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ABSTRACT 

 

The worldwide phenomenon Cyanobacterial Harmful Algal Blooms (cyanoHAB) occurs 

with a worrisome frequency in Atlantic Canada in summer-fall periods, especially in 

Nova Scotia (NS) and Moncton waterbodies (NB). This work shows the dominance of 

cyanobacterial species associated with their potentially produced toxins in the NS and 

Moncton lakes and an approach to determine the thresholds of cyanoHAB. Threshold 

Index (TRINDEX), a combination of nutrients (absolute deviation of oxygen from 100%, 

phosphate, nitrate) and pigments (chlorophyll-a and phycocyanin), is proposed to detect 

the onset of cyanoHAB based on the independent datasets of Mattatall (2015- 2017) and 

Torment (2016-2018) lakes in Nova Scotia, Canada. The threshold ranges were detected 

by using the receiver operator curve analyses. The phycocyanin-based TRINDEX was 

found as a more appropriate indicator to predict cyanobacterial blooms. The research 

work can contribute to the monitoring and management plan for public health and 

freshwater resources of these provinces and globally.  
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CHAPTER 1 INTRODUCTION 

 

1.1 Context of the Problem and Choice of Thesis Subject 

Algal blooms become a worldwide problem when marine and freshwater bodies, 

recreational as well as drinking water sources, suffer from a variety of blooms that could 

cause serious health issues for humans and animals due to their possible toxins. These 

toxic blooms, known as Harmful Algal Blooms (HAB) appear at a larger scale every year 

as a result of changes in environmental factors and climate.  

HAB are blooms created by phytoplankton or algae that are unfavorable for the 

environment and humans either by their accumulation of toxins in the water, anoxia or 

huge biomass production that can cause physical issues for other habitants (Glibert et al, 

2005). Among HAB family, cyanobacterial blooms (or blue-green algal blooms) in 

freshwater are my own research interest. The frequency and proliferation of 

cyanobacterial blooms have become more prominent every year due to climate change 

effects (Carey et al., 2004; Pearl and Paul, 2012). Not only damaging the view of lakes 

and stopping inhabitants from enjoying their waterbodies, HAB can also produce toxins 

during their life and decomposition after death.  The toxins released by cyanobacteria in 

freshwater sources can cause many health issues and death in certain cases (Chorus and 

Bartram, 1999). The water could become unhealthy even dangerous for human and 

animal consumption, and a poisonous source for fish and invertebrates. The economical 

losses due to the effects of cyanobacterial HAB in freshwater in recreational and fishery 

industries and drinking water supply systems are very significant. Therefore, to elucidate 
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the bloom pattern as well as dominant factors that influence the cyanobacteria 

productivity and govern their behaviour nowadays is one of the main goals of the 

freshwater research.  

The attempt to predict the bloom occurrence and proliferation under the complex context 

of environmental factors (nutrients, light, meteorological conditions, etc.) has led to the 

creation of many indices for the estimation of eutrophication.  The term ‘Eutrophication’, 

from the Greek origin, meaning Over fed, can be applied to both marine and freshwater 

bodies. This is a more general definition to describe the process of enrichment of 

nutrients, particularly nitrogen and phosphorus, which stimulates the aquatic primary 

production. In this process, there are more serious manifestations leading to the visible 

algal blooms, algal scums, enhancing the benthic algal growth of submerged and floating 

macrophytes (Vollenweider, 1992).  It is a well-known fact that trophic status of the 

waterbody can help to predict the phytoplankton growth. Less productive waters (low 

phytoplankton biomass) are called oligotrophic. They have clean water with low nutrients 

content. Mesotrophic waters characterize by medium nutrient upload and higher 

phytoplankton biomass.  The highest amount of nutrients is found in eutrophic 

waterbodies.  Eutrophic lakes are the most common places where HAB can develop 

(Oliver et al., 2012). Nevertheless, recent observations around the world also showed that 

oligotrophic lakes started to experience blooms as well (Anderson, et al.,2002; Sorichetti 

et al., 2014; Nimptsch et al., 2016) under the current climate change situation. This made 

the theory of eutrophication under a very serious argument that the trophic status 

degradation of a waterbody is not enough to be used as reason to explain the cause and 

consequent behaviour of cyanobacterial growth. 
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There exist several models and indexes that help to describe the trophic status of the 

waterbody and from that the phytoplankton productivity can be explained. Nevertheless, 

no previous work has been done to determine the threshold (onset) for the cyanoHAB 

occurrence.  

The first goal of my research is hence focusing on the determination of the threshold for 

cyanobacterial bloom occurrence. Starting from the original conception of trophic index 

(TRIX) suggested for marine water by Vollenweider (1998), my approach will adapt it 

and use it as index to estimate the bloom potential occurrence in the freshwaters, as well 

as to evaluate the freshwater quality relating to cyanoHAB presence. The combination of 

nutrient factors and algal pigments can be implemented for the threshold estimation of 

cyanobacterial bloom in freshwater.  For such concept, there is the need for a method that 

would allow to synthesize and insert all key data into a simple numeric expression to 

make information more comparable over a wide range of trophic situations, while 

avoiding the subjectivity in the usage of traditional trophic terminology. Moreover, this 

expression can be used for the prediction of bloom occurrence threshold in a combining 

context of nutrient and pigment present in cyanobacterial cells.  

The second and third goals of my research focus on the identification of the dominant 

species and their released toxins; and with these research outcomes, on how they could 

contribute to the monitoring and management plan for water quality, public health and 

freshwater resources at a provincial level in NS and NB. 
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1.2 Research Question/Objectives and Hypotheses 
 

Research question   

The current research targets the cyanobacterial Harmful Algal Blooms (cyanoHAB) in the 

freshwater environment with the following research question:’ Do thresholds exist for the 

cyanoHAB occurrence and proliferation in freshwater environment, and how could we 

determine them based on common monitoring data of nutrients and environmental 

parameters? And how can this information be used to predict blooms?’   

Following research objectives will be carried on elucidating this research question.  

Research Objectives 

1. To develop a new index coined Threshold Index (or TRINDEX) for cyanoHAB 

based on the TRIX concept proposed for marine environment by Vollenweider et 

al. (1998);  

2. To validate the TRINDEX by applying the real data from two Nova Scotian lakes: 

Mattatall Lake (Colchester and Cumberland counties) and Torment Lake (Kings 

County). 

3. To predict the bloom based on this TRINDEX notion 

4. To identify the main toxic species responsible for HAB and associating them with 

their released toxins (in some Nova Scotia and Eastern New Brunswick 

waterbodies) 
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Research Hypotheses 

Several hypotheses have been applied to this research plan. These are: 

1. The Trophic Index (TRIX) by Vollenweider et al. (1998) for marine water is 

completely applicable to freshwater environment. 

2. Phycocyanin is one of the main parameters that can be used for prediction of 

cyanobacterial blooms associated with nutrients 

3. Receiver Operating Curve (ROC) analyses is a useful tool for the setting of the 

threshold of cyanobacterial bloom appearance 

4. The bloom patterns in considered field locations are generated not by one specific 

strain, but possibly by various dominant species (to be identified), and they could 

or could not release toxins depending on the environmental factors. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Algal Blooms and Cyanobacterial Blooms 
 

Harmful Algal Blooms (HAB) can be caused by different types of phytoplankton such as 

eukariotic green algae or chlorophytes, dinoflagellates, cryptophytes, chrysophytes 

(including diatoms) and cyanobacteria in freshwater and marine environment (Pearl et al, 

2001). 

The focus of my study is the freshwater cyanobacteria, as they are the main responsible 

phylum for HAB in fresh waterbodies.  

The definition of the term ‘bloom’ is still under discussions. In the literature, a 

cyanobacterial bloom in freshwater can be considered if one of the following conditions 

is satisfied: 

 a) floating scums on the surface of the water body that can include more than     

20 µg/L of chlorophyll-a and total phosphorus more than 30 µg/L (Pick, 2016); 

 b) high quantity of cyanobacterial cells in the water (more than 20,000 cell/mL 

excluding picoplankton which is 0.2-2 µm in diameter) (Pick, 2016); 

 c) increase of the cyanobacterial biomass with the dominance (>80%) of only one 

or a few species within the phytoplankton community (Humbert and Fastner, 2017) 

 d) dominance of cyanobacteria by biomass more than 50% in the sample (Molot et 

al., 2014). 
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 e) 30±3µg/L of phycocyanin that is equal to 20,000 cells/mL and Alert 1 level by 

WHO (Brient et al., 2008).  

Some cyanobacterial blooms found in Nova Scotia and New Brunswick are presented in 

Figure 2.1. 

 

Figure 2.1: Cyanobacterial blooms in Nova Scotia and New Brunswick 

 

 

Cyanobacteria are the oldest organisms on the Earth (Pearl and Otten, 2013). They are 

prokaryotes with a size of 2-40μm, filamentous or coccoid shapes, living in groups 

(colonies) or individually (Osswald et al., 2007). Cyanobacteria are photoautotrophs and 

can adapt to very wide ranges of temperature and nutrient. Their light harvesting 

mechanism, which is different from the eukaryotic algae contain phycobiliproteins 

allowing cyanobacteria to absorb light from a wide spectrum (Oliver et al., 2012). In the 

fast-changing light environment, cyanobacteria regulate a light harvesting mechanism by 

reducing the number of light harvesting units and turn the energy into heat. This process 

is called photo-adaptation (Oliver et al., 2012). There is also a photoprotective 

mechanism that cyanobacteria use, named an energy dissipation mechanism (Oliver et al., 

2012). They have also a UV photoprotection mechanism: mycosporine-like amino acids, 

scytonemin that absorb UV light and help them to survive with high level of irradiance 
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(Pearl & Paul, 2012).  Among all phytoplankton, only cyanobacteria can fix N2 from the 

air in a low N environment. The ability to bind Fe3+ and convert it to the bioavailable 

form allow them cyanobacteria to get this important micronutrient from the water. 

Cyanobacteria have a buoyancy mechanism that allows to move in the water column 

using gas vesicle production to find the necessary nutrients (Carey et al., 2004). The 

mechanism of nutrient uptake gives cyanobacteria advantages compared to other 

phytoplankton when the upper water layer is nutrient depleted.  

All above information indicate that cyanobacteria have many opportunities to be 

prevalent and bloom under different environmental conditions.  

Cyanobacterial blooms have appeared more frequent in the last few decades and their 

duration has lasted longer in marine and freshwater environments (Pearl and Paul, 2012; 

EPA, 2013). The prevalence of cyanobacteria in the phytoplankton community under the 

climate change will follow by the increasing of cyanobacterial blooms events in the future 

(Carey et al., 2004).  The growth rate of cyanobacteria is slower than for other eukaryotic 

phytoplankton, so the longer residue time is required (Chorus and Bartram, 1999). Under 

conditions with increasing global temperature, these conditions will be more available. 

The problem of freshwater HAB has become a worrisome issue all around the globe 

especially for drinking water reservoirs (Asadollahfardi, 2015; Kotut et al., 2006; Liu et 

al., 2011; Oliver et al., 2012).   The lack of ground water sources and consumption of the 

water directly from the lakes and ponds are real problematic issues for hot developing 

countries in Africa and Asia. But Canada is not an exception. As the country that has the 

highest amount of freshwater resources, Canada is today facing the threat of cyanoHAB. 

Canada has over a million lakes and ponds with more than 1000 in NS. In some part of 
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Canada, excess fertilization has caused the eutrophication of lakes surrounded by 

agricultural lands. Lakes such as Lake Champlain, Lake Ontario, Lake Erie, Lake of the 

Woods (LOW), and Lake Winnipeg are good examples (Pick, 2016).  

There were no previous HAB surveys done to figure out the cause and origin of blooms in 

NS fresh waterbodies. Some surveys on water quality in general were done for areas such 

as Carleton river watershed (Yarmouth and Digby counties), which was monitored from 

2008 after the first signs of cyanobacterial scums noticed in Fanning Lake in 2007 

(Taylor, 2009). With a first survey of nine lakes (Provost, Nowlans, Hourglass, Placides, 

Porcupine, Parr, Ogden, Fanning, Vaughan), a bloom of Microcystis sp. was recorded in 

Nowlans Lake with a microcystin concentration of 0.3 µg/L (Taylor, 2009). The presence 

of Aphanizomenon sp. was registered in this lake as well. Fanning Lake had Anabaena sp. 

present with a high abundance. More lakes were added to the monitoring program in the 

Yarmouth area and from 2014, there were 14 different lakes in total including 9 in the 

2008 list (Stantec Consulting, 2017). However, the data from the lakes is not consistent as 

the sampling occurs infrequently and isn’t linked to the bloom occurrence. 

In Kings County, a monitoring program consists of 13 lakes within the boundaries of the 

Gaspereau River watershed, with the exceptions of Lake Tupper, located within the 

Cornwallis Watershed; as well as Hardwood, Torment and Armstrong lakes, which are 

located within the LaHave River watershed.  The monitoring program began from 1994, 

including the observation of basic parameters at one deep location for a period of 6 

months from May to October annually. Unfortunately, no information about blooms and 

identification of species are included (Marty and Reardon, 2016). 
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Therefore, a bloom monitoring program around the NS province with the identification of 

species responsible for blooms and their released toxins is a real need.  

 

2.2 Conditions Required for Extensive Cyanobacterial Growth 
 

Cyanobacteria are a natural and important component of aquatic ecosystems. However, 

some conditions lead to their extensive growth and appearance of HAB.  

According to Reynolds (1984) cyanobacteria blooms occur in rich nutrient environment. 

Though different cyanobacteria species have different optimal environmental conditions 

such as preference of light regime, temperature, amount of nutrients, and turbulence.  

The following information provides the most common factors which are important for the 

growth of cyanobacteria and explains their importance from the physiological point of 

view. 

 

2.2.1 Nutrients 

2.2.1.1 Nitrogen Forms 
 

Nitrogen is very important source for protein production. Adenosine triphosphate (ATP), 

nicotinamide adenine dinucleotide phosphate (NADP), deoxyribonucleic acid (DNA), 

RNA and amino acids contain nitrogen. The deficiency of nitrogen doesn’t allow the cells 

to produce proteins and to process the carboxylation. Almost all phytoplankton can use 

ammonium, nitrate and dissolved organic nitrogen, but only cyanobacteria has an ability 

to fix the atmospheric nitrogen allowing them to compete for nitrogen under the nutrient 

depleted conditions and retain the available nitrogen in the water. Nitrogen assimilation 
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influences the carbon dioxide fixation rate and carbohydrate storage which in turn, 

influences the cell growth (Oliver et al., 2012). 

Nitrogen under the form of ammonium diffuses through the cell walls (lipid and 

aquaporins) easily (Ritchie, 2013). Ammonia in the form of gas (NH3) can exist in the 

water in high pH and can diffuse through the cell walls as well (Markou et al., 2014). 

However, NH3 form is very toxic and can damage light harvesting protein complex in 

photosystem II in a high concentration (Markou et al., 2014). “Pump/leak” system helps 

to maintain the NH3 in the cell causing the leakage of it from the cell out when 

ammonium uptake occurs (Ritchie, 2013). Glutamine oxoglutarate aminotransferase 

(GOGAT) cycle requires ATP and NADPH for the ammonium transformation to the 

proteins. But this energetic cost is very low (1 ATP and 1 NADPH or ferredoxin per 1 

molecule of ammonium) (Oliver et al., 2012). To convert nitrite and nitrate to ammonium 

and further the energetic cost will be increased. The same amount of ATP is required but 

the number of electrons will be higher (8 electrons to transform NO2 to glutamate and 10 

electrons to transform NO3 to glutamate) (García-Fernández et al., 2004). That is why 

ammonium is always the preferable form of nitrogen to uptake than others. There is the 

special mechanism that inhibits the uptake of other N forms in the presence of ammonium 

called “nitrogen control” process (Oliver et al., 2012).  

Nitrite can be diffused through the cell wall or an active uptake is used by the cell. It is 

shown the toxicity effect of the nitrite on the cell if its concentration is more than 8 mM 

(Markou et al., 2014).  
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An active uptake is used by the cell to transport nitrate inside. Nitrate concentration more 

than 100 mM negatively influences on the growth of phytoplankton (Markou et al., 2014).  

Organic forms of nitrogen can be also utilized by cyanobacteria under N-stress (Chaffin 

and Bridgeman, 2014). The urea degradation happens under nickel dependent urease 

(Oliver et al., 2012). Arginine is catabolized by a combination of the urea cycle and 

arginase pathway (Oliver et al., 2012). The product of both cycles is ammonium and 

carbon dioxide. Uptake of urea can increase the toxicity of non-N-fixing cyanobacteria 

(Chaffin and Bridgeman, 2014).  

