indirect microcystin estimation from cyanobacterial biomass is based on an 

assumption of linear relationship between cyanobacterial biomass and microcystin 

concentration, assuming a fairly constant microcystin production for a given strain or 
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genotype (WHO 2003). Moreover, it has been suggested in previous studies that 

microcystin production is largely controlled by environmental factors that act upon the 

rate of cell division, not through any direct effect on the microcystin biosynthetic or 

catabolic pathways (Orr and Jones 1998). However, our results did not suggest that 

microcystin concentration can always be inferred from the level of cyanobacterial 

biomass in the water column. The inconsistencies of cyanobacterial and microcystin 

variability were potentially due to different factors responsible for the abundance of 

cyanobacterial biomass and cyanobacterial microcystin content; changes in 

cyanobacterial biomass were positively correlated with salinity. The positive regulation 

of salinity on the abundance of cyanobacterial biomass is in line with earlier findings 

that cyanobacteria are able to tolerate high salinity up to 10 g L
-1

 (Orr et al. 2004). 

Cyanobacteria may profit from high salinity (up to 3.3 g L
-1

 in our studied lakes) by 

gaining a competitive advantage over other freshwater phytoplankton, as many other 

chlorophytes and diatoms may have a relatively low salt tolerance (Tonk et al. 2007). 

As shown in the statistical analysis, salinity only explained 4% of variability in 

cyanobacterial biomass. This is potentially due to the fact that salinity might act in a 

combination with other regulating factors to influence the formation of high 

cyanobacterial biomass. Phosphorus, on the other hand, did not show a statistically 

significant correlation with cyanobacterial biomass. This observation contradicts with 

the usual close relationship between cyanobacteria and phosphorus concentration in the 

water column (Wilhelm et al. 2011). The non-significant correlation between TP and 

cyanobacterial biomass could be due to the fact that TP always exceeded the minimum 

requirement for cyanobacterial growth of 10 µg L
-1

 (Chorus and Bartram 1999) and was 

not the limiting factor in the studied lakes. As reported by Orr and Jones (1998), 

nutrients including phosphorus will only have an influence cyanobacterial growth if 

they are limiting.  



Chapter 3 | B i o m a s s  a n d  T o x i n  R e l a t i o n s h i p  

95 

 

Environmental factors which significantly regulated the variability of cyanobacterial 

biomass in our study were not the same that affected the variability of cellular 

microcystin concentration. Additionally, the variability of cyanobacterial microcystin 

content was only weakly correlated (7%) to the variability of cyanobacterial biomass 

(Fig. 5B), emphasizing an inconsistency between cell division and microcystin 

production rates. Thus, our results illustrate a significant influence of environmental 

drivers on a direct regulation of microcystin production, rather than indirect regulation 

of microcystin production through the environmental regulation on cyanobacterial 

biomass. This is in line with a previous finding, which suggest that environmental 

factors affecting cyanobacterial growth only have a minor effect on the variance in 

microcystin production (Halstvedt 2008) but in contrast to other studies that show a 

positive relationship between the rate of microcystin production and cyanobacterial 

growth (e.g., Briand et al. 2005; Naselli-Flores et al. 2007). 

 

A positive correlation between phosphorus and microcystin concentration has been 

reported in previous studies (Izydorczyk et al. 2008, Wu et al. 2008). It is known that 

microcystin production in cyanobacterial cells is an energy intensive process; thus, high 

availability of phosphorus is required as energy and material supply for the microcystin 

biosynthesis (Vezie et al. 2002). In addition, phosphorus, particularly phosphate, is 

known to be an important component in prokaryotic signalling systems for an adaptive 

response to changes in environmental conditions (Dignum et al. 2005). However, the 

regulation of TP on cyanobacterial microcystin content was not similar between lakes 

(Fig. 3.8). In particular, TP (mean concentration, Emu Lake = 36 µg L
-1

; Bibra Lake = 

1081 µg L
-1

) was negatively correlated with cellular microcystin concentration in Emu 

Lake, but showed a positive correlation in Bibra Lake, which had significantly higher 
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TP. The inconsistency of the effect of TP on cellular microcystin concentration, together 

with the different phosphorus concentration in different lakes, suggests that the 

environmental drivers of cyanobacterial microcystin content might also depend on the 

trophic state of the water bodies and its unique local conditions. This result agrees with 

Graham et al. (2004), suggesting that the trophic state has a significant effect on the 

amount of microcystin being produced during cyanobacterial blooms. Since TP only 

explained 11% of variability in cyanobacterial microcystin content in our study, various 

environmental factors that are not included in this study might be involved in the 

regulation of microcystin production. Therefore, in general, more environmental factors, 

particularly macro and micronutrients, should be taken into account for a better 

prediction of the major environmental regulators of microcystin variability. 

 

The inconsistencies of the correlations between the abundance of cyanobacterial 

biomass and microcystin concentration, and TP and cellular microcystin concentration 

between lakes, suggest that environmental drivers act site-specifically on the regulation 

of microcystin variability. The toxicity of cyanobacterial blooms may depend on the 

effects of local environmental conditions (Sabart et al. 2010). Apart from that, the 

composition of a cyanobacterial community may also influence the levels of 

microcystin concentration during a bloom, as total microcystin content per 

cyanobacterial cell may differ between genera and strains (Fastner et al. 1998; Chorus 

and Bartram 1999). The presence of highly toxic genera or strains, even at low 

abundance, may completely skew the cyanobacterial biomass-microcystin relationship. 

Therefore, the relationships between the cyanobacterial biomass-microcystin and TP-

microcystin, that are unique between lakes, illustrate the importance of understanding 

the effect of site specificity and the heterogeneity of environmental conditions, 
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including hydrology, water chemistry, and biological communities, on the variability of 

toxic cyanobacterial blooms. 

 

3.7 Conclusions 

The variability of cyanobacterial biomass and microcystin, which are correlated to 

different environmental factors, add a high level of complexity to the successful 

management of toxic cyanobacterial blooms. The discrepancies between the variability 

of cyanobacterial biomass and microcystin concentration could pose a significant threat 

to the management of toxic cyanobacterial blooms. Large changes in total microcystin 

concentrations (per L) occurred even at stable cyanobacterial concentrations. The weak 

and site-specific relationship between cyanobacterial biomass and microcystin 

concentration, together with the presence of high microcystin concentrations in the 

systems, emphasizes the high risk of error connected to the indirect microcystin risk 

assessment from cyanobacterial biomass. In addition, future eutrophication and climate 

change (Reichwaldt and Ghadouani 2011) might further amplify microcystin production 

during cyanobacterial blooms, thus leading to higher risk of elevated microcystin 

concentration. Therefore, the limitations of indirect microcystin assessment should be 

seriously considered by water managers in assessing health risk associated with 

microcystin contamination, as this method might not be an optimum strategy in the risk 

management. Frequent, direct microcystin quantification during the presence of 

cyanobacteria in the water column, should be considered in water bodies which are 

likely to transfer this hepatotoxic toxin to either humans or animals. In addition, more 

detailed studies are required to understand the site-specific environmental drivers of 

cyanobacterial and microcystin variability, which are essential for the management of 

toxic cyanobacterial blooms.  
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4.1 Abstract 

Current studies have proposed a range of environmental factors, which correlated to 

spatiotemporal dynamics of cyanobacteria and microcystin in freshwater systems. 

However, the environmental drivers of cyanobacterial and microcystin dynamics and 

their site-specific roles remain unclear. This study aims to identify the environmental 

drivers of the dynamics of cyanobacterial dominance and cyanobacterial microcystin 

content, and assess site specificity of the environmental drivers. Our results suggest that 

low phosphorus and iron concentration in the water column explained the dominance of 

cyanobacteria in the phytoplankton community. On the other hand, cyanobacteria 

require high phosphorus and iron concentrations in the water column to produce a high 

amount of microcystin. When compared between lakes, the correlations between the 

environmental factors and cyanobacterial and microcystin dynamics were not 

consistent. The discrepancies in the correlations could be explained by differences in 

local nutrient concentration and the cyanobacterial community in the systems. The 

findings of this study suggest that site specificity of environmental drivers of 

cyanobacterial and microcystin dynamics has to be considered in the management of 

toxic cyanobacterial blooms. 

 

Keywords: Cyanobacterial fraction; Cyanobacterial dynamics; Microcystin dynamics; 

Environmental drivers; nutrient; site-specific 
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4.2 Introduction 

Cyanobacterial biomass and the amount of microcystin being produced during toxic 

cyanobacterial blooms can vary significantly on a spatial basis (Blaha et al. 2010, 

Sinang et al. submitted ). Past studies that explicitly dealt with spatial heterogeneity of 

cyanobacterial and microcystin dynamics found that there were large variations in the 

percentages of potentially toxic cyanobacteria and microcystin concentration between 

the spatially isolated populations (Okello et al. 2010). It has been suggested that the 

spatiotemporal dynamics of cyanobacteria and microcystin largely depend upon 

physical, chemical and biological properties of the water bodies (Graham et al. 2004, 

Zurawell et al. 2005, Izydorczyk et al. 2008). A range of environmental factors, 

including nitrogen and phosphorus (Smith 1983, Lee et al. 2000, Graham et al. 2004, de 

Figueiredo et al. 2006, Baldia et al. 2007, Joung et al. 2011, Srivastava et al. 2012), 

TN:TP ratio (Smith 1983, Kotak et al. 2000, Downing et al. 2001, Wang et al. 2010, 

Lehman 2011), temperature (Havens et al. 2003, de Figueiredo et al. 2006, Halstvedt 

2008, Davis et al. 2009, Wagner and Adrian 2009), salinity (Orr et al. 2004, Tonk et al. 

2007), and  iron (Lukac and Aegerter 1993, Ame and Wunderlin 2005, Nagai et al. 

2007) have been shown to have pronounced effects on either cyanobacterial dominance, 

microcystin production, or both. Nevertheless, the results between studies are 

contrasting, and the roles of these environmental factors as the trigger of cyanobacterial 

dominance and microcystin production remain unclear. This issue remains as an 

important challenge to fully understand the mechanisms behind the cyanobacterial 

dominance and microcystin production in water bodies. 

 

Current approaches in the management of cyanobacterial bloom are concentrated on 

nutrient reduction, particularly phosphorus. Phosphorus is considered as the key factor 

leading to the occurrence of cyanobacterial bloom and its associated microcystin 
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(Falconer 2005). However, this could be an oversimplification, as reducing phosphorus 

availability is not always successfully preventing the occurrence of toxic cyanobacterial 

blooms in water bodies (Amano et al. 2010). Discrepancies in findings between studies 

focusing on environment triggers of the toxic cyanobacterial blooms, and inconsistent 

outcomes of nutrient reduction strategies suggest that the environmental triggers of 

cyanobacterial and microcystin dynamics may vary between water bodies. Additionally, 

it has been suggested that the roles of environmental factors in determining the 

occurrences of toxic cyanobacterial blooms may be site-specific (Zurawell et al. 2005).  

 

Against this background, it is necessary to assess the environmental drivers of 

cyanobacterial and microcystin dynamics under different local environmental 

conditions. Through this assessment, the environmental drivers of cyanobacterial and 

microcystin dynamics in different water bodies can be compared, and the potential 

factor contributing to the site-specific environmental drivers can be clarified.  This 

knowledge is essential to understand the site-specific dynamics of cyanobacterial 

blooms. 

 

This study aims to (i) identify the environmental factors significantly correlated with 

cyanobacterial and microcystin dynamics; (ii) assess site specificity of significant 

environmental drivers; and (iii) compare the environmental drivers cyanobacterial and 

microcystin dynamics between lakes. 

