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ABSTRACT 

Cyanobacteria blooms are one of the greatest threats facing lake ecosystems, as 

their proliferation can cause significant negative ecological, societal and economic 

impacts. Cyanobacteria blooms are commonly associated with loss of species diversity, 

provide poor food quality for higher trophic levels, and can cause anoxia leading to 

unsuitable habitats for aquatic organisms. Cyanobacteria blooms pose a significant human 

health risk, in part due to the suite of toxic secondary metabolites (cyanotoxins) produced 

by some species of cyanobacteria. Cyanotoxins are known to be harmful to both humans 

and animals, frequently cause skin irritations, neurologic disorders, gastrointestinal issues, 

and in severe cases, death. Given these impacts, it is imperative to further understand the 

drivers of cyanobacteria blooms, why cyanobacteria produce cyanotoxins, and how climate 

change will influence cyanobacteria community assembly and phenology. 

In this dissertation, I specifically address three questions regarding cyanobacteria 

blooms and cyanotoxin production: 1) How can ecological stoichiometry explain 

cyanobacteria bloom phenology and toxin production? 2) Which cyanobacteria have the 

ability to produce cyanotoxins in Lake Champlain and how does their abundance vary 

with non-toxic species? And 3) How do extreme climatic events impact cyanobacteria 

bloom phenology? To address these questions, my research integrates five years of high 

frequency monitoring with weekly discrete sampling campaigns and metagenomic 

approaches.  

In Chapter 2, my research demonstrates that cyanobacteria biomass and toxin 

concentrations do not always scale together, and that Lake Champlain blooms remain low 

in toxin concentration when dominated by Dolichospermum spp. I also examine the 

drivers of differences in bloom severities between Missisquoi Bay and St. Albans Bay 

and highlight that microcystin production may be constrained to low carbon:nitrogen 

ratios. In Chapter 3, shotgun metagenomics revealed that in 2023, Microcystis spp. were 

the only microcystin producers at Burlington Beach sites, and the only recorded bloom 

followed a late summer heatwave. In Chapter 4, I identify that cyanobacteria phenology 

is impacted by extreme heat waves and high flushing events, and is mediated by lake 

conditions at the time of the event and nutrient concentrations. We suggest that 

heatwaves and flushing events could further exacerbate cyanobacteria blooms in 

Missisquoi Bay, but in St. Albans Bay, heatwaves and flushing can cause inhibitory 

effects on blooms when acting alone. However, compound events (flushing events 

followed by heatwaves) are likely to trigger cyanobacteria bloom development. These 

results, when taken together, provide further understanding of cyanobacteria blooms in 

Lake Champlain, and suggest that climate change will cause increased severity of toxic 

cyanobacteria blooms. 
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CHAPTER 1: A HISTORY OF CYANOBACTERIA BLOOMS, 

CYANOTOXINS AND CYANOBACTERIA BLOOM DYNAMICS IN LAKE 

CHAMPLAIN 

 

1.1. Cyanobacteria Blooms 

Cyanobacteria are one of the oldest extant organisms on Earth, with a history 

tracing back 3.5 billion years (Schopf, 2000; Whitton and Potts, 2002). Their long 

evolutionary history has equipped them with a broad range of functional traits that enable 

their success and dominance across a wide range of ecosystems (Litchman and Klausmeier, 

2008), including the ability to store luxury nutrients, regulate buoyancy through gas 

vesicles, utilize carbon concentrating mechanisms, fix atmospheric nitrogen, thrive in high 

temperatures, and evade predation via poor nutrient content, thick mucilages, and in some 

cases, production of cyanotoxins (Carey et al., 2012; Holland and Kinnear, 2013). In 

freshwater ecosystems, cyanobacteria play crucial roles in nutrient cycling at ambient 

levels (Cottingham et al., 2015; Kumar et al., 2015). However, when their biomass exceeds 

natural levels, they become a nuisance, pose a public health concern, and threaten 

ecosystem functioning (Chorus and Welker, 2021; Paerl and Otten, 2013a). 

Cyanobacteria blooms generally refer to the rapid and excessive growth or 

aggregation of cyanobacteria biomass in aquatic ecosystems (Chorus and Welker, 2021; 

Frau, 2023; Reinl et al., 2021; Smayda, 1997). Although cyanobacteria blooms in 

freshwater lakes are most commonly found in high nutrient systems, they are not 

ubiquitous to such environments. Cyanobacteria blooms can also occur in low nutrient 
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lakes and cold water, and can develop as surface, metalimnetic or benthic blooms (Reinl et 

al., 2023, 2021; Sterner et al., 2020; Urrutia-Cordero et al., 2020). Consequently, the 

specific mechanisms leading to bloom development differ across lakes depending on 

geomorphology, watershed dynamics, and nutrient regimes, but are generally associated 

with increases in nutrients (both nitrogen and phosphorus) and water temperatures. Due to 

their rapid proliferation and the negative impacts they can have on freshwater ecosystems, 

cyanobacteria are considered one of the largest threats facing freshwater ecosystems at the 

global scale (Brooks et al., 2017). 

Cyanobacteria blooms have detrimental effects on aquatic ecosystems and have the 

potential to cause large-scale changes in ecosystem function. Increased dominance of 

cyanobacteria in water bodies is attributed to lower diversity of phytoplankton, limited 

functional diversity and resource use efficiency of zooplankton communities and loss of 

fish populations through anoxia and bioaccumulation of cyanotoxins (Amorim and Moura, 

2021; Bockwoldt et al., 2017; Krztoń et al., 2019; Paerl and Otten, 2013a; Tian et al., 2018). 

Such loss of oxygen can further promote blooms through nutrient loading from the 

sediment, creating positive feedback loops and alternative stable states (Giles et al., 2016; 

Zilius et al., 2014). The associated changes in dominance of species and loss of biodiversity 

during cyanobacteria blooms can result in loss of ecosystem stability, decreased resilience 

and resistance to disturbance events, and shifts ecosystem processes (Hillebrand et al., 

2008). 

Exposure to cyanotoxin contaminated water bodies has been associated with severe 

illness in humans, with the most notable case being in Brazil 1996, where contaminated 
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water was used in dialysis treatments, resulting in liver failure of 60 individuals (Pouria et 

al., 1998). While reports of fatalities in humans are rare, cyanotoxin exposure often causes 

skin irritations, gastrointestinal issues, and to lesser extents, neurological issues (Backer et 

al., 2015), and may contribute to the onset of neurodegenerative disorders, such as ALS or 

Alzheimer’s Disease (Lopicic et al., 2022; Sini et al., 2021). The most severe impacts of 

cyanotoxins are commonly seen in animals, where mass mortalities have been documented 

(Lopez‐Rodas et al., 2008; Papadimitriou et al., 2018; Stepanova, 2018; Wang et al., 2021). 

Much societal concern associated with cyanotoxins has focused on the prevalence of 

impacts to households pets, such as dogs, as well as young children, both whom may 

involuntarily drink contaminated water (Chorus and Welker, 2021; Manning et al., 2020). 

In addition to health impacts, cyanobacteria blooms can have substantial socio-

economic consequences on impacted communities. Several occasions have been reported 

where cyanotoxins in freshwater resources have exceeded safe drinking water guidelines 

set out by the World Health Organization. This has restricted public access to clean water 

and necessitated costly upgrades to water treatment facilities and enhanced monitoring 

efforts. (Chorus and Welker, 2021; Fortin et al., 2010; Jetoo et al., 2015; Olokotum et al., 

2020; U.S. Environmental Protection Agency, 2015). In the United States cyanobacteria 

blooms resulting from eutrophication have been estimated at costing 2.2 billion dollars 

annually in loss of revenue from property values, recreation, drinking water, and recovery 

from invasive species (Dodds et al., 2009). Given the broad socio-economic and biological 

implications of cyanobacteria blooms, understanding their development and modes of 

producing cyanotoxins is essential in mitigating these negative consequences. 
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1.2. Cyanotoxin Production 

Cyanotoxins are secondary metabolites produced non-ribosomally by some strains 

of cyanobacteria. These toxins can be classified as heptatotoxins, neurotoxins, dermotoxins 

or cytotoxins, based on their mode of toxicity (Codd, 1995). Of these toxins, the most 

commonly detected cyanotoxins in freshwater lakes are microcystins, anatoxins, 

saxitoxins, nodularins and cylindrospermopsins, each with multiple congeners that can be 

produced as a result of differences in the arrangement of toxin-forming gene clusters and 

available nutrients (Börner and Dittmann, 2005; Chaffin et al., 2023; Merel et al., 2013). 

Because not all cyanobacteria produce toxins, some cyanobacteria can produce multiple 

different cyanotoxins, the ability to produce toxins varies between strains, and toxin-

producing strains are morphologically identical, predicting when cyanobacteria blooms 

may become toxic and the degree of toxicity of blooms regarding different toxin congeners 

remains a substantial challenge (Carmichael, 2001; Rantala et al., 2003).  

While cyanotoxins are frequently monitored across water bodies, the ecological 

role that cyanotoxins fulfill remains highly contested. It is frequently thought that 

cyanotoxins may provide strains protection from grazing or a competitive advantage 

against other cyanobacteria species through alleleopathy (Burns, 1987; Hairston et al., 

2001; Oh et al., 2000; Rzymski et al., 2014), however, the presence of toxin-forming gene 

clusters in cyanobacteria genomes long predated the emergence of the metazoan lineage, 

contesting this hypothesis (Rantala et al., 2003). Evidence suggests cyanotoxins provide 

cyanotoxin producing strains a physiological advantage. Evidence supporting this 

hypothesis include the potential roles of cyanotoxins in nutrient uptake and cellular 
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metabolism, protecting cells from oxidative stress, protein modification, cell-to-cell 

communication and photosynthesis (Gerbersdorf, 2006; Holland and Kinnear, 2013; 

Jährlichen et al., 2007; Utkilen and Gjolme, 1995; Zilliges et al., 2011). Given the different 

competitive advantages of different toxic and non-toxic strains, as well as the several 

different gain and loss events of toxin genes throughout evolutionary history (Dick et al., 

2021; Suominen et al., 2017; Tanabe et al., 2009), cyanotoxin production likely provides 

cells with physiologic aide that provides a competitive edge despite their high cost of 

production. 

While the mechanisms promoting cyanotoxin synthesis still remain largely 

unknown, emerging evidence suggests that cyanotoxins are tied to ecological 

stoichiometry, suggesting that the available nutrients within a system will affect which 

secondary metabolites may be produced (Brandenburg et al., 2020; van de Waal et al., 

2014, 2009; Wagner et al., 2019). A substantial portion of this research regards 

microcystins (an N-rich metabolite), one of the most wide-spread cyanotoxins (Merel et 

al., 2013), suggesting that lakes with high nitrogen relative to phosphorus bear higher 

microcystin concentrations (Chaffin et al., 2023). Conditions selecting for production of 

cyanotoxins varies not only at the species level, but the strain level. Therefore, while 

cyanotoxin production may be tied to ecological stoichiometry, it is more likely that toxic 

cyanobacteria strains dominate in conditions that may theoretically promote cyanotoxin 

production (Chorus et al., 2021).  
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1.3. Lake Champlain Cyanobacteria Blooms 

Cyanobacteria blooms vary both spatially and temporally across Lake Champlain, 

with the northeastern arm receiving the most frequent and severe blooms (Isles et al., 2022). 

Historically, cyanobacteria began to increase in the northeastern arm of Lake Champlain 

during the 1960-1970s, following intensification of agricultural practices and sewage 

discharge (Levine et al., 2012).While temperature and phosphorus levels have increased in 

the northeastern arm from 1979 to 2009, nitrogen levels have been slowly decreasing 

(Smeltzer et al., 2012). With the increases in temperature and phosphorus, there have been 

concurrent increases in the prevalence of cyanobacteria in the phytoplankton community 

(Smeltzer et al., 2012).  

In the early 2000s, cyanobacteria blooms were often dominated by Microcystis spp. 

in the northeastern arm of Lake Champlain (Bowling et al., 2015). Associated with these 

Microcystis blooms were well-correlated relationships with the cyanotoxin, microcystin 

(Davis et al., 2009; Fortin et al., 2010). From the years 2000-2009, several drinking water 

advisories were put in place in the Quebec portion of Missisquoi Bay, as microcystin 

concentrations regularly exceeded 1.5 µg L-1 (Bowling et al., 2015; Fortin et al., 2010). 

Similarly, molecular work in Missisquoi Bay in 2006 determined that mcyD genes, 

microcystin producing genes, from the Microcystis aeruginosa genomes were highly 

correlated with microcystins, leading to the conclusion that Microcystis was likely the 

dominant microcystin producer in the early 2000s (Fortin et al., 2010).  

In recent years, and likely in conjunction with decreasing nitrogen levels across the 

lake, Dolichospermum has become the main bloom former across much of Lake Champlain 
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(Bowling et al., 2015; Celikkol et al., 2021; Isles et al., 2015). The increase in dominance 

of Dolichospermum has been tangentially associated with decreases in cyanotoxin 

concentrations across the lake in recent years (Isles et al., 2022; Lake Champlain Basin 

Program, 2024). In fact, samples from the main lake, which is significantly less nutrient 

rich than the northeastern arm, rarely have cyanotoxin abundances in detectable 

concentrations during non-bloom events, and even during bloom events, concentrations 

typically remain below the World Health Organizations guidelines (Lake Champlain Basin 

Program, 2024).  Similarly, routine monitoring at Burlington beaches, has found that 

following 2013, microcystin and anatoxin concentrations remain considerably low (Isles 

et al., 2022).  

While current concentrations of cyanotoxins in Lake Champlain remain low, the 

risk of blooms becoming more toxic increases with climate change (Paerl and Otten, 

2013b; Walls et al., 2018). Toxin-producing cyanobacteria strains increase in abundance 

with increasing temperatures, and cyanobacteria genera, such as Microcystis, that are more 

toxic are highly competitive under high water temperatures (Dong et al., 2021; Joung et 

al., 2011; Paerl and Otten, 2013a; Walls et al., 2018). Furthermore, changes in climatic 

conditions and weather patterns are anticipated to affect the phenology and intensity of 

cyanobacteria blooms in the future. While warming is anticipated to facilitate the increased 

dominance of cyanobacteria through shifts in nutrient cycling, increased water 

temperatures and increased durations of water column stability (Paerl and Otten, 2013a), 

other extreme climatic events may decrease bloom development and intensity through loss 

processes (Harris et al., 2024).   
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1.4. Introduction to Dissertation Questions 

Cyanobacteria blooms and the concurrent toxin production associated with blooms 

is a heavily nuanced topic with considerable complexities. Given the detrimental effects of 

cyanobacteria blooms on both human health and ecological function of lake ecosystems, it 

is imperative to further understand the drivers of cyanobacteria blooms, why cyanobacteria 

produce cyanotoxins, and how climate change will influence cyanobacteria assemblage 

and phenology.  

In my dissertation research I address these research gaps regarding cyanobacteria 

blooms and cyanotoxin production in Lake Champlain. While these results are focused on 

Lake Champlain, they can be extrapolated to lakes with similar nutrient regimes and 

geomorphometry, particularly in the shallow, eutrophic systems. In Chapter 2, I address 

how ecological stoichiometry can be used to determine cyanobacteria bloom dynamics and 

cyanotoxin production. I specifically address nutrient limitation in phytoplankton species 

using both resource nutrients in the water column and seston nutrients. In Chapter 3, I 

explore the relative abundance of toxic and non-toxic strains of cyanobacteria, and how 

changes in abundance of toxic cyanobacteria can translate to changes in cyanotoxin 

concentrations. In Chapter 4, I address how extreme climatic events effect phytoplankton 

communities using both high frequency data and discrete weekly sampling, and how 

climatic extremes influence cyanobacteria bloom phenology. My research takes a holistic 

approach to understanding cyanobacteria bloom dynamics in Lake Champlain by 

integrating ecological stoichiometry, high frequency monitoring data, and shotgun 
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metagenomic sequencing. This research highlights complexities in cyanobacteria biomass 

and cyanotoxin productions, identifies microcystin producers, and highlights the potential 

impacts that climate change may have on phytoplankton communities and the phenology 

of cyanobacteria blooms.  
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2.1. Abstract 

Cyanobacteria blooms are a leading threat to water quality globally. Despite this, 

the timing and frequency of toxin production associated with harmful blooms is not well 

understood. Ecological stoichiometry can identify how phytoplankton are assimilating 

nutrients from their environment, and how those nutrients are allocated to produce 

secondary metabolites. Here we explore cyanobacteria bloom dynamics and cyanotoxin 

production in two shallow, eutrophic bays of Lake Champlain through the lens of 

ecological stoichiometry. We utilize nutrient resource supply ratios (DIN:TP), seston 

nutrient ratios (C:N:P), and high frequency buoy data to explore what nutrients limit 

cyanobacteria growth across the bloom season, how seston nutrient ratios relate to 

cyanotoxin production, and what environmental conditions trigger bloom development. 

Despite having similar TN:TP ratios, we identified differences in limiting nutrients across 

the season, where Missisquoi Bay was mainly phosphorus limited, and St. Albans Bay was 

nitrogen limited. Missisquoi Bay blooms were fueled by stable water column conditions, 

while St. Albans Bay blooms increase following periods of high wind. Despite differences 

in biomass and severity of the cyanobacteria blooms, microcystin and anatoxin 

concentrations did not differ between each bay. Additionally, microcystin production only 

occurred when seston C:N ratios indicated low to moderate nitrogen limitation (C:N < 

14.6), supporting experimental findings that toxin synthesis is tightly coupled with seston 

C:N:P elemental ratios. Taken together, these results highlight the importance of nutrient 

stoichiometry in understanding how blooms develop and persist in eutrophic lakes and how 

cyanotoxin synthesis may be related to seston nutrient concentrations. 
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2.2. Introduction 

 Cyanobacteria blooms are a global threat to water quality across many freshwater 

lake ecosystems (Brooks et al. 2017; Paerl et al. 2020; Paerl and Otten 2013), as they can 

impair drinking water, limit recreational access to freshwater and disrupt aquatic food webs 

and ecosystem function (Antoniou, De La Cruz, and Dionysiou 2005; Paerl and Otten 

2016). This is partially a result of cyanotoxin production, which are secondary metabolites 

produced by cyanobacteria that can cause irritation, illness, and fatalities in humans and 

animals (Antoniou, De La Cruz, and Dionysiou 2005; Carmichael 2001). While 

eutrophication is a well-known driver of cyanobacteria bloom proliferation (Paerl and 

Otten 2013), N:P resource ratios do not always explain the occurrence of cyanobacteria 

blooms and the limiting nutrients at a given time (Diaz et al. 2007; Jeppesen et al. 2005; 

Vrede et al. 2009). In addition, there lacks consensus on the ecological role of cyanotoxins 

and when they are produced during cyanobacteria blooms (Holland and Kinnear 2013; 

Miller et al. 2019; Paerl, Otten, and Joyner 2016). Given the impacts that cyanobacteria 

and cyanotoxins have on aquatic ecosystems, it is imperative to understand the mechanistic 

drivers of cyanobacteria blooms and cyanotoxin production.  

 Ecological stoichiometry, the balance of chemical substances in ecological 

interactions, can provide a framework to investigate nutrient limitation and environmental 

conditions that may lead to cyanobacterial growth and cyanotoxin production (Sterner and 

Elser 2002). Regarding phytoplankton growth, ecological stoichiometry considers the 

acquisition and losses of carbon (C), nitrogen (N), and phosphorus (P) (Sterner and Elser 

2002) because the relative atomic ratios of C:N, N:P and C:P in biomass can indicate 
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nutrient stress and limitation of phytoplankton growth (Healey 1975;  Sterner 2011; Tezuka 

1985). When C or light are limiting for growth, phytoplankton C:P and C:N ratios will be 

low. When N is limiting, C:N ratios will be high, resulting in an accumulation of C-rich 

storage compounds (Sterner et al. 1997). Similarly, when P is limiting, C:P ratios will be 

high (Yang et al. 2020). Phytoplankton have variable ranges of elemental plasticity under 

nutrient limiting conditions due to  the ability to store excess nutrients ("luxury 

consumption", Stolte and Riegman 1995) or grow at reduced rates. However, under 

nutrient replete conditions with high growth rates, phytoplankton approach homeostasis 

(static elemental composition regardless of nutrient resource ratios; Hillebrand et al. 2013). 

Therefore, the phytoplankton paradigm of  “you are what you eat” (Frost et al. 2005) is 

dependent on certain functional traits (e.g., ability to fix N, temperature optima, size) and 

growth rate.  

 In eutrophic lakes, cyanobacteria often dominate phytoplankton communities, thus 

making up a large proportion of seston biomass (Hessen et al. 2005; Major et al. 2017). 

Combining both resource stoichiometry (available nutrients from the water column) and 

seston stoichiometry (nutrients within phytoplankton) can enhance our understanding of 

nutrient cycling and phytoplankton dynamics in aquatic ecosystems. Water column 

nutrient ratios (ex: TN (total nitrogen) : TP (total phosphorus) or DIN (Dissolved inorganic 

nitrogen) : SRP (soluble reactive phosphorus) relay how ambient nutrient concentrations 

shift in relation to one another over the season, and may change as a result of phytoplankton 

growth, uptake, senescence, and delivery to the system from sediments or tributaries. 

Seston nutrient stoichiometry can relay what nutrients phytoplankton are assimilating from 
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the water column. While water column stoichiometry is often used for identifying nutrient 

limitation within the phytoplankton (Dolman, Mischke, and Wiedner 2016; Qin et al. 

2020), the expected patterns of cyanobacteria dominance are not always found (Diaz et al. 

2007; Paerl and Otten 2016).  Excess bioavailable nutrients in the water column can result 

in the luxury consumption of nutrient uptake (Carey et al. 2012) skewing the seston 

stoichiometry. Therefore, determining nutrient limitation from water column nutrient ratios 

alone, may be misleading (Yang et al. 2020). Additional insight from phytoplankton 

nutrient stoichiometry can provide further evidence for what may be limiting 

phytoplankton growth, as well as highlight nuances in phytoplankton uptake and 

assimilation of bioavailable nutrients (Elser et al. 2022; Sterner 2011; Tezuka 1985).  

Ecological stoichiometric theory predicts that the form and concentration of 

secondary metabolites produced by phytoplankton are determined by ambient nutrient 

availability and allocation in biosynthesis (van de Waal et al. 2014). While the amount of 

nutrients allocated to toxins is very small, cyanotoxin concentration is correlated with 

stoichiometric controls (Chaffin et al. 2023; van de Waal et al. 2014). Laboratory and field 

research has shown that the concentration of microcystin congeners  that have varying N-

requirements (i.e., between 8 and 12 N per microcystin congener), shifts under varying 

ambient C:N ratios (Chaffin et al. 2023; van de Waal et al. 2009). Similarly, Microcystis 

aeruginosa has been found to produce microcystin when there is an excess of intracellular 

nitrogen (C:N < 8.3) (Wagner et al. 2019), consistent with previous work showing toxin 

production for N-rich cyanotoxins (such as microcystins and cylindrospermopsins), 

increases under N-replete conditions, and C-rich toxins (anatoxin-a) generally increase 
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under N or P-limitation (van de Waal et al. 2014). Anatoxin-a synthesis in Dolichospermum 

spp. has been shown to increase under N-deplete conditions (Rapala et al. 1993), and, in 

some cases, is highest during periods of N-fixation (Kramer et al. 2022). Understanding 

the relationship between seston stoichiometry and toxin concentrations will increase the 

predictive power of forecasting toxin production during cyanobacterial blooms and provide 

context as to how bloom toxicity may change under varying environmental conditions. 