Nitrogen fixation is the unique mechanism of the N2 uptake. It is quite energetically 

costly process that require 16ATP and 8 electrons to receive 2 molecules of ammonium 

and 1molecule of hydrogen (Colón-López et al., 1997). Furthermore, nitrogen fixation 

cannot happen without available iron and molybdenum that are the structural components 

of the proteins (nitrogenase enzyme complex) that needs for the reduction of N2. But at 

the moment, when no other form of nitrogen available in the water, cyanobacteria switch 

the mechanism on the N2 fixation. Otherwise only uptake of dissolved nitrogen 

compounds goes. Nitrogen fixation is separated by time and space because Fe-protein and 

the MoFe-protein are disabled in the presence of oxygen (Corbett et al., 2006). ATP will 

be damaged with a contact of oxygen and nitrogenase will not be possible. Nitrogen 

fixation occurs at night when there is no photosynthesis and it uses the carbon storage 

accumulated from the daytime controlled by circadian clock (Oliver et al., 2012). 

Nitrogen fixation can happen at daytime inside of the special cell that called heterocyst 

commonly present in the filamentous cyanobacteria. Heterocyst is the cell with a thick 

wall contain extra glycolipid and polysaccharide layers to reduce gas diffusion and they 
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do not have photosynthetic harvesting mechanism. Heterocysts are not usually present in 

the filamentous algae if other forms of Nitrogen are available in the water (Oliver et al., 

2012). They start to appear in the N-deficiency conditions. The heterocyst produces ATP 

only and receive glutamate from the vegetative cells. Reduction N2 into the ammonium 

follows by GOGAT cycle: the reaction of ammonium with glutamate creates second 

amine: glutamine, that combines with 2-oxoglutorate and creates 2 molecules of 

glutamate; one of them will be used for the protein production and another one will be 

back to the glutamine cycle (Meeks and Elhai, 2002).  

Cyanobacteria cannot store nitrogen in their cells. However, according to some authors 

there are two storage compounds – phycocyanin which is the main pigment in the 

antennae and cyanophycin which is non-protein, co-polymer of arginine and aspartate 

(Meeks and Elhai, 2002). Cyanophycin only appears under the unstable nutrient 

conditions before the real nutrient limiting conditions are established. It is used by 

cyanobacteria until other mechanisms start to work under N-stress (Oliver et al., 2012). In 

N-stress environment, cyanophycin granules are degraded first, followed by degradation 

of the phycobilisome or light harvesting mechanism of photosystem II (Oliver et al., 

2012). But the degradation of phycobilisome is not a source of nitrogen but much more 

the down-regulation due to stress environment when the reduction of photosynthesis and 

re-dox reactions are followed. The cells can be in these conditions quite a long time – 

months. Therefore, there is no reasonable explanation to consider phycocyanin as a 

storage compound. 
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2.2.1.2 Phosphorus 
 

Phosphorus is one of the most abundant elements inside of the cell. Its content is 0.05-

3.3% of the cell (Markou et al., 2014). Phosphorus is the main element of nucleic acids 

(DNA, RNA), ATP, NADP, and phospholipids in the thylakoid membranes. Membranes 

create a barrier with two very important functions:  

a) separation of electrons and protons, which is a key mechanism for ATP 

production; 

b) provision of the proximity to transfer energy. 

The main form of the available phosphorus is the mineral forms that are most abundant as 

hydrogen phosphate (HPO4
2-) and small fraction of PO3

3- in the natural waters. There are 

not many studies focusing on the phosphorus uptake in cyanobacteria comparing to the 

nitrogen (Oliver et al., 2012). 

Mineral form (HPO4
2-) is preferable for the uptake. The phosphorus uptake in 

cyanobacteria does not differ from the same process in eukaryotic algae. It does not need 

additional energy for the transformation. The cells can store phosphorus in the special 

storage as polyphosphates called a “luxury uptake” (Markou et al., 2014). This storage is 

enough for the several cell doublings (Oliver et al., 2012). Phosphorus affinities are 

higher in cyanobacteria compared to eukaryotic algae (Molot et al., 2014). The 

concentration of phosphorus around 0.03 mg/L in the water is enough for the sufficient 

growth of the cyanobacteria (Šejnohová and Maršálek, 2012). It is shown that N-fixing 

cyanobacteria have lower uptake rate of mineral phosphorus than non-N-fixing 

phytoplankton (Suttle and Harrison, 1988).  
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Organic phosphorus can be also used like a source of phosphorus, but it should be 

converted into mineral form first (Markou et al., 2014). The cell produces the 

extracellular alkaline phosphatase to mineralize and mobilise organic phosphorus for the 

active uptake (Oliver et al., 2012). These are energetically costly reactions, and the 

mechanism of organic phosphorus uptake switches only under the phosphorus starved 

conditions (Markou et al., 2014).   

 

2.2.1.3 Iron 
 

Iron is an essential element for cyanobacteria as they require more iron than eukaryotic 

phytoplankton due to the difference in the light harvesting mechanism. But in the same 

time, the required iron proportion for the cell growth compared with nitrogen or 

phosphorus is very low and can be easily found in the fresh water. Iron is the part of 

enzymes (ferredoxin) used for nitrogen fixation and nitrogenase (Lis et al., 2015). It is 

also the part of “oxygen metabolism, electron transfer, DNA, RNA and chlorophyll 

synthesis” (Markou et al., 2014). There is a direct transport of Fe2+ into the cell. (Molot et 

al., 2014). However, iron has a low bioavailability in natural waters. Available Fe2+ form 

is converted into Fe3+ under oxygen conditions forming hydroxides and oxides which are 

insoluble and sink rapidly. But Fe2+ is available on the bottom if there are anoxic 

conditions. So, one of the way cyanobacteria can obtain Fe2+ from the bottom layer and 

sediment pore water from not very deep lakes is its migrating ability. 

In the oxygen saturated water column iron present in Fe3+ form is combined with 

dissolved organic matter (DOM). This combination creates a very strong complex that 

makes iron less available to uptake. Cyanobacteria as photosynthetic bacteria have a 
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special mechanism (siderophores) of trapping Fe3+ and transporting it into the cells. There 

are two types of siderophores: hydroxamate siderophores and catecholate siderophores. 

The first type is soluble in water and has less affinity to iron binding ability (Sorichetti et 

al., 2014). The second type is fat-soluble and has strong iron binding. It is on the surface 

of the cells. Special transport system let iron go to cytoplasm where reduction of Fe3+ and 

its accumulation occurs (Lis et al., 2015). Sorichetti et al. (2014) showed that the lower 

DOM presence in the water, the better assimilation of iron. Experimentally shown that a 

low concentration of iron depressed the growth rate of Microcystis wesenbergii and 

synthesis of chl-a by increasing of ATP activity (Šejnohová and Maršálek, 2012).  

Some other micronutrients such as molybdenum, cobalt, and nickel are also very 

important for the growth of cyanobacteria (Venkiteswaran, 2019). Molybdenum and 

cobalt together with iron are the part of enzymes used in nitrogen fixation. Molybdenum 

also plays role in nitrate reduction. Nickel is a part of an enzyme called urease.  

 

2.2.2 Water Temperature 
 

Temperature is the most important factor that triggers a variety of processes in 

phytoplankton and cyanobacterial communities. The higher the temperature the more is 

the uptake rate of nutrients and metabolic rate in the cells. Increasing the buoyancy of 

cyanobacteria has also happened with a higher temperature. Higher temperature also 

favours the increasing of the mineralization rate of nutrients and their availability. But all 

organisms have an optimal temperature for their best productivity. For the phytoplankton, 

the optimal range of temperature is generally not very wide (several degrees). At the 

temperatures higher than optimal range, cells tend to degrade due to the oxidative stress 
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and coagulation of the protein. However, cyanobacteria are more adapted to the 

temperature changes and various species of cyanobacteria can live in different 

temperature conditions including hot springs. Freshwater species have an optimal 

temperature of 17-25°C but they continue to grow even when the temperature is higher 

(Pearl and Paul, 2012).  

As the result of the global warming and climate changes, the increase of water 

temperature will be observed, and the cyanobacterial growth will be prevalent compared 

to other phytoplankton. Suttle and Harrison (1988) have shown that the competition for 

phosphorus uptake of diatoms decreased when the temperature went upper 17°C but 

increased for green algae and cyanobacteria. 

As shown by Carey et al. (2004), the buoyancy of cyanobacteria increased in warmer 

water and decreased in temperatures less than 15°C, resulting in their settling down at the 

bottom. This loss of buoyancy can be caused by the carbohydrate accumulation in the 

cells and down regulation of photosynthesis (Thomas and Walsby, 1986). But in the real 

conditions we could observe floating blooms even when the ice has covered the lakes. 

Therefore, optimal temperature is required to accumulate cyanobacteria biomass and 

create bloom, but after the growth continue even if the temperature decreased. 

Increasing temperature combined with low wind and high irradiance can generate the 

high probability for cyanobacteria growth if the nutrients concentrations are adequate. 

Finally, the hydrological characteristics of the lake play a significant role in the apparition 

of blooms. We can find more blooms in stagnant lakes than in flowing rivers. Therefore, 

quiet (stagnant) and small coves could be the first place where cyanobacterial blooms can 
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be observed. Hydrodynamic parameters in coupling with other factors can lead blooms to 

develop more in the same location or to proliferate at the larger scale later. 

Figure 2.2 below summarises the main factors contributing in cyanobacteria growth. 

 

Figure 2.2: Main factors in cyanoHAB development 

 

2.3 Damaging Consequences from CyanoHAB 
 

The extensive growth of cyanobacteria creates many problems for waterbodies, starting 

such as the uncomfortable smell, anoxia and toxins released in the water. Toxins are 

considered to be the most serious issue. There are two main categories of toxins produced 

by cyanobacteria: hepatotoxins and neurotoxins (Figure 2.3). Hepatotoxins are the toxins 

that damage the liver by the deformation of cells and following bleeding (in case of 

microcystin) (Camacho, 2008) or by their involve in protein synthesis, such as  

accumulation of fat in liver (in case of cylindrospermopsin) (Kokocinski et al., 2017).  

Neurotoxins have a small ring structure and are considered to be more toxic (Camacho, 

2008) damaging the nervous system leading to paralysis and respiratory failure (McLellan 
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and Manderville, 2017). All cyanotoxins are intracellular, that means that they can be 

found in the water only in case of cell lyses (Benayache et al., 2019). 

 

Figure 2.3: Freshwater toxins classification 

 

Microcystin is the most common toxin that can be found during bloom episodes of 

cyanobacteria in freshwater. Microcystis, Dolichospermum (Anabaena), Planktothrix, 

Aphanizomenon are genus that can be associated with the microcystin production in the 

water.  Microcystin is a cyclic heptapeptide with seven amino acids and molecular 

weights in the range of 890-1400 Da.  The chemical properties depend on the amino acids 

present in the structure (Figure 2.4). It is “cyclo-(-D-Ala1-X2-D-Masp3-Z4-Adda5-D-

Glu6-Mdha7-) where X and Z are variable L-amino acids, D-Masp is D-erythro-β-

methylaspartic acid, Mdha is N-methyldehydroalanine and Adda is (2S,3S,8S,9S)-3-

amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid” (Miles and Stirling, 

2017). The most variability is happening in position 2 and 4. The more toxic variants are 

more hydrophilic (the example is MC-LR) (McLellan and Manderville, 2017). As a result 

of the structure, it can not go directly across membranes into cells and, therefore, it affects 

on the liver that transfer organic ions in the body (WHOb, 2003). There are around 250 
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different variants of microcystin which have been discovered (Spoof and Catherine, 

2017). MC-LR is considered to be the most toxic (Catherine, 2017) and stable in the 

environment for many days. The half-life of microcystin is around 1 week in ambient 

conditions (WHO, 2003a). The guideline value for MC-LR in drinking water is 1.5 µg/L 

(Health Canada, 2014). For the recreational waterbodies, the total microcystin 

concentration is regulated and suggested to be less than 40 µg/L (Health Canada, 2012). 

 

Figure 2.4: The general structure of microcystins (Miles and Stirling, 2017) 

 

Anatoxin is the second group of toxins commonly found in the fresh water of Atlantic 

Canada (Hushchyna and Nguyen-Quang, 2018). Dolichospermum flos-aqua AKA 

Anabaena flos-aquae, Dolichospermum planctonicum AKA Anabaena planctonica, 

Oscillatoria sp., Aphanizomenon sp. and Cylindrospermum sp. produce this toxin (Chorus 

and Bartram, 1999). Some common analogs of anatoxins are in Figure 2.5. The molecular 

weight of anatoxins 166-210 Da. Anatoxin-a (C10H15NO) is the most common 

representative of this group. It is an alkaloid-like neurotoxin that is not stable in the 

environment for a long time. The half-life of this toxin is some hour under high pH and 
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extensive light (Smith and Sutton, 1993). The sub products of anatoxin-a are dihydro- and 

epoxy-anatoxins which are considered much less toxic (Bruno et al., 2017).  

 
 

Figure 2.5: The most common analogs of anatoxins 

 

The consequences of the toxins released during and after cyanobacterial bloom episodes 

are summarized in Figure 2.6. Released toxins in the water will directly influence human 

beings due to the consumption of water or food containing toxins. Economic losses in the 

fishery industry and recreational sector can occur. Water containing even small amount of 

toxins could be poisonous for wild and domestic animals as well as children if they 

swallow the water during their bath or swimming.  

 
Figure 2.6: Consequences of toxins released in the waterbody 
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2.4 Eutrophication versus Cyanobacterial Growth 
 

Historically bloom development was discussed and estimated based on indexes describing 

the eutrophication of the water. The classification of freshwater bodies according to their 

eutrophic status is one of the basis to estimate the productivity of the water systems.  

Usually, there are three categories: oligotrophic < mesotrophic < eutrophic. This 

classification is based on single factors such as dissolved oxygen (DO) (Wetzel, 2001), 

total phosphorus (TP) (CCME, 2004) and parameters such as chl-a, Secchi disk depth 

(Brylinsky, 2009; Carlson, 1977; Novotny & Olem, 1994; Serwan and Baban, 1996). The 

simplest index based only on one factor can be the TP level, chl-a, or cyanobacteria cell 

counts, suggested by the World Health Organization (CCME, 2004; WHOb, 2003) as risk 

factor for cyanobacterial bloom development.  In fact, chl-a is not a very useful and 

successful parameter to detect the cyanobacterial presence in the waterbody, because it 

represents all green pigments generated by microalgae and cyanobacteria in the water 

body without any distinction. This is the reason why WHO suggested in case of the high 

chl-a concentrations, measure toxins concentration must be measured in order to conclude 

about the cyanobacterial danger. This process is certainly longer and relatively expensive. 

Another pigment could be effectively used to deal with cyanobacterial determination: 

phycocyanin (PC). This is the accessory pigment present in light harvesting antenna of 

the photosynthesis system known as PSII. This pigment allows us to distinguish between 

cyanobacterial and other phytoplankton blooms and can be used in the model combined 

with other important environmental factors for cyanobacterial growth. However, research 

on PC relating to the risk of water quality are rare (Ahn et al., 2007; Brient et al. 2008). 

Moreover, PC is not currently used in any official guidelines of Canada. 
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Other similar indexes (based one or several coupled parameters) were also used by many 

researchers including Brylinksy (2009) and Novotny and Olem (1994) to define a lake’s 

trophic status. One common index in many studies is the mass ratio of total nitrogen (TN) 

to TP (Ndong et al., 2014). Estimation of a phosphorus load as a characteristic of trophic 

state was suggested for fresh waterbodies by Vollenweider (1975). Unfortunately, this 

index doesn’t count internal load from the sediments hence it is not very accurate.  

There are several indexes that have been created for inland water: Uhlmann/Verduin’ 

Index (using carbon, nitrogen, and phosphorus), Carlson’s Index (using Chl-a, TP, and 

Secchi disk values or transparency), Schroders Correlation Model (using a variety of 

nutritional and environmental factors), and the OECD Classification (using TP, average 

chl-a, peak chlorophyll, and transparency measured by Secchi disk) (Vollenweider, 

1998). Carlson’s index is commonly used by water managers, but it is not a very good 

tool as values of Secchi disk depends on many factors including the colour of water. It 

could be certainly overestimated as many lakes in Canada have a dark water colour. 

