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Abstract 

Harmful algal blooms (HABs) caused by cyanobacteria are a serious health risk to 

both humans and nonhuman animals due to the potential release of dangerous 

neurotoxins. With the risk of an HAB occurring in the small estuarine pond, Barlett Pond, 

in Plymouth, Massachusetts, mitigation factors and strategies need to be explored. One 

potential mitigation factor, salinity, was measured during low tide and high tide as well as 

at two locations around the pond to determine if the salinity level was high enough to 

inhibit a cyanobacterial HAB. The results of this study did not substantiate a higher 

salinity concentration due to the flushing of seawater as a mitigation factor for freshwater 

cyanobacterial growth. However, these findings may influence potential research paths 

for finding mitigation factors and strategies to inhibit or treat an HAB in Bartlett Pond 

and other at risk aquatic environments. 

 



iv 

Frontispiece 

 

 

—White Horse Beach in Plymouth, Massachusetts.  

Taken on June 8th, 2025. Image by Author. 
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Chapter I. 

Introduction 

“All the water was changed into blood. The fish in the Nile died… the 

Egyptians could not drink its water. Blood was everywhere in Egypt.” 

—New International Version, 1984, Exodus 7:20-21 

A harmful algal bloom (HAB) can occur when concentrations of various species 

of algae reach levels that are high enough to cause the release of dangerous toxins 

(Christensen & Khan, 2020; Levinton, 2018; National Centers for Coastal Ocean Science, 

2017). HABs can occur in both freshwater and saltwater aquatic environments leading to 

harmful impacts on humans and non-human animals that can range from mild symptoms 

to death (Centers for Disease Control and Prevention [CDC], 2024; National Centers for 

Coastal Ocean Science, 2017). The devastating impacts of toxic blooms have been noted 

throughout history and have often been referred to as a red tide (Woods Hole 

Oceanographic Institution, 2019). 

A red tide occurring around 1000 B.C. in Egypt where the river was described as 

turning to blood is referenced in the Bible (Woods Hole Oceanographic Institution, 

2019). The description of this red tide aligns with what can be observed with a harmful 

algal bloom where anoxic conditions led to the death of many fish and caused the water 

to be potentially toxic for human consumption (Woods Hole Oceanographic Institution, 

2019). Likewise, illness and death in humans based on the noted symptoms after seafood 
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consumption in records dating back to the 17th century may be the result of HABs 

(Woods Hole Oceanographic Institution, 2019).  

During the Pliocene Era, a toxic bloom may have occurred on Florida’s Gulf 

Coast about 2.6 million years ago (Woods Hole Oceanographic Institution, 2019). This 

harmful algal bloom in Florida was identified through geologic records of the remains of 

various birds and fish (Woods Hole Oceanographic Institution, 2019). Going even farther 

into the past, an HAB has been identified in the fossils of birds, bats, and horses as a 

possible reason for a considerable mortality event that occurred in Messel, Germany 

(Woods Hole Oceanographic Institution, 2019). This harmful algal bloom in Germany 

would have occurred approximately 47 million years ago (Woods Hole Oceanographic 

Institution, 2019). Thus, toxic blooms have negatively impacted several species of 

animals, likely for millions of years. Currently, there are several factors that have been 

identified that may contribute to or lead to harmful algal blooms. 

Causes for Harmful Algal Blooms 

There are many reasons for the unencumbered growth of several species of algae 

that lead to the development of harmful algal blooms (Woods Hole Oceanographic 

Institution, 2019). HAB research studies have indicated that toxic blooms can be the 

result of human activity, or what is referred to as anthropogenic forces, both from 

variables that are direct and from those that are indirect (Śliwińska-Wilczewska et al., 

2019). One of the variables that may indirectly cause harmful algal blooms due to 

anthropogenic activity is global climate change (Śliwińska-Wilczewska et al., 2019).  

Global climate change and subsequent global warming can be attributed to the 

burning of fossil fuels as well as deforestation (Meng et al., 2024). Both deforestation and 
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fossil fuel burning has led to the concentration of carbon dioxide (CO2) in the atmosphere 

to increase (Meng et al., 2024). Since the oceans absorb about 30% of atmospheric CO2 

and over 90% of excess heat, changes to oceanic conditions such as variations in pH 

levels, changes in salinity levels, and increases in temperature have been observed (Meng 

et al., 2024).  

Specifically, global warming has caused a rise in sea surface temperature (SST) 

(Christensen & Khan, 2020; Hense et al., 2013; Meng et al., 2024; Śliwińska-Wilczewska 

et al., 2019). An increase in SST not only provides a competitive advantage for the 

growth of certain species of algae but may cause a rise in algal toxin production as well 

(Meng et al., 2024). Indeed, toxin production in certain species of algae has been noted to 

increase by 11 times the normal concentration with a temperature rise of just four degrees 

Celsius (C) (Meng et al., 2024). 

Thomas and Litchman (2016) examined the impact of rising temperatures in 

various species of cyanobacteria, commonly referred to as blue-green algae (Levinton, 

2018) and noted that cyanobacterial growth was accelerated by higher temperatures. This 

stimulated growth can be observed not only in native species but with invasive species of 

cyanobacteria as well, particularly in freshwater environments (Thomas & Litchman, 

2016). Rising temperatures in freshwater aquatic environments may increase the 

likelihood of harmful algal blooms to occur but dynamic nutrient availability may play an 

even larger role (Thomas & Litchman, 2016).  

Anthropogenic forces have directly impacted nutrient availability for 

cyanobacteria to grow and this variability in nutrient concentration is perhaps the greatest 

human directed contributor to harmful algal blooms (Bhatt et al., 2023; Bonsdorff, 2021; 
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Levinton, 2018). The loading of nutrients, mainly nitrogen (N) and phosphorus (P), from 

anthropogenic sources such as agricultural practices and wastewater runoff can lead to 

aquatic environments progressing to a eutrophic state (Bhatt et al., 2023; Bonsdorff, 

2021). A eutrophic state or eutrophication is the result of nutrient additions to bodies of 

water, initiating over-enrichment of nutrients in these aquatic environments (Bonsdorff, 

2021; Levinton, 2018).  

Nutrient over-enrichment causing aquatic environments to progress to eutrophic 

states was identified as an issue a few decades after World War II due to the initiation of 

large-scale industrial production and artificial fertilizer use (Bonsdorff, 2021). Along 

with artificial fertilizer use, industrial wastewater has led to eutrophication specifically in 

more urbanized areas (Bonsdorff, 2021). With a newfound awareness of the negative 

impacts of eutrophication in the 1970s and 1980s due to wastewater runoff in these urban 

areas, pollution reduction initiatives were established to reduce the concentration of 

phosphorus (Bonsdorff, 2021). The reduction of P concentration is essential, as 

controlling sources of phosphorus has shown to reduce the occurrence of HABs in 

freshwater aquatic environments (Schindler, 2006). Unfortunately, lowering the 

concentration of nitrogen in these urban region waste waters continues to be a challenge 

as the benefit to society may not outweigh the cost of N reduction (Bonsdorff, 2021).  

Though some may argue that mitigation of nutrient over-enrichment is too much 

of a financial burden, the cost to the surrounding environment negates this. 

Eutrophication can progress to the creation of dead zones, where the oxygen is depleted, 

also referred to as hypoxia (Altieri & Diaz, 2019). Hypoxia in aquatic ecosystems is 

defined by the oxygen concentration being lower relative to saturation at equilibrium with 
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concentrations in the atmosphere or aerobic organisms’ metabolic needs (Altieri & Diaz, 

2019). Dead zones are labeled as such due to the mortality of fish and other species 

impacting the population, environmental composition, and consequently, the local 

ecosystem overall (Altieri & Diaz, 2019). Species that need oxygen to survive may flee 

or emigrate to other regions, potentially impacting surrounding ecosystems as well 

(Altieri & Diaz, 2019). In contrast, many types of algae thrive in oxygen-depleted water 

and further intensify anoxic conditions due to microbial decomposition when the algae 

die (Altieri & Diaz, 2019). Harmful algal blooms are often associated with dead zones 

and fuel anoxic conditions with mortality leading to decomposition, creating a feedback 

loop that perpetuates (Altieri & Diaz, 2019). There are many examples of aquatic 

environments that contain dead zones where HABs have been observed such as the Baltic 

Sea, which has been consistently studied for decades (Altieri & Diaz, 2019; Hense et al., 

2013; Malone & Newton, 2020). 

Examples of Harmful Algal Blooms 

Harmful algal blooms have become common in Northern Europe and have been 

reported since the 1850s (Karlson et al., 2021). Specifically, toxic blooms are a continual 

phenomenon in the Baltic Sea (Hense et al., 2013; Karlson et al., 2021; Malone & 

Newton, 2020; Śliwińska-Wilczewska et al., 2019). In the Baltic Sea, HABs causing fish 

mortalities were observed in 1990 and 2015 (Karlson et al., 2021). Perhaps even more 

concerning was a toxic bloom that occurred in Germany due to a species of cyanobacteria 

that led to the death of a dog in 2009 (Karlson et al., 2021). A cyanobacterial bloom was 

also reported in 2001 in the Baltic Sea and extraordinary blooms, with multiple species of 

cyanobacteria noted, occurred in both 2014 and 2018 (Karlson et al., 2021). 
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Likewise, the Norwegian Sea, the North Sea, and the Barents Sea have all 

endured HABs that have been documented over the last 170 years (Karlson et al., 2021). 