Missisquoi Bay and St. Albans Bay are eutrophic, shallow, polymictic bays of the 

northeastern arm of Lake Champlain (Levine et al. 2012). Both systems have low TN:TP 

ratios and have had increasing TP and decreasing TN concentrations in recent years 

(Smeltzer et al. 2012). While similar, these systems display considerable differences in 

watershed dynamics and geomorphologies. St. Albans Bay is much smaller than 

Missisquoi Bay and is hydrologically connected to the rest of Lake Champlain. 

Additionally, St. Albans Bay has a significantly smaller nutrient influx from stream 

tributaries than Missisquoi Bay, because of both smaller streams, and smaller watershed to 

surface area ratios (Levine et al., 2012). Therefore, the differences in external and internal 

nutrient cycling dynamics provide an excellent opportunity to explore how cyanobacteria 

blooms and cyanotoxin production are influenced by changes in seston and resource 

nutrient concentrations. 

In this study, we explored the drivers of cyanobacteria bloom formation and 

cyanotoxin production in two eutrophic, shallow bays of Lake Champlain with different 

watershed inputs and basin geomorphology. We asked three primary questions: 1) 

According to resource nutrient concentrations and seston C:N:P, what nutrients limited 
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phytoplankton growth across the different bloom stages in each system; 2) To what extent 

was toxin concentration determined by intracellular and ambient resource C:N:P ratios; 3) 

and how did environmental factors, which may cause shifts in resource nutrient 

stoichiometry, control differences in bloom initiation and intensity between St. Albans 

(SA) and Missisquoi Bay (MB)?  

We predicted that both systems would be primarily P-limited during cyanobacterial 

blooms (exponential growth and steady state conditions), but that blooms would be 

initiated by early season N-limitation that selects for diazotrophic species. Because both 

systems have low TN:TP ratios, phytoplankton likely experience N-limitation (Elser et al. 

2009; Guildford and Hecky 2000), but are known to have increased cyanobacteria growth 

with increased P loads (Isles et al. 2015; Smeltzer 2003). Second, we predicted that the 

main differences in bloom initiation and severity would be related to the timing and 

duration of water column stability and nutrient pulses into each bay. During periods when 

cyanobacteria biomass was high, or when cyanobacteria were dominating the 

phytoplankton community, we expected that toxin concentrations would be related to the 

available nutrients within the seston. Specifically, we predicted that microcystin production 

would occur when seston were N-replete (molecular C:N < 8.3), and anatoxin-a production 

would occur during periods of either moderate to severe N- (C:N > 8.3) or P-limitation 

(molecular  C:P > 129 and molecular N:P >22), when seston carbon was in excess (Healy, 

1975). 
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2.3. Methods 

2.3.1. Study Sites and Sample Collection 

Field samples were collected from two shallow, eutrophic bays in the northeastern 

arm of Lake Champlain during the months of May-November of 2021 (Figure 2.1). 

Missisquoi Bay (MB) has a mean depth of 2.8 m and a maximum depth of 4 m, with a 

surface area of 75 km2. St. Albans Bay (SA) has a surface area as of 7.3 km2, a mean depth 

of 4m and a maximum depth of 12m. St. Albans and Missisquoi Bay are proximal to one 

another, being separated by approximately 23 km. Both bays are polymictic, having only 

short periods of stratification during the summer months. Though short, these periods of 

stratification are important drivers of internal P loading into each system (Giles et al. 2016; 

Smeltzer 2003).  

Samples were collected weekly at each site from May to November at the deepest 

site in each bay where YSI profiling buoys are moored (Missisquoi Bay: 44.99131°, -

73.1149°; St. Albans Bay: 44.79386°, -73.15518°). Samples collected included 

phytoplankton for microscopic analysis, cyanotoxins, particulate seston, dissolved organic 

carbon (DOC), TN, TP, dissolved inorganic N (DIN; ammonium, nitrate and nitrite), 

orthophosphate, and total dissolved nitrogen (TDN). Phytoplankton samples were 

collected in duplicate in two 250 mL opaque amber HDPE bottles (Nalgene) from the 

euphotic zone (determined as 2x the Secchi depth) using an integrated hose sampler and 

preserved with Lugol’s solution. Briefly, multiple integrated samples were collected with 

by lowering the hose to the depth of the euphotic zone and pouring contents into a 

collection bucket. All samples from the integrated water column were subsampled from 
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the collection bucket. Cyanotoxins were collected in 50 mL tubes (Falcon) from the 

integrated water column. Particulate seston water samples (1 L stored in opaque amber 

HDPE bottles), TDN and DOC (50 mL stored in combusted glass amber bottles, filtered 

through a 0.22µm polyethersulfone filter membrane) were collected from the integrated 

water sample. Total (TN and TP) and dissolved inorganic nutrients (NO3-N, NO2-N, NH4-

N, PO4-P) were collected at 0.5 m from the surface and 0.5 m from the bottom of each 

water column and were preserved with 0.1% sulfuric acid. Samples were stored on ice until 

arriving at the laboratory where cyanotoxins were frozen and total nutrients, DOC and 

TDN and dissolved inorganic nutrients were stored at 4 °C until analysis. 
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Figure 2.1. Map of site locations in Missisquoi and St. Albans Bay in the northeastern arm of Lake 

Champlain. Black points refer to stations with high frequency buoys and monitoring sites. 

 

 

2.3.2. High Frequency Data Collection 

Both sample sites are known for the occurrence of sustained annual summer-fall 

cyanobacteria blooms, which were monitored using high frequency buoys (YSI vertical 

profilers, Yellow Springs, OH). The buoys are programmed to log data every hour at 0.5 

m increments using YSI EXO2 sondes equipped with probes that measure temperature, 

pH, phycocyanin fluorescence, chlorophyll a fluorescence, turbidity, dissolved oxygen, 

fDOM, and conductivity. The buoys are also equipped with HOBO RX2000 
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meteorological stations, capturing wind speed, wind direction, air temperature, relative 

humidity, pressure, and short-wave solar radiation. For this study, we used phycocyanin 

fluorescence to indicate timing and characterize temporal phases of the cyanobacteria 

blooms in each bay (Isles et al. 2015; Giles et al. 2016). While these buoys are 

advantageous in capturing high resolution data in each bay, in Missisquoi Bay, the buoy 

may not be representative of bay-wide dynamics, but only the southern portion of the bay 

that is fed by the Rock River. Satellite data has shown that while one portion of the bay is 

blooming, others may not be. In St. Albans Bay, the high frequency buoy data is highly 

representative of bay-wide dynamics. Stream flow data was obtained from the U.S. 

Geological Survey sites (U.S. Geological Survey 2016). 

2.3.3. Sample Processing 

Upon returning to the lab, seston samples were passed through a 420 µm mesh sieve 

to remove large grazers before processing. Seston samples were vacuum filtered onto pre-

combusted, rinsed, and weighed glass fiber filters (Millipore GF/F, 0.7 µm). One-liter of 

sieved water was filtered in duplicate for P analysis and separately for C:N analysis 

(approximately 250 mL each). The filters were then dried at 60°C for 24 hours, and pre-

and post-filter weights recorded. Particulate seston samples were analyzed for C:N on a 

ThermoFisher NC Soil as previously described (Wagner et al. 2019). We used the standard 

acetanilide with a known %C (71.09) and %N (10.36) to calculate the amount of particulate 

C and N in our samples.  Seston phosphorus samples were analyzed colorimetrically using 

a persulfate digestion and molybdate blue spectrophotometer method (APHA 1999). The 

weighed filters were added to autoclaved glass tubes and combusted at 500C in a muffle 



28 

 

furnace for 1 hour to combust organic matter. Diluted HCl (1 N) was added to each tube 

and heated for two hours at 104C to extract bound phosphorus and convert it to ortho-

phosphate. Reagents were added and samples were set aside in the dark for 30 minutes to 

allow the molybdate blue reaction to occur. Samples were analyzed on a spectrophotometer 

at 885nm.  

Water samples were analyzed for TN and TP, nitrate (NO3-N), nitrite (NO2-N), 

ammonium (NH4-N) and orthophosphate (PO4) using an AQ2 Autoanalyzer (Seal 

Analytical, Mequon WI). TN and TP samples were digested following a persulfate dual N 

and P digestion method (APHA 2005). Nitrate and nitrite were measured as cumulative 

nitrite, where nitrate was reduced to nitrite within a copper-cadmium column, following 

the standard EPA method 353.2 (USEPA, 1993a).  NH4-N was analyzed following the 

standard EPA method 350.1 (USEPA, 1993b), and PO4 was analyzed following the 

standard EPA method 361.1 (USEPA 1993c). Standards and blanks were analyzed during 

sample runs and analytical triplicates were run to ensure consistency in measurements. 

DOC and TDN samples were analyzed after sample acidification and combustion 

(Shimadzu TOC-L).  

Toxin samples were processed at SUNY-ESF. Whole water samples (~45 mL) were 

analyzed for anatoxin-a, cylindrospermopsin, and microcystin. Toxin samples were 

lyophilized to dryness, lysed by ultrasound, centrifuged and the supernatant analyzed by 

liquid chromatography coupled with mass spectroscopy. Toxin values, therefore, represent 

total toxin concentration in the water column in both the particulate and dissolved phase.  
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Samples were initially screened for 27 common microcystins using liquid 

chromatography coupled with mass spectrometry (Boyer 2020), however due to low 

concentrations and small collection volume, all samples were below the method detection 

limit (~0.2 μg/L). For greater sensitivity, samples were screened for a subset of 11 

microcystin congeners (RR, LR, LF, dimethyl LR, LA, HiLR, YR, hYR, WR, LY and LW) 

and nodularin (NOD), using a sensitive LC/MS-MS modification of EPA method 546 

(Birbeck et al. 2019). Individual method detection limits were determined for each sample 

based on the instrument detection limit that day and the sample volume, but in general all 

were <0.04 µg L-1. The neurotoxins anatoxin-a, homoanatoxin-a, dihydro anatoxin-a, and 

dihydro homoanatoxin-a and cylindrospermopsin, deoxycylindrospermopsin and epi-

cylindrospermopsin were measured by LC-MS/MS using a modification of EPA method 

545 (USEPA, 2017). to include both a quantitation ion and two confirmation ions (Smith 

et al. 2020). Method detection limits were <0.03 µg L-1 for anatoxins and <0.08 µg L-1 for 

cylindrospermopsins. Toxin quotas were calculated by dividing the toxin concentration by 

the relative abundance of potentially toxin producing cyanobacteria and shown in 

Appendix A (Figure A.1)  

Phytoplankton samples for microscopic analysis were selected based on 

phycocyanin trends to fully encapsulate the bloom period. Samples were settled in 

graduated cylinders and concentrated to a volume where 15-30 natural units per view were 

visible in a nanoplankton counting chamber at 400x magnification. Samples were counted 

until at least 300 natural units were observed (single cells, filaments, or colonies) using an 

upright microscope with brightfield (Leica DM2500). Biovolume was calculated following 
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(Hillebrand et al. 1999). While counting, the number of heterocytes and akinetes per 

filament were recorded.  

2.3.4. Nutrient Limitation  

Nutrient limitation in seston was determined by molecular ratios as described in 

Healy (1975), which were used to determine the well-known nutrient limitation indicators 

(TN:TP) in lakes set out by Guildford and Hecky (2000). Briefly, C:N can suggest N-

limitation, while C:P and N:P can suggest P-limitation (Sterner 2011). The seston were 

considered severely N-limited if molecular C:N > 14.6, moderately N-stressed when  C:N 

was between 8.3-14.6 , and N-replete when C:N < 8.3. Similarly, the seston were 

considered severely P-limited when molecular C:P > 258 and molecular N:P >22, 

moderately P-stressed when C:P was between 129-258, and P-replete when C:P <129.   

Dissolved inorganic nutrients were analyzed and compared to seston nutrients in order to 

further determine nutrient limitations in the water column. Briefly, when DIN (NO3 + NO2 

+ NH4) was < 100 ug/L and DIN:TP < 1.6, the water column was considered N-deplete. 

When PO4 was > 10 and DIN:TP >/= 1.6, the water column was considered P-deplete 

(Dolman, Mischke, and Wiedner 2016).   

2.3.5. Data Analysis  

All statistical analyses were conducted in R software version 4.3.2 (R Core Team 

2023). To identify differences between St. Albans and Missisquoi Bay cyanotoxin 

concentrations, unpaired t-tests were conducted, with results being reported to the 95% 

confidence level. Water column stability was calculated using temperature and bathymetry 

as Schmidt stability (J m-2) using the `rLakeAnalyzer` package (Winslow et al. 2019) in 
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the R Statistical Software (R Core Team 2023). Bathymetry was calculated by using the 

approx.bathy() function in the `rLakeAnalyzer` package (Winslow et al. 2019). 

Hierarchical clustering was used to determine cyanobacteria bloom growth stages 

in both bays. Average daily phycocyanin and chlorophyll, three day lags of phycocyanin 

and chlorophyll, and the daily rate of change in phycocyanin and chlorophyll were used to 

categorize pre-bloom, exponential growth, peak bloom, bloom collapse and post-bloom 

stages using Euclidean distances with the vegdist() function in the R `vegan` package 

(Oksanen et al. 2022). Hierarchical clusters were created using the hclust() function in the 

R `stats` package (R Core Team 2023). The number of appropriate clusters were 

determined using elbow, silhouette and gap methods using the fviz_nbclust() function in 

the `factoextra` package (Kassambara and Mundt 2020). In Missisquoi Bay, four clusters 

were used, and three clusters were used in St. Albans Bay. Clustering results can be found 

in Appendix A (Figure A.2).  

Because our variables were not normally distributed, we utilized unpaired, two-

sided Wilcoxon Rank-Sum Tests with Bonferroni corrections to account for p-value 

inflation and to minimize false positive p-values when assessing the differences between 

St. Albans and Missisquoi Bay in seasonal schmidt stability, surface and bottom water 

temperatures, bottom oxygen concentrations, wind speed, and stream flow. For each test, 

the p-value was multipled by the number of t-tests run for comparison (n=6). To test 

differences within bays during bloom stages in environmental variables and nutrient 

concentrations, Kruskal-Wallis Tests were run followed by Dunn test with Bonferroni p-
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value corrections applied. Values with significant differences are reported as the mean ± 

the standard deviation. 

We used the dbrda() function in the `vegan` package (Oksanen et al. 2022)  with 

Bray-Curtis distance to conduct distance-based redundancy analysis (dbRDA) to identify 

environmental variables (wind speed, water temperature, Schmidt stability, stream flow, 

and dissolved nutrients (DIN and PO4) from the surface and bottom of the water column), 

that influenced cyanobacteria community composition in each bay. Only cyanobacteria 

genera with at least 5% relative abundance in at least one sample were used for the dbRDA. 

Prior to running dbRDAs, variables were assessed for collinearity, and removed if 

correlations between variables exceeded 0.75. Significant models were identified by 

forward stepwise selection of environmental variables using the stepAIC() function in the 

R `MASS` package (Venables and Ripley 2002). This process selects best model fit via the 

lowest AIC score based on model parsimony. Model significance was verified using the 

anova.cca() function in the R `vegan` package (Oksanen et al. 2022).  

 

2.4. Results 

2.4.1. Cyanobacterial Bloom Stages  

The pre-bloom phase (PrB) began at the start of our sampling season in June in 

Missisquoi Bay and ended on August 7th.  The first exponential growth phase (EG1) was 

from August 7th to August 12th, followed by the peak bloom phase (PB1). There was a 

bloom collapse (BC1) from August 20th to August 24th, followed by a longer, second 

exponential growth phase (EG2) from August 24th to September 3rd. The second bloom 
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peaked (PB2) from September 3rd to September 15th, crashed (BC2) during September 15th 

to September 27th and transitioned into the post-bloom (PoB) phase (Figure 2.2A). In St. 

Albans Bay, the pre-bloom phase occurred prior to the exponential growth phase, ending 

on July 15th. The exponential growth phase (EG) occurred earlier and was longer, between 

July 15th and July 27th. The peak bloom phase (PB) occurred after the exponential growth 

(EG) phase on July 27th and lasted for a much longer period in St. Albans than in Missisquoi 

Bay, ending August 16th. The bloom collapse (BC) occurred between August 16th and 

August 27th and was followed by the post-bloom phase (PoB) where phycocyanin declined 

(Figure 2.2B).  

We detected cyanotoxins in Missisquoi Bay primarily in September during the 

second peak growth phase of the cyanobacteria bloom which persisted through bloom 

decline (Figure 2A). In St. Albans Bay, cyanotoxins were detected primarily during the 

end of the peak bloom phase through the bloom crash and was dominated by anatoxin in 

August, followed by microcystin later in the season (Figure 2.2B). There were 6 

occurrences where microcystins were detected in St. Albans and 4 in Missisquoi Bay (out 

of 22 and 23 sampling events in St. Albans and Missisquoi Bay, respectively). 

Cylindrospermopsin was not detected during our sampling events. Anatoxin was detected 

less frequently, 3 occurrences in St. Albans and two in Missisquoi Bay. Average 

concentrations were not statistically different between the bays for anatoxins (St. Albans = 

0.17 +/- 0.03 µg L-1, Missisquoi = 0.06 +/- 0.003 µg L-1, p > 0.05), or microcystins (St. 

Albans = 0.05 +/- 0.01 µg L-1, Missisquoi = 0.05 +/- 0.02 µg L-1,  p > 0.05). However, in 

St. Albans Bay, anatoxins concentrations were higher than microcystins concentrations 
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(anatoxin = 0.17 +/- 0.03 µg L-1, microcystin = 0.05 +/- 0.01 µg L-1, p < 0.05), when 

detected. We found no statistically significant difference between anatoxin and microcystin 

concentrations in Missisquoi Bay (anatoxin = 0.06 +/- 0.003 µg L-1, microcystin = 0.05 +/- 

0.02 µg L-1, p > 0.05), as both toxin concentrations were extremely low and well below the 

World Health Organization guidelines of the world health organization for both lifetime 

(1.0 µg L-1 for microcystin-LR) and acute drinking water concentrations (12 µg L-1 for 

microcystin-LR and 30 µg L-1 for anatoxin-a), and recreational limits (24 µg L-1 for 

microcystin-LR and 60 µg L-1 for anatoxin-a; Chorus and Welker 2021).  
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Figure 2.2. High frequency phycocyanin relative fluorescence (RFU) over the sampling period (black line) 

in both Missisquoi Bay (A) and St. Albans Bay (B), with cyanotoxin concentrations (µg/L) depicted as 

columns (red = anatoxin, blue= microcystin). Alternating grey boxes refer to cyanobacteria bloom stages 

(PrB = Pre-Bloom, E = Exponential Growth, PB = Peak Bloom, BC = Bloom Crash, PoB = Post-Bloom) 
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The dominant taxonomic group in Missisquoi Bay was Cyanobacteria, while St. 

Albans was co-dominated by Cyanoabacteria and Bacillariophyta (Figure 2.3A-B). The 

Missisquoi Bay Cyanobacteria community was dominated by Dolichospermum spp. 

throughout both blooms. Early in the pre-bloom phase, Gloeotrichia echinulata and 

Aphanocapsa spp. were the dominant taxa that were replaced by Dolichospermum spp. 

during both the first and second bloom (Figure 2.3C). The St. Albans Bay cyanobacteria 

community was dominated by Dolichospermum spp. through the exponential and 

beginning of the peak-bloom phase, though Microcystis spp. became abundant through the 

end of the season during the post-bloom stage (Figure 2.3D). Missisquoi Bay had higher 

cyanobacteria biomass than St. Albans Bay (Figure 2.3A-B). Missisquoi Bay’s 

cyanobacteria biomass ranged from 91 µg L-1 to 51,000 µg L-1, while St. Albans Bay ranged 

from 440 µg L-1 to 9,800 µg L-1. Throughout the season, St. Albans Bay was co-dominated 

by Aulacoseira granulata, and during the decline phase of the bloom, the diatom became 

the dominant phytoplankton species (Figure 2.3D).  In Missisquoi Bay, cyanotoxins were 

highest during the second Dolichospermum bloom, following the crash of the first bloom, 

while in St. Albans Bay, microcystin concentrations began to increase with a corresponding 

increase in Microcystis biovolume and decreases in Dolichospermum. 
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Figure 2.3. Phytoplankton taxonomic groups by biomass (µg L-1) in Missisquoi Bay (A) and St. Albans 

Bay (B). Phytoplankton genera that made up at least 20% relative abundance in a single sample are 

represented by biomass (figures C-D). Alternating grey boxes refer to cyanobacteria bloom stages (PrB = 

Pre-Bloom, E = Exponential Growth, PB = Peak Bloom, BC = Bloom Crash, PoB = Post-Bloom). 

 

2.4.2. Physical and Chemical Properties of St. Albans and Missisquoi Bay 

Wind speeds on average, were slightly higher in St. Albans Bay than in Missisquoi 

Bay in 2021 (SA: 3.01 m s-1± 2.07, MB: 2.89 m s-1± 2.41, p < 0.05). While surface waters 

were not statistically different between sites, bottom water temperatures were warmer in 

Missisquoi Bay relative to St. Albans, given the differences in depth between the two sites 

SA: 21.3 °C ± 2.8, MB: 21.5 °C ± 3.2, p < 0.05). While both bays are polymictic, shallow, 

and are frequently mixed by wind, St. Albans does have a slightly higher Schmidt stability 

than Missisquoi Bay (SA: 2.85 J m-2 ± 4.07 MB: 2.46 J m-2 ± 3.88 p < 0.05), given the 

deeper depth and smaller volume of the bay. Despite being more stable, average bottom 
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waters in Missisquoi Bay are less oxygenated than St. Albans Bay (SA: 8.91 ± 1.36 mg L-

1,  MB: 7.87 ± 2.03 mg L-1, p < 0.05). The 2021 sampling year was abnormally dry (D0), 

and later in the summer experienced moderate drought (D1) conditions in Vermont 

(National Integrated Drought Information System). Despite the drought conditions, stream 

flow into the bays was significantly higher during the 2021 sampling season in Missisquoi 

Bay relative to St. Albans (SA: 12.98 ft3 s-1 ± 46.42 MB: 221.17 ft3 s-1 ± 248.53 p < 0.05).  