Vollenweider et al. (1998) suggested an index named TRIX to determine the trophic state 

for waterbody of a coastal marine zone. This index was tested in different marine zones 

such as the Adriatic Sea, Aegean Sea, Black Sea, Tyrrhenian Sea, and north-east of the 

Persian Gulf. This simple combination of factors that include productivity of an 

ecosystem (chl-a, deviation of oxygen saturation from 100%) and nutrients (total or 

dissolved form of nitrogen and phosphorus) under a logarithmic format makes it easy in 

use. There are very few studies or even no significant works using this index for 

freshwater research in lakes. Only one study on landscape lakes in the North China (Chen 

et al., 2013) used the TRIX results from Vollenweider et al. (1998) for fresh water 
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sources. However, the TRIX concept, in my opinion, is reasonable to be employed for the 

freshwater resources as it is the combination of key biological and hydro-chemical 

parameters in a ‘simple’ relationship without specific characteristics of marine 

environment.  

To sum up, there is still no accurate and precise indicator for the prediction of 

cyanobacterial growth. Moreover, no work has been done to determine the threshold that 

can estimate the cyanoHAB onset.  

 

2.5 Discrimination Test versus the Threshold Definition 
 

Discrimination tests is used for determination whether two samples are actually different 

(Amerine et al., 1965; Meilgaard et al., 1991; Peryam, 1958; Stone and Sidel, 1993). 

Discrimination tests, also known as threshold tests, are a useful method for detecting bias 

in decisions and for attempting to obtain the goodness of fit between model and data. In 

statistics, there are some different discrimination tests including Pearson Chi-Squared 

test, Classification tables, Hosmer-Lemeshow tests, and Receiver Operating 

Characteristic (ROC). 

The ROC analysis is classified as a well-known binary discriminator test which assesses 

the predictive power of a binary classification system to evaluate a model in a decision-

making process. This test, originally from a research domain coined "signal detection 

theory", was developed during World War II for the analysis of radar images. It was 

recognized as useful tool for interpreting medical test results and in many other fields as a 

method for evaluating the accuracy of analyses (Lerman et al., 2010). These techniques 

are now widely used in a number of fields, particularly medical research. For algal bloom 
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research, there were few pioneering works on the ROC analysis (Allen et al., 2008; 

Anderson et al., 2016; Elkadiri et al., 2016; Hamilton et al., 2009). However, these works 

were primarily focused on the evaluation of the predictive models coupled with satellite 

imaging process.  

For a detailed tutorial of the use of ROC curves and related metrics, refer to Brown and 

Davis (2006). Some representative features of the method while respecting the 

nomenclature of Brown and Davis (2006) are: the decision can be correctly positive (CP), 

correctly negative (CN), incorrectly positive (IP) or incorrectly negative (IN) (Figure 

2.7a). 

If a threshold criterion for data (TD) is set, divide the data into two groups, and then 

compare it with the model using the same threshold for model (TM), we can assess 

model–data similarity at that threshold, effectively assessing the model ability to 

discriminate that threshold. A model is said to be perfect when it gives CP and CN 

outcomes only; the more dispersed the model/data relationship, the more IP and IN 

conditions will occur and the worse the model performance. If we let TD vary with TM, a 

non-parametric measure of the model's ability to simulate a given variable will be 

obtained, which can be compared directly with other simulated variables.  

The correct negative fraction (CNF) and correct positive fraction (CPF) as defined in (1) 

will further assess the decision process. 

 

𝐶𝑁𝐹 =  
𝐶𝑁

𝐶𝑁+𝐼𝑃
  and  𝐶𝑃𝐹 =  

𝐶𝑃

𝐶𝑃+𝐼𝑁
          (1) 
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These fractions are independent of the actual numbers of positive and negative 

observations in the trials and express the rate of negative and positive observations 

correctly determined. A curve illustrating the model performance can then be determined 

by plotting CPF on the vertical axis and (1−CNF) on the horizontal axis (Figure 2.7b). 

CPF, or sensitivity, is the probability that case X classified correctly as above the 

threshold.  CNF (or specificity) appearing in the term (1−CNF), which is the probability 

that X classified correctly as below the threshold.  

The perfect model corresponds to a point in the top left hand corner of the Y axis (i.e. 

CNF=CPF=1), the top right (CPF=1, CNF=0) and bottom left (CPF =0 and CNF=1) of 

the diagram correspond to the extremes of the decision process where every trial is 

always deemed either positive or negative. A completely random predictor (CP=IP and 

CN=IN) gives a straight line CPF=1-CNF (X=Y, line of equality or random change). This 

can be explained by the fact that the threshold rises equal numbers of correct and 

incorrect positives occur. Results below this line are incorrectly predictive results. 

 

Figure 2.7: Schematic diagrams of a) discrimination analysis and b) binary discrimination  

  skill assessment curves (Adopted from Stow et al., 2009) 

 

Hence, ROC curves and assessments are displayed as in Figure 2.8. 
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Figure 2.8:  Schematic diagram of ROC analysis 

 

Consequently, the definition of the area under the ROC curve (AUC) was introduced as a 

criterion to evaluate the overall performance of the discrimination test. AUC is the 

percentage of randomly drawn pairs for which this is true (that is, the test correctly 

classifies two samples in the random pair and considered as a global estimate of 

diagnostic accuracy).  AUC may take values ranging from 0.5 (no discrimination) to 1 

(perfect discrimination). A rough practical guide for evaluating the accuracy of a 

discrimination test with the AUC criteria described as in Table 2.1 (Carter et al., 2016).  

 
Table 2.1: The AUC criteria to evaluate the accuracy of diagnostic test 

AUC value 0.9-1.0 0.8-0.9 0.7-0.8 0.6-0.7 0.5-0.6 

Evaluation excellent (A) good (B) fair (C) poor (D) fail (F) 

 

Another factor which can be used to estimate the effectiveness of the discrimination test 

is the Youden index J. The Youden index J (Youden, 1950) is defined as: 

J = max { sensitivityc + specificityc - 1 }      (2) 

where c ranges over all possible criterion values. 
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The Youden index J is commonly used to measure overall diagnostic effectiveness 

(Schisterman et al., 2005). Moreover, J is the maximum vertical distance or difference 

between the ROC curve and the diagonal or chance line. J was originally used to evaluate 

the test effectiveness and ranges between 0 and 1.  When J values are close to 1, it 

indicates that the effectiveness is relatively good, while values close to 0 indicate limited 

effectiveness. 

The method above is an easy and effective tool in the evaluation of defining of the 

thresholds of the binary data. Our details of calculations to apply this ROC analysis will 

be presented in methodology and in results sections.  
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CHAPTER 3 METHODOLOGY 

 

The methodology for this research includes two categories: 1)  the field sampling and lab 

measurements of relevant physical (temperature of water, in situ pH using YSI probe) and 

hydro-chemical factors (in situ dissolved oxygen DO and nutrients in the laboratory), as 

well as biological parameters (chl-a, PC, composition of species, toxins); and 2) 

mathematical model via a log formulation (TRINDEX) and Receiver Operating Curve 

(ROC) analyses to deal with the combining effects of the environment and complexity of 

collected datasets and thresholds of cyanobacterial bloom.  

Data were collected during the period 2015-2018 from May to November, mainly at two 

locations Mattatall Lake (Colchester County, NS) and Torment Lake (Kings County, NS) 

for the threshold and TRINDEX study. Related to the cyanotoxin research, other locations 

in NS and NB were also sampled and described in the next part. 

 

3.1 Field Locations 

3.1.1 Mattatall Lake 

Mattatall lake (ML) is approximately 5 kilometers in length, with the depth varying from 

approximately 1 to 10m, and an average depth of 4.5m. ML is mainly spring fed with 

some brooks. There is an outlet from the lake that drains into the French River. Human 

activities include a blueberry field and a forested area that has been clear-cut on the 

South-East part of the lake. With the data from two years (2015-2016), ML showed a 

moderately eutrophic level and contained potential toxic algal species (Hushchyna and 

Nguyen-Quang, 2017). The eutrophic status was explained by high level of mineral 

nitrogen in the beginning of summer 2015-2016 that led to a bloom of green algae 
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(Mougeotia sp.) in the middle of summer followed by a cyanobacterial bloom 

(Dolichospermum planctonicum) at late summer-autumn. Blooms followed an increase in 

the TP level.  

Starting in June of 2015, samples were taken frequently (monthly or bi-weekly depending 

on weather conditions) until November. The samples were taken at locations that were 

determined before the trip and remained constant throughout each field trip at the surface 

and bottom levels (Figure 3.1). Additional samplings were done at the locations where 

blooms were noted. In total the number of samples for an individual parameter varied 

from 354 to 413. The lake covers different trophic conditions depending on the season 

which provides a good perspective for evaluation of new index.  

 

Figure 3.1: Location of the tested lakes on the map (source: modified from Google map) 

 

3.1.2 Torment Lake 
 

Torment Lake (TL) is in East Dalhousie, Kings County (NS, Canada) in the upper 

LaHave River watershed system.  There is a chain of three interconnected lakes in this 

system from North to South: Chain Lake which drains into Armstrong Lake, which in 
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turn drains into Torment Lake. The latter is a shallow lake (with the maximum depth 

around 21 feet) with rocky floor and low sediment accumulation on the North. In the 

southern section, the deeper bottom configuration has a thin sediment layer. The lake is 

used for residential and recreational purposes where fishery, boating and swimming are 

main recreational activities. It is almost surrounded by a forest with one Christmas tree 

farm nearby.  The lake is dystrophic with a brown water, low pH, low carbonate level and 

high organic content (Marty and Ritchie, 2015). 

Algal blooms in TL were firstly and seriously noticed in 2014. However, there was no 

previous study as well as a monitoring program about water quality in this watershed. 

During 2014-2015, some nutrients were measured but there was no data connecting to 

biological aspects, except for some chlorophyll-a values irregularly monitored (once a 

month at one location for 6 months) as a part of Kings County lake water quality 

monitoring program (Marty and Ritchie, 2015; Marty and Reardon, 2016).  

BBML initiated its monitoring program in this lake and its data from 2015-2018 will be 

used for the model validation with a total number of sample equal 170.  

 

3.1.3 Other Waterbodies 
 

There were 10 different lakes sampled during 2015-2018 on a regular basis annually, 

presented in Figure 3.2 below. All these lakes will be used for the discussion of 

cyanobacteria species identification, responsible for blooms and their released toxins. The 

following paragraph describes three other main areas where waterbodies and their 
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watersheds have been investigated (additional to King County with Torment Lake and 

Colchester-Cumberland Counties with Mattatall Lake as above mentioned). 

 

 

Figure 3.2: Sampling locations for taxonomy and toxins in 2015-2018 

 

Yarmouth County is the Southeastern region of Nova Scotia, where cyanobacterial 

blooms became yearly events in the summer season from 2007 (Taylor, 2009). Three 

lakes within the Carleton river watershed were sampled during 2016-2018: Ogden, 

Fanning, and Vaughan (Figure 3.2). These lakes are used for recreational purpose with 

many cottages in the area. The lakes show interconnections between them: Ogden 

draining into Fanning, and then Fanning draining into Raynards; from the latter, water 

goes to Vaughan. Around Ogden Lake, there are residential and forestry activities. Lake 

Fanning has similar human activities on its watershed as found in Ogden, but there are 

additionally some mink farms. Vaughan Lake watershed is a mixture of residential, 
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forest, and mink farm activities on the Southern part of the lake (Stantec Consulting, 

2017).  

Digby County in NS is a neighbouring county to Yarmouth. Nowlans Lake is within the 

Meteghan river watershed. It has a single inlet on the East side and drains to Prime Lake 

on the west. The lake is very shallow with muddy shoreline. Most of the surrounded area 

is forest, but there are some residential areas and mink farms (Stantec Consulting, 2017).  

In New Brunswick we investigated reservoirs in the Great Moncton area, including 

McLaughlin, Irishtown, Turtle Creek and Tower Road.  

McLaughlin reservoir was used as the main drinking water supply for Moncton in the 

past. Nowadays it is a backup reservoir while Turtle Creek is the city Moncton’s main 

source of drinking water. The McLaughlin reservoir is surrounded by forest, and all its 

territory is fenced for its protection. There are no activities on the land surrounding the 

reservoir and no residents live in the area (Nguyen-Quang et al., 2018).  

Irishtown Reservoir, located in the heart of Moncton city, is used for recreational 

purposes such as kayaking, walking and other park activities. Blooms were observed in 

2015 and reported by Moncton authorities earlier. No cyanobacterial bloom was detected 

in 2016-2017, however, there were high level of cyanobacteria detected in its water 

samples (Nguyen-Quang et al., 2018). CyanoHAB was registered in July 2018 (Nguyen-

Quang et al., 2019). 

Turtle Creek reservoir is the drinking water supply reservoir of the city. On the upper side 

there is a Tower Road reservoir. The latter is the new artificial waterbody (less than 5 

years) that connects to Turtle Creek by dam with several gates. Before 2017 there were no 
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blooms identified in either reservoirs. In September 2017 a huge bloom spread over the 

Tower Road reservoir and it lasted approximately 1 month (Nguyen-Quang et al., 2019).  

 

3.2 Sample Collection Method 

The following is the list of equipment used in the field for data collection: 

1. GPS etrex 10 (Garmin, USA) fixes the point’s location; 

2. Portable depth sounder (Speedtech, USA) detects the depth of the sample location; 

3. YSI probe with 3 sensors (pH; dissolved oxygen (DO) in mg/L and %; 

conductivity and temperature) the length of the cable 4/20m (Professional Plus, 

Hoskin scientific LTD, USA); 

4. Van Dorn 2L bottle was used for water sample collection at depth; 

5. Portable sampler 6700 (ISCO, NE, USA) 

Water samples for different nutrient analyses were collected in duplicate as recommended 

by Canadian Council of Ministers of the Environment (2011) from the surface (0.5m) and 

bottom (1m above the bottom) in clean HDPE bottles. If the location was too shallow 

(less than 3 m) the water is sampled only from the surface level. All samples were stored 

in cool conditions until being taken to the laboratory. In case of a bloom or colouration of 

water, taxonomic samples were taken and fixed with acidic Lugol’s solution (Edler and 

Elbrächter, 2010). Related to cyanotoxin analyses, samples for microcystins were directly 

kept in PETG tubes while samples for anatoxin-a were preserved with a diluent at 1:10 

proportion in PETG tubes to slow down the degradation of anatoxin-a which is known as 

a very rapid process (Chorus and Bertram, 1999). All samples for toxin analyses were 

immediately frozen at -20°C in the laboratory and stored until the day of measurement.      
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3.3 Laboratory Methods 

This section will summarize four types of lab analyses that this research has involved, 

including 1) Nutrient analyses; 2) Pigment analyses; 3) Taxonomy identification; and 4) 

Cyanotoxin detection and measurements. More specifically, cyanotoxin detection and 

measurement were processed via three different approaches to cross-validate each other, 

including the direct and indirect ELISA tests (ELISA ADDA(DM) and ELISA 

multihapten) and LC-HRMS (ELISA stands for Enzyme-Linked Immunosorbent Assay 

and LC-HRMS is the acronym of  liquid chromatography coupled with high resolution 

mass spectrometry).   

Depending on the type of analyses, samples were processed at 3 different laboratories 

(BBML, Truro: all nutrients, pigments, direct and indirect ELISA tests; Department of 

Biology, University of Montreal: taxonomy identification; and NRC, Halifax: LC-MS 

analyses of toxins) and the following is the specific equipment used for analyses:  

a) Filtration system with vacuum pump (vacuum up to 70 cm Hg, pressure up to     

10 kg/cm2) 

b) Sonic Dismembrator System (Fisher Scientific, Model C-18, USA) 

c) Centrifuge 5430 (Eppendorf, Germany) 

d) Fluorometer Turner Designs 10AU (Hoskin scientific LTD, USA) 

e) Photometer (YSI 9300) (Hoskin scientific LTD, USA)  

f) Multi-scanner FC (Thermo Scientific, USA) 

g) Inverted Research Microscope “Olympus IMT-2” 

h) Q Exactive-HF Orbitrap mass spectrometer (ThermoFisher Scientific, Waltham, 

MA, USA) with an Agilent 1200 LC system (Agilent, Santa Clara, CA, USA) 
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i) Centrifuge Micro 6 (Fisher Scientific, USA) 

j) Ultrasonic cleaner Branson 1510 (Emerson Industrial Automation, Danbury, CT, 

USA) 

 

3.3.1 Nutrient Analyses 

 

Nutrients (nitrates+nitrites and phosphates) were measured in duplicate using photometer 

and tablet reagent system (YSI, 2010). Results are represented in the unit of mg/L. The 

calibration of the photometer was processed before every measurement using photometer 

colour standards (Hoskin scientific LTD, USA).  