The majority of the toxic blooms observed in these aquatic environments have led to fish 

mortalities (Karlson et al., 2021). However, some of the blooms in Northern Europe have 

been more severe (Karlson et al., 2021). In 2020, an HAB in the Netherlands on the 

North Sea coast was the likely cause of death for five people that were participating in 

recreational water sports (Karlson et al., 2021). 

HABs have also been reported in the United States (Michalak et al., 2013; Rattner 

et al., 2022). The largest estuary in the U.S., The Chesapeake Bay located on the Atlantic 

coast, has endured harmful algal blooms from cyanobacteria due to anthropogenic forces, 

including eutrophication (Rattner et al., 2022). The Chesapeake Bay alone may contain at 

least 37 phytoplanktonic species that can be harmful to fish, shellfish, and humans 

(Rattner et al., 2022).  

Though it’s difficult to connect mortality events impacting the local wildlife 

directly to HABs, there were at least 160 mortality events reported in The Chesapeake 

Bay in the years between 2000 to 2020 (Rattner et al., 2022). These mortality events 

impacted one to approximately 2000 animals in each instance with various species of: 

birds, deer, bats, amphibians, and turtles among the creatures that died (Rattner et al., 

2022). Likewise, there were over 1200 mortality events that impacted up to 1000 fish in 

each instance, with 45 of these events directly tied to algal blooms (Rattner et al., 2022). 

Unfortunately, harmful algal blooms are likely to continue in The Chesapeake Bay as 

eutrophication, specifically from nutrient loading of phosphorus, and global climate 

change leading to higher temperatures, both establish favorable conditions for algal 
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growth (Rattner et al., 2022). Furthermore, dead zones have become more prevalent and 

enduring, with greater oxygen depletion in The Chesapeake Bay propagating a feedback 

loop that can lead to an increased frequency of HABs (Altieri & Diaz, 2019).   

Perhaps the most significant example of freshwater eutrophication leading to a 

serious and persistent HAB was noted in Lake Erie in 2011 (Michalak et al., 2013). Lake 

Erie was heavily impacted by excessive nutrient loading, mainly of phosphorus, in the 

1960s and 1970s that caused widespread dead zones, deficient water clarity, and algal 

blooms (Michalak et al., 2013). Though strategies to reduce the amount of phosphorus 

into the lake were implemented, hypoxia and rate of oxygen depletion, along with algal 

biomass started to increase in the 1990s (Michalak et al., 2013). These factors coupled 

with agricultural practices loading an abundance of dissolved reactive phosphorus (DRP) 

into the western basin of lake and high precipitation increasing the water runoff led to a 

substantial HAB in 2011 (Michalak et al., 2013). 

The 2011 Lake Erie harmful algal bloom was the largest in the lake’s recorded 

history and approximately three times larger than previously observed HABs documented 

in the lake (Michalak et al., 2013). Though undetectable in the late spring, cyanobacteria 

were identified using in situ fluorescence of the surface of the lake showing up to 98% of 

the observed measurements in the western basin during the HAB (Michalak et al., 2013). 

Prior to the harmful algal bloom and through the duration of it, higher-than-normal 

temperatures and minimal water circulation allowed the bloom to persist (Michalak et al., 

2013). Without adequate circulation, nutrients were prevented from being flushed from 

the water column and the cyanobacteria were able to remain on the surface of the water 

(Michalak et al., 2013). These quiescent conditions led to a secondary HAB in the late 
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summer with a different species of cyanobacteria driving the bloom than the species that 

originated the HAB (Michalak et al., 2013). 

The causes for the high concentration of cyanobacteria in Lake Erie were 

determined to be the dissolved reactive phosphorus from agricultural land use, 

specifically from fertilizer applications (Michalak et al., 2013). Fertilizer applications 

closer to storm events yielded higher DRP runoff indicating that the higher precipitation 

intensity in 2011 contributed to the bloom (Michalak et al., 2013). Since anthropogenic 

pressures such as nutrient loading causing eutrophication are rising, mitigation strategies 

for these HAB contributing factors need to be identified or blooms will continue to occur 

in Lake Erie as well as other bodies of water (Malone & Newton, 2020; Michalak et al., 

2013). In the aquatic environments noted above, cyanobacteria seem to be the culprits 

that drive many harmful algal blooms. 

Cyanobacteria 

Cyanobacteria, often referred to as blue-green algae, are in fact not algae at all 

(Levinton, 2018; Oregon Health Authority, n.d.). These tiny organisms were categorized 

as algae based upon their blue-green or cyan coloring as many cyanobacterial species 

produce a chemical call phycocyanin (Bhatt et al., 2023; Oregon Health Authority, n.d.). 

Phycocyanin can be observed as having a blueish hue if concentrations of the chemical 

are high enough (Bhatt et al., 2023). However, cyanobacteria are essentially a primitive 

form of bacteria (Oregon Health Authority, n.d.). These gram-negative bacteria can be 

found in the open ocean as well as in dense water close to the shores (Bhatt et al., 2023; 

Levinton, 2018; Oregon Health Authority, n.d.). What is even more interesting about 

cyanobacteria is that, depending upon the species, they can survive in both freshwater 
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and saltwater aquatic environments and have one of the most important jobs on earth 

(Levinton, 2018; Oregon Health Authority, n.d.).  

Capable of photosynthesis and nitrogen fixation, these phytoplanktonic species 

yield up to 30% of the earth’s carbon dioxide conversion to biomass, thus serving a vital 

role in the global ecosystem (Bhatt et al., 2023; Bonsdorff, 2021; Chen et al., 2023; 

Levinton, 2018). These blue green “algae” are the oldest organisms that can produce 

oxygen, with their fossils noted to be approximately three and half billion years old 

(Christensen & Khan, 2020; Levinton, 2018). Cyanobacteria are therefore responsible for 

the earth’s oxygenated atmosphere (Christensen & Khan, 2020). Without an oxygen-

enriched environment, organisms that require aerobic respiration such as humans would 

not have evolved or endured without them (Christensen & Khan, 2020).  

Cyanobacteria fall into the category of phytoplankton or plankton that can carry 

out photosynthesis (Levinton, 2018). Phytoplankton, such as cyanobacteria, are 

suspended in the water column and are unable to travel contrary to water currents 

(Levinton, 2018). Thus, the bacteria live on the surface as buoyant mats of algae 

consisting of lengthy and thin filaments often attached to rocks or other sediments (Gaget 

et al., 2022). In addition, cyanobacteria can live in the benthos or bottom of the sea, 

growing in a variety of ways such as biofilms as well as in sediments and in floating mats 

like what is observed on the surface (Gaget et al., 2022). Although these organisms are 

essential to the ecosystem, the ability of cyanobacteria to flourish in a diverse range of 

aquatic environments contributes to their potential for causing harmful algal blooms that 

can lead to the release of dangerous toxins (Centers for Disease Control and Prevention 

[CDC], 2025; Christensen & Khan, 2020). 



 

 10 

Cyanobacterial Toxins 

Cyanobacterial toxins released during HABs can lead to illness in humans and 

non-human animals ranging from mild symptoms to death (Centers for Disease Control 

and Prevention [CDC], 2025). Illness is caused from various chemicals called 

cyanotoxins which are released from cyanobacteria when concentrations of the species 

reach high enough levels in aquatic environments (Christensen & Khan, 2020). When 

cyanotoxins are released, there are several routes of exposure, specifically for humans 

(Centers for Disease Control and Prevention [CDC], 2025; Testai et al., 2016).  

Dermal exposure caused from: recreational water sports, bathing, fishing, and 

domestic water sources is considered a minor route (Testai et al., 2016). Inhalation from 

cyanotoxin dust clouds is also considered a minor route (Testai et al., 2016). Oddly, a 

parenteral route has occurred when contaminated water was utilized for hemodialysis 

causing the death of 56 patients in Brazil making this route more of a serious threat than 

dermal exposure (Dittmann et al., 2013; Testai et al., 2016). Finally, the oral route of 

exposure, likely through ingestion of contaminated food or drinking water is the most 

lethal form of cyanotoxin poisoning (Testai et al., 2016). 

Overall, there are approximately three major classes of cyanotoxins that have 

been identified that are harmful to humans, non-human animals, and the ecosystem 

(Centers for Disease Control and Prevention [CDC], 2025; Christensen & Khan, 2020). 