In Missisquoi Bay, the exponential growth phase (EP1) of the first cyanobacteria 

bloom had warmer water temperatures than the pre-bloom phase (PrB) (Figure 2.4A; PrB: 

22.54 °C ± 1.87, EP1: 24.91 °C ± 1.09, p < 0.05) resulting in heightened Schmidt stability 

(Figure 2.4E; PrB: 2.63 J m-2 ±3.56, EP1: 9.33 J m-2 ± 5.24, p < 0.05),  and lower bottom 

dissolved oxygen concentrations (Fiure 2.4C; PrB: 8.54 mg L-1 ± 1.08, EP1: 5.37 mg L-1 ± 

1.53, p < 0.05). The first exponential growth period was also associated with the highest 

Schmidt stability across the season (18.78 J m-2). Water temperatures remained stable 

during the first bloom through the bloom collapse (BC1), but the surface water temperature 

decreased during the second exponential growth period (EP2) (Figure 2.4A; BC1: 25.92 

°C ±  0.64, EP2: 24.53 °C ± 1.57, p-value < 0.05). The peak bloom period of the second 

bloom was associated with much cooler temperatures than the exponential phase (Figure 

2.4A; PB2: 20.13 °C ±0.66, EP2: 24.53 °C ± 1.57, p-value < 0.05), and lower Schmidt 

stability than the bloom collapse of the first bloom (Figure 2.4E; PG2: 0.37 J m-2 ± 1.06, 

BC1: 8.34 J m-2 ± 2.69). However, compared to the first bloom, the second exponential 

phase had reached the lowest oxygen concentration (0.24 mg L-1), which likely triggered 

internal loading of phosphorus to sustain the growth of the second bloom.  
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In St. Albans Bay the exponential phase (EP) of the bloom also had warmer surface 

water temperatures than the pre-bloom (PrB) phase (Figure 2.4B; PrB: 21.90 °C ± 1.28,  

EP: 23.76 °C ± 0.55, p < 0.05). The peak bloom period did not have significantly different 

surface water temperatures but was associated with decreased Schmidt stability than the 

exponential growth phase and the pre-bloom phase (Figure 2.4F; PrB: 4.31 J m-2 ± 4.90, 

EP: 4.54 J m-2 ± 3.49, PB: 2.80 J m-2 ± 3.54, p < 0.05). The peak growth phase had higher 

dissolved oxygen concentrations than the exponential phase (Figure 2.4D; EP: 7.55 ± 0.89, 

PB: 8.79 ± 1.11, p < 0.05), while the bloom collapse was associated with the lowest 

seasonal oxygen concentrations (1.05 mg L-1). During the bloom collapse, St. Albans Bay 

experienced increasing water surface water temperatures compared to the peak bloom 

period (Figure 2.4B; PB: 23.86 °C ± 1.70, BC: 25.40 °C ± 0.98, p < 0.05), and had the 

highest average Schmidt stability (BC: 5.89 J m-2 ± 5.72).  
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Figure 2.4. Water temperature, Dissolved oxygen, Schmidt stability, wind speed and stream gauge flow 

from Missisquoi Bay (A, C, E, G, I) and St. Albans Bay (B, D, F, H, J) in the 2021 sampling season. Red 

and blue lines refer to surface (1m and 0.5m) and bottom (2.5m and 4.5m) in Missisquoi Bay (A) and St. 
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2.4.2. Drivers of Cyanotoxin Production and Bloom Growth 

We detected microcystin when seston C:N values indicated no N-limitation in 

Missisquoi Bay, but moderate N-limitation in St. Albans Bay (Figure 2.5A). Anatoxin was 

detected primarily in Missisquoi Bay during N-replete and both P-stressed (Figure 2.5B-

C) and P-replete conditions, while in St. Albans Bay anatoxin was detected during mainly 

P-replete conditions and both N-stressed and N-replete conditions (Figure 2.5A-B).  

According to dissolved inorganic nitrogen (NH4 + NO3), orthophosphate (PO4) and 

the DIN:TP ratio in the surface and bottom of the water column (Figure 5D-F), both 

Missisquoi Bay and St. Albans oscillated through periods of N and P limitation. The early 

summer (June) was primarily P limited in both bays because of a pulse of DIN in the 

surface and bottom waters in both systems from a high stream flow event from 6/20-6/23. 

The flushing event delivered more DIN to Missisquoi Bay than St. Albans and led to 

Missisquoi Bay having higher average pre-bloom DIN concentrations compared to St. 

Albans (MB: 247.37 ± 414.95 μg L-1, SA: 90.00 ± 113.20 μg L-1). Following the period of 

P depletion in the water column, a period of N-deplete conditions arose in July in both 

systems (Figure 2.5D-F). A subsequent delivery of DIN to the systems occurred, and seston 

C:N decreased below 8.3, indicating N-replete conditions (Figure 2.5A-C) during the 

exponential and peak bloom phases. St. Albans Bay seston soon returned to N-stressed 

conditions and P-replete conditions, while Missisquoi Bay seston remained N-replete for 

most of the bloom season. 

 During bloom peaks in Missisquoi Bay and St. Albans Bay, seston experienced 

P-deplete conditions, though P-depletion was relieved in the first bloom of Missisquoi Bay 
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due to a pulse of bottom orthophosphate in early August (Figure 2.5). Missisquoi Bay 

seston remained both N and P-replete from the middle of August to the middle of 

September, where seston became increasingly P-stressed, and in October became both N 

and P-deplete (Figure 2.5A-C). The period of nutrient-replete conditions followed again, a 

pulse of dissolved inorganic nitrogen that was shortly followed by a pulse of 

orthophosphate (Figure 2.5D-F). These pulses of nutrients were associated with oscillating 

patterns of P and N-depletion in the water column (Figure 2.5D-F).  Following the 

exponential and peak phase of the bloom in St. Albans, seston quickly became nitrogen-

stressed and remained P-replete until late September. Despite a pulse of nitrogen at depth 

in mid-August in St. Albans Bay (Figure 2.5D), seston remained nitrogen-stressed (Figure 

2.5A), while the water column was mainly nitrogen-deplete. Nitrogen stress continued to 

increase through the season in St. Albans Bay seston, and became P and N-stressed in 

October, though the water column was mainly P-deplete (Figure 2.5D-F).  
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Figure 2.5. Particulate seston C:N (A), C:P (B), and N:P (C) ratios, and dissolved inorganic nitrogen (D; 

NH4 + NO3), orthophosphate (E; PO4) and DIN:TP (F) ratios in Missisquoi Bay in Missisquoi Bay (solid 

black line), and St. Albans Bay (dotted black line) across the sampling period. Points indicate periods 

where microcystin (red), anatoxin (blue), or both (purple) toxins were detected. Horizontal red and blue 

dash lines for seston nutrients (A-C) represent degrees of nutrient limitation as described in Healy, 1975.  

The June seston phosphorus value was an outlier, and was thus removed from the dataset in the C:P and 

N:P plots.  Horizontal lines indicate nutrient limitation criteria as outlined in Dolman et al. (2016).  

 

Distance-based redundancy analysis revealed differences in environmental 

variables that influenced cyanobacteria community composition in Missisquoi and St. 

Albans Bays. In Missisquoi Bay, forward stepwise selection of environmental variables 

indicated that only bottom orthophosphate concentrations were significant in shaping the 

difference in the cyanobacteria communities (Figure 2.6A, dbRDA: p < 0.05). Using 

bottom orthophosphate, 88% of the variability in the cyanobacteria communities was 

described in the first two axes. High bottom orthophosphate concentrations were positively 
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related to colonial cyanobacteria, such as Aphanocapsa spp., Microcystis spp. and 

Merismopedia spp. in Missisquoi Bay, and negatively related to the main bloom formers, 

Dolichospermum spp., Aphanizomenon flos-aquae and Cuspidothrix issatschenko. In St. 

Albans, all variables included in the forward selection model resulted in the lowest AIC 

and best model fit when describing the variance in the cyanobacteria communities (Figure 

2.6B, dbRDA: p < 0.05). The first two axes including all variables explained 90% of 

variability in the cyanobacteria community. Of those variables, DIN in the surface waters 

(DIN_S) and wind speed were significantly related to the axes in the dbRDA. In St. Albans 

Bay, DIN in surface water was positively related to Dolichospermum spp., 

Pseudoanabaena spp., Gloeotrichia echinulata and Aphanocapsa spp., and negatively 

related to Microcystis spp.. Wind speed was also negatively related to Aphanocapsa spp., 

Pseudoanabaena spp., and Gleoeotrichia echinulata. Schmidt stability was positively 

related to Microcystis spp. biovolume, and negatively related to Dolichospermum spp.   
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Figure 2.6. Distance based redundancy analysis for cyanobacteria community assemblage in Missisquoi 

Bay(A) and St. Albans Bay (B). Environmental variables shown highlight variables selected in forward 

selection to minimize model AIC. Cyanobacteria genera that represent >= 5% of the relative abundance are 

shown. Bottom DIN and Wind Speed were significant variables in St. Albans. (DIN_S = surface dissolved 

inorganic nitrogen, DIN_B = bottom dissolved inorganic nitrogen, PO4_B = bottom orthophosphate, 

PO4_S = surface orthophosphate, SS=Schmidt stability, Sum_SF = sum stream flow, Temp_C = air 

temperature, Wind_Speed = wind speed). 

 

2.5. Discussion 

We investigated variability in cyanobacteria bloom development and cyanotoxin 

concentrations through resource and seston stoichiometry in two, shallow eutrophic bays 

that are proximal to one another in the Northeast Arm of Lake Champlain. These sections 

of Lake Champlain are excellent comparative model systems because the bays vary in land 

use, basin morphometry, and internal and external nutrient loading dynamics. We found 

variability in the timing and composition of bloom communities between the two bays, as 

well as differences in timing of dominant cyanobacteria toxins. Missisquoi Bay was 

dominated by Dolichospermum spp. during the both bloom periods (primarily 

Dolichospermum flos-aquae), while St. Albans Bay had a greater contribution of 

Microcystis spp., and a significant biomass contribution from Aulacoseira granulata 

throughout the season. Despite this, there was no significant difference in concentration of 
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anatoxin or microcystin between St. Albans Bay and Missisquoi Bay. Microcystin 

concentrations were primarily detected during periods of low C:N ratios, suggesting the 

importance of seston nitrogen concentrations in cyanotoxin production. 

2.5.1. Resource and Seston Nutrient Dynamics  

Missisquoi Bay is shallower, has a larger watershed and higher stream flow into the 

bay, resulting in a higher N load compared to St. Albans Bay (Levine et al. 2012; Smeltzer, 

Shambaugh, and Stangel 2012). In 2021, St. Albans Bay experienced higher wind speeds 

and higher Schmidt stability than Missisquoi Bay, though the differences in stability were 

nearly negligible. The differences in watershed dynamics and basin morphometry were key 

in describing the differences in cyanobacteria bloom dynamics between each system. 

Average early summer TN concentrations in Missisquoi Bay were more than double those 

of St. Albans Bay in the pre-bloom phase, due to a high stream flow event from June 20-

23, 2021 that resulted in an average DIN water column concentrations of 1465 µg L-1 in 

Missisquoi Bay versus 383 µg L-1 in St. Albans Bay. Because of minimal differences in 

orthophosphate and TP (Figure A.3) in the early summer, the largest differences between 

Missisquoi Bay and St. Albans Bay are the N load, the maximum depth at each site, the 

overall size of each bay, and the degree of P loading from sediment. 

 Due to the difference is basin morphologies and nutrient loading into the systems, 

St. Albans Bay and Missisquoi Bay experienced differences in nutrient limitation across 

the summer sampling season. During the 2021 sampling season, Missisquoi Bay 

experienced oscillating periods of N and P limitation, as indicated by the water column 

DIN:TP ratios, but the seston remained N-replete for the majority of the bloom season. The 
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seston experienced P limitation during the peak growth phases of each bloom, as 

phytoplankton were rapidly growing, drawing down available nutrients in the water 

column. In St. Albans Bay the seston were primarily N-stressed or N-deplete, except for 

the exponential growth phase through the peak growth of the cyanobacteria bloom. This 

period of N-replete conditions in St. Albans Bay was triggered due to an influx of DIN at 

depth. During the cyanobacteria bloom collapse, the phytoplankton remained N-stressed 

and P-replete in St. Albans Bay, despite the water column receiving a pulse of DIN. Both 

St. Albans Bay and Missisquoi Bay seston shifted to being both N and P co-limited by the 

end of the season, while the water columns were P-deplete.  

2.5.2. Drivers of Cyanobacteria Blooms and Phytoplankton Community 

Composition 

The cyanobacteria bloom in St. Albans Bay started earlier in the season and lasted 

longer than the bloom in Missisquoi Bay, though the Missisquoi Bay bloom had higher 

cyanobacteria biomass than St. Albans Bay. Despite the timing of the blooms, both 

exponential growth phases were likely triggered by increasing water temperatures in 

conjunction with a pulse of DIN followed by a pulse of orthophosphate, though magnitude 

of these pulses were greater in Missisquoi Bay than in St. Albans Bay. Previous work has 

determined that water column stability is a key factor in dictating the timing of 

cyanobacteria blooms in Missisquoi Bay due to an influx of P from transient anoxia at the 

sediment-water interface under relatively stable water column conditions (Giles et al. 2016; 

Isles et al. 2015). Similarly, our study found that the highest Schmidt stability in Missisquoi 

Bay occurred during the first exponential growth phase of the bloom in 2021. During this 
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period, oxygen concentrations dropped, likely leading to P-loading from the sediment. The 

importance of P in shaping cyanobacteria blooms in Missisquoi Bay is further supported 

by the P limitation indicated in the seston, and the importance of orthophosphate at depth 

in shaping cyanobacteria communities. Furthermore, the second exponential growth phase 

in Missisquoi Bay was similarly triggered by stable water column and loss of oxygen at 

depth.  In St. Albans Bay, Schmidt stability had the opposite effect on the dominant bloom 

forming cyanobacteria, where the peak bloom phase was associated with a decrease in 

Schmidt stability relative to the exponential growth phase. This is likely because the bottom 

waters remained well-oxygenated, resulting in decreased nutrient loading at depth. 

 Due to lower earlier season temperatures and low DIN concentrations in the water 

column that were temporarily elevated during high stream flow events, both St. Albans and 

Missisquoi Bay are suitable systems for the dominance of N-fixing cyanobacteria, such as 

Dolichospermum flos-aquae (Isles et a. 2015; Lu et al. 2019; Tanvir et al. 2021).  Evidence 

suggests that Dolichospermum spp. are more sensitive to N concentrations in freshwater 

lakes, and can outcompete other cyanobacteria taxa when N is limiting due to their ability 

to fix atmospheric N2 (Zhang et al. 2020), though studies have also indicated that 

Dolichospermum may dominate during periods of high DIN, or high TN:TP ratios (Paerl 

and Otten 2016; Sterner et al. 2020). In fact, recent work from 2017 and 2018 in Missisquoi 

Bay, and other systems, has similarly shown that spikes in DIN from rainfall events can 

trigger Dolichospermum blooms (Celikkol et al. 2021; Sterner et al. 2020). However, the 

ability to fix N2 is unlikely to offset N-deplete conditions as N-fixation is metabolically 

costly and requires ample amount of P availability (Scott and McCarthy 2010). In St. 
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Albans and Missisquoi Bay, the highest number of heterocytes per filament occurred prior 

to the exponential growth phases of the blooms, when seston C:N indicated N-stress or N-

limitation (Figure A.4). This suggests that in these systems, where nitrogen concentrations 

are low early in the season, that N2-fixation may provide nitrogen-fixing cyanobacteria 

competitive advantages, which results in their dominance over other phytoplankton (Li et 

al. 2022). Dolichospermum may be able to dominate in systems that oscillate between N 

and P limitation in the water column, like Missisquoi Bay. D. flos-aquae can upregulate 

the nifH gene when phosphorus is replete, and they upregulate phosphorus scavenging 

genes during nitrogen-replete conditions (Wang et al. 2018). These mechanisms can allow 

Dolichospermum to quickly adapt to changes in their environment and utilize nutrients 

quickly as they become available. The difference in the magnitude of the blooms between 

both bays was likely driven by this pattern, where concurrent DIN pulses followed by 

orthophosphate maintained the Dolichospermum bloom in Missisquoi Bay, but not in St. 

Albans Bay, because the concurrent pulse of orthophosphate did not occur. 

 Flushing events are an important mediator of cyanobacteria bloom loss (Harris et 

al. 2024).  In both Missisquoi and St. Albans Bay, a flushing event in mid-August led to 

bloom senescence. The Missisquoi Bay community was able to rapidly recover, as the 

flushing event introduced DIN and was shortly followed by a pulse of orthophosphate. 

While the delivery of DIN also occurred in St. Albans, there wasn’t the subsequent increase 

in orthophosphate. This flushing event in St. Albans prevented the cyanobacteria 

population from recovering, leading to co-dominance in Aulacoseira granulata and 

increasing biomass of Microcystis spp.. Because St. Albans is more directly connected to 
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the rest of Lake Champlain compared to Missisquoi Bay, flushing and southerly winds may 

be influential in flushing blooms to the cooler, nutrient deplete main lake, leading to bloom 

decline. The increased presence of Microcystis spp. in the cyanobacteria community in St. 

Albans is likely a result of stabilized P conditions, a pulse of DIN from the senescing 

Dolichospermum bloom, and high-water temperatures, where Microcystis is known to be 

highly competitive (Paerl and Otten 2016).While orthophosphate stabilized in St. Albans 

Bay after late August, concentrations remained relatively low. Because Microcystis is a 

better P scavenger than Dolichospermum, this likely attributed to their increased 

dominance (Wan et al. 2019).  

 Polymictic, shallow lakes are subject to repeated, wind driven mixing which can 

influence the structure of the phytoplankton community. Trait-based approaches predict 

that silicious, chain forming diatoms, such as Aulacoseira, will be sensitive to the onset of 

stratification, due to their heavy silica frustules which cause them to sink to the bottom of 

the water column (Reynolds 2012; Sherman et al. 1998). Dolichospermum, however, can 

be sensitive to mixing, as they can adjust their position in the water column during periods 

of stable stratification to utilize both light availability at the surface and nutrient availability 

at depth (Reynolds 2012). We did not observe this pattern in St. Albans Bay. 

Dolichospermum genera in St. Albans Bay were negatively associated with water column 

stability, and positively associated with DIN in the surface waters. Turbulent mixing may 

induce filament fragmentation and increased cell surface area, which can increase nutrient 

uptake rates in Dolichospermum (Zhang et al. 2019). Thus, it may be the case that 

Dolichospermum thrives in mixed conditions in St. Albans Bay, as limiting nutrients at 
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depth are resuspended during periods of mixing, and when stable stratification sets up, 

Dolichospermum becomes less competitive as DIN becomes limiting in surface waters 

(Wilhelm and Adrian 2008), increasing N-fixation from heterocytes and slowing 

Dolichospermum growth rates (Osburn, Wagner, and Scott 2021). The decrease in growth 

rates, and energy put towards nitrogen fixation, may have resulted in a community crash 

during the flushing event in August, inhibiting their ability to recover, which lead to their 

replacement by Microcystis spp.  

2.5.3. Cyanotoxin Dynamics 

Cyanobacteria toxin concentrations remained low throughout the sampling period 

in both bays, despite significant differences in total cyanobacterial biovolume. While toxic 

blooms do occur in Missisquoi Bay, previous studies on the Quebec portion of the bay and 

across Lake Champlain have recorded similar occurrences of low toxin concentrations 

(Boyer et al. 2004; Fortin et al. 2010). Additionally, low toxin concentrations were 

recorded for 2021 from beach monitoring sites on each bay (Isles et al. 2022). Other lakes 

and reservoirs that experience similar magnitudes of cyanobacteria blooms exhibit higher 

microcystin concentrations than what we measured in these two shallow, eutrophic systems 

(Grabowska and Mazur-Marzec 2014; Pham et al. 2017). The disparity between toxin 

concentrations between these systems and Lake Champlain may be a result of Missisquoi 

Bay and St. Albans having low resource inorganic nitrogen loads relative to orthophosphate 

(Barnard et al. 2021; Chaffin et al. 2023), or that the dominant cyanobacteria bloom former 

was not responsible for cyanotoxin production (Pham et al. 2015). Furthermore, Fortin et 

al., (2010), determined that Microcystis spp. were likely the dominant microcystin 
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producers in Missisquoi Bay during blooms in 2006 and 2007 using qPCR techniques, 

however Microcystis blooms are known to be a mixture of toxic and non-toxic genotypes 

(Dick et al. 2021; Yancey et al. 2022). Similarly, it may be the case that the 

Dolichospermum spp. in the northeastern arm of Lake Champlain may not be toxigenic 

(Sheik et al. 2022), or conditions in the lake are not favorable for cyanotoxin production. 

We hypothesized that cyanotoxin production would be constrained by seston 

nutrient stoichiometry, leading to differences in when C-rich and N-rich toxins would be 

detected. Specifically, we expected N-rich toxins to be present under N-replete conditions, 

and carbon rich toxins to be present under N or P-limiting conditions, when carbon is in 

excess compared to N or P within the seston (van de Waal et al. 2014). This relationship 

was observed with microcystin concentration in Missisquoi Bay but was less clear in St. 

Albans Bay. This relationship may not be observed as closely in St. Albans due to greater 

phytoplankton diversity contributing to the seston pool, as phytoplankton have various 

nutrient requirements (Klausmeier et al. 2004). Despite only contributing <1% percent of 

N to phytoplankton cellular content, microcystin does require N for synthesis which 

accounts for 9.7-18.0% of the composition of microcystin (Chaffin et al. 2023). Therefore, 

N may be a limiting nutrient for microcystin production, and its synthesis may be 

constrained to N-replete conditions within the seston (Brandenburg et al. 2020; van de 

Waal et al. 2009, 2014; Wagner et al. 2019). However, this relationship may be a result of 

N-limiting growth of toxigenic strains, which limits the production of amino acids, thus 

limiting the production of cyanotoxins, rather than simply limiting the production of toxins 

alone.  
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We predicted that anatoxins would be the dominant toxin in St. Albans and 

Missisquoi Bay because water column TN:TP ratios indicate that phytoplankton would be 

N or N and P co-limited (Guildford and Hecky 2000; Elser et al. 2009). Anatoxin 

production in Missisquoi Bay co-occurred with microcystin production in September when 

the phytoplankton were experiencing both P-replete conditions and moderate P-limitation. 

In St. Albans Bay, anatoxins were detected in P-replete conditions where cells either had 

substantial N resources, or experienced moderate N stress. Positive anatoxins 

concentrations occurred across a range of P conditions, suggesting that cellular P status 

alone may not be correlated with anatoxins synthesis. While we only found five 

occurrences of anatoxins in our samples, it should be noted that anatoxin compounds are 

unstable and are subject to degradation under high light intensity and high pH, as occur 

during bloom events (Chorus and Welker, 2021). Additionally, a high-frequency study of 

cyanotoxins using autosamplers found that the highest rate of increase in toxin 

concentrations occurred at night and found that toxin concentrations could increase 10-fold 

between two 6 hour sampling points (Miller et al. 2019). Therefore, it is possible that our 

weekly sampling frequency did not capture transient toxin trends, particularly for 

anatoxins. Additionally, we did not determine the toxin producers in these systems, and 

that the relationship between nutrients within the seston and toxin concentrations could be 

a result of selecting for toxigenic strains of cyanobacteria, rather than simply leading to 

toxin production (Dick et al. 2021; Yancey et al. 2022). However, despite these nuances, 

the mechanism resulting in the presence of microcystins under nitrogen-replete seston 

conditions remains the same. Further work should utilize metagenomic and 
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metatranscriptomic techniques to further elucidate the relationships between toxin 

producers, toxin gene transcription, toxin concentration, and nutrient stoichiometry. 

2.6. Conclusion 

Here we show that eutrophic lake ecosystems with high nutrient loads and high 

cyanobacteria biomass do not necessarily have higher cyanotoxin concentrations than those 

with lower biomass and nutrient loads, and that nutrient loads and watershed characteristics 

play important roles in shaping cyanobacteria communities. Specifically, we highlight that 

two shallow, eutrophic systems within the same lake can experience differences in limiting 

nutrients, which is attributable to watershed size, lake depth, and lake area. In Missisquoi 

Bay, seston were more often P limited, while seston in St. Albans Bay were N limited. 

Despite differences in limitation, cyanotoxin concentrations did not differ between the 

systems, and overall cyanotoxin concentrations were low for blooms of this magnitude. 