The principle of photometer is based on the Beer-Lambert Law: the intensity of colour in 

the solution is proportional to the concentration of nutrient (Fleming and Williams, 1966). 

The basis of nutrients analyses (YSI, 2010) is: 

a) Phosphate was analysed by the reaction between ammonium molybdate and 

phosphate in the acid condition. Formation of phosphomolybdic acid followed its 

reduction by ascorbic acid and a change of the colour of the solution to blue. The 

range of measurements is from 0 to 4.0 mg/L with limit of detection (LOD) equals 

0.01 mg/L; 

b) Nitrate+nitrite method is based on the reduction of nitrate to nitrite under the 

reaction with zinc-powder. The solution was filtered through 0.2 µm hydrophilic 

polyethersulfone membrane filters to remove all fine particles. The resulting sum 

of reduced nitrate and nitrite was determined by their interaction with the 

sulphanilic acid and creation of diazo compounds. The reaction between diazo 
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compound and N-(1-naphthyl)-ethylene diamine produces the red colouring of the 

solution. The range of measurements is 0-1.0 mg/L with LOD equals 0.01 mg/L. 

 

3.3.2 Pigments Analyses 
 

The following are different reagents have been used during pigment analyses: 

 a) 90% acetone: 100 mL of distilled water was added to 900 mL of acetone ACS 

grade (95.5%; VWR Chemicals BDH, USA). Solution was kept at room temperature. 

 b) phosphate buffered saline (10xPBS): 80.0 g of sodium chloride ACS grade 

(VWR Chemicals BDH, USA); 2.05 g of potassium chloride Lab grade (Anachemistry, 

Germany); 2.00 g of potassium dihydrogenphosphate ACS grade (Anachemistry, 

Germany) and 11.50 g of di-sodium hydrogenphosphate anhydrous ACS grade (VWR, 

Life Science, USA) were mixed and add to the volume of 1 L. This solution, kept in the 

refrigerator, was diluted 10 times prior to use. 

The technique was as follows. For the detection of chl-a and PC the water was filtered 

through the Whatman glass microfiber filters GF/A (Whatman, GE Healthcare, Life 

Sciences, UK) with 1.6 µm pore diameter in green light conditions during the first hour 

after field trip. The volume of water to be filtered depends on the phytoplankton content 

and varies from some milliliters (in case of the bloom) to 300 mL (when the water being 

without visual presence of biomass). All filtration was done in duplicate for every type of 

pigment. The filters were wrapped in the foil and stored in the -80°C until the day of 

analyses. On the day of analyses, the samples were defrosting, filters with 5 mL of 90% 

acetone (for chl-a) or 5 mL of phosphate buffered saline (for PC) were sonicated for 30 

sec in 40 amplitude. Additionally, 5mL of 90% acetone or PBS were added. Two steps of 
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centrifugation in 3500g at room temperature for 10 minutes and 13000g at 4˚C for 1.5 

hours to purify the extraction were followed. The supernatant was diluted to 10 mL and 

analysed by Fluorometer Turner Designs 10AU (Hoskin Scientific LTD, USA). The 

excitation wavelength was 436nm with emission of light at 680nm for chl-a. For PC, 

excitation wavelength was 600nm with emission at 640nm. Different steps of the 

detection of chl-a and PC are represented in Figure 3.3. 

 

                  

        a) filtration    →    b) sonication →  c) centrifugation    →     d) measurements 
 

Figure 3.3: Steps in chlorophyll-a and phycocyanin analyses 

 

The calibration standards of both pigments provided by Beagle Bioproduct Inc. (USA). 

The LOD for chl-a is 0.05 µg/L; and for PC is 0.04 µg/L.  

Concentration of chlorophyll-a and phycocyanin were calculated by the following 

formula: 

C =
XX ×V4 (mL)×V2 (mL)

V3 (mL)×V1 (mL)
           (3) 

 

where C – concentration of chlorophyll-a/phycocyanin, µg/L; 

XX –result received from the fluorometer, μg/L; 

V1 – initially filtered water, mL; 
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V2 –volume of extractor (90% acetone or PBS) at the first step, mL (V2=10 mL); 

V3 –volume of supernatant used after centrifugation, mL; 

V4 –total volume of measured sample, mL, V4=10 mL. 

 

3.3.3 Taxonomy Identification 

The identification of species was processed at the Department of Biology of University of 

Quebec in Montreal (UQAM), following the inverted microscope method by Lund et al. 

(1958). This method was modified and developed by Utermohl in 1958 (Utermohl, 1958) 

for the inverted microscope and saved time without sacrificing the degree of accuracy and 

statistical validity of the method. Depending on the density of a sample, the necessary 

volume was sedimented for approximately 18 hours in the counting chamber of 10mL 

(Hydro-Bios counting chambers). Examination under the inverted microscope (Olympus 

IMT-2) is followed where fifteen fields, chosen at random (Z-course), were counted at 

40X magnification and at 10X magnification (cross). Identification of the species was 

done using identification documents (Bellinger and Sigee, 2015; Freshwater Algae of 

North America Ecology and Classification, 2003; Prescott, 1962) and was based on 

various criteria, such as: form of colonies, form of cells, terminal structures, cell contents, 

cell wall form and structures, presence or absence of sheaths, cellular extensions, etc. 

The prevalent species which generated blooms were determined. The origin of blooms in 

NS and Eastern part of NB as well as types of cyanobacterial species causing HAB in 

freshwater is still not well known. For NS, there is not enough historical data to sketch the 

distribution of cyanobacterial species in the province.   Therefore, data analyzed from ten 
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waterbodies from 2015 to 2018 was the basis for the creation of cyanobacterial species 

distribution map in using the GIS software.  

3.3.4 Analyses of Cyanobacterial Toxins 

Two main categories of freshwater toxins were analyzed from samples 2016-2018, 

including microcystins and anatoxins (Benayache et al., 2019).  The methods used to 

detect toxins in the water are in Figure 3.4.  

               

Figure 3.4: Methods of toxin detection 

 

In the context of this thesis, for the detection of microcystins, ELISA ADDA(DM) test 

was used in 2016-2018. ELISA multihapten and LC-HRMS tests were processed in 2017-

2018 in addition. For anatoxin analyses, anatoxin-a ELISA (Abraxis) was used in 2016-

2017, and LC-HRMS was used in 2017-2018.  

Total microcystins detected by 3 different methods previously cited were compared by 

using the Pearson coefficient of correlation (Witte and Witte, 2010) to cross-validate 

obtained values by different approaches.    
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3.3.4.1 ELISA Kits from Abraxis (Warminster, PA, USA). Direct   

  ELISA Test 
 

The method of detection of toxins is ELISA ADDA(DM) with the test kit is provided by 

Abraxis (Warminster, PA, USA). Three freeze-thaw cycles were applied to all considered 

samples before measurement to lyse the cells for detecting the total amount of toxins. 

Samples were filtered prior to analyses (glass fiber filters GF/C (Whatman, GE 

Healthcare, Life Sciences, UK) with size of pore 1.2 μm. All measurements were 

processed accordingly to the Abraxis procedure.  

The process of direct ELISA test is summarized in Figure 3.5. It is fundamentally based 

on the competition of binding for toxins and enzyme conjugate (microcystin or anatoxin-

a) to the anti-microcystin (or anti-anatoxin) antibodies in solution, and then binding to the 

goat anti-mouse antibody which was used for coating the wells. The microplate consists 

of 96 wells. This requires hence 38 samples for analysis in duplicate. Substrate solution 

contributes to the colour development and the colour intensity, representing the toxin 

level, is inversely proportional to the concentration of microcystin or anatoxin-a. Final 

measurements were read via the Multi-scanner FC at 450nm (Thermo Scientific, USA) 

which is shown in Figure 3.4. The quantified concentration is based on MC-LR/anatoxin-

a standards and 4-parameter evaluation. LOD is 0.15 µg/L.  
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Figure 3.5: The general scheme of toxin analyses by direct competitive ELISA 

 

The microcystins ELISA ADDA(DM) kit can be used to analyse the total amount of 

microcystin and nodularin in the same time. The principle is based on the recognition of 

the ADDA branch of the toxins which is present in nodularin as well. One of the 

disadvantages for this approach is that non-toxic ADDA appearing in the water after the 

microbial degradation of toxin can be also detected, i.e. final results could be 

overestimated (Harada et al., 2004).   

The ELISA kit for anatoxin-a measured only anatoxin-a content in the water samples. 

Advantages of both methods include the easy preparation step and the use of water 

samples directly from the waterbody.  

 

3.3.4.2   ELISA Multihapten (Norwegian Veterinary Institute, Norway).               

Indirect ELISA Test 
 
A new approach for microcystin detection (Toxicology Research Group, Norwegian 

Veterinary Institute, Norway) was found and used to compare this method with ELISA 

ADDA(DM) and LC-HRMS. Three freeze-thaw cycles were used to lyse the cells. The 

reagents used in this method were as follows:  
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 a) phosphate buffered saline (10xPBS) being prepared the same as for 

phycocyanin analyses (See 3.3.2. Pigments analyses). Stock solution (10xPBS) was 

diluted 10 times prior to use.  

 b) PBST: 0.5 mL of Tween 20 (Sigma Ultra, Germany) being added to 1L of PBS.  

 c) blocking/antibody buffer (1%PVP-PBST): 5 mL of 10% PVP stock (Veterinary 

Institute, Norway) being mixed with 45 mL of PBST before using. 

 d) sample/standard buffer: S/S buffer (10% methanol in PBS with 0.05%Tween 

20): 10mL of 10xPBS stock solution, 80 mL of distilled water (Ica River Spring Water 

Co.Inc, ON, Canada) and 10 mL of methanol HPLC grade (VWR Chemicals BDH, USA) 

being mixed. 50 µL of Tween 20 was added. 

 e) concentrated PBST: to 10 mL of stock solution PBS (10xPBS) 50 µL of    

Tween 20 was added. 

 f) 10% sulfuric acid: 20 mL of concentrated sulfuric acid (≥95-98% ACS, FCC, 

VWR Chemicals BDH, USA) was added to 180 mL of distilled water. 

 g) K-Blue aqueous TMB substrate (Sigma Aldrich, Canada) 

 h) sheep anti-microcystin antibody: 30 µL of sheep antibody 80289-5b 

(Veterinary Institute, Norway) was added to 6 mL of 1%PVP-PBST (See step c) just 

before using it. 

 i) second antibody conjugate: 13.8 µL of rabbit anti-sheep lgG (Santa Cruz, Italy) 

was added to 11mL of 1%PVP-PBST (See step c)  

 j) 96-wells precoated immunoplates were provided by Veterinary Institute, 

Norway 
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 k) standard of MC-LR (NRC; Halifax, NS, Canada) with concentration          

10.01 µg/mL was used for quantification. 

Lake water was filtered through glass microfiber filters GF/C (Whatman, GE Healthcare, 

Life Sciences, UK) with 1.2 µm pore diameter and adjusted with 100% methanol and 

salts (concentrated PBST (reagent (e)) to obtain 10% methanol concentration in the total 

volume.  

The method of indirect ELISA test is based on two steps of binding of the primary 

antibody and labeled secondary antibody (Figure 3.6). The primary antibody is incubated 

with the antigen. All antibodies which were not reacted are washed away. Enzyme linked 

second antibody conjugate is added and incubated. All remains, which were not stick to 

primary antibodies, are washed away. Adding of a substrate (TMB) change the colour of 

the samples because of the reaction with protein (second antibody conjugate). The 

intensity of colour is inversely proportional to the concentration of microcystin in the 

solution. 

 
Figure 3.6: Indirect ELISA principle (Samdal at al., 2013) 

The details of this test methodology could be found in Samdal et al. (2014).  
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3.3.4.3    LC-HRMS Analyses 
 

LC-HRMS distinguishes the analogs of microcystin and anatoxin in the water, which can 

not be done by ELISA. Three freeze-thaw cycles were used to break down the cells and 

release toxins. The samples were diluted 1:1 with 100% methanol and sonicated in a bath 

for 30 seconds after that.  

500 µL of all samples were filtered at 5.8rpm for 3 minutes using centrifugal filter units 

(0.45µm) and Centrifuge Micro 6 (Fisher Scientific, USA) and transferred to 1.5mL vials 

for the following LC-HRMS analyses.  

Formic acid with a purity >98%, ACS grade was from EMD, Gibbstown, NJ, USA. All 

solvents including methanol and acetonitrile were HPLC grade from Caledon 

(Georgetown, ON, Canada). Deionized water was provided by a Milli-Q water 

purification system (Millipore Ltd., Billerica, MA, USA). 

Q Exactive-HF Orbitrap mass spectrometer with a HESI-II heated electrospray ionization 

interface (ThermoFisher Scientific, Waltham, MA, USA) combined with an Agilent 1200 

LC system (Agilent, Santa Clara, CA, USA) were used. Analyses were performed with a 

Symmetry Shield C18 column (3.5 μm, 150 × 2.1 mm; Waters, Milford, MA, USA) held 

at 40°C with mobile phases A and B of deionized water and acetonitrile with 0.1% of 

formic acid in both. The same equipment, mobile phases and column were used for 

microcystin and anatoxin detection. 

Linear gradient elution for microcystin is in Table 3.1 and for anatoxin is in Table 3.2. 

 



46 
 

Table 3.1: Gradient of the mobile phases used in the microcystin procedure 

Time  

(min) 

Flow 

(mL/min) 

A: Water with 0.1% FA 

(%) 

B: MeCN with 0.1% FA 

(%) 

0.00 0.3 80 20 

18.00 0.3 10 90 

18.10 0.5 0 100 

21.00 0.5 0 100 

21.10 0.3 80 20 

25.00 0.3 80 20 

26.00 0.3 80 20 

 
 

Table 3.2: Gradient of the mobile phases used in the anatoxin procedure 

Time  

(min) 

Flow 

(mL/min) 

Water with 0.1% FA 

(%) 

MeCN with 0.1% FA 

 (%) 

0.00 0.2 98 2 

2.00 0.2 98 2 

15.10 0.2 80 20 

16.00 0.3 0 100 

20.10 0.3 0 100 

21.00 0.2 98 2 

25.00 0.2 98 2 

26.00 0.2 98 2 
FA – formic acid 

MeCN – acetonitrile 

 

Injection volume was 1–5 μL for microcystin and 1 μL for anatoxin. 

LC-HRMS worked in positive mode collecting data of full scan and data independent 

acquisition (DIA). 

Microcystins were detected from m/z 500 - 1400 using 72 m/z isolation windows.  

Anatoxins were detected from m/z 100 – 500 and MS/MS data were collected for 

suspected ATXs with a 0.7 m/z isolation window.  

Data processing was through Xcalibur version 2.3 (Thermo Fisher Scientific, San Jose, 

CA, USA). All microcystins and anatoxins in the lake samples were identified based on 
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masses’ fragments and expected retention time in comparison with standards and the 

reference material RM-BGA (NRC, Halifax, NS, Canada). Quantification of microcystins 

and anatoxins was done using certified mix of microcystins ( MC-LR: 3.07 µg/mL; 

dmMC-LR: 2.11 µg/mL; MC-RR: 0.34 µg/mL; nodularin: 2.02 µg/mL, Leu1MC-LY: 

1.18 µg/mL) and anatoxin-a (RM-ATX-a: 4.96 µg/mL) from the National Research 

Council (NRC) Certified Reference Material Program (CRMP; Halifax, NS, Canada). 

The method LOD in full scan was in average 0.5 µg/L for microcystins and 0.2 µg/L for 

anatoxins. 

 

3.4 Mathematical Model Conception 
 

Field experiments are necessary to elucidate various factors that affect algal blooms and 

their proliferation. However, parameters that can be determined in field experiments are 

limited due to their cost and time-consuming requirements, especially as we can never 

measure ‘all parameters’ involved in the pattern for comparison. Moreover, their 

combining effects on the cyanobacterial growth play a significant role more than each 

single factor. Therefore, the mathematical model is a good approach to deal with the 

coupling effects of governing parameters in the bloom occurrence and proliferation.  

Vollenweider et al. (1998) have developed a model named TRIX to evaluate the trophic 

level for the marine environment. Our modification and adaptation from Vollenweider et 

al. (1998) concept are reasonably applied for the freshwater resources as it is the 

combination of main biological and hydro-chemical parameters in a relationship without 

specific characteristics of marine environment. Moreover, incorporation of the 
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discrimination test to the model in order to determine the bloom threshold was first 

applied. 

