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Abstract 

The emergence and persistence of algae blooms, comprising multiple toxicity-producing 

cyanobacteria genera, pose great threats to aquatic environments, to many native species, and to 

human health. In Ontario, cyanobacteria blooms were reported from across the province 

spanning 2009 to 2014, mainly occurring in Eastern Ontario as well as the southeastern part of 

Northern Ontario. Eastern Ontario is predicted to face increasing risk of cyanobacteria blooms in 

the future. microcystin-producing Microcystis is one of the dominant toxin-producing 

cyanobacteria genera, which presents many of the most significant challenges for water quality 

and public health. In this study, I develop and test a quantitative real-time polymerase chain 

reaction (qPCR) and environmental DNA (eDNA) approach to assess the distribution of 

microcystin-producing Microcystis in Eastern Ontario and estimate potential toxicity in 43 water 

bodies sampled in the summer of 2017. The qPCR assay was used to detect the Microcystin 

synthetase gene E (mcyE gene) in water samples. The limit of detection of qPCR was 3.06E+05 

copies/L for mcyE. microcystin-producing Microcystis was detected in 28 out of total 43 water 

bodies. My research proved that a qPCR assay developed to target Microcystis gene fragments 

was specific and efficient for rapid detection of Microcystis and for diagnosing its toxicity.  
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Introduction 

Cyanobacteria blooms in Canada 

There is mounting evidence that the magnitude and frequency of cyanobacteria blooms in 

aquatic systems are increasing around the world (Pick, 2016). Many reservoirs and lakes in 

Canada suffer from significant cyanobacteria blooms during summer and early fall (Padedda et 

al., 2017). As a result, aquatic environments and many native species, some of conservation 

importance, have been greatly negatively affected, and there is potential risk for public human 

health. Algae blooms have become part of regular weather bulletins with data provided by local 

health agencies in Canada. From the mid 1990s, large-scale cyanobacteria blooms have been 

observed through satellite in Great Lakes (Budd et al., 2001; Pick, 2016). At present, 

cyanobacteria blooms have been most serious in many large inland water bodies in Canada 

including Lake Champlain, Lake Ontario, Lake Erie, Lake of the Woods, and Lake Winnipeg. In 

2011, the cyanobacteria bloom was the largest recorded since observations began, extending over 

5,000 km2 in Lake Erie. Since then, various blooms in Lake Erie have been reported that contain 

toxic Microcystis, leading to beach closures and drinking water advisories on both the Canadian 

and US sides. From 2011 onward, the situation has become worse and the blooms more frequent. 

For example, the bloom in 2013 was one of the worst on record, which was the first time that a 

water treatment plant on the US side (Ohio) was taken offline in one small community because 

cyanotoxins reached concentrations exceeding treatment capacity. Many small blooms occur in 

most Canadian provinces each year but reporting is more consistent in some provinces than 

others, and such information is more widely disseminated in some than in others. In parallel, 

small inland lakes also show an increase in the occurrence and frequency of blooms (Pick, 2016).  
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In Ontario, cyanobacteria blooms were reported each year from 2009 to 2014, mainly 

occurring in Eastern Ontario but also in the southeastern part of Northern Ontario (OMEE, 2015). 

Near to Kingston, the Bay of Quinte, on the Ontario side, has a long history of cyanobacteria 

blooms (Watson et al., 2008; Nicholls & Carney, 2011). Winter et al. (2011) provided an 

analysis of Ontario cyanobacteria blooms and these have apparently increased significantly from 

1994 to 2010. Toxic blooms in Lake Erie have caused water issues in the city of Toledo, Ohio, 

and can potentially reach the shores of Ontario. Therefore, Eastern Ontario is predicted to face 

increasingly higher risks from cyanobacteria blooms in the future. Millions of people in Ontario 

depend on Lake Ontario for drinking water, recreation and economic development. Although the 

occurrence of cyanobacteria blooms has increased in the last two to three decades, and much 

research has been dedicated to research in this domain, it remains true that the presence and 

concentration of toxic versus non-toxic cyanobacteria strains are difficult to quantify. Current 

management policies to respond or mitigate to cyanobacteria blooms vary considerably among 

provinces, and local agencies typically are underprepared to mitigate cyanobacteria blooms 

particularly toxic ones (Pick, 2016). Thus, a major thrust of algal research is to develop cost-

effective and rapid methods to quantify the concentration of microcystin-produing Microcystis in 

natural water bodies. 

Cyanobacteria bloom and its potential toxicity 

Cyanobacteria are aquatic and photosynthetic prokaryotes, able to survive in nutrient-rich 

and poor conditions by outcompeting phytoplankton species for resources (Paerl & Paul, 2012). 

Eutrophication, a leading cause of degradation of many freshwater and coastal marine 

ecosystems, has long been synonymous with high cyanobacterial concentrations. Eutrophication 

is the enrichment of a water body with excess nutrients that can induce algae growth, which in 
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turn can cause further oxygen depletion of water body due to increased biomass (Chislock et al., 

2013). The enhanced growth of cyanobacteria can cause blooms that disrupt normal ecosystem 

functioning and can potentially cause a suite of problems including death of native fish and other 

aquatic animal inhabitants. Increases in human population density, and concomitantly industrial 

and agricultural activities, have resulted in increased rates of nutrient loading in many freshwater 

ecosystems (Davis et al., 2009). Two nutrients from human-derived sources, phosphorus and 

nitrogen, are of of most concern for eutrophication (Bowen & Valiela, 2001). In freshwater 

systems, phosphorus is one of the key nutrients influencing phytoplankton productivity, and 

previous research shows that lakes with high phosphorus concentrations often have abundant 

cyanobacteria biomass (Schindler, 1977). Excess phosphorus in natural environments stimulates 

Microcystis spp. growth, and is responsible for the most common harmful algae blooms in 

freshwater bodies (Anderson et al. 2002). Moreover, higher phosphorus levels result in higher 

microcystin content within individual cells of some cyanobacteria species (Davis et al., 2009).  

Nitrogen is also an important nutrient for cyanobacteria growth (Xu et al., 2010). Many 

cyanobacteria genera are diazotrophs and thus fix atmospheric nitrogen. However, some of the 

most toxic cyanobacteria, including Microcystis spp., depend on exogenous nitrogen sources for 

growth and toxin synthesis (Berman and Chava, 1999; Davis et al., 2010).  

Cyanobacteria can frequently form harmful blooms typically associated with poorly 

flushed and eutrophic water and harmful cyanobacteria blooms have become a global public 

health and environmental concern (Magana-Arachchi et al., 2009; Davis et al., 2010). Vaitomaa 

et al. (2003) showed that many eutrophic freshwater bodies worldwide are facing high potential 

risk of forming blooms including ones containing toxic cyanobacteria. Toxin-producing 

cyanobacteria have been recognized as among the most ecologically-damaging taxa in fresh 
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water, and many studies have examined their ecology especially as this relates to mechanisms 

that underlie blooms (e.g. Zingone & Wyatt, 2005). Approximately 59% of cyanobacteria 

blooms contain toxins such as microcystin (Rantala et al., 2006) that are difficult to control and 

can persist in the environment. microcystin-producing cyanobacteria blooms are most commonly 

formed by Microcystis species, and up to 95% of cyanobacteria blooms formed by Microcystis 

species can produce microctstin (Qiu et al., 2013); these pose a significant threat to drinking and 

irrigation water supplies as well as recreational water bodies. Microcystis, is a genus of 

cyanobacteria that is a well-known producer of microcystin and toxic cyanobacteria blooms. 

