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Abstract

Improving Modeling and Monitoring of Waterborne Sewage Contamination: Particle Association

and Water Transparency Impacts on Fecal Pollution Persistence

Elise McKenna Myers

Sewage pollution of surface waters is a pressing issue of global concern, even in regions with

extensive wastewater and sewage treatment infrastructure. Contaminants, like harmful bacteria

that can cause gastrointestinal disease and hinder economic growth and development, enter natural

waters through a variety of point and non-point source discharges that range from treated to

untreated. With increasing urbanization, aging infrastructure, and changing precipitation patterns

due to climate change, it is increasingly important to understand and predict the persistence and

transport of sewage-derived bacterial pollution in surface waters. To effectively monitor and predict

these contaminants, it is critical to understand sewage-derived bacteria’s extra-enteric ecology,

or the ecological dynamics they experience after transitioning from a primary habitat (like the

human gastrointestinal system) to a secondary habitat (like natural waters). Dynamics of fecal

bacteria are assumed to be driven by loss, as commonly observed for the fecal indicator bacteria

(FIB), Enterococcus sp., with sunlight exposure as the dominant driver (i.e. greatest impact on

population dynamics). However, particle association of FIB may alter their persistence and transport

in natural waters, though this aspect of extra-enteric ecology is rarely included in predictive models.

Models predicting persistence and transport of fecal bacteria and pathogens could be improved

by incorporating information on the impacts of particle association on dominant loss rates of FIB

and the population dynamics of various indicated pathogenic groups. Further, it is important to



understand the variation in and drivers of surface water optical properties, like water transparency,

due to the likely importance of light penetration to fecal bacteria environmental persistence.

This dissertation aims to address the critical knowledge gaps of how particle association in-

fluences the extra-enteric ecology of various sewage-derived bacteria and how optical properties

relevant to the light-dependent mortality of FIB vary spatially and temporally in an urban-influenced

water body. To do so, I employ a combination of empirical, modeling, and observational techniques.

The Hudson River Estuary (HRE) is an ideal field site for this research because of its consistent

problems with sewage pollution, especially following precipitation events, despite significant im-

provements following the Clean Water Act in 1972. Managing human health risks associated

with sewage pollution is especially important for this water body that runs through the NY/NJ

metropolitan area with its 19 million stakeholders. Further, previous research quantifying FIB

dynamics has predominantly been conducted in clear, low turbidity water columns. Experiments

constraining the dynamics of FIB in water with low clarity, like in the HRE, would fill this important

knowledge gap in the field of sewage pollution monitoring and modeling.

Chapter 1 assesses the impact of particle association on dominant growth rates and persistence

of the brackish fecal indicator bacteria, Enterococcus sp. (also called enterococci). In this chapter, I

conducted a series of natural water microcosm laboratory experiments to quantify dominant growth

rates of enterococci. I then used these growth rates to parameterize a 1-dimensional advection-

diffusion-decay model to simulate enterococci persistence in waters ranging from clear, quiescent

lakes to turbid, turbulent waters. This combined empirical and mathematical modeling approach led

to four major conclusions related to the persistence and transport of enterococci in natural waters: 1)

particle association increases dominant growth rates (light-induced and dark, temperature-dependent

growth) and induces sinking of enterococci, 2) particle association increases simulated enterococci

persistence, 3) simulated enterococci persist longer in more turbid and/or more turbulent waters,

and 4) discharge timing later in a diel cycle increases simulated Enterococcus sp. persistence.

Results from this chapter demonstrate the importance of distinguishing free-living and particle-

associated Enterococcus sp. in models of their persistence and transport and provide empirical



data for independently constraining their population dynamics. Further, the simulated persistence

indicates that sewage-derived fecal bacteria discharged into water bodies like the HRE will last

longer than discharges in clear, calm waters (e.g. Lake Tahoe) and even clear, turbulent waters (e.g.

coastal ocean in California). This information is broadly applicable to water quality management

and indicates how variability in turbidity or turbulence within a water body could alter sewage

discharge persistence and exposure risk for the public. Model sensitivity testing confirmed the

consistent impact of particle association on enterococci persistence and reaffirms the need for FIB

models to include particle association. An adapted version of Chapter 1 was published in Water

Research (Myers and Juhl 2020).