 

3.4.1  Threshold Index (TRINDEX)  
 

As most of environmental data are not normally distributed, the square root or logarithmic 

transformation are the best ways to approximate the random data to the normal 

distribution form. Logarithmic transformation showed good results in the work of 

Vollenweider et al. (1998).  Our Threshold Index (TRINDEX) is developed in using the 

transformation from Vollenweider et al. (1998), precisely: 

 

X= 
𝑘

𝑛
∑ [

(𝑙𝑜𝑔𝑀𝑖−𝑙𝑜𝑔𝐿𝑖)

(𝑙𝑜𝑔𝑈𝑖−𝑙𝑜𝑔𝐿𝑖)

𝑖=𝑛
1 ]        (4) 

 

where X – index to be considered; 

 Mi – measured parameter i; 

 Li – lower limit (concentration) of the parameter; 

 Ui – upper limit (concentration) of the parameter; 

 k – number of degrees of the index; 

 n – number of variables. 

The choice of main parameters used for the threshold determination of cyanobacterial 

blooms was similar to the concept suggested by Vollenweider et al. (1998), that means:  

a) the absolute deviation of oxygen from 100% (D%O) shows the main processes 

of growth of phytoplankton which can be used for the detection of bloom onset;  
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b) nitrogen and phosphorus were chosen in the form of nitrate (NO3) and 

phosphate (PO4) as the main and necessary mineral sources of nutrients for cyanobacteria 

growth. Moreover, these components can be easily measured on the daily basis;  

c) chl-a suggested in Vollenweider et al. (1998) is not perfectly appropriate 

parameter for the cyanobacterial bloom detection. PC is therefore introduced into this 

conception as an alternative parameter to reflect the cyanobacterial presence in the 

phytoplankton community. 

To have an appropriate range to cover different trophic conditions, we used limits of 

detection (LOD) as the lower limit and maximum value obtained in measurements of 

considered variable for the upper limit. Therefore, the difference between upper and 

lower limits (𝑙𝑜𝑔𝑈𝑖 − 𝑙𝑜𝑔𝐿𝑖) was defined by the difference of maximum concentration 

and LOD for each parameter. The number of degrees k was chosen to be 10 as a scaling 

parameter. The number n is 4 in TRINDEX1 when there are 4 variables (PC, D%O, NO3 

and PO4 present in the formula) and n = 5 in TRINDEX2 when there is one more 

variable namely pigment, chl-a, present. The formulas for TRINDEX1 and TRINDEX2 

are as follows. 

 

𝑇𝑅𝐼𝑁𝐷𝐸𝑋1 =
10

4
× [

(𝑙𝑜𝑔𝑃𝐶 − 𝑙𝑜𝑔𝐿𝑃𝐶)

(𝑙𝑜𝑔𝑈𝑃𝐶 − 𝑙𝑜𝑔𝐿𝑃𝐶)
+

(𝑙𝑜𝑔𝐷%𝑂 − 𝑙𝑜𝑔𝐿𝐷%𝑂)

(𝑙𝑜𝑔𝑈𝐷%𝑂 − 𝑙𝑜𝑔𝐿𝐷%𝑂)
+

(𝑙𝑜𝑔𝑃𝑂4 − 𝑙𝑜𝑔𝐿𝑃𝑂4)

(𝑙𝑜𝑔𝑈𝑃𝑂4  − 𝑙𝑜𝑔𝐿𝑃𝑂4)
+  

(𝑙𝑜𝑔𝑁𝑂3 − 𝑙𝑜𝑔𝐿𝑁𝑂3)

(𝑙𝑜𝑔𝑈𝑁𝑂3  − 𝑙𝑜𝑔𝐿𝑁𝑂3)
] (5) 

 

𝑇𝑅𝐼𝑁𝐷𝐸𝑋2 =
10

5
× [

(𝑙𝑜𝑔𝑃𝐶 − 𝑙𝑜𝑔𝐿𝑃𝐶)

(𝑙𝑜𝑔𝑈𝑃𝐶 − 𝑙𝑜𝑔𝐿𝑃𝐶)
+

(𝑙𝑜𝑔𝐶ℎ𝑙−𝑎 − 𝑙𝑜𝑔𝐿𝐶ℎ𝑙−𝑎)

(𝑙𝑜𝑔𝑈𝐶ℎ𝑙−𝑎 − 𝑙𝑜𝑔𝐿𝐶ℎ𝑙−𝑎)
 +  

(𝑙𝑜𝑔𝐷%𝑂 − 𝑙𝑜𝑔𝐿𝐷%𝑂)

(𝑙𝑜𝑔𝑈𝐷%𝑂 − 𝑙𝑜𝑔𝐿𝐷%𝑂)
+ 

(𝑙𝑜𝑔𝑃𝑂4 − 𝑙𝑜𝑔𝐿𝑃𝑂4)

(𝑙𝑜𝑔𝑈𝑃𝑂4 − 𝑙𝑜𝑔𝐿𝑃𝑂4)
+

(𝑙𝑜𝑔𝑁𝑂3 − 𝑙𝑜𝑔𝐿𝑁𝑂3)

(𝑙𝑜𝑔𝑈𝑁𝑂3  − 𝑙𝑜𝑔𝐿𝑁𝑂3)
]                   (6) 

 

where PC – phycocyanin, mg/L; 

 Chl-a – chlorophyll-a, mg/L; 
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 D%O – absolute deviation of oxygen saturation from 100%; 

 PO4 – concentration of phosphate, mg/L; 

 NO3 – concentration of nitrate, mg/L. 

Our proposed TRINDEX is used for estimation of the risk of cyanobacterial blooms 

based on the thresholds for bloom occurrence combined nutrient factors and productivity 

of the system.  

 

3.4.2  Threshold Determination by Discrimination Test ROC 
 

Two main steps for threshold determination in this research can be described as follows: 

i) statistical process for data analysis of TRINDEX; and ii) capacity of prediction via the 

threshold being assessed by the ROC analysis.  

Precisely, the following sub-steps will be processed to evaluate the threshold using 

TRINDEX: 

 1. Calculation of TRINDEX accordingly to formula (5) to (6) for ML and hence 

deriving the threshold of bloom occurrence. 

 2. Performance of the discrimination test for 2 datasets ‘bloom’ and ‘no bloom’ by 

using the ROC curves and AUC (area under the curve), the confidence interval 95%, and 

the Youden Index J. 

 3.Validation of the discrimination test using data from TL 

 4.  Determination the threshold for bloom 

 5. Estimation of the TRINDEX effectiveness  

 6. Application study 
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All dataset obtained TRINDEX values from ML was divided on two groups: 0 – no 

bloom, 1 – bloom. The criteria for the bloom onset was chosen based on the work of 

Brient et al. (2008): 30±3µg/L (or 0.030±0.003 mg/L) of PC that is equal to             

20,000 cells/mL and Alert 1 level by WHO (2003b).  

The bloom threshold T as the root of a dichotomous decision process (term used by 

Brown and Davis, 2006) which is based on the variable TRINDEX that will drive the 

outcomes of decision, as positive (yes - bloom) or negative (no - no bloom) as follows: 

 

𝐷𝑒𝑐𝑖𝑠𝑖𝑜𝑛(𝑇𝑅𝐼𝑁𝐷𝐸𝑋) =  {
+   𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒, 𝑜𝑟 𝑏𝑙𝑜𝑜𝑚 𝑜𝑐𝑐𝑢𝑟𝑒𝑛𝑐𝑒 𝑖𝑓 𝑇𝑅𝐼𝑁𝐷𝐸𝑋 > 𝑇
−   𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒, 𝑜𝑟 𝑛𝑜 𝑏𝑙𝑜𝑜𝑚              𝑖𝑓 𝑇𝑅𝐼𝑁𝐷𝐸𝑋 < 𝑇

 (7) 

 

Assuming that TRINDEX does indeed have some ability to adequately discriminate 

between positive and negative situation, there are an infinite number of possible decision 

thresholds. These include three following possibilities (Figure 3.7): 1) threshold T1, 

calling all patterns positive with TRINDEX  ≥ T1, would correctly identify nearly every 

positive pattern, although a large proportion of negative patterns would inappropriately be 

called positive; 2) threshold T2  more of a balance is struck, as both positive and negative 

events are missed, and finally 3) T3 most negative events are correctly identified, but a 

large proportion of the positive patterns are incorrectly deemed negative as well.   
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Figure 3.7: Illustration of the occurrence of positive and negative observations versus TRINDEX 

(adapted from Brown and David, 2006) 

 

Four possible outcomes can result for each trial: correctly positive, correctly negative, 

incorrectly positive and incorrectly negative.  The area measures the discrimination, that 

is, the ability of the TRINDEX test to correctly classify those with, or without the 

‘disease’, i.e bloom occurrence (yes) or no bloom (no) respectively, as a binary variable.  

Therefore, we need the binary discrimination test for assessing the diagnostic accuracy 

(or discrimination performance) of quantitative tests throughout the whole range of their 

possible values, and it helps to identify the threshold T.  

Graphically, the cut off point was determined by rnorm function in R software. The 

overlapping point of two distribution curves (no bloom and bloom) was considered as the 

cut off point. 

For more precise detection ROC curve analyses was done using MedCalc and EXCEL 

softwares. All calculations of TRINDEX were rounded at 0.2 unit (eg. 0.2; 0.4; 0.6; etc.). 

Sensitivity (correctly positive) for every TRINDEX was calculated by assuming that the 

current and higher values of TRINDEX led to bloom (8). The incorrectly positive was 

calculated inversely in assuming that the current and higher values of TRINDEX cannot 
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lead to blooms (9). It is important to note that in following calculations, sensitivity and 

specificity were displayed in the percentage (%) instead of the fraction.  

Correct positive (Sensitivity) = ∑ Number of TRINDEX with bloom/ Total number of bloom cases            (8) 

Incorrect positive (100 - Specificity) = ∑ Number of TRINDEX with no bloom /Total number of no bloom cases       (9)  

Assessment of TRINDEX discrimination by AUC and Yonden index were also 

performed by Medcalc. 

All the same steps were done for the validation location (TL) (2015-2018) to serve as an 

additional way to recheck our approach. 

 

3.4.3  A Case of TRINDEX Application  

 
The effectiveness of the proposed TRINDEX will be discussed in using the samples 

collected at the same place (Dave’s Cove, Lake Torment) from 2016-2019. The location 

is assigned TDave in Figure 3.1). TL suffers yearly from Dolichospermum sp. blooms. 

Observations for the onset and within bloom episodes were processed bi-weekly or 

monthly depending on the weather conditions from 2016 to 2019 (in the summer - fall 

periods). Water samples were taken at every time of observation analyzed and used for 

calculations of TRINDEX. 

TRINDEX was calculated for each collection and discussed in comparison with the real 

observed bloom conditions. Details of calculations and results are shown in the    

Appendix B.  
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CHAPTER 4  RESULTS AND DISCUSSIONS 

 

4.1 Distribution of Cyanobacterial Blooms and Concerned Toxins  

4.1.1 Identification of Dominant Cyanobacteria Causing Blooms 

The map of cyanoHAB distribution in NS and NB is presented in Figure 4.1. Our 

observations and study from 2015 have shown that blooms in the region were mostly 

associated with potentially toxic cyanobacterial species. Some other blooms were formed 

by green filamentous algae: Mougeotia sp. formed huge biomasses in the water column or 

Spirogyra sp. which is green filamentous algae was attached to rocks on the bottom at 

shallow places. Usually, blooms can be distinguished by scums on the water surface, 

increasing algal biomass or changing the colour of water. Normally both cyanobacteria 

and green algae could generate blooms in one place but not at the same moment. 

However, cyanobacteria species can be found inside of green algae filaments very often. 

 

Figure 4.1: Dominant cyanobacteria species in Nova Scotia and New Brunswick 



55 
 

Geographically, two main directions of cyanobacterial distribution have been noted based 

on affected waterbodies shown in Figure 4.2: 

 1. First direction (South-North direction) includes Armstrong Lake and Torment 

Lake (King County, NS), Nowlans Lake (Digby County, NS), Ogden Lake, Fanning 

Lake, and Vaughan Lake (Yarmouth County, NS). 

 2. Second direction (East-West direction) includes Mattatall Lake 

(Cumberland/Colchester Counties, NS), McLaughlin reservoir, Irishtown reservoir, 

Tower Road reservoir and Turtle Creek reservoir (Westmorland County, NB). 

 

 

Figure 4.2: Two distribution directions of cyanobacterial development in Nova Scotia and New 

Brunswick waterbodies 

 

First direction of cyanobacterial distribution: The main dominant cyanobacterial 

species on the South-North direction is Dolichospermum flos-aquae (Figure 4.3 left) 

which is responsible for releasing two groups of toxins (microcystin and anatoxin). These 
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species were found in Yarmouth County lakes (Vaughan, Fanning and Ogden) and Kings 

County lakes (Armstrong and Torment). The lakes have been blooming from late May to 

November in 2015-2018. In this area, there is also Nowlans Lake which yearly 

experiences blooms in summer with a high biomass of Microcystis aeruginosa (Figure 

4.3 middle). This species is the main producer of microcystin.   

 

Figure 4.3: Dolichospermum flos-aquae (left), Microcystis aeruginosa (center) and 

Dolichospermum planctonicum (right) 

 

Second direction of cyanobacterial distribution: Dolichospermum planctonicum AKA 

Anabeana planctonica (Figure 4.3 right) is the second dominant species that mostly 

associates with anatoxin-a production. It has been found at East-West direction: Mattatall 

Lake and Tower Road reservoir. Late August seems to be preferred time for this species 

to accumulate its biomass and bloom in September (case of Tower Road reservoir, 

Moncton) and lasting till December (case of Mattatall Lake). 

The North area of Moncton is associated with a different cyanobacterial genus: 

Aphanizomenon. Two nearby reservoirs (McLaughlin and Irishtown in Moncton) have 

been found to contain species specifically from this genus: in Irishtown reservoir the most 

common bloom creator was Aphanizomenon schindlery, while in McLaughlin reservoir 
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Aphanizomenon flos-aquae was detected. They both could potentially release toxins 

during bloom episode, and this was proved by our measurements. In Mclaughlin blooms, 

we also found the presence of second cyanobacterial dominant species: Woronichinia 

naegeliana.  

Through our observations on this direction: Aphanizomenon schindlery has generated 

bloom only in summer (July, August) while Aphanizomenon flos-aquae has started to 

bloom in August and persisted till November. Regarding Woronichinia naegeliana, this 

species has shown a behavior quite similar to Aphanizomenon flos-aquae in 2016-2017 

(i.e bloom in August till November), but appearing earlier with small blooms in 2018. 

Most of cyanobacteria creating blooms in the region are filamentous, except Microcystis 

aeruginosa and Woronichinia naegeliana.  

The map in Figure 4.1 shows the need of monitoring cyanobacterial bloom program to 

improve the water quality monitoring system and management in Atlantic Canada for an 

early warning of HAB. 

 

4.1.2 Toxins Following CyanoHAB 
 

Associated with two directions of distribution of cyanobacterial species distribution 

previously defined, Figure 4.4 shows levels of toxins detected in considered waterbodies 

of NS and NB. In case that toxins were detected by more than one method (see the 

methodology part), the average concentration was reported in the graphs in Figure 4.4. 
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Figure 4.4: Toxins detected at monitored lakes 
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Starting from the South to the North, the discussion will firstly focus on watersheds in 

Yarmouth County. 

Lake Ogden was the first considered in the series of lakes monitored in the Carleton river 

watershed.  There are no lakes experienced bloom from the upstream of this lake in the 

same system (Stantec Consulting, 2017). Ogden Lake experienced heavy cyanobacterial 

blooms every summer in 2016-2018, usually in July or in August.  During heavy bloom 

in July 2016, no toxins were found in detectable concentrations (Table 4.1). In 2018 the 

samples were collected after bloom period. There were no microcystin and anatoxin 

detected. 