Several studies have quantified environmental parameters that best predict the presence of 

microcystin-producing Microcystis, helping us to better understand conditions that foster its 

growth. For instance, microcystin-producing Microcystis has been found to exhibit optimal 

growth at temperatures around 25 °C (e.g. Paerl & Huisman, 2008, Davis, 2009); the optimal pH 

for microcystin-producing Microcystis growth is found around 8.6 (e.g. Zehnder & Gorham, 

1960; Xu et al., 2009). However, few studies have focused on underlying causes of the growth of 

microcystin-producing Microcystis. 

Microcystin 

Microcystins are a chemically diverse group of cyanotoxins that are hepatotoxic and are 

reported to disrupt the liver cytoskeleton via serine-theonine inhibiting protein phosphatases 1A, 

potentially causing serious liver damage (Falconer, 1998; Park, 2017). The incidence of the 

domestic and wild animals poisoning, and human health issues attributed to exposure to 

microcystin and other cyanobacterial toxins has been well-documented likely because of their 

greater persistence in aquatic environments compared to anatoxins (Mazur & Plinski, 2001). 

Davis et al. (2010) show that harmful cyanobacteria blooms often contain both toxic and non-
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toxic strains of the same species, but are morphologically and taxonomically indistinguishable. 

In addition, for a given toxic strain, the microcystin content in individual cyanobacterial cells is 

variable. Therefore, the microcystin toxicity of a cyanobacterial bloom is determined by both the 

abundance of toxic cyanobacterial strains and the amount of microcystin produced by each cell. 

Toxic Microcystis cells possess a suite of microcystin synthesis genes (mcyA-mcyJ) that non-

toxic strains do not (Davis et al., 2010). The mcy gene cluster has been fully sequenced for 

microcystin-producing cyanobacteria species (Tillett et al., 2000), and thus toxic and non-toxic 

microcystis strains should be distinguishable using PCR surveys for the mcy gene. 

Microcystins comprise a group of small peptides with amino acids differing principally at 

two positions providing well over 70 different variants or ‘congeners’ (Chorus & Bartram, 1999). 

As such there is considerable variation in their persistence, capacity for bioaccumulation, and 

toxicological properties, but the vast majority of microcystins have not been well studied in 

terms of these environmentally relevant characteristics; this is partly hampered by the lack of 

standardized chemical analyses for their identification and quantification. Methods continue to 

improve in specificity and sensitivity, but most require mass spectrometry and a high level of 

analytical expertise (Roy-Lachapelle et al., 2015). Because of the adverse effects that I have 

already noted, many counties have begun to monitor the cell densities of microcystin-producing 

Microcystis and concentrations of microcystin in water bodies (Vaitomaa, 2003). Most methods 

for measuring biomass of cyanobacteria in water bodies rely heavily on conventional 

microscopic techniques, such as counting using a hemocytometer or a counting chamber under a 

microscope (e.g. Fitts, Laird & Marshall, 2004), Microscopy can be combined with analytical 

chemical detection of toxins (Rueckert & Cary, 2009). These methods are relatively effective but 

can be time-consuming. Such analyses also do not indicate which of several genera of 
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cyanobacteria are producing toxins as several taxa may produce similar microcystin variants 

(Chorus & Bartram, 1999). Further, the morphological plasticity of toxic and non-toxic 

cyanobacterial strains that can co-occur in complex water bodies makes conventional methods 

impractical for identifying and distinguishing toxic from non-toxic strains (Lyra et al, 2001). 

Different strains of a single species also can be morphologically identical, but differ in 

toxigenicity (Baker et al., 2002). In sum, since cyanobacteria blooms formed by Microcystis 

species have the greatest potential risk, there is much need for rapid and effective methods for 

identification and quantification of microcystin-producing Microcystis in water bodies. 

Environmental DNA and its application on sampling 

Environmental DNA (eDNA) is DNA that is released into aquatic and terrestrial 

environments from feces, mucous, gametes, carcasses, and shed or dead cells. eDNA can be 

isolated and extracted directly from bulk environment samples mitigating the need to directly 

sample from individual organisms. Thus, this method allows for biomonitoring without need for 

capture of target species, creating the ability to evaluate organismal distributions without 

introducing stress (Bohnmann et al., 2014). Access to such genetic information can provide 

insights on population sizes, species distributions, and even population dynamics. Surveys for 

the presence and concentration of species-specific DNA fragments have been used for 

monitoring individual focal species in both terrestrial and aquatic ecosystems (e.g. Thomsen & 

Willerslev, 2015; Pilliod et al., 2013). As a surveillance tool, application of eDNA has proven 

useful for detecting microcystin-producing Microcystis (Qiu et al., 2013) and is potentially an 

easy-to-standardize sampling approach for algae. 
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PCR and its application on detecting Microcystis strains 

Polymerase Chain Reaction (PCR) is widely-applied used in molecular biology for 

amplifying copies of a segment of DNA multifold, generating exponentially increased numbers 

of copies of the desired DNA sequence (Porta & Enners, 2012). It is a reliable and rapid way to 

obtain sufficient concentrations of a focal DNA fragment for other analyses, and relies on cycles 

of repeated heating and cooling in the presence of a thermally stable DNA polymerase (Porta & 

Enners, 2012). Primers (short oligonucleotides) containing sequences complementary to the 

target region provide the specificity. A real-time polymerase chain reaction (rt-PCR), also known 

as quantitative PCR (qPCR) or rt-qPCR, is a variant of PCR, which can record the amplification 

of targeted DNA molecule during the PCR in real time. qPCR can be used to quantify the 

presence and abundance of a particular DNA sequence in different samples (Watson, 2004). 

qPCR has become an effective and complementary technique to cell counting because assays can 

be completed in short times, and reactions have high specificity and sensitivity, all with low risk 

of cross-contamination (Espy et al., 2006). This method has not been widely applied to the 

detection of microorganisms such as cyanobacteria in natural environments; however, increasing 

knowledge of Microcystis coupled with complete genomic sequences and the discovery of 

biosynthetic genes involved in toxin production, mean that qPCR has great potential to help us to 

identify and quantify the microcystin-producing Microcystis. 