 

4.3 Material and methods 

4.3.1 Study lakes 

Three lakes on the Swan Coastal Plain, which lies between the Darling Scarp and the 

Indian Ocean, in Western Australia, were selected for this study. These were Jackadder 
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Lake, Bibra Lake, and Yangebup Lake. These lakes were selected based on the levels of 

cyanobacterial biomass and microcystin concentration recorded throughout earlier 

extensive sampling in eight Swan Coastal lakes (Sinang et al. submitted ). These lakes 

represent the systems with low, medium and high cyanobacterial biomass and 

microcystin concentration in the studied region, based on our earlier results (Sinang et 

al. submitted ). Between November 2008 and July 2009, the highest cyanobacterial 

biomass (µg L
-1

) was 28 in Jackadder Lake, 108 in Bibra Lake and 80 in Yangebup 

Lake. The highest cellular microcystin concentrations (mg g
-1

 cyanobacterial dry mass) 

detected in these lakes were ranged between 1.7 in Yangebup Lake and 4.8 in Jackadder 

Lake to 35 in Bibra Lake.  

 

All lakes are shallow with a mean depth < 2 m in most lakes, and a stable thermal 

stratification is usually prevented due to continuous or intermittent wind mixing (Davis 

et al. 1993). The hydrology of these lakes is mainly affected by the rainfall pattern and 

experiences a strong seasonal hydrological cycle. Bibra Lake usually dries up in 

summer. Yangebup Lake has groundwater intake from east and discharges to the west 

(Dunlop 2008). Usually, maximum water levels occur in September and October after 

winter, and minimum water levels occur in March and April at the end of summer 

months (Davis et al. 1993).  

 

In this study, three lakes with different physiochemical properties and different levels of 

cyanobacterial biomass and microcystin concentration are considered sufficient to 

illustrate the differences of environmental triggers on the spatial basis. This is based on 

our justification that the final conclusion is potentially independent from the number of 

study sites as long as the study lakes represent the systems with different physical and 

chemical characteristics. 
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4.3.2 Sampling and analyses 

The studied lakes were sampled bimonthly between January and March 2010. Samples 

were collected from three points on each lake on every sampling occasion. Bibra Lake 

dried up in late February; therefore no samples were taken from this lake in March. On-

site measurements and samples were taken at the same point for every sampling 

occasion, from shore sites with a water depth of 0.6 to 1 m. Grab water samples for 

cyanobacteria, microcystin and total phosphorus quantification were taken from 0.15 m 

below the surface to avoid surface scum. Water temperature, pH and salinity were 

measured on-site with a WP-81 probe (TPS Pty Ltd) at a depth of 0.6 m. Variations in 

physicochemical variables at different depths are minimal as another study in this lake 

found no differences between surface and bottom samples (Reichwaldt 2012, 

unpublished data). Samples were stored immediately in glass bottles in the dark on ice 

after the collection. Parameters analysed from these samples were total phosphorus 

(TP), total dissolved phosphorus (TDP), total iron (TFe), total dissolved iron (TDFe), 

total nitrogen (TN), total dissolved nitrogen (TDN), ammonium (NH4), cyanobacterial 

biomass, total phytoplankton biomass, intracellular and extracellular microcystin 

fractions. Samples for dissolved nutrients analyses were pre-filtered with a 0.45µm 

syringe filter (Acrodisc, HT Tuffryn) before freezing at -20°C.  

 

4.3.2.1 Nutrients and phytoplankton biomass 

TP and TDP concentrations were analyzed using the ascorbic acid method, while TFe 

and TDFe concentrations were analyzed with the Phenanthroline method, according to 

standard methods (APHA 1998). TN, TDN, and NH4 were analyzed at the South Coast 

Nutrients Analysis Laboratory, Albany, Western Australia with the standard 

colorimetric methods on a segmented flow auto-analyser (Alpkem, Wilsonville, OR, 

USA). Cyanobacterial and total phytoplankton chlorophyll-a were measured with a 
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topbench version of a Fluoroprobe (bbe Moldaenke, Germany).The FluoroProbe 

measures chl-a fluorescence and differentiates divisions of phytoplankton by their 

specific fluorescence emission spectrum (Beutler et al. 2002). The fluorescence is then 

transformed through an algorithm and total biomass of each phytoplankton division 

including cyanobacteria, expressed as chl-a concentration equivalents (μg chl-a L
-1

) 

(Beutler et al. 2002, Ghadouani and Smith 2005). FluoroProbe chl-a measurements 

were validated against chl-a data of samples extracted according to standard methods 

(APHA 1998) (linear regression analysis: R
2 

= 0.94, N = 32, P < 0.05). In our study, 

chl-a fluorescence as measured by FluoroProbe was used as a proxy for cyanobacterial 

biomass (Geis et al. 2000, Eisentraeger et al. 2003). 

 

Water samples were filtered through pre-combusted and pre-weighed 47 mm GF/C 

filter papers to separate the intracellular from the dissolved microcystin fraction. Filter 

papers containing particulate organic matter were dried for 24 hours at 60
°
C and re-

weighed to obtain total dry weight (Harada et al. 1999). These filter papers were then 

moistened with Milli-Q water and kept frozen (at -20°C) until intracellular microcystin 

extraction. As we were interested in the microcystin concentration per unit 

cyanobacterial dry mass, cyanobacterial dry mass was calculated from the total dry 

mass (from the filters) by adjusting it to the percentage of cyanobacteria measured with 

the FluoroProbe. Cyanobacterial dry mass was only used for microcystin quantification.  

 

Water samples collected for cyanobacterial enumeration were preserved with Lugol’s 

iodine solution and identified to the genus level using phytoplankton taxonomic 

guidelines (Komarek and Hauer 2011). The relative abundance of different 

cyanobacterial genera (cells or colonies ml
-1

) was determined from 10-50 ml of water 

samples using an inverse microscope according to Utermöhl (1958). The abundance of 



Chapter 4 | E n v i r o n m e n t a l  D r i v e r s  a n d  S i t e  S p e c i f i c i t y  

114 

each cyanobacterial genus present in the samples was then converted into biovolume per 

ml (µm
3
 ml

-1
) by multiplying the mean cells or colonies biovolume (µm

3
) with the total 

cells or colonies per ml (cells or colonies ml
-1

). Mean cell or colony biovolume for each 

cyanobacterial genus was determined by finding the best geometric figures best 

approximating the shape of individual taxa, and measuring the dimension of 20 

individual cells or colonies (Hillebrand et al. 1999). A minimum of 200 cells or colonies 

of the most abundant cyanobacteria were counted for each sample. Different 

cyanobacterial species within each genus can vary in size by several orders of 

magnitude. However, as we measured the mean biovolume of each cyanobacterial 

genus, differences in sizes between species are evened out as a larger mean is expected, 

if larger species are more abundant and vice versa. The calculated mean biovolume of 

each cyanobacterial genus was used to determine the dominant cyanobacteria in the 

studied lakes. 

 

4.3.2.2 Microcystin extraction and quantification  

Filters were freeze-thawed twice to break the cells prior to methanol extraction (Lawton 

et al. 1994). Filters were placed into separate centrifuge tubes and 5 ml of 75% 

methanol-water (v/v) was added. Filters were sonicated on ice for 25 min, followed by 

gentle shaking for another 25 min. The extracts were then centrifuged at 3273g 

(Beckman and Coulter, Allegra X-12 Series) for 10 min at room temperature. Extracts 

were carefully transferred into conical flasks, and two more extractions were done per 

filter. All three extracts were pooled and diluted with Milli-Q to 20% methanol (v/v). 

 

Intracellular microcystin extracts and the pre-filtered water containing dissolved 

(extracellular) microcystin were subjected to solid-phase extraction (SPE) (Waters 

Oasis HLB) for clean-up and concentration with a loading speed of < 10 ml min
-1

. SPE 
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cartridges were then rinsed with 10 ml of 10, 20 and 30% methanol-water (v/v), before 

microcystin was eluted with 100% methanol + 0.1% trifluoroacetic acid (TFA) and 

evaporated with nitrogen gas at 40°C. Finally, samples were re-dissolved in 30% 

acetonitrile and analysed with high-performance liquid chromatography (HPLC) by 

using the Alliance 2695 (Waters, Australia) with a PDA detector (1.2 nm resolution) 

and an Atlantis T3 3µm column (4.6 x 150mm i.d). Mobile phases used were 

acetonitrile + 0.05% v/v TFA and Milli-Q water + 0.05% TFA. Microcystin peaks were 

separated using a linear gradient as described in Lawton et al. (1994) but with a 

maximum acetonitrile concentration of 100% and a run time of 37 min. Column 

temperature was maintained at 37.5 ± 2.5 °C. The limit of detection per microcystin 

peak was 1.12 ng. Microcystin variants were identified based upon their typical 

absorption spectrum detected by PDA detector at 238 nm (Meriluoto and Codd 2005). 

Commercially available microcystin-LR standard (Sapphire Bioscience, Australia; 

purity ≥ 95 %) was used to quantify microcystin concentrations. Throughout this 

manuscript we refer to the total concentration of microcystin variants per sample as 

microcystin concentration.  

 

4.4 Data processing and statistical analyses 

Cyanobacterial biomass was expressed as a fraction of total phytoplankton biomass to 

quantify its relative dominance in the systems. Cellular (intracellular) microcystin 

concentration was expressed as µg (microcystin-LR mass equivalents) per g 

cyanobacterial dry mass to illustrate cyanobacterial microcystin content. Other than that, 

extracellular microcystin was expressed as the fraction of extracellular microcystin 

concentration per total microcystin pool to allow the quantification of the proportion of 

microcystin released into the water column in comparison to the total microcystin being 

produced. For all variables, there were no significant differences (P > 0.05) between the 
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replicates collected from each lake per sampling date.  Therefore, average values of all 

variables per sampling date were calculated from the replicates. In each lake over time, 

all physicochemical parameters are expressed as mean ± standard deviation. 

Cyanobacterial and microcystin dynamics between lakes were analysed statistically 

with one way ANOVA in SPSS (Version 17.0). Pairwise comparison was analysed 

through Least Significance Difference (LSD) as equal variances were obtained. 

Bivariate correlation analysis was also carried out in SPSS to identify the environmental 

variables which significantly correlated with cyanobacterial fraction, cellular 

microcystin concentration and extracellular microcystin fraction. Site specificity of 

environmental variables was tested to identify if a unit increase in the environmental 

variable (X) will always correspond to a similar increase in the unit of dependent 

variable (Y) across lakes. Site specificity analysis was performed by comparing two 

linear models (model A and B) in R language. For a particular environmental variable, 

model A was run to predict dependent variable (Y) from an environmental variable (X). 

Model B was run to predict the dependent variable from an environmental variable with 

the inclusion of an interaction between environmental factor and lake (coded as factor). 

When these two linear models were significantly different in ANOVA (within linear 

regression function), the slopes of the regressions between the environmental and 

dependent variables were significantly different across lakes. Thus, it can be assumed 

that a unit increase in the environmental factor will not always correspond to a similar 

increase in the unit of cyanobacterial fraction or microcystin concentration across lakes. 

Redundancy analysis (RDA) was used to identify the best combination of explanatory 

variables to explain the dynamics of the multiple response variables, and results are 

illustrated in biplots (R Language). The canonical ordination was computed with 

standardised explanatory and response variables and tested for the level of significance 
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after 999 permutations. All data was log transformed to meet the assumption of 

normality. In all analyses, results were considered significant at P < 0.05. 

 

4.5 Results 

4.5.1 Physical and chemical characteristics of studied lakes 

Descriptive statistics of physical and chemical characteristics in all studied lakes are 

summarized in Table 4.1. These lakes represent the systems with a significant different 

level of physical and chemical properties. The analysis of variance showed that 

temperature, salinity, phosphorus, nitrogen and iron, either as total or dissolved forms, 

were significantly different between all lakes (P<0.05), except TDFe (P>0.05). 

Jackadder and Yangebup Lakes can be classified as eutrophic, while Bibra Lake can be 

classified as hypereutrophic, based on the mean TP concentrations (Carlson 1977). 