Because particle association increases enterococci persistence and growth rates, it is important

to determine if particle association similarly affects co-occurring pathogenic bacteria and if particle

association prevalence is similar. Chapter 2 is a valuable complement to Chapter 1 and addresses

key knowledge gaps related to ambient pathogen abundance, particle association, and correlation

with FIB in surface waters, in addition to the effect of particle association on dominant pathogen

growth rates. In this chapter, I report multi-year observations of abundance and particle association

proportions in the HRE for four bacterial genera: the fecal indicator Enterococcus sp., two enteric

pathogens (Salmonella sp. and Shigella sp.) and a naturally-occurring, marine pathogen (Vibrio sp.).

I found that mean particle association ranged from 34% to 49% and that overall abundances were

significantly positively correlated across all genera. The second major goal of this chapter was to

determine if particle association impacted dominant growth rates of pathogens similarly to the effect

observed for enterococci (Chapter 1). In experiments similar to those in Chapter 1, I quantified the

fraction-specific (free-living, particle-associated, and total) temperature and light-dependent growth

of the three pathogenic genera. Overall, particle association consistently increased temperature-

and light-dependent growth rates across genera, similarly to Chapter 1, though particle association

did not benefit Vibrio sp. as much as the enteric genera. I found that Salmonella sp. had similar

temperature- and light-dependent growth rates to enterococci. By contrast, Shigella sp. growth

rates were greater than those of enterococci. As expected due to its different origin, Vibrio sp. also



had dissimilar growth rates to enterococci. Interestingly, Shigella sp. behaved more similarly to

Vibrio sp., with increasing dark period growth with temperature, which is opposite of the trend

observed for the other two enteric organisms (Salmonella sp. and enterococci). The disparities

and similarities of dominant growth rates between enterococci and 2 co-occurring fecal pathogens,

together with the finding that abundances were positively correlated across all genera, suggests that

enterococci are good indicators of recent sewage pollution, but have limitations in their use for

assessing extended water column persistence of some co-occurring pathogenic bacteria. Information

in this chapter is important for our understanding of FIB use to monitor sewage pollution persistence

and for water quality management to minimize human exposure risk, especially in water bodies

where environmental persistence is likely longer, like in turbid and turbulent waters (as shown in

Chapter 1).

Persistence simulations in Chapter 1 demonstrated that water transparency (modeled as diffuse

attenuation of light,  3), was critical for determining the persistence of enterococci. It is then

important to understand how water transparency varies throughout a water body to eventually

predict how sewage bacteria persistence timescales vary. Chapter 3 examines the spatial and

temporal variability of water transparency and its primary drivers (suspended particulate matter

(SPM), chlorophyll, and colored dissolved organic matter (CDOM)) throughout the terrestrially-

and marine-influenced HRE using observational and laboratory techniques. Data in this chapter

indicate that water transparency in the HRE is predominantly controlled by SPM (measured as

turbidity) and, to a lesser degree, chlorophyll. Despite some dramatic changes in inputs affecting

the primary drivers (e.g. decreased sewage pollution - NYCDEP 2012, decreased chlorophyll

concentrations - Caraco et al. 1997; Smith et al. 1998, and increased dissolved organic carbon

transport - Findlay 2005) in the HRE, the dominance of turbidity in determining water transparency

found in this study was consistent with work in the 1980s (Stross and Sokol 1989). Together, the

findings by Stross and Sokol 1989 and in this chapter suggest that future work on understanding

water transparency variability and its impact on sewage bacteria persistence in the HRE should focus

on quantifying the variability in SPM. In contrast to other estuarine systems, CDOM absorption in



this chapter minimally impacted water transparency (measured here via  3%�’). This chapter also

documents spatial and temporal variability of water transparency and its primary drivers in the HRE.

Turbidity and chlorophyll fluorescence varied seasonally, generally consistent with trends in other

estuarine systems. Turbidity, chlorophyll, and CDOM absorption were all elevated after increased

river flow from Tropical Storm Isaias. All three primary drivers of water transparency were also

commonly higher for nearshore and tributary sites, as opposed to mid-channel sites, possibly due to

increased shallow bed resuspension and terrestrial runoff. In the upper, freshwater portions of the

estuary, CDOM absorption was highest, indicating a greater relative importance of CDOM on water

transparency in this region. Data in this chapter also demonstrated that Wastewater Treatment Plant

(WTP) outfalls commonly had elevated optical brighteners and (275�295, a CDOM slope ratio that

indicates excess smaller CDOM molecules at a treated discharge, and a contrasting influence on

CDOM absorption. This information could then allow CDOM absorption and optical brightener

fluorescence to be used as indicators of treated or untreated discharges that could be measured on a

faster timescale than current bacteria monitoring via culture-based techniques.

