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Abstract 

Enterococcus is a genus of bacteria found worldwide, most abundantly residing in 

human and animal gastrointestinal tracts. They are historically recognized as fecal 

indicator bacteria (FIB) and are ill-reputed for their link to millions of infections each 

year (Byappanahalli et al., 2012).  Fecal pollution sources can significantly engender 

enterococci contamination in marine water (EPA, 2012). Some environmental variables 

have been correlated with enterococci contamination of beaches, though these 

relationships have been difficult to determine. In the US, recreational beach water quality 

is regulated by each state’s Department of Public Health alongside local boards of health 

(Town of Nahant, 2021). In Massachusetts, beach monitoring is often performed by the 

Department of Conservation and Recreation (DCR). In a 2021 report on water quality, 

Nahant Bay boasted adjacent beaches with both the best and worst water quality scores 

(Save the Harbor, 2021). This makes Nahant Bay, located in the northern region of 

Boston’s metropolitan beaches, an ideal candidate for analyzing environmental variables 

and enterococci contamination. 

For this project, I analyzed fecal pollution sources and environmental variables 

that potentially correlated with enterococci contamination across Boston’s metropolitan 

beaches from 2005-2022. I also conducted field samples for a regional case study in 

Nahant Bay in 2022.  I hypothesized that: 1) proximity to fecal pollution sources will 

have a positive correlation with enterococci contamination as measured by #CFU/100mL 

per single sample; 2) precipitation, sunlight, and tide were increasingly strong predictors 



  

 

 

of enterococci contamination from 2005-2022, due to climate change implications; 3) the 

statistical power of predicting variation in Enterococcus bacteria counts would be 

enhanced in the 2022 study by increasing the number of environmental predictor 

variables in regression analysis; and 4) measurement of the variables precipitation, 

sunlight and tide taken concurrently when sampling at Nahant Bay in 2022 will further 

increase statistical power. 

I collated data from 45 sampling points across 15 beaches in the greater Boston 

area. For H1, fecal pollution sources were compared to median contamination rates at 

each beach. For H2, the variables precipitation, sunlight and tide were analyzed by 

multiple regression to explain variation in the DCR database of enterococci 

contamination from 2005-2022. For H3, data for the variables water temperature, salinity 

and pH were collected and analyzed to improve prediction of enterococci contamination 

in Nahant Bay. For H4, measurements were collected and analyzed against measurements 

gathered as daily averages for the same variables. Regression analysis found that 

significant fecal pollution sources to metropolitan Boston beaches did not impact bacteria 

contamination rates but Stacey Brook outfalls in Nahant Bay were highly significant. 

Sunlight, precipitation and tide were correlated to enterococci contamination but with low 

explanatory power. Water temperature, salinity and pH did not improve prediction of 

contamination rates, and concurrent sampling in 2022 did not increase statistical power. 

Because environmental variables can be highly variable, prediction of marine 

water contamination is difficult to determine on a large scale. For this reason, local 

analysis is crucial in shaping beach management policy.
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Chapter I 

Introduction 

Enterococcus is a genus of bacteria found worldwide, most abundantly residing in 

human and animal gastrointestinal tracts (Byappanahalli et al., 2012). The taxonomy of 

enterococci is difficult to define by phenotypic traits as heterogeneity is high regardless 

of an isolate’s origin. Currently, the genus consists of 36 species classified in five groups, 

but that is likely to continue to shift as species are reallocated due to similarities with 

species of the genera Streptococcus and Lactococcus, which only became taxonomically 

separate from Enterococcus in the 1980s (Byappanahalli et al., 2012).            

Enterococcus bacteria are widely recognized as the strongest indicator of fecal 

pollution in evaluating recreational water quality by its correlation to negative human 

health outcomes (EPA, 2012). Unlike other fecal indictor bacteria (FIB) such as E. coli or 

fecal coliforms, not all species of Enterococcus bacteria are pathogenic (EPA 

Recreational Water Quality Criteria, 2012). However, some species, such as E. faecalis 

and E. faecium, are well known for their association with nosocomial, or healthcare 

associated, infections in humans (Korajkic et al., 2020). Members of the Enterococcus 

genus are infamous for their inherent and/or acquired ability to demonstrate antibiotic 

resistance, the ease with which they are cultured, and their ability to survive or even 

thrive under a wide range of environmental conditions (Byappanahalli et al., 2012). 

Enterococci are not only found in high concentrations in the environment from point 

source pollution such as sewage outflows, but also from indirect contamination sources 

such as runoff (Giraffa, 2002).  
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The current method for determining recreational water quality in fresh and marine 

water is by monitoring levels of enterococci contamination (Byappanahalli et al., 2012). 

In the US, as directed by EPA, fresh and marine water quality is measured by the number 

of colony forming units (CFU) of Enterococcus bacteria divided by 100 mL sample 

volume, expressed as #CFU/100mL (EPA Recreational Water Quality Criteria, 2012). 

Enterococci contamination in recreational marine water should be no more than 104 

CFU/100mL per single sample (Boehm & Sassoubre, 2014). In the case of consistently 

high contamination levels, the geometric mean (derived from the past five samples 

collected) should be no more than 35CFU/100mL in marine water (EPA Recreational 

Water Quality Criteria, 2012). Contamination levels above 104CFU/100mL or a 

geometric mean above 35CFU/100mL result in a posted beach, which is defined as a 

publicly posted beach closure due to concern for human wellbeing (EPA Sanitary 

Surveys for Recreational Water, 2021). 

Environmental variables play an important role in determining enterococci 

contamination in bodies of water around the world (Islam, Hofstra, & Islam, 2017). Due 

to geographical and seasonal variation, it is not possible to quantify universal correlations 

between environmental variables and enterococci contamination. The implications of 

climate change further complicate these relationships. However, studies have shown 

varying degrees of positive correlations between enterococci contamination and the 

environmental variables of precipitation, temperature and tide, and negative correlations 

with the variables of sunlight, salinity and pH. There is little research on how 

environmental variables correlate with enterococci contamination in Massachusetts or 
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similar regions. Local analysis could be useful in guiding beach management practices by 

quantifying these correlations on a regional level. 

Research Significance and Objectives 

By quantifying the correlation between environmental variables and enterococci 

contamination, my study could aid in improving beach management, enabling more 

accurate beach postings, promoting public safety through education and decreased risk of 

illness, and reducing the need for sampling, subsequently freeing up local and state 

resources. While the results of this study are particularly relevant to Boston’s 

metropolitan beaches, they could prove helpful in similar regions, and the methods could 

be adopted to analyze enterococci contamination in recreational marine water elsewhere. 

Quantifying these correlations could also be useful in further understanding how the 

impacts of climate change could affect recreational water quality and subsequently 

human health in the future. 

Therefore, my research objectives were: 

● To contribute to understanding how environmental variables correlate to 

enterococci contamination in marine water 

● To contribute to beach management policy and public safety by providing 

quantitative research on a regional scale 

● To develop a framework integrating fecal pollution sources, environmental 

variables and enterococci contamination that can be adapted to different regions 

for future applications 



 

 4 

● To visually analyze present and future implications of climate change by studying 

shifts in environmental variables in the study region from 2005-2022 

Background 

Fecal indicator bacteria (FIB) concentrations have historically been linked to 

recreational waterborne illness-gastrointestinal (GI) illness, upper respiratory infections, 

rashes, eye irritations and infections (EPA Recreational Water Quality Criteria, 2012). 

Recreational water quality has been evaluated for human safety by the prominence of FIB 

since the 1960’s, originally focusing on concentrations of fecal coliform. In the 1970s 

and early 1980s, EPA conducted several epidemiological studies comparing fecal 

coliform, E. coli and enterococci as indicators of fecal pollution in marine water by 

subsequent human health outcomes. These studies found that evaluating FIB to protect 

humans against GI illness was effective against most types of recreational waterborne 

illnesses. In 1986, EPA released Ambient Water Quality Criteria for Bacteria – 1986, 

which revealed that waterborne illnesses in humans are most strongly indicated by 

enterococci concentrations in recreational water. It is worth noting the FIB do not 

necessarily cause illness but rather indicate the presence of pathogens due to fecal 

contamination. It is also worth noting that increased exposure to contaminated water-- 

i.e., depth, length of time, and frequency of submersion -- are all positively correlated 

with increased risk of illness (EPA Recreational Water Quality Criteria, 2012).  