Taken together, these results suggest that N dynamics are important in fueling the 

magnitude of cyanobacteria biomass between these systems, as well as the presence of 

microcystins, even if detected in low concentrations. Overall, shallow, eutrophic systems 

are highly dynamic, and management approaches should integrate seston nutrients with 

resource nutrient and environmental variables to determine factors leading to cyanobacteria 

blooms and cyanotoxin production.  
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3.1. Abstract 

Climate change processes, including warming and extreme events have intensified 

blooms in many northern temperate lakes over the last several decades, which is of concern 

due to their production of harmful secondary metabolites, known as cyanotoxins. Why 

cyanobacteria produce these secondary metabolites is still unresolved, and predicting the 

timing and severity of their production is challenging as not all cyanobacteria can produce 

toxins, multiple different cyanobacteria can produce multiple different cyanotoxins, and 

the ability to produce toxins varies by strain of cyanobacteria, which are not 

morphologically distinct. Therefore, understanding which cyanobacteria in a given system 

can produce cyanotoxins and how their abundance varies with non-toxic counterparts is an 

essential step in being able to accurately predict toxic cyanobacteria blooms. Here we use 

shotgun metagenomic approaches annotated with the KEGG and MicroNR databases to 

identify toxin producing cyanobacteria at two public beaches on Lake Champlain. We 

show that Microcystis spp. were the only microcystin producers detected within detection 

limits, and that toxic strains were always present during our sampling period (relative 

abundance of the cyanobacteria population; 30% - >100%). Lastly, we show that a toxic 

Microcystis bloom occurred following a late summer heatwave, where microcystin 

concentrations scaled with Microcystis mcyC gene copies L-1 (R2= 0.81, p < 0.01). These 

results support the importance of continued monitoring of cyanobacteria blooms and 

cyanotoxin concentrations in recreational and drinking water as extreme weather events 

are predicted to increase in the future. 
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3.2. Introduction 

Over the past two centuries, cyanobacteria blooms have increased in frequency in 

northern temperate lakes (Taranu et al., 2015) and pose a threat to aquatic systems due to 

their effects on ecosystem function and risks to human health (Chorus and Welker, 2021; 

Paerl and Otten, 2013; Sukenik et al., 2015). Increases in cyanobacteria blooms are 

generally attributed to the combination of both global climate change and eutrophication 

(Paerl and Otten, 2013). The increase in cyanobacteria dominance is of particular concern 

due to the toxic secondary metabolites they produce (cyanotoxins), which are associated 

with health risks, and in some cases humans and animal death (Fredrickson et al., 2023; 

Manning et al., 2020; Metcalf et al., 2021).  

Different species of cyanobacteria have the potential to produce different 

cyanotoxins, which can be separated into categories based on their mode of toxicities, 

including neurotoxins (anatoxin, saxitoxin), hepatotoxins (microcystins and nodularins) 

and dermatoxins (Chorus and Welker, 2021). Cyanotoxins are produced non-ribosomally 

through enzymatic complexes encoded by multiple genes. The microcystin gene cluster is 

composed of ten genes (mcyA-J) on two operons (mcyABC and mcyD-J) that are 

transcribed in opposite directions (Kaebernick et al., 2000), while anatoxin synthesis is 

encoded by the anaA-F genes, saxitoxin by the sxtA-Z genes and nodularin by the ndaA-I 

genes (Colas et al., 2021; Jungblut and Neilan, 2006; Moustafa et al., 2009; Pearson et al., 

2010). The ability for cyanobacteria to produce cyanotoxins is considered an ancestral 

condition and have coevolved with common housekeeping genes that are frequently used 

as phylogenetic markers (Rantala et al., 2004). Therefore, it is posited that cyanobacteria 
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lacking these toxin forming gene clusters lost the ability to produce toxins relative to the 

ancestral condition (Mikalsen et al., 2003; Österholm et al., 2020).  

Each type of cyanotoxin has several different congeners, though congener 

production can vary as a result of mutations in toxin forming gene clusters, or due to 

changes in nutrient concentrations (Chaffin et al., 2023; Yancey et al., 2022). Microcystin, 

alone, has more than 250 different variants (Chorus and Welker, 2021).  While 

Aphanizomenon spp., Microcystis spp. and Dolichospermum spp. are some of the most 

common bloom-forming and toxin-producing cyanobacteria (Paerl and Otten, 2016), many 

other species can produce toxins, thus diverse cyanobacteria assemblages have the 

potential to have multiple different toxin producers at a given time (Howard et al., 2021). 

In fact, studies which survey multiple cyanotoxins often find co-occurrence of multiple 

toxins (Graham et al., 2010; Howard et al., 2021; Mantzouki et al., 2018). Because lakes 

are most commonly sampled for microcystin with less attention being paid to the other 

cyanotoxins (Schürmann et al., 2024; Stumpf et al., 2016), several toxin producing genera 

may go undetected by standard methodological approaches.  

Predicting which cyanobacteria can produce toxins is challenging because 

cyanotoxin abundance doesn’t always scale with, and often lags behind cyanobacteria peak 

biomass (Lee et al., 2015). Additionally, not all cyanobacteria species can produce 

cyanotoxins or produce them only under certain environmental conditions, and toxic and 

non-toxic strains of the same cyanobacteria species often coexist in natural populations 

(Joung et al., 2011; Kurmayer et al., 2015; Swe et al., 2021; Yancey et al., 2022). Adding 

to this complexity, different individuals within a toxin producing-species population can 
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respond differently to the same environmental conditions in culture experiments (Chorus 

and Welker, 2021).  Microscopic identification, alone, cannot determine whether or not a 

species can produce cyanotoxins, given that toxic and non-toxic genotypes are 

morphologically identical. Lastly, most studies on cyanobacterial toxigenicity have been 

conducted in a laboratory setting and on a single type of cyanotoxin, which cannot reliably 

predict outcomes in natural lake settings, and do not account for the different cyanotoxins 

that are produced under various conditions (Chia et al., 2019).  

Why cyanobacteria produce cyanotoxins remains contested (Chorus et al., 2021). 

Two emerging hypotheses for cyanotoxin production center around defense against grazing 

or providing cells with competitive advantages (Holland and Kinnear, 2013). Growing 

evidence suggests that in Microcystis spp., microcystin has the potential to protect cells 

from oxidative stress or aid in nutrient scavenging, while also being related to cellular 

growth and division rates (Alexova et al., 2011; Dick et al., 2021; Holland and Kinnear, 

2013; Paerl and Otten, 2013b). While studies have shown allelopathic effects of 

cyanotoxins, the primitive role they have likely was not intended to protect against grazing, 

as the ability for cyanobacteria to produce cyanotoxins long predates the emergence of the 

metazoan lineage (Rantala et al., 2004). Despite the controversy over the ecological role of 

cyanotoxins, growing evidence suggests that cyanotoxin production is linked to 

stoichiometric controls (Brandenburg et al., 2020; van de Waal et al., 2014, 2009; Wagner 

et al., 2019), and that strain genotypes have different optimum growth conditions leading 

to differences in competitive success (Dick et al., 2021; van de Waal et al., 2011).   
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The combined effect of climate change and increased rates of eutrophication in 

lakes is likely to create a catalyst for toxic cyanobacteria blooms (Davis et al., 2009; Joung 

et al., 2011; Paerl and Otten, 2013b; Walls et al., 2018). Increasing water temperature has 

been linked to increased dominance of toxic cyanobacteria as well as increased release of 

intracellular toxins into the water (Davis et al., 2009; Walls et al., 2018). Additionally, 

microcystin production has been linked to stoichiometric controls, where increased 

dominance of toxic genotypes and cyanotoxin production is associated with increases in 

nitrogen concentrations (van de Waal et al., 2014; Wagner et al., 2019; Yancey et al., 2022). 

Therefore, increased nutrients (primarily nitrogen) in the water column coupled with 

increases in water temperature and water column stability, may create a scenario that 

selects for toxic blooms over non-toxic blooms. Understanding which cyanobacteria can 

produce toxins within a given system, and what triggers cyanotoxin production is 

imperative given the current threat of climate change on increasing toxic genotype potential 

in lakes. 

Advances in metagenomics now provide the toolbox to investigate the relationships 

between genetic and environmental drivers of cyanobacterial toxicity in natural lake 

ecosystems by providing insight on the phenology of toxic vs. non-toxic cyanobacterial 

species (Hennon and Dyhrman, 2020). Metagenomic approaches cast a more holistic view 

of cyanobacteria toxigenic genotypes than other molecular methods, such as PCR, by 

identifying all species present and reporting all genes within their genome, therefore 

reducing researcher bias (Valadez-Cano et al., 2022). Additionally, PCR technology 
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requires prior knowledge about the cyanobacteria community and known DNA sequences 

of genes to be targeted (Pacheco et al., 2016). 

 We analyzed water samples collected from two public beaches on Lake Champlain in 

Burlington, Vermont, which exhibit annual cyanobacteria blooms resulting in temporary 

beach closures. We tested for both microcystins and anatoxins, but anatoxins were not 

detected in any samples. Therefore, our approach focused on microcystin gene detection. 

We addressed three questions using metagenomic approaches: 1) Which cyanobacteria 

species were capable of producing microcystins in Lake Champlain beaches; 2) how did 

toxic and non-toxic cyanobacteria phenology shift over the sampling period; 3) Did 

microcystin concentration scale with the abundance of toxic strains of cyanobacteria?  

 We hypothesized that the production of microcystins will be a result of the changes in 

the lake conditions selecting for increases in toxic strains of cyanobacteria over non-toxic 

strains. Therefore, we predicted that while toxic and non-toxic cyanobacteria genotypes 

would co-occur throughout the sampling campaign, toxic cyanobacteria abundance (and 

thus mcy gene abundance) would be highest during periods of high corresponding toxin 

concentrations. Specifically, we predicted that toxic genotypes would be at higher 

abundances when water temperatures were warmer and when nitrogen concentrations were 

high. By understanding drivers of toxic cyanobacteria dominance, we can more accurately 

predict when cyanobacteria may produce cyanotoxins that pose a serious health risk to both 

humans and animals. 
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3.3. Methods 

3.3.1. Study Sites and Sample Collection 

Field samples were collected from two public recreational beach sites (North Beach 

and Oakledge Cove) on Lake Champlain in Burlington, Vermont (Figure 3.1). Samples 

were collected weekly at each site during the months of August-September prior to a 

cyanobacteria bloom, and daily during cyanobacterial blooms. Samples collected include 

microbial DNA, whole water preserved with Lugol’s solution for phytoplankton analysis, 

and cyanotoxins. We collected 50 mL (Falcon tubes) of whole water sample for cyanotoxin 

analysis, and 500 mL at the sites in whirl packs for DNA analysis. Phytoplankton samples 

were collected in 1 L opaque amber HDPE bottles (Nalgene). All samples were stored on 

ice until returning to the laboratory where 500 mL of sample water was filtered through 

0.22 µM Polyethersulfone (PES) membrane filters (Millipore Durapore). Filters were 

rolled loosely and stored in 15mL falcon tubes at -20 °C, until processed.  The time from 

sample collection to returning to the lab ranged between 2-4 hours.  



73 

 

 

Figure 3.1 Map of Lake Champlain and Burlington Beach Monitoring Sites. Black box in map of Lake 

Champlain outlines the boundaries of the Burlington beach inlet map. Sample sites are indicated by black 

circles. North Beach and Oakledge Cove are separated by approximately 4.29  km. Burlington Bay long 

term monitoring site is indicated by the VTDEC black square, and the USGS sampling site is indicated by 

the USGS black square. 

  

3.3.2. Environmental Data  

Total nutrients (nitrogen and phosphorus) and dissolved phosphorus were obtained 

from the Burlington Bay long-term monitoring sampling efforts from the Vermont DEC 

(VT DEC) and New York DEC (Vermont Department of Environmental Conservation and 

New York State Department of Environmental Conservation, 2019). Briefly, samples were 

collected from the epilimnion (E) and hypolimnion if the water column was stratified, and 
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from an integrated water sample (U), if the water column was unstratified. Samples were 

analyzed at the Vermont Analytical Environmental Laboratory in Randolph, Vermont 

following their standard protocols (American Public Health Association, 2005). Water 

temperature data were collected from the USGS daily water temperature gauge (U.S. 

Geological Survey, 2024) and used as a representation of water temperatures at both beach 

sites. Wind and precipitation data were obtained from the Burlington Airport weather 

station as daily averages (National Oceanic and Atmospheric Administration, 2024). The 

USGS and VT DEC water sampling stations are indicated on the map (Figure 1).  

3.3.3. Toxin Quantification 

Toxin samples were processed using enzyme-linked immunosorbent assay 

(ELISA) kits (Gold Standard Diagnostics; Anatoxin-a (VFDF) and 

Microcystins/Nodularins (ADDA)), targeting microcystin and anatoxin. Briefly, toxin 

samples went through three freeze-thaw cycles to lyse cells and extract cell-bound toxins 

following kit instructions. Therefore, toxin concentration measures total potential for 

toxicity, as it includes cellular toxins and toxins within the water column. Prior to toxin 

analysis, samples were passed through 0.7 µm glass fiber filters (Cytiva GF/F) to omit 

cellular debris that could interfere with analysis. Concentrated samples were diluted at 1:5 

or 1:15 ratios to ensure microcystin concentration fell between 0.15 – 5 µg/L. Samples 

were analyzed colorimetrically on a SpectraMax190 plate reader (Molecular Devices, 

LLC) at 450 nm.   
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3.3.4. Phytoplankton Species Richness 

To verify our metagenomics species annotation, we determined the presence of all 

cyanobacteria species using microscope identification. Briefly, we filtered a homogenized 

subsample of the 1 L phytoplankton sample onto a 1.2 uM PC Membrane filter (Isopore), 

until the filter clogged. The filter was then subject to a deionized water rinse (~15mL) into 

a new collection bottle to rinse all phytoplankton from the filter. The rinsed filter was cut, 

placed upon a microscope slide, and scanned for any reminiscent cells under a microscope. 

If cells remained on the filter, the filter was rinsed again. The new concentrated subsample 

was used for cyanobacteria identification. Phytoplankton identification was carried out 

using a nannoplankton counting chamber (PhycoTech) on a Leica (DM2500) upright 

microscope with brightfield at 400x. Samples were initially scanned for 5 minutes to 

identify the presence of dominant species. A more detailed scan lasting 25 minutes was 

then conducted. Following the 25-minute scan, an additional 5-minute scan was conducted 

to ensure that no new cyanobacteria species were identified. 

3.3.5. DNA Extraction and Sequencing 

DNA was extracted from the filters using the DNeasy PowerWater Kit (QIAGEN), 

with the only modification from the standard protocol being that 60 µL of elution buffer 

was used in order to ensure high concentrations of DNA for sequencing. To ensure that 

maximum DNA was recovered, the 60 µL filtrate was passed through the spin column 

twice in 30 µL intervals and centrifuged. DNA was quantified using the Promega ONE 

dsDNA reagent kit on a QuantusTM fluorometer (Promega). Concentrations of DNA ranged 
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between 7.9-26 ng µL-1. Following DNA extraction, samples were sent to NovoGene Ltd 

(Beijing, China) for sequencing via the NovaSeq platform with 150bp paired-end reads.  

3.3.6. Bioinformatics  

All bioinformatics analyses were conducted by NovoGene following their standard 

pipeline. Briefly, sequenced reads went through quality control using fastp (Chen, 2023), 

where paired end reads were eliminated if either end had adapters with >10% uncertain 

nucleotides or when either read contained >50% low quality nucleotides. Cleaned data 

were used for metagenomic assembly using MEGAHIT (Li et al., 2015). MetaGeneMark 

(Gemayel et al., 2022) was used to predict ORFs from the scaftigs (>= 500bp) using default 

parameters. Scaftigs with less than 100 nt were filtered out.  A non-redundant initial gene 

catalog was created by running the predicted ORFs through the CD-HIT software 

(https://www.bioinformatics.org/cd-hit/).  

Cleaned data from each sample were then aligned to this non-redundant gene 

catalog using Bowtie2 (Langmead et al., 2019) to calculate the number of reads of genes 

on each sample alignment, where genes <=2 in each sample were filtered out to create a 

gene catalog for further analysis (unigenes). Gene abundance was calculated by dividing 

the number of aligned reads of a gene by the gene length.   

Species and functional gene annotation was assigned using DIAMOND (Buchfink 

et al., 2021), which aligned the unigene sequences to sequences within the Micro_NR 

databases (http://www.ncbi.nlm.nih.gov/) and KEGG functional database (Kanehisa et al., 

2017), respectively. Alignment was conducted using blastp with an e-value cutoff of 10-5 

(Karlsson et al., 2013). Because each sequence may have multiple alignment results, 

http://www.ncbi.nlm.nih.gov/
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MEGAN software was used to determine species annotation following the LCA method 

(Huson et al., 2011).  

3.3.7. Quantification of Toxic and Non-Toxic Genotypes  

Based on the assumption that cyanobacteria are expected to contain one copy of 

toxin forming gene clusters (Kaneko et al., 2007; Tanabe et al., 2009; Tillett et al., 2000; 

Zhang et al., 2016), the relative abundance of non-toxic and toxic cyanobacteria can be 

calculated by comparing the abundance of toxic genes to housekeeping genes (Martins and 

Vasconcelos, 2011; Rinta-Kanto et al., 2005). Toxic genotypes of cyanobacteria were 

determined by identifying cyanobacteria species with detected mcyA-mcyJ genes. Genes 

were determined to have a high taxonomic certainty if nucleotide identity was >= 80%. 

The number of genes counted for mcy genes were then compared to housekeeping genes 

(rpoD, rpoC, and recA) within those cyanobacteria species that had mcy gene hits 

(Kurymayer et al., 2015; Lara et al., 2013; Tran et al., 2013). Toxic vs. non-toxic ratios 

were calculated by dividing the number of the dominant mcy genes present within a species 

by the number of the respective housekeeping genes. 

3.3.8. Statistical Analyses 

All statistical analyses were carried out in R version 4.3.3 statistical Software (R 

Core Team, 2024). A linear regression determined the relationship between mcy genes and 

microcystin concentrations using the lm() function in the ‘stats’ package (R Core Team, 

2024). All data cleaning and figure creation was carried out using the `tidyverse` package 

(Wickham et al., 2019), `ggpubr` (Kassambara, 2023) and `ggtext` (Wilke and Wiernik, 
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2022).  The map of our sample site was created in R, using the `ggspatial` package 

(Dunnington, 2023).  

 

3.4. Results 

3.4.1. Bioinformatics Results 

Metagenomic sequencing resulted in, on average 1.7 x 107 reads per sample with a 

minimum of 1.3 x107 reads in North Beach on August 7th and a maximum of 2.3 x 107 

reads in Oakledge Cove on August 7th. On average, 98.99% of reads passed quality control 

per sample, and were used for metagenome annotation and assembly. The average number 

of assembled scaftigs per sample that were used for functional and taxonomic annotation 

were 4.1 x 105 (scaftig range per sample 2.9 x105 - 5.2 x 105), with an average length of 

978 bp (scaftig length range 934-1,132). Using the MicroNR database, an average of 1.5 x 

107 (range: 9.6 x 106 – 1.7 x 107) genes were annotated to the taxonomic level, however an 

average of 15.9 % (range: 11.9%-21.7%) of all scaftigs were not annotated, which is likely 

a result of a proportion of these genomes being eukaryotic in origin, or not being present 

in the KEGG database. Across all samples, we were able to identify 3.2 x 106 unique, non-

redundant genes.  

3.4.2. Cyanobacteria Diversity Metagenomics  

Using shotgun metagenomics approaches increased the total genera richness 

captured of cyanobacteria compared to microscopic identification (Table B.1). Using 

metagenomics approaches, we identified 139 different cyanobacteria genera and 779 

different cyanobacteria strains. Comparatively, using microscope identification, we found 
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16 distinct cyanobacteria species from 9 cyanobacteria genera present across all samples 

(Table B.1). Additionally, metagenomics identified a significant proportion of the 

cyanobacteria community belonging to both pico-cyanobacteria genera (Cyanobium, 

Prochloroccocus and Synechococcus) and benthic cyanobacteria (Anabaena and 

Leptolyngbya) – none of which were identified in microscope counts (Figure 3.2). Out of 

the total reads annotated from the microNR database an average of 4.2 x 106 gene copies 

L-1 (range: 2.8 x 105 -2.0 x 107) annotated that belonged to cyanobacteria (number of total 

genes normalized by volume of water sampled). 

Cyanobacteria communities were similar across the sampling season at North 

Beach and Oakledge Cove (Figure 3.2). We identified one bloom event (September 6-7th) 

at both sites that was dominated by Microcystis aeruginosa (Figure B.1). During this 

period, total gene copies L-1 of Microcystis rose to 1.9 x 107 and 1.1 x 107 at Oakledge 

Cove and North Beach, respectively. These blooms consisted of 58.7-88.3% (Oakledge 

Cove) and 75.6-86.9% (North Beach) Microcystis spp. in the cyanobacteria community. 

Non-bloom samples had gene copies L-1 ranging from 1.8 x 104 -1.1 x107 in North Beach 

and 2.2 x 104 - 1.9 x 107 in Oakledge Cove, and were primarily dominated by Cyanobium 

spp., Synechococcus spp. and to a lesser extent, Aphanizomenon spp. (Figure 3.2). The 

bloom quickly dissipated, and levels of cyanobacteria and Microcystis spp. returned to pre-

bloom levels after September 7th, however Microcystis continued to make up a significant 

proportion of the cyanobacteria community by September 30th (Figure 3.2; Oakledge Cove: 

34%, North Beach; 29%).   
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3.4.3. Identification of Housekeeping Genes  

In order to quantify the relative abundance of toxic and non-toxic genotypes, we 

searched our KEGG annotated genes for common housekeeping genes belonging to the 

Microcystis spp. that indicated the ability to produce toxins (Table 3.1). We identified 

specific rpoD housekeeping genes belonging to Microcystis aeruginosa and Microcystis 

spp., more broadly. These housekeeping genes ranged from 1.6 – 3,407 (average = 897) 

gene copies L-1 to 7.3-5,352 (average = 982) gene copies L-1 in North Beach, and Oakledge 

Cove, respectively. 
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Figure 3.2 Cyanobacteria abundance by gene copies L-1 at North Beach (A) and Oakledge Cove (B), and 

cyanobacteria genus relative abundance across in North Beach (C) and Oakledge Cove (D) that were >1% 

in relative abundance in at least one sample. 

 

 

 

3.4.4. Identification of Toxin Forming Genes and Relative Abundance  

Every sample we collected resulted in a positive hit for microcystin producing 

genes (Figure 3.3). Shotgun metagenomics revealed that the only microcystin producing 

cyanobacteria present throughout the season with nucleotide identity that was >= 80%, 
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were Microcystis aeruginosa, Microcysits sp. NIVA-CYA 118_2 and Microcystis viridis, 

and other undetermined Microcystis spp. (Table 3.1). While we found several other strains 

of Microcystis (Figure B.1), the mcy gene clusters did not map to other Microcystis species.  

Using shotgun metagenomics we identified mcyA-mcyE and mcyG genes from the mcyA-J 

gene cluster. The total number of mcy gene copies L-1 identified during the bloom ranged 

from 9.8  x 103 – 1.4 x 10-4 in North Beach and 4.9 x 103 – 2.9 x 104 in Oakledge Cove. 