Appended to this dissertation are results from experiments examining bacterial community

composition for free-living and total populations in the HRE, which provide additional context

for the research presented in this dissertation. The free-living and and total bacteria communities

were not found to be significantly different, which indicates that there are not distinct communities

in free-living and particle-associated fractions. Together with results from Chapters 1 and 2, this

indicates that particle association may increase growth rates for bacteria that become particle-

associated, instead of particles supporting the development of a unique and more resistant bacteria

community. Four of the five fecal core families (bacteria commonly found in human fecal samples)

were also identified in samples for these experiments, though relative abundance of these groups

for free-living and total fractions were largely uncorrelated with each other over time. This finding

demonstrates a notable influence of sewage inputs on the bacterial community in the HRE. Finally,

these observations demonstrate that bacteria community composition varied seasonally, as noted by

the significant influence of temperature and salinity on bacterial community composition. A wide



variety of genera were strongly associated with colder (�12°C) water temperatures and samples

from colder water generally exhibited higher alpha diversity.

The findings from this dissertation have significantly contributed to our understanding of the

extra-enteric ecology of the fecal indicator bacteria Enterococcus sp. and multiple co-occurring

potential pathogens. This dissertation demonstrates that particle association must be considered

in models of sewage-derived bacteria persistence. This dissertation also deepens our current

understanding of water transparency drivers and their spatial and temporal heterogeneity in the

turbid and turbulent system of the HRE. The results from this dissertation are useful for improving

predictions of sewage pollution persistence and, by extension, minimizing human exposure risk

to potentially harmful bacteria. These findings are broadly applicable beyond the HRE, to water

bodies of varying turbidity and turbulence conditions.
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Introduction

Sewage pollution in coastal waters is an issue of considerable management concern

for minimizing public health risks due to pathogen exposure and illness following contact with

contaminated water. Contamination via sewage occurs in surface waters through a variety of

point (e.g.combined sewer over�ows (CSO), industrial discharges, wastewater treatment plants,

permitted discharges) and nonpoint sources (e.g. leaking septic tanks and runoff). Contact with

sewage contaminated waters potentially exposes humans to pathogenic bacteria, protozoa, and

viruses (Horman et al. 2004; Fong and Lipp 2005), which can cause infections of skin, ears, eyes,

and respiratory and gastrointestinal systems (e.g. Drayna et al. 2010; Redman et al. 2007). It

is then critical for the public health (Prüss et al. 2002) and economic growth and development

of a region (Damania et al. 2019) to protect and monitor water quality. Even in regions with

extensive wastewater and stormwater management infrastructure, sewage contamination still occurs,

especially where stormwater and sanitary sewer systems are combined in CSOs (McGinnis et al.

2018; Madoux-Humery et al. 2013; Newton et al. 2013; Al Aukidy and Verlicchi 2017). Wastewater

systems will face higher and more variable loading with increasing urbanization (Wang et al.

2017) and precipitation intensity (Kharin et al. 2007), which will likely increase contamination of

neighboring water bodies via more common planned or unplanned sewage discharges (Vermeulen

et al. 2015).

The Hudson River Estuary (HRE) extends 153 miles (246 kilometers) from the NY/NJ Harbor

to the federal dam at Troy, NY and is the primary �eld site for my dissertation research on urban

sewage pollution (for map, see Figure 3.1 on page 124). The HRE was called Muh-he-kun-ne-tuk
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(or the anglicized Mahicantuck, translated as “where the waters were never still”) by the Muh-he

ka-ne-ok (known to Europeans as Mohican) people, Muhheakantuck (translated as “the river that

�ows two ways”) by the Lenape people, and Ca-ho-ha-ta-te-a (translated as “the river”) by the

Iroquios people. The NY/NJ metropolitan area, including the institutions at which this dissertation

research was conducted, sit on the stolen, forcibly ceded (often inappropriately claimed to have be

“sold”), or ceded in good faith lands of the Mohican and Lenape peoples (Levine 2021; Connolly

2018). The Lenape, Mohican, Mohawk, Algonquin, and Iroquois peoples have been longtime

stewards of the HRE and surrounding regions. Prior to European-driven colonization, disease, and

genocide, Indigenous peoples in this region were advanced agriculturists and practiced sustainable

forest slash and burn for clearings, hunting, �shing, and gathering (Berelowitz and Karen 2021;

Ruttenber 1872).