Nitrogen limited condition in a lake is usually defined when TN:TP ratio is less than 10 

(Chorus and Bartram 1999). As our result showed that TN:TP  ratio below 10 was rare, 

therefore the studied lakes were not associated with persistent nitrogen limitation. 
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Table 4.1: Physical and chemical properties of water samples in all studied lakes throughout the sample period, N= number of samples; SD = standard 

deviation; asterisks (*) = factors that are significantly different (P<0.05) between lakes; NS = factors that are not significantly different between lakes. 

Factors Jackadder Lake (N=18) Bibra Lake (N=12) Yangebup Lake (N=18) ANOVA 

Mean ± SD Range Mean ± SD Range Mean ± SD Range 

pH 8.7 ± 0.3 8.1 – 9.0 8.9 ± 0.2 8.5 – 9.2 8.9 ± 0.4 7.5 – 9.3 F(2,45)=2.16, NS 

Temp (°C) 25.6 ± 1.9 22.4 – 28.7 25.5 ± 1.5 23.0 – 27.5 23.3 ± 2.3 19.9 – 26.5 F(2,45)=7.44* 

Sal (ppk) 0.4 ± 0.04 0.3 – 0.4 2.9 ± 1.0 1.7 – 4.1 0.9 ± 0.1 0.8- 1.1 F(2,45)=99.08* 

DO (ppm) 8.3 ± 2.3 6.1 – 15.3 8.8 ± 3.8 5.6 – 15.2 9.1 ± 1.7 7.5 – 14.3 F(2,45)=0.42, NS 

TP (µg L
-1

) 44.0 ± 28.0 20.0 – 131.6 598.1 ± 362.0 214.7 – 1145.9 64.8 ± 44.2 24.0 – 168.0 F(2,45)=40.28* 

TDP (µg L
-1

) 17.6 ± 4.8 12.0 – 26.7 67.9 ± 51.3 16.0 – 18.0 23.2 ± 7.6 13.3 – 40.7 F(2,45)=15.27* 

TFe (µg L
-1

) 123.3 ± 66.2 63.6 – 261.8 192.1 ± 43.4 138.2 – 289.3 81.5 ± 24.1 48.4 –122.9 F(2,45)=18.91* 

TDFe (µg L
-1

) 69.2 ± 66.3 20.0 – 200.0 89.1 ± 30.4 38.6 – 154.1 52.9 ± 28.9 11.2 – 92.6 F(2,45)=2.15, NS 

NH4 (µg L
-1

) 100.8 ± 54.9 30.0 –180.0 191.5 ± 33.8 150.0 – 250.3 86.3 ± 45.6 30.0 – 160.0 F(2,45)=20.04* 

TN (mg L
-1

) 1.3 ± 0.4 0.7 – 2.2 11.7 ± 5.2 4.9 – 17.3 3.5 ± 0.8 1.9 – 5.2 F(2,45)=59.38* 

TDN(mg L
-1

) 0.8 ± 0.2 0.4 – 1.1 8.7 ± 3.0 4.9 – 14.0 2.4 ± 0.3 1.9 – 2.8 F(2,45)=104.98*  

TN:TP 35.6 ± 14.9 11.1 – 76.1 23.1 ± 10.0 10.3 – 41.1 68.6 ± 29.9 25.0 – 124.1 F(2,45)=19.51* 
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4.5.2 Variability of cyanobacterial and microcystin  

The average proportions of different cyanobacterial genera present during the sampled 

period in Jackadder, Bibra and Yangebup lakes are shown in Fig.4.1. Cyanobacterial 

community in all lakes was composed of toxin-producing cyanobacteria including 

Microcystis spp., Planktothrix spp., Anabaenopsis spp., Anabaena spp and Nodularia 

spp. Microcystis spp. was the most abundant cyanobacterial genera in all lakes.  

 

 

Fig.4.1: The average proportions of different cyanobacterial genera in Jackadder, Bibra 

and Yangebup lakes during the study period. 

 

Cyanobacterial biomass, when accounted as a single entity, varied within an order of 

magnitude on a temporal basis (Fig.4.2A). Cyanobacterial biomass varied between 1 to 

12 µg L
-1

 in Jackadder Lake, 5 to 83 µg L
-1

 in Bibra Lake and 8 to 32 µg L
-1

 in 

Yangebup Lake. Although cyanobacterial biomass was highest in Bibra Lake, the 

cyanobacterial fraction in this lake was lower than in Jackadder and Yangebup Lake 

(Fig. 4.2B). Cyanobacterial fraction ranged between 0.05 to 0.71 in Jackadder Lake, 

0.16 to 0.68 in Yangebup Lake, and 0.11 to 0.51 in Bibra Lake.  
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Fig.4.2:  The variability of cyanobacterial biomass, cyanobacterial fraction 

(cyanobacterial biomass to total biomass), cellular microcystin and extracellular 

microcystin fraction in all studied lakes. Boxes represent 25
th

 to 75
th

 percentiles; straight 

lines within the boxes mark the median and short dashed lines indicated the mean; 

whiskers below and above the boxes indicate 10
th

 and 90
th

 percentiles. Asterisks (*) 

indicated lakes that are significantly (P<0.05) different from other lakes.  

 

Cellular microcystin concentration (µg g
-1

  cyanobacterial dry mass) recorded over time 

varied over three orders of magnitude in Jackadder Lake, and two orders of magnitude 

in both Bibra Lake and Yangebup Lake (Fig.4.2C). Mean cellular microcystin 

concentrations were 407 µg g
-1

 in Jackadder Lake, 233 µg g
-1

 in Bibra Lake, and 150 µg 

g
-1 

in Yangebup Lake. Mean extracellular microcystin fraction was 0.18 in Jackadder 

Lake, 0.04 in Bibra Lake, and 0.26 in Yangebup Lake (Fig. 4.2D). Overall, 

cyanobacterial biomass (F (2,45)= 7.62, P <0.05), cyanobacterial fraction (F (2,45)= 3.59, P 

<0.05) and extracellular microcystin fraction (F (2,45)= 6.49, P <0.05) was significantly 

different between the studied lakes. Results of the LSD test suggest that Bibra Lake was 
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the only lake that have significantly different (P <0.05) cyanobacterial biomass, 

cyanobacterial fraction and extracellular microcystin fraction when compared to other 

lakes. Cellular microcystin concentration was not significantly different between lakes 

(F (2,45)= 2.07, P >0.05).  

 

4.5.3 Relationship between environmental factors and cyanobacteria or 

microcystin  

Despite of the relatively weak relationship, our results illustrate that many 

environmental factors were significantly correlated with the dynamics of cyanobacteria 

and microcystin when data from all lakes were combined (Table 4.2).  

 

Table 4.2: Correlation coefficients (R) between the environmental factors and 

cyanobacterial fraction, cellular microcystin concentration and extracellular microcystin 

fraction analyzed from combined data from all lakes. All environmental factors were 

expressed as µg L
-1

. Significant (P<0.05) factors are highlighted in bold; asterisks (*) 

indicated significant different in the slopes of the regressions lines between 

environmental factors and cyanobacterial fraction, cellular microcystin concentration 

and extracellular microcystin fraction across lakes. N = number of samples.  

Factor  

N=48 

Cyanobacterial  

Fraction (%) 

Cellular microcystin 

concentration (µg g
-1

) 

Extracellular 

microcystin fraction (%) 

TP -0.337*  0.399*  -0.392* 

TDP -0.357*  0.296* -0.427* 

TFe -0.570*  0.343* -0.037 

TDFe -0.777  0.590 -0.064 

NH4  0.105 -0.267*  -0.114 

TN -0.236  0.085 -0.375* 

TDN -0.265  0.095 -0.400* 

TN:TP  0.423* -0.446  0.386 

 

Low nutrient concentrations favoured cyanobacterial dominance in the phytoplankton 

community. Cyanobacterial dominance was negatively correlated to TP, TDP, TFe, and 

TDFe. In contrast to other factors, cyanobacterial dominance was positively correlated 

with TN:TP ratio in the systems. Cellular microcystin concentration was positively 
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correlated with most of nutrient factors except TN and TDN. TDFe showed the 

strongest positive correlation with cellular microcystin concentration, followed by TP, 

TFe, and TDP. Cellular microcystin was also negatively correlated with TN:TP ratio  

and NH4. In contrast to cellular microcystin, extracellular microcystin fraction was 

negatively correlated with salinity, TP, TDP, TN, TDN, and positively correlated with 

TN:TP ratio.  

 

4.5.4 Site-specific relationship between environmental factors and cyanobacterial 

or microcystin dynamics 

As indicated in Table 4.2, the correlations between environmental factors and 

cyanobacterial fraction, cellular microcystin concentration and extracellular microcystin 

fraction were different across lakes. As the difference was quantified in terms of the 

slopes of the regression lines in linear models, the results suggest that the magnitude of 

changes in cyanobacterial fraction or microcystin concentration due to changes of a 

particular environmental factor was different across lakes. The correlations between TP, 

TDP, TFe and TN:TP ratios and cyanobacterial fraction were significantly different 

between lakes, while the negative correlation between TDFe and cyanobacterial fraction 

was consistent between lakes. In terms of cellular microcystin concentration, the 

correlations between TP, TDP, TFe and NH4 and cellular microcystin concentration 

were significantly different between lakes. In contrast, the positive correlation between 

TDFe and cellular microcystin concentration was consistent between lakes. Similarly, 

the negative correlations between TN:TP ratio and cellular microcystin concentration 

were also consistent between lakes. The correlations between salinity, TP, TDP, TN and 

TDN and extracellular microcystin fraction were significantly different between lakes. 

In contrast, the positive correlation between TN:TP ratio and extracellular microcystin 

fraction was similar between lakes. 
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4.5.5 Multivariate analysis 

RDA analysis showed that 83, 99 and 81% (Jackadder, Bibra and Yangebup Lakes, 

respectively) of the variability of cyanobacterial fraction, cellular microcystin 

concentration and extracellular microcystin fraction can be explained by the measured 

environmental factors (Fig.4.3, Fig.4.4, Fig.4.5). The canonical relationship between 

environmental variables with cyanobacterial fraction, cellular microcystin concentration 

and extracellular microcystin fraction was significant (P <0.05) after 999 permutations.  

 

When the multiple environmental variables were correlated to the dynamics of 

cyanobacterial and microcystin in multivariate analysis, it was confirmed that the 

environmental variables, which were closely correlated to the cyanobacterial fraction, 

cellular microcystin concentration and extracellular microcystin fraction were not 

always similar between lakes. Most importantly, TDP was not closely related to either 

cyanobacterial fraction or cellular microcystin concentration in Yangebup Lake 

(Fig.4.5) which is different if compared to the other lakes (Fig. 4.3, Fig.4.4). Moreover, 

the role of TFe was also inconsistent between lakes. TFe showed a positive correlation 

with cyanobacterial fraction in Bibra Lake (Fig.4.4), which is different to the correlation 

between these factors in the other lakes (Fig.4.3, Fig. 4.5).  
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Fig.4.3: RDA biplots of environmental variables with cyanobacterial fraction (CBf), 

cellular microcystin (cMC) and extracellular microcystin fraction (eMCf) in Jackadder 

Lake; solid arrows = environmental variables; short dashed arrows = response variables. 

Canonical axis 1 and 2 represents a linear combination of the environmental variables, 

and axes are scaled by the square root of their eigenvalues. 
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Fig.4.4: RDA biplots of environmental variables with cyanobacterial fraction 

(CBf), cellular microcystin (cMC) and extracellular microcystin fraction (eMCf) 

in Bibra Lake; solid arrows = environmental variables; short dashed arrows = 

response variables. Canonical axis 1 and 2 represents a linear combination of the 

environmental variables, and axes are scaled by the square root of their 

eigenvalues. 
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Fig.4.5: RDA biplots of environmental variables with cyanobacterial fraction (CBf), 

cellular microcystin (cMC) and extracellular microcystin fraction (eMCf) in Yangebup 

Lake; solid arrows = environmental variables; short dashed arrows = response variables. 