Comparatively, mcy gene abundance ranged from 32-501 gene copies L-1  in North Beach 

and 15-797 gene copies L-1 in Oakledge Cove before the bloom. Out of all of the mcy genes 

present, mcyC (mean: 803, median: 46.0,  range: 1.42-5,939) was the highest present in 

both beach sites (Figure 3), followed by mcyB (mean: 658, median: 55.6, range: 0.29-

4,437), and mcyD (mean: 551, median: 47.6, range: 0.78-3,545). Gene copies for other mcy 

genes within the microcystin operons were detected much less frequently (Figure 3). 

Microcystis aeruginosa was the most abundant species within the Microcystis genus 

annotated and was associated with the detection of mcyB-mcyD genes, while Microcystis 

viridis was associated with the detection of only the mcyB gene. Similary, in the 

Microcysits sp. NIVA-CYA 118_2 strain, the only detected microcystin synthesis gene was 

mcyA. Toxic Microcystis sp. that could not be further resolved to species level were 

associated with a near-complete mcy gene operon, where mcyA-mcyE and mcyG genes 

were detected. 
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Table 3.1. Toxic genotypes of Microcystis (M.) discovered using KEGG annotation of scaftigs. Note that 

species were annotated using the MicroNR database, and genes annotated using KEGG database. The toxic 

species shown are those that had KEGG mcy genes annotated within their genome, and that gene was 

present at the sampling point. Positive hits are shown with the “+” sign, and non-detectable are shown with 

“-.” Here we suggest that non-detectable refers to toxic genes not detected, which does not mean they are 

not present, rather it means the mode of our sample collection, sequencing and annotation did not find mcy 

genes within their genomes.  Oakledge Cove samples are indicated by “O” and North Beach are indicated 

by “N.” 

 

 

  Sampling Date 

  08.09 08.15 08.24  08.31 09.06  09.07  09.30  

Species O N O N O N O N O N O N O N 

M.aeruginosa - - + + + + - - + + + + + + 

M. flos-aquae - - - - - - - - - - - - - - 

M. novacekii - - - - - - - - - - - - - - 

M. panniformis - - - - - - - - - - - - - - 

M. viridis - + + + + - + - + + + + + + 

M. wesenbergii - - - - - - - - - - - - - - 

Microcystis sp. + + + + + + + + + + + + + + 

M. sp. 0824 - - - - - - - - - - - - - - 

M. sp. CS-574 - - - - - - - - - - - - - - 

M. sp. LEGE 00066 - - - - - - - - - - - - - - 

M. sp.  LEGE 08355 - - - - - - - - - - - - - - 

M. sp. M_OC_Ca_00000000

_C217Col - - - - - - - - - - - - - - 

M. sp. 

M_OC_Ca_00000000_S217

Cul - - - - - - - - - - - - - - 

M. sp. 

M_QC_C_20170808_M2Col - - - - - - - - - - - - - - 

M. sp. 

M_QC_C_20170808_M3Col - - - - - - - - - - - - - - 

M. sp. 

M_QC_C_20170808_M9Col - - - - - - - - - - - - - - 

M. sp. MC19 - - - - - - - - - - - - - - 

M. sp. 

Msp_OC_L_20101000_S702 - - - - - - - - - - - - - - 

M. sp. NIVA-CYA 118_2 - - - - - - - - + + + + + + 

M. sp. PCC 9811 - - - - - - - - - - - - - - 

M. sp. T1-4 - - - - - - - - - - - - - - 
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Figure 3.3. Microcystin concentrations represented as total MC-LR (grey bars) and mcy gene copies 

(points) in North Beach (A) and Oakledge Cove (B) over the 2023 sampling period. The black dotted line 

refers to the WHO recreational guidelines for microcystin exposure (World Health Organization, 2020). 

 

The relative abundance of toxic and non-toxic strains of Microcystis varied across 

the season, but remained similar between Oakledge Cove and North Beach (Figure 3.4). 

There were three instances (August 31st in North Beach and August 15th and September 6th 

in Oakledge Cove), where more copies of the mcy gene were present than the reference 

rpoD gene. Note that on August 15th and August 31st, the abundance of Microcystis in the 
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cyanobacteria community was low (Figure 3.2), which could account for a lesser 

abundance of rpoD gene representation. Despite this incongruity in the data, similar 

relationships between the toxic and non-toxic genotypes were found when using other 

housekeeping genes (rpoC, recA) as proxies for total Microcystis abundance (Figures B.2-

B.3).  

Most commonly, toxin producing Microcystis spp. could not be resolved to the 

species level within our metagenomic data (Figure 3.4). During the bloom (September 6th), 

the dominant detectable species of Microcystis that could produce microcystin (found and 

identifiable mcy gene within their genome) was Microcystis aeruginosa, which made up 

11% and 18% of the Microcystis population in North Beach and Oakledge Cove, 

respectively. In North Beach, the relative abundance of toxin producers decreased over the 

sampling season until the September 6th bloom, where toxin producers accounted for 83% 

of the Microcystis population. The opposite relationship was found in Oakledge Cove, 

where the percent of toxic Microcystis genotypes increased, and peaked at >100% on 

September 6th. In both systems, the relative abundance of toxin-producing Microcystis 

decreased following the bloom (Figure 4), but remained highly abundant in the community 

(Figure 3.4).  
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Figure 3.4. Ratio of toxic and non-toxic genotypes of different Microcystis spp. in North Beach (A) and 

Oakledge Cove (B). 

 

 

3.4.5. Cyanotoxin Abundance and Toxic Genes 

In both North Beach and Oakledge Cove, microcystins were detected above the 

0.15 µg L-1 detection limit only during the cyanobacteria bloom during September 6-7th. 

Microcystin was much higher in concentration at Oakledge Cove (18.5 µg L-1) than North 

Beach (6.15 µg L-1). Microcystin concentration was tightly correlated with the presence of 
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mcy gene copies (Figure 3.5, R2= 0.81, p < 0.01), though this relationship was primarily 

driven by the presence of the mcyC gene (Table B.2). It should be noted that despite having 

a positive correlation with toxin producing genes, the concentration of microcystins at both 

beach sites remained well below the WHO recreational guidelines.  

 

Figure 3.5. mcy gene copies in North Beach and Oakledge Cove over the 2023 sampling period relative to 

microcystin concentrations. The horizontal dashed, black line indicates the microcystin detection limit via 

ELISA. The solid black line represents the linear relationship between all mcy gene counts and microcystin 

concentrations, with the shaded grey areas representing the 95th confidence intervals. 

 

3.4.6. Influence of Environmental Factors on Microcystis Bloom 

The occurrence of the Microcystis bloom at both beach sites on September 6th and 

7th was associated with a spike in early fall water temperatures (Figure 3.6). Prior to the 

bloom, water temperatures in August were on average 22 ± 0.47 °C, but increased to 23.2 

± 0.59 °C during the bloom, which likely triggered late season Microcystis growth, and 

favored the increase in the toxic genotypes. This period was also associated with decreases 
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in wind speeds and precipitation, leading to calm, stable conditions which allowed for 

bloom development. Precipitation and wind increased on September 7th, causing the bloom 

to dissipate. Earlier in the summer (mid-July), Vermont experienced a significant flood 

event that delivered nearly half of the annual phosphorus load within a six day period, and 

generally had a much rainier season, whereas only 13 days in August had no precipitation 

(Lake Champlain Basin Program, 2024). Therefore, the dry period at the beginning of 

September likely set up strong stable stratification in the lake, facilitating bloom 

development.  
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Figure 3.6. Daily water temperature from Burlington beaches (A), wind speed (B) and precipitation (C) in 

Burlington, Vermont. The grey boxes indicate the cyanobacteria bloom that occurred from September 6 th – 

September 7th. 

 

Similarly, the bloom was associated with increases in both TP and TDP in the main 

portion of Burlington Bay, where prior to the bloom, TP and TDP concentrations were 

decreasing, and increased from 10.6  ± 0.97 µg L-1 to 12.35  ±  0.07 µg L-1 during the 
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bloom. Conversely, total nitrogen levels remained relatively stable prior to the bloom (0.33  

±  0.04 mg L-1), but during the bloom period, total nitrogen levels decreased to 0.26  ±  0.03 

mg L-1 (Figure 3.7). 

 

 

Figure 3.7. Total and dissolved phosphorus (A) and total nitrogen (B) from weekly water sampling in 

Burlington Bay. North Beach and Oakledge Cove are both beaches that are located in the Burlington Bay 

portion of Lake Champlain. Water samples were collected from the Vermont Department of Environmental 

Conservation. The grey boxes indicate the cyanobacteria bloom that occurred from September 6 th – 

September 7th. Stratum refers to depth of the sample (E = epilimnion, H = hypolimnion, U = 

unstratified/integrated water sample).
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3.5. Discussion 

We used shotgun metagenomic techniques to target potential cyanotoxin producers 

in Lake Champlain. The only detected producers of microcystin were unidentified 

Microcystis spp., Microcystis aeruginosa, Microcystis viridis and Microcystis sp. NIVA-

CYA 118_2. In Burlington beach sites along Lake Champlain toxigenic Microcystis spp. 

were always present during our sampling season, and microcystin concentration scaled 

with the presence of mcy genes. Lastly, a late summer heatwave overlapping a period with 

no precipitation during an otherwise rainy summer likely fueled the Microcystis bloom. 

These results suggest that toxigenic potential may always persist at Burlington beach sites 

in the late summer, and that climate change will likely increase the intensity and toxicity 

of blooms in the future as extreme weather events, such as floods and heat waves, increase 

in Vermont (Runkle et al., 2022).  

3.5.1. Toxic vs. Non-Toxic Genotype Phenology 

Our findings support the co-occurrence of toxic and non-toxic genotypes of the 

same genera, and even species within a community in lake ecosystems (Joung et al., 2011; 

Lee et al., 2015; Yancey et al., 2022). Unlike other studies investigating Microcystis 

blooms, we did not find a higher prevalence of toxic genotypes early in season with a shift 

to non-toxic genotypes later season (Yancey et al., 2022). Instead, we found that toxigenic 

potential was higher later in the season. This difference in timing of toxic and non-toxic 

genotypes across studies is a result of differing nutrient regimes across systems. Toxic 

genotypes may be more prevalent when phosphorus is the limiting nutrient and nitrogen is 

highly abundant, which in Lake Erie, is earlier in the season (Chaffin et al., 2023; Yancey 
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et al., 2022). However, in Lake Champlain, the early season is generally nitrogen-limited 

(Isles et al., 2015) and has varying degrees of serial co-limitation throughout the season. 

Therefore, in Lake Champlain, it is unlikely that toxic Microcystis genotypes will occur 

early in the season, but are likely to occur later in the summer, which was previously found 

in 2006 in Missisquoi Bay (Davis et al., 2009). Multiple other studies which have tried to 

delineate the occurrence of toxic and non-toxic Microcystis genotypes have failed to define 

strong relationships across nutrient gradients (Dong et al., 2021; Joung et al., 2011; Linz et 

al., 2023). While microcystins have been positively associated with DIN availability 

(Chaffin et al., 2023; Donald et al., 2011; Dong et al., 2021; Yancey et al., 2022), more 

work is still needed to understand the relationship between toxigenic strains of 

cyanobacteria species and environmental variables.  

We found that mcy genes scaled with microcystin concentrations and total 

Microcystis abundance. This agrees with several other studies examining the relationship 

between mcy genes, toxic genotypes and the abundance of microcystins (Dong et al., 2021; 

Joung et al., 2011; Lee et al., 2015). These results, in combination with results from Steffan 

et al. (2014), suggest that toxic Microcystis spp. may always be producing microcystins, 

but which congener being produced changes with nitrogen availability and toxic genotypes 

(Chaffin et al., 2023; Yancey et al., 2022). Microcystins likely play an important role in 

the internal metabolism of toxigenic Microcystis strains, as changes in nutrient conditions 

lead to significant changes in the transcription of genes, but the metabolites produced are 

homeostatic (Steffen et al., 2014). Current reviews have underscored the importance of 

differentiating between whether cyanotoxin production is a result of changes in 
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environmental conditions, or whether the environmental conditions result in changes in 

cyanobacteria genotypes. Increases in nitrogen may be related to the competitive fitness of 

toxic genotypes which are always producing cyanotoxins, rather than increasing the 

transcription and production of microcystins, alone (Chorus et al. 2021).   

3.5.2. Environmental Variables on Toxin Production 

In Lake Champlain, toxic genotype abundance peaked during the cyanobacteria 

bloom on September 6th and 7th, which was associated with a late summer heatwave, a 

pause in summer precipitation, and low wind conditions. These factors are generally 

thought to create the “perfect storm” for cyanobacteria blooms (Huisman et al., 2018; Isle 

et al., 2015). Similar results have been reported in Daechung Reservoir, Korea, where total 

phosphorus was correlated to total Microcystis cells L-1, but increases in temperature were 

positively correlated to toxic genotypes relative abundance (Joung et al., 2011). In Chauo 

Lake, China, toxic Microcystis and microcystins were associated with increases in TP, TN, 

NO3, NH4, and temperature (Yu et al., 2014). Davis et al. (2009) determined that toxic 

genotypes of Microcystis have faster growth rates than non-toxic strains under high 

temperature and elevated nutrient conditions relative to non-toxic strains. These results 

suggest that in Lake Champlain, late summer heatwaves can lead to more toxic blooms, 

which may put the public at increased risks of cyanotoxin exposure in drinking water and 

at public beach sites.  

3.5.3. Lake Champlain Microcystin Concentrations and Producers  

Lake Champlain has had low cyanotoxin concentrations in recent years yet has seen 

increases in the number of reported cyanobacteria blooms (Boyer et al., 2004; Lake 
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Champlain Basin Program, 2024; Smeltzer et al., 2012). Previous work conducted in the 

northeastern arm of Lake Champlain has identified that even during peak cyanobacteria 

bloom biomass, toxin concentration remains well below WHO Guidelines and that toxin 

concentration does not scale with cyanobacteria biomass (authors unpublished data). This 

may be a result of the dominant cyanobacteria species lacking the capability of producing 

microcystins in Lake Champlain, as these blooms are typically dominated by 

Dolichospermum spp. (authors unpublished data; Isles et al., 2015). Our study further 

supports this, as we found 6 distinct Dolichospermum spp. (Figure B.4), yet no microcystin 

genes mapping to their genomes. Several other ‘omics studies have found similar results, 

as several members of the ADA clade (closely related genera from Dolichospermum, 

Aphanizomenon and Anabaena) lack toxin producing genes (Driscoll et al., 2018; 

Österholm et al., 2020; Sheik et al., 2022). This, coupled with the growing evidence that 

some Dolichospermum spp. found in North America may lack the ability to produce 

microcystins (Otten et al., 2016; Sheik et al., 2022) supports the idea that Microcystis is 

the dominant microcystin producer in these systems in 2023. Further metagenomics 

analyses that target other parts of Lake Champlain with increased depth of DNA 

sequencing will be able to further elucidate other toxin forming species, and further address 

the question of toxicity within Dolichospermum spp.. 

Despite the correlation between Microcystis biomass and microcystin 

concentrations in North Beach and Oakledge Cove, microcystin concentrations continue to 

remain below the World Health Organization recreational guidelines as well as short term 

recreational guidelines (Chorus and Welker, 2021). Ongoing monitoring efforts across 
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Lake Champlain rarely detect cyanotoxins when blooms aren’t present, and rarely detect 

toxins in high enough concentrations to be dangerous during a bloom (Lake Champlain 

Basin Program, 2024). Regardless, caution should be exhibited when interacting with 

cyanobacteria blooms in the summer, and the public should be made aware of the concerns 

related to cyanotoxin exposure, particularly for children and pets. Management should 

continue to monitor cyanobacteria blooms, increase monitoring to include cyanotoxin 

measurements, and continue to close recreational beach sites to the public during bloom 

events, considering the increased risk of toxicity under global climate change. 

3.5.4. Limitations  

This study used the bioinformatic pipeline produced by Novogene, which is not 

traditionally designed for cyanobacteria communities. However, with growing annotation 

of cyanobacteria genomes, these tools are becoming increasingly reliable in annotating 

genes and genomes. A major caveat that results from only using the KEGG gene 

annotations is that anatoxin, and other cyanotoxins are not annotated within the database, 

meaning that if genes within the anatoxin gene cluster were present in the assembled 

genomes, they would remain unclassified. Therefore, while we highlight and focus on 

microcystin production and microcystin genes, we cannot not rule out the potential of other 

cyanotoxin producers to be present in these systems with this approach.  

Several studies have used mcy gene counts to determine the relative abundance of 

toxic vs. non-toxic genotypes, as sequenced Microcystis strains have only detected a single 

copy of the mcy gene cluster (Kaneko et al., 2007; Tanabe et al., 2009; Tillett et al., 2000; 

Zhang et al., 2016). Our study identified several instances where the number of mcy genes 
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(mcyA, mcyB or mcyC) was higher than housekeeping rpoD genes. This could be a result 

of poor annotation of the rpoD gene, along with other housekeeping genes (rpoC and recA) 

from Microcystis genomes within the KEGG database. This is further supported by the of 

lack of recovery of the full microcystin gene cluster at any sampling point in our study. In 

fact, we never detected mcyF or mcyH-J genes. The lack of detection may be due to the 

lack of representation in the selected database as opposed to the lack of presence in the 

system. 

 However, other studies that did not use the KEGG database for annotation have 

run into similar issues of high representation of toxigenic genotypes, particularly during 

high biomass of Microcystis (Dong et al., 2021; Yancey et al., 2022). Yancey et al. (2023) 

attributed this to rapid replication of genes near replication sites during periods of rapid 

growth (Couturier and Rocha, 2006; Rocha, 2004). Alternatively, metagenomics’ 

techniques may recover inactive genes from senescing cells and can fail to full recover 

DNA from live cells (Nielsen et al., 2007; Pacheco et al., 2016). Given these complexities, 

further research should focus on gene transcription to better classify the number of mcy 

genes within different Microcystis strains and assess the effectiveness of using mcy gene 

counts as a proxy for determining the relative abundance of toxic vs. non-toxic genotypes.  

Using metagenomics provides an advantage relative to a PCR approach, as we can 

see from our study that different mcy genes within the mcy gene cluster are detected at 

different rates. Thus, when choosing only one or a few of the mcy genes to target, the 

abundance of toxic genes within a system may be inaccurately described (Zuo et al., 2018). 

Similarly, Microcystis spp. can have genotypes that have only the mcyA-C operon, 
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therefore studies that target genes in the mcyD-J operon may underestimate the presence 

of toxic genotypes (Yancey et al., 2022). Because metagenomics is sensitive to the 

dominant taxa within a system during sequencing, if the abundance of a given species is 

low, the resolution of that genome will also be low. This likely led to issues in the 

representation of toxic versus non-toxic genotypes in our systems during low cyanobacteria 

abundance.  

3.6. Conclusion 

In our study, toxigenic Microcystis strains were present at all points in the sampling 

season. We cannot disregard the importance of continuing to monitor cyanobacteria 

blooms and cyanotoxin production, given the impacts climate change is expected to have 

in promoting the rapid growth of toxic blooms. Specifically, it is anticipated that under 

climate change, increased temperatures and nutrient loading into the systems will select for 

increases in toxic cyanobacteria and the release of cyanotoxins. During high nutrient 

periods, increasing dissolved nitrogen loads for example, toxic Microcystis strains have 

been shown to dominate over non-toxic strains. Therefore, it is essential to keep the public 

informed of these findings, as the timing of toxic blooms is very likely to occur during late 

summer heatwaves, when public recreation would be at its highest. 
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4.1. Abstract 

Climate change has increased the intensity, frequency, and duration of extreme 

climatic events, including heatwaves, droughts, and storm events in temperate regions. 

These events have cascading effects on the physical and biological processes in lake 

ecosystems, including lake mixing, phytoplankton phenology, and cyanobacteria bloom 

dynamics. While many studies have examined influences of storm events on phytoplankton 

dynamics, less is known on how other climatic extremes and their cumulative effects such 

as extreme temperatures, wind events, and high stream flow affect phytoplankton biomass 

and community structure. Predicting the relative importance of stochastic processes on 

phytoplankton phenology is critical in understanding phytoplankton response to climate 

change. Integrating 5 years of high frequency physical and meteorological data with 

discrete chemical and biological measurements, we investigate how climatic extremes 

affect cyanobacteria bloom dynamics and phytoplankton functional diversity in two, 

shallow, eutrophic bays. Our results highlight that cyanobacteria biomass was most 

influenced by high temperature and flushing events, but the responses of phytoplankton 

were mediated by nutrient cycling and local weather conditions. We found that in 

Missisquoi Bay, cyanobacteria biomass generally increased following high temperature 

events which increased water column stratification, while cyanobacteria biomass in St. 

Albans Bay only increased under nutrient replete, stratified conditions. These results 

demonstrate how climatic extremes impact phytoplankton phenology differently among 

two, shallow eutrophic bays, and highlight the importance of nutrient cycling in mediating 

responses from extreme climatic events.  
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 4.2. Introduction  

Climate change has resulted in an increase in the frequency and intensity of extreme 

climatic events (ECEs), such as heat waves, droughts, and high rainfall events (IPCC, 

2023). Between 1958-2012, heavy precipitation in the northeastern United States has 

increased by 71%.  Similarly, warmer summers, shorter winters, earlier ice off, and thus 

longer growing seasons are expected, coupled with continued increases in precipitation and 

extreme storm events in the spring, summer, and winter seasons (Melillo et al., 2014). 

Annual droughts and heatwaves are occurring during the summer and are expected to 

continue and intensify.  Lakes, which act as sentinels for climate change (Adrian et al., 

2009), are particularly sensitive to changing meteorological conditions. Such climatic 

extremes can cause significant changes to the thermal structures of lakes, impacting 

biological, physical  and chemical functioning of the system (Creed et al., 2018).  

It has been well documented that heatwaves can cause substantial changes in 

thermal structure in lakes (O’Reilly et al., 2015; Woolway et al., 2021), where increases in 

stratification could lead to changes in productivity, depending on the geomorphology of a 

lake. In shallow, eutrophic lakes, increased stratification duration has been linked to 

cyanobacteria productivity (Giles et al., 2016). However, this may not be the case in deeper 

lakes with little watershed nutrient input, such as in Lake Tanganyika, where changes in 

prevailing wind patterns and heatwaves cause a stronger stratification, reducing the mixing 

depth and upwelling, and thus, the access to the dominant nutrient source in the upper 

mixed layers (Mziray et al., 2024; O’Reilly et al., 2003). In small lakes, increased wind 

speeds and high rainfall events could induce lake mixing, resulting increased tributary or 
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internal nutrient loads. Alternatively, increased precipitation may increase stream flow into 

a system, leading to increased flushing that decreases primary productivity (Reynolds et 

al., 2012; Stockwell et al., 2020).     

Phytoplankton community succession operates on seasonal trajectories, though the 

intensity, duration, and frequency of ECEs could alter seasonal phytoplankton phenology 

with long-lasting impacts on community structure (Padisák, 1993; Stivrins et al., 2015). 