Vaitomaa et al. (2003) show that such approaches can be used to identify strains of 

Microcystis spp., Anabaena spp., and Planktothrix spp. PCR amplification of mcyA, B, C and E 

genes from environmental samples have been used to diagnose mass occurrences of potentially 

toxic Microcystis species (2003).  The carboxyl group of the D-glutamate side chain is present in 

all known variants of microcystin (Tillett et al., 2000). The mcyE gene is reported to be 
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responsible for the activation and condensation of D-glutamate with the ADDA moiety, which 

can be used as a specific target to detect microcystin-producing cyanobacteria (Hotto, 2007). Qiu 

et al. (2013) proved the efficacy of detecting microcystin-producing Microcystis in Albertan 

wetlands in western Canada (Qiu et al., 2013). 

Purpose of my research 

With the significant increase of blooms of cyanobacteria (and green algae) occurring in 

the last decade (Winter et al., 2011), Ontario is facing severe challenges in addressing 

cyanobacteria issues. Due to the proximity and connections of many lakes and rivers close to 

Lake Eric, we must focus on the significant risk of microcystin introduction and spread to Lake 

Ontario and other provincial water bodies in Ontario. The purpose of my research is to quantify 

the distribution of microcystin-producing Microcystis species in water bodies (spanning rivers, 

marshes, and small through large lakes) across a large region of Eastern Ontario in the summer 

of 2017 using a rapid and simple qPCR essay. I first refine and test the PCR-based assays of Qiu 

et al. (2013). I hypothesize that there will be variability among wetland types, and that insights 

gained here will help us to determine potential areas where cyanobacteria blooms might arise, 

and where high microcystin-producing strains exist. Since my water samples were sampled along 

four main river systems in Eastern Ontario (Bonnechere River, Madawaska River, Mississippi 

River, as well as Rideau system), I further predict that microcystin-producing Microcystis 

concentration will be higher in downstream basins of rivers and their adjacent water bodies in 

Eastern Ontario. 
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Materials and Methods  

Reference Microcystis strains and cultures for primer tests and standard curve 

Cyanobacteria cultures including Microcystis, Anabaena and Oscillatoria for pilot primer 

tests were provided by Drs. Daniel D. Lefebvre and Yuxiang Wang (Department of Biology, 

Queen’s University) to test the usability of cyanobacteria 16S primer (Table 1) for detecting 

cyanobacteria species. Two strains of Microcystis aeruginosa (CPCC124 and CPCC300) were 

purchased from the Canadian Phycological Culture Centre (CPCC, Waterloo, Canada) to test for 

usability and specificity of published mcyE primer (Table 1). CPCC124 is a non-toxic strain 

isolated from Ontario lakes (Canada), while CPCC300 is a toxic strain isolated from Alberta 

lakes (Canada) by CPCC. CPCC124 was used to test the specificity of mcyE primers. I found 

that mcyE primers failed to produce an amplicon in this strain as would be expected. In contrast, 

PCR (see below) of DNA extracted from CPCC300 did produce the predicted mcyE fragments 

(120bp).  

Axenic Cultures of microcystin-producing Microcystis 

Axenic Microcystis were cultured in the laboratory in 80 mL of filtered Microcystis 

cyanobacteria growth medium (Ichimura, 1979); growth medium contained NaNO3, 50 mg; 

KNO3, 100 mg; Ca (NO3)2 · 4H2O, 50 mg; Na2SO4, 40 mg; MgCl2 · 6H2O, 50 mg; Na2 b-

glycerophosphate · 5H2O, 50 mg; Na2-EDTA, 5 mg; FeCl3·6H2O, 0.5 mg; MnCl2 · 4H2O, 5 mg; 

ZnCl2, 0.5 mg; CoCl2 · 6H2O, 5 mg; Na2MoO4 · 2H2O, 0.8 mg; H3BO3, 20 mg; and Bicine, 500 

mg, mixed in distilled water of 1000 mL (final pH 8.6). Volumes of 80 mL of medium were used 

for each culture. Growth conditions included standard illumination time (16 h daylight) and 

strength of illumination (400 µmol m-2s-1) and temperature of 25°C. 
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PCR for primer tests 

I extracted pure Microcystis DNA from lab strains using a DNeasy Tissue Extraction Kit 

(Qiagen, Valencia, CA) according to the manufacturer’s specifications. To test for the presence 

of higher molecular weight DNA, I used PCR to amplify a 258 bp amplicon using cyanobacteria-

specific 16S rRNA primers (Table 1). I then tested for the specificity of several mcyE gene-

specific primers (Table 1), expecting a 120bp amplicon for toxic strains and no amplicon for 

non-toxic strains. Each PCR reaction mixture containing, 10 µL 2x Taq FroggaMix (FroggaBio), 

2 µL of DNA from standard strain, 0.3 µM concentrations of both forward and reverse primers, 

10 µg of BSA (Thermo Scientific), and 6.3 µL of ddH2O, in a total volume of 20 µL. All 

reactions shared the same PCR protocol including an initial denaturation for 5 min at 95°C; 40 

cycles of 30s denaturation at 94°C, 30s annealing at 60°C, and 60s extension at 72°C; followed 

by final extension for 10 min at 72°C.  

 
Table 1. Primers used for PCR/qPCR to amplify Cyanobacteria 16S rRNA and Microcystis mcyE 
gene. 

Target Primer Sequence (5'-3') Target 
Size Reference 

Cyanobacteria 16S rRNA 16S-F CGGACGGGTGAGTAACGCGTG 258bp Lin et al. (2011) 

 
16S-R CCCATTGCGGAAAATTCCCC 

  
     Microcystis mcyE gene  MIC mcyE-F AAGCAAACTGCTCCCGGTATC 120bp Sipari et al. (2010) 

  MIC mcyE-R CAATGGGAGCATAACGAGTCAA     
 

Water sample collection 

Water samples (approximately 500 mL) from the surface of different types of water 

bodies of Eastern Ontario extending from the southeast border of Algonquin Provincial Park to 

St. Lawrence River near the Thousand Islands were collected using sterile water bottles and 
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processed by Ph.D. candidate Wenxi Feng from May 29th to July 11th, 2017, including lakes of 

varying sizes, rivers, and marshes (Figure 1). During water sample collection, at each site water 

temperature, pH, dissolved oxygen and conductivity were measured as well using pHTestr 30 

(Oakton, Singapore), DO PEN (Spre Scientific, Taiwan), and CON 5 Acorn series (Oakton, 

Singapore), respectively (Appendix 1). Water samples from a total 43 sampling water bodies 

were used in my project to quantify the distribution of microcystin-producing Microcystis in 

eastern Ontario. 
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Figure 1. Map of all sampling sites across Eastern Ontario. The sampled sites (red dots) are 
different types of sampling water bodies extending from the southeast border of Algonquin 
Provincial Park to the St. Lawrence River near the Thousand Islands collected during the 
summer of 2017. 

 

 
 
Cell counting of Axenic microcystin-producing Microcystis 

To separate the colonies into individual cells I removed 50 µL from each Microcystis 

colony and placed this into a 1.5 mL Eppendorf tube, which I then boiled in 85°C water for 10 

min. This was followed by counting the number of axenic microcystin-producing Microcystis 

cells under a microscopic using a hemocytometer according to the methods of Joung et al. (2006). 