Dermatoxins can cause dermatitis, skin rashes, and conjunctivitis (Centers for Disease 

Control and Prevention [CDC], 2025). Hepatotoxins and nephrotoxins can cause: fever, 

headache, nausea, vomiting, bloody diarrhea, dark urine or blood in urine, lethargy, 

jaundice, and even acute hepatitis (Centers for Disease Control and Prevention [CDC], 
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2025; Christensen & Khan, 2020). Perhaps even more concerning are the neurotoxins 

released by cyanobacteria that can cause; drowsiness, lack of coordination, nervousness, 

speech abnormalities, muscle twitching, convulsions, and respiratory failure leading to 

death (Centers for Disease Control and Prevention [CDC], 2025; Christensen & Khan, 

2020; Testai et al., 2016). 

Dermatoxins 

The cause of blistering dermatitis, or more commonly identified as swimmer’s 

itch, are lyngbyatoxins (LTX) (Dittmann et al., 2013). LTX are produced by the 

cyanobacteria Lyngbya majuscula which can be found in subtropical to tropical climates 

on the seagrass, rocks, and sand in both estuaries and other coastal aquatic environments 

(Dittmann et al., 2013). Mostly benthic, the toxins released by L. majuscula are known to 

be a competitive binder to protein kinase C (PKC) making the species a formidable tumor 

promoter (Dittmann et al., 2013). The inflammatory responses and potential for tumor 

development through activation of PKC have been noted from aplysiatoxin (APX) and 

debromoaplysiatoxin as well (Dittmann et al., 2013). Both of these cyanotoxins have 

been identified in L. majuscule and are known to cause severe forms of contact dermatitis 

(Chorus & Welker, 2021; Dittmann et al., 2013).  

Hepatotoxins 

Liver damage through the disruption of liver cells, intrahepatic hemorrhage, 

hemodynamic shock, and eventual heart failure have been noted in mice as a result of 

exposure to the cyanotoxin microcystin (Dittmann et al., 2013). Microcystins are mostly 

found in freshwater cyanobacteria and have been discovered in multiple species types 
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including Microcystis, Planktothrix, and Anabaena (Dittmann et al., 2013). With over 

250 variants identified, microcystins may have other impacts but the toxic mechanism 

that’s been well established is the inhibitory activity of protein phosphatases type 1 and 

type 2A in eukaryotic cells (Chorus & Welker, 2021; Dittmann et al., 2013).  

Microcystis was discovered as the primary cyanobacteria during the initial phase 

of the harmful algal bloom in Lake Erie in 2011 (Michalak et al., 2013). DNA analysis 

performed on the various species throughout the lake indicated that the persistent 

Microcystis bloom migrated from the Western side of the lake to the central basin, and 

then to the Eastern portion (Michalak et al., 2013). During this HAB, Microcystis was 

able to thrive due to the abundance of DRP and organic nitrogen along with the quiescent 

conditions in the lake (Michalak et al., 2013). The enduring release of microcystins was a 

serious concern for the community as the potential for liver damage or worse in: humans, 

pets, livestock, and other members of the local ecosystem was a constant threat 

throughout the summer months and well into the fall (Michalak et al., 2013). 

Another inhibitor of protein phosphatases type 1 and type 2A is the hepatotoxin 

nodularin (Dittmann et al., 2013). Nodularin is produced by the cyanobacteria Nodularia 

spumigena (Chorus & Welker, 2021; Dittmann et al., 2013). Structurally comparable to 

the microcystins, nodularins can cause severe liver damage and have been indicated in 

mortality events impacting both domestic and wild animals in New Zealand, Australia, 

and around the Baltic Sea (Chorus & Welker, 2021; Dittmann et al., 2013). The Baltic 

Sea has been especially impacted by N. spumigena as this species has been identified as 

one of the most abundant cyanobacteria during summer HABs in this aquatic 

environment (Dittmann et al., 2013; Śliwińska-Wilczewska et al., 2019). 
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It should be noted that there is a cyanotoxin that demonstrates hepatotoxic, 

cytotoxic, and neurotoxic activity (Dittmann et al., 2013). Cylindrospermopsin (CYN) 

has been found in many types of aquatic environments including: rivers, reservoirs, lakes, 

ponds, and dams (Dittmann et al., 2013). CYN is produced by multiple cyanobacteria 

species such as Cylindrospermopsis raciborskii, Umezakia natans, and Anabaena bergii 

which prefer subtropical and tropical climates but have been found in temperate climates 

in Europe as well, likely due to global warming (Dittmann et al., 2013). The hepatoxic 

impacts of C. raciborskii in particular, were experienced by an Aboriginal group in 

Queensland, Australia where water consumption from the local dam caused simultaneous 

hepatitis and enteritis (Dittmann et al., 2013). Overall, the toxic mechanisms of CYN 

include direct interaction with DNA as well as the inhibition of protein synthesis, 

inhibition of glutathione synthesis, and inhibition of cytochrome P450 (Dittmann et al., 

2013).  

Neurotoxins 

The impact of neurotoxins on human and non-human animal health are diverse 

and severe (Centers for Disease Control and Prevention [CDC], 2024). Multiple types of 

cyanotoxins have been recognized as carcinogenic due to the toxins causing damage to 

deoxyribonucleic acid (DNA), causing oxidative stress to cells, and disrupting signaling 

pathways (Rajput et al., 2024). DNA methylation, a well-established epigenetic process 

for developing cancer, upregulation of certain proteins, and induction of inflammatory 

response pathways, have also been identified as ways cyanotoxins may lead to cancer 

(Rajput et al., 2024). Cancer may be caused by cyanobacterial neurotoxins specifically, in 
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an indirect way through the production of reactive oxygen species (ROS) which can lead 

to DNA damage and cellular oxidative stress (Rajput et al., 2024). 

Brooke-Jones et al. (2018) noted that beta-methyl-amino-L-alanine (BMAA) was 

found as a toxin in cyanobacteria that has been identified in various aquatic environments 

in Europe, most notably around the Baltic Sea along with water bodies in Africa. BMAA 

is a potent neurotoxin that leads to the loss of dopamine specific neurons (Brooke-Jones 

et al., 2018). The degradation of dopaminergic neurons from limited exposure to BMAA 

and to a greater extent through bioaccumulation via the food web, can result in the 

development of neurodegenerative disorders (Brooke-Jones et al., 2018). In particular, 

the neurodegenerative disorders Parkinson’s disease (PD) and amyotrophic lateral 

sclerosis (ALS) have been identified as having BMAA as a causative agent for these 

disorders (Brooke-Jones et al., 2018) 

Some of the strongest and most well-studied neurotoxins are the saxitoxins (STX) 

(Christensen & Khan, 2020; Jeon et al., 2024). STX, often referred to as paralytic 

shellfish poisoning (PSP), is a neurotoxic alkaloid that has been identified in at least 15 

species of freshwater cyanobacteria (Chorus & Welker, 2021; Christensen & Khan, 2020; 

Jeon et al., 2024). Found in marine cyanobacteria as well, saxitoxin can bioaccumulate in 

the food web of invertebrates (Dittmann et al., 2013).  

When STX is ingested by humans and non-human animals, symptoms such as: 

nervousness, ataxia, convulsions, paralysis, and death have been observed (Chorus & 

Welker, 2021). The mode of action (MOA) for saxitoxins include the blocking of sodium 

(Na) channels in neurons as well as the blocking of calcium (Ca) and potassium (K) 

channels in cardiac cells (Chorus & Welker, 2021). If a lethal dose of STX is ingested, 
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death because of respiratory paralysis in non-human animals can occur in minutes, and 

within hours for humans (Chorus & Welker, 2021). Death by cardiac shock may also 

occur (Jeon et al., 2024). Microseira wollei (also referred to as Lyngbya wollei), a 

cyanobacterial species that can produce saxitoxins has been found in multiple aquatic 

environments in the U.S., including on benthic mats in Butterfield Lake located in New 

York (Christensen & Khan, 2020).  

Another type of cyanobacterial neurotoxin found in several water bodies in the 

U.S. are the anatoxins (Christensen & Khan, 2020). When these cyanotoxins are ingested, 

anatoxins can act as agonists to acetylcholine receptors inhibiting signaling between 

neurons that can lead to various neurological symptoms, respiratory arrest, and even 

death within minutes (Araoz et al., 2005; Centers for Disease Control and Prevention 

[CDC], 2024; Dittman et al. 2013). Though unrelated structurally, there are two major 

classes of anatoxins which include anatoxin-a (ATX) and anatoxin a(s) (ATX(S)) 

(Chorus & Welker, 2021; Christensen & Khan, 2020). Other categories of the anatoxins 

include homoanatoxin-a (HTX), which as its name suggests is the homolog to ATX, as 

well as dihydro-anatoxin (dhATX) which is four times more toxic than other anatoxins 

(Chorus & Welker, 2021; Christensen & Khan, 2020; Dittmann et al., 2013). 