Phytoplankton community resistance and resilience to disturbance are shaped by 

taxonomic and functional trait diversity, which often scales with community stability 

(Chapin  et al., 2000; Ptacnik et al., 2008), though this varies across frequency and intensity 

of disturbance processes (Yang et al., 2021). According to the intermediate disturbance 

hypothesis, at intermediate frequency or intensity of disturbance events, biodiversity will 

be high because succession is interrupted before competitive exclusion by dominant 

species occurs (Connell, 1978). Such an increase in biodiversity and functional redundancy 

confers resilience to subsequent disturbance events (Yang et al., 2017). Therefore, how 

phytoplankton communities respond to different disturbance events may affect overall 

ecosystem functioning and lead to significant changes in aquatic food web structure 

(Rasconi et al., 2017).  Functional redundancy in phytoplankton communities may obscure 

predictions of which phytoplankton species may dominate under a given set of 

environmental conditions (Litchman et al., 2012). Therefore, phytoplankton functional 

groups provide a more ecologically relevant approach for understanding how ecosystem 

function may shift under a changing climate (Weithoff, 2001).  
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Antecedent conditions in lakes are likely to influence how ECEs alter lake physical 

and biological processes (Perga et al., 2018; Thayne et al., 2022). Many studies focus solely 

on storm impacts, but just as storms can change physical properties of lakes, so, too, can 

heat waves or cooling events (Bergkemper et al., 2018; Filiz et al., 2020; Wilhelm and 

Adrian, 2008). Many experimental studies have focused on a single type of climatic 

extreme (Dong et al., 2015; Machado et al., 2019), but synergistic effects of disturbance 

events have been shown to cause increasing rates of community turnover in phytoplankton 

communities (Yang et al., 2021). While experimental studies do occur that study the effects 

of nutrients, temperature, and light availability (Filiz et al., 2020; Jeppesen et al., 2021), 

translating these results to an ecosystem-wide scale remains challenging. Additionally, not 

every climatic extreme may elicit a significant biological response (Palmer et al., 2017; 

Stockwell et al., 2020). Therefore, there is a need to understand how different types and 

thresholds of climatic extremes affect lake physical and chemical properties, and how those 

changes translate to shifts in biological communities.  

Using five years of high frequency data combined with three years of 

phytoplankton community composition surrounding cyanobacteria blooms, we 

characterized the effect of ECEs on lake phytoplankton biomass and functional group 

diversity in two shallow systems in Lake Champlain with different geomorphologies. We 

addressed two primary questions: 1) How was phytoplankton phenology affected by ECEs, 

focusin on cyanobacteria bloom phenology, and 2) what role did antecedent conditions, 

including baseline weather and lake conditions, have in shaping phytoplankton biomass 

and functional group response to ECEs? We anticipated that events facilitating strong 
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thermal stratification would lead to an increase in phytoplankton biomass, particularly for 

cyanobacteria, and that events that lead to turbulent mixing would decrease buoyant 

cyanobacteria biomass, selecting for phytoplankton dependent on water column mixing, 

such as small diatoms and chlorophytes.  

4.3. Methods 

4.3.1. Study Sites 

Missisquoi Bay is a shallow basin with a mean depth of 2.8 m and maximum depth 

of 4 m (Figure 4.1). The bay is connected to the Northeast Arm of Lake Champlain by a 

narrow channel at the southern end and has little water flow to the rest of the lake due to a 

causeway. Missisquoi Bay’s water column is heavily influenced by wind-driven mixing 

due to its surface area (75 km2) and fetch. The bay is polymictic though develops periodic 

stratification at low wind speeds. Its primary tributary inputs are from the Missisquoi, Pike, 

and Rock Rivers. Missisquoi Bay’s catchment is mostly forested (62%) but also has 25% 

intensive agriculture which represents a disproportionately large nutrient load (Levine et 

al., 2012). Internal phosphorus loading contributes to the initiation and maintenance of 

cyanobacteria blooms in Missisquoi Bay (Giles et al., 2016; Kirol et al., 2024).  

St. Albans Bay consists of two sub-basins with mean depths of 13m and 4m, 

separated by a rise and an island (Isles et al., 2015; Levine et al., 2012). Sampling for this 

project was conducted in the shallow, inner bay. Our data buoy is in the inner portion of 

the bay (Figure 4.1), and water levels range from 4-5m depending on the season. The inner 

bay is polymictic and receives inflow from the Mills River, Black, and Jewett Creeks and 

exchanges water with the outer basin and the central Northeast Arm of Lake Champlain 
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(Smeltzer, 2003). The system is smaller than Missisquoi Bay, with a surface area of 7.3 

km2. Due to the smaller surface area and greater depth, the water column is generally more 

stable but is frequently disrupted. Brief periods of thermal stratification during the summer 

can facilitate hypoxia and internal phosphorus pulses, which are a persistent problem for 

the growth of cyanobacteria in this system (Stangel & Smeltzer, 2003), however anoxic 

conditions are less prevalent than in Missisquoi Bay. The catchment area for this bay is 

dominated by agriculture (56%) and urban development (12%). Compared to Missisquoi 

Bay, St. Albans Bay receives lower stream flow, resulting in a lower external nutrient load.  
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Figure 4.1. Map of high frequency buoy site locations in Missisquoi and St. Albans Bay in Lake 

Champlain. Black dots represent sites of the high frequency buoy platforms and sample sites. 
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4.3.2. High Frequency Monitoring 

High frequency data buoys (YSI profiling buoy, Yellow Springs Instruments, 

Yellow Springs, OH, USA) are currently deployed in each bay during the ice-free seasons 

and have been since 2017. For this study, we use the 2017-2021 sampling years. 

Measurements are recorded every hour at 0.5m increments using YSI EXO2 sondes on a 

winch to measure vertical profiles. The sondes are equipped with probes that measure water 

temperature (°C), dissolved oxygen (% saturation), phycocyanin and chlorophyll a 

fluorescence in relative fluorescence units (RFU), and turbidity (NTU). The buoys are also 

equipped with meteorological stations (HOBO RX2000), capturing wind speed (m/s) and 

air temperature (°C). Missisquoi Bay’s meteorological station malfunctioned during 2017, 

so we do not have wind speed data for Missisquoi Bay for this period.  

4.3.3. Sample Collection 

Field samples were collected weekly during the ice-free season (May-October) in 

each bay between 2017, 2018 and 2021. Integrated 1 L (2017) or 250 mL (2018 and 2021) 

samples for phytoplankton analysis were collected from the euphotic zone, which was 

determined as 2x the secchi depth. Samples were stored in amber HDPE bottles (Nalgene), 

kept on ice, and preserved with Lugol’s solution upon returning to the lab. Dissolved 

nutrients (nitrate (NO2-N), nitrite (NO3-N), ammonium (NH4-N), orthophosphate (PO4)) 

were collected at 0.5 m from the surface and 0.5 m from the bottom at each site. Dissolved 

nutrients were filtered with 0.45 µm polyethersulfone (PES) filters in the field. Samples 

were stored on ice until arriving to the laboratory, where dissolved nutrients were frozen 

and total nutrients were refrigerated at 4 °C until analysis. 
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4.3.4. Nutrient Analysis 

Water samples were analyzed for nitrate (NO3-N), nitrite (NO2-N), ammonium 

(NH4-N), orthophosphate (PO4) using an AQ2 Autoanalyzer (Seal Analytical, Mequon 

WI). Following the EPA method 353.2, nitrate was reduced to nitrite within a copper-

cadmium column and was measured as cumulative nitrite (USEPA, 1993a).  NH4-N was 

analyzed following the standard EPA method 350.1 (USEPA, 1993b), and PO4 was 

analyzed following the standard EPA method 361.1 (USEPA 1993c). Samples were 

collected and analyzed in triplicates.  

4.3.5. Phytoplankton Enumeration 

Samples for phytoplankton taxonomic analysis were selected by inspecting high 

frequency phycocyanin and chlorophyll data for each year in each site to capture 

development, persistence, and senescence of cyanobacteria bloom events. Phytoplankton 

samples were settled in graduated cylinders and concentrated to a final volume for 

phytoplankton quantification. Prior to concentration, supernatant was taken from the 

surface, middle, and above the bottom of the cylinder and examined under a microscope at 

400x magnification to ensure that the sample has fully settled. Supernatant was then 

removed to concentrate samples using a low-pressure pump. Samples were settled until 

approximately 15-30 natural units (single colony, filament, or single cell) were visible in 

each microscope view. Phytoplankton were quantified using nannoplankton counting 

chambers (Phycotech) on a Leica DM2500 LED microscope at 400x magnification until 

300 natural units were identified or 30 microscope views had been processed. Biovolume 

was calculated following Hillebrand et al., (1999). Dimensions of algal species that could 
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not be measured from the view or angle of a species were supplemented from a trait 

database of phytoplankton in temperate lakes (Rimet & Druart, 2018.).  

We identified phytoplankton to species when possible, and grouped species 

together by phytoplankton functional groups following Padisák et al. (2009). 

Phytoplankton taxa and functional groups can be found in Table C.1 Representative taxa 

within common phytoplankton functional groups within Missisquoi Bay and St. Albans are 

presented in Table 4.1.  
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Table 4.1. Representative phytoplankton taxa from St. Albans and Missisquoi Bay from the most common 

functional groups. 

 

 

 

  

Codon 
Representative 

Phytoplankton Species 
Habitat Characteristics 

H1 
Dolichospermum flos-aquae, 

Aphanizomenon flos-aquae 

Eutrophic, shallow or stratified lakes 

with low nitrogen content 

M Microcystis spp. Eutrophic to hypertrophic small lakes 

K 
Aphanocapsa spp., Aphanothece 

spp. 
Medium to large lakes 

S1 
Pseudoanabaena limnetica, 

Planktolyngbya limnetica 

Turbid, mixed environments. Shade 

adapted cyanobacteria 

S2 Cuspidothrix issatschenkoi Warm, shallow, alkaline waters 

P Aulacoseira granulata 
Eutrophic, continuous or semi-

continuous mixed layer of 2-3m 

C Stephanodiscus niagarae 
Eutrophic small lakes with species 

sensitive to stratification 

D Tabularia spp., Ulnaria spp. Shallow, turbid lakes 

MP 
Ulothrix sp., Amphora sp., 

Cymbella sp. 

Frequently stirred up, turbid, shallow 

lakes 

X2 Chlamydomonas spp. Shallow, meso-eutrophic lakes. 

J 
Desmodesmus spp., Pediastrum 

spp. 
Shallow, mixed, highly enriched lakes 

Y Cryptomonas spp. 

Cryptomonads and small 

Dinoflagellates widely adapted to a 

range of environments 

T Geminella sp. 
Persistently mixed layers, where light 

is frequently limited 

N Staurastrum sp., Cosmarium sp. 
Lakes with a continuous or semi-

continuous mixed layer of 2-3m 

B 
Cyclotella sp., unidentified 

small, centric diatoms 

Mesotrophic small-medium lakes with 

species sensitive to stratification 

F Tetastrum spp, Treubaria spp. 
Clear, deeply mixed meso-eutrophic 

lakes 
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4.3.6. Data Analysis 

All data processing and statistical analyses were performed using R statistical 

software version 4.3.3 (R Core Team 2024) and RStudio (2023.12.1).  

All variables measured using the high frequency buoys were checked for outliers. 

For phycocyanin RFU, chlorophyll RFU, and turbidity, oxygen and water temperature, if 

there was a 100% change or greater in concurrent measurements, datapoints were flagged. 

At each depth, datapoints were visually inspected, and if flagged values seemed outside of 

the range of environmental variability, they were removed from the dataset.  Schmidt 

stability was determined using water temperature profiles and bathymetry with 

schmidt.stability() function in the `rLakeAnalyzer` package (Winslow et al., 2019). 

Epilimnion temperature was determined using the water temperature profiles from the 

epi.temperature() function in the `rLakeAnalyzer` package (Winslow et al., 2019).  

ECEs were identified using maximum daily temperature, average stream flow, and 

average wind speeds from 30 years of historical data (1991-2021) from the Burlington, 

Vermont International Airport (National Oceanic and Atmospheric Administration, 2024) 

and 10 years of data from the USGS stream gauge data (U.S. Geological Survey, 2016). 

ECEs were identified monthly from the 97.5th and 2.5th percentiles of the entirety of the 

sampling period (Table C.2). Only the 97.5th percentiles were calculated for streamflow. 

The 85th and 15th percentiles for each variable were also identified to assess the length of 

time in days of each extreme event (just the 85th for stream flow – Table C.3). Specifically, 

if a weather variable was above the 97.5th percentile, the number of consecutive days on 

either side of that date that the variable was above the 85th percentile was calculated. The 
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same method was employed for low ends of those extreme events with the 2.5th and 15th 

percentiles.   

The variability of weather and physical lake conditions during ECEs was explored 

using principal component analysis (PCA). We averaged the stream flow, air temperature, 

wind speed, epilimnion temperature, Schmidt stability and average turbidity during these 

ECEs and used PCA to transform these interrelated variables into statistically independent 

variables that are grouped together by correlations in order to reduce complexity in our 

dataset. Prior to the PCA, all variables were checked for normal distribution using the 

shapiro.test() function in the `stats` package (R Core Team, 2024). If variables were not 

normally distributed, they were log (x) or log (x+1) transformed. The PCA was run using 

the prcomp() function from the `stats` package (R Core Team, 2024), and PCA’s were 

visualized using the fviz_pca_biplot() function from ̀ factoextra` package (Kassambara and 

Mundt, 2020).  

To determine how ECEs affect proxies of algal biomass (high frequency 

chlorophyll and phycocyanin RFU) and lake physical characteristics (Schmidt stability, 

epilimnion temperature, hypolimnion temperature, dissolved oxygen saturation at depth), 

we first calculated the cumulative daily (t) difference (t – t-1), in each variable during an 

ECE. Because phytoplankton responses to ECEs are expected to be impacted by 

seasonality (Stockwell et al. 2020), we separated the different ECEs into early summer 

(June-July), summer (August-September) and fall (October). We then selected a random 

sample of daily changes in phycocyanin and chlorophyll during no ECE from those seasons 

to account for normal variation in phytoplankton biomass using the latin hypercube 



122 

 

sampling approach with the clhs() function in the `clhs` package (Roudier, 2011), based on 

the highest observation of ECE per season. To test for differences between phycocyanin 

and chlorophyll response to different types of ECEs compared to normal variation across 

seasons, we used analysis of variance (ANOVA) on transformed data, dependent on 

normality.  

To investigate how different ECEs affect alpha and beta functional diversity in 

Missisquoi and St. Albans Bay, Shannon Index (H’) and Bray Curtis dissimilarity were 

calculated in the `vegan` package (Oksanen et al., 2022) using the diversity() and vegdist() 

functions, respectively. Because phytoplankton diversity is expected to be highest 5-15 

days following a disturbance (Reynolds et al., 1993), phytoplankton samples that were 

collected within 15 days before and after a single ECE were used for comparisons.  

4.4. Results 

4.4.1. Identifying Extreme Climatic Events 

A total of 28 and 25 ECEs occurred over the five-year period (2017-2021) in St. 

Albans Bay and Missisquoi Bay that overlapped with captured phycocyanin and 

chlorophyll a RFU data (Table 4.2). The most frequent event identified were high 

temperature events, which occurred primarily in the summer of 2018 and 2021, as well as 

in the early summer and fall. High temperature events were, on average, 1.3 °C ± 0.7 

warmer than the 97.5th quantile, while low temperature events were 1.8 °C ± 0.8 cooler 

than the lower 2.5th quantile. High wind events were 0.63 ± 0.34 m s-1 higher than the 97.5th 

quantile and low wind speeds were 0.18 ± 0.12 m s-1 lower than the 2.5th quantile. In St. 
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Albans Bay, high stream flow events were, on average, 75 ± 78 higher than the 97.5th 

quantile, and Missisquoi Bay was 2200 ± 3000 higher than the 97.5th quantile.  
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Table 4.2. Change in lake characteristics in response to the different ECEs and weather conditions during 

the event. Table headers are abbreviated as cumulative changes in: PC (phycocyanin RFU:lagged 

phycocyanin), CHL (chlorophyll RFU: lagged chlorophyll), EPI (epilimnion temperature in °C), HYP 

(hypolimnion temperature in °C), O2 (minimum oxygen saturation (%) at deepest sampling point), SS 

(Schmidt Stability in J m-2) during ECEs, and average Wind (wind speed in m s-1), Max Temp. (daily 

maximum air temperature during the event in °C), and (stream flow in ft3 s-1) during the event. 

Event Start Date End Date PC CHL Epi. Hyp. SS DO Wind 
Max 

Temp. 

Stream 

Flow 

Missisquoi Bay 

LW 9/15/2017 9/17/2017 -1.8 -2.55 1.42 0.2 4.68 -38 NA NA NA 

HT+LW 9/23/2017 9/27/2017 -1.7 0.32 1.73 0.91 3.52 -76 NA NA NA 

HT 10/7/2017 10/8/2017 -1.2 -0.05 0.3 0.3 0.01 -0.6 NA NA NA 

HW 10/30/2017 10/30/2017 0.22 0.40 0.33 0.49 -0.43 -0.4 NA NA NA 

HT 7/15/2018 7/16/2018 -0.3 0.25 1.01 0.05 4.28 0 NA NA NA 

HT 8/4/2018 8/6/2018 1.79 1.65 0.95 0.9 0.32 -0.7 2.78 32.96 229.58 

HT 8/28/2018 8/29/2018 -0.5 0.22 1.09 1.37 -1.9 8.6 4.42 34.72 170.8 

HT 9/2/2018 9/5/2018 0.97 -0.99 1.08 0.9 1.05 1 3.82 30.83 264.36 

HW 9/21/2018 9/21/2018 0.62 0.14 -0.42 -0.29 -0.61 3.9 9.4 21.11 153.18 

HT 10/9/2018 10/11/2018 -0.8 -0.15 2.67 2.66 0.1 2.2 4.48 25.74 455.65 

LT 10/24/2018 10/28/2018 0.08 0.36 -2.03 -2.03 0 0.5 4.11 6 633 

HW 9/4/2019 9/4/2019 -1 0.22 -0.14 0.28 -2.25 0.9 6.87 26.11 1,685.16 

HW 9/14/2019 9/14/2019 1.3 1.25 -0.93 -0.85 -0.38 7.9 8.86 21.11 488.88 

LW 9/19/2019 9/21/2019 -0.3 0.06 1.16 0.61 2.68 -9.5 1.57 25.19 204.76 

HF 10/2/2019 10/4/2019 0.13 0.16 -3.83 -3.83 -0.02 -4.9 1.14 14.07 6,668.62 

HW 10/17/2019 10/18/2019 0.26 -0.14 -2.75 -2.76 0.02 -5.9 8.25 9.72 2,698.85 

HT 7/18/2020 7/20/2020 -1.7 -0.24 1.24 1.33 -0.54 3.7 4.04 33.89 365.13 

HF 8/5/2020 8/7/2020 -0.6 0.11 -0.22 -1.51 5.1 10 3.51 27.59 2,644.83 

HW+LT 8/25/2020 8/27/2020 -1.5 -0.66 -3.48 -2.32 -4.71 28 4.45 22.78 702.07 

LW 9/25/2020 9/25/2020 -0.6 -0.15 0.14 0.23 -0.38 -1.7 0.52 22.78 108.04 

HW 10/10/2020 10/10/2020 -0.2 -0.13 -0.08 -0.07 -0.03 -1 6.79 23.33 622.39 

HT 6/5/2021 6/8/2021 -0.3 -0.67 4.28 2.93 5.24 -36 3.12 33.19 290.72 

HT+HW 6/25/2021 6/29/2021 0.67 0.52 4.68 119.8 -0.07 -88 4.03 30.42 123.49 

LW 7/27/2021 7/27/2021 0.01 0.25 -0.19 0.25 -2.79 14 1.01 24.44 142.25 

HT 8/24/2021 8/26/2021 0.98 0.64 0.66 0.55 0.96 0.2 2.9 32.96 120.33 

St. Albans Bay 

LW 9/15/2017 9/17/2017 -0.3 -0.45 0.78 0.69 23.7 -28 1.07 28.33 2 

HT+LW 9/23/2017 9/27/2017 0.37 1.07 2.09 3.44 0.64 -30 1.48 32.22 0.5 

HT 10/7/2017 10/8/2017 -0.2 -0.68 0.06 0.05 0.27 -3.7 4.7 24.17 0.5 

HW 10/30/2017 10/30/2017 -0 -0.08 -0.05 0.07 -2.29 -0.2 8 20.56 19.69 
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HT+HW 6/29/2018 7/6/2018 -0.5 0.11 6.78 7.04 -7.67 7.6 3.64 33.61 0.89 

HT 7/15/2018 7/16/2018 -0.1 -0.50 0.63 -0.02 19.5 4.3 2.25 33.89 0.16 

HT 8/4/2018 8/6/2018 0.15 -0.24 0.58 0.48 3.69 13 2.77 32.96 0.12 

HT 8/28/2018 8/29/2018 -1.2 -0.68 1.12 1.28 -6.51 17 3.6 34.72 0.03 

HT 9/2/2018 9/5/2018 -2.5 -1.65 0.56 0.23 12.2 14 3.95 30.83 0.09 

HW 9/21/2018 9/21/2018 0.34 -0.25 -0.99 0.42 -34.6 3.5 7.9 21.11 0.12 

HT 10/9/2018 10/11/2018 0.91 2.30 1.71 1.7 0.4 8.1 5.06 25.74 1 

LT 10/24/2018 10/28/2018 0.07 -1.19 -1.42 -1.3 -2.79 1.5 3.4 6 2.63 

HF 8/8/2019 8/11/2019 -0.3 3.70 -1.19 -1.15 -1.21 9.1 3.25 27.08 28.22 

HW 9/4/2019 9/4/2019 0.91 0.03 -0.27 -0.09 -6.39 0.6 7 26.11 13.74 

HW 9/14/2019 9/14/2019 1.5 2.50 -0.83 -0.77 -1.63 -1.8 7.4 21.11 2.54 

LW 9/19/2019 9/21/2019 0.01 -1.24 0.19 0.18 1.67 26 1.07 25.19 1 

HF 10/2/2019 10/3/2019 -2 -2.29 -0.88 -0.91 0.78 -6.3 2.65 15.83 124.37 

HW+HF 10/17/2019 10/20/2019 -0.2 -2.27 -2.43 -2.57 2.06 -15 4.67 11.25 114.43 

HF 10/27/2019 11/5/2019 -0.2 -0.62 0.41 0.45 -0.66 6.1 3.9 16.56 68.07 

HT 7/9/2020 7/10/2020 -2.1 -3.42 13.92 13.62 12.4 11 4.1 35 0.85 

HF 8/5/2020 8/6/2020 -0.5 -0.12 -1.04 -1.46 16.2 -9.1 3.35 27.5 22.62 

HW+LT 8/25/2020 8/27/2020 0.25 0.34 -1.96 -1.78 -6.5 7.4 4.23 22.78 2.26 

HW 9/16/2020 9/16/2020 -0.1 -0.63 -0.43 -0.25 -4.59 4.8 7.6 23.33 0.19 

LW 9/25/2020 9/25/2020 -0.1 -0.00 0.45 0.5 -0.95 1.1 0.7 22.78 0.06 

LT 10/29/2020 10/31/2020 0.01 -0.19 -0.51 -0.48 -0.35 1.6 3.1 5.83 4.66 

LT 7/2/2021 7/4/2021 0.06 0.17 -4.18 -4.2 -5.19 7.6 2.17 19.81 0.66 

LW 7/27/2021 7/27/2021 0.29 0.21 0.11 0.4 -10.4 3.5 1 24.44 0.32 

LW 10/20/2021 10/20/2021 -0.1 -0.25 -0.59 -1.35 14.2 -12 0.3 20.56 6.22 

 

Principal component analyses of environmental and weather conditions associated 

with ECEs, reduced 6 variables into 2 new principal components describing 74.3% and 

71.3% of the variance in the weather and lake conditions during ECEs in St. Albans Bay 

and Missisquoi Bay, respectively (Figure 4.2). In both bays, average wind speed during 

ECEs was negatively related to average water column stability, while average epilimnion 

temperature was associated with maximum air temperatures during ECEs. Overall, events 

from each type of ECE do not cluster together, indicating that there is variability in 

weather conditions during each climatic extreme (Figure 4.2).  
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Figure 4.2. Principal component analysis showing the average weather and lake physical conditions during 

ECEs for St. Albans Bay (A) and Missisquoi Bay (B) Variables are abbreviated as follows: Avg_SS 

(average Schmidt Stability), Avg_Epi (average epilimnion temperature), Max_Temp (average maximum 

daily temperature), Avg_Turb (average turbidity), Avg_Wind (average wind speed), Avg_SF (average 

stream flow). 