Extraction and purification of DNA from sampling water bodies 

Water samples from sampling water bodies were filtered using PTCE filters (Sterlitech, 

USA, pore size: 1nm, diameter: 47mm) on site using a peristaltic pump: Spetra Field-Pro 
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(Wattera, USA). DNA was subsequently extracted using a chloroform-based method modified 

from Deiner & Altermatt (2014). In brief, the PTCE filters were fully submerged in 600 µL 2% 

CTAB incubated at 65 °C for 10 min, shaken with an equal volume of chloroform–isoamyl 

alcohol (24:1), and centrifuged at 15,000×g for 15 min, and the aqueous phase was transferred to 

a new 1.5 mL microtube and then combined with an equal volume of isopropanol and half 

volume of 5M NaCl for at least 1-hour incubation. Following centrifugation at 15,000×g for 15 

min, the supernatant was decanted, 150 µL of cold 70% ethanol was added, and the sample was 

centrifuged again at 15,000×g for 15 min. The pellet was dried in air and subsequently re-

suspended in 100 µL of pre-heated (65°C) 1×AE buffer. 

Standard curve construction 

To quantify the relative abundance of microcystin-producing Microcystis in different 

water bodies, standard curves using seven 10-fold serial dilutions of fragment DNA were 

purified from the aforementioned mcyE PCR products of lab my microcystin-producing 

Microcystis strain. Products were quantified using a NanoDrop spectrophotometer (Thermo 

Scientific, Canada) and the molecular weight of the fragment DNA was calculated.  

Amplified mcyE gene fragments (120bp) were purified as follows. I transferred PCR 

reactions into 1.5 mL tubes combined with an equal volume of isopropanol and half volume of 

5M NaCl and incubated them for at least 1-hour at 25°C or overnight at 4°C. Following 

centrifugation at 15,000×g for 15 min, the supernatant was decanted, 150 µL cold 70% ethanol 

was added, and the sample was centrifuged again at 15,000×g for 15 min. The pellet was dried in 

air and subsequently re-suspended in 100 µL pre-heated (65°C) 1×AE buffer. I used these 

purified mcyE PCR fragments to construct standard curve for my qPCR. 
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qPCR for mcyE gene 

The mcyE gene primers were designed by Sipari et al. (2010) (Table 1) to target 

microcystin-producing Microcystis subpopulations by quantifying mcyE copy numbers evident 

in the abundance of a 120bp amplicon. qPCR reactions were performed in a total volume of 20 

µL containing, 10 µL 2x SensiFAST SYBR Green Master Mix (FroggaBio), 2 µL of DNA from 

a standard strain or water sample, 0.3 µM concentrations of both primers, and 6.8 µL of ddH2O. 

Amplification consists of an initial denaturation for 3 min at 95°C; 40 cycles of 5s denaturation 

at 95°C and 15s annealing/extension at 60°C following by the melting profile. All qPCR 

reactions were done in triplicate using a CFX96 TouchTM Real-Time PCR Detection System 

(Bio-Rad, USA). To determine melting temperature curves, temperatures were raised from 65 to 

95°C, with the amount of fluorescence quantified over this range. 

Measurement of surrounding human activities 

The proportions of agricultural land within a radius of 5 km and 10 km centered on the 

corresponding water bodies were estimated using satellite images in Google Earth Pro. First, 

circles with radius of 5 km and 10 km centered on the center of the water bodies were 

circumscribed, and the total land areas were calculated automatically by Google Earth Pro as 

78.54 km2 and 314.16 km2. Then observed agricultural lands within those circles were outlined 

and their areas were calculated automatically as well. The agriculture land area proportions were 

calculated manually for further analysis (Appendix 3). 

Building densities along shoreline of water bodies were calculated according to the 

methods of Wehrly et al. (2012) and Baker et al. (2008). First, I estimated the number of 

buildings around the perimeter of each water body using satellite observations. The areas of each 

water body and the perimeter were calculated using AgMaps Agricultural Information Atlas 
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provided on the website of Ministry of Agriculture, Food and Rural Affairs of Ontario. Then, I 

calculated building density (buildings/km) along the shoreline of each water body (Appendix 3). 

Statistics 

I divided my surveyed wetlands into two groups: mcyE-present and mcyE-absent. I used t-

tests to test for differences in wetland environmental attributes (water temperature, pH, dissolved 

oxygen and conductivity) as well as agriculture land area proportion and building density. All 

analyses were done in R (version 3.4.3). 

Results 

Specificity of the primers 

The mcyE gene primer that I tested yielded a single amplicon of 120bp from PCR of 

genomic DNA from axenic microcystin-producing Microcystis strains. Samples of DNA of other 

species or Microcystis strains (i.e., non-microcystin-producing Microcystis strains and other 

species (e.g. Anabaena and Oscillatoria) did not amplify and were thus subsequently used as 

negative controls. After rigorous primer testing experiments, I confirmed that Microcystis mcyE 

primers were specific to the Microcystis mcyE gene, and worked well using a qPCR protocol 

producing a single peak at melting temperature of 79.5°C with little evidence of primer dimers. 

Standard curve construction 

There was a strong linear relationship between the log mcyE copy number (r2>0.999) and 

CT values in all standard curves plotted for microcystin-producing Microcystis (Table 2). The 

reaction efficiencies were 82.77% for mcyE. The melting temperature of mcyE amplicons was 

79.5°C, which implied that the target population (microcystin-producing Microcystis) was 

accurately quantified in my surveyed water samples. Good sensitivity of the mcyE gene was 
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represented by a relatively large range of yields from qPCR reactions spanning 0.00E+00 to 

1.53E+08 copies per reaction. The limit of detection was 3.06E+05 copies/L and the limit of 

quantitation range was 3.06E+05 copies/L to 3.06E+10 copies/L. 

 

Table 2. Reaction efficiency and melting curve parameters obtained by qPCR with Microcystis 
mcyE gene primer. 

Target Reaction efficiency (%) Slope Y-intercept r2 Tm (°C) 

Microcystis mcyE gene 82.77 -3.82 45.61 0.999 79.5 

 

Cell counting of axenic Cultures of microcystin-producing Microcystis 

The highest concentration of the microcystin-producing Microcystis cultures was 

7.05E+06 cells/mL estimated under a microscopic using a hemocytometer, which corresponded 

to a mcyE concentration of 1.64E+08 copies/L from qPCR. After a 10-X dilution of the culture, 

cell numbers could be counted under a microscopic as there were very few cells; therefore, I set 

the lower limit as 7.05E+06 cells/mL. However, this concentration was not the limit that qPCR 

could detect, as the limit of qPCR was 3.06E+05 copies/L; this implies that qPCR has a wider 

range and lower limit than cell counting. 