The urban-in�uenced HRE experiences semidiurnal tides with an average current of 0.7 me-

ters/second and a magnitude of about 1.5 meters until the Federal dam at Troy (Geyer and Chant

2006). The HRE also receives signi�cant terrestrial inputs from various tributaries and runoff (Stross

and Sokol 1989; Bianchi et al. 1993; Abood 1974), which contribute to its naturally low water

clarity (Howarth et al. 2000). The HRE is also characterized by short residence times (5-7 days,

Warner et al. 2010), water column strati�cation in the mesohaline portion (Howarth et al. 2000),

and a moderate salinity gradient south of Poughkeepsie, NY (Geyer and Chant 2006). Freshwater

and brackish wetlands lining the HRE are important for sedimentation processes, biodiversity, and

nutrient cycling (Kiviat et al. 2006). In addition to being an important shipping route (USACOE

2021; Risinit 2013) and recreational resource (Limburg et al. 2006) for the 19 million people living

in the NY/NJ metropolitan area and millions more living up-estuary, the HRE is also a source of

drinking water for 7 municipalities along it (Hudson7 2021).

Unfortunately, this important ecosystem has a long history of environmental degradation. Long-

term industrial practices in the surrounding regions have input various pollutants into the HRE

including polychlorinated biphenyls (PCBs), mercury, dioxins, polycyclic aromatic hydrocarbons

(PAHs), cadmium, lead, and sewage (Farley et al. 2006; Bopp et al. 1991; Bailey et al. 2021;
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Kneip and Hazen 1979; Wall et al. 2005; Mitra et al. 1999). The presence of these pollutants poses

signi�cant risk to natural �ora and fauna (Howarth et al. 2006; Baldigo et al. 2006; Geyer and

Chant 2006), as well as to humans in contact with or seafood from the HRE (Jones et al. 1985;

Schoenen 2002; Gobeille et al. 2006). Recent research has also noted the abundance of emerging

contaminants like antibiotic-resistant bacteria (Young et al. 2013), pharmaceuticals (Cantwell et

al. 2018), chemical micropollutants (Carpenter and Helbling 2018), and microplastics (Polanco

et al. 2020) in the HRE, all of which are tied to sewage and wastewater inputs. Following the

implementation of dry-weather sewage discharge treatment and bans on phosphorus detergents,

nutrient inputs from sewage in the HRE and corresponding occurrence of low oxygen concentrations

have decreased notably since the 1970s (Howarth et al. 2006; Brosnan et al. 2006). Still, the HRE

receives high levels of nutrients that could pose risk for eutrophication, especially during dry

summers, and then lead to cascading environmental impacts like low oxygen and �sh kills (Howarth

et al. 2000).

Sewage contamination in the HRE, in particular, has been linked to gastrointestinal illness due to

water contact or consumption of contaminated seafood (Jones et al. 1985; Schoenen 2002; DePaola

et al. 2000; Azeem et al. 2019). Prior to the Clean Water Act (CWA) in 1972, concentrations of

fecal bacteria in parts of the HRE far exceeded bathing quality standards from the United States

Environmental Protection Agency (NYCDEP 2018), indicating signi�cant discharge of untreated

or partially-treated sewage into the system. Since the passing of the CWA, fecal bacteria levels in

the HRE have decreased dramatically (NYCDEP 2018) due to sewage and wastewater treatment

infrastructure improvements. Despite this overall improvement, there are still serious problems

with sewage contamination (noted by exceedance of EPA water quality standards), especially in

certain sites and following precipitation events (Brooks et al. 2020; NYCDEP 2016; O'Mullan et al.

2019). From New York City alone, the HRE receives an estimated7•9 � 107 < 3 H40Aof untreated

combined sewer over�ow discharges (NYCDEP 2016). Aging infrastructure (Donovan et al. 2008),

contaminated tributaries (Riverkeeper 2015), and increasing, localized human population (Wang

et al. 2017), are likely to perpetuate sewage contamination in coastal urban waters, including the
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HRE, for the foreseeable future.