Since the 1986 text was published, enterococci have functioned as the primary 

FIB in evaluating recreational marine water quality. However, results are now compared 

against a broader definition of GI illness than the one utilized in studies leading to the 
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1986 publication. The current definition of recreational waterborne GI illness according 

to EPA (2012) is: 

any of the following [within ten to 12 days after swimming]: (a) diarrhea (three or 

more loose stools in a 24-hour period), (b) vomiting, (c) nausea and stomachache, 

or (d) nausea or stomachache and impact on daily activity. 

 

This definition removed fever from association with diarrhea, nausea or stomachaches 

since viruses are primary contributors to many cases of GI illness and are not necessarily 

associated with a fever. Though relationships between enterococci contamination and 

human illness vary among epidemiological studies, EPA guidelines are based on a 

standard that a geometric mean of =>35CFU/100mL equates to 36 illnesses per 1,000 

recreational swimmers in marine water (EPA Recreational Water Quality Criteria, 2012).  

Beach Monitoring Practices 

In an effort to regulate and increase the cleanliness of recreational waters, the US 

Congress implemented the Beaches Environmental Assessment and Coastal Health 

(BEACH) Act in the year 2000. In an effort to reduce human health risk, the BEACH Act 

aims to identify high risk beaches, identify and reduce pollution, and communicate water 

quality results to the public (Town of Nahant, 2021). In Massachusetts, beach monitoring 

is often performed by the Massachusetts Department of Conservation and Recreation 

(DCR) (Town of Nahant, 2021). The Massachusetts DCR was awarded funding in 2001 

to support the BEACH act and established a publicly available database of enterococci 

contamination levels at recreational beaches throughout the state. Since 2005, the DCR 

has performed weekly sampling during the summer season between Memorial Day and 

Labor Day in an effort to inform the public of potential health risks (Town of Nahant, 

2021). 
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One of the biggest challenges facing current beach monitoring practices is the 

amount of time between collecting water samples and receiving lab results, which ranges 

from one to five days (Massachusetts DPH, 2019). If lab results from water samples are 

delayed, sometimes up to several days, beach postings or a lack thereof can misinform 

the public. Further, as a result of the nature of bacteria in the environment, enterococci 

contamination often exists below the detectable limit of currently available tests 

(Clemente, 2017). This data is recorded as “non-detect”, meaning that while some 

occurrence of enterococci is found, the measurable quantity of CFU’s is too low to 

determine. Non-detect samples are reported as at or below their lowest detectable limit or 

in other words, their highest potential contamination level. Previous research has found 

that this non-detect data can make up a significant portion of samples collected in a given 

study region (Clemente, 2017). While this is good news for recreational beach goers, 

testing limitations can hinder research efforts in analyzing variations in bacteria counts.  

A faster sampling technique, the quantitative polymerase chain reaction, or qPCR, 

method has proven equally or more accurate than traditional sampling, providing results 

in as little as four hours (Dorevitch et al., 2017). However, implementing qPCR testing is 

expensive and requires a more technical analysis as well as additional lab equipment. 

Dorevitch et al. (2017) found that outcomes in beach management decisions were rarely 

impacted when comparing the results of both methods side by side. Additionally, 

traditional methods are considered trustworthy and established, further making qPCR 

tests a hard sell given practical and financial limitations (Dorevitch et al., 2017). 

Marine Fecal Pollution Sources 
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While Enterococcus bacteria have been found in marine environments without a 

direct source, fecal pollution is the most widely recognized contributor of Enterococcus 

(EPA Recreational Water Quality Criteria, 2012). According to EPA, fecal pollution 

sources that most strongly correlate with enterococci contamination in marine water are 

Waste Water Treatment Plant (WWTP) effluent, leaking septic systems, runoff from 

animal agriculture, non-human feces and discharge from recreational boats.  

 

Waste Water Treatment Plant Effluent 

Effluent from WWTP’s is the most significant contributor of fecal bacteria in 

developed countries (Leclercq et al., 2013). Kelly et al. (2021) found that poor 

infrastructure was correlated with higher rates of contamination in Monroe Country, 

Florida while infrastructure improvements were correlated to a decrease in enterococci 

contamination over time. Additionally, water quality, as determined by enterococci 

contamination, was reflected in residential patterns along coastlines near Dar es Salaam 

in Tanzania with increased population, particularly in urban areas, mirrored by increased 

enterococci contamination in the water (Mushi, 2020). A review of 14 WWTP’s and 

eight slaughterhouse treatment plants found that the difference between inflow versus 

outflow bacterial load were not statistically significant in a study conducted in Portugal, 

emphasizing effluent contribution to water contamination (Oliveira et al., 2016). In 

samples collected from eleven WWTP’s in three European countries (Blanch et al., 

2003), enterococci contamination in surface waters was deduced to be most significantly 

correlated with urban wastewater, since the dominant species of enterococci found in the 

environment were the same found in urban wastewater. Differences in enterococci 



 

 8 

contamination between wastewater effluent and surface water has been consistently 

attributed to environmental conditions in these studies. 

 

Septic Systems 

In the US, septic systems are estimated to service about one quarter of residential 

homes nationwide (Hoghooghi et al., 2021). Septic systems consist of a tank and a 

drainfield or treatment area where wastewater enters the tank, solid material settles at the 

bottom and the remaining effluent pours into the drainfield then seeps into the soil 

(Hoghooghi et al., 2021). Septic system failure often results in contaminating surface and 

ground water with excessive nutrients and dangerous pathogens (Mallin, 2013). Soil that 

is waterlogged or porous, such as sand or limestone, can cause pollutants to pass through 

the substrate quickly, contaminating groundwater. Conversely, soil that is impermeable, 

such as clay, can cause septic system effluent to pool and then be transported to surface 

water via runoff. Porous soil is typical for coastal areas, where clay soil is more 

commonly found inland. Viruses contracted by exposure to marine water have been 

traced back to fecal contamination caused by faulty septic system establishment and 

management (Mallin, 2013). 

 

Animal Agriculture 

Runoff is the primary method of transport from agricultural land to water sources, 

making proximity to farmland an important consideration in evaluating fecal pollution in 

recreational water. The risk to human health as a result of exposure to water 

contaminated by non-human fecal sources varies in magnitude across studies. Fecal 
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pollution from animal agriculture is largely due to improper manure storage and/or 

application and is transported into surface water as a result of runoff (EPA Polluted 

Runoff, 2021). Given increased demand for animal products, land use for livestock has 

not only significantly increased over the last three decades but shifted structurally to 

accommodate more animals at the expense of producing feed versus purchasing it 

(Gerber, Opio & Steinfeld, 2018). This has resulted in less cropland for manure 

application combined with an increase in manure.  The transport of microbial pathogens 

to groundwater, where enterococci concentration can remain stable, has been found to be 

significantly greater than the transport of trace organic contaminants (Hubbard et al., 

2020).  

 

Non-Human Feces 

Enterococcus bacteria from animal feces is correlated with enterococci 

contamination in water for both domestic animals and wildlife (EPA Polluted Runoff, 

2021). Shorebirds, waterfowl and domesticated dogs produce the animal fecal events 

widely recognized as contributors to enterococci contamination in marine water across 

studies (Koskey et al., 2014; Rothenheber & Jones, 2018). Mammalian fecal pollution 

was strongly correlated with enterococci contamination on estuarine and coastal beaches 

in southern Maine while human fecal pollution was not (Rothenheber & Jones, 2018). In 

the same vein, seagull fecal pollution was found in over 75% of marine water samples but 

only 10% of fresh water samples despite no decrease in avian fecal pollution in 

freshwater. The fecal contribution of domestic dogs to enterococci contamination is 

understudied despite being found to contribute significantly more contamination than 
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wild animals (Rothenheber & Jones, 2018). A notable difference between fecal pollution 

resulting from wild animals or pets versus other pollution sources is that animal fecal 

contamination tends to be concentrated, whereas contamination from other sources, such 

as wastewater effluent and runoff, does not (Koskey et al., 2014).  