Canonical axis 1 and 2 represents a linear combination of the environmental variables, 

and axes are scaled by the square root of their eigenvalues. 

 

4.6 Discussion 

The correlations between the environmental factors and cyanobacterial and microcystin 

dynamics were different across lakes. This discrepancy suggests that environmental 

drivers of cyanobacterial fraction, cellular microcystin concentration, and extracellular 

microcystin fraction are different between water bodies. Spatial heterogeneity of the 
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respective environmental factor may be responsible for the observed discrepancies. 

Spatial heterogeneity in ecological systems often influences critical functions, including 

population structure, community composition and ecological processes (Pickett and 

Cadenasso 1995). Graham et al. (2004) has suggested that the correlations between the 

environmental factors and cyanobacterial biomass and microcystin concentration could 

change when the concentrations of the respective environmental factors increased from 

low to high in the systems. This result is in agreement with our findings, as the 

correlations between the nutrient and cyanobacteria fraction, cellular microcystin 

concentration and extracellular microcystin fraction are closely related to nutrient 

concentrations in the systems. TP and TFe concentrations, among other factors, were 

significantly different when compared between lakes (Table 4.1). As a result, the 

correlations between these factors with cyanobacterial fraction, cellular microcystin 

concentrations and extracellular microcystin fraction (Fig.4.6A - Fig.4.6F) were 

significantly different across lakes. The observed inconsistent correlations were 

potentially due to the elevated level of TP and TFe in Bibra Lake, and relatively low TP 

and TFe concentrations in Jackadder and Yangebup Lakes. In addition, the correlations 

between TDFe and cyanobacterial fraction, cellular microcystin concentration and 

extracellular microcystin fraction (Fig.4.6G - Fig.4.6I) were not significantly different 

between lakes. This consistent correlation may be due to TDFe concentrations that were 

also not significantly different between lakes. On the other, site-specific triggers of 

cyanobacterial fraction, cellular microcystin concentration and extracellular microcystin 

fraction could also be explained by the effect of different cyanobacterial communities in 

the systems. In this study, cyanobacterial fraction in Jackadder Lake was negatively 

correlated to TFe, while cyanobacterial fraction in Bibra Lake was positively correlated 

to TFe (Fig.4.6D). The positive correlation between cyanobacterial fraction in Bibra 

Lake and TFe was possibly influenced by the existence of multiple nitrogen-fixing 
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cyanobacterial genera in the overall cyanobacterial community (Fig.4.1). This 

community is different to the cyanobacterial community in Jackadder Lake, which has 

only one nitrogen-fixing cyanobacterial genera. Nitrogen fixation is perhaps the most 

“iron-expensive” process (Wilhelm 1995). Therefore, the abundant of nitrogen-fixing 

cyanobacteria may be favored under high iron availability. 
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Fig.4.6: Correlations between cyanobacterial fraction, cellular microcystin concentration, and extracellular microcystin fraction with TP (A, B, C), TFe 

(D, E, F) and TDFe (G, H, I) in Jackadder, Bibra and Yangebup Lakes. P <0.05 indicates the correlations that are significantly different between lakes, 

and NS marks the correlations that are not significantly different between lakes. 
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In spite of the findings of spatial heterogeneity of environmental triggers of 

cyanobacterial and dynamics, our results are important to local lakes and lakes with 

similar physical, chemical and biological characteristic as in our studied lakes. The 

negative correlations between cyanobacterial dominance and nutrients indicate that 

nutrient reduction in water bodies might not be a sufficient remedial strategy against the 

occurrence of toxic cyanobacterial bloom. However, it is possible that reducing nutrient 

concentrations in the water bodies will potentially reduce the overall toxicity of 

cyanobacterial bloom, as high microcystin concentration is associated with high nutrient 

concentration. 

 

Phosphorus is a significant environmental factor, which correlated with cyanobacterial 

dominance in the phytoplankton community and microcystin production. Phosphorus is 

the potential limiting factor in the studied lakes, as indicated by the mean TN:TP ratios 

exceeding 17. Additionally, it is obvious that high TN:TP ratio observed in these lakes 

was due to low TP. Cyanobacterial dominance was negatively correlated to phosphorus. 

Thus, the observed positive correlation between cyanobacterial dominance and TN:TP 

ratio was potentially due to cyanobacterial ability to dominate under low phosphorus 

availability (Briand et al. 2008, Amano et al. 2010). The storage adaptation strategy to 

phosphorus deficiency in cyanobacteria suggests that cyanobacteria can store a 

substantial amount of internal phosphorus and thereby gain a competitive advantage 

(Pettersson et al. 1993 as cited in Hyenstrand et al. 1998). On the other hand, 

phosphorus rich conditions are potentially limiting the ability of cyanobacteria to 

become dominant in the phytoplankton community. This is due to the ability of other 

phytoplankton groups to dominate under nutrient rich conditions in systems as they can 

grow faster than cyanobacteria (Chorus and Bartram 1999, Reynolds et al. 2006). 

Therefore, phosphorus storage strategy coupled with slower growth rate in 
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cyanobacteria supports the negative correlation between cyanobacterial dominance and 

phosphorus concentration found in our study. In contrast, microcystin production in 

cyanobacterial cells is potentially an energy intensive process, therefore high 

availability of  phosphorus is required for energy and material supply in microcystin 

biosynthesis (Vezie et al. 2002). Similarly to our results, Oh et al. (2000) has reported 

that microcystin production was positively correlated to phosphorus availability. This 

idea is further supported through the observed negative correlation between cellular 

microcystin and TN:TP ratio, as low microcystin production is expected under 

phosphorus limited conditions.  

 

In freshwater lakes, nitrogen is the secondary limiting factor and works synergistically 

with phosphorus to enhance the algal responses (Elser et al. 1990). In contrast to 

findings in Elser et al. (1990), our results did not suggest a significant correlation 

between the nitrogen concentration and cyanobacterial dominance. Joung et al. (2011) 

also reported non-significant correlation between the two. The observed non significant 

correlation between the nitrogen and cyanobacterial dominance is possible considering 

nitrogen is not a limiting factor in the studied lakes. Additionally, the significant effect 

of nitrogen on phytoplankton could not be demonstrated as certain cyanobacteria can fix 

nitrogen and are thus independent from nitrogen source. In terms of cyanobacterial 

microcystin content, NH4 was negatively correlated to the cellular microcystin 

concentrations. This result agrees with the earlier findings published in Ame et al. 

(2003). The negative correlation between cellular microcystin concentrations and NH4 is 

potentially due to increase in non-toxic cyanobacterial genotypes under rich inorganic 

nitrogen conditions (Ame et al. 2003). 
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Iron also plays a significant role in determining cyanobacterial dominance in the 

phytoplankton community and cyanobacterial microcystin content. Cyanobacterial 

dominance in these lakes was correlated to low iron availability. In natural water bodies, 

iron is an element with low biological availability (Boyer et al. 1987), thus becoming 

the limiting resource for phytoplankton (Schelske 1962) including cyanobacteria (Molot 

et al. 2010). Cyanobacteria pose a competitive advantage to dominate the phytoplankton 

community under low iron availability. Cyanobacteria are capable to alter their cellular 

iron requirements, and increase the ability to utilize iron at a low concentration, through 

the present of siderophores (Boyer et al. 1987, Lee et al. 2011). As reported in the Nagai 

et al. (2007), cyanobacteria including Microcystis spp. and Planktothrix spp. can 

produce siderophores and become a superior competitor under iron limited conditions. 

On the other hand, high iron concentration is associated with high cellular microcystin 

concentration. The positive correlation between iron and cellular microcystin 

concentration observed in this study agrees with the results published in Yan et al. 

(2004) and Jiang et al. (2008), and  in line with the hypothesis that microcystin is 

involved in the regulation of intracellular iron concentration (Utkilen and Gjolme 1995).  

 

Environmental conditions influencing the release of microcystin into the environment, 

besides cells lyses, are-not well understood (Rohrlack and Hyenstrand 2007). However, 

our results showed that direct correlations exist between extracellular microcystin 

fraction and nutrients. Extracellular microcystin fraction was positively correlated with 

TN:TP ratio and negatively correlated with phosphorus and nitrogen. These results 

suggest that cyanobacteria may release high amount of microcystin into the surrounding 

water, under low nutrients conditions.  These observations are potentially supported by 

the hypothesis that microcystin is involved in nutrient competition in the phytoplankton 

community (Huisman and Hulot 2005). Therefore, high extracellular microcystin might 
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not only be associated with cells lysis, but also release from cells under nutrient stress 

conditions (Huisman and Hulot 2005).  

 

4.7 Conclusions 

The current approach to water body restoration and the prevention of toxic 

cyanobacterial blooms relies on reducing nutrient loading into water bodies and limiting 

the availability of nutrients in the water column. This approach might not always be 

successful in preventing the occurrence of cyanobacterial blooms, due to the roles of 

physicochemical factors on cyanobacteria and microcystin dynamics being highly site- 

specific and subject to unique local conditions. Thus, it is important to take into account 

the effect of spatial heterogeneity in the management of toxic cyanobacterial blooms. 

Site-specific studies are required to determine the factors causing cyanobacterial 

dominance and microcystin production in different systems with differences in 

hydrology, land use and water chemistry.  

 

In our studied lakes, the dominance of cyanobacteria in the phytoplankton community is 

correlated to low phosphorus and iron concentrations in the systems. In contrast, 

cyanobacteria require high phosphorus and iron concentrations in the water column to 

produce a high amount of microcystin. Therefore, reducing phosphorus concentration in 

the water column might not be a sufficient remedial strategy against the occurrence of 

toxic cyanobacterial bloom, if the available phosphorus is still sufficient to support the 

growth of highly competitive cyanobacteria. However, this strategy is likely to reduce 

the amount of microcystin being produced within cyanobacterial cells.  
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5.1 Abstract 

Nutrient availability in the water column may have a large influence on changes in the 

structure of phytoplankton communities. The ability of a certain phytoplankton group to 

dominate the community may be enhanced by the production of toxic compounds. This 

study aims to investigate how changes in the structure of phytoplankton and 

cyanobacterial community in response to nutrient concentration affect the dynamics of 

microcystin concentration. Changes in the structure of phytoplankton community 

influence the variability of microcystin concentration. Higher microcystin concentration 

associated with increased dominance of other phytoplankton groups under increased 

nutrient concentrations in the systems supports the hypothesis of allelopathic interaction 

in cyanobacteria. In contrast, the dynamics within the cyanobacterial community were 

not significantly correlated to the dynamics of microcystin concentration. The 

succession of different cyanobacterial genera was potentially due to their different 

ecophysiological response to changes in environmental conditions, and might not be 

related to microcystin production. The findings of this study illustrate the possibility of 

adopting the cyanobacterial biomass fraction in the phytoplankton community to infer 

the level of microcystin concentrations in water bodies.  

 

Keywords: Community structure; Cyanobacterial dynamics; Cyanobacterial fraction; 

Microcystin concentration; Allelopathic interaction; Nutrient 
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5.2 Introduction 

Increased precipitation variability due to climate change, along with increase in human 

activities, causes changes to nutrient availability in water bodies (IPCC 2008, Paerl et 

al. 2011a, Reichwaldt and Ghadouani 2011). As a result, changes in nutrient 

availability in the water column affect the structure of phytoplankton community 

(Davies et al. 2010, Bargu et al. 2011, Srivastava et al. 2012). In freshwater 

ecosystems, changes in the structure of phytoplankton community are often related to 

the excessive growth and dominance of cyanobacteria. Cyanobacterial communities in 

freshwater ecosystems are often associated with the presence of several toxin-

producing genera including Microcystis, Planktothrix and Anabaena  (Graham et al. 

2004, Ye et al. 2009, Xu et al. 2010, Paerl et al. 2011b, Lopes et al. 2012, Wood et al. 

2012).  