Monitoring of sewage pollution is primarily conducted by measuring concentrations of fecal

indicator bacteria (FIB). FIB are easy to grow bacteria that are often used as proxies for sewage

contamination because of their ubiquitous presence in the feces of warm-blooded animals like

humans (Layton et al. 2010) and infrequent detection in pristine water bodies. Detection of FIB

commonly uses either sequencing or bacteria culturing and enumeration. While it does not capture

some viable, non-culturable bacteria, culture techniques capture viable bacteria that could cause

human disease. Commonly-used FIB includeEscherichia coli, Enterococcus sp., fecal coliforms,

and total coliforms. Of these, enterococci are the only EPA approved FIB for water quality

testing in brackish to salty waters (USEPA 2012). FIB concentrations correlate with incidence of

gastrointestinal disease, especially when the source is sewage or other wastewater (Wade et al. 2003;

Colford et al. 2012; Cabelli et al. 1982b). EPA FIB standards are then set to concentrations below

which human illness is minimal (USEPA 2012). Though FIB correlate with human illness, most

FIB are not themselves pathogenic, but rather indicate pathogenic bacteria that co-occur in sewage

discharges, likeSalmonella sp., Shigella sp., andCampylobacter sp.(Cui et al. 2019; Laine et al.

2011; Said et al. 2003). Because of the low concentrations and high diversity of these potential

pathogens, it is advantageous to measure sewage contamination via FIB proxy, especially at spatial

and temporal scales relevant for public health management (Straub and Chandler 2003). Managing

health risks due to water sewage contamination is constrained by logistics and expense of in-�eld

monitoring programs and by the reliability of predictive water quality models.

FIB are commonly used to indicate recent fecal pollution (Litsky et al. 1953) because of their

limited environmental persistence. The ecological dynamics of FIB upon transitioning from their

primary environment, the gastrointestinal tract, to secondary habitats, like stormwater, wastew-

ater collection, and septic systems, is described as extra-enteric ecology (O'Mullan et al. 2017;

Boehm et al. 2005). The extra-enteric ecology of FIB is dominated by loss (Gordon et al. 2002)

through a combination of processes including inactivation (Evison 1988; Howell et al. 1996), trans-

portation (Cho et al. 2010), dispersion (Nevers and Boehm 2010), and predation (McCambridge
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and McMeekin 1981). However, recent work has reported sustained ambient persistence for FIB

(Bordalo et al. 2002; Anderson et al. 2005; Chudoba et al. 2013), which complicates their use as

recent sewage pollution indicators. Further, it is unclear if co-occurring pathogens have similar

extra-enteric ecology. If not, FIB use for potential pathogen detection may be more limited to recent

sewage contamination, as opposed to persistence following a discharge event. Effectively predicting

concentrations of FIB and co-occurring pathogens in surface water requires characterization and

consideration of their complex ecological dynamics.

Loss of FIB and associated potential pathogens in the environment has long been understood

to be dominated by light exposure (Evison 1988; Sinton et al. 1994; Sinton et al. 1999). Previous

studies have demonstrated high rates of photoinactivation of enterococci in lakes (Brookes et al.

2004), rivers (Sinton et al. 2002), estuaries (Noble et al. 2003), and the coastal ocean (Davies-Colley

et al. 1994; Menon et al. 2003; Sinton et al. 1994; Sinton et al. 2002; Sinton et al. 1999). Because

of the dominant effect of light exposure on growth, rates of photoinactivation are critical to include

in models of the persistence of FIB and associated pathogens. Exposure to sunlight is thought to

cause inactivation of fecal bacteria primarily through three major pathways: 1) direct solar radiation

damage to nucleic acids and other cellular components (Schuch and Menck 2010; Malloy et al.

1997), 2) the photochemical generation of reactive oxygen species from organic matter (Maraccini

et al. 2012; Appiani and McNeill 2015), and 3) UV inhibition or inactivation of respiratory activity

(Berney et al. 2006; Bosshard et al. 2009). Because of their origin in the gastrointestinal systems of

warm-blooded animals, FIB and potential pathogens are likely more susceptible to UV and overall

photodamage than bacteria that naturally occur in surface waters.

Background loss in the absence of light exposure is also an important aspect of extra-enteric

ecological dynamics for sewage-derived bacteria. Measurement of fecal bacteria loss rates without

light exposure encompasses a wide variety of cellular processes, such as reproduction rates, natural

mortality rates, and stress-induced loss, all of which are part of extra-enteric ecology. Generally,

increasing temperatures are linked to higher FIB and sewage-derived bacteria mortality rates (Schulz

and Childers 2011; Pachepsky et al. 2014; Wait and Sobsey 2001). Further, lower temperatures
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have been shown to correlate with increased sewage-derived bacteria persistence (Bordalo et al.