Anatoxin-a(s) or ATX(S) is an organophosphate with similar characteristics to 

insecticides that is found in various species of cyanobacteria such as Anabaena sp 

(Chorus & Welker, 2021; Christensen & Khan, 2020). The S in ATX(S) was added due 

to the toxin causing excessive salivation in mammals when the animals are exposed 

(Chorus & Welker, 2021). The MOA of this neurotoxin is the irreversible inhibition of 

acetylcholinesterase (AChE) in neuromuscular junctions, but does not impact the central 
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nervous system (CNS) (Chorus & Welker, 2021). Blocking of AChE in neuromuscular 

junctions causes the accumulation of acetycholine and subsequent hyperexcitability of 

neurons (Chorus & Welker, 2021). Neuron hyperexcitability in mammals from anatoxin-

a(s) leads to muscle weakness, convulsions, and death from respiratory arrest (Chorus & 

Welker, 2021). Unfortunately, anatoxin-a(s) has been identified in various species of 

cyanobacteria in water bodies found in: Canada, Europe, South America, and the U.S. 

(Chorus & Welker, 2021). 

Neurotoxins that are also prevalent in aquatic environments in Europe and the 

U.S. that are found in several cyanobacteria such as Tychonema sp., Anabaena sp., and 

Ocillatoria sp., are anatoxin-a and its structural variant, homoanatoxin-a (Bauer et al., 

2020; Chorus & Welker, 2021; Christensen & Khan, 2020). In fact, there are at least 41 

species of cyanobacteria identified thus far that produce ATX in freshwater aquatic 

environments alone, making poisoning from this cyanotoxin potentially more common 

and thus very concerning from human and non-human health perspectives (Christensen & 

Khan, 2020). Upon ingestion of ATX, this neurotoxin can be found in various tissues 

including the CNS in the brain, in neuromuscular junctions, and in the cardiovascular 

system making the reach of this toxin quite superior to ATX(S) (Chorus & Welker, 

2021).  

The mode of action of anatoxin-a and homoanatoxin-a is the ability to mimic the 

neurotransmitter acetylcholine (ACh) and bind to ACh receptors (Chorus & Welker, 

2021; Christensen & Khan, 2020). The ability of ATX and HTX to bind to ACh receptors 

make these cyanotoxins strong depolarizing agents (Chorus & Welker, 2021). Since 

AChE cannot degrade these neurotoxins, overstimulation of muscles occurs causing 
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fatigue (Chorus & Welker, 2021). The consequent disruption of signal transmission 

between muscles and neurons can lead to respiratory failure and death (Dittmann et al., 

2013). 

An example of the negative impact of anatoxins to animal health occurred in 

Germany in 2019 (Bauer et al., 2020). After bathing and potentially drinking water in a 

reservoir which is part of the River Lech, three dogs died from neurotoxicosis, likely due 

to poisoning from the benthic cyanobacteria Tychonema sp. (Bauer et al., 2020). 

Tychonema is thought to produce ATX and the extremely potent dhATX, both of which 

were found in the stomach contents of the dogs during their pathology exams (Bauer et 

al., 2020; Chorus & Welker, 2021). The pathology exams of the dogs also revealed lung, 

liver, and brainstem lesions making the potential for anatoxin poisoning a serious health 

concern for both humans and non-human animals (Bauer et al., 2020).  

The potential for anatoxin poisoning was very worrisome during the 2011 record-

setting harmful algal bloom in Lake Erie (Michalak et al., 2013). During the secondary 

bloom that began in August of that year, the nitrogen-fixing species Anabaena was 

identified as replacing the previous Microcystis HAB (Michalak et al., 2013). Anabaena 

sp., can produce the hepatotoxin microcystin along with the neurotoxins STX and ATX. 

Likewise, another water body with the possibility of anatoxin poisoning from 

cyanobacteria is Bartlett Pond located in Plymouth, Massachusetts (ESS Group, 2020). 

Bartlett Pond 

An example of an aquatic ecosystem that has been negatively impacted by 

eutrophication leading to high concentrations of cyanobacteria is a 30-acre estuarine pond 

in Plymouth, Massachusetts that empties into Cape Cod Bay called Bartlett Pond (ESS 
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Group, 2020). Bartlett Pond is part of White Horse Beach, a popular tourist area in the 

region, and is surrounded by residential homes. Thus, the potential for a harmful algal 

bloom is concerning not only for residents and the local ecosystem, but for tourists and 

those that rely on tourism for their livelihood.  

 Bechard (2020) noted that HABs are a unique natural hazard. Though hurricanes 

and other weather events may impact an area in a rapid and devastating way, harmful 

algal blooms can persist for months leading to a prolonged negative economic effect, 

specifically on local tourism (Bechard, 2020). The coastal region in Sarasota County in 

Southwest Florida is an example of how a local economy can be impacted by HABs, 

namely red tides (Bechard, 2020). To determine the effect of a red tide on the local 

economy, two important tourist industries, restaurants and lodging were examined 

(Bechard, 2020). Though red tides that last up to 17 days may have negligible impacts the 

local economy, those that persist beyond 17 days cause growth rate deficits over 12 

months of up to 1% for restaurants and up to 2% for lodging for each additional day of an 

HAB (Bechard, 2020). These economic losses can therefore compound over time 

(Bechard, 2020). Bartlett Pond may not reach the level of tourism that is observed in 

Southwest Florida but the economic impacts of an HAB could be devastating to the 

residents of White Horse Beach. 

 Perhaps even more concerning is the economic impact of HABs on human 

healthcare (Kouakou & Poder, 2019). In their systematic review, Kouakou and Poder 

(2019) noted that costs from HAB exposure included: healthcare expenses, medication 

costs, income loss, pain and suffering, and expenses related to death. Specifically, costs 

due to digestive illness from HAB exposure were reported to be up to 12,605 U.S. dollars 
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through Quality-Adjusted Life Years (QALYs) measures (Kouakou & Poder, 2019). 

Respiratory illness, mostly from difficulty with breathing, could cost patients over 14,000 

U.S. dollars according to QALY measures making illness caused by HABs potentially 

very expensive for patients (Kouakou & Poder, 2019). Though the individual costs due to 

illness from HAB exposure may be high, the estimated costs for health in the U.S. overall 

could be up to 37 million U.S. dollars per year (Kouakou & Poder, 2019). With the 

impact of harmful algal blooms on healthcare costs as well as on tourism, it is essential to 

explore the reasons these blooms may occur. 

Eutrophication in Barlett Pond 

ESS Group (2020) surveyed Bartlett Pond in 2019 which included but was not 

limited to: temperature, water quality, bacterial, chemical, and nutrient monitoring. 

Nutrient availability, in particular, has a huge impact on cyanobacterial growth with 

phosphorus generally being the growth limiting nutrient in freshwater environments and 

nitrogen being the limiting nutrient in saltwater environments (ESS Group, 2020). 

Curiously, both nitrogen and phosphorus concentrations were found to be high in Bartlett 

Pond (ESS Group, 2020). Though both nutrients were found to have high concentrations, 

the ratio of nitrogen to phosphorus referred to as the Redfield ratio (14:1 of N:P) 

indicated the nutrient drivers for cyanobacterial growth potential were high as well (ESS 

Group, 2020). Ratios above the Redfield ratio and vice versa specify growth based upon 

the non-rate limited nutrient (ESS Group, 2020). Rate limiting in Bartlett Pond fluctuated 

above and below the Redfield ratio throughout the survey with the limitation of each 

nutrient observed at different times (ESS Group, 2020). As a result of their survey, ESS 

Group (2020) determined that Bartlett Pond was in a eutrophic state. 
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 Eutrophication of the pond was determined to be the result of multiple external 

factors (ESS Group, 2020). Loading of nitrogen from groundwater along with surface 

sources of N were noted (ESS Group, 2020). Likewise, loading of phosphorus from 

sediments, groundwater, and surface water were observed (ESS Group, 2020). The 

reasons for N and P loading into the pond include but may not be limited to wastewater 

runoff from outdated sewer systems and waste from resident waterfowl (ESS Group, 

2020). In addition, precipitation and wet weather added to the nutrient loading like what 

was observed during the record HAB in Lake Erie (ESS Group, 2020; Michalak et al., 

2013). Increased cyanobacteria growth then led to hypoxic and anoxic conditions in 

various areas of the pond for short times (ESS Group, 2020). Despite the eutrophication 

of the pond, cyanobacterial growth, and variant anoxic conditions, a harmful algal bloom 

was not observed in 2019 per ESS Group (2020). 

However, though a harmful algal bloom did not occur during ESS’s survey, the 

eutrophic state of Bartlett Pond indicated that a future HAB is probable (ESS Group, 

2020). Various species of cyanobacteria that could cause a harmful algal bloom were 

found, specifically in benthic mats in the pond (ESS Group, 2020). Within these benthic 

mats, the dominant species identified and only species mentioned was the neurotoxin 

producing cyanobacterium, Oscillatoria (ESS Group, 2020).  