 

Recreational Boat Discharge 

Monitoring sewage from recreational vessels is framed by the Clean Water Act 

and implemented by EPA and the U.S. Coast Guard (EPA Vessel Sewage Discharges, 

2021) Discharge is regulated through vessel equipment monitoring and the establishment 

of No Discharge Zones (NDZ) which dictate where a boat can or cannot discharge 

sewage into the water. Increased boat traffic is correlated with increased fecal 

contamination in coastal waters, particularly in areas where vessels congregate, such as 

harbors or anchorages (Koboevic et al., 2022). This finding is particularly relevant for 

recreational water that is not subject to human fecal pollution otherwise. Small 

commercial and recreational vessels, such as sailboats, yachts and small cruisers, are 

found to contribute more human fecal contamination to marine water than large vessels, 

such as cruise ships. As a result, it is becoming more common in the US for states to 

establish NDZs stretching three miles out from the coastline (EPA Vessel Sewage 

Discharges, 2021).  

 

Environmental Variables Influencing Marine Enterococci Concentrations 

One of the most problematic issues of Enterococcus bacteria is their ability to 

survive outside of ideal environmental conditions (Byappanahalli et al., 2012).  While 
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results of studies worldwide have produced inconsistent findings, relationships between 

environmental variables and enterococci contamination have not been found to be 

influenced by the source of the bacteria (Noble, Lee, & Schiff, 2004). Across studies, the 

environmental variables most significantly correlated with enterococci contamination in 

water are precipitation, sunlight, tide, water temperature, salinity and pH. 

 

Precipitation 

Precipitation has been positively correlated with enterococci contamination in 

marine water samples taken both immediately and several days after a weather event 

(León-López et al., 2018). Sampling during dry seasons tends to reflect lower enterococci 

concentrations and in estuaries, fresh water is more strongly correlated with enterococci 

contamination than soil or sediment (Rothenheber & Jones, 2018). Precipitation has been 

positively correlated with enterococci contamination as a result of runoff, particularly 

related to animal agriculture. This implies that wet weather seasons and storm events 

increase enterococci contamination. Islam et al. (2017) found that precipitation was 

positively correlated with enterococci contamination for the 96 samples taken monthly 

over a two-year time period in the Betna River basin, while all other environmental 

variables (water temperature, salinity, pH, electrical current and turbidity) were less 

important. The regression model indicated that nearly half of the variability in 

enterococci contamination (R 2 = 0.48) was correlated with the conjunction of 

precipitation and water temperature, while salinity was negatively correlated; all other 

variables were not statistically significant (Islam et al., 2017). 
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Sunlight 

Sunlight is one of the most studied amongst microorganisms and their 

environments and Enterococcus bacteria are no exception (Byappanahalli et al., 2012). In 

1929, it was discovered that DNA could absorb ultraviolet (UV) light, leading to further 

study of the effects of UV on microorganisms (Gates, 1929). While sunlight can kill 

microorganisms, its effectiveness varies. In order to achieve a 90% reduction of 

enterococci concentrations in marine water contaminated with sewage, exposure to 

sunlight ranged from 2-35 hours (Byappanahalli et al., 2012). Across mesocosm studies, 

seasonal and geographical variances as well as other environmental variables can 

influence the rate of die-off. When exposing enterococci to sunlight in marine water, 

winter months, decreased temperature and low turbidity increased the speed of die-off 

compared to the same sunlight exposure in summer months with increased temperature 

and turbidity (Kay et al., 2005; Noble et al., 2004). Additionally, sunlight inactivation of 

enterococci is more effective in marine water than in fresh water (Noble et al., 2004).  

 

Tide and Distance from Beach 

Tide has been found to be positively correlated with enterococci contamination 

and increases in significance alongside other variables, such as wind and turbidity 

(Byappanahalli et al., 2012). High tide is associated with an increase in enterococci 

contamination while low tide is not. This variation is important because sampling during 

high tide can result in contamination levels exceeding what is considered safe for human 

use (104CFU/100mL) while under similar circumstances, a sample collected during low 

tide is often under the recreational use limit (Wright et al., 2011). These findings were 
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consistent in multi-day sampling as well as hourly sampling across studies (Aslan, 

Anderson, & Chapman, 2018; Rothenheber & Jones, 2018; Wright et al., 2011). 

When evaluating tide, it is important to note that enterococci concentrations in 

marine water increase with proximity to the shoreline, which has been historically 

credited to pollution sources such as effluent or runoff. This implies that the intertidal 

zone could be a significant source of enterococci contamination in corresponding water. 

However, this anthropogenic understanding may not encapsulate the potential for 

naturally occurring enterococci in other environmental mediums since studies have found 

that sand can be significantly more saturated with enterococci than corresponding water, 

despite an identified pollution source. Enterococci concentrations were found to be 10-

100 fold higher in sand further from corresponding water in a study of Hawaiian beaches, 

while enterococci concentration decreased in samples further from the shore regardless of 

other variables such as tide, temperature, pH and salinity (Wright et al., 2011). This 

suggests that enterococci in the surrounding environment, regardless of origin, could be a 

significant contributor to enterococci contamination in marine water.  

 

Water Temperature 

Water temperature is positively correlated with increased enterococci 

contamination. It is theorized this is due to bacterial proliferation, though this has not 

been substantiated (Islam et al., 2017). While enterococci prosper between 10-45°C, they 

can persist in temperatures above and below this range. Consistently across studies, 

correlations between an increase in water temperature and an increase in enterococci 

contamination have been found (León-López et al., 2018). It is worth noting that 
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increased water temperature is often found in conjunction with increased recreational use 

by humans. This highlights the need for a quantifiable correlation between water 

temperature and enterococci contamination and calls attention to the potential use of 

sanitary surveys to evaluate the associated risk increased recreational beach use can 

contribute to enterococci contamination. 

 

Salinity 

One of the defining characteristics of the genus Enterococcus is the bacteria's 

ability to grow in the presence of salt (up to 6.5% NaCl), which is a criterion that 

arguably makes Enterococcus bacteria a better FIB than other indicators, such as fecal 

coliform or E. coli, which have lower salt tolerance (Byappanahalli et al., 2012).  

However, it has been universally found that salinity is negatively correlated with 

enterococci contamination (Dorsey et al., 2010; Viau et al., 2011). In analyzing water 

samples of varying salinity contaminated with sewage, the amount of time needed to 

achieve a 90% reduction in enterococci contamination decreased as salinity increased 

(Kay et al., 2005). While the effects of salinity on enterococci can be strengthened by 

other environmental variables, such as sunlight, a negative correlation is consistently 

found when isolated from other environmental variables across studies (Byappanahalli et 

al., 2012). This is relevant when analyzing the correlation between salinity and 

enterococci contamination since enterococci die-off occurs at least twice as quickly in 

marine water as it does in fresh water (Anderson, Witlock, & Harwood, 2005). Further, 

enterococci contamination levels can remain unchanged in fresh water over the course of 

weeks and months (Davies et al., 1995). 
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pH 

Though the optimum pH for enterococci is 7.0-7.5, they can proliferate in a wide 

range of pH’s (5.0-9.6) and their tolerance to even more extreme acidic and alkaline 

conditions can be manipulated (Mubarak & Soraya, 2018). Enterococci tolerance to pH 

levels outside of their ideal range increases with exposure, meaning that gradual changes 

in pH build resistance to increasingly higher and lower pHs. Enterococcus bacteria were 

found to be tolerant of acidic pH ranging from 2.9-4.2 (Zou & Shankar, 2016), though 

interactions are inhibited by low pH stress and exposure to increasingly acidic conditions 

(Mubarak & Soraya, 2018). In wastewater treatment, exposure to low pH is more likely 

to have a bactericidal effect on enterococci than high pH, though the addition of other 

variables can increase or decrease the rate of bacterial decay when exposed to either 

extreme (Awuah et al., 2002). Quantifying the correlation between pH and enterococci 

concentration is highly relevant in treating wastewater, but the ability of enterococci to 

adapt to highly acidic or alkaline conditions is also relevant for beach management, 

considering the long-term trajectory predictions of ocean acidification. Unfortunately, the 

influence of pH is understudied in marine water despite its significance when considered 

alongside other environmental variables, such as sunlight, which enhances the 

bactericidal effects of pH shifts (Awuah et al., 2002). 