4.4.2. Impacts of ECEs on Phytoplankton Biomass:  

No ECEs elicited a significant response in the cumulative daily changes of 

phytoplankton biomass indicators (high frequency phycocyanin or chlorophyll-a 

fluorescence) compared to daily variation in Missisquoi Bay or St. Albans Bay across the 

entire season or split seasonally (Table 4.3). To further investigate the impacts of ECEs on 

cyanobacteria and total phytoplankton biomass we describe patterns in the cumulative 

changes across different scenarios below.  

  



127 

 

Table 4.3. Summary of ANOVA tests to compare differences in cumulative changes in phycocyanin 

fluorescence and chlorophyll-a fluorescence during ECEs across seasons compared to normal variation, as 

well as the interaction effect of the event and the season. Season refers to early summer, summer and fall. 

Column headers are abbreviated as follows: DF (degree of freedom), Sum Sq (sum of squares), Mean Sq 

(mean square), F (F-statistic), p (p-value). 

Missisquoi Bay 
Phycocyanin   DF Sum Sq Mean Sq F p 
  Event 8.00 1.22 0.15 0.88 0.55 
  Season 2.00 0.38 0.19 1.08 0.35 
  Event:Season 8.00 0.70 0.09 0.51 0.84 
Chlorophyll-a             
  Event 8.00 0.52 0.06 0.90 0.53 
  Season 2.00 0.02 0.01 0.14 0.87 
  Event:Season 8.00 0.34 0.34 0.59 0.78 

St. Albans Bay 
Phycocyanin             
  Event 9.00 0.91 0.10 0.19 -0.99 
  Season 2.00 1.53 0.76 1.46 0.25 
  Event:Season 7.00 1.91 0.27 0.52 0.81 
Chlorophyll-a             
  Event 10.00 0.17 0.02 0.48 0.89 
  Season 2.00 0.02 0.01 0.25 0.78 
  Event:Season 9.00 0.26 0.03 0.80 0.62 

 

In Missisquoi Bay, high temperature events consistently resulted in a cumulative 

increase in both epilimnion (1.5 ± 1.2 °C) and hypolimnion water temperatures (1.2 ± 1.0 

°C) for the duration of the event. In most cases, high temperature events resulted in 

cumulative increases in Schmidt stability (1.0 ± 2.2 J m-2) and had variable impacts on 

dissolved oxygen saturation at depth (-2.4 ± 13.0 %). High temperature events elicited 

variable responses in cyanobacteria (phycocyanin) and total phytoplankton (chl a) biomass 

in Missisquoi Bay (Table 4.2, Figure 4.3). Three high temperature events resulted in a 

cumulative loss of cyanobacteria (-1.0 ± 0.3 RFU) and total phytoplankton biomass (-1.0 

± 1.0 RFU) when wind speeds exceeded 4.0 m s-1 (Figure 4.5), and three events resulted in 
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increases in cyanobacteria biomass (1.2 ± 0.5 RFU) when water column stability increased 

(0.8 ± 0.4 J m-2), resulting in increases in dissolved nutrient concentrations (Figure 4). The 

high temperature and low wind event in September of 2017 led to a large decrease in the 

cyanobacteria biomass (-1.7 RFU), but a total increase in the total phytoplankton biomass 

(0.32 RFU; Figure 4.3, Table 4.2). In most cases, changes total phytoplankton biomass 

scaled with changes in cyanobacteria biomass, except for the cases where a cyanobacteria 

bloom collapsed, and total phytoplankton biomass increased (Figure 4.3).  

Similar to Missisquoi Bay, high temperature events resulted in cumulative 

increases in epilimnion temperature (0.7 ± 0.5 °C) and hypolimnion temperature (1.0 ± 1.2 

°C) but had variable impacts on water column stability (-3.8 ± 25.0 J m-2) and dissolved 

oxygen saturation (13.0 ± 13.0 %) in St. Albans Bay. High temperature events were more 

likely to stimulate decreases in the cyanobacteria biomass than Missisquoi Bay (6/9 events, 

Table 4.2). The increases in cyanobacteria biomass followed the same patterns in 

Missisquoi Bay, where events (September 2017, early August 2018 and October 2018) 

triggering increases in cyanobacteria biomass (0.5 ± 0.5 RFU) were associated with 

increased water column stability (2.0 ± 2.4 J m-2). While the September 2017 event resulted 

in decreasing NH4
- and NO3

-, PO4
- remained moderately high, suggesting nutrients fueled 

the bloom (Figure 4.4). Both the early August and October high temperature events resulted 

in increases in dissolved nutrients, where the early August event was associated with 

increases in all bottom dissolved inorganic nutrients (NH4
-, NO3

-, and PO4
-), and the 

October event saw increases in both NH4
- and PO4

-, and no changes in NO3
- (Figure 4.4).  
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Events triggering losses of cyanobacteria biomass in St. Albans Bay were more 

complex. Two high temperature events with wind speeds greater than 4.0 m s-1 resulted in 

a decrease in cyanobacteria biomass (-1.2 ± 1.3 RFU), despite increases in dissolved 

nutrients (Figure 4.4). There were two high temperature events (July 2018, September 

2018) that caused a decrease in cyanobacteria biomass (-0.93 ± 1.4 RFU) and corresponded 

to increases in Schmidt stability (11.0 ± 10.0 J m-2) and increases in dissolved oxygen (5.0 

± 9.0 %). The July 2018 event was associated with a rapid decline in dissolved nutrients, 

while the September 2021 event occurred during the decline phase of the bloom, and was 

associated with increases in dissolved nutrients at depth and loss of nutrients in the surface 

waters (Figures 4.3 and 4.4). Two events (late August 2018 and August 2021) were 

associated with decreases in Scmidt stability (-31.0 ± 35.0 J m-2), decreases in 

cyanobacteria biomass (-0.63 ± 0.86 RFU) and increases in dissolved oxygen saturation 

(27.0 ± 13.0 %). The late August event in 2018 was associated with a declining phase of 

the cyanobacteria bloom (Figure 4.3), while the August 2021 event was associated with 

rapid depletion of DIN (Figure 4.4). Typically, phytoplankton biomass changes scaled with 

changes in the cyanobacteria biomass in both bays, except for high temperature events 

occurring during the collapse of blooms, where total phytoplankton biomass increased 

(Figure 4.3, Table 4.2). 
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Figure 4.3. ECEs and phycocyanin (solid line) and chlorophyll-a RFU (dashed line)  in Missisquoi Bay 

(top) and St. Albans Bay (bottom). Events are annotated as following: HT (high temperature), LT (low 

temperature), HW (high wind), LW (low wind), HF (high flushing), HT+LW (high temperature followed 

by low wind), LT+HF (low temperature followed by high flushing). 

 

 Low temperature events had lesser impacts on cyanobacteria and total 

phytoplankton biomass, and typically occurred in early summer and fall when biomass was 

low (Figure 4.3). All low temperature events were associated with a decrease in Schmidt 

stability (MB; -1.8 ± 2.5 J m-2, SA; -2.8 ± 2.4 J m-2; Figure 4.5), resulting in decreases in 

both epilimnion (MB; -2.0 ± 0.02 °C,  SA; -2.0 ± 1.9 °C) and hypolimnion water 

temperatures (MB; -1.7 ± 0.4 °C,  SA; -2.0 ± 2.0 °C), and increased dissolved oxygen 

saturation at depth (MB; 10.0 ± 13.0 %, SA; 3.6 ± 3.6 %; Figure 4.5). All low temperature 

events elicited an increase in cyanobacteria biomass in St. Albans Bay (0.05 ± 0.04 RFU; 

Figure 4.3) but had variable impacts on total phytoplankton biomass (-0.4 ± 0.7 RFU; 

Figure 4.3). Two low temperature events caused decreases in the cyanobacteria biomass in 
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Missisquoi Bay (-0.79 ± 1.1 RFU), while the late October low temperature event increased 

cyanobacteria and total phytoplankton biomass in 2018, by 0.08 RFU and 0.36 RFU, 

respectively, relative to the day before the event started.  

 

 

Figure 4.4. Dissolved nutrients (A, C: NH4 (blue) and NO3 (green) and B, D: PO4 (red) in surface (dotted 

triangles) and bottom (solid circles), in Missisquoi and St. Albans Bay. ECEs are indicated in the colored 

rectangles as indicated in the figure legend. Events are annotated as following: HT (high temperature), LT 

(low temperature), HW (high wind), LW (low wind), HF (high flushing), HT+LW (high temperature 

followed by low wind), LT+HF (low temperature followed by high flushing). 
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In both bays, high wind events had variable impacts on the cumulative change in 

cyanobacteria biomass (MB; 0.17 ± 0.71 RFU, SA; 0.43 ± 0.65 RFU), where 3/9 and 4/8 

events decreased biomass, and 5/9 and 4/8 events increased biomass in Missisquoi Bay, 

and St. Albans Bay, respectively (Table 4.2). However, when considering the trends of 

cyanobacteria and total phytoplankton biomass, every high wind event resulted in a 

decrease in cyanobacteria biomass following the event in St. Albans Bay (Figure 4.3). Both 

high wind events in September 2010 occurred during a cyanobacteria biomass peak, 

leading to the collapse of the bloom, and increasing total phytoplankton biomass (Figure 

4.3). In Missisquoi Bay, high wind events typically resulted decreases in cyanobacteria and 

total phytoplankton biomass following the event, except for the September 2018 event, 

where cyanobacteria and total phytoplankton biomass continued to increase (Figure 4.3).  

During this event, NH4
- and PO4

- from the surface and bottom waters declined, and NO3
- 

increased (Figure 4.4).  
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Figure 4.5. ECEs Schmidt stability (J m-2), wind speed (m s-1), and dissolved oxygen saturation at the 

deepest sampling depth (%), in Missisquoi Bay and St. Albans Bay. Events are annotated as following: HT 

(high temperature), LT (low temperature), HW (high wind), LW (low wind), HF (high flushing), HT+LW 

(high temperature followed by low wind), LT+HF (low temperature followed by high flushing). 

 

In both bays, low wind events almost always increased epilimnion (MB; 0.63 ± 

0.78 °C SA; 0.19 ± 0.51 °C) and hypolimnion water temperature (MB; 0.32 ± 0.19 °C, SA; 

0.08 ± 0.82 °C), but had variable impacts on water column stability (MB; 1.0 ± 3.3 J m-2, 

SA; 5.7 ± 13.4 J m-2). In Missisquoi Bay, low wind events almost always decreased oxygen 

saturation at depth (-8.7 ± 22.0 %), but responses were more variable in St. Albans Bay (-

1.9 ± 20.0 %). Increased water column stability and decreased oxygen at depth typically 

increased dissolved nutrients in the water column in Missisquoi Bay (Figure 4.4), but more 

commonly decreased cyanobacteria biomass (-0.67 ± 0.78 RFU) and had variable impacts 

on phytoplankton biomass (-0.60 ± 1.3 RFU). All low wind events occurring in September, 
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resulted in decreases in cyanobacteria biomass in Missisquoi Bay, but the July low wind 

event increased cyanobacteria biomass, and was associated with increases in dissolved 

nutrients (Figure 4.3). In St. Albans Bay, low wind events mostly occurred when the 

cyanobacteria population was declining (Figure 4.3), and 3/5 of the events resulted in 

decreases in cyanobacteria biomass (-0.16 ± 0.11 RFU) and 2/5 resulted in increases in 

cyanobacteria biomass (0.15 ± 0.20 RFU). Total phytoplankton biomass typically declined 

following low wind events (4/5 events) in St. Albans Bay (-0.48 ± 0.54 RFU).   

High flushing events always decreased epilimnion (-2.02 ± 2.55 °C) and 

hypolimnion (-2. 7 ± 1.6 °C) water temperatures in Missisquoi Bay, and almost always (4/5 

events) decreased water temperature in St. Albans Bay (epilimnion; -0.67 ± 0.73 °C, 

hypolimnion; -0.77 ± 0.84 °C). High flushing events always decreased cyanobacteria 

biomass in St. Albans Bay (-0.74 ± 0.85) and increased total phytoplankton biomass during 

the summer events that resulted in the crash of the cyanobacteria population (Figure 4.3; 

August of 2019 and 2020). During the three events that crashed the cyanobacteria 

population, wind speeds were 3.08 ± 0.38 m s-1, and primarily blowing from the southern 

portion of the bay (Figure 4.5). In Missisquoi Bay, high flushing events typically elicit an 

initial decrease in the cyanobacteria biomass, followed by an increase (Figure 4.2). In 2020, 

the high flushing event in August initiated the cyanobacteria bloom (Figure 4.2).   

4.4.3. ECE Effects on Phytoplankton Functional Groups Turnover 

Both bays experienced cyanobacteria blooms dominated by codon H1 in all three 

years (2017, 2018, 2021) of recorded phytoplankton taxonomy (Figures 4.6 and 4.7). 

However, other cyanobacteria functional groups were present as well and, at times, became 
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dominant during the early summer and fall (codons M, H2, S1 and S2). While Missisquoi 

Bay was frequently dominated by codon H1, St. Albans Bay exhibited higher diversity and 

contributions of the other cyanobacteria functional groups across the sampling period. Both 

bays had a significant contribution of codon P, primarily in the early summer and the fall. 

The phytoplankton community was co-dominated by codon P throughout the entire 

sampling season in St. Albans Bay in 2021. During peak H1 biomass, both bays exhibited 

a substantial decrease in phytoplankton functional diversity (H’) and experienced high 

community turnover (Bray-curtis dissimilarity; Figure 4.8). In Missisquoi Bay, 

phytoplankton functional diversity reached a minimum of 0.05 in 2018 and 2021 during 

the peak cyanobacteria blooms, while during blooms, St. Albans diversity remained higher, 

reaching a minimum of 0.61 on 08/09/21 during the bloom growth period (Figure 4.8).  
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Figure 4.6. Phytoplankton functional group biomass (μg L-1) displayed on a log(x+1) scale for 

Cyanobacteria, Diatoms and Other Phytoplankton groups in Missisquoi Bay. Events are annotated as 

following: HT (high temperature), LT (low temperature), HW (high wind), LW (low wind), HF (high 

flushing), HT+LW (high temperature followed by low wind), LT+HF (low temperature followed by high 

flushing). 

Phytoplankton functional diversity typically declined following ECEs in 

Missisquoi Bay (Figure 4.5). However, following extreme heat waves when a 

cyanobacteria bloom was not present, high temperature events elicited increases in 

phytoplankton functional diversity (July 2018, September 2018, and HT+LW in September 

2017). Despite these changes, there was no statistically significant difference in 

phytoplankton functional diversity following ECEs compared to periods where no events 

were observed (t-test; p > 0.05). In St. Albans Bay, phytoplankton functional diversity 
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exhibited variable responses to ECEs where 5 events elicited an increase in diversity and 

6 resulted in decreases in diversity. ECEs that resulted in decreases in diversity occurred 

during events that triggered bloom development, while those increasing diversity either 

occurred during periods absent of cyanobacteria blooms, or during cyanobacteria bloom 

declines (Figure 4.3 and 4.7).   

 

Figure 4.7. Phytoplankton functional group biomass (μg L-1)  displayed on a log(x+1) scale for 

Cyanobacteria, Diatoms and Other Phytoplankton groups in St. Albans Bay. Events are annotated as 

following: HT (high temperature), LT (low temperature), HW (high wind), LW (low wind), HF (high 

flushing), HT+LW (high temperature followed by low wind), LT+HF (low temperature followed by high 

flushing). 
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High temperature events were the only type of climatic extreme recorded that had 

coverage of phytoplankton samples before and after the event, and multiple events to gauge 

patterns in community responses. Therefore, we only describe responses of phytoplankton 

functional communities to these high temperature events. High temperature events resulted 

in variable responses in the H1 codon in Missisquoi Bay and St. Albans Bay at the 

timescale of our sampling events (Figures 4.6 and 4.7). Notably, the 2017 high temperature 

and low wind event in Missisquoi Bay resulted in a loss of the dominant codon H1 but 

resulted in increases in other cyanobacteria functional groups, such as M, H2 and S1. 

Further decline of the cyanobacteria functional groups occurred in the following heatwave 

in October, with subsequent increases in others that are adapted to higher wind and lower 

temperature expected in fall conditions (X2, X3, J, and Y). In 2018, multiple short periods 

of high temperature climatic extremes occurred. All phytoplankton functional groups 

experienced variability in their responses to high temperature events in both bays and 

followed expected seasonal phytoplankton phenology of diatoms and green algae 

dominance in the early summer, followed by cyanobacteria dominance in the summer, and 

increases in diatoms, cryptophytes and green algae following bloom senescence (Figures 

4.6 and 4.7).  
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Figure 4.8. Phytoplankton diversity indices in Missisquoi Bay (A) and St. Albans Bay (B). Solid lines refer 

to Shannon H’ and dotted lines refer to Bray-Curits dissimilarity from the last sampling point. Events are 

annotated as following: HT (high temperature), LT (low temperature), HW (high wind), LW (low wind), 

HF (high flushing), HT+LW (high temperature followed by low wind), LT+HF (low temperature followed 

by high flushing). 

 

4.5. Discussion 

We examined the effects of ECEs on phytoplankton assembly, succession and 

cyanobacteria bloom formation in two shallow, eutrophic bays of Lake Champlain. Our 

approach integrated multi-year high frequency buoy data coupled with discrete 

phytoplankton and water chemistry measurements. Our results highlight that the effect of 

ECEs on phytoplankton phenology is mediated by the synergistic effects of local weather, 

lake physics and antecedent lake conditions. We specifically found that high temperature 

events and high flushing events had the greatest impact on phytoplankton communities in 

St. Albans and Missisquoi Bay, though their responses were variable across seasons and 

years. Our results show that extreme events may have different thresholds across systems, 
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thus it is important to consider interacting effects of antecedent conditions and basin 

morphometry in assessing lake resilience to disturbance.   

4.5.1. High Temperature Events 

High temperature events and increasing air temperatures are expected to increase 

the severity of cyanobacteria blooms in shallow, eutrophic systems through the increase in 

water column stability, increased surface water temperatures, and the facilitated internal 

loading of nutrients at depth (Bartosiewicz et al., 2019; Jöhnk et al., 2008; Kosten et al., 

2012; Rigosi et al., 2014; Wilhelm and Adrian, 2008). However, our results highlight the 

complex interplay of factors limiting growth and water column physical conditions during 

ECEs, and how variability within these factors and across seasons can cause different 

responses within the phytoplankton community. In our study systems, cyanobacteria 

response to extreme temperature events can be separated into four different scenarios: (1) 

heatwaves can increase cyanobacteria biomass as a result of increased water column 

stability and nutrient loading, (2) lead to the loss of cyanobacteria as a result of nutrient 

limitation or (3) light limitation, or (4) lead to the loss of cyanobacteria as a result of 

increases in water column mixing and high wind speeds.   

A heatwave may stimulate cyanobacteria growth when nutrients are replete prior to 

the start of a heatwave, or when water column stratification can stimulate loss of oxygen 

at depth, increasing sediment loading of nutrients, as was witnessed in Missisquoi Bay in 

August of 2018 and 2021 and early August and October of 2018 in St. Albans Bay. Warm, 

stable water columns with decreased mixing depth and decreased light availability select 

for H1 codon (nitrogen fixing, filamentous cyanobacteria in eutrophic conditions), over 
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other phytoplankton functional groups due to their adaptability to low light conditions, gas 

vesicles supporting buoyancy regulation, high growth rates at high temperature, and luxury 

nutrient uptake (Cottingham et al., 2021; Litchman, 2023; Paerl and Huisman, 2009). 

While the H1 codon has several highly competitive traits, it is the selection of multiple 

traits at once that allow for their success in eutrophic, stable, water columns in the summer 

months (Litchman, 2023; Paerl and Huisman, 2009). The relationship between water 

column stability, internal nutrient loading, and cyanobacteria growth is largely supported 

in Missisquoi Bay (Giles et al., 2016; Isles et al., 2015; Kirol et al., 2024; Smith, 2011), 

and in St. Albans Bay (Druschel et al., 2005; Smeltzer, 2003). 

Because temperature tolerances of phytoplankton decrease under nutrient 

limitation, heatwaves that occur during nutrient-deplete conditions can amplify 

phytoplankton’s stress response, lowering the optimum temperature for growth (Bestion et 

al., 2018; Sauterey et al., 2023). Phytoplankton with smaller cell sizes, higher surface area 

to volume ratios, and higher nutrient uptake rates have an initial competitive advantage 

over larger, slow growing taxa (Winder and Sommer, 2012). This scenario occurred in St. 

Albans in September 2018, where there was a substantial loss of most cyanobacteria 

functional groups (M – large colonial cyanobacteria and H2 – nitrogen-fixing filamentous 

cyanobacteria adapted to lower nutrient concentrations) and increases in the smaller S1 

(shade-tolerant cyanobacteria), and K (small, colonial cyanobacteria without gas vesicles) 

functional groups. There were similar increases in the D (small diatoms of eutrophic 

waters) and X2 (flagellated chlorophytes) codons, which can be reliant on mixing water 
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columns, which aligns with destabilization of the water column in St. Albans Bay at this 

time. 

Similarly, heatwaves can elicit sustained declines in cyanobacteria if the 

community is limited by light in the presence of nutrient-replete conditions, as stratification 

can further decrease the depth of the photic zone (Ahonen et al., 2023). This occurred in 

St. Albans Bay in late August of 2018, where the collapse of the bloom was likely triggered 

by light limitation, resulting in decreases in all phytoplankton functional groups besides 

S1, B (small diatoms reliant on water column mixing), and Y (larger cryptomonads). The 

S1 codon is indicative of a turbid, mixed water column, and is comprised of shade-tolerant 

cyanobacteria (Padisák et al., 2009). Their increased presence, with the increase in the B 

and Y functional groups, indicates a mixed water column, with lower light that these 

functional groups are well adapted to.   

Lastly, heatwaves can cause declines in cyanobacteria biomass when a community 

is already in a decline phase, where increased water temperatures and stability do not give 

rise to conditions to allow the community to rebound, or when underlying weather 

conditions have a stronger forcing effect than increased air temperatures from the 

heatwave. This scenario can typically occur in the fall seasons, when wind speeds are 

increasing, and water temperatures and light availability are decreasing, limiting 

phytoplankton growth. 