Oscillatoria 

Oscillatoria is a filamentous, photosynthetic cyanobacterium that has been found 

not only in the benthos of Bartlett Pond but throughout aquatic environments in Europe, 

such as in the sediments of the North Sea and in the Baltic Sea (ESS Group, 2020; 

Karlson et al., 2021; Stal & Heyer, 1987). Capable of nitrogen fixation in aerobic and 
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anaerobic environments, Oscillatoria uses the enzyme nitrogenase for nitrogen fixation 

(Stal & Heyer, 1987). Nitrogenase is very sensitive to oxygen (O), giving the 

cyanobacterium a high O affinity (Stal & Heyer, 1987). This high oxygen affinity allows 

the organism to fix nitrogen during light and dark cycles (Stal & Heyer, 1987). The 

ability to fix nitrogen in both oxygenated and oxygen-depleted benthic zones in aquatic 

environments, both at night and during the day makes this type of cyanobacteria very 

resilient to changing conditions.  

This flexibility for diurnal N fixation and availability of nitrogen makes Bartlett 

Pond a prime environment for Oscillatoria growth (ESS Group, 2020; Stal & Heyer, 

1987). Likewise, the abundance of phosphorus found in Bartlett Pond also contributes to 

high concentrations of Oscillatoria since P directly impacts the cyanobacterium’s growth 

(Chen et al., 2016). The easily accessible nutrients required for Oscillatoria to thrive in 

Bartlett Pond is concerning, as an HAB due to this cyanobacterium could lead to the 

release of dangerous neurotoxins (Araoz et al., 2005; Chen et al., 2016; ESS Group, 

2020; Stal & Heyer, 1987). 

The neurotoxin ATX which has been shown to cause death in animals within 

minutes is produced by Oscillatoria (Araoz et al., 2005; Chorus & Welker, 2021). HTX, 

the homolog to ATX, is also produced by Oscillatoria making this cyanobacterium 

especially dangerous (Araoz et al., 2005; Chorus & Welker, 2021). The potential release 

of these neurotoxins from high concentrations of Oscillatoria in Bartlett Pond if an HAB 

occurs could have devastating health effects for human and non-human animals living in 

the area. In addition, an HAB could have negative impacts on local tourism and 
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healthcare costs. As such, mitigation strategies for harmful algal blooms in Bartlett Pond 

must be explored. 

Mitigation Strategies for Harmful Algal Blooms 

There have been several mitigation strategies proposed to prevent or treat harmful 

algal blooms (Paerl, 2018). Paerl (2018) noted that mitigation begins with prediction and 

prevention such as the ability to predict: cyanobacteria growth, potential scale, HAB 

endurance, and probable toxin release. Once the harmful algal bloom is predicted, 

prevention measures should be introduced (Paerl, 2018).   

Perhaps the most obvious prevention measure is to decrease eutrophication by 

impeding the excessive loading of nutrients, specifically N and P, which promote 

cyanobacteria growth (Paerl, 2018). Decreasing the concentration of available nutrients, 

likely through reduction of anthropogenic forces such as direct agriculture runoff may 

especially benefit reservoirs and shallow water bodies like Bartlett Pond where sediment 

accumulation of nutrients may be especially problematic (Paerl, 2018). Also, reducing 

inputs of atmospheric nitrogen may impede cyanobacteria growth, as N emissions from 

agriculture are deposited into water bodies as well (Paerl, 2018). Anthropogenic nitrogen 

loading is concerning as it benefits the cyanobacteria species that are unable to carry out 

N fixation (Paerl, 2018). A potential HAB could be caused by nitrogen fixing bacteria if 

N availability is limited or by those that cannot carry out N fixation when nitrogen is 

abundant (Paerl, 2018).  

Nitrogen availability is one piece of the potential harmful algal bloom prevention 

puzzle, but phosphorus availability must be considered as well (Paerl, 2018). Readily 

available in dissolved and particulate forms, P is abundant in many aquatic environments 
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due to agriculture runoff from pastures and crops (Altieri & Diaz, 2019; Paerl, 2018). 

This runoff of phosphorus can be accumulated and stored in cyanobacteria to be used by 

them when P availability is low (Paerl, 2018). Phosphorus can then be recycled via 

microbe decomposition and persist in sediments, which can then be redistributed and 

utilized by cyanobacteria, even in hypoxic and anoxic regions in the water column 

(Altieri & Diaz, 2019; Paerl, 2018). This availability of P in dead zones and sediments is 

observed with nitrogen as well (Altieri & Diaz, 2019). 

With the accumulation of nitrogen and phosphorus in sediments, cyanobacteria 

resting in these sediments, and some species of cyanobacteria living in benthic mats, 

sediment dredging has been proposed (Paerl, 2018). Dredging or nutrient removal in 

sediments was utilized in the mid-1900s in a small lake in Sweden and led to decreased 

nutrient concentrations but has been less effective in larger lakes (Paerl, 2018). Though it 

can be successful under certain conditions, dredging can negatively impact the flora and 

fauna in the benthos and release toxins making this prevention strategy flawed (Paerl, 

2018).  

With sediment dredging not ideal for the ecosystem, using chemicals such as 

potassium aluminum sulfate (alum) and iron salts have been utilized to precipitate and 

therefore reduce P availability (Paerl, 2018). Phosphorus may still be available in hypoxic 

and anoxic areas in the water column and the alum may be toxic to local species (Paerl, 

2018). As such, lanthanum ions which indirectly bind phosphorus have been used to lock 

the P in sediments (Phoslock), but this method can cause erosion (Paerl, 2018). Thus, 

using chemicals to reduce phosphorus is not an adequate prevention technique either 

(Paerl, 2018). 
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The best way to decrease the amount of eutrophication impacting aquatic 

environments for HAB prevention may then be identification of the sources that cause 

nutrient loading (Paerl, 2018). Point sources or sources that can be directly identified may 

be controlled depending upon whether the source is anthropogenic and if so, whether the 

source is amenable to changing their methods (Paerl, 2018). Non-point sources are more 

difficult to control (Paerl, 2018). For instance, controlling global nitrogen-based and 

phosphorus-based fertilizer use which increased from 10 million tons in the 1960s to over 

110 million tons for nitrogen fertilizers in the 2010s (negligible increase with P 

fertilizers) is likely not possible (Paerl, 2018). Though source identification of nutrient 

loading and eutrophication prevention may be the best ways to mitigate harmful algal 

blooms, intervention strategies must be established in cases where prediction and 

prevention fail. 

Intervention Strategies 

In many cases prevention is not an option so intervention in the form of treatment 

in the aquatic environment must be considered when cyanobacteria concentrations are 

high (Bhatt et al., 2023; Paerl, 2018). Methods of intervention to inhibit cyanobacteria 

growth could include disruption of metabolic functions such as the inhibition of nitrogen 

fixation and the inhibition of photosynthesis (Paerl, 2018). When growth is 

unencumbered and an HAB has established, it may be difficult to manage but there are 

several treatment methods that have been noted. 

 Paerl (2018) stated that algaecide applications may be a harmful algal bloom 

mitigation strategy. Specifically, compounds containing copper and hydrogen peroxide 

have been utilized in small water bodies (Paerl, 2018). Even in small aquatic 
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environments, applications must be repeated to maintain their effectiveness which can be 

time consuming and expensive (Paerl, 2018). The expense of this method may be the 

least concerning part of using these types of algaecides, as compounds that include 

copper can be toxic to certain aquatic plants and animals (Paerl, 2018). This toxicity may 

endure since algaecide residue can remain in sediments (Paerl, 2018). Beyond the 

algaecide toxicity, the release of cyanotoxins from the cyanobacteria themselves into the 

water column may occur due to cell lysis and death (Paerl, 2018). Therefore, using 

algaecides to treat harmful algal blooms may be effective but may also be harmful. 

Biomanipulation to treat HABs has also been proposed (Paerl, 2018). This 

mitigation strategy employs the introduction of benthic feeders and fish to consume the 

cyanobacteria along with viruses and bacteria (Paerl, 2018). Hu et al., (2019) used the 

algicidal bacteria, CZBC1, to hinder the growth of several species of Oscillatoria which 

is the cyanobacteria found in Bartlett Pond. Two species of Oscillatoria experienced 

direct cell lysis and one species of Oscillatoria experienced indirect cell lysis (Hu et al., 

2019). During this alginolysis as it is referred to in the study, cyanobacteria filaments 

break as the CZBC1 bacterium attaches, causing the cells to deform and lyse (Hu et al., 

2019). The indirect route for cell lysis was likely due to proliferation of the CZBC1 

bacterium and release of extracellular chemicals that resulted in cyanobacteria cell lysis 

(Hu et al., 2019). At the end of the experiment, no intact cyanobacterial cells remained 

making this method quite effective (Hu et al., 2019). Though effective, using bacterial 

algaecides such as CZBC1 for biomanipulation to treat HABs could be difficult to use on 

a scale high enough to treat a lake or other water body (Hu et al., 2019).  In addition, 

bacterial algaecides may have harmful impacts on other plants and species since the 



 

 26 

molecular mechanisms of how the bacteria cause cell lysis are relatively unknown (Hu et 

al., 2019). 