 

Shifts in the structure of phytoplankton community in freshwater ecosystems are 

mediated through the combination of selective grazing by zooplankton and competition 

for nutrient (Sommer 1996, Reichwaldt et al. 2004, Ka et al. 2012). For nutrient 

competition in particular, the succession of one cyanobacterial genera over the others 

may largely depend upon their nutrient requirements to maintain a growth rate in 

balance with mortality (Tilman et al. 1982). As a result, different cyanobacterial genera 

within the cyanobacterial community may have different, and sometimes contrasting, 

ecophysiological requirements (Marinho and Azevedo 2007). For example, Planktothrix 

spp. has a lower affinity towards phosphorus than Microcystis spp. (Istvanovics et al. 

2000 as cited in Dokulil and Teubner 2000), thus leading to differences in their ability 

to dominate under low phosphorus availability. In addition, some cyanobacteria 

including Anabaena spp. are capable of fixing nitrogen and may be favoured under 

nitrogen limited conditions, while other cyanobacteria such as Microcystis spp. and 
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Planktothrix spp., that are incapable of nitrogen fixation, may require high nitrogen 

availability to maintain their growth (Huisman and Hulot 2005, Huisman et al. 2005). 

Thus, the information to predict the dominance of certain cyanobacteria over another is 

an essential input required to improve the effectiveness of the management strategy 

against toxic cyanobacterial blooms.  

 

On the other hand, allelopathy has been suggested as a key factor in determining the 

community structure and the dynamics of phytoplankton populations (Macías et al. 

2008). The theory of allelopathy suggests that the ability of a certain group of 

phytoplankton to dominate the community may be enhanced by the production of a 

toxic compound (Jang et al. 2006, Camacho 2008, Li and Li 2011). This theory has 

been used to describe the ecological role of microcystin production in cyanobacteria 

(Babica et al. 2006, Jang et al. 2006, Berry et al. 2008). Cyanobacteria may enhance 

their competitive ability through the production of microcystin against other 

phytoplankton (Huisman and Hulot 2005), especially under nutrient limited conditions 

(Graneli et al. 2008). Phytoplankton exposure to microcystin has been reported to be 

associated with growth inhibition and deterioration of photosynthesis and enzymatic 

activities (Babica et al. 2006, El-Sheekh et al. 2010, Leao et al. 2010, Martins et al. 

2011). Moreover, microcystin has been reported to promote the formation of reactive 

oxygen species in other photoautotroph, which can cause damage to cellular membranes 

and enzymes (Babica et al. 2006, Leflaive and Ten-Hage 2007). 

 

Against this background, it can be assumed that the dynamics of microcystin production 

are related to the interspecific interaction between cyanobacteria and other 

phytoplankton groups, interaction within cyanobacterial communities, and the direct 

effects of environmental factors on phytoplankton. However, a limited number of 
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studies have been focused on the effects of the dynamics of phytoplankton community 

and cyanobacterial composition on microcystin concentration thus restricted our ability 

to predict the potential toxicity of cyanobacterial blooms from the structure of the 

phytoplankton community and cyanobacterial composition under the highly dynamic 

environmental conditions.  

 

This present study aimed to; (i) quantify the effects of the changes in the structure of 

phytoplankton community and cyanobacterial composition on dynamics of microcystin 

concentration; (ii) identify the effects of changes in nutrient concentration on the 

structure of the phytoplankton community; and (iii) investigate the nutrient factors 

which correlated to the succession of different cyanobacterial genera within a 

population. 

 

5.3 Methodology 

5.3.1 Study area 

Three lakes on the Swan Coastal Plain, which lies between the Darling Scarp and the 

Indian Ocean, in Western Australia, were selected for this study. There were Jackadder 

Lake, Bibra Lake, and Yangebup Lake. These lakes were selected based on the levels of 

cyanobacterial biomass and microcystin concentration recorded throughout earlier 

extensive sampling in eight Swan Coastal lakes (Sinang et al. submitted ). Based on the 

earlier results, these lakes represent the systems with low, medium and high 

cyanobacterial biomass and microcystin concentration in the studied region. Between 

November 2008 and July 2009, the highest cyanobacterial biomass (µg L
-1

) was 28 in 

Jackadder Lake, 108 in Bibra Lake and 80 in Yangebup Lake. The highest cellular 

microcystin concentrations (mg g
-1 

cyanobacterial dry mass) detected in these lakes 
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were ranged between 1.7 in Yangebup Lake and 4.8 in Jackadder Lake to 35 in Bibra 

Lake.  

 

All selected lakes are shallow with a mean depth < 2 m, and a stable thermal 

stratification is usually prevented due to continuous or intermittent wind mixing (Davis 

et al. 1993). The hydrology of these lakes is mainly affected by the rainfall pattern and 

experiences a strong seasonal hydrological cycle. Bibra Lake usually dries up in 

summer. Yangebup Lake has groundwater intake from east and discharges to the west 

(Dunlop 2008). Usually, maximum water levels occur in September and October after 

winter and minimum water levels occur in March and April at the end of summer 

months (Davis et al. 1993). 

 

5.3.2 Sampling and analyses 

The studied lakes were sampled bimonthly between January and March 2010. Samples 

were collected from three points on each lake on every sampling occasion. Bibra Lake 

dried up in late February; therefore no samples were taken from this lake in March. On-

site measurements and samples were taken at the same point for every sampling 

occasion, from shore sites with a water depth of 0.6 to 1 m. Grab water samples for 

cyanobacteria, microcystin and total phosphorus quantification were taken from 0.15 m 

below the surface to avoid surface scum. Water temperature, pH and salinity were 

measured on-site with a WP-81 probe (TPS Pty Ltd) at a depth of 0.6 m. Variations in 

physicochemical variables at different depths are minimal as another study in this lake 

found no differences between surface and bottom samples (Reichwaldt 2012, 

unpublished data). Samples were stored immediately in glass bottles in the dark on ice 

after the collection. Parameters analysed from these samples were total phosphorus 

(TP), total dissolved phosphorus (TDP), total iron (TFe), total dissolved iron (TDFe), 
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total nitrogen (TN), total dissolved nitrogen (TDN), ammonium (NH4), cyanobacterial 

biomass, total phytoplankton biomass, and intracellular and extracellular microcystin 

fractions. Samples for dissolved nutrients analyses were pre-filtered with a 0.45µm 

syringe filter (Acrodisc, HT Tuffryn) before freezing at -20°C. Water samples for 

phytoplankton enumeration were preserved with Lugol’s iodine (1% final 

concentration). 

 

5.3.2.1 Nutrients and phytoplankton biomass 

TP and TDP concentrations were analyzed using the ascorbic acid method, while TFe 

and TDFe concentrations were analyzed with the Phenanthroline method, according to 

standard methods (APHA 1998). TN, TDN, and NH4 were analyzed at the South Coast 

Nutrients Analysis Laboratory, Albany, Western Australia with the standard 

colorimetric methods on a segmented flow auto-analyser (Alpkem, Wilsonville, OR, 

USA). Cyanobacterial and total phytoplankton chlorophyll-a were measured with a 

topbench version of a Fluoroprobe (bbe Moldaenke, Germany). The FluoroProbe 

measures chl-a fluorescence and differentiates divisions of phytoplankton by their 

specific fluorescence emission spectrum (Beutler et al. 2002). The fluorescence is then 

transformed through an algorithm and total biomass of each phytoplankton division 

including cyanobacteria, expressed as chl-a concentration equivalents (μg chl-a L
-1

) 

(Beutler et al. 2002, Ghadouani and Smith 2005). FluoroProbe chl-a measurements 

were validated against chl-a data of samples extracted according to standard methods 

(APHA 1998) (linear regression analysis: R
2 

= 0.94, N = 32, P < 0.05). In our study, 

chl-a fluorescence as measured by FluoroProbe was used as a proxy for cyanobacterial 

biomass (Geis et al. 2000, Eisentraeger et al. 2003). 
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Water samples were filtered through pre-combusted and pre-weighed 47 mm GF/C 

filter papers to separate the intracellular from the dissolved microcystin fraction. Filter 

papers containing particulate organic matter were dried for 24 hours at 60
°
C and re-

weighed to obtain total dry weight (Harada et al. 1999). These filter papers were then 

moistened with Milli-Q water and kept frozen (at -20°C) until intracellular microcystin 

extraction. As we were interested in the microcystin concentration per unit 

cyanobacterial dry mass, cyanobacterial dry mass was calculated from the total dry 

mass (from the filters) by adjusting it to the percentage of cyanobacteria measured with 

the FluoroProbe. Cyanobacterial dry mass was only used for microcystin quantification.  

 

Water samples collected for cyanobacterial enumeration were preserved with Lugol’s 

iodine solution and identified to the genus level using phytoplankton taxonomic 

guidelines (Komarek and Hauer 2011). The relative abundance of different 

cyanobacterial genera (cells or colonies ml
-1

) was determined from 10-50 ml of water 

samples using an inverse microscope according to Utermöhl (1958). The abundance of 

each cyanobacterial genus present in the samples was then converted into biovolume per 

ml (µm
3
 ml

-1
) by multiplying the mean cells or colonies biovolume (µm

3
) with the total 

cells or colonies per ml (cells or colonies ml
-1

). Mean cell or colony biovolume for each 

cyanobacterial genus was determined by finding the best geometric figures best 

approximating the shape of individual taxa, and measuring the dimension of 20 

individual cells or colonies (Hillebrand et al. 1999). A minimum of 200 cells or colonies 

of the most abundant cyanobacteria were counted for each sample. Different 

cyanobacterial species within each genus can vary in size by several orders of 

magnitude. However, as we measured the mean biovolume of each cyanobacterial 

genus, differences in sizes between species are evened out as a larger mean is expected, 

if larger species are more abundant and vice versa. The calculated mean biovolume of 
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each cyanobacterial genus was used to determine the composition of cyanobacterial 

community in the studied lakes. 

 

5.3.2.2 Microcystin extraction and quantification  

Filters were freeze-thawed twice to break the cells prior to methanol extraction (Lawton 

et al. 1994). Filters were placed into separate centrifuge tubes and 5 ml of 75% 

methanol-water (v/v) was added. Filters were sonicated on ice for 25 min, followed by 

gentle shaking for another 25 min. The extracts were then centrifuged at 3273g 

(Beckman and Coulter, Allegra X-12 Series) for 10 min at room temperature. Extracts 

were carefully transferred into conical flasks, and two more extractions were done per 

filter. All three extracts were pooled and diluted with Milli-Q to 20% methanol (v/v). 

 

Intracellular microcystin extracts and the pre-filtered water containing dissolved 

(extracellular) microcystin were subjected to solid-phase extraction (SPE) (Waters 

Oasis HLB) for clean-up and concentration with a loading speed of < 10 ml min
-1

. SPE 

cartridges were then rinsed with 10 ml of 10, 20 and 30% methanol-water (v/v), before 

microcystin was eluted with 100% methanol + 0.1% trifluoroacetic acid (TFA) and 

evaporated with nitrogen gas at 40°C. Finally, samples were re-dissolved in 30% 

acetonitrile and analysed with high-performance liquid chromatography (HPLC) by 

using the Alliance 2695 (Waters, Australia) with a PDA detector (1.2 nm resolution) 

and an Atlantis T3 3µm column (4.6 x 150mm i.d). Mobile phases used were 

acetonitrile + 0.05% v/v TFA and Milli-Q water + 0.05% TFA. Microcystin peaks were 

separated using a linear gradient as described in Lawton et al. (1994) but with a 

maximum acetonitrile concentration of 100% and a run time of 37 min. Column 

temperature was maintained at 37.5 ± 2.5 °C. The limit of detection per microcystin 

peak was 1.12 ng. Microcystin variants were identified based upon their typical 
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absorption spectrum detected by PDA detector at 238 nm (Meriluoto and Codd 2005). 