Quantification of mcyE copies of microcystin-producing Microcystis in water samples 

A total of 43 water samples from different water bodies of Eastern Ontario were used to 

quantify copy numbers of the mcyE gene using my validated qPCR mcyE primers. 28 water 

samples (65%) were mcyE gene positive; while 15 water samples (35%) were mcyE gene 

negative (Figure 2; Appendix 2). Among the 15 water bodies where the presence of the mcyE 

(e.g. Crotch Lake, Genricks Lake), extremely low levels of mcyE gene were apparent - 

<1.20E+05 copies/L (log10-transformed copies/L is less than 5.08) was detected in one water 

body. Moderate to high levels (between 1.20E+05 – 2.87E+08 copies/L; log10-transformed 
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copies/L more than 5.08) were detected in 21 water bodies (49%). Together these results show 

that abundances of microcystin-producing Microcystis were not uniform across surveyed water 

bodies in the summer of 2017. Along four main river systems in Eastern Ontario, I found no 

evidence that microcystin-producing Microcystis exhibited concentrations in downstream basins 

and their surrounding water bodies in Eastern Ontario (Figure 2).  
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Figure 2. Map of 43 sampling locales outlining the 4 focal river systems (dotted lines). Different 
colours indicate different concentrations of Microcystis mcyE (Log10-transformed, copy/L). 

 

 
Environmental parameters (water temperature, pH, dissolved oxygen and conductivity) 
comparing in mcyE-present and mcyE-absent water bodies 
 

Box plots comparing water temperature, pH, dissolved oxygen and conductivity between 

wetlands with mcyE present and those where mcyE was absent are shown in Figure 3.  

Water temperature ranged from 18.70°C to 28.60°C. The average water temperatures 

were 23.06°C and 21.31°C in mcyE-present and mcyE-absent sampling sites, respectively. This 

difference was statistically significant (t=2.63, df=37, P=0.012). 

Bonnechere River

Mississippi River

Rideau System

Madawaska River
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 pH ranged from 7.45 to 10.30. The average pH values were 8.55 and 7.73 in mcyE-

present and mcyE-absent sampling sites, respectively. A statistically significantly difference was 

found as well (t=2.32, df=15, P=0.035). 

Dissolved oxygen ranged from 30% to 120%. The average dissolved oxygen were 90% 

and 85% in mcyE-present and mcyE-absent sampling sites, respectively. The difference was not 

statistically significant (t=0.99, df=37, P=0.33). 

The conductivity ranged from 43.50 µs to 480.00 µs. The average conductivities were 

169.74 µs and 133.67 µs in mcyE-present and mcyE-absent sampling sites, respectively. Again 

the difference was not statistically significant (t=0.99, df=29, P=0.33). 
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Figure 3. Boxplots of Water Temperature (t=2.63, df=37, P=0.012), pH (t=2.32, df=15, 
P=0.035), Dissolved Oxygen (t=0.99, df=37, P=0.33), Conductivity (t=0.99, df=29, P=0.32) 
during collection comparing sites of mcyE-present and mcyE-absent. “*” represents statistically 
significantly differences found. 

 

Human activity assessment 

The average agricultural land area proportion within a radius of 5 km were 16.22% and 

1.16% in mcyE-present and mcyE-absent sampling sites, respectively. And the average 

agricultural land area proportion within a radius of 10 km were 9.35% and 2.40% in mcyE-

present and mcyE-absent sampling sites, respectively. I found statistically significantly 
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differences in agriculture land area proportion within a radius of 5 km (t=3.49, df=41, P=0.0011) 

and 10 km (t=2.74, df=41, P=0.0089) (Figure 4).  

The building densities ranged from 0 buildings/km to 12 buildings/km. The average 

building densities were 3.72 buildings/km and 0.31 buildings/km in mcyE-present and mcyE-

absent sampling sites, respectively. I also found statistically significantly difference in building 

density (t=3.41, df=41, P=0.0015) (Figure 5). 
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Figure 4. Boxplots of agriculture land area proportion a radius of 5 km (t=3.4979, df=41, 
P=0.0011) and 10 km (t=2.7428, df=41, P=0.0089) centered on the corresponding water bodies 
comparing sites of mcyE-present (“+”) and mcyE-absent (“-”). “*” indicates that statistically 
significantly differences were found. 
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Figure 5. Boxplots of building density (t=3.41, df=41, P=0.0015) along the corresponding water 
bodies comparing sites of mcyE-present and mcyE-absent, representing statistically significantly 
difference. 
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Discussion 

My study focused on different water bodies of Eastern Ontario to investigate the 

distribution of microcystin-producing Microcystis in natural systems, and to test whether 

abundances are uniform across water bodies using sensitive qPCR analysis of eDNA. I found 

evidence of toxic Microcystis strains in most water bodies in Eastern Ontario. Microcystin 

concentrations ranged from 9.67E+05 copies/L to 2.87E+08 copies/L implying that abundances 

were not uniform across water bodies of Eastern Ontario in the summer of 2017. However, I 

found no evidence that microcystin-producing Microcystis concentrations were higher in 

downstream basins of rivers and their surrounding water bodies in Eastern Ontario because 

relatively high microcystin-producing Microcystis concentrations were found in the upstream of 

three river basins in Eastern Ontario (Bonnechere River, Madawaska River and Mississippi 

River). Although high concentrations were found in downstream sampling locales of the Rideau 

System, the limited number of sampling sites did not provide an opportunity for a strong contrast 

between upstream and downstream locales within each river basin. 

My analysis of environmental predictors used variables collected directly during water 

sample collection, satellite observation containing agricultural land usage and building density 

along water bodies, and limited official records of total phosphorus and nutrient status of minor 

water bodies from a program called “Ontario Lake Partner” on the website of Government of 

Ontario. The highest mcyE gene concentration occurred in a small unnamed Pond behind “Roy’s 

house”, located at 77.58328°W, 45.49025°N, with a concentration of 2.87E+08 copies/L. This 

pond has no outflow; the potential inflow is a spring with high nutrients input. Thus, nutrients 

can easily concentrate and settle producing high nutrient levels, but I have no previous data on 

nutrient loading in this pond. Since I detected high microcystin-producing Microcystis 
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concentration, this pond could be predicted to have a high probability of toxic cyanobacteria 

blooms and thus become high-risk water body. The second highest mcyE concentration was in 

Lower Beverly Lake at 7.70E+07 copies/L. This is a big lake with evidence of intense human 

activity around its perimeter including the Maples Gulf & Country Club, parks, fairs grounds. 

Approximately 59% of land area within a radius of 5 km is agriculture land, and within a radius 

of 10 km, agriculture land accounts for 40% of the total. I found 11 buildings/km along the lake, 

a relatively high level compared to other sites. Although the recorded total phosphorus of Lower 

Beverly Lake averaged 15.68 µg/L in 2015 and 2016 (“Ontario Lake Partner” Program, website 

of Government of Ontario) and thus this lake is defined as mesotrophic, intense human activity 

might potentially trigger the relative high nutrient loading and mcyE concentrations in Lower 

Beverly Lake. Sullivan Lake, embedded within extensive agriculture lands with 51% agricultural 

land use within 10 km, also had relatively high mcyE concentration (3.50E+07 copies/L). This 

lake has no outflows. Although I found no total phosphorus estimates, it is reasonable to suggest 

that the high nutrient inflow from adjacent agriculture lands would increase nutrient loading in 

Sullivan Lake causing local mesotrophic or eutrophic. In addition, high water temperature (24°C 

at time of sampling) in Sullivan Lake would promote growth of Microcystis. According to data 

from the Lake Partner Program (Government of Canada), the total phosphorus of Black Donald 

Lake averaged 8.04 µg/L from 2002 to 2006, and thus the lake is considered to be oligotrophic. 