 Table 4.1: Concentration of toxins in Ogden Lake  

Location Date Microcystin (µg/L) Anatoxin-(µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 
LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS 
MC-LR MC-LY 

O1 07/13/2016 <0.15 - - - <0.15 - 

 06/03/2017 - - NF NF - NF 

 08/23/2018 - <0.05 NF NF - NF 

NF – not found 

The second lake in the Carleton river watershed is Fanning Lake which receives the water 

from Ogden, and very often experiences bloom starting after Ogden. In the same time, 

local cyanobacterial colonies independently develop (in the eastern part of the lake), 

creating blooms all over the summer till the beginning of fall. Small concentrations of 

microcystin and anatoxin-a were found in July 2017-2018 (Table 4.2). Late summer 

blooms have not contained any detectable level of toxins. In 2018, no toxins were 

detected. 
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Table 4.2: Concentration of toxins in Fanning Lake   

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 
LC-HRMS Anatoxin-a 

ELISA 

LC-HRMS 

MC-LR MC-LY 

Outlet 07/17/2016 0.72 - - - 0.21 - 

Jean’s 

Place 
07/31/2017 <0.15 - 

- - 
0.55 - 

Jean’s 

Place 
08/02/2017 0.88 - NF NF <0.15 trace 

Jean’s 
Place 

09/18/2017 - - NF NF - NF 

Jean’s 
Place 

06/27/2018 - - NF NF - NF 

Jean’s 

Place 
08/23/2018 <0.15 <<0.05 NF NF - NF 

Jean’s 
Place 

09/23/2018 - - NF NF - NF 

NF – not found 

Regarding Reynard Lake, the next waterbody in the chain after Fanning, has not shown 

any pattern of blooms during our 2 years monitoring period. However, Lake Vaughan, the 

right next one had experienced cyanobacterial bloom of Dolichospermum flos-aquae in 

the end of June 2016. No more bloom episodes during our monitoring program in 2016 -

2018 were detected in this waterbody. 

Moving to Digby county, Nowlans Lake has experienced Microcystis aeruginosa, a 

typical cyanoHAB during summer months every year.  Microcystins were hence yearly 

detected in this waterbody with the maximum concentration in July 2016 (Table 4.3). It is 

shown that MC-LR is the main analog found in blooms of this lake. 

Table 4.3: Concentration of toxins in Nowlans Lake   

Location Date Microcystin (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 
LC-HRMS 

MC-LR MC-LY 

N1 07/13/2016 2.52 - - - 

 09/02/2016 0.99 - - - 

 08/23/2018 0.25 0.18 0.24 NF 

NF – not found 
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Moving to the North direction to Kings County, some lakes in LaHave River watershed 

(Armstrong and Torment) were analysed. Lake Armstrong, located in the upstream of 

Lake Torment, had several bloom episodes during our monitoring period. In July-August 

(2016-2017), blooms of filamentous green algae Mougeotia sp. were prevalent. In June 

2018, scums of cyanobacteria Dolichospermum flos-aquae were observed. The LC-

HRMS method showed trace amounts of anatoxin-a present during bloom (Table 4.4). 

Microcystin was not identified in this waterbody. 

 Table 4.4: Concentration of toxins in Armstrong Lake   

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS 
MC-LR MC-LY 

A3 06/23/2018 - - NF NF - trace 

NF – not found 

Downstream in Torment Lake, the toxin analyses for this waterbody give the largest 

database among the others related to cyanotoxins in our research (Table 4.5). Toxin 

detection results for lake Torment show the lake has many particularities in cyanoHAB 

aspects and then need further research. The following are details of findings for toxin 

levels in Torment Lake. 

Microcystins: First toxins were detected in bloom on June 18, 2017. With LC-HRMS 

method it was detected the presence of MC-LR and MC-LY in all samples of 2017 at 

Dave’s Cove in Torment from September 9 to the last bloom episode on November 9. 

The concentration of these microcystin congeners was found increasing from September 

to November with a maximum value on November 9, 2017 (see Table 4.3).  In parallel, 

detection of microcystins was cross validated by using ELISA ADDA(DM) and ELISA 

multihapten (see details in Table 4.5). The September 9, 2017 data for all 3 methods 
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shows different results as with ELISA multihapten we obtained 2 times higher results  

(7.7 µg/L) than with LC-HRMS (2.5 µg/L of MC-LR and 0.9 µg/L of MC-LY), while 

ELISA ADDA(DM) gave the values being 3 times lower (0.95 µg/L) than with LC-

HRMS. The reason of this discrepancy could be explained by the different time of 

analyses after the sample collection: ELISA multihapten (April 2018), LC-HRMS 

(August 2018), ELISA ADDA(DM) (December 2018). The same tendency from ELISA 

multihapten is observed for samples of November 2 and 7, 2017: microcystins with this 

method were higher twice than the LC-HRMS results (it is important to note that 

November 2 and 9, 2017 samples also contained anatoxin-a as discussed below). On 

November 2, 2017 phytoplankton composition showed the development of 

Dolichospermum flos-aquae (abundance 3.87xE8cells/L, biomass 60761 µg/L) and 

Microcystis aeruginosa (abundance 6.56xE8 cells/L, biomass 42962 µg/L) together with 

the green macrophyte Cladophora crispate (abundance 6.1xE7 cells/L, biomass   

1188779 µg/L). Both cyanobacteria continued to grow and reached the biomass     

102,522 µg/L (abundance 6.5xE8 cells/L) of Dolichospermum flos-aquae and        

107,039 µg/L (abundance 1.6xE9 cells/L) of Microcystis aeruginosa in the plankton 

community on November 9, 2017. 

Analyses of 2018 data by all three methods shows close results from both LC-HRMS and 

ELISA multihapten approaches while ELISA ADDA (DM) gave higher concentrations of 

toxins. That could be explained by the degradation of toxins during the time storage even 

at -20°C. 

We also processed the frequent interval testing of samples at the same location (Dave’s 

cove, every 6-12 hours) on August 27 – 29, 2018. At 6pm of August 27, there was a 
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visible bloom with a high level of MC-LR (6.2 µg/L) registered. The sample at midnight 

had no toxins, that probably depends on the movements of cyanobacteria at night toward 

the bottom or on the prevalent wind direction. The sample of 12 hours later however gave 

very high amount of microcystin (MC-LR) by both methods LC-HRMS and ELISA 

ADDA(DM). All 3 methods showed very close results in microcystins detected. 12 hours 

later (August 29 at 6 am) concentration of total MC-LR was much higher than in the 

previous samples by LC-HRMS method. ELISA ADDA(DM) results, were only a little 

higher than previous. August 29 at noon, two different points in Dave’s cove were 

analyzed:  

 a) in Dave’s cove, the green algae Zygnema sp., Mougeotia sp., Spirogira sp. + 

Dolichospermum flos-aquae (abundance 3xE7 cells/L, biomass 5008 µg/L) are found 

developing on the bottom. MC-LR was detected by both LC-HRMS and ELISA 

multihapten. Results from both methods are in good fit with each other.  

 b) Dave’s cove the surface scum grew from Dolichospermum flos-aquae 

(abundance 6xE8 cells/L, biomass 1.2xE5 µg/L), Dolichospermum mendotae (abundance 

1xE8 cells/L, biomass 13340 µg/L), and Zygnema sp. (abundance 2xE7 cells/L, biomass 

3xE5 µg/L). Total MC-LR was found lower by ELISA ADDA(DM) than by LC-HRMS.  

No blooms were observed in the cove after that until October 4th. Analyses of total toxins 

in October gave the values of MC-LR (14.74 µg/L) and MC-LY (7.38 µg/L) by           

LC-HRMS. ELISA ADDA(DM) results also confirmed the MC-LR value (12.34 µg/L) 

but MC-LY cannot be detected.  November sample showed the absence of microcystins. 

Anatoxins: Only anatoxin-a with small amount was detected in 2017. With Anatoxin 

ELISA kit, we detected anatoxin-a in samples of June and August 2017 and with LC-
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HRMS, small concentrations of anatoxin-a were found in November samples. All the 

samples were analyzed by LC-HRMS in 2018, but no detectable toxins were found. 

Table 4.5: Concentration of toxins in Torment Lake   

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS MC-LR MC-LY 

TDave 11/16/2016 < 0.15 - - - < 0.15 - 

Tdave 06/18/2017 0.74 - - - 0.35 - 

T1’bottom 06/24/2017 < 0.15 - - - < 0.15 - 

T7 bottom 06/24/2017 0.24 - - - < 0.15 - 

Tdave 08/17/2017 - - - - 0.32 - 

Tdave 08/29/2017 > 5.00 - - - < 0.15 - 

Tdave 09/09/2017 0.94 7.70 2.15 0.90 - NF 

Tdave 09/16/2017 >25.0 - 20.2 2.40 - trace 

Tdave 10/29/2017 - - 57.8 7.90 - NF 

Tdave 11/02/2017 - 178 72.1 9.00 - 0.21 

Tdave 11/09/2017 - 1102 684 76.6 - 0.12 

Tdave 06/21/2018 - - NF NF - NF 

Tdave 06/23/2018 - - NF NF - NF 

Tdave 06/27/2018 - - NF NF - NF 

Tdave 07/05/2017 - - NF NF - NF 

 08/17/2018 - - NF NF - NF 

Tdave 08/27/2018 
6pm 

1.35 0.58 6.20 NF - NF 

 08/28/2018 

1am 
- - NF NF - NF 

Tdave 08/28/2018 

noon 
>100 - 91.0 NF - NF 

Tdave 08/28/2018 

6pm 
0.36 0.26 0.27 NF - NF 

Tdave 08/29/2018 

6am 
0.69 - 5.05 NF - NF 

Tdave 
surface 

08/29/2018 
noon 

2.14 3.13 6.65 NF - NF 

Tdave 
bottom 

08/29/2018 
noon 

0.67 0.82 0.75 NF - NF 

Tdave 10/04/2018 12.34 - 14.74 1.83 - NF 

Tdave 11/15/2018 <0.15 - NF NF - NF 

NF – not found 

Mattatall Lake (Cumberland and Colchester Counties) has mainly contained 

cyanobacterial blooms of Dolichospermum planctonicum (syn. Anabaena planctonica), 

which have been extremely prominent in 2014-2016. However, no blooms were detected 

after 2016 due to by our hypothesis that modifications of flow streams and outlet were 

done by the lake residents and shutting down the forest clear-cutting activity.  Two 2016 
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samples showed the absence of both anatoxin-a and microcystin (Table 4.6). This can be 

explained by the long storage time of samples (1 year) prior to analyses.  

Table 4.6: Concentration of toxins in Mattatall Lake 

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS 
MC-LR MC-LY 

Inlet 08/16/2016 ≤0.15 - - - ≤0.15 - 

Blain 10/04/2016 ≤0.15 - - - ≤0.15 - 

 

Moving to the west direction, the drinking water for Great Moncton, Tower Road 

reservoir, shows the same prevalent cyanobacterial species of Dolichospermum 

planctonicum with bloom patterns. Anatoxin-a was detected firstly in the water sample 

from this reservoir in August 2017 before visual blooms have developed. However, no 

toxins were found during bloom episodes of September 13-15, 2017. The bloom 

degradation (the end of bloom period) was accompanied by the anatoxin-a detection again 

in the waterbody. Microcystins, however, were not found in any water samples of this 

reservoir in 2017. In 2018, we did not observe any visible blooms in this reservoir, and 

neither toxins were detected. That could be connected to weather conditions which were 

quite different from 2017. 

Moving to the North of TRR, there is the first and current drinking water reservoir of the 

city: Turtle Creek.  Turtle Creek (TC) had an episode of filamentous algae development    

3 km from the Tower. This area is stagnant and shallow (1m deep). Filamentous green 

algae Mougeotia sp. (abundance – 3xE7 cells/L, biomass -1xE6 µg/L) were 

‘permanently’ found here and they are responsible for blooms appearing in this location. 

Also, Microcystis aeruginosa was found in small amount (abundance - 5xE6 cells/L, 
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biomass -330 µg/L). The latter can be probably the cause of intracellular toxins (MC-LR) 

found by our all three methods for the samples taken from this location, precisely,   

0.6µg/L (LC-HRMS) and 0.5 µg/L (ELISA multihapten) being close to each other. 

Concentration of microcystins in ELISA ADDA(DM) method was lower (0.16 µg/L). 

 Table 4.7: Concentration of toxins in Tower Road reservoir    

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS MC-LR MC-LY 

TRR1 11/08/2016 ≤0.15 - - - <0.15 - 

TRR1 08/21/2017 ≤0.15 - - - 0.19 - 

TRR1 09/12/2017 ≤0.15 - - - <0.15 - 

Spillway  ≤0.15 - - - <0.15 - 

TRR1 09/13/2017 ≤0.15 - - - <0.15 - 

TRR1 09/17/2017 ≤0.15 - - - 0.16 - 

TRR4 09/18/2017 ≤0.15 - - - <0.15 - 

TRR1 09/21/2017 ≤0.15 - - - 0.21 - 

TRR2  ≤0.15 - - - <0.15 - 

TRR3  ≤0.15 - - - 0.21 - 

TRR4  ≤0.15 - - - <0.15 - 

TRR5  ≤0.15 - - - 0.20 - 

TRR6  ≤0.15 - - - <0.15 - 

TRR7  ≤0.15 - - - 0.46 - 

TRRInletL  ≤0.15 - - - - - 

TRRInletR  ≤0.15 - - - - - 

Spillway  ≤0.15 - - - 0.41 - 

Spillway 

algae 

 ≤0.15 
- 

- - 0.26 - 

Spillway out  ≤0.15 - - - 0.28 - 

By-pass 10/10/2017 - - NF NF - NF 

TRR1 04/23/2018 - - NF NF - NF 

TRR7 06/19/2018 - - NF NF - NF 

TRR7/TRR8 08/14/2018 - <0.05 NF NF - NF 

NF – not found 

  Table 4.8: Concentration of toxins in Turtle Creek reservoir    

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS 
MC-LR MC-LY 

Old Dam 11/08/2016 <0.15 - - - <0.15 - 

TC1 08/14/2018 0.16 0.46 0.48 NF  - NF 

NF – not found 
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McLaughlin reservoir experienced mixed blooms of Aphanizomenon flos-aquae and 

Woronichinia naegeliana from August to November. These blooms developed in the 

spillway and north parts of the reservoir near the road.  In 2016-2017 late fall blooms 

didn’t release toxins in the water. However, August 2017 showed the presence of small 

amount of anatoxin-a near the road. In 2018 the early small bloom of Woronichinia 

naegeliana (in the beginning of June 2018) was detected at M8 location near the road. 

That was the first returning early bloom episode in this reservoir since 2016. However, 

toxins were not detected by using LC-HRMS method.  A bloom in this reservoir was 

found again near the road (outlet location) in August 2017/18. In the end of August 2017, 

the bloom was formed by Dolichospermum spiroides (biomass 50693 µg/L) and 

Aphanizomenon flos-aquae (biomass 49870 µg/L).  The algal accumulation at surface in 

the inlet area was captured on August 20, 2018 and showed the thin film of surface algae 

was generated by three different cyanobacterial species: Dolichospermum planctonicum, 

Aphanizomenon flos-aquae and Woronichinia naegeliana, with an abundance          

1.2xE9 cells/L and biomass 175,025 µg/L. It is also noted that this bloom started in the 

presence of huge filamentous green algae bloom of Mougeotia sp. in the same area.  

However, no toxins were detected by all 3 methods.  

In 2018, there was a mixed bloom of Aphanizomenon flos-aquae mostly with a presence 

of Woronichinia naegeliana developed only at spillway part.  LC-HRMS method did not 

detect any toxin, but ELISA ADDA(DM) showed low concentration of microcystins 

(0.17 µg/L). 
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Table 4.9: Concentration of toxins in McLaughlin reservoir    

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 

LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS 
MC-LR MC-LY 

M13 11/08/2016 ≤0.15 - - - <0.15 - 

M8 08/21/2017 ≤0.15 - - - 0.22 - 

M1/M8 10/25/2017 - - NF NF - NF 

M1 11/02/2017 - - NF NF - NF 

M1/M8 11/30/2017 - - NF NF - NF 

M8 06/07/2018 - - NF NF - NF 

M7/M8/M8’ 08/20/2018 <0.15 <0.05 NF NF - NF 

M1 10/15/2018 0.17 - NF NF - NF 

 NF – not found 

Multiples cases of toxins released were registered in Irishtown National Park reservoir in 

the downtown of Moncton city. In 2016 small concentrations of both kinds of toxins were 

detected in the end of August by ELISA approach (Table 4.10). There was no visible 

bloom observed but the biomass of Aphanizomenon schindleri was detected high    

(13,363 µg/L). In 2017, there was no bloom and no measurements of toxins. In 2018 the 

huge bloom of Aphanizomenon schindleri developed in the end of July in this reservoir 

near the park pedestrian bridge. No microcystins by LC-HRMS were recorded, but 

ELISA multihapten and ELISA ADDA(DM) methods detected small concentrations of 

microcystins. One sample from a near location to the bloom was analysed in 1 month 

after bloom episode. Cyanobacteria Aphanizomenon schindleri abundance was still high 

(abundance 2xE8 cells/L), but visually the bloom was dispersed. No toxins were detected 

at that moment. 