 

Pollution of Metropolitan Boston Beaches 

 In 1984, the Massachusetts Water Resources Authority (MWRA) was established 

under legislature to provide and manage water and sewage services for communities in 
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eastern and central Massachusetts (MWRA Profile, 2022). The centerpiece of the $3.8 

billion Boston Harbor Project was the establishment of the Deer Island Waste Water 

Treatment Plant (WWTP), which is central to the study region and services 3.1 million 

people in 43 communities, and is responsible for processing 400 million gallons of 

sewage per day (MWRA, 2009). Enterococci contamination dramatically improved after 

Deer Island WWTP and other improvements in sewage infrastructure (Figure 1). 

 

 
Figure 1. Boston harbor and bay bacterial water quality in wet weather before and after 

MWRA improvements (MWRA, 2018). 

 

The Deer Island Waste Water Treatment Plant boasts a 9.5-mile-long outfall pipe 

that extends into the Massachusetts Bay, effectively removing fecal pollution from the 

harbor by diluting effluent through eight small ports in each of the 50 pipes along the 
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outfall line, which remains extensively monitored since its completion in 2000 (MWRA, 

2009). The majority of the greater Boston area’s sewage is serviced by the Deer Island 

WWTP, although a few communities are not fully serviced by the MWRA (Figure 2). 

Since the establishment of the MWRA, the successful clean-up of the Boston harbor is 

largely attributed to the development and ongoing maintenance of the Deer Island 

WWTP.  

 

 
Figure 2. MWRA service area (MWRA, 2022). 

 

 

 In addition to the Deer Island WWTP’s outfall pipe, the region’s Combined 

Sewage Overflows (CSOs) are also extensively monitored. Combined sewer systems are 
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designed to collect runoff from storm events and industrial and domestic wastewater in 

the same pipe and transport it to a treatment facility. However, it is often the case that 

periods of heavy rain or snow exceed system capacity, resulting in the implementation of 

overflows, which are designed to release excess untreated sewage into nearby waterways. 

Prior to 1988, CSO treated and untreated discharge events happened every time it rained, 

approximately 100 times per year (MWRA, 2015). As of the latest CSO progress report 

by the MWRA in 2015, sewage discharges have been reduced to 0-7 times per year 

(Figure 3). With over $6 billion invested into the MWRA’s sewer system, the Boston 

Harbor Project is recognized as a monumental environmental achievement nationwide.  

 
Figure 3. Region wide CSO discharge volume reduction (MWRA, 2015).   
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Agriculture is a significant contributor to decreased water quality through 

pollution by nutrients, pesticides, fecal bacteria and sediment from soil erosion (EPA 

Polluted Runoff, 2021). Broadly speaking, exposure to water contaminated by animal 

feces has a similar contribution to negative human health outcomes as exposure to water 

contaminated by human feces. According to the 2017 Agricultural Census for 

Massachusetts, animal agriculture accounted for about 36% of farm land acreage (USDA, 

2017). In Massachusetts, Boston’s metropolitan beaches are bordered by four counties: 

Essex, Suffolk, Norfolk and Plymouth. Suffolk and Norfolk county are central to the 

geography, bordering the majority of the metropolitan coastline and accounting for less 

than 3% of Massachusetts’s total agricultural sales (USDA, 2017). Livestock sales 

account for 14% of agricultural sales in Plymouth County, 13% in Essex County, 3% in 

Suffolk County, and <1% in Norfolk County (USDA, 2017). Proximity of farms with 

livestock to waterways could impact enterococci contamination in recreational marine 

water, particularly near estuaries. Figure 4 depicts the number of farms by county in 

Massachusetts and adjacent New England states. 

Freshwater is a known conduit of enterococci contamination to marine water, 

highlighting the significance of fecal contributions to marine water by means of fresh 

water transport (Rothenheber & Jones, 2018). There are several rivers and streams that 

flow across multiple counties into Massachusetts Bay. Boston Harbor is an estuary 

system consisting of eight primary watersheds (Winthrop Bay, Mystic River, Charles 

River, Inner Harbor, Neponset, Quincy Bay, Weymouth River and Weir River) that drain 

into Boston Harbor and mix with the saltwater of Massachusetts Bay. Of these eight 

watersheds, the Mystic, Charles and Neponset rivers are the largest and most significant 
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Figure 4. Number of farms in southern New England counties, 2017 (USDA, 2017). 

 

(MWRA, n.d.). Since 1989, the MWRA has been monitoring water quality in these three 

rivers and currently monitors over 70 sites within this region. The Mystic river is the 

furthest north and shortest in length, stretching five miles through dense industrial and 

residential neighborhoods from the Mystic Lakes in Arlington and Winchester. The 

Charles river is located central to the study region, stretching almost 80 miles from Echo 

Lake in Hopkinton, MA. These two rivers merge together to form the Inner Harbor 

before spilling into Boston Harbor. Lastly, the Neponset river is the furthest south of the 

three tributary rivers, running some 28 miles from Foxboro, MA into Boston Harbor 

(MWRA, n.d.). 
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Animal feces could pose a problem for Boston area beaches since dog bans in 

place are only loosely respected at the few beaches that have them, especially outside of 

peak hours. In quantifying the significance of non-human feces to enterococci 

contamination, one domestic dog fecal event was found to be equivalent to 6,940 wild 

bird fecal events (Wright et al., 2009). In addition, many beaches double as conservation 

land and are home to an array of wild animals throughout the year, including migratory 

bird species. The distribution and abundance of  domestic and wild animals in the study 

region could help identify the significance of their fecal contribution. 

Sampling Contamination of Boston’s Metropolitan Beaches 

Since 2015, Save the Harbor/Save the Bay, a non-profit organization, has released 

annual water quality reports in conjunction with the Massachusetts Department of Public 

Health (DPH) with a common goal of restoring Boston’s metropolitan beaches from 

Nantasket to Nahant (Save the Harbor, 2021). Since 2005, the Massachusetts DCR in 

conjunction with local boards of health has been collecting water samples to monitor 

Enterococcus bacteria at recreational beaches. According to the DPH, the samples should 

arrive at a certified laboratory within six hours. The majority of samples are processed at 

private facilities and all labs must be approved by EPA (Town of Nahant, 2021). Results 

must be reported to the board of health within five days. Samples are collected on a 

minimum weekly basis from Memorial Day to Labor Day each year. However, 

disturbances can cause increased bacteria counts and result in beach postings. Additional 

samples are collected following weather events, physical disruptions or safety hazards 

until a safe threshold of contamination is achieved (Massachusetts DPH, 2019). 
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Case Study: Nahant Bay 

The Boston Harbor geography includes Nahant Bay, a coastal Atlantic inlet 

stretching approximately two miles, and monitored with 12 DCR marine sampling sites; 

they have showed high variability in contamination despite their close proximity. In 

2021, among all Boston metropolitan beaches, Nahant Bay boasted the lowest water 

quality at one beach (King’s Beach) and tied for highest water quality at another (Nahant 

Beach), despite the two beaches being adjacent to each other (Save the Harbor, 2021). 

This variability in water quality makes Nahant Bay an ideal candidate for analyzing 

relationships between environmental variables and enterococci contamination. 

Research Questions, Hypothesis and Specific Aims 

My research addressed three related questions and their associated hypotheses: 

Q1: To what extent do fecal pollution sources correlate to enterococci contamination 

levels at Boston’s metropolitan beaches?  

● H1: Proximity to fecal pollution sources is positively correlated with enterococci 

contamination as measured by #CFU/100mL per single sample. 

Q2: To what extent do environmental variables (precipitation, sunlight and tide) correlate 

to enterococci contamination at Boston’s Metropolitan Beaches? 

● H2: Precipitation, sunlight and tide increased in strength of correlation with 

enterococci contamination from 2005-2022, due to climate change implications, with 

precipitation the most statistically significant predictor of enterococci concentration. 

Q3: To what extent do environmental variables (precipitation, sunlight, tide, water 

temperature, salinity and pH) correlate with enterococci contamination in Nahant Bay? 
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● H3: The statistical power of predicting variation in Enterococcus bacteria counts was 

enhanced in 2022 by increasing the number of environmental predictor variables 

modeled. Specifically, water temperature and salinity will be significant predictor 

variables from sampling at Nahant Beach in 2022. 