Along with the use of algicidal bacteria, biomanipulation in the form of utilizing 

cyanobacterial specific infectious viruses to mitigate harmful algal blooms has been 

explored (Bhatt et al., 2023; Hu et al., 2019; Paerl, 2018). Bhatt et al., (2023) proposed 

that using cyanophages, highly specific viruses that are capable of infecting multiple 

genera of cyanobacteria may be an option. Functioning as a natural control to 

cyanobacteria, cyanophages may be the most eco-friendly intervention strategy discussed 

thus far (Bhatt et al., 2023). Cyanophages are able to incorporate genes into the host 

genome, specifically genes that influence photosynthesis, interfere with metabolism, and 

degrade cells (Bhatt et al., 2023) Also, their mode of action could be altered to carry out a 

variety of tasks including causing cell lysis (Bhatt et al., 2023). However, this research 

needs further examination, and application may be challenging and costly, even in small 

aquatic environments.   

Although these intervention strategies may be effective and may successfully treat 

an HAB that could impact human and non-human animal health, they have other negative 

impacts and high costs that must be considered. Replacing an HAB with another equally 

serious issue is not an adequate solution. Thus, other methods for harmful algal bloom 

mitigation must be explored. A potential option may be using salinity as a mitigation 

factor for cyanobacteria growth.  

Salinity as a Mitigation Factor for Harmful Algal Blooms 

Cyanobacteria are some of the most ancient phytoplankton in the world and as 

such, have evolved in both marine and freshwater aquatic environments (Chen et al., 
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2023). Though they may flourish in both high saline and low saline conditions, research 

has indicated that cyanobacteria may have first existed in freshwater ecosystems (Chen et 

al., 2023). Then, natural selection of certain genera of cyanobacteria may have led to an 

ability to acclimate to saline environments (Chen et al., 2023). Though poorly 

understood, acclimation to saline conditions may involve signaling via transcription 

factors or RNA polymerases than can alter gene expression for genes indicated in salinity 

tolerance (Chen et al., 2023). Acclimation to saline environments may also include the 

ability to expel toxic ions and modulation of lipid composition in the cell membrane 

among other methods (Chen et al., 2023). However, many genera of cyanobacteria 

remain negatively impacted by saline conditions (Chen et al., 2023; Śliwińska-

Wilczewska et al., 2019).  

Chen et al. (2023) found that higher levels of salinity caused oxidative stress in 

freshwater cyanobacteria due to the interference in electron transport during 

photosynthesis, leading to a reduction in energy and growth. In addition, salinity 

treatments may decrease the membrane integrity of cyanobacterial cells (Christensen & 

Khan 2020). Furthermore, Rakko and Seppala (2014) noted that cyanobacterial nitrogen 

fixation is problematic at higher salinities, indicating that species reliant on N fixation 

may be negatively impacted by salinity. Finally, cyanobacteria toxin production may be 

highest in environments with salinity concentrations < 18 practical salinity units (PSU) 

and cyanobacterial HABs often occur at salinity levels less than five PSU (Christensen & 

Khan 2020). With this, salinity may be a potential factor for inhibition of cyanobacteria 

growth and mitigation of HABs (Chen et al., 2023).  
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Though ESS Group (2020) did not determine the reason a harmful algal bloom 

did not occur while Bartlett Pond was under observation, they suggested that the flushing 

of sea water in the estuarine pond may have prevented an HAB. It is possible therefore, 

that higher levels of salinity during high tides when sea water is mixed with freshwater 

may be inhibiting cyanobacteria growth. Thus, it would be prudent to measure the 

salinity of Barlett Pond.  

Although there are likely various species of benthic cyanobacteria in Barlett Pond, 

the dominant species noted, Oscillatoria, is a filamentous, freshwater, and nitrogen fixing 

cyanobacteria and therefore may be negatively impacted by higher salinity levels (ESS 

Group, 2020; Karseno et al., 2009; Rakko & Seppala, 2014; Stal & Heyer, 1987). If high 

levels of salinity are measured in Bartlett Pond as salinity > 18 PSU, then salinity is 

likely a mitigating factor for cyanobacteria growth and harmful algal blooms 

(Christensen & Khan 2020). Further research on the direct impact of salinity treatments 

for HAB prevention will be warranted in Bartlett Pond as well as other aquatic 

environments. However, if salinity levels are not high enough to influence cyanobacteria 

growth in Bartlett Pond, then other mitigation factors will need to be explored. 
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Chapter II. 

Methods 

In order to determine the salinity levels in Bartlett Pond, a standard marine 

salinity tester (HI98319) manufactured by Hanna Instruments was calibrated according to 

the directions (Hanna Instruments, 2025). The HI98319 salinity tester measures with an 

accuracy of +/- 0.20 PSU for PSU of 0.00 to 9.99, +/- 1.0 PSU for PSU of 10.0 to 40.0, 

and +/- 2.0 PSU for PSU of 40.0 to 70.0 (Hanna Instruments, 2025). Likewise, the 

salinity tester was used to measure the water temperature in Celsius (C) (Hanna 

Instruments, 2025). The water temperature accuracy of the salinity tester is +/- 0.5 °C. 

The water temperature and salinity measurements were taken at two different 

access points to the pond. The first access point was located on the West side of Bartlett 

Pond in a residential neighborhood and is depicted in Figure 1. The second access point 

was located on the East side of the pond at the brook that connects to Cape Cod Bay 

through White Horse Beach which is shown in Figure 2.   

Salinity levels and water temperature were measured at various timepoints 

throughout the day at each location from March 15th, 2025, through April 17th, 2025. The 

total number of measurements taken at both locations overall was 30 (n = 30). The 

number of measurements taken on the West side of the pond was 15 and the number of 

measurements taken on the East side of the pond was also 15. The number of 

measurements taken during low tide at both locations overall was 14 and the number of 

measurements taken during high tide at both locations overall was 16.  
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Figure 1.  West Side of Bartlett Pond.  

Taken on June 5th, 2025. Image by Author. 

 

Figure 2.  East Side of Bartlett Pond.  

Taken on June 5th, 2025. Image by Author. 



 

 31 

The salinity level and temperature of seawater at White Horse Beach, roughly 31 PSU 

and 16.2 °C respectively, were also measured for basic comparison.  

The measurements were saved in an Excel for Mac spreadsheet (Microsoft 

Corporation, 2025, Version 16.97.2) as a data set entitled “Salinity.” Four other data sets 

were then created with Excel using the measurements taken from the Salinity data set for 

easier analysis of the data. A low tide data set and high tide data set were created to 

analyze these data separately from one another, the Salinity data set, and the others. 

Likewise, a West Side data set and East side data set were also created for separate 

analysis from one another, the Salinity data set, and the tide data sets. 

 The five Excel data sets were then uploaded to the statistical coding software, R 

Studio for data analysis using the Mosaic package (Posit team, 2025). For each data set, 

the descriptive statistics: mean, median, standard deviation (SD), and range were 

calculated for salinity (PSU) as well as temperature. Correlation analyses between 

salinity and temperature for all five data sets were also performed.  
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Chapter III. 

Results 

To determine whether salinity might be a mitigating factor for HABs in Bartlett 

Pond, salinity was measured in PSU during low tide and high tide. In addition to low tide 

and high tide, salinity was measured in PSU on the West side of the pond and the East 

side of the pond (refer to Appendices 1 through 5 for the five data sets). Mean salinity, 

median salinity, SD, and salinity range for each data set were calculated. These data are 

shown in Table 1.  

The mean overall salinity was calculated to be 0.34 PSU, and the median overall 

salinity was 0.15 PSU. The SD of the overall salinity was 0.36 PSU, and the overall 

salinity range was 0.06 PSU to 1.26 PSU. For salinity during low tide, the mean salinity 

was 0.23 PSU, and the median salinity was 0.13 PSU, which is slightly less than the 

overall salinity measurements. The SD of salinity at low tide was 0.26 PSU and the 

salinity range at low tide was 0.09 PSU to 0.87 PSU.  

The mean salinity at high tide was calculated to be 0.43 PSU, which is higher than 

observed at low tide. Likewise, the median salinity at high tide was 0.17 PSU which is 

also higher than what was calculated for the median salinity at low tide. The SD of 

salinity at high tide was 0.42 PSU and the salinity range at high tide was 0.06 PSU to 

1.26 PSU.  

For the location specific salinity, the mean salinity on the West side of Bartlett 

Pond was calculated to be 0.29 PSU. The median salinity on the West side of the pond  
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Table 1.  Salinity Measurements in Practical Salinity Units (PSU). 

Data Set Mean Median Standard 
Deviation Range 

Overall 
Salinity (PSU) 0.335 0.15 0.3604858 0.06 – 1.26 

Low Tide 
Salinity (PSU) 0.2271429 0.13 0.2568576 0.09 – 0.87 

High Tide 
Salinity (PSU) 0.429375 0.17 0.4167728 0.06 – 1.26 

West Side 
Salinity (PSU) 0.2873333 0.13 0.2913875 0.06 – 0.85 

East Side 
Salinity (PSU) 0.3826667 0.15 0.4235642 0.09 – 1.26 

 

 

was 0.13 PSU. The SD of salinity on the West side of the pond was 0.29 PSU and the 

salinity range was 0.06 PSU to 0.85 PSU. 