2002; Lleo et al. 2005; Nakamura et al. 1964; Islam et al. 1996). In contrast, some illnesses

from sewage-derived bacteria are more prevalent in warmer temperatures (Kelly-Hope et al. 2008;

Aminharati et al. 2018), suggesting increased bacterial growth and survival. Additional stressors

leading to inactivation of fecal bacteria in natural waters include salinity and nutrient availability,

though the former has a complicated impact. Elevated salinity has been reported to increase (Schulz

and Childers 2011; Okabe and Shimazu 2007), decrease (Anderson et al. 2005; Bordalo et al. 2002),

or minimally/not impact (Chen and Liu 2017; Ahmed et al. 2014; Noble et al. 2004) growth rates of

various FIB. Increased nutrients have been shown to stimulate FIB persistence and growth in natural

waters (Chudoba et al. 2013) and treated wastewater (Surbeck et al. 2010). Elevated organic matter

in the HRE (Findlay 2005) then could support prolonged FIB persistence. Dark period background

growth rate measurements in ambient waters are net growth rates that encompass the impacts of

various abiotic and biotic properties impacting sewage-derived bacteria extra-enteric ecological

dynamics.

High rates of particle association among FIB (Walters et al. 2014; Fries et al. 2006; Cizek et al.

2008) as compared to the background microbial community (Ducklow et al. 1982; Suter et al. 2011)

further complicate extra-enteric dynamics. Bacterial particle association (Zobell 1943; Waksman

1934) is thought to prolong FIB environmental persistence (O'Mullan et al. 2017) because particles

may provide a more favorable environment than the surrounding water column, as indicated by

higher density bacterial communities in aggregates (Lyons et al. 2007; Lyons et al. 2010). Particles

might support more persistent microbial “hot spots” through increased nutrient availability or solute

concentrations (Kiørboe and Jackson 2001), physical stability (Craig et al. 2002), and protection

from predation (Davies and Bavor 2000) or other stressing factors like chemical disinfectants

(Hess-Erga et al. 2008). With respect to the dominant loss mechanisms, particles may shade the

associated bacteria and, therefore, reduce light-induced inactivation rates. The effect of shading has

been indicated by decreased light-induced loss of FIB in water columns with high suspended solids

and turbidity (Whitman et al. 2004; Kay et al. 2005; Gutiérrez-Cacciabue et al. 2016). Acting in the
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opposite direction, bacteria particle association can also increase bacterivory (Lee et al. 2011; Main

et al. 2015), which could mitigate some advantages of particles. While some studies have observed

environmental particle association for pathogenic bacteria (Lyons et al. 2007; Lyons et al. 2010;

Krometis et al. 2010), the proportion particle-associated vs free-living is largely unknown. Further,

it is unclear if the impact of particle association on extra-enteric ecology will be consistent between

FIB and the pathogenic bacteria that FIB indicate.

Particle-associated bacteria also would likely sink out of sunlit upper waters (Garcia-Armisen

and Servais 2009; Auer and Niehaus 1993), as opposed to traveling with the water like free-

living bacteria. FIB attach to particles of various sizes, with studies more commonly reporting

disproportionate association with smaller particles (Auer and Niehaus 1993; Ferguson et al. 1996;

Jamieson et al. 2004; Ahn et al. 2005; Muirhead et al. 2006; Goldscheider et al. 2010) than with

larger particles (Mote et al. 2012). Sinking rates of particles are assumed to be a function of the

particle's size, shape, and density and the surrounding �uid's density and viscosity, as originally

constrained in Stokes Law and as observed in modi�ed versions of Stokes Law in �eld studies

(McDonnell and Buesseler 2010; Durante et al. 2019; Laurenceau-Cornec et al. 2020). Sinking rate

distribution studies are ideal for capturing the wide variety of sinking rates possible for bacteria that

colonize different size and composition particles. While some models include water-transported

free-living vs. sediment-transported, particle-associated FIB populations (Jamieson et al. 2005b;

Jamieson et al. 2005a; Yang et al. 2008; Kim et al. 2010), investigations have been cited to not

be robust enough to distinguish the fraction-speci�c response to environmental stressors (Cho

et al. 2016). A limited understanding of how particle-association impacts bacterial transport and

extra-enteric dynamics, reduces predictability of FIB concentrations and pollution management for

public health.