4.5.2. Low Wind Events 

Low wind events contribute to water column stability, which can lead to loss of 

diatom species with rapid sinking rates, and non-motile chlorophytes dependent on water 
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column mixing for nutrient acquisition (Winder and Sommer, 2012). In our study, most 

low wind extremes occurred in the late summer or fall, and consistently led to declines in 

the cyanobacteria populations in Missisquoi Bay. Such decreases in biomass occurred 

during nutrient-replete conditions, suggesting that the phytoplankton communities were 

not limited by nutrients, but by light or temperature. Therefore, if light was limiting, and 

stratification increased, the populations could crash because of further light limitation.  

4.5.3. Low Temperature Events 

 Low temperature can cause cooling of the epilimnion and hypolimnion in aquatic 

ecosystems, destabilizing the water column, increasing the mixing depth, and increasing 

oxygen concentrations at depth (Stockwell et al., 2020). Such changes in lakes can be 

expected to cause increases in phytoplankton functional groups that are dependent on 

turbulent mixing and sensitive to the onset of stratification. Low temperature events only 

occurred in the early summer and the late fall in our study and had little impact on 

cyanobacteria or total phytoplankton biomass in either bay. During the spring and fall, air 

temperatures are cooler, and wind speeds increase in the northern temperate region, 

suggesting that light and air temperature are already limiting growth (Sommer et al., 2012). 

Therefore, further cooling water temperatures likely have little impact on phytoplankton 

biomass. 

4.5.4. High Wind Events 

 High wind events can either stimulate phytoplankton biomass or act as loss 

processes dependent on the antecedent conditions and factors limiting growth at the time 

of the event (Mesman et al., 2022). High wind events that occur during a stratified period 
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in shallow lakes can disrupt water column stability and cause the collapse of buoyant 

cyanobacteria colonies, favoring larger-celled phytoplankton and those reliant on water 

column mixing (Harris et al., 2024; Winder and Sommer, 2012). However, if the 

phytoplankton communities exhibit nutrient limitation, high wind events can facilitate 

nutrient resuspension  from the hypoxic sediment water interface in shallow ecosystems, 

fueling phytoplankton growth (Bailey and Hamilton, 1997). In our study, almost every high 

wind event resulted in a decrease in cyanobacteria biomass, except for late September 2018 

in Missisquoi Bay. This event resulted in an increase in the H1, S2 and K cyanobacteria 

codons, as well as increases in the P (large, chain-forming diatoms), C, Y, K and F (small 

chlorophytes in clear, mixed conditions) codons, suggesting the water column became 

more mixed and nutrient-rich (Padisák et al., 2009).   

4.5.5. High Flushing Events 

High flushing events can act as both stimulants to cyanobacteria growth due to 

influx of nutrients (Larsen et al., 2019) as well as a loss process due to flushing, physical 

mixing of the water column, and changes in light availability (Harris et al., 2024; Havens 

et al., 2019). Our results highlight that when a flushing event will cause gains or losses to 

cyanobacteria biomass depends on the phase of a bloom during the event, factors are 

limiting growth, and the concurrent weather conditions (Elliott, 2010; Richardson et al., 

2019). In St. Albans Bay, high flushing events that occurred during the exponential bloom 

phase consistently resulted in bloom declines and were associated with high wind speeds 

from the SSE or SSW direction.  Therefore, high flushing events combined with high wind 

speeds from the southern portion of the bay can crash cyanobacteria blooms by flushing 
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them out of the inner bay towards the main lake.  However, when cyanobacteria biomass 

is lower or limited by nutrients, high stream flow events may stimulate cyanobacteria 

growth by providing nutrients to the system (Celikkol et al., 2021; Ho and Michalak, 2020). 

In Missisquoi Bay, high stream flow events during the summer frequently preceded an 

initial decrease in cyanobacteria biomass by displacement but resulted in net increases in 

biomass following the event due to nutrient delivery.   

4.5.6. Phytoplankton Phenology Under Climate Change 

Although we observed short term changes in community turnover, we did not find a 

significant change in phytoplankton seasonal phenology corresponding to ECEs, which is 

consistent with other studies exploring phytoplankton phenology under increased air 

temperature and nutrient predictions (De Senerpont Domis et al., 2007; Gallina et al., 

2011). However, prolonged periods of increased temperatures could give rise to increased 

cyanobacteria biomass (Gallina et al., 2011). In Missisquoi Bay, increased periods of 

extreme temperature could promote the development of more intense blooms, and the loss 

of diversity within the phytoplankton communities if the period of water column 

stratification is intensified and undisrupted, given the severity of nutrient loading from the 

sediment (Giles et al., 2016; Isles et al., 2015; Kirol et al., 2024). Modeling studies in 

Missisquoi Bay have predict that bloom severity will be more intense under hot and dry 

years, relative to wet years (Hecht et al., 2022). 

However, we found a lack of consistent responses in phytoplankton functional groups 

or phytoplankton biomass to extreme high temperature events in both bays due to the wide 

range of underlying conditions occurring at the time of extreme temperature events. 
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Similarly, the changes that did occur were not significantly different than natural variability 

within the system. Phytoplankton that experience a wide range of variability in 

environmental conditions during the growing season, like those in northern temperate 

lakes, may exhibit higher resistance to short increases in air temperature relative to systems 

that experience less variability, like tropical lakes (Urrutia-Cordero et al., 2020; Woolway 

et al., 2021).  

4.5.7. Limitations 

While ECEs may meet the qualifications of a single proposed threshold (i.e. high 

temperature or low wind speed), the underlying physical lake conditions and weather 

patterns occurring at the time of the event influence lake ecosystem resilience to extremes. 

Such circumstances can confound our understanding of impacts of ECEs on phytoplankton 

communities. For instance, high wind speeds frequently occurred during high temperature 

events in our study, resulting in a warming, yet mixed water column and decreased 

phytoplankton biomass. Similarly, southerly winds occurred during high flushing events 

in St. Albans Bay. Without further investigation, it would appear that high temperature and 

stream flow events decrease phytoplankton biomass, when in fact, the likely culprit is high 

wind speeds and wind direction.  As described in Huber et al., (2012), daily or seasonal 

meteorological forcings may be more influential than a climatic extreme in driving 

cyanobacteria bloom development. Understanding what critical thresholds of 

meteorological and lake physical conditions relate to changes in phytoplankton 

communities, and how ECES may alter those critical thresholds will be paramount in 
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understanding how shallow lakes will respond to future climate predictions (Huber et al., 

2012; Wagner and Adrian, 2009).  

4.6. Conclusion 

Overall, our study highlights that otherwise seemingly similar systems can respond 

differently to ECEs, and that the effect of ECEs on phytoplankton phenology will be 

mediated by the limiting factors governing growth. Missisquoi Bay is a shallow, isolated 

basin in Lake Champlain with a significantly larger watershed to lake surface area ratio 

than St. Albans Bay. St. Albans Bay is deeper, has a much lower stream flow, and is 

connected hydrologically to the main portion of Lake Champlain. These two systems 

therefore offer comparisons to explore how both internal and external nutrient loading can 

impact phytoplankton dynamics and the development of cyanobacteria blooms. Our work 

highlights that stream flow events into these systems have contrasting impacts, where 

stream flow and southerly winds can terminate blooms in St. Albans Bay, yet fuel 

phytoplankton growth in Missisquoi Bay. High temperature events that give rise to stable 

stratification can increase cyanobacteria bloom severity in Missisquoi Bay but can have 

variable impacts on cyanobacteria in St Albans Bay, depending on internal nutrient 

dynamics and water column stratification. Furthermore, cyanobacteria blooms do not 

respond linearly to ECEs, highlighting the importance of understanding the underlying 

drivers of phytoplankton dynamics and the influences of weather, lake physical variables, 

and diversity of functional traits within the community on bloom development.  
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APPENDIX A 

 

Figure A.1. Microcystin and Anatoxin Quotas in Missisquoi Bay and St. Albans Bay. Toxin quota was 

estimated by normalizing toxin concentration by potentially microcystin and anatoxin producing 

cyanobacteria biomass. Red bars indicate anatoxin quota, and blue bars indicate microcystin quota. 
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Figure A.2. Hierarchical clustering of Missisquoi Bay (A) and St. Albans Bay (C) with elbow plots for 

Missisquoi Bay (B) and St. Albans Bay (D) to highlight the number of clusters to use. Four clusters were 

chosen in Missisquoi Bay to accurately define the bloom collapse after the first bloom period. Clustering 

dates were then translating to alternating grey boxes to determine bloom stages in manuscript figures. 
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Figure A.3. Weekly nutrient profiles from Missisquoi Bay (A, C, E) and St. Albans Bay (B, D, F) during 

the 2021 sampling season. Nutrients included are seston C and water column DOC (A,B), seston, surface 

and bottom TN, and water column TDN (C, D) and seston, surface and bottom TP (E,F). 
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Figure A.4. Average number of heterocytes per nitrogen fixing cyanobacteria filament in Missisquoi (A) 

and St. Albans Bay (B) during the 2021 sampling season. 
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APPENDIX B 

 

 
Figure B.1. Microcystis spp. diversity as annotated from the MicroNR database in North Beach and 

Oakledge Cove as total gene abundance (A, B) and relative abundance (C, D). 
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Table B.1. Cyanobacteria species identified during microscope counts. Presence is indicated by a (+), absence is indicated by (nd). No phytoplankton samples 

were collected on August 24th. Missing samples on August 9th and August 15th were contaminated 

 

 
    Sampling Date 

  08.09 08.15 08.24  08.31 09.06  09.07 09.30  
Species OC NB OC NB OC NB OC NB OC NB OC NB OC NB 

Aphanizomenon flos aquae  nd +    +  + + + + nd + 
Aphanocapsa incerta  nd nd    nd  nd nd nd nd nd + 

Aphanocapsa holsatica  nd nd    nd  nd + nd + + nd 
Cuspidothrix issatschenkoi  + nd    +  nd nd + nd nd nd 

Dolichospermum sp.  + nd    nd  nd + + nd + nd 
Dolichospermum flos-aquae  + +    +  nd nd + + nd nd 

Dolichospermum lemmermannii  + nd    nd  + nd + + nd nd 
Dolichoserpmum smithii  nd nd    nd  nd nd nd + nd nd 
Dolichospermum vigueiri  + +    nd  + nd nd nd nd nd 
Microcystis aeruginosa  + nd    nd  + + + + + + 
Microcystis wesenbergii  nd nd    nd  + nd nd + nd nd 
Planktolyngbya limnetica  + nd    +  + + + + + nd 

Planktothrix agardhii  nd nd    nd  + nd nd nd nd nd 
Pseudoanabaena limnetica  nd nd    nd  nd + + nd nd + 

Pseudoanabaena voronichinii  nd nd    nd  + + nd + nd nd 
Pseudophormidium sp.   nd nd    nd  nd nd + nd nd nd 
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Figure B.2. Toxic vs. Non-toxic genotypes as dominant mcy gene per species by rpoC housekeeping gene. 
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Figure B.3. Toxic vs. Non-toxic genotypes as dominant mcy gene per species by recA housekeeping gene. 
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Table B.2. Multiple Linear Regression output for microcystin concentration and the respective mcy gene 

type. 

 Estimate Std.Error t p 
(Intercept) 0.205 0.294 0.699 0.485 
mcy gene count 0.007 0.0002 33.99 < 2e-16 
mcyB -0.696 0.366 -1.901 0.058 
mcyC -1.206 0.411 -2.937 0.004 
mcyD -0.281 0.382 -0.761 0.464 
mcyE 0.055 0.578 0.095 0.924 
mcyG -0.093 0.578 -0.161 0.873 
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Figure B.4. Dolichospermum spp. diversity as annotated from the MicroNR database in North Beach and 

Oakledge Cove as total gene abundance (A, B) and relative abundance (C, D).  
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APPENDIX C 

 

Table C.1 Phytoplankton taxa identified in St. Albans and Missisquoi Bay and their functional groups. 

 

Taxonomic 

Group 
Genus species 

Functional 

Classification 

(Padisák 2009) 

Bacillariophyta Amphipleura pellucida C 

Bacillariophyta Amphora sp. MP 

Bacillariophyta Asterionella formosa C 

Bacillariophyta Aulacoseira granulata P 

Bacillariophyta Cavinula sp. NA 

Bacillariophyta centric_diatom sp2 B 

Bacillariophyta centric_diatom sp3 B 

Bacillariophyta centric_diatom sp. B 

Bacillariophyta Cyclotella sp. B 

Bacillariophyta Cymbella sp. MP 

Bacillariophyta Encyonema sp. D 

Bacillariophyta Fragilaria sp. P 

Bacillariophyta Fragilaria crotonesis P 

Bacillariophyta Fragilaria mesolepta P 

Bacillariophyta Frustulia sp. Tb 

Bacillariophyta Gyrosigma sp. C 

Bacillariophyta Melosira sp. P 

Bacillariophyta Pinnularia sp. C 

Bacillariophyta Stephanodiscus niagarae C 

Bacillariophyta Stephanodiscus sp. C 

Bacillariophyta Synedra sp. D 

Bacillariophyta Tabellaria flocculosa N 

Bacillariophyta Tabularia sp. D 

Bacillariophyta Tabularia sp2 D 

Bacillariophyta Ulnaria acus D 

Bacillariophyta Ulnaria sp. D 

Bacillariophyta unk_diatom sp. D 

Bacillariophyta unk_diatom sp2 UNK 

Bacillariophyta unk_diatom sp1 UNK 

Bacillariophyta unk_sym_biraph sp. UNK 

Chlorophyta Actinastrum sp. J 

Chlorophyta branched_filament sp. MP 

Chlorophyta Carteria sp. X2 

Chlorophyta Carteria sp2 X2 

Chlorophyta Chlamydomonas globosa X2 
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Chlorophyta Chlamydomonas reinhardtii X2 

Chlorophyta Chlamydomonas sp. X2 

Chlorophyta Chlamydomonas sp2 X2 

Chlorophyta Chlorogonium sp. X2 

Chlorophyta Chlorogonium tetragamum X2 

Chlorophyta Chlorolobion braunii X2 

Chlorophyta Closterium acutum P 

Chlorophyta Closterium sp. P 

Chlorophyta coccoid_green sp. UNK 

Chlorophyta coccoid_green sp2 UNK 

Chlorophyta coccoid_green sp4 UNK 

Chlorophyta coccoid_green sp3 UNK 

Chlorophyta coccoid_green sp6 UNK 

Chlorophyta Coelastrum asteroidium J 

Chlorophyta Coelastrum microporum J 

Chlorophyta Coelastrum sp. J 

Chlorophyta colonial_green sp. UNK 

Chlorophyta Cosmarium sp2 N 

Chlorophyta Cosmarium tinctum N 

Chlorophyta Crucigenia sp. IV 

Chlorophyta Desmodesmus armatus J 

Chlorophyta Desmodesmus communis J 

Chlorophyta Desmodesmus opoliensis J 

Chlorophyta Desmodesmus intermedius J 

Chlorophyta Desmodesmus irregulares J 

Chlorophyta Desmodesmus sp. J 

Chlorophyta Desmodesmus denticulatus J 

Chlorophyta Dictyosphaerum sp. F 

Chlorophyta Dimorphococcus sp. F 

Chlorophyta Eudorina sp. G 

Chlorophyta Geminella sp. T 

Chlorophyta flag_green sp. UNK 

Chlorophyta Franceia ovalis F 

Chlorophyta Golenkinia paucispina J 

Chlorophyta Gonium sp. W1 

Chlorophyta Isthmochloron lobolatum F 

Chlorophyta Kirchneriella lunaris F 

Chlorophyta Lagerheimia ciliata F 

Chlorophyta Lagerheimia sp. F 

Chlorophyta Lagerheimia subsalsa F 

Chlorophyta Monoraphidium minutum X1 

Chlorophyta Monoraphidium arcuatum X1 
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Chlorophyta Monoraphidium contortum X1 

Chlorophyta Nephrocytium sp. F 

Chlorophyta Oocystis parva F 

Chlorophyta Oocystis sp. F 

Chlorophyta Pandorina morum G 

Chlorophyta Pandorina sp. G 

Chlorophyta Pediastrum boryanum J 

Chlorophyta Pediastrum duplex J 

Chlorophyta Pediastrum simplex J 

Chlorophyta Pedimonas sp. UNK 

Chlorophyta Polyedriopsis spinulosa X2 

Chlorophyta Scenedesmus sp. J 

Chlorophyta Scenedesmus arcuatus J 

Chlorophyta Scenedesmus sp2 J 

Chlorophyta Scenedesmus obtusus J 

Chlorophyta Schroederia sp. X3 

Chlorophyta Schroederia setigera X3 

Chlorophyta Schroederia robusta X3 

Chlorophyta Selenastrum sp. X1 

Chlorophyta Sphaerellopsis sp. X2 

Chlorophyta Sphaerocystis planctonica F 

Chlorophyta Sphaerocystis sp. F 

Chlorophyta Staurodesmus sp. N 

Chlorophyta Staurosira construens MP 

Chlorophyta Tetrabaena sp. UNK 

Chlorophyta Tetraedron sp. J 

Chlorophyta Tetraedron trigonum J 

Chlorophyta Tetraedron minimum J 

Chlorophyta Tetraselmis sp. X2 

Chlorophyta Tetrastrum triangulare F 

Chlorophyta Tetrastrum elegans F 

Chlorophyta Treubaria sp. F 

Chlorophyta Treubaria triappendiculata F 

Chlorophyta Ulothrix sp. MP 

Chlorophyta unk_colonial_green sp. UNK 

Chlorophyta unk_flag_green sp. X2 

Chlorophyta unk_green sp. UNK 

Chlorophyta unk_green sp2 UNK 

Chlorophyta unk_green sp3 UNK 

Chrysophyta Chromulina sp. X3 

Chrysophyta Ochromonas sp. X3 

Chrysophyta unk_chrysophyte sp. UNK 
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Cryptophyta Chroomonas sp. X2 

Cryptophyta Cryptomonas erosa Y 

Cryptophyta Cryptomonas marssonii Y 

Cryptophyta Cryptomonas obovata Y 

Cryptophyta Cryptomonas ovata Y 

Cryptophyta Cryptomonas sp. Y 

Cryptophyta Cryptomonas sp2 Y 

Cryptophyta Plagioselmis nannoplanctica X2 

Cyanobacteria Anabaenopsis milleri H1 

Cyanobacteria Anabaenopsis sp. H1 

Cyanobacteria Aphanizomenon flos-aquae H1 

Cyanobacteria Aphanocapsa holsatica K 

Cyanobacteria Aphanocapsa elachista K 

Cyanobacteria Aphanocapsa sp. K 

Cyanobacteria Aphanothece sp. K 

Cyanobacteria Chamaesiphon sp. NA 

Cyanobacteria Chroococcus aphanocapsoides Lo 

Cyanobacteria Chroococcus sp. Lo 

Cyanobacteria Chroococcus obliteratus Lo 

Cyanobacteria Chroococcus planctonicus Lo 

Cyanobacteria coccoid_cyano sp. UNK 

Cyanobacteria Cuspidothrix issatschenkoi S2 

Cyanobacteria Cylindrospermopsis raciborskii SN 

Cyanobacteria Dolichospermum flos-aquae H1 

Cyanobacteria Dolichospermum compactum H1 

Cyanobacteria Dolichospermum crassum H1 

Cyanobacteria Dolichospermum lemmermannii H2 

Cyanobacteria Dolichospermum ellipsoides H1 

Cyanobacteria Dolichospermum mucosum H1 

Cyanobacteria Dolichospermum affine H1 

Cyanobacteria Dolichospermum akinete H1 

Cyanobacteria Dolichospermum sp. H1 

Cyanobacteria Dolichospermum circanale H1 

Cyanobacteria Eucapsis sp. NA 

Cyanobacteria Gloeotrichia echinulata H2 

Cyanobacteria Merismopedia sp. Lo 

Cyanobacteria Merismopedia warmingiana Lo 

Cyanobacteria Merismopedia sp2 Lo 

Cyanobacteria Microcystis aeruginosa M 

Cyanobacteria Microcystis wesenbergii M 

Cyanobacteria Microcystis sp. M 

Cyanobacteria Planktolyngbya limnetica S1 
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Cyanobacteria Pseudoanabaena limnetica S1 

Cyanobacteria Pseudoanabaena sp. S1 

Cyanobacteria Pseudoanabaena voronicinii S1 

Cyanobacteria Romeria sp. S1 

Cyanobacteria Snowella atomus Lo 

Cyanobacteria Snowella sp. Lo 

Cyanobacteria Snowella septentrionalis Lo 

Cyanobacteria Woronichinia sp. Lo 

Desmidiaceae Cosmarium sp. N 

Desmidiaceae Staurastrum sp. N 

Dinophyceae Ceratium hirundinella Lo 

Dinophyceae Ceratium cyst Lo 

Dinophyceae Dinocyst sp. Y 

Dinophyceae Gymnodinium sp. Y 

Dinophyceae Peridiniopsis sp. Lo 

Dinophyceae Peridinium sp. Lo 

Euglenophyceae Lepocinclis sp. W1 

Euglenophyceae Phacus sp. W1 

Euglenophyceae Trachelomonas sp. W2 

Euglenophyceae unk_euglenoid sp. UNK 

Ochrophyta Dinobryon sp. E 

Ochrophyta Mallomonas sp. E 

Ochrophyta Synura sp. Ws 

Ochrophyta unk_synurophyte sp. UNK 

Prymnesiaceae Chrysochromulina parva X2 

UNK unk_algae sp. UNK 

UNK unk_algae sp2 UNK 

UNK unk_algae sp11 UNK 

UNK unk_algae sp12 UNK 

UNK unk_algae sp10 UNK 

UNK unk_algae sp7 UNK 

UNK unk_algae sp8 UNK 

UNK unk_algae sp6 UNK 

UNK unk_algae sp4 UNK 

UNK unk_algae sp9 UNK 

UNK unk_algae sp13 UNK 

UNK unk_algae sp14 UNK 

UNK unk_algae sp3 UNK 

UNK unk_algae sp5 UNK 

UNK unk_algae sp1 UNK 

UNK unk_cyst sp. UNK 

UNK unk_cyst sp2 UNK 
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Xanthophyceae Stipitococcus sp. UNK 
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Table C.2. Maximum air temperatures and average daily wind speed quantiles for the 30 year period of 

1991-2021 from Burlington International Airport in Vermont. 

 

Station Temperature (C) 

Temperature (C) Jun Jul Aug Sep Oct 

2.5th Quantile 16.1 20.0 20.0 13.3 5.6 

15th Quantile 20.6 23.9 22.8 17.2 8.9 

85th Quantile 30.0 31.7 30.6 27.2 20.6 

97.5th Quantile 33.9 34.4 33.3 31.1 25.6 

            

Wind Speed (m/s) Jun Jul Aug Sep Oct 

2.5th Quantile 1.3 1.1 1.1 0.8 0.6 

15th Quantile 1.8 1.8 1.6 1.5 1.6 

85th Quantile 4.6 4.4 4.3 4.8 5.4 

97.5th Quantile 6.2 5.9 6.0 7.0 7.3 
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Table C.3. Average daily stream flow (per month) quantiles for the ten year time period of 2011-2021 in 

St. Albans and Missisquoi Bay. 

 

Year         St. Albans Bay           Missisquoi Bay 

  Jun Jul Aug Sep Oct  Jun Jul Aug Sep Oct 

85th Quantile 40.6 18.3 4.79 11.1 26.7  2010 1340 821 1200 2330 

97.5th Quantile 156 75.6 18.6 51.3 120  5511 2660 1686 4086 5090 

 

 

 

 

  