Water temperature (24.1°C) and pH (8.37) at time of sampling is suitable condition for growth of 

Microcystis. Housing density of 12 buildings/km along this lake’s shores might also explain the 

relatively high concentration of Microcystis, although intensive agriculture did not occur within a 

radius of 10 km. The other notable site was Landons Bay, the southernmost sampling site in my 

study, located with the basin of the St. Lawrence River. The mcyE concentration was 1.69E+07 



 

 

33 

copies/L with average water temperature 23.9°C (no pH recorded). Based on satellite imagery, 

there is an obvious cyanobacteria bloom at the end of the bay with distinct light green. This bay 

is adjacent to large areas of agricultural land use with 50% under agriculture within a radius of 5 

km. Since there have been cyanobacterial blooms already documented, Landon Bay and nearby 

areas are clearly in urgent need of more in-depth investigations and active control. Story Lake 

was mostly surrounded by natural forest area but still had relatively high mcyE concentration 

(1.61E+07 copies/L). Satellite imagery suggests that the only potential obvious cause of the high 

concentration was human activity as a campground called Sherwood Park Campground was 

close to the sampling site. Intensive agriculture (49% within a radius of 5 km) and dense building 

density (12 buildings/km) indicated substantial human activity near Dalhousie Lake, perhaps 

explaining high mcyE concentrations (6.06E+06 copies/L). Little Marble Lake had apparently 

little human activity surrounded but had mcyE concentration of 4.77E+06 copies/L. This may be 

explained by nearby campgrounds (Cedar Lodge and Bon Echo Family Campground). Silver 

Lake had moderate agricultural land use and building density, with a nearby called Silver Lake 

Wesleyan Campground. This lake had relative moderate mcyE levels. Golden Lake had moderate 

mcyE concentration of 1.69E+06 copies/L possibly caused by moderate agriculture land use with 

19% coverage within a radius of 5 km and 6 buildings/km along the lake shore. Despite only 

moderate levels of agriculture land use and building density, Christie Lake still had moderate 

mcyE concentration of 2.73E+06 copies/L. This lake too has a nearby campground named Camp 

Opemikon. Its total phosphorus was 12.84 µg/L in 2009 and is considered as mesotrophic, 

implying a relative lower human activity. Wolfe Lake had medium mcyE concentrations 

(1.47E+06 copies/L), a proximate campground (Camp Iawah), and estimated agricultural land 

cover of 27% within a radius of 5 km. Wolfe Lake is considered to be mesotrophic with the 
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average total phosphorus between 2002 and 2006 of 10.46 µg/L. Pat’s Lake, with few human 

activities, had mcyE concentration of 1.58E+06 copies/L. The water temperature at time of water 

collection was 23.40°C. The lake had an extremely high pH of 10.30 and merits further study. 

Other water bodies, like Green Lake, Halfway Lake, King's Lake, Shinner Lake, Marble Lake 

and Wardworth Lake, with mcyE concentrations of 3.13E+06, 2.17E+06, 2.10E+06, 1.48E+06, 

1.16E+06 and 9.67E+05 copies/L respectively, are surrounded by relatively pristine forests and 

little apparent human activity (estimated agriculture land use less than 5% within radius of 5 km 

and few buildings). The presence of microcystin-producing Microcystis in these water bodies 

thus might be a consequence of natural inputs and process, but should still raise concern and 

warrant more study. Last, a water sample from a sampling site in Mississippi River, located at 

76.82778°W, 44.96492°N, had a mcyE concentration of 2.60E+06 copies/L, with no obvious 

human activity based on satellite observations; mcyE was absent at other sampling sites in 

Mississippi River. 

Results from my analyses that used environmental variables and satellite-based metrics 

indicate that 20 out of 28 (74%) mcyE-presence water bodies were surrounded by intensive 

human activities (e.g. at least 15% agricultural land usage within a radius of 5 km and building 

density more than 5 buildings/km), implying that anthropogenic factors are closely tied to the 

presence of microcytin-producing Microcystis, and concomitant high nutrient loadings in Eastern 

Ontario. This is consistent with the notion that human-induced environmental changes play a 

dominant role in issues pertaining to the presence of Microcystis. Although eight out of 28 (26%) 

mcyE-presence water bodies had no observed signs of human activity, the causes of the presence 

of microcystin-producing Microcystis still merits further research. In sum my work shows that 

human activity must be considered as the most important trigger for the presence of elevated 
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mcyE gene concentrations, and the growth of microcystin-producing Microcystis in the water 

bodies of Eastern Ontario. 

Various improvements could be made to my study design. First, my study included only 

43 Eastern Ontario water bodies, accounting for a very small fraction of total water bodies in this 

region. Increasing the sampling intensity and representativeness of samples would help us to 

better quantify the distribution of microcystin-producing Microcystis. The sampling period of 

May 29th to July 11th, 2017 was very narrow and thus only provides insights for summer; 

moreover, analysis based on water samples collected only once in one year cannot be used to 

adequately assess long-term trends. During water sample collection, environment parameters 

were not measured for every sampling site due to equipment problems – this limited some of my 

analyses. qPCR efficiency (80%) was relatively low for construction of my standard curve. It is 

possible that there was inhibition especially as I found no primer dimer and non-specific product 

formation when testing the specificity of primers. I collected the data of nutrient status of 

different water bodies in Eastern Ontario from “Ontario Lake Partner” Program in the website of 

Government of Ontario. Although these data were updated in Feb 2nd, 2018, most data on total 

phosphorus of water bodies were measured before 2006 and these numbers may have changed 

substantially in the intervening years. This program ignored most small water bodies that may 

have relatively higher nutrient loading. 

Thus, there are various facets of my study that could be improved. First, the selection of 

sampling sites should be to cover the full range of water bodies where cyanobacteria may be a 

problem in Eastern Ontario, including lakes, ponds, wetland, and sites with river basins, both 

upstream and downstream. Second, future studies should compare the distribution of 

microcystin-producing Microcystis in both winter and summer periods, and could evaluate 
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among-year variation. A single year of data is probably insufficient to adequately address this 

issue. Many of my water samples may have include chemicals, both natural and anthropogenic, 

that may have affected the construction of standard curves. It would be useful to conduct 

additional experiments to evaluate the effects of such chemicals on qPCR approaches. Finally, I 

would suggest that the Government of Ontario expand the “Ontario Lake Partner” Program to 

provide a more comprehensive picture including more detailed information on nutrient status 

across years, especially data on total phosphorus and for smaller water bodies. Further research 

on human impacts on the growth of microcystin-producing Microcystis will lead to better 

explanations on the distribution of microcystin-producing Microcystis in natural systems. 