Commercially available microcystin-LR standard (Sapphire Bioscience, Australia; 

purity ≥ 95 %) was used to quantify microcystin concentrations. Throughout this 

manuscript we refer to the total concentration of microcystin variants per sample as 

microcystin concentration. In this study, total microcystin concentration (cellular + 

extracellular) was expressed as µg (microcystin-LR mass equivalents) per L water, 

while cellular (intracellular) microcystin concentration was expressed as µg 

(microcystin-LR mass equivalents) per g cyanobacterial dry mass.  

 

5.4 Statistical analyses 

Redundancy analysis (RDA) was carried out in R language to quantify the effects of 

nutrients and the structure of phytoplankton and cyanobacterial community on the total 

and cellular microcystin concentration. Explanatory variables used in the RDA analysis 

were nutrient concentrations in the water column, fraction of different phytoplankton 

groups in total phytoplankton biomass, and the fraction of different cyanobacterial 

genera in total cyanobacterial community. Response variables used in the RDA analysis 

were cellular microcystin concentration and total microcystin concentration in the water 

column. The canonical relationship was computed with standardised explanatory and 

response variables and tested for the level of significant after 999 permutations. In all 

analyses, results were considered significant at P < 0.05. Bivariate correlation analysis 

was carried out to identify the environmental variables which were significantly 

correlated to the fraction of cyanobacteria in the phytoplankton community, and the 

fraction of different cyanobacterial genera in the cyanobacterial community. 

 

 

 



Chapter 5 | D y n a m i c s  o f  P h y t o p l a n k t o n  C o m m u n i t y  

151 

5.5 Results 

5.5.1 Dynamics of phytoplankton community, cyanobacterial composition and 

microcystin concentrations 

The phytoplankton composition in Jackadder, Bibra and Yangebup Lakes changed 

during the study period (Fig.5.1). Phytoplankton composition varied significantly on a 

temporal basis within lakes and spatially between lakes. In Jackadder Lake, 

cyanobacteria were dominant from January to early February. During this period, 

cyanobacteria contribute up to 68% of the phytoplankton biomass. However, the 

phytoplankton community shifted to mainly chlorophytes and diatoms, and 

cyanobacteria only accounted for 7% of the community in late February. Then in early 

March, cyanobacteria started to increase and contributed to 67% of the total 

phytoplankton biomass by the end of March. In Bibra Lake, chlorophytes dominated 

with the biomass up to 66 %, while cyanobacteria only contributed 27% to the total 

phytoplankton biomass in January. Cyanobacteria contributed up to 49% of the total 

phytoplankton biomass in early February, and the dominant phytoplankton changed to 

chlorophytes in late February. In Yangebup Lake, cyanobacteria were dominant in 

January and cyanobacteria contributed up to 67% to the total phytoplankton biomass. In 

February, cyanobacterial fraction in the total phytoplankton biomass decreased from 64 

to 17%, and chlorophytes took over the major fraction of total phytoplankton biomass in 

late February. In early March, cyanobacteria contributed 48% to the total phytoplankton 

biomass in Yangebup Lake, and the fraction decreased to 32% in late March.  
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Fig.5.1: Phytoplankton community in (A) Jackadder, (B) Bibra and (C) Yangebup 

Lakes from January to March 2010. Bibra Lake dried up in early March; therefore no 

samples were taken from this lake in March.  

 

When analyzed down to the genera level, cyanobacterial composition was also highly 

dynamic in the studied lakes (Fig.5.2). In Jackadder Lake, the cyanobacterial 

community was mainly composed of three potential microcystin producing genera 
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including Microcystis spp., Planktothrix spp. and Anabaena spp. Planktothrix spp. was 

dominant in late January and decreased continuously towards the end of the study 

period. In February, the dominant cyanobacterial genera shifted to Microcystis spp. 

which remained the major fraction in the cyanobacterial community in Jackadder Lake 

until the end of the study period. Anabaena spp. was present as a small fraction in 

January and February and increased to 50% of the total cyanobacterial community in 

March. In Bibra Lake, cyanobacteria Anabaenopsis spp., Anabaena spp., Planktothrix 

spp., Nodularia spp. and Microcystis spp. were detected and the percentages of the 

biomass varied over time.  Anabaenopsis spp. was dominant in early January, but no 

longer detected after the end of February. Simultaneously with the decrease of 

Anabaenopsis spp, the fraction of Microcystis spp. increased from early January and 

remained the dominant cyanobacterial genera throughout the study period. Anabaena 

spp. also coexisted, but the total biovolume was always less than 50%. Planktothrix spp. 

and Nodularia spp. contributed less than 5% of the total cyanobacterial biomass in 

Bibra Lake. In Yangebup Lake, Microcystis spp. was the dominant genera throughout 

the study period. Planktothrix spp. and Nodularia spp. contributed less than 20 and 1% 

to the total cyanobacterial biomass, respectively.  
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Fig.5.2: Cyanobacterial composition in (A) Jackadder, (B) Bibra and (C) Yangebup 

Lakes from January to March 2010. Bibra Lake dried up in early March; therefore no 

samples were taken from this lake in March. 

 

Cellular microcystin concentration and total microcystin concentration were highly 

variable over time in all lakes (Fig.5.3). Cellular microcystin concentration ranged in 
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three orders of magnitude in Jackadder Lake, and two orders of magnitude in Yangebup 

and Bibra Lakes. In all lakes, cellular microcystin concentration increased from January 

to February and decreased in March. The highest mean cellular microcystin 

concentration occurred in late February in all lakes. The highest mean cellular 

microcystin concentration was 1.4 mg g
-1

 in Jackadder Lake, 0.6 mg g
-1

 in Bibra Lake, 

and 0.5 mg g
-1

 in Yangebup Lake. Total microcystin concentration in the water column 

varied by an order of magnitude in all lakes. In Bibra Lake, total microcystin 

concentration increased significantly from January to February, and mean 

concentrations ranged between 0.7 µg L
-1

 in January to 6.9 µg L
-1

 in February. In 

Jackadder Lake, mean total microcystin concentration ranged between 0.2 to 1.3 µg L
-1

, 

and the highest concentration occurred in early March. In Yangebup Lake, mean total 

microcystin varied between 0.4 to 2.1 µg L
-1

, and the highest mean concentration was 

also detected in early March.   
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Fig.5.3: Mean cellular microcystin concentration (µg g
-1

 cyanobacterial dry mass) and 

total microcystin concentration (µg L
-1

) in Jackadder, Bibra and Yangebup Lakes during 

the study period; error bars represent standard error. 

 

5.5.2 Effect of nutrients, phytoplankton and cyanobacterial community dynamics 

on total and cellular microcystin concentration  

RDA analysis showed that the dynamics of total and cellular microcystin concentration 
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in the studied lakes were significantly correlated (P <0.05) to nutrient concentrations in 

the water column. Nutrients explained 55% of variation in microcystin concentration 

(Fig.5.4). Cellular microcystin concentration was closely correlated to iron 

concentration, while total microcystin concentration was closely correlated to 

phosphorus availability in the systems. Inclusion of cyanobacterial composition as 

explanatory variables in addition to nutrients revealed that the combination of 

cyanobacterial composition and nutrients significantly (P <0.05) explained the 

variability in microcystin concentration. However, the combined effects of nutrient and 

cyanobacterial composition only explained 56% of variation in total and cellular 

microcystin concentration, thus suggesting that changes in cyanobacterial composition 

did not have a large influence on the dynamics of microcystin production. In contrast, 

inclusion of phytoplankton community as an explanatory variable in addition to 

nutrients showed that the combination of phytoplankton community and nutrients 

significantly (P <0.05) explained up to 70% of variation in microcystin concentration 

(Fig.5.5). The combination of the phytoplankton community and nutrients as 

explanatory variables increased ability to predict the dynamics of microcystin 

concentration by 15%. This increase illustrates the significant influence of changes in 

the structure of phytoplankton community on microcystin production. As shown in the 

RDA biplot (Fig.5.5), high total and cellular microcystin concentration correlated to 

high nutrient concentrations, presence of a high fraction of chlorophytes and diatoms 

and a low fraction of cyanobacteria in the phytoplankton community. The RDA 

analyses with only cyanobacterial composition and phytoplankton community as 

explanatory variables are shown in Appendix 1 and Appendix 2, respectively.  These 

supplementary analyses aim to provide additional information on the percentages of 

variation in microcystin concentration which were explained by the community data 

alone. 
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Fig.5.4: RDA biplot of cellular microcystin (cMC) and total microcystin (tMC) with 

nutrients; solid lines = environmental variables; short dashed lines = response variables. 

Canonical axis 1 and 2 represents a linear combination of the environmental variables, 

and axes are scaled by the square root of their eigenvalues. 
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Fig.5.5: RDA biplot of cellular microcystin (cMC) and total microcystin (tMC) with 

nutrients and phytoplankton community (Chloro = chlorophytes; Crypto = 

cryptophytes; Diatom; and Cyano = cyanobacteria); solid lines = environmental 

variables; short dashed lines = response variables. Canonical axis 1 and 2 represents a 

linear combination of the environmental variables, and axes are scaled by the square 

root of their eigenvalues. 
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5.5.3 Relationship between cyanobacterial composition and nutrients  

The dynamics and succession of different cyanobacterial genera can be explained by 

nutrient concentration in the water column (Table 5.1).  

 

Table 5.1: Correlation coefficients (R) of the significant (P <0.05) relationship between 

the relative abundances of Planktothrix spp. (PL), Anabaena spp. (AN), Anabaenopsis 

spp. (ANP), and Microcystis spp. (MI) and nutrients in Jackadder, Bibra and Yangebup 

Lake. All environmental factors were expressed as µg L
-1

. 

  Jackadder   Bibra  Yangebup  

  PL AN MI  PL AN ANP MI  PL MI 

TP    -0.510         

TDP    -0.596       0.782 -0.808 

TN  -0.713    -0.714       

TDN  -0.516 -0.725   -0.655  -0.836    -0.478 

NH4   0.801 -0.871    -0.906      0.559 

TFe           0.562 -0.558 

TDFe    -0.509   -0.641  -0.516  0.675 -0.535 

 

Different cyanobacterial genera in Jackadder, Bibra and Yangebup Lakes were each 

correlated differently to phosphorus, nitrogen and iron species. In Jackadder Lake, 

Planktothrix spp. was positively correlated with NH4 and negatively correlated with TN 

and TDN. Anabaena spp. was negatively correlated with NH4 and TDN. Microcystis 

spp. was negatively correlated with TP, TDP and TDFe. In Bibra Lake, Planktothrix 

spp. was negatively correlated with TN and TDN, while Anabaena spp. was negatively 

correlated with NH4 and TDFe. Anabaenopsis spp. and Microcystis spp. was negatively 

correlated with TDN and TDFe, respectively. In Yangebup Lake, Planktothrix spp. was 

positively correlated with TDP, TFe and TDFe. Microcystis spp. was negatively 

correlated with TDP, TFe, TDFe, TDN, and positively correlated with NH4.  
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5.5.4 Relationship between cyanobacterial dominance and nutrients and the 

effect of changes in cyanobacterial dominance on cellular microcystin 

concentration 

Nutrient concentration in the water column explained changes in cyanobacterial 

dominance in the studied lakes. Changes in cyanobacterial fraction in Jackadder Lake 

was negatively correlated to TP (R= -0.873), TDP (R= -0.516), TFe (R= -0.839) and 

TDFe (R= -0.912). In Bibra Lake, cyanobacterial fraction was negatively correlated to 

TDP (R= -0.524) and TDFe (R= -0.449). In Yangebup Lake, cyanobacterial fraction 

was negatively correlated to TP (R= -0.693) and TDFe (R= -0.613). In general, these 

results suggest that increased in TP, TDP, TFe and TDFe concentrations in the systems 

are associated with decreases in cyanobacterial fraction and increases in the fraction of 

other phytoplankton groups. Subsequently, the increased abundance of other 

phytoplankton groups enhanced cellular microcystin concentration in the systems 

(Fig.5.6).  
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Fig.5.6: Correlation between the fraction of other phytoplankton groups and cellular 

microcystin concentration (10
3
 µg g

-1
 cyanobacterial dry mass) in all studied lakes, 

coefficient of determination (R
2
) = 0.539; P <0.05; equation: y = 1.07 + 1.78x. 