● H4: The measurements of precipitation, sunlight and tide taken concurrently during 

sampling at Nahant Bay in 2022 will increase in statistical significance over the 

measurements gathered as daily averages for the same variables. 

Specific Aims 

To complete this research, I aimed to: 

1. Derive Enterococcus bacteria concentration data from the 45 DCR beach 

sampling points across the 15 beaches in the study region from 2005-2022, 

aggregating data from the DPH database by beach location and removing outliers. 

2. Create a map of fecal pollution sources and enterococci sampling points 

pertaining to Boston’s metropolitan beaches, then analyze enterococci 

concentration by geographical proximity to fecal pollution sources. 

3. Conduct simple and multiple regression analysis for three environmental variables 

— precipitation, sunlight and tide — to examine their power in predicting 

enterococci contamination from 2005-2022.  

4. Conduct additional regression analysis to examine correlations by time, by month 

or year, and by storm event.  

5. From Memorial Day to Labor Day in 2022, collect samples for the additional 

environmental variables of water temperature, salinity and pH in Nahant Bay at 

its 12 sampling sites.  
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6. Conduct regression analysis for Nahant Bay bacterial concentrations in 2022, 

adding the three variables I collected in the field to the three variables analyzed 

for 2005-2022.  

7. Advise beach management policy by providing quantified correlations between 

environmental variables and enterococci contamination in this region, aiding in 

safer recreational beach use for human health benefit as well as public education 

pertaining to the study region and economic gain to surrounding areas.  
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Chapter II 

Methods 

Enterococcus bacteria data were obtained from the Commonwealth of 

Massachusetts Department of Public Health (DPH) database (2022). The data used in this 

study had been collected since 2005 from 45 sampling sites across 15 beaches (Kings, 

Nahant, Short, Revere, Winthrop, Constitution, Pleasure Bay, City Point, M Street, 

Carson, Malibu, Savin Hill, Tenean, Wollaston and Nantasket). These beaches are in 

close proximity to each other, therefore experiencing similar environmental conditions. If 

the data were found to vary significantly from each other when aggregated by beach, the 

conclusion would be that bacterial concentrations are heavily influenced by sampling 

location, despite experiencing similar geographical conditions. The research then would 

analyze the data by individual beach. On the other hand, low variation in enterococci 

contamination between beaches could justify aggregating the data into one dataset, 

providing a larger sample to strengthen statistical analysis.  

Enterococci Concentrations in Beach Water Samples  

Water samples were collected by the DCR once per week, or more often in the 

case of an exceedance of 104CFU/100mL in single sample or a 5-day geometric mean 

exceedance of 35CFU/100mL, from Memorial Day to Labor Day each year. The protocol 

for sampling for Enterococcus bacteria at each of the 45 beach sites, according to the 
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Massachusetts Department of Public Health (DPH) (2019), and used by DCR technicians, 

was as follows: 

● Wade to a depth of 3 feet and wait for the debris to settle. 

● Remove cap of sterile sample bottle and plunge the bottle 12 inches under 

the surface, filling it in one downward motion, moving away from your 

body. Discard a few millimeters to allow airspace. 

● Place bottle in cooler with ice packs. 

● Field data (e.g. sample time and water clarity) must be recorded at time of 

collection on a form provided by DPH” (Massachusetts DPH, 2019).  

In Massachusetts, enterococci testing results are publicly organized in the DPH 

database by date of collection, enterococci contamination (written as #CFU/100mL), and 

‘storm event’ marked either ‘YES’ or ‘NO’. According to the DCR (pers. comm.), 

enterococci samples marked ‘storm event’ indicate that there was rainfall within 24 hours 

at the sampling site prior to collection.  The DCR implemented this protocol because 

previous research indicated that precipitation, direct and indirect, is the environmental 

variable most significantly correlated to enterococci in marine water.  

Per DCR protocol, all non-detect samples, those with concentrations below the 

detection threshold, were quantified as half of the average value of maximum non-detect 

potential contamination for statistical analysis. Across the 45 sampling sites in this study, 

the majority of non-detect samples were recorded as <10CFU/100mL. Therefore, all non-

detect samples in this study were analyzed as 5CFU/100mL.  

Distance of Pollution Sources to Beaches 

Throughout the entire study period of 2005-2022, the Deer Island WWTP and 

Boston’s tributary rivers had been recognized for their contribution to fecal 

contamination in Boston’s metropolitan beaches and subsequently monitored. In this 

study, Enterococcus bacteria were analyzed by distance to each pollution source. 
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Geographic proximity was calculated by using the Google Maps (n.d.) measuring tool 

between the geotag location of each pollution source and each beach. The pollution 

sources most relevant as determined by EPA to this study region were the Deer Island 

WWTP, the Neponset river mouth and Boston Inner Harbor, where the river mouths of 

the Mystic and Charles river merge. 

Three fecal pollution sources –septic system failures, recreational boat discharge 

and non-human animal feces were not included in analysis of beach fecal contamination.  

Septic system failures were not included for two reasons. First, Massachusetts is one of 

the only states that does extensive monitoring of septic tanks and enforces regular 

inspections and maintenance as needed (Kaufman, 2018). Second, there are currently no 

data on septic tank failures that could be used to estimate their environmental or health-

associated impacts in Massachusetts Bay (Hoghooghi et al., 2021). Recreational boat 

discharge was not included due to established policy and a lack of data. As of 2014, all 

Massachusetts coastal waters became No Discharge Zones, meaning vessels may not 

discharge any boat sewage, treated or untreated, into water extending three miles from 

the coast (Massachusetts Office of Coastal Zone Management, 2022). Additionally, the 

state provides over 120 boat pumpout facilities distributed across the coastline, reducing 

the potential for fecal contamination from recreational boats (Massachusetts Office of 

Coastal Zone Management, 2022). Finally, while relevant to this study, non-human 

animal feces could not be included due to a lack of data. However, although all beaches 

in the study area are dog-friendly during the off-season, dogs are commonly on the beach 

during the summer season since domestic animal use of beaches is loosely regulated.  
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Regression Analysis for Environmental Variables, 2005-2022  

 To examine relationships between environmental variables and enterococci 

contamination, I selected Kings beach as the most statistically informative beach site. 

This beach was selected because it had the highest number of individual samples 

consistently collected throughout the study period, as well as high variance in 

contamination between samples. Since sampling points are often monitored more 

frequently with increased contamination, I used samples collected at least seven days 

apart to avoid analysis of non-independent samples. Historically at Kings beach, 

Thursdays are the most consistently sampled day. Therefore, all samples used in this 

portion of the study were collected on Thursdays. Bacteria concentration mean values for 

each sample date were calculated across the four sampled sites along Kings beach, with 

mean log10 values used in regression analysis. For sampling dates that did not have a 

sample collected at all four sampling sites along Kings beach, the mean value of the two 

or three remaining samples was used. Measures for all environmental variables were 

concurrent with the daily enterococci samples. During the case study at Nahant Bay in 

2022, data for the aforementioned variables was also collected for the day of sampling. 

Quantifying Environmental Variables for Statistical Analysis 

 The three variables collected by the DCR at all beaches from 2005-2022 were: 

• Precipitation: Precipitation was analyzed as mm of daily rainfall using NOAA’s 

Precipitation Frequency Data Server (2017). Precipitation was analyzed in 

categories of cumulative 1, 2, 3, 4, 5, 6, and 7-days post rainfall to account for 

delayed effects (i.e. runoff) on beach water bacterial pollution.  
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• Sunlight: Sunlight was evaluated as the daily maximum UV index measurement 

as recorded by NOAA, interpolated to the Boston area zip code 02110 (2022). 

Daily max UVI was determined from the hourly UVI Forecast. This UVI 

measurement is more representative of actual daily UVI strength since taking a 

single measurement from a designated hour, such as solar noon, would not 

account for cloud cover or other conditions that could result in an inaccurate UVI 

reporting. Daily max UVI data for the years 2005 and 2013 are not publicly 

available and therefore not included. 