Table 4.10: Concentration of toxins in Irishtown reservoir   

Location Date Microcystin (µg/L) Anatoxin-a (µg/L) 

ELISA 

ADDA(DM) 

ELISA 

multihapten 
LC-HRMS Anatoxin-a 

ELISA 

LC-

HRMS MC-LR MC-LY 

I4 08/30/2016 0.23 - - - 0.40 - 

I2 07/27/2018 0.19 0.17 NF NF - NF 

I1 08/20/2018 <0.15 <0.05 NF NF - NF 

 NF – not found 
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To conclude about the cyanotoxin session: 

1) it could be said that mostly microcystins (with two congeners LR and LY) were found 

in many considered lakes associated with cyanobacterial bloom. Anatoxin-a with small 

concentration was detected after bloom episodes in certain waterbodies including 

Fanning, Torment, Irishtown and Tower Road Reservoir. The importance of an early 

detection and warning system related to HAB and toxins is therefore indispensable for NS 

and Great Moncton, NB.   

2) Statistical analyses of three different methods of detection for cyanotoxins as 

previously mentioned were conducted. In using Pearson coefficient of correlation, it is 

shown that there exists a mutual relationship between all three methods which is highly 

positive, i.e Pearson coefficient of correlations greater 0.9 with the maximum value 

obtained for ELISA multihapten and LC-HRMS (Table 4.11). 

Table 4.11: Pearson coefficient of correlation between methods 

Between methods R Number of samples 

LC-HRMS-ELISA ADDA(DM) 0.943 32 

LC-HRMS-ELISA multihapten 0.986 21 

ELISA ADDA(DM)-ELISA multihapten 0.923 21 

 R – Pearson’s coefficient of correlation 

 

However, there are also some discrepancies in the results between 3 methods due to 

following reasons: 
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 a) the storage time of samples after collection from the field: the longer samples 

accumulated in freezer the lower the results. The optimum time for sample storage should 

be less than one month (Zaffiro et al., 2016).  

 b) the difference in limits of detection (LOD): we noticed that LC-HRMS could 

not detect very low concentrations because its LOD was several times higher than the 

ones in ELISA methods. This makes ELISA methods more sensitive.  

 

4.2 Application of TRINDEX to Freshwater Environment (Mattatall Lake) 
 

4.2.1 Results Obtained from TRINDEX Application  
 

Our model is developed using ML data from 2015-2017. Basic statistical parameters are 

summarised in Table 4.12. The sample size differs due to extreme maximum values 

elimination. It is noticed that there is the fluctuation of data between no bloom and bloom 

periods. 

Table 4.12: Statistical data for Mattatall Lake 

 

Absolute 

deviation of 

oxygen from 

100% Chlorophyll-a Phycocyanin Phosphate Nitrate 

Number of samples 310 292 310 310 310 
Maximum value 100 1.59 1.80 1.52 1.70 
Minimum value 0.01 5.E-5 4.E-5 0.01 0.01 
Average 13.9 0.02 0.08 0.05 0.20 

Standard deviation 15.5 0.09 0.54 0.13 0.18 
    *All data in mg/L except deviation of oxygen which is dimensionless number 

  ** The minimum value is the detection limit of the method for each variable 

 

Appendix A shows a correlation between parameters for reference. It is important to note 

that Pearson’s coefficient of correlation represents only the linear correlation between 
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parameters, and this is not the case of our model where the non-linearity is dominant. 

This non-linearity between our chosen parameters can be seen via correlation of each pair 

of parameters for both lakes in Appendix A. 

The experimental data related to water parameters for both lakes (Mattatall and Torment) 

are not normally distributed. The use of log transformation therefore is one approach to 

convert them into the ‘normal distribution’ and TRINDEX can be then processed. Data 

used for the determining lower and upper limits are in Table 4.13. 

Based on Table 4.13 and formulas (5, 6) in the previous section, TRINDEX will be 

described as follows. 

 

𝑇𝑅𝐼𝑁𝐷𝐸𝑋1 = 2.5 × [
𝑙𝑜𝑔𝑃𝐶+4.4

4.7
+ 

𝑙𝑜𝑔𝐷%𝑂+2 

4.0
+ 

 𝑙𝑜𝑔𝑃𝑂4+2

2.2
+ 

𝑙𝑜𝑔𝑁𝑂3+2

2.2
]  (10) 

𝑇𝑅𝐼𝑁𝐷𝐸𝑋2 = 2 × [
𝑙𝑜𝑔𝑃𝐶+4.4

4.7
 + 

𝑙𝑜𝑔𝐶ℎ+ 4.3

4.5
 + 

𝑙𝑜𝑔𝐷%𝑂+2 

4.0
 +

 𝑙𝑜𝑔𝑃𝑂4+2

2.2
+  

𝑙𝑜𝑔𝑁𝑂3+2

2.2
] (11) 

 

  Table 4.13: Limits and ranges - Mattatall Lake data  

Limits and ranges Li Ui LogLi LogUi LogUi-LogLi 

Phycocyanin, mg/L 4.E-5 1.855 -4.4 0.3 4.7 

Chlorophyll-a, mg/L 5.E-5 1.692 -4.3 0.2 4.5 

D%O 0.01 1000 -2.0 2.0 4.0 

Phosphate, mg/L 0.01 1.52 -2.0 0.2 2.2 

Nitrate, mg/L 0.01 1.72 -2.0 0.2 2.2 
D%O – absolute deviation of oxygen from 100% 

Li – lower limit (concentration) of the parameter: LOD 

Ui – upper limit (concentration) of the parameter: maximum observed concentration 

 

The following Table 4.14 shows some statistical comparison for both TRINDEXes. It is 

observed that two TRINDEXes are quite close. Some discrepancies can be explained by 

the unequal contribution of each parameter during bloom scenarios. 
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    Table 4.14: Statistical comparison of TRINDEX1 and TRINDEX2    

 TRINDEX1 TRINDEX2 

Sample size 309 292 

Maximum 7.70 7.40 

Minimum 1.58 1.88 

Average 4.32 4.42 

Standard deviation 1.15 1.09 

 

 

4.2.2 Receiver Operator Curve Analyses and Threshold Determination 

 

It was noticed that points with hypoxia conditions on the bottom increased TRINDEX 

values without any signs of cyanobacterial bloom. Therefore, these data were removed 

from the computations. In the end our dataset for TRINDEX1 was 266 and for 

TRINDEX2: 249. The distinct scenario for both bloom and no bloom conditions for 

TRINDEX1 and TRINDEX2 using rnorm in R software is graphically represented in 

Figure 4.5. 

  

Figure 4.5: Distribution of no bloom and bloom cases TRINDEX1 and TRINDEX2, ML 

  

The normal distribution of no bloom and bloom cases for both TRINDEXes shows 

approximately the same value 5 as the possible cut-off point (Figure 4.5). However, this 

cut-off point should be validated by ROC curve analysis to precise the threshold value for 
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cyanobacterial bloom, as the graphical determination could not be accurate enough, hence 

leading eventually to the wrong estimation of bloom scenarios.  

The ROC curve analyses were processed through Table 4.15 (with field observation data) 

and Figure 4.6. Calculations for the correctly positive and incorrectly positive are the 

following. 

There were 266 values of TRINDEX1 from ML during 2015-2017 used in ROC analyses, 

among them 74 cases with bloom and 192 cases without bloom (Table 4.15). Single cases 

of bloom were detected when TRINDEX1 started from value 4 (Table 4.15).  It is 

observed that the higher TRINDEX1 (greater than 5.0), the more frequent bloom cases 

are recorded than no bloom cases. Therefore, the TRINDEX1 range from 4.0 to 5.0 is the 

marginal situation, where there is possibly no visible bloom sign but just only small 

disturbances of the environmental conditions (leading to a higher TRINDEX1) which 

could trigger the cyanobacterial bloom. When TRINDEX1 = 6.2, the bloom cases were 

the maximum (14 cases). 

There were 249 calculated values of TRINDEX2 (Table 4.15) with 75 bloom cases and 

174 no bloom cases. The lowest TRINDEX2 when bloom was observed is 4.4, and from 

TRINDEX2 = 5.2 the number of bloom cases occur more often than no bloom cases. The 

maximum number of no bloom cases were noticed when TRINDEX2 = 4.0 and the 

maximum bloom cases were when TRINDEX2 = 6.2. From above analyses, the 

proposition of transition range for TRINDEX2 is from 4.4 to 5.2 and the threshold value 

for bloom occurrence suggested is 5.2. 
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Table 4.15: Data for ROC curve of Mattatall Lake    

From the ROC curves (Figure 4.6), the appropriate threshold for bloom onset can be 

chosen. It should have the maximum sensitivity and at the same time the minimum 

incorrect positive cases. Two axes of our ROC curve are determined by the sensitivity 

100% (defined as the probability of correct positive results) and (100% - specificity) (the 
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1.60  1 1 100 100      

1.80  1 1 100 99  1 1 100 100 

2.00  5 5 100 99  1 1 100 99 

2.20  3 3 100 96  3 3 100 99 

2.40  3 3 100 95  4 4 100 97 

2.60  4 4 100 93  4 4 100 95 

2.80  12 12 100 91  4 4 100 93 

3.00  12 12 100 85  18 18 100 90 

3.20  5 5 100 79  6 6 100 80 

3.40  6 6 100 76  10 10 100 76 

3.60  17 17 100 73  18 18 100 71 

3.80  21 21 100 64  17 17 100 60 

4.00 2 21 23 100 53  26 26 100 51 

4.20 3 24 27 97 42  13 13 100 36 

4.40 3 13 16 93 30 1 13 14 100 28 

4.60 2 10 12 89 23 5 11 16 99 21 

4.80 4 11 15 87 18 2 7 9 92 14 

5.00 5 6 11 81 12 5 7 12 89 10 

5.20 7 4 11 75 9 4 3 7 83 6 

5.40 5 7 12 65 7 7 3 10 77 5 

5.60 8 2 10 59 3 10 2 12 68 3 

5.80 3 3 6 48 2 8 1 9 55 2 

6.00 4  4 44 1 5  5 44 1 

6.20 14  14 39 1 15 1 16 37 1 

6.40 5 1 6 20 1 7 1 8 17 1 

6.60 6  6 13 0 2  2 8 0 

6.80      1  1 5 0 

7.00 2  2 5 0 1  1 4 0 

7.20 1  1 3 0 1  1 3 0 

7.40      1  1 1 0 

Total 74 192 266   75 174 249   
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probability of incorrect positive results) are calculated. Precisely, the incorrect positive 

cases show TRINDEX are high but there are no blooms occurring, while the incorrect 

negative ones show the opposite scenario: TRINDEX are low but blooms are observed. 

The ROC curves (Figure 4.6) can show the cut off points (which are close to the left 

upper corner to represent the combination of the highest sensitivity and lowest incorrect 

positive). For TRINDEX1 the best combination of high sensitivity (81%) and low 

incorrect positive (12%) is equivalent to the point 5.0 in Table 4.15. So, all results of 

TRINDEX1 equal to or greater than 5.0 have to be considered as resulting in 

cyanobacterial blooms (with 19% of correctly positive results coming into transition 

phase). 

TRINDEX2 (Figure 4.6 right) has the best combination of high sensitivity (83%) and low 

incorrect positive (6%), equivalent to the value 5.2 in Table 4.15. Both ROC curves for 

TRINDEX1 and TRINDEX2 have the AUC value in the range 0.9-1.0 (p < 0.001) so can 

be evaluated as excellent (see Table 2.1). Therefore, there are two cut-off points: 5 can be 

considered as threshold for TRINDEX1 and 5.2 as threshold for TRINDEX2.                 

  

___  Receiver operating characteristic (ROC) curve 
----  95% confidence interval 

AUC – area under the curve 

Figure 4.6: ROC curves for TRINDEX1 and TRINDEX2, ML 
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4.2.3 Independent Verification of Received Results (Torment Lake) 
 

The independent verification was done based on TL data. Blooms appeared ‘randomly’ at 

the surface from June to November, increasing in frequency from 2014 to 2018, when our 

monitoring program was established. The problem of bloom was caused by 

Dolichospermum flos-aquae which can produce microcystins, anatoxins and saxitoxins. 

The species that created cyanobacteria blooms in TL are different from ML, but from the 

same genera. Therefore, TL can be a good validation site for the model.   

The normal distribution approach shows that the two cut-off points are: 4.6 for both 

TRINDEXes (Figure 4.7).  

The same analyses as for ML were processed for TL to validate these threshold values for 

both TRINDEXes (Table 4.16 and Figure 4.7).  

              

Figure 4.7: Distribution of no bloom and bloom cases TRINDEX1 and TRINDEX2            

(Torment Lake) 
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Table 4.16: Data for ROC curve of Torment Lake    

        

Analyses of 170 values of TRINDEX1and TRINDEX2 from TL (2015-2018) were 

computed. Among them 24 cases were bloom and 146 cases were without bloom (Table 
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1.60  1 1 100 1      

2.00  2 2 100 99      

2.20  2 2 100 98  2 2 100 1 

2.40  4 4 100 97  2 2 100 99 

2.60  8 8 100 94  4 4 100 97 

2.80  8 8 100 88  6 6 100 95 

3.00  5 5 100 83  13 13 100 90 

3.20  12 12 100 80  4 4 100 82 

3.40 1 13 14 100 71  16 16 100 79 

3.60 2 9 11 96 62  8 8 100 68 

3.80 1 15 16 88 56  24 24 100 62 

4.00  25 25 83 46 2 24 26 100 46 

4.20 1 16 17 83 28.8  16 16 92 29 

4.40  12 12 79 18 1 12 13 92 19 

4.60  5 5 79 10 2 10 12 88 10 

4.80 2 6 8 79 6  2 2 79 3 

5.00 1 1 2 71 2   2 2 79 2 

5.20 2 2 4 67 1      

5.40 3  3 58 0 1  1 79.2 1 

5.60 3  3 46 0 3 1 4 75 1 

5.80      2  2 63 0 

6.00      4  4 54 0 

6.20 1  1 33 0 1  1 38 0 

6.60 1  1 29 0      

6.80 4  4 25 0 1  1 33 0 

7.00      1  1 29 0 

7.40 1  1 8 0 3  3 25 0 

7.60      1  1 13 0 

7.80 1  1 4 0 1  1 8 0 

8.20      1  1 4 0 

Grand Total 24 146 170   24 146 170   
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4.16). Single cases of bloom were detected when TRINDEX1 started from value 3.4 

(Table 4.16).  It is observed that the higher TRINDEX1 (greater than 5.2), only bloom 

cases are recorded, and the maximum bloom cases (4 cases) happened when TRINDEX1 

= 6.8. At TRINDEX1 equal 5.0-5.2 the number of bloom and no bloom cases were the 

same. Therefore, it can be said that the TRINDEX1 range from 3.4 to 4.8 is the marginal 

situation. 

The lowest TRINDEX2 showing bloom is 4.0, and from TRINDEX2 = 5.2 the number of 

bloom cases occur more often than no bloom cases. The maximum number of no bloom 

cases were noticed when TRINDEX2 = 3.8-4.0 and the maximum bloom cases were 

when TRINDEX2 = 6.0. From above analyses, the proposition of transition range for 

TRINDEX2 is from 4.0 to 5.2 and the threshold value for bloom occurrence suggested is 

5.2. 

         

___   Reciver operatinf characteristic (ROC) curve 

----  95% confidence interval 

AUC – area under the curve 

Figure 4.8: ROC curves for TRINDEX1 and TRINDEX2, TL 

 

ROC curves showed that TRINDEX1 (Figure 4.8 left side) has the best combination of 

high sensitivity (79%) and low incorrect positive (6%), equivalent to the value 4.8 while 
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TRINDEX2 (Figure 4.8 right side) has the best one at sensitivity (79%) and incorrect 

positive (2%), equivalent to the value 5.0.  

 

4.2.4 Discussions on the TRINDEX Results from Two Independent Lakes 
 

To sum up the analysed information above, with ML, it is observed that TRINDEX1 has 

a range of values from 4.0 to 5.0, considered as the transition phase, i.e. potential for a 

bloom occurrence. The value 5.0 can be considered as a threshold. With TL, transition 

range for TRINDEX1 is 3.4-4.8 and 4.8 is a threshold. TRINDEX2 has transition phase 

with values 4.4-5.2 (ML) and 3.8-5.2(TL); the threshold is 5.2 for both lakes. 