 

5.5.5 Relationship between cyanobacterial fraction and cellular microcystin 

concentration and total microcystin concentration 

The correlations between the cyanobacterial fraction and cellular microcystin 

concentration and total microcystin concentration were significant (P <0.05) when data 

from all lakes were combined (Fig.5.7). The variability of cyanobacterial fraction 

explained 54 and 27% of the variability in cellular microcystin concentration and total 

microcystin concentration, respectively. 
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Fig.5.7: Correlation between cyanobacterial fraction and cellular microcystin 

concentration (10
3
 µg g

-1
 cyanobacterial dry mass) in all studied lakes, coefficient of 

determination (R
2
) = 0.542; P <0.05; equation: y = 2.85 - 1.78x; and total microcystin 

concentration (µg L
-1

) in all studied lakes, coefficient of determination (R
2
) = 0.280; P 

<0.05. Equation: y = 3.82 - 4.98x. 

 

5.6 Discussion 

Various environmental factors including nutrients have been shown to be associated 

with the dynamics of microcystin production (Graneli et al. 2008, Rinta-Kanto et al. 

2009). In this study, high total and cellular microcystin concentration in the studied 

lakes was significantly correlated to high nutrient concentration, particularly iron and 

phosphorus. Our results are contradicted with Graneli et al. (2008), which suggested 

increased microcystin production under nutrient limited conditions. However, our 

results agree with previous studies, which have reported that increased phosphorus and 

iron concentrations could enhance microcystin production (Albay et al. 2005, Jiang et 

al. 2008, Sinang et al. submitted ). The observed close positive relationship between 
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microcystin concentration with phosphorus and iron may be related to an earlier 

suggestion that microcystin biosynthesis requires high amount of phosphorus for energy 

supply (Vezie et al. 2002) and high iron to sustain the activity of enzyme synthetase 

(Utkilen and Gjolme 1995). On the other hand, environmental factors might also 

indirectly regulate microcystin production through their effects on cyanobacterial 

abundance and its distribution (Dai et al. 2008, Millie et al. 2009) . As shown in Fig.5.5, 

high cyanobacterial fraction was in the opposite direction to high nutrient availability. 

This result illustrates that high nutrient concentration in the water column did not favour 

cyanobacterial dominance in the systems. In addition, bivariate correlation analysis 

showed that cyanobacterial dominance in the phytoplankton community was correlated 

to phosphorus and iron concentrations. Increased phosphorus and iron concentrations 

led to changes in the structure of phytoplankton community; from the dominance of 

cyanobacteria to the dominance of other phytoplankton groups. High phosphorus and 

iron concentrations in the water column may trigger the dominance of chlorophytes and 

diatoms, due to being capable to grow faster than cyanobacteria (Huisman and Hulot 

2005, Reynolds et al. 2006).  

 

Changes in the structure of the phytoplankton community have a large effect on the 

dynamics of microcystin concentration. As shown in the RDA analysis, changes in the 

structure of phytoplankton community explained up to 15% of variability in total and 

cellular microcystin concentration. Cyanobacteria tend to increase its microcystin 

content under the presence of high fraction of other phytoplankton groups in the total 

phytoplankton community (Fig.5.6). Therefore, this result supports the hypothesis of 

allelopathic interactions in cyanobacteria through the production of more toxins with 

increasing number of competitors (Huisman and Hulot 2005). Thus, cyanobacteria may 

be capable of sensing the presence of competitors and subsequently increase 
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microcystin production through the presence of extracellular products released by 

competitors such as chlorophytes (Kearns and Hunter 2000). 

 

In addition to the effects of changes in the structure of phytoplankton community, the 

dynamics of microcystin production could be related to the succession of toxic and non-

toxic cyanobacterial genotypes (Janse et al. 2005, Kardinaal et al. 2007). However, the 

succession of toxic and non-toxic cyanobacterial species was not identified in this study. 

Based on the dynamics of cyanobacterial composition observed, we deduced that the 

changes in the structure of cyanobacterial community did not fully explain the dynamics 

of microcystin concentration. This result suggests that the periodic succession of 

Microcystis spp., Anabaenopsis spp. and Planktothrix spp. in these studied lakes may 

not be related to increases in microcystin concentration in response to the competitors 

within the cyanobacterial community. This result is potentially correlated to the 

observations that different cyanobacterial genera may benefit under different 

concentrations of phosphorus, nitrogen and iron species. Therefore, microcystin might 

not play a crucial role in the succession of different cyanobacterial genera in the 

systems.  

 

The succession of Microcystis spp. in Jackadder and Yangebup Lakes was significantly 

correlated with low TDP; in contrast, Planktothrix spp. in Yangebup Lake was favored 

under high TDP availability. These responses are potentially due to an ecophysiological 

characteristic of Microcystis spp., which results in a high storage capacity for 

phosphorus and high efficiency for phosphorus utilization (Baldia et al. 2007). On the 

other hand, Planktothrix spp. has a lower affinity towards phosphorus than Microcystis 

spp. (Istvanovics et al. 2000 as cited in Dokulil and Teubner 2000).  
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Nitrogen-fixing cyanobacteria pose a competitive advantage under nitrogen limitation in 

the water column (Huisman and Hulot 2005). In this study, nitrogen-fixing 

cyanobacteria, Anabaena spp. in Jackadder Lake and Anabaenopsis spp. in Bibra Lake 

were favoured under low TDN and NH4 concentrations. Surprisingly, non nitrogen-

fixing cyanobacteria Planktothrix spp. in Jackadder and Bibra Lakes and Microcystis 

spp. in Yangebup Lake were also favoured at low TN and/or TDN availability in the 

systems. This result is in contrast to Li et al. (2007) which found a positive correlation 

between non nitrogen-fixing species (Microcystis spp.) and nitrogen. The unexpected 

negative correlations between the non nitrogen-fixing cyanobacteria and nitrogen are 

potentially due the ability of Microcystis spp. and Planktothrix spp. to sustain their 

growth under low nitrogen availability (Baldia et al. 2007, Halstvedt 2008). As an 

example, Microcystis spp. has been shown to have the ability to maintain its growth at a 

nitrogen concentration of 10 µg/L (Baldia et al. 2007). In the studied lakes, nitrogen was 

not a limiting factor as TN:TP ratio was always > 17; TN varied between 0.7 to 17 

mg/L, and NH4 concentration ranged between 30 to 250 µg/L. Therefore, low nitrogen 

conditions, as found in our study, may still provide a sufficient nitrogen source for 

Planktothrix spp. and Microcystis spp. without restricting their growth.  

 

Iron is an essential micronutrient, and cyanobacteria have a higher cellular iron 

requirement than other algae (Molot et al. 2010);Brand 1991, as cited in Nagai et al. 

2007). The high cellular iron requirement in cyanobacteria is sustained by the high 

affinity iron transport mediated through the presence of siderophores (Wilhelm 1994). 

Planktothrix spp., Microcystis spp. and Anabaena spp. have been reported to produce 

siderophores under iron limited conditions (Nagai et al. 2007, Wirtz et al. 2010). In our 

studied lakes, Microcystis spp. and Anabaena spp. was negatively correlated to TDFe. 

This result suggests that Microcystis spp. and Anabaena spp. are superior iron 
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competitors. In contrast, Planktothrix spp. was positively correlated to TFe and TDFe 

concentration in Yangebup Lake. These contrasting results suggest that Planktothrix 

spp. might have a higher iron requirement compared to other cyanobacterial genera. 

Based on the growth rate equation of Microcystis spp. and Planktothrix spp. published 

in Nagai et al. (2007), Planktothrix spp. was shown to require an iron concentration 30-

times higher to achieve a similar growth rate to Microcystis spp.  

 

Against these results, the dominance of a certain cyanobacterial genera over others is 

potentially due to its specific ecophysiological response to changes in environmental 

conditions. In addition, certain cyanobacterial genera may be benefited under the 

environmental conditions created by other genera. As an example, the higher iron 

requirement of Planktothrix spp. might reduce the iron availability in the water column, 

and thus favor the dominance of Microcystis spp. and Anabaena spp. in the systems. 

Therefore, changes in the structure of the cyanobacterial community might not be 

related to an increase in microcystin concentration against the competing cyanobacteria.  

 

Our results suggest that changes in the structure of phytoplankton community explained 

the level of microcystin concentrations, while the changes in cyanobacterial 

composition did not. Therefore, it is more important to emphasize the abundance of 

total cyanobacteria than the abundance of different cyanobacterial genera separately in 

assessing the risk of cyanobacterial blooms. As shown in Fig.5.7, significant 

correlations exist between the fraction of cyanobacteria and total microcystin 

concentration in the water column and cellular microcystin concentration. We suggest 

that cyanobacterial fraction in the phytoplankton community can thus be used to infer 

the level of microcystin concentration during cyanobacterial blooms. 
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5.7 Conclusions 

Changes in the structure of the phytoplankton community in relation to changes in 

phosphorus and iron concentrations in the water column were shown to influence the 

dynamics of microcystin concentration in the systems. Under high nutrient 

concentration, other phytoplankton groups are capable of growing faster and gain 

dominance over cyanobacteria. With the increasing number of competitors, 

cyanobacteria may produce more microcystin. Our results support the hypothesis of 

allelopathic interactions between cyanobacteria and competitors through the increase in 

microcystin production. They indicated that increased nutrient loading into water bodies 

would lead to the occurrence of more toxic cyanobacterial blooms due to allelopathic 

activity in cyanobacteria. 

 

In contrast to the effects of the dynamics in the structure of phytoplankton community, 

changes in cyanobacterial composition did not have a large influence on the dynamics 

of microcystin concentration. This result suggests that the succession of different 

cyanobacterial genera in the systems might not be related to microcystin being released 

to outcompete other cyanobacteria. In contrast, the succession of different 

cyanobacterial genera is potentially due to their different ecophysiological responses to 

changes in environmental conditions. In addition, different cyanobacterial genera may 

benefit under the environmental conditions created by others. Thus, our results did not 

suggest a higher microcystin production during a transition period from the dominance 

of a certain cyanobacteria to another.  

 

In relation to the management of toxic cyanobacterial blooms, our results suggest that it 

is more important to emphasize the abundance of total cyanobacteria than the 

abundance of different cyanobacterial genera separately in the assessment of risks 
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related to microcystin contamination. Additionally, a direct relationship between the 

structure of phytoplankton community and microcystin concentration is likely to be 

established. This relationship illustrates the possibility of using the cyanobacterial 

fraction in the phytoplankton community as an ecological indicator to infer the level of 

microcystin concentrations or risk of microcystin contamination in water bodies.  
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6.1 General discussion 

Due to increased anthropogenic disturbances to the environment, toxic cyanobacterial 

blooms are now a major water quality and water safety issue. The presence of 

cyanobacterial biomass and microcystins in water bodies are variable across spatial and 

temporal scales. This situation calls for greater knowledge on aspects related to the 

spatiotemporal dynamics of toxic cyanobacterial blooms in order to develop more 

effective control measures and risk assessment protocols in water bodies. The objective 

of this research was twofold. The first objective was to quantify and interpret how the 

spatiotemporal dynamics of cyanobacterial biomass and microcystin concentration 

affects the indirect microcystin risk assessment strategy. The second objective was to 

identify the physical, chemical and biological drivers of these dynamics. The research 

findings presented in this thesis have increased our knowledge related to the causes and 

effects of cyanobacterial and microcystin spatiotemporal dynamics in freshwater 

systems and will help to improve the current cyanobacterial management frameworks. 

The main findings of this research are illustrated in Fig.6.1. 