• Tide: Tide was analyzed by tide height (high, mid, low) and tide stage (ebb, slack, 

flow) as reported by NOAA (2022). Tide height was recorded as high or low if 

high or low tide occurred within the 4-hour sampling window (6-10 am EST). 

Tide stage was recorded as ebb or flow depending upon the direction of travel, 

unless high or low tide occurred after 6 am or prior to 10 am, in which case tide 

stage was recorded as slack. 

Nahant Bay Case Study 

To conduct the Nahant Bay case study, samples for the additional environmental 

variables of water temperature, salinity and pH were collected from the 12 sampling sites 

in the study region (Kings, Nahant and Short beach sampling points as designated by the 

DCR) (Figure 5). The sampling took place once a week between 5:30-9 am EST on 

Thursdays, from June 9th to September 1st, 2022, following DCR’s sampling protocol 

outlined in the following section. A total of 144 samples were collected for each of the 

environmental variables to analyze correlations by date of collection across the 12 sites. 
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There were not enough same day enterococci samples collected by the DCR in 2022 for 

the four sites at Short beach; therefore, Short beach was excluded from analysis of 

environmental variables.  

 
Figure 5. Nahant Bay case study sampling sites. The 12 sites are annotated by red dots. 

(Adapted from Apple Maps, 2022). 
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I measured and recorded the additional environmental variables weekly as follows:  

● Water temperature was measured at the time of collection with a digital handheld 

thermometer immediately upon retrieval. Results were recorded in degrees 

Fahrenheit. 

● Salinity was measured at the time of collection with a refractometer, a handheld 

device used to measure a refractive index. Results were recorded as parts per 

thousand (ppt) per industry standard. 

● pH was measured at the time of collection using disposable test strips. Results 

were recorded as whole numbers on the standard scale of 0-14, where 7 is neutral.  

For improved accuracy, each additional variable was measured three times with 

only the middle measurement recorded for use in analysis. All data was uploaded into an 

Excel spreadsheet formatted parallel to the DCR’s enterococci datasets (date of sampling, 

measurement of variable, and storm event marked “yes” or “no”). However, due to 

testing precision limitations, all measurements collected for pH showed no variation 

between samples and therefore were not included (all were pH = 7).  

Additionally, a Sanitary Survey for Recreational Water, as designated by EPA, 

was conducted at each sampling site to assess physical conditions and aide in assessing 

data quality for unusual circumstances (EPA Sanitary Surveys for Recreational Water, 

2021). The sanitary surveys were also used to consider additional factors that may 

influence enterococci contamination in Nahant Bay outside the scope of this study. The 

most relevant findings from the sanitary surveys were as follows: 
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● Recreational beach use recorded during sampling consistently increased 

throughout the study period. 

● At least one domestic dog was seen on at least one beach in the study region 

each day of sampling despite the dog ban during summer season.  

● Algae concentration in the water increased with proximity to the Stacey Brook 

outfalls, two storm drains that empty direction onto the coastline of King’s 

beach. 

● Kings beach was posted on August 12th, 2022 due to elevated bacteria. It did 

not reopen for the duration of the summer season.   

Lastly, current conditions were recorded at time of sampling for the variable’s 

precipitation, sunlight and tide at each sampling site to analyze correlations for increased 

explanatory statistical power. While collecting these data was feasible, statistical power 

might be limited by a lack of variation among measures. First, precipitation occurred on 

only two days at the time of sampling and variation in UV index ranged from 0-1 due to 

the time of day at sampling, rendering time-of-collection variance in environmental 

conditions insignificant. Current conditions for tide were evaluated by the 4-hour 

sampling window for all years, including 2022 but also rendering time-of-collection 

samples irrelevant since DCR sampling could occur anytime within that window. 

The methodological assumption of statistical tests, including multiple regression 

analysis, is that the data are normally distributed. The bacteria data reported by the DCR 

were analyzed in this study by performing a log10 transformation of mean values. The 

Jarque-Bera normality test determined that this transformation made the dataset more 

normally distributed (p<0.001). Environmental variable samples were also tested for 
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normality prior to analysis and transformed as needed. In this case, only precipitation and 

salinity were log transformed to achieve a more normal distribution (Figure 6). 

 

 
Figure 6. Distribution of log transformed data for precipitation and salinity. 

 

Statistical Analysis 

Regression analysis was first conducted for the study region to evaluate 

correlation of variables with significant fecal pollution sources in the region. After 

reviewing the distribution of bacteria samples, a two-sample t-test was performed to 

analyze samples marked storm event vs. no storm event for each beach.  Kings beach was 

selected in order to determine the statistical power of predicting enterococci 

concentrations in the study region. Univariate regression was performed for the variable’s 

precipitation and sunlight, while tide was evaluated using ANOVA to consider both tide 

stage and tide height for statistical significance. Multiple regression analysis was then 

performed for environmental variables of significance.  

In the Nahant Bay case study, regression analysis was also conducted for an 

identified significant fecal pollution source to the Bay, the Stacey Brook outfalls. 
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Univariate regression was used to evaluate the additional variables water temperature and 

salinity. Comparing the results of daily average data versus data collected concurrently at 

the time of sampling for all environmental variables could highlight the improved power 

of regressions based on data for independent variables gathered at the same time in 

predicting enterococci contamination. However, due to data limitations, only water 

temperature was evaluated by both time-of-collection and daily average data, and no 

increased significance was found. 
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Chapter III 

Results 

Results of this study are categorized into sections: the first section analyzed data 

for 15 metropolitan Boston beaches from 2005-2022 and the second focused exclusively 

on Nahant Bay using data collected in 2022. 

 

Enterococcus Bacteria Distribution and Variation 

Figure 7 depicts the historical bacterial concentration data from the Massachusetts 

DCR’s field sampling between Memorial Day and Labor Day from 2005-2022.  

 
Figure 7. Enterococcus contamination in Boston’s metropolitan beaches, 2005-2022. 
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The mean values are shown along with the range of values above the mean. The 

histograms show aggregated data for the 15 sampled beaches from north to south along 

the x-axis. The most significant element of these data was the predominance of samples 

with low occurrences of enterococci. 

Table 1 shows the total number of independent DCR samples analyzed for each 

sampling site for each beach. There was a variable, but on some sites a large percentage 

of non-detect data, hereafter reported as 5CFU/100mL; 2%-71% of the samples in this 

study reported enterococci contamination below the detectable limit of currently available 

tests. Across all samples included in this study, 30.8% were below the detectable limit for 

enterococci.  
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Table 1. Samples with measured quantities of Enterococcus bacteria versus “non-detect” 

samples. 
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Linear Regression and Observational Analysis of Enterococcus Bacteria  

and Fecal Pollution Sources 

The significant fecal pollution sources in the study region were obtained from 

EPA (2007, 2012, 2021 2022), the Massachusetts Water Resource Authority (n.d., 2009, 

2015, 2018, 2022), and the most recent Census of Agriculture (USDA, 2017).  

Beach locations and geographical proximity to the most significant fecal pollution 

sources in the study region (Deer Island WWTP, Boston Inner Harbor and the Neponset 

riverhead) is shown in Figure 8. The corresponding table shows the variation in mean 

bacterial concentration at each beach and proximity to the three most significant fecal 

pollution sources (Table 2). No correlation was found between distance from any of the 

three fecal pollution sources and enterococci contamination (R
22 = 0, n = 15). 

 
Figure 8. Boston Harbor WWTP locations and tributary rivers (adapted from apple 

maps, n.d.). 
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Table 2. Mean enterococci contamination (SE=0.42) and proximity to fecal pollution 

sources (km). 

 
 

Bacteria Data and Seasonality 

 Figure 9 expresses differences in enterococci contamination for each beach when 

DRC sample collection was marked as a storm event vs. no storm event. Results for all 

15 beaches indicated that bacteria contamination increased during storm events (defined 

by DCR as precipitation within 24 hours prior to sample collection) for all fifteen 

beaches. 
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Figure 9.  Median enterococci contamination by beach, storm event vs. no storm event, 

2005-2022. Median log10 values; solid color are 25% and 75% quartiles. 

 

 A two-sample t-test was performed to compare log10 #CFU/100mL for 

enterococci samples categorized as storm event or no storm event. For all fifteen beaches, 
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there was a significant difference in log10 #CFU/100mL for storm event versus no storm 

event enterococci samples (Table 3). 