Predicting sewage-derived bacteria persistence requires a more mechanistic understanding

of the extra-enteric ecology of FIB and co-occurring potential pathogens, which can support

future water quality management and monitoring efforts. Further, because light dominates sewage-

derived bacteria mortality, it is critical to characterize the variability of water transparency and its
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drivers throughout a water body in order to more effectively predict and monitor sewage pollution

persistence. In this dissertation, I address there critical knowledge gaps using a combination

of experiments, mathematical modeling, and observations. The novel integration of laboratory,

computational, and �eld techniques in this dissertation advances our understanding of sewage-

bacteria extra-enteric ecology, the impact and prevalence of sewage bacteria particle association,

sewage pollution monitoring, and optical water properties in an urban-in�uenced estuary.

In the �rst chapter of my dissertation, I address the hypothesis that particle association in-

creases the persistence of the fecal indicator bacteria enterococci by providing a more favorable

environment. The dominant growth rates of enterococci (light-induced, temperature-dependent) and

sinking rates were quanti�ed for both free-living and particle-associated fractions of enterococci

in a series of experiments. This is the �rst work to separately quantify light-dependent growth,

dark, temperature-dependent growth, and sinking rates for both free-living and particle-associated

fractions of enterococci. These experimentally-determined rates were then used to parameterize a

1-dimensional model that simulated persistence following a discrete discharge, similar to a CSO or

release from a sewage treatment plant (STP) outfall. Simulations of the model were used to examine

how water column persistence of each enterococci fraction changes with water column turbidity and

turbulence. Model sensitivity testing probed the consistency of this chapter's �nding that particle

association signi�cantly impacted simulated enterococci persistence. Finally, simulations were

also run to examine the potential impact on overall enterococci persistence of varying discharge

timing within a diel cycle. This chapter both advances the understanding of extra-enteric ecology of

enterococci and provides information relevant to water quality management about the impact of

particle association, water column turbidity and turbulence, and discharge timing on enterococci

persistence. An adapted version of Chapter 1 can also be found in the journal Water Research

(Myers and Juhl 2020).

Chapter 2 is an important complement to Chapter 1, as it addresses key knowledge gaps related

to ambient pathogen particle association and abundance, as well as the effect of particle association

on dominant pathogen growth rates. In general, it would be expected that FIB correlate strongly with
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indicated pathogens and that particle association would increase persistence of indicated pathogens

(as expected for FIB) because of the more favorable habitat. In this chapter, I present results of a

multi-year survey of particle association and abundance of enterococci,Salmonella sp., Shigella sp.,

andVibrio sp. at 3 sites in the HRE. Enterococci are generally not considered to be pathogenic;

instead, co-occurring organisms, likeSalmonella sp.andShigella sp., are more likely to cause illness

in humans following exposure (Laine et al. 2011; Said et al. 2003). The correlations of ambient

particle association proportions and abundance between fecal indicators and pathogens established

in this chapter have important implications for both pollution management and future fecal bacteria

persistence models. Also in this chapter, I empirically quanti�ed the impact of particle association

on the temperature- and light-dependent growth rates of 3 genera: 2 pathogens that co-occur with

enterococci (Salmonella sp.andShigella sp.) and 1 pathogen (Vibrio sp.) naturally found in

coastal and marine environments and commonly particle-associated (Heidelberg et al. 2002; Julie

et al. 2010; Main et al. 2015). Because particle association signi�cantly alters enterococci critical

growth rates and persistence (Chapter 1), it is important to determine if the ecological dynamics are

similar for co-occurring pathogenic bacteria. This is the �rst study to quantify the impact of particle

association on the critical growth rates ofSalmonella sp.andShigella sp.In this study, growth rates

were compared across genera to determine if the enteric genera had similar extra-enteric ecology.

Growth rates of the enteric genera also were compared with previously determined growth rates

for enterococci (Chapter 1) to examine the ef�cacy of predicting long-term survival of these fecal

bacteria via enterococci. Information from this chapter can be used to parameterize future water

quality models for speci�c pathogens and outline limitations of using enterococci as a proxy for

long-term survival of various genera of pathogens.