 

The results of the analyses in Chapter 3 clearly showed that cyanobacterial and 

microcystin dynamics affect the existing indirect microcystin risk assessment. The 

quantification of cyanobacterial and microcystin dynamics in eight different lakes, 

displaying a range of physicochemical characteristics, has revealed that the 

discrepancies between cyanobacterial and microcystin dynamics could pose a 

significant threat to the management of toxic cyanobacterial blooms. Large changes in 

total microcystin concentrations (per L) occurred even at stable cyanobacterial biomass 

concentrations. The variability of total and cellular microcystin concentration exceeded 

the variability of cyanobacterial biomass up to 4-times. As a result, the correlation 

between cyanobacterial biomass and microcystin concentration was weak and site-
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specific. Five out of eight correlations of biomass-total microcystin concentrations and 

three out of eight correlations of biomass-cellular microcystin concentrations were non-

significant. Furthermore, as shown in Fig.3.5(A), the presence of 10 µg chl-a L
-1

 

cyanobacterial biomass, which correspond to about 20,000 cyanobacterial cells mL
-1

 

(WHO 2003) could be associated with microcystin concentrations > 100 µg L
-1

. On this 

basis, indirect microcystin risk assessment derived from specific biomass thresholds 

would be inadequate for evaluating public health risk. Even so, direct microcystin 

quantification in long-term cyanobacterial monitoring programs can be too costly for 

water authorities. Hence, if the indirect microcystin risk assessment is opted for, the 

cyanobacterial biomass thresholds specified in ANZECC and WHO guidelines should 

be used with precaution. Additionally, the specific biomass-toxin correlation of a water 

body is needed, as this correlation can be site-specific. Furthermore, it is important for 

water authorities to be aware of the potential health risks associated with the presence of 

high microcystin concentrations, even with small changes in the cyanobacterial 

biomass. 

 

The analyses presented in Chapters 4 and 5 have provided a detailed understanding of 

the physicochemical triggers of the dynamics of cyanobacterial biomass. Although a 

significant correlation does not always imply real cause, this research has demonstrated 

that low phosphorus and iron concentrations in the water column trigger the dominance 

of cyanobacterial biomass in the phytoplankton community. Additionally, different 

cyanobacterial genera may benefit under different concentrations of phosphorus, 

nitrogen and iron species. These results provide a potential explanation as to why a 

single preventive measure of reducing phosphorus concentration has not proven to be an 

absolute solution for the prevention of toxic cyanobacterial blooms in water bodies. 

Ineffectiveness of phosphorus reduction strategy in some water bodies may be due to 
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cyanobacterial ability to grow and dominate in a lake with low phosphorus availability. 

Additionally, a single preventive measure such as the reduction of phosphorus loading 

into water bodies, might only change cyanobacterial succession, but not fully prevent 

the occurrence of cyanobacteria in the system.  

 

In relation to the issue of toxicity in cyanobacterial blooms which has been discussed in 

Chapter 4, the results of this research indicate that high phosphorus and iron 

concentrations are associated with high microcystin concentration. Total dissolved iron 

is a leading indicator which showed strong and consistent correlations with 

cyanobacterial dominance and microcystin concentration in the water column. This 

result suggests the importance of reducing iron availability in water bodies, in addition 

to the existing control measures of reducing nitrogen and phosphorus. In-lake iron 

control approach, either as physical, chemical or biological control method may be 

necessary in urban lakes, as iron may enter the lakes from many points around the 

shores due to uncontrollable road stormwater runoff and stormwater drains. Hence, 

more detailed studies are required to determine the minimum iron concentration that is 

required to prevent the occurrence of cyanobacterial blooms and its microcystin 

production. Additionally, how iron regulates the dynamics of cyanobacteria and 

microcystin concentration under different range of concentrations deserves further 

study.  

 

Comparing physicochemical drivers of the dynamics of cyanobacterial dominance and 

microcystin concentration in different lakes, as presented in Chapter 4, has contributed 

to the long-standing debate on the potential factors causing toxic cyanobacterial blooms 

in natural freshwater systems. The correlations between physicochemical factors and the 

dynamics of cyanobacterial dominance and microcystin concentration are not consistent 
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on a spatial basis (between lakes). This might potentially be related to the effect of 

spatial heterogeneity of the local nutrient concentrations and cyanobacterial community 

present in the systems. This illustrates that, because of ecosystem complexities, a single 

group of physicochemical triggers cannot be generalized for other communities in 

different locations. The current approach to water body restoration and the prevention of 

toxic cyanobacterial blooms relies on reducing nutrient loading into water bodies and 

limiting the availability of nutrients in the water column. This approach might not 

always be successful in preventing the occurrence of cyanobacterial blooms, due to the 

roles of physicochemical factors on cyanobacteria and microcystin dynamics being 

highly site-specific and subject to unique local conditions.  Thus, it is important to take 

into account the effect of spatial, especially between lakes heterogeneity in the 

management of toxic cyanobacterial blooms. Site-specific studies are required to 

determine the factors causing cyanobacterial dominance and microcystin production in 

different systems with differences in hydrology, land use and water chemistry. 

 

The results presented in Chapter 5 have extended knowledge concerning the way that 

changes in the structure of phytoplankton community along the gradient of nutrient 

concentration affect the dynamics of microcystin concentration. Under high nutrient 

availability, cyanobacteria may be less dominant, while other phytoplankton groups 

may dominate the systems. However, it is likely that the existing cyanobacteria will be 

more toxic. Higher microcystin concentration associated with increases in nutrients and 

the dominance of other phytoplankton groups in the systems supports the hypothesis of 

allelopathic interaction, and potentially suggests the ecological roles behind the 

microcystin production. Applied in the risk assessment of cyanobacterial blooms, the 

results of this research indicate the possibility of adapting cyanobacterial fraction per 

total phytoplankton biomass as a biological indicator for a more accurate estimate of the 
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level of microcystin concentration. This could act as an indicator to be used in 

conjunction with cyanobacterial biomass in biomass-toxin relationship. Additionally, it 

is essential to consider other potential indicators of high microcystin concentration, such 

as nutrient level in the water column, especially when direct microcystin quantification 

is not possible.  

 

6.2 Conclusions 

To summarize, this research has contributed to the body of knowledge related to the 

complexity of spatial and temporal dynamics of toxic cyanobacterial blooms. The 

findings reported in this thesis have provided an understanding of the potential risks of 

adapting indirect microcystin risk assessment, due to spatial and temporal variation in 

the relationship between the cyanobacterial biomass and microcystin. This research has 

demonstrated that as a result of spatial heterogeneity, the environmental drivers of the 

cyanobacterial and microcystin dynamics are site-specific. In addition, this research has 

suggested the possibility of predicting the bloom toxicity from changes in the structure 

of phytoplankton community and nutrient concentrations. On a large scale, this research 

has contributed to the knowledge needed to improve the existing management strategies 

against the increasing risk of toxic cyanobacterial blooms. Suggestions for issues that 

could be integrated into the existing bloom prevention and microcystin risk assessment 

strategy are outlined in Table 6.1.  
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Fig.6.1: Key results of this thesis 

Problem 
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dynamics of 
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Chapter 3 
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and microcystin 
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What triggers these 

dynamics? 
 

Chapter 4 Chapter 5 

Physical factor 

Temperature 

 

Chemical factors 

Salinity, pH, nitrogen, 

phosphorus, iron 

Biological factors 

Phytoplankton community, 

cyanobacterial composition 

 The variability of microcystin exceeded 

the variability of cyanobacterial biomass 

up to four-fold, and correlations 

between cyanobacterial biomass and 

microcystin are weak and inconsistent. 

 Mismatch between cyanobacterial and 

microcystin dynamics emphasizes high 

risk of error in indirect microcystin risk 

assessment. 

 The structure of the phytoplankton 

community determines the level of 

microcystin concentrations. 

 High microcystin concentration is 

related to the presence of a high number 

of competitors under high nutrient 

conditions. 

 Thus, cyanobacterial fraction together 

with key nutrients has good potential to 

predict blooms toxicity. 

 Cyanobacterial dominance is correlated 

with low phosphorus and iron. However, 

high phosphorus and iron are associated 

with high microcystin concentration. 
 Correlations between the environmental 

factors and cyanobacterial and microcystin 

dynamics are different between lakes, due 

to local nutrient concentration and 

cyanobacterial community structure in the 

systems. 
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Table 6.1: Suggestions to improve the current cyanobacterial management framework (ANZECC 2000; WHO 2003; Watzin et al. 2006; Newcombe et 

al. 2010) derived from the results of this study. 

 Current approach Suggestions derived from the results of this 

research 

Justification for the suggestions 

Bloom 

prevention 

Nutrient reduction, artificial 

destratification and algaecides 

(Newcombe et al. 2010) 

1. The approach of reducing nutrient 

concentration should focus on multiple 

nutrients including phosphorus, nitrogen 

and iron. Therefore, hypolimnetic 

aeration may be a suitable approach as 

increasing DO will reduce the release of 

phosphorus, nitrogen and iron from 

sediment into the water column. 

Different cyanobacterial genera may 

benefit under different concentrations of 

phosphorus, nitrogen and iron species. 

Additionally, iron plays significant role 

in determining the dominance of 

cyanobacterial biomass in the 

phytoplankton community and the level 

of microcystin concentrations. 

Microcystin risk 

assessment 

Cyanobacterial cell count is used 

in conjunction with the relevant 

drinking or recreational water 

guidelines for toxins to assess the 

potential hazard of cyanobacterial 

blooms. Cell count is used to 

prompt toxin monitoring to 

further determine the hazard and 

risk of cyanobacterial bloom 

(ANZECC 2000, WHO 2003, 

Watzin et al. 2006, Newcombe et 

al. 2010, NHMRC 2011) 

1. The specific biomass-toxin correlation is 

needed for microcystin risk assessment in 

water bodies that are prone to 

cyanobacterial bloom. 

2. Nutrient quantification should be taken 

into account during regular monitoring, 

and it is important to establish nutrient 

profiles of the water bodies over time. 

3. The proportion of cyanobacterial biomass 

in the total phytoplankton community 

can be used together with cyanobacterial 

cell count to estimate the risk of 

microcystin contamination. 

1. Cyanobacterial microcystin content can 

vary significantly in a different location 

and under different local environmental 

conditions. 

2. Changes in nutrient concentration also 

affect cyanobacterial toxicity. Higher 

nutrient concentration is associated with 

higher microcystin concentration. 

3. Cyanobacteria are more toxic when 

present in a low percentage in the 

phytoplankton community. 
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Appendix 1 

RDA analysis showed that the dynamics of total and cellular microcystin concentration in 

the studied lakes were not significantly correlated (P >0.05) to cyanobacterial composition. 

Bimultivariate redundancy statistic (canonical R-square): 0.034 (adjusted R-square ) 

Permutation of raw data Y, F = 1.274, Prob ( 999 permutations) = 0.266  

 
RDA biplot of cellular microcystin (cMC) and total microcystin (tMC) with cyanobacterial 

composition (PL = Planktothrix spp.; AN = Anabaena spp.; ANP = Anabaenopsis spp.; ND 

= Nodularia spp.; MI = Microcystis spp.; CYN = Cylindrospermopsis spp.); solid lines = 

environmental variables; short dashed lines = response variables. Canonical axis 1 and 2 

represents a linear combination of the environmental variables, and axes are scaled by the 

square root of their eigenvalues. 
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Appendix 2 

RDA analysis showed that the dynamics of total and cellular microcystin concentration in 

the studied lakes were significantly correlated (P < 0.05) to phytoplankton community. 

Bimultivariate redundancy statistic (canonical R-square): 0.231 (adjusted R-square ) 

Permutation of raw data Y, F = 14.324, Prob ( 999 permutations) = 0.001  

 
RDA biplot of cellular microcystin (cMC) and total microcystin (tMC) with phytoplankton 

community (Chloro = chlorophytes; Crypto = cryptophytes; Diatom; and Cyano = 

cyanobacteria); solid lines = environmental variables; short dashed lines = response 

variables. Canonical axis 1 and 2 represents a linear combination of the environmental 

variables, and axes are scaled by the square root of their eigenvalues. 
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