 

Table 3. T-test results for storm event vs. no storm event by beach, 2005-2022. 

 
  

 

Figure 10 further explores shifts in seasonality by evaluating bacteria 

contamination by month. Beaches were arranged north to south as in previous charts. The 

most notable element was that eleven out of fifteen beaches had mean values for at least 

one month over the 5-day geometric mean value that indicates significant pollution (the 

recreational limit of 35CFU/100mL sample. Six of the 15 beaches had mean 
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contamination values for at least one month over the daily recreational limit of 

104CFU/100mL sample. 

 
Figure 10.   Mean enterococci values by beach, 2005-2022. 

 

Regression Analysis for Environmental Variables at Kings Beach, 2005-2022  

Of the 15 beaches studied, Kings beach was selected to evaluate environmental 

variables and their correlations with enterococcus bacteria concentrations since it 

provided the most highly variable and robust data set, as indicated by the far left set of 

histograms (Figure 10). The variables evaluated were precipitation, sunlight and tide. 
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Precipitation 

Figure 11 highlights the variability of cumulative precipitation by month and year 

for the study region. When evaluated by mean monthly and yearly enterococci 

contamination values for Kings beach (log10 transformed and tested for normality), no 

correlation was found. 

 
Figure 11.   Cumulative precipitation (in) by month at Kings beach, 2005-2022. 

 

 Precipitation was then separated into a set of daily cumulative variables for 1-7 

days prior to enterococci sample collection and log transformed. Cumulative rainfall for 

the 4-day and 5-day periods were weakly correlated with enterococci contamination at 

Kings beach, although explained only 3% of the variation in contamination, as indicated 
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by their respective coefficients of determination (R
2 = .033 and .031). The other periods 

of cumulative rainfall were not significantly correlated.  The univariate regression 

equation for 4-day rainfall was Y= 0.2163*X + 2.237 (R
2 = 0.033, p<0.05, n=154 days) 

(Figure 12). 

 
Figure 12.  Regression equation for 4-day precipitation and enterococci contamination 

 at Kings beach, 2005-2022.  
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Sunlight 

 Sunlight (daily max UVI) was also slightly correlated with enterococci 

contamination (mean log10 #CFU/100mL across the four sampling sites) at Kings beach. 

The univariate linear regression was Y=-0.095*X + 2.83 (R
2 

= 0.041, p<0.05, n=184 

days) (Figure 13). The R
2
 value indicates its poor predictive power. 

 
Figure 13  Regression equation for daily max UVI and enterococci contamination at 

 Kings beach 2006-2012, 2014-2022.  
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Tide 

 A one-way ANOVA was performed to compare the effect of tide height (low, 

mid, high) on enterococci contamination at Kings beach (#CFU/100mL), revealing a 

significant difference in mean enterococci between at least two groups (F (2, 202) = 3.01, 

p = 0.051) (Figure 14). 

 

 

  

 
Figure 14.   ANOVA results for tide height and mean log10 enterococci. 

 

 

 A one-way ANOVA was also performed to compare the effect of tide stage (ebb, 

slack, flow) on enterococci contamination at Kings beach (#CFU/100mL), revealing no 

significant difference in mean enterococci between the groups (F (2, 202) = 0.49, p = 

0.61) (Figure 15).  
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Figure 15.   ANOVA results for tide stage and mean log10 enterococci. 

 

Multiple Regression Analysis 

 Multiple linear regression was used to test if log10 4-day precipitation and daily 

max UVI significantly predicted enterococci contamination at Kings beach (R
2
= 0.058, F 

(2, 133) = 4.13, p = 0.018, n = 135). While 4-day precipitation and daily max UVI 

significantly explained some of the variance in enterococci contamination, the low R
2
 

indicated that only a small portion of variation was explained by these variables. 

Although data had been collated for all 15 Boston beaches for 2005-2022, failure to 

achieve explanatory power for King’s beach, the most comprehensive and variable set of 

data, indicated that regression models for the other 14 beaches would not yield significant 

results. 
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Regression Analysis for Environmental Variables at Nahant Bay, 2022  

 While not considered a significant pollution source to Boston area beaches, the 

Stacey Brook outfalls at Kings beach have been linked to fecal contamination in Nahant 

Bay. Observations made while conducting sanitary surveys suggested a decrease in 

recreational water quality near the outfalls. Additionally, salinity decreased with 

proximity to the outfalls, indicating dilution of marine water with storm water runoff. For 

this reason, proximity of sampling sites in Nahant Bay to the Stacey Brooks outfalls was 

evaluated. 

 Table 5 lists the ten sampling points nearest the Stacey Brook outfalls in Nahant 

Bay, organized from north to south. With the exception of Kimball Rd., all sampling 

points’ mean enterococci contamination increased with proximity to the Stacey Brook 

outfalls. The regression equation was bacterial concentration =-0.3252*distance + 2.553 

(R
2 

= 0.81, p=<0.05, n=10). 

Table 4.  Geographic proximity to Stacey Brook outfalls and enterococci contamination.   
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 No correlation was found between log10 #CFU/100mL and water temperature at 

time-of-collection in 2022 at either Kings beach (p = 0.8, n = 36), Nahant Beach (p = 

0.46, n=39) or Nahant Bay (p = 0.23, n=10).  

 No correlation was found between log10 #CFU/100mL and log10 salinity at time-

of-collection in 2022 for neither Kings beach (p = 0.11, n=40). (p=0.48, n=44), nor 

Nahant Bay (p = 0.59, n=10).  
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Chapter IV 

Discussion 

The analysis of enterococcus bacteria contamination across Boston’s metropolitan 

beaches began with an observational analysis of the distribution and spread of bacteria 

samples as collected by DCR from 2005-2022. In addition to the variation in the number 

of samples collected by sampling site (and subsequently by beach), the variation in 

enterococci contamination per single sample ranged from non-detectable to 

45,000CFU/100mL. The most notable element of the bacteria distribution was the 

number of samples that fell into the non-detect category, accounting for 30.8% of the 

samples collected at the 45 sites collated in this study over the past 17 years. Non-detect 

samples varied significantly by sampling site (Table 1) and in the case of Pleasure Bay, 

non-detect samples made up over half of the samples collected by DCR between the two 

sampling sites assigned to the beach during the 17-year study period (52% and 58%, 

respectively). To exclude non-detect samples from the study would bias analysis for 

correlation to environmental variables as well as reduce sample sizes significantly 

enough to impact the results. That is especially true for the Nahant Bay case study. By 

determining the value of non-detect data at 5CFU/100mL per DCR guidelines, the non-

detect data were recorded below the lowest detectable number for most currently used 

tests in this region (10CFU/100mL). This defined non-detect data separately from 

detectable data for statistical analysis and allowed for more accurate representation of 

variation in the data. Future research would benefit from testing methods that show 

variation in low measurements of enterococci contamination.  
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Results from linear regression found that the fecal pollution sources considered 

significant to Boston’s metropolitan beaches (Deer Island WWTP, Boston Inner Harbor, 

and the Neponset river mouth) were not correlated with enterococci contamination when 

evaluated by geographic proximity, refuting hypothesis 1 (Table 2). However, this is 

likely due to the consistent and ongoing efforts of MWRA to monitor the Deer Island 

WWTP and the three tributary rivers before contamination enters the Boston harbor. In 

the past decades, MWRA has been monitoring over 70 sampling sites along the Charles, 

Mystic and Neponset rivers (n.d.) and conducts upwards of 100,000 analyses per year at 

Deer Island to ensure wastewater discharges meet permit restrictions (MWRA, 2009).  

In contrast, and in support of hypothesis 1, distance from the Stacey Brook 

outfalls at Kings beach was significantly correlated to fecal contamination by 

geographical proximity of sampling sites in Nahant Bay (R
2
=0.81) (Table 5). At the 

Stacey Brook sampling site, two underground storm water outfalls discharge directly onto 

the sand at Kings beach. This is a local public concern given that Kings beach remains 

the most polluted beach in the Boston metropolitan area. It is worth noting that of all 15 

beaches studied, Kings beach was the only beach posted for bacterial contamination in 

2022, and once posted it remained closed for the duration of the summer season. Kings 

beach is historically the most polluted beach in the study region, and the only beach with 

mean enterococci contamination (522 CFU/100mL) almost five times greater than any 

other beach. This value is about five times greater than the daily recreational limit for 

human safety at 104 CFU/100mL. The sampling site for Stacey Brook had the highest 

mean contamination of the 45 sampling sites used in this study, with a mean value of 

1586 CFU/100mL. Neighboring sites, though also contaminated well beyond the 
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recreational limit, were found to be significantly less contaminated as geographical 

distance increased at Nahant Bay (Table 5).  