The method that I have developed and deployed in my thesis can obviously help to 

identify potential areas of cyanobacteria blooms and potential high-risk water bodies, as well as 

potential areas with high concentrations of microcystin-producing Microcystis that might prompt 

further research or active control.  My study helps us to better understand the distribution of 

microcystin-producing Microcystis in natural systems, and to test whether abundances are 

uniform across water bodies using sensitive qPCR analysis of eDNA. Thus the method that I 

used can obviously help to identify potential areas of cyanobacteria blooms and potential high-

risk water bodies as well as potential area with high concentration of microcystin-producing 

Microcystis that might prompt further research or active control. My study can potentially be 

used for raising awareness among members of the public on the risks for blooms in water bodies 

of Eastern Ontario. My study may also lead to other investigations focused on the distribution of 

microcystin-producing Microcystis in Eastern Ontario, and around the world. My thesis research 

verified that a qPCR assay can serve as an efficient tool to identify and quantify toxigenic gene 

copies in water bodies even when cell numbers and toxin concentrations were below the limits of 



 

 

37 

detection using conventional microscopy. The application of qPCR for detecting Microcystis also 

reinforces its potential application as an early warning system for monitoring noxious 

Microcystis blooms. I believe that qPCR could become an integral method for estimation of 

concentrations of multiple microcystin-producing cyanobacterial genera, but also may prove 

useful for evaluating environmental variables driving toxigenic cyanobacterial population 

dynamics. Thus my study helps to expand the eDNA tool chest and demonstrates the power of 

molecular approaches to elucidating patterns of organisms in nature. 
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Summary 

Cyanobacteria blooms comprising multiple toxicity-producing cyanobacteria genera, particularly 

Microcystis, pose great threats to aquatic environment, and Eastern Ontario is facing the same 

situation as well. This study can be summarized as: 

1. The abundances of microcystin-producing Microcystis were not uniform in Eastern 

Ontario in the summer of 2017. The distribution of mcyE concentrations did not have 

necessary correlation with their locations of river basins in Eastern Ontario. 

2. Most of water samples (65%) from Eastern Ontario in the summer of 2017 are mcyE gene 

positive, representing the presence of microcystin-producing Microcystis in most of the 

water bodies. 

3. Statistically significant differences were found in water temperature, pH, agriculture land 

usage within radius of 5 km and 10 km, and building density comparing sites of mcyE-

present and mcyE-absent; while there was no difference founded in dissolved oxygen and 

conductivity.  

4. Anthropogenic factors (human activity) are closely tied to the presence of microcytin-

producing Microcystis, and concomitant high nutrient loadings in Eastern Ontario. 

5. The method that I deployed can obviously help to identify potential areas of 

cyanobacteria blooms and potential high-risk water bodies as well as potential area with 

high concentrations of microcystin-producing Microcystis that might prompt further 

research or active control. 

6. My study clearly verified that a qPCR assay can serve as an efficient tool to identify and 

quantify toxigenic gene copies in water bodies even when cell numbers and toxin 

concentrations were below the limits of detection of conventional microscopy. 
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Appendices 

Appendix 1. Raw data of measured coordinates, water temperature, pH, dissolved oxygen and 
conductivity of sampling sites during water sample collection; “-” represents no record. 

 
 
 

No. Site.name.full Latitude Longitude Water Temperature (°C) pH Dissoved Oxygen Conductivity (µs) 
1 Albert Lake 45.50166 -77.60025 22.00 - 78.57% 75.50 
2 Black Donald Lake 45.23766 -76.90505 23.80 8.37 102.62% 177.80 
3 Bonnechere River 1 45.63605 -77.56889 19.90 - 30.24% 165.00 
4 Bonnechere River 2 45.65871 -77.56553 22.00 - 79.05% 43.50 
5 Bon Echo Lake 44.90045 -77.22315 20.00 7.50 84.76% - 
6 Big Rideau Lake 44.68504 -76.28088 21.68 - 120.10% 244.60 
7 Madawaska River 1 45.23857 -77.57133 23.70 - 106.67% 225.00 
8 Beaver Pond 45.24056 -76.87699 21.60 7.80 81.90% - 
9 Calabogie Lake 45.29763 -76.73680 21.90 - 52.38% - 
10 Cameron Lake 45.30714 -77.39544 - - 92.86% 181.50 
11 Constant Creek 45.41130 -77.02824 - 10.10 79.52% - 
12 Crooked Slide 45.38570 -77.60333 - - 90.48% 149.50 
13 Crotch Lake 44.94321 -76.83318 18.70 7.69 75.48% 145.70 
14 Christie Lake 44.78334 -76.46935 - - - - 
15 Dalhousie Lake 44.96630 -76.55412 23.08 7.99 - 120.36 
16 Golden Lake 45.55776 -77.36773 24.00 - 107.14% - 
17 Genricks Lake 45.21503 -77.44318 23.20 - 101.43% 95.00 
18 Green Lake 45.24833 -77.26188 25.30 - 120.00% 216.00 
19 Halfway Lake 45.42239 -77.57964 21.40 - 89.52% 123.35 
20 King's Lake 44.94374 -76.77490 22.70 8.30 99.52% 113.60 

21 Lower Beverly 
Lake 44.60310 -76.14808 - - - - 

22 Landons Bay 44.35649 -76.06446 23.65 - 64.94% 318.75 
23 Little Marble Lake 44.85095 -77.17139 20.97 7.93 92.86% 85.27 
24 Madawaska River 2 45.36119 -77.61714 28.60 - 94.29% 480.00 
25 Madawaska River 3 45.32315 -77.59514 - - 113.33% 87.00 
26 Madawaska River 4 45.29521 -77.47449 21.20 - 88.10% 66.30 
27 Madawaska River 5 45.22396 -77.16182 - - 88.10% 66.50 
28 Marble Lake 44.84972 -77.14294 19.15 7.79 84.05% 99.95 
29 Mississippi River 1 44.96492 -76.82778 20.60 - 82.38% 145.50 
30 Mississippi River 2 44.96717 -77.24773 19.60 7.62 84.29% 104.10 
31 Mississippi River 3 44.93748 -76.68520 21.00 7.45 74.29% 237.00 
32 Pat's Lake 45.31124 -76.87369 23.40 10.30 91.43% - 
33 Pond 45.08855 -77.26868 27.80 - 79.05% 160.00 
34 Round Lake 45.63304 -77.48631 20.90 - 80.16% 88.75 
35 Roy's 45.49025 -77.58328 21.25 - 76.67% 104.75 
36 Scully Lake 45.24194 -76.88515 22.60 8.44 96.67% - 
37 Semicircle Lake 44.87504 -77.16273 21.30 7.60 92.38% 57.20 
38 Shinner Lake 45.24542 -76.87896 23.50 8.28 101.43% - 
39 Silver Lake 44.83337 -76.57541 20.80 8.34 107.62% 269.83 
40 Story Lake 44.80158 -77.17522 20.10 8.13 85.24% - 
41 Sullivan Lake 45.29179 -77.47035 24.00 - 91.90% 330.00 
42 Wardworth Lake 45.43863 -77.58143 23.75 - 96.19% 87.85 
43 Wolfe Lake 44.64549 -76.49653 - - - - 
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Appendix 2. The detected concentrations of mcyE copies of each water samples. 