 For measurements taken on the East side of the pond, the mean salinity was 0.39 

PSU, and the median salinity was calculated to be 0.15 PSU. Both the mean and median 

salinity on the East side of Barlett Pond were higher when compared to the West side of 

the pond. The SD of salinity on the East side of the pond was calculated to be 0.42 PSU 

and the salinity range was 0.09 PSU to 1.26 PSU.   
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 To explore the possibility that salinity may be associated with water temperature, 

temperature in Celsius (°C) was measured during low tide and high tide. In parallel with 

the salinity data, water temperature was also measured on the West side of the pond and 

the East side of the pond. The mean water temperature, median water temperature, SD, 

and temperature range for each data set were calculated. These data are shown in Table 2. 

Table 2.  Water Temperature Measurements in Celsius (°C). 

Data Set Mean Median Standard 
Deviation Range 

Overall 
Temperature 
(°C) 

11.95 11.7 2.780567 6.2 – 16.5 

Low Tide 
Temperature 
(°C) 

11.90714 11.25 2.421527 9.2 – 16.2 

High Tide 
Temperature 
(°C) 

11.9875 13.05 3.140462 6.2 – 16.5 

West Side 
Temperature 
(°C) 

12.63333 13.5 2.990143 6.4 – 16.5 

East Side 
Temperature 
(°C) 

11.26667 11.5 2.46451 6.2 – 16.0 
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The mean overall water temperature was calculated to be 11.95 °C and the median 

overall water temperature was 11.7 °C. The SD of overall water temperature was 2.78 °C 

and the overall water temperature range was 6.2 °C to 16.5 °C. For the temperature 

measurements at low tide, the mean water temperature was calculated to be 11.91 °C and 

the median water temperature at low tide was 11.25 °C. The SD of water temperature at 

low tide was 2.42 °C and the water temperature range at low tide was 9.2 °C to 16.2 °C.  

The mean temperature at high tide was 11.99 °C, relatively close to what was 

calculated for the overall mean temperature as well as the mean temperature at low tide. 

The median temperature at high tide was calculated to be 13.05 °C, slightly higher than 

the temperature that was observed at low tide. The temperature SD at high tide was 3.14 

°C and the temperature range was 6.2 °C to 16.5 °C.  

For the West side of Bartlett Pond, the mean water temperature was calculated to 

be 12.63 °C and the median water temperature was 13.5 °C. The SD of water temperature 

on the West side of the pond was 2.99 °C and the range was 6.4 °C to 16.5 °C. The mean 

water temperature on the East side of the pond was slightly lower when compared to the 

West side and was calculated to be 11.27 °C. Likewise, the median water temperature on 

the East side of the pond was 11.5 °C which is also lower than what was calculated the 

West side. The SD of water temperature on the East side of the pond was 2.46 °C and the 

water temperature range was 6.2 °C to 16.0 °C.  

 To determine if a relationship exists between salinity and water temperature, 

correlations were calculated for each of the data sets. These data are shown in Table 3. 

The correlation between salinity the water temperature was negligible for the data 

obtained for the overall salinity (0.25), for high tide (0.23), and for the West side of the 
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pond (0.04) (Diez et al., 2019). For the data obtained during low tide, there was a low 

positive correlation between salinity and water temperature (0.32) (Diez et al., 2019). 

There was also a moderate positive correlation between salinity and temperature for the 

data collected at the East side of the pond (0.53) (Diez et al., 2019).  

Table 3.   Correlation Between Salinity (PSU) and Water Temperature (°C). 

Data Set Correlation 

Overall 0.2499803 

Low Tide 0.318246 

High Tide 0.2328682 

West Side 0.03757428 

East Side 0.5327204 
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Chapter IV. 

Discussion 

During their survey, ESS Group (2020) determined that Bartlett Pond was in a 

eutrophic state. This enrichment of nutrients led to a high concentration of cyanobacteria, 

specifically the freshwater, benthic cyanobacteria Oscillatoria that is capable of nitrogen 

fixation (ESS Group, 2020; Karseno et al., 2009; Rakko & Seppala, 2014; Stal & Heyer, 

1987). With the eutrophic state of Bartlett Pond, the concentration of Oscillatoria could 

have reached a level of growth causing a harmful algal bloom where the cyanobacteria 

could have released the dangerous neurotoxins, ATX and its homolog HTX (Araoz et al., 

2005; Chorus & Welker, 2021; ESS Group, 2020). The release of these cyanotoxins 

could have caused harm to humans and non-human animals ranging from mild symptoms 

to death (Centers for Disease Control and Prevention [CDC], 2024). However, an HAB 

did not occur in the estuarine pond while it was being observed likely due to the flushing 

of seawater from Cape Cod Bay through White Horse Beach (ESS Group, 2020). 

With the flushing of the pond potentially inhibiting cyanobacterial growth and 

preventing a harmful algal bloom, it was possible that salinity may be a mitigating factor 

(Christensen & Khan 2020). In fact, freshwater cyanobacteria that are capable of nitrogen 

fixation such as Oscillatoria may be negatively impacted by higher salinity which can 

cause oxidative stress and decrease membrane integrity of the cell (Chen et al., 2023; 

Christensen & Khan 2020; Rakko & Seppala, 2014)). Furthermore, cyanobacteria toxin 

production may be highest at salinity concentrations < 18 PSU with HABs often 
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occurring at salinity levels less than five PSU (Christensen & Khan 2020). Thus, if the 

average of salinity of Barlett Pond was measured as > 18 PSU, then salinity is likely a 

mitigating factor for cyanobacteria growth and an HAB (Christensen & Khan 2020).  

However, based upon the data noted in Table 1 obtained from salinity 

measurements taken on the West side of the pond as well as the East side of the pond 

from March 15th, 2025, through April 17th, 2025, the mean level of salinity did not come 

close to reaching 18 PSU. The mean level of salinity overall was calculated to be only 

0.34 PSU with the highest mean salinity level measured during high tide as 0.43 PSU as 

expected with the flushing of seawater. In addition, the upper limit of the salinity level 

range was calculated to be only 1.26 PSU. Therefore, salinity is not a mitigating factor 

for the prevention of harmful algal blooms in Bartlett Pond according to these data. The 

limitations of this study and other HAB mitigation factors must be explored. 

Research Limitations 

One of the limitations of this research was the time of year that it was conducted. 

Measurements were taken in March and April with the mean overall water temperature of 

Bartlett Pond being 11.95 °C and highest recorded water temperature being 16.5 °C 

which are shown in Table 2. The survey conducted by ESS Group (2020) was performed 

later in the season and the highest water temperature was recorded in August as 

approximately 26 °C. Since higher SST is beneficial for cyanobacteria and cyanotoxin 

production (Meng et al., 2024), it seemed prudent to determine if salinity levels 

correlated with water temperature which may explain why ESS Group (2020) believed 

flushing of the pond with seawater prevented an HAB. However, based upon the data 

shown in Table 3, there was only a moderate positive correlation between salinity level 
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and water temperature noted on the East Side of the Pond and a low positive correlation 

between salinity level and water temperature at low tide (Diez et al., 2019). Likewise, 

there was only a negligible correlation for overall salinity and water temperature (Diez et 

al., 2019). These results indicate that based upon these data, higher water temperatures 

likely do not correlate with higher salinity levels. Thus, if flushing of the pond inhibited 

cyanobacterial growth and prevented a harmful algal bloom (ESS Group, 2020), then 

salinity was not the mitigating factor. 

Another limitation to this research was access to Bartlett Pond. Since the White 

Horse Beach area contains both residential homes and rental cottages, access to the pond 

is limited. Public access becomes even more limited beginning April 1st, when tourist 

season begins. As such, measurements for this research were only taken on the West side 

and East side of the pond where access was available. In addition, measurements were 

only taken on the surface of the water. Salinity levels and water temperature may vary at 

greater depths, specifically in the benthos where the cyanobacteria exist. With the results 

of this study and the study’s limitations, there are future research paths that should be 

explored.  

Future Research Paths 

Though salinity levels from the flushing of seawater may not have been high 

enough to inhibit cyanobacteria growth based upon this study, it is possible that the 

availability of nutrients may have been a mitigation factor. Since ESS Group (2020) 

noted that nutrient availability fluctuated throughout their survey of the pond, it is 

conceivable that the concentration of phosphorus and/or nitrogen decreased with the 

influx of seawater. Future studies could measure the concentration of N and P as well as 
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note the Redfield ratio over a specified period of time, specifically when the water 

temperatures are higher over the summer. The samples obtained to measure the 

concentrations of nitrogen and phosphorus should be taken both at depth near the benthos 

as well as on the surface at various locations in the pond. In addition, samples should be 

taken during both high tide and low tide to determine if there are differences in nutrient 

concentrations that may be the result of seawater flushing of the pond. If nutrient 

availability is determined to be a mitigating factor for cyanobacterial growth and an 

HAB, then strategies to both limit nutrient loading and potentially remove nutrients from 

the pond should be considered. 