Previous research found that seasonality (i.e. wet weather versus dry weather) is 

correlated to enterococci contamination in marine water. In this study, storm events were 

found to be positively correlated to enterococci contamination for all fifteen beaches 

(Table 3). While a storm event is defined by DCR as “precipitation occurring within 24-

hours prior to sampling”, daily cumulative precipitation, as evaluated in the following 

section, only explained a small portion of variation in the data. This suggested that other 

variables present during storm events (turbidity, additional fecal pollution sources, etc.) 

could account for a significant portion of the variation in contamination. 

To further explore shifts in seasonality, bacteria samples were categorized by 

month of collection for each beach for all years (Figure 10). Though previous research 

found that seasonality is correlated to enterococci contamination in marine water, 

enterococci data for this region was only collected during the summer season. When 

enterococci contamination was aggregated by month (June, July, August), no correlation 

was found.  

Linear regression analyses tested hypothesis 2, that the variables sunlight, 

precipitation and tide would help explain variation in enterococci contamination from 

2005-2022. Precipitation was evaluated by mean monthly and yearly log10 values, but no 

correlation was found. In analyzing precipitation as cumulative daily values before the 

time of sampling, four- and five-day cumulative totals were significantly but very weakly 

correlated to enterococci contamination (R
2
 = 0.033 and R

2
 = 0.031, respectively) at 

Kings (Figure 12). Sunlight was not correlated with bacterial concentration when 
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evaluated by solar noon UVI, but a correlation was found when using daily max UVI as 

the predictor variable, although with similarly poor explanatory power (R
2
 0.041) (Figure 

13). Daily max UVI is preferred for use in statistical analysis since solar noon UVI 

readings do not account for physical disruptions, such as in the case of cloud cover. No 

increase in statistical significance was found in analyzing the data in yearly intervals. 

Multiple regression analysis was performed to evaluate the variables 4-day precipitation 

and daily max UVI together for increased statistical significance. The R
2 

value increased 

only slightly to 0.058. Therefore, hypothesis 2 was not supported by the results. 

The last section encompassed the Nahant Bay case study and evaluated to what 

extent environmental variables (precipitation, sunlight, tide, water temperature, and 

salinity) correlated with enterococci contamination in Nahant Bay. This section evaluated 

hypotheses 3 and 4, that the statistical power for predicting variation in Enterococcus 

bacteria counts would be enhanced in 2022 by increasing the number of environmental 

predictor variables, and that the measurements of sunlight, precipitation and tide taken 

concurrently during sampling at Nahant Bay in 2022 would increase the statistical 

significance of these variables compared with the measurements gathered as daily 

averages for the same variables for the 2005-2022 sample of 15 beaches. However, 

concurrent sampling for precipitation, sunlight and tide did not increase statistical 

significance, therefore the null hypothesis 3 could not be rejected. Precipitation occurred 

on only two of the sampling days, resulting in too small of a sample size for analysis. 

Sunlight showed little variation, with UVI ranging from 0-1, since all samples were 

collected during morning hours when UV in low. Tide was evaluated by a sampling 

window of 6am-10am rather than as a specific measurement due to DCR sampling 
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protocol—therefore, tide could not be evaluated as a variable collected concurrently with 

the bacterial water sample. In sum, sampling the additional environmental variables did 

not increase statistical power of predicting variation in bacterial concentrations; therefore, 

the null hypothesis 4 could not be rejected. Finally, neither water temperature nor salinity 

was found to be correlated to enterococci contamination. 

Though predicting variation in enterococci contamination was not improved as a 

result of sampling in 2022, an important finding was that pollution from the Stacey Brook 

Outfalls accounted for approximately 80% of the variation in enterococci contamination 

in the Nahant Bay case study. It is also worth noting that the dilution of marine water 

with freshwater had an impact on water quality. Salinity measurements for the study 

region were equal to or lower at the Stacey Brook sampling site than any of the 11 other 

sampling sites in 2022, along with the visible increase in seaweed with proximity to the 

outfalls and a decrease in water clarity. 

To conclude, recommendations for improved monitoring research are as follows: 

First, to collect enterococci samples at different times of day. Evaluating same-day 

contamination levels for samples taken at morning and evening could help explain 

fluctuations in contamination related to changes in environmental conditions throughout 

the same day. This would lead to a better understanding of the correlation between 

enterococci contamination and environmental variables as well as aide in improved beach 

management decisions, especially when test results are delayed or unable to be collected 

due to human constraints, since samples collected by the DCR can fluctuate dramatically 

in the 24 hours between sampling. Second, collection of concurrent measurements of 

environmental variables taken alongside sampling for enterococci contamination could 
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aide in improved beach management, as correlations could be compared in real time 

versus as an average daily measurement. This is especially relevant in quantifying 

environmental variables over time, particularly as they relate to climate change.  

Third, it is worthwhile to sample additional environmental variables present 

during storm events, such as turbidity or human recreation use, since storm events were 

positively correlated with contamination at every beach for the entire seventeen years 

evaluated on this study. Understanding how weather events impact contamination could 

aide in improved beach management decisions without the need for increased human and 

financial resources, as would be the case with changes in sampling and testing methods. 

Quantifying these changes could also allow for increased public education around 

recreational beach use and therefore improvement in human safety.  

Lastly, the final recommendation as a result of this study is to suggest 

improvement of water quality near the Stacey Brook outfalls. The level of fecal 

contamination to Kings beach is almost five times higher than any other beach in this 

study. While major improvements to Boston harbors water quality have been made, the 

Stacey brook outfalls were found responsible for almost 80% of the fecal contamination 

at Kings beach. Kings beach was not only the only beach in the study to be posted during 

2022, it was posted for almost one third of the summer season. This had a serious impact 

on the wellbeing of surrounding businesses and tourism in the area, as well as a direct 

negative correlation to human safety as a recreational beach. 

Research Limitations 

The most significant constraint on this research were limitations with the 

enterococci bacteria data. First, the data were not reported as whole numbers for all 
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samples since current testing methods are unable to detect enterococci under certain 

thresholds, depending on the testing method used. Second, all of the sampling sites in this 

study region were not consistently tested on the same day, making it difficult to analyze 

correlations with daily environmental variable measurements. A seasonal limitation was 

also inherent as I only analyzed enterococci concentrations during the summer season 

when data was publicly available. 

Limitations to the environmental variable data included missing data for sunlight 

in the years 2005 and 2013, and random days of missing data for precipitation and tide. 

There was no data on salinity or pH in this region publicly available. Limitations to my 

own sampling in 2022 included time constraints of only sampling once per week, 

weakening the sample size. However, given the large number of data points for analysis, 

these limitations are unlikely to have affected the main results and conclusions of the 

research.   

Conclusions 

 Local analysis is crucial in shaping beach management policy. While 

significant fecal pollution sources to the Boston Harbor were not correlated to 

enterococci contamination, the Stacey Brook Outfalls were highly correlated to 

neighboring beaches by geographical proximity. Storm events were an indicator of 

increased enterococci contamination for all 15 beaches though the predictor variables 

evaluated did not account for much of the variation found, despite sampling for 

concurrent measurements as well as additional variables at Nahant Bay in 2022. 

As a result of this study, there are opportunities for beach management 

improvements. Firstly, more effective enterococci testing methods would likely lead to 
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increased statistical significance for future research. The proportion of non-detect data led 

to a lack of variation, limiting the effectiveness of statistical analysis. Secondly, storm 

events were positively correlated to enterococci contamination for all 15 beaches with 4-

day cumulative precipitation as the strongest predictor found; thus, increased sampling 

under these conditions is recommended, especially for beaches in close proximity to the 

Stacey Brook Outfalls.   
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