The third chapter of my dissertation examines the drivers of water transparency and their

spatial and temporal variability throughout the HRE. From simulations in Chapter 1, I learned that

water transparency (modeled as diffuse attenuation of light, 3), was critical for determining the

persistence of enterococci. The HRE naturally has low water clarity due to signi�cant terrestrial

inputs (Stross and Sokol 1989; Bianchi et al. 1993; Abood 1974), which classi�es it as a Case 2
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water body. As an estuarine system, the HRE has a fresher portion dominated by these inputs and

a saltier portion that is also in�uenced by marine in�ow at the NY/NJ Harbor (Geyer and Chant

2006). This chapter addresses the resultant patterns and heterogeneity in water transparency from

the mixing of these disparate end members. For this work, water transparency was measured via

 3 %�' and three primary drivers of water transparency (colored/chromophoric dissolved organic

matter (CDOM), turbidity, and chlorophyll) were quanti�ed for observations from May to October

2020 throughout the HRE. This chapter offers an important update to the last comprehensive study

on water transparency in the HRE (Stross and Sokol 1989) following major changes in the past

35 years that impact the primary drivers of water transparency. These changes include decreased

sewage inputs (NYCDEP 2012), decreased phytoplankton abundance (Caraco et al. 1997; Smith

et al. 1998), and increased dissolved organic carbon transport (Findlay 2005). This chapter also

deepens our understanding of temporal and spatial variability of water transparency and its drivers

in this urban, turbid and turbulent system. Uniquely, this chapter examines the impact of Wastewater

Treatment Plant outfalls and a large storm event on water transparency and its drivers throughout

the HRE.

Finally, appended to this dissertation are results from experiments that examine the difference

in bacteria community composition for free-living and total populations in the HRE. In Chapters

1 and 2, I examined the impact of particle association on the critical growth rates of FIB and

multiple pathogens. However, it is important to understand if the bacterial communities in the

HRE are similar or different between free-living and particle-associated fractions. Similar bacteria

communities across fractions could indicate that particles provide bene�ts to sewage-related bacteria

that become particle-associated. Otherwise, differences in indicator and pathogen bacterial growth

rates (Chapters 1 and 2) may be due to a signi�cantly different fraction-speci�c, bacteria community

that could be more or less resistant to temperature or light exposure. In this chapter, surface

water samples from June 2017 to June 2018 were processed to compare bacteria community

composition for free-living and total fractions. Further, the relative abundances of fecal core taxa

(families identi�ed in Newton et al. 2013 as indicator taxa of human fecal pollution) in samples
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were quanti�ed and analyzed over time. Lastly, changes in bacteria community composition with

temperature and salinity were analyzed to determine seasonal in�uence on the bacteria community

in the HRE.

Overall, this dissertation addresses critical questions related to the persistence of sewage-derived

bacteria in the HRE and other anthropogenically-in�uenced water bodies with widely ranging

turbidity and turbulence conditions. In the following chapters, I quantify the impact of particle

association on dominant growth rates of the FIB enterococci and 3 pathogenic genera. In addition, I

examine how abundance and particle association proportions correlate between FIB and indicated

pathogens. I also examine the composition of free-living and total bacteria communities in the

HRE over time. Finally, this dissertation characterizes spatial and temporal variability of water

transparency and its drivers throughout the HRE. Together, information in these chapters provides a

critical foundation for future work to effectively predict sewage pollution persistence for a wide

range of water bodies and minimize the associated human exposure risk.
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Chapter 1: Particle Association ofEnterococcus sp.Increases Growth Rates

and Simulated Persistence in Water Columns of Varying Light Attenuation

and Turbulent Diffusivity

1.1 Introduction

1 Sewage pollution of coastal environments is a common management concern due to the public

health risks from contact with contaminated water. Sewage-contaminated waters expose humans to

pathogenic bacteria, protozoa, and viruses (Horman et al. 2004; Fong and Lipp 2005), that most

commonly cause infections of skin, ears, eyes, respiratory and gastrointestinal systems (Redman

et al. 2007; Drayna et al. 2010). With increasing urbanization, particularly in coastal regions, there is

increased potential for degradation of surface waters by sewage discharges (Vermeulen et al. 2015).

Management of health risks related to sewage pollution relies on in-�eld monitoring programs and

statistical or numerical modeling to predict water quality or untreated discharges.

Fecal indicator bacteria (FIB) include several types of bacteria used to indicate potential

impairment of