Tables 4.17a, 4.17b and 4.17c also show calculations for TL data in comparison with ML 

calculations.  

  

 Table 4.17a: Statistical analyses of TRINDEX1 and 2 for both lakes (by using MedCalc)    

 
TRINDEX1 TRINDEX2 

Mattatall Torment Mattatall Torment 

Sample size 266 170 249 170 

Positive group a 74 (27.82%) 24 (14.12%) 74 (29.72%) 24 (14.12%) 

Negative group b 192 (72.18%) 146 (85.88%) 175 (70.28%) 146 (85.88%) 
 a results = 1 (having bloom) 
 b results = 0 (no bloom) 
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Table 4.17b: Area under the ROC curve (AUC) for data of the two lakes    

  
TRINDEX1 TRINDEX2 

Mattatall Torment Mattatall Torment 

Area under the ROC curve 0.926 0.887 0.961 0.956 

Standard Error a 0.0162 0.0465 0.0106 0.0226 

95% Confidence interval b 0.887 to 0.954 0.830 to 0.930 0.929 to 0.981 0.914 to 0.982 

z-score 26.237 8.324 43.505 20.172 

Significance level p (Area=0.05) < 0.0001 <0.0001 < 0.0001 <0.0001 
 a DeLong et al., 1988 (the method recommended by MedCalc to calculate standard  

 error and CI95%) 
 b Binomial exact 

 

Table 4.17c: Youden index for data from two lakes   

 
TRINDEX1 TRINDEX2 

Mattatall  Torment  Mattatall  Torment  

Youden index J 0.69 
 

0.73 

 

0.78 0.78 

 

From these results, we can see that ML data with AUC (TRINDEX1) = 0.926 shows that 

the discrimination test is excellent (95%CI: 0.887 to 0.954; p < 0.0001).  

The AUC (TRINDEX2) = 0.961 shows that the discrimination test is excellent (95%CI: 

0.929 to 0.981; p < 0.0001) as well. A test has (at least some) discriminatory power if the 

95% confidence interval of AUC does not include 0.50 (Carter et al. 2016).  

The results confirm the good fit of our threshold 5.0 (TRINDEX1) and 5.2 (TRINDEX2) 

for ML as the AUC = 0.926 and 0.961, that is, the discrimination test was excellent 

(Table 2.1).  

Tables 4.17a,b,c show comparison between LT and ML data in term of threshold and 

ROC curve analyses. Although the sample size of two lakes is different, number of 

samples (170 cases for analyses for LT compared to 266 values of ML) is enough for a 
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statistical significance (95% confidential interval, maximum error estimated around 0.2 

and standard deviation 1.17).  

An area of more than 0.9 (TRINDEX1: 0.926 and TRINDEX2: 0.961 for ML) implies 

that in a hypothetical experiment in which we randomly select pairs of positive cases 

(bloom) an incorrect negative result is low comparable to that of incorrect positive result. 

With the environmental factors that can affect the lake system, the random excitation can 

cause change of stability around the equilibrium point and beyond this equilibrium point, 

blooms occur, i.e., instability scenario will cause the HAB.  

Considering TRINDEX1 and 2 as ‘biomarker’ for bloom, J is significant in our tests: 0.69 

for ML TRINDEX1 and 0.78 for ML TRINDEX 2 (Table 4.17c). The results are similar 

for TL. 

The significant level represented by p-value is also needed to be discussed herein, as it 

stands for the probability that the observed sample AUC is found when the true 

(population) AUC is 0.5.  When p is small (p < 0.05) it can be concluded that AUC is 

significantly different from 0.5. There is therefore evidence that the laboratory test does 

have an ability to distinguish between the two groups ‘bloom and no bloom’.  

A brief comparison of TRINDEX1 and TRINDEX2 is made for two independent lakes 

(Mattatall and Torment) shown in Table 4.18.   
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Table 4.18: Comparison of statistical characteristics TRINDEX1 and TRINDEX2 for both lakes    

 

TRINDEX1 TRINDEX2 

Mattatall Torment Mattatall Torment 

Sample size 266 170 249 170 

Average 4.39 3.94 4.45 4.10 

Standard deviation 1.17 1.03 1.16 1.08 

Maximum 7.60 7.82 7.40 8.11 

Minimum 1.17 1.70 1.80 2.23 

 

From Table 4.18, it is noticed that the range of TRINDEX1 and TRINDEX2 is slighly 

different between two lakes. That could be due to the presence of different species and PC 

content as well as nutrients in two lakes. As TRINDEX2 combines both pigments PC and    

chl-a, it seems inaccurate for the prediction of cyanobacterial bloom thresholds due to the 

increase of chl-a by other phytoplankton rather than just cyanobacteria, hence increasing 

TRINDEX2 higher than the real threshold. Therefore, TRINDEX1 based only on PC 

seems the better indicator to estimate the threshold for cyanobacterial bloom than 

TRINDEX2.  The lowest value of TRINDEX1 when blooms appear in 2 lakes was 

chosen for the transition phase and the cut-off point was chosen is the theshold for bloom 

onset.   

 

4.3 Thresholds Suggested via TRINDEX and Application 
 

TRINDEX1 is our main recommendation for the bloom occurrence indicator.  In taking 

the results from two lakes into account, the final scale of thresholds can be proposed as 

follows:  

• When TRINDEX1 < 3.4: no bloom should happen;             
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• When TRINDEX1 is between 3.4-4.8: there will be a high risk of cyanobacterial 

bloom development; this range is the transition phase. 

• When TRINDEX1 > 4.8: cyanobacterial blooms are likely occurred. 

 

I would highlight some important points from this work as below:  

1) The original and modified TRIX with only chl-a cannot tell about the existence of 

cyanobacteria in the waterbody, but our suggested TRINDEX1 is able to do that. It 

is necessary to remind that TRINDEX1 is not an indicator like TRIX for trophic 

level of the lake, but indicator for the cyanobacterial bloom onset.  

2) Because the chl-a is a common pigment for all kinds of micro-plants and algae, and 

it varies significantly under different environmental conditions, therefore PC should 

play the main role in the indicator of cyanobacterial bloom threshold. From this 

point of view, the use of PC in TRINDEX1 leads to the possible prediction of 

bloom occurrence.  

3) The range called ‘transition phase’ should be understood as a ‘risk’ possibility or 

potential bloom, i.e. that can lead to unsteady situation and blooming immediately 

depending on many other factors, such as light, temperature, microelements etc. 

4) It is noticed that TRINDEX1 can be very high in the summer at bottom of the 

stratified lakes. As the oxygen is quite low at the bottom, it could completely 

increase the values of TRINDEX1 without any cyanobacterial existence. It is 

suitable to assume that the TRINDEX1 can be used in the epilimnion layer in case 

of stratification or all the depth of lake if there is no stratification.  
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5) Temperature is a very important parameter for cyanobacterial growth. However, this 

factor was not considered in our TRINDEX model due to the fact that different 

potentially toxic cyanobacterial species grow with various temperature ranges. It is 

assumed that TRINDEX1 could be used when temperature is greater than 15oC 

which is the lowest temperature observed in Atlantic Canada for cyanobacterial 

blooms to develop. 

6) Wind factors and light intensities were also not considered yet in TRINDEX due to 

their complexity and the lack of data. However, these parameters will be certainly 

taken into account in future research. 

Finally, the scheme in Figure 4.9 is suggested as a summarized management tool for 

bloom onset prediction based on TRINDEX. 

 

 

Figure 4.9: TRINDEX application for prediction of bloom onset 
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Figure 4.9 shows three scenarios of risk that could lead to a management decision for 

waterbody when dealing with bloom issue. 1) When no visible bloom conditions and 

TRINDEX<3.4, the monitoring plan for waterbody should follow its established routine; 

2) However, if no visible bloom on the surface, but TRINDEX of the lake goes between 

3.4-4.8, the risk for a cyanoHAB growth increases. A more frequent sampling plan with 

all nutrient parameters, plus taxonomy and toxins should be put in place. Also, the early 

warning signs could be placed at the affected areas in order to inform residents about the 

algal growth concerns. 3) In case of TRINDEX calculated greater than 4.8, the risk of 

blooming issues is supposed very high, and blooms even could be observed (on the 

surface) or not clearly observed (in case of their dissipation in the water column). In this 

last scenario, any activities for people and pets must be absolutely restricted from 

concerned waterbody. The monitoring plan should be more intensive during the bloom 

episodes.  
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CHAPTER 5 CONCLUSIONS 

 

Work done and Innovation of the research  

• Via the dataset of over 10 waterbodies in Nova Scotia and Moncton area of New 

Brunswick, two main distribution directions of cyanoHAB development in the 

region are discovered and monitored. Main species causing blooms in the region 

are well identified including Dolichospermum flos-aqua, Dolichospermum 

planctonicum, Microcystis aeruginosa and Aphanizomenon sp.  

• With these dominant species for toxic and potential toxic blooms, associated 

cyanotoxins are also identified. The main variant MC-LR of microcystins, among 

more than 200 known congeners around the world, was detected in many of the 

waterbodies cited above. The second congener MC-LY was found additionally in 

Lake Torment only in fall 2017-2018. For anatoxin family, Anatoxin-a (only one 

analog of anatoxins) was detected in 2017 by LC-HRMS at certain waterbodies in 

our study program. However, only small concentrations were detected in some 

samples.  

• The use of three methods for microcystin analyses is a pioneering work and this 

thesis can contribute to cyanotoxin research, not only in the Canadian context but 

also globally. The comparison and cross-validation of these three methods were 

well confirmed by Pearson’s coefficients of correlation. The thesis results show 

hence the importance of a long-term monitoring plan for cyanobacterial blooms to 

improve the water management system in Atlantic Canada. An accurate detection 

and estimation for the HAB consequences in freshwater are totally necessary in 

this region.  

• The suggestion of TRINDEX and its applications in freshwater can be considered 

as innovative technique for bloom prediction indicator. The proposed TRINDEX 

indicator can show the variation of cyanobacterial dominance in phytoplankton. 

Moreover, TRINDEX can orient towards the determination of threshold for HAB 

occurrence.  Different combinations of nutrients and pigments were introduced to 
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identify the best combination of factors that will influence on HAB before the 

formation of cyanoHAB bloom occurs.  

• It is also the first time the ROC analysis for discrimination tests is introduced in 

algal research to determine the threshold ranges. From there, a practical and easy 

applicable scheme to evaluate the bloom onset based on TRIDEX is suggested for 

water management and monitoring.  

 

Significance of the work and contributions to scientific knowledge  

• Prediction of cyanobacteria growth as well as cyanoHAB occurrence and 

proliferation will bring benefits to Nova Scotia, Atlantic Canada and the 

entire Canada where cyanobacterial blooms become yearly a very common 

and worrisome issue, as they are generated quite often by potentially toxic 

species. The outcomes of this work can significantly contribute to 

development of a monitoring plan and management of water quality, 

public health as well as to the lake management. Scientists and engineers 

from the water or algae-related fields, as well as ecologists can also get 

benefits from this research. 

• This work is the first done in the identification of cyanoHAB in NS and 

Eastern NB. Two dominant directions of cyanobacterial distribution were 

discovered. The cyanotoxins associated with these species are also 

detected. This step contributed significantly in the limnology knowledge, 

enrich the dataset of algal and environmental research for two concerned 

provinces, as well as to open many research avenues (see below).  

• This work is also the first one in systematic research on cyanoHABS and 

cyanobacterial toxins in both NS and eastern NB. 

• TRINDEX is the first indicator suggested for bloom onset prediction of 

cyaoHAB in the literature of algal research. This is not a single parameter 

index, but a combination of many involving factors in algal blooming. The 

proposed TRINDEX indicator significantly contributed not only to the 

study of cyanoHAB for detection of the bloom onset, but also to the 
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mathematical approaches and modeling stage with ROC analysis. The 

latter can be concluded as a state-of-art approach for the discrimination of 

binary data. The ROC discrimination test could be extended to many other 

environmental studies to deal with threshold issues. 

 

Future perspectives 

The thesis has opened many new avenues for the research on HAB in Atlantic Canada as 

well as in the entire Canada where numerous waterbodies were reported with invading 

harmful algal blooms last several years. Some of these avenues can be suggested as 

follows. 

• Our proposed TRINDEX should be tested with other lakes to confirm its ability to 

predict the beginning of cyanoHAB.  

• TRINDEX should be assessed with other factors such as wind and light intensity  

• Threshold determination needs to be more studied in the future in combining all of 

stressors for the onset of blooms. 

• More lakes and watersheds in NS and NB should be included in the general plan 

of study to support two distributions of cyanobacterial species or/and discover the 

new directions. 

• Determination of mutual relationships between toxin concentration and dominant 

cyanobacterial species detected in different seasons under different environmental 

conditions is a real need for water management and monitoring, leading to the 

development of bloom risk management program in Atlantic provinces. 
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APPENDIX A CORRELATION MATRICES BETWEEN   

   PARAMETERS 

   

        Table A1: Correlation matrix of chosen parameters in Mattatall Lake    

 D%O Chl-a PC PO4 

R (Chl-a) 0.022 

   

p-value 0.711 

   

R (PC) -0.003 0.952 

  

p-value 0.962 0.000 

  

R (PO4) 0.345 -0.005 -0.014 

 

p-value 0.000 0.928 0.812 

 

R (NO3) -0.096 -0.052 -0.098 -0.015 

p-value 0.092 0.373 0.086 0.793 

   

    Table A2: Correlation matrix of chosen parameters in Torment Lake       

 D%O Chl-a PC PO4 

R (Chl-a) 0.017 

   

p-value 0.827 

   

R (PC) -0.013 0.351 

  

p-value 0.862 0.000 

  

R (PO4) -0.104 0.202 0.042 

 

p-value 0.178 0.008 0.587 

 

R (NO3) -0.142 0.445 0.163 -0.023 

p-value 0.064 0.000 0.034 0.768 

 

 D%O – deviation of oxygen from 100% 

 Chl-a – chlorophyll-a 
 PC – phycocyanin 

 NO3 – nitrate 

 PO4 – phosphate 

 R – Pearson’s coefficient of correlation – Italic number: correlation should be considered 
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APPENDIX B APPLICATION OF TRINDEX 

 

 

Figure B1: Routine observations of bloom onsets at the same location, TDave 

 

Figure B1 summarizes observations and shows TRINDEX1 thresholds: for transitional 

phase beginning (green line) and for bloom onset (red line). The transitional phase is 

defined in between these two lines. These forty-one samples from regular observations 

during summers 2016-2019 at TDave are compared with the real visible blooms: there 

were 22 cases in total with stable blooms or just bloom onset. Among them thirteen cases 

with TRINDEX1 greater than 4.8 (stable bloom cases) and nine cases with TRINDEX1 

greater 3.4 but less than 4.8 (transitional cases).  

The evaluation of the model performance was done via Accuracy, Precision, Recall and 

F1 Score metrics. Precisely, among these 40 observations, we have: 

• Four incorrect positive cases (10%) 

• Twenty-two true positive (TP) cases 

• One incorrect negative (FN) case: 5% 

• Thirteen true negative (TN) cases:  

 

The accuracy of the model is defined by 
𝑇𝑃+𝑇𝑁

𝑇𝑃+𝐹𝑃+𝐹𝑁+𝑇𝑁
  and corresponds to 87.5%.    



99 
 

The recall or true positive rate (TPR) is  
𝑇𝑃

𝑇𝑃+𝐹𝑁
 , which is 95.7% in our case. This ratio 

defines how many real positive cases the model can predict.  

The precision of the model is given by the ratio 
𝑇𝑃

𝑇𝑃+𝐹𝑃
 which equals to 84.6%.  Precision 

can show how accurate the model predicts actual positive events. 

Finally, the F1 score is used to measure the balance between precision and recall and not 

focussing on actual negatives because the large number of true negative cases can 

influence on the accuracy of our predictions: 

F1 = 
2∗(𝑅𝑒𝑐𝑎𝑙𝑙∗𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛)

𝑅𝑒𝑐𝑎𝑙𝑙+𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛
=  

2∗(0.957∗0.846)

0.957+0.846
= 0.898      

In summary, the TRINDEX1 model which is applied to the real observation data from TL 

for 3 summers is 87.5% accurate, with a recall 0.95 (which is excellent as far above 0.5), 

a precision of 84.6%, and a F1 score near 0.9 (which is also very good as F1 defined in the 

range from 0 (bad test) to 1 (excellent test)). 

 