No. Site.name.full Latitude Longitude mcyE copies/L No. Site.name.full Latitude Longitude mcyE copies/L 

1 Albert Lake 45.50166 -77.60025 0.00E+00 23 Little Marble Lake 44.85095 -77.17139 4.77E+06 

2 Black Donald Lake 45.23766 -76.90505 3.04E+07 24 Madawaska River 2 45.36119 -77.61714 0.00E+00 

3 Bonnechere River 1 45.63605 -77.56889 0.00E+00 25 Madawaska River 3 45.32315 -77.59514 0.00E+00 

4 Bonnechere River 2 45.65871 -77.56553 0.00E+00 26 Madawaska River 4 45.29521 -77.47449 0.00E+00 

5 Bon Echo Lake 44.90045 -77.22315 0.00E+00 27 Madawaska River 5 45.22396 -77.16182 0.00E+00 

6 Big Rideau Lake 44.68504 -76.28088 0.00E+00 28 Marble Lake 44.84972 -77.14294 1.16E+06 

7 Madawaska River 1 45.23857 -77.57133 0.00E+00 29 Mississippi River 1 44.96492 -76.82778 2.60E+06 

8 Beaver Pond 45.24056 -76.87699 0.00E+00 30 Mississippi River 2 44.96717 -77.24773 0.00E+00 

9 Calabogie Lake 45.29763 -76.73680 0.00E+00 31 Mississippi River 3 44.93748 -76.68520 0.00E+00 

10 Cameron Lake 45.30714 -77.39544 0.00E+00 32 Pat's Lake 45.31124 -76.87369 1.58E+06 

11 Constant Creek 45.41130 -77.02824 0.00E+00 33 Pond 45.08855 -77.26868 9.06E+04 

12 Crooked Slide 45.38570 -77.60333 0.00E+00 34 Round Lake 45.63304 -77.48631 3.05E+06 

13 Crotch Lake 44.94321 -76.83318 0.00E+00 35 Roy's 45.49025 -77.58328 2.87E+08 

14 Christie Lake 44.78334 -76.46935 2.73E+06 36 Scully Lake 45.24194 -76.88515 0.00E+00 

15 Dalhousie Lake 44.96630 -76.55412 6.06E+06 37 Semicircle Lake 44.87504 -77.16273 0.00E+00 

16 Golden Lake 45.55776 -77.36773 1.69E+06 38 Shinner Lake 45.24542 -76.87896 1.48E+06 

17 Genricks Lake 45.21503 -77.44318 0.00E+00 39 Silver Lake 44.83337 -76.57541 3.09E+06 

18 Green Lake 45.24833 -77.26188 3.13E+06 40 Story Lake 44.80158 -77.17522 1.61E+07 

19 Halfway Lake 45.42239 -77.57964 2.17E+06 41 Sullivan Lake 45.29179 -77.47035 3.50E+07 

20 King's Lake 44.94374 -76.77490 2.10E+06 42 Wardworth Lake 45.43863 -77.58143 9.67E+05 

21 Lower Beverly Lake 44.60310 -76.14808 7.70E+07 43 Wolfe Lake 44.64549 -76.49653 1.47E+06 

22 Landons Bay 44.35649 -76.06446 1.69E+07           
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

48 

Appendix 3. Raw data of samples water bodies including area, perimeter, area of agriculture in 
the radius of 5km and 10km, building numbers along water bodies as well as building densities. 

No. site.name.full body 
area/km2 

perimeter 
(km) 

agriculture area. 
5km (km2) 

agriculture area. 
10km (km2) 

building 
no. 

building 
density 

(buildings/km) 
1 Roy's 0.03 1.11 4.07 8.13 1 1 
2 Lower Beverly Lake 8.59 23.34 46.35 125.28 250 11 
3 Sullivan Lake 0.04 0.7 39.94 53.25 0 0 
4 Black Donald Lake 14.80 20.01 0.00 1.21 250 12 
5 Landons Bay - 1 38.81 104.89 0 0 
6 Story Lake 0.21 2.05 2.42 4.83 0 0 
7 Dalhousie Lake 6.25 12.21 38.43 45.54 150 12 
8 Little Marble Lake 0.13 0.96 0.00 3.45 10 10 
9 Green Lake 0.10 1.47 3.37 9.44 0 0 
10 Silver Lake 2.48 8.72 21.54 30.71 50 6 
11 Round Lake 30.66 23.5 19.41 33.97 150 6 
12 Christie Lake 6.79 17.98 16.21 55.93 150 8 
13 Mississippi River 1 - 1 0.00 0 0 0 
14 Halfway Lake 0.04 1.05 4.23 6.33 1 1 
15 King's Lake 0.77 9.27 0.00 3.33 0 0 
16 Golden Lake 35.93 34.31 14.51 71.84 200 6 
17 Pat's Lake 0.05 0.73 4.52 22.61 2 3 
18 Shinner Lake 0.06 1.65 1.49 4.31 0 0 
19 Wolfe Lake 10.60 24.4 20.74 42.11 50 2 
20 Marble Lake 1.69 8.18 2.76 9.42 20 2 
21 Wardworth Lake 2.05 10.8 0.00 3.63 5 0 
22 Pond 0.03 0.58 1.71 3.57 0 0 
23 Albert Lake 0.44 7.06 0.85 4.12 0 0 
24 Bonnechere River 1 - 1 1.23 20 0 0 
25 Bonnechere River 2 - 1 0.00 16.21 0 0 
26 Bon Echo Lake 0.76 4.98 0.00 0 0 0 
27 Big Rideau Lake 79.85 70.15 0.00 35.65 100 1 
28 Madawaska River 1 - 1 1.57 14.13 0 0 
29 Beaver Pond 0.01 34.36 0.00 1.62 0 0 
30 Calabogie Lake 14.69 19.91 0.00 2.32 0 0 
31 Cameron Lake 0.51 2.78 2.06 10.31 0 0 
32 Constant Creek - 20.32 0.00 15.71 0 0 
33 Crooked Slide - 4.3 1.17 2.32 0 0 
34 Crotch Lake 17.71 25.19 0.00 0 0 0 
35 Genricks Lake 0.35 2.57 1.45 4.34 0 0 
36 Madawaska River 2 - 1 0.00 2.16 0 0 
37 Madawaska River 3 - 1 0.00 3.24 0 0 
38 Madawaska River 4 - 1 8.09 16.17 4 4 
39 Madawaska River 5 - 1 1.18 2.45 1 1 
40 Mississippi River 2 - 1 0.00 0 0 0 
41 Mississippi River 3 - 1 1.62 4.67 0 0 
42 Scully Lake 0.06 1.03 0.00 1.73 0 0 
43 Semicircle Lake 0.22 1.06 0.00 0.86 0 0 

 

 

 