 In this study, higher salinity levels from the flushing of seawater may not have 

been a mitigating factor for cyanobacteria growth but salinity should still be explored as a 

potential treatment option to inhibit freshwater cyanobacteria growth if an HAB is 

imminent or established. Since salinity may be a more environmentally friendly and 

inexpensive method to control cyanobacteria growth, future studies could explore the 

direct impact of salinity on myriad freshwater cyanobacteria in vitro. If salinity is found 

to be a direct mitigating growth factor to most freshwater cyanobacteria, then salinity 

treatments in aquatic environments such as Bartlett Pond could be explored.  

Furthermore, the use of cyanophages could be investigated as a possible treatment 

for HABs in Bartlett Pond. For cyanophages to be utilized, the cyanobacteria causing the 

harmful algal bloom must be identified since these viruses are host specific (Bhatt et al., 

2023). The specific cyanophage must then be identified and if a phage has not been found 

for the cyanobacteria noted in Barlett Pond, then various cyanophages that are identified 

as polyvalent could be tested on the cyanobacteria in vitro (Bhatt et al., 2023). Using a 
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polyvalent cyanophage would be prudent given that polyvalent cyanophages have the 

ability to infect a greater range of cyanobacterial species (Bhatt et al., 2023). Once an 

effective cyanophage is identified, then the concentration of virus needed to mitigate the 

harmful algal bloom would need to be determined. Bhatt et al., (2023) note that in lakes, 

an influx of cyanophages to temporarily reduce cyanobacteria concentrations may be all 

that is needed to mitigate the bloom. Thus, success in a small aquatic environment like 

Barlett Pond may be achievable.  

If cyanophages that have been identified are unsuccessful at treating HABs, then 

engineering phages with specific ways to influence cyanobacteria gene expression could 

be considered (Bhatt et al., 2023). Unfortunately, identifying and possibly engineering 

cyanophages to treat HABs would be costly when compared to other options and may 

affect the surrounding ecosystem in ways that have yet to be identified. However, if other 

methods fail, then the benefits of preventing negative impacts to human and non-human 

health due to a harmful algal bloom would outweigh the financial burden. 

Conclusion 

The potential of a harmful algal bloom occurring in Barlett Pond in Plymouth, 

Massachusetts is concerning due to the possible release of dangerous neurotoxins. These 

neurotoxins could cause serious health issues for both human and nonhuman animals in 

the area. An HAB in Barlett pond could also negatively impact the local economy which 

is reliant on tourists that enjoy White Horse Beach. Harmful algal bloom mitigation 

factors and potential strategies therefore need to be explored. Although higher levels of 

salinity during the flushing of seawater was not found to be a mitigating factor in this 

study, future research could focus on salinity as a possible treatment for HABs. Future 



 

 42 

studies could explore whether nutrient availability from seawater flushing may have an 

impact as well. Finally, the use of cyanophages as a treatment for harmful algal blooms 

should also be considered.  
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Appendix 1. 

Overall Salinity Data Set 

 

Overall salinity measurements. Meridiem 1 is for a.m. and 2 is for p.m. Location 1 
denotes the West side of the pond and Location 2 shows the East side. Tide 1 signifies low 

tide and Tide 2 denotes high tide. 

Date Time Meridiem Location Tide Temp PSU
3/15/25 2:45 2 1 2 16.5 0.15
3/16/25 9:03 1 1 1 11.8 0.13
3/22/25 1:13 2 1 1 16.2 0.11
3/23/25 9:22 1 2 2 6.2 0.11
3/23/25 12:53 2 2 1 10.4 0.11
3/28/25 3:56 2 1 1 15.5 0.09
3/28/25 4:58 2 2 1 11.9 0.1
3/29/25 10:30 1 2 2 10.5 0.09
4/1/25 2:42 2 1 2 14.7 0.85
4/1/25 4:41 2 2 2 13.7 1.26
4/3/25 5:17 2 2 2 11.5 1.1
4/3/25 5:24 2 1 2 13.5 0.67
4/4/25 8:15 1 1 1 11.6 0.79
4/4/25 1:52 2 2 1 16 0.87
4/5/25 8:48 1 2 2 13.1 0.96
4/5/25 8:55 1 1 2 10.2 0.68
4/13/25 1:06 2 1 2 6.4 0.06
4/13/25 1:13 2 2 2 7.4 0.22
4/15/25 8:27 1 1 1 10.9 0.11
4/15/25 8:36 1 2 1 10.7 0.15
4/15/25 5:10 2 1 2 15.5 0.19
4/15/25 5:18 2 2 1 13.1 0.15
4/16/25 7:20 1 1 1 9.4 0.13
4/16/25 7:26 1 2 1 10.7 0.17
4/16/25 12:02 2 1 2 13.7 0.12
4/16/25 12:21 2 2 2 11.5 0.15
4/16/25 4:10 2 1 2 14.4 0.11
4/16/25 4:18 2 2 2 13 0.15
4/17/25 7:48 1 1 1 9.2 0.12
4/17/25 7:56 1 2 1 9.3 0.15
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Appendix 2. 

Low Tide Data Set (Tide 1) 

 

Date Time Meridiem Location Tide Temp PSU
3/16/25 9:03 1 1 1 11.8 0.13
3/22/25 1:13 2 1 1 16.2 0.11
3/23/25 12:53 2 2 1 10.4 0.11
3/28/25 3:56 2 1 1 15.5 0.09
3/28/25 4:58 2 2 1 11.9 0.1
4/4/25 8:15 1 1 1 11.6 0.79
4/4/25 1:52 2 2 1 16 0.87
4/15/25 8:27 1 1 1 10.9 0.11
4/15/25 8:36 1 2 1 10.7 0.15
4/15/25 5:18 2 2 1 13.1 0.15
4/16/25 7:20 1 1 1 9.4 0.13
4/16/25 7:26 1 2 1 10.7 0.17
4/17/25 7:48 1 1 1 9.2 0.12
4/17/25 7:56 1 2 1 9.3 0.15
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Appendix 3. 

High Tide Data Set (Tide 2) 

 

Date Time Meridiem Location Tide Temp PSU
3/15/25 2:45 2 1 2 16.5 0.15
3/23/25 9:22 1 2 2 6.2 0.11
3/29/25 10:30 1 2 2 10.5 0.09
4/1/25 2:42 2 1 2 14.7 0.85
4/1/25 4:41 2 2 2 13.7 1.26
4/3/25 5:17 2 2 2 11.5 1.1
4/3/25 5:24 2 1 2 13.5 0.67
4/5/25 8:48 1 2 2 13.1 0.96
4/5/25 8:55 1 1 2 10.2 0.68
4/13/25 1:06 2 1 2 6.4 0.06
4/13/25 1:13 2 2 2 7.4 0.22
4/15/25 5:10 2 1 2 15.5 0.19
4/16/25 12:02 2 1 2 13.7 0.12
4/16/25 12:21 2 2 2 11.5 0.15
4/16/25 4:10 2 1 2 14.4 0.11
4/16/25 4:18 2 2 2 13 0.15
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Appendix 4. 

West Side Data Set (Location 1) 

 

 

Date Time Meridiem Location Tide Temp PSU
3/15/25 2:45 2 1 2 16.5 0.15
3/16/25 9:03 1 1 1 11.8 0.13
3/22/25 1:13 2 1 1 16.2 0.11
3/28/25 3:56 2 1 1 15.5 0.09
4/1/25 2:42 2 1 2 14.7 0.85
4/3/25 5:24 2 1 2 13.5 0.67
4/4/25 8:15 1 1 1 11.6 0.79
4/5/25 8:55 1 1 2 10.2 0.68
4/13/25 1:06 2 1 2 6.4 0.06
4/15/25 8:27 1 1 1 10.9 0.11
4/15/25 5:10 2 1 2 15.5 0.19
4/16/25 7:20 1 1 1 9.4 0.13
4/16/25 12:02 2 1 2 13.7 0.12
4/16/25 4:10 2 1 2 14.4 0.11
4/17/25 7:48 1 1 1 9.2 0.12
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Appendix 5. 

East Side Data Set (Location 2)  

 

 

 

Date Time Meridiem Location Tide Temp PSU
3/23/25 9:22 1 2 2 6.2 0.11
3/23/25 12:53 2 2 1 10.4 0.11
3/28/25 4:58 2 2 1 11.9 0.1
3/29/25 10:30 1 2 2 10.5 0.09
4/1/25 4:41 2 2 2 13.7 1.26
4/3/25 5:17 2 2 2 11.5 1.1
4/4/25 1:52 2 2 1 16 0.87
4/5/25 8:48 1 2 2 13.1 0.96
4/13/25 1:13 2 2 2 7.4 0.22
4/15/25 8:36 1 2 1 10.7 0.15
4/15/25 5:18 2 2 1 13.1 0.15
4/16/25 7:26 1 2 1 10.7 0.17
4/16/25 12:21 2 2 2 11.5 0.15
4/16/25 4:18 2 2 2 13 0.15
4/17/25 7:56 1 2 1 9.3 0.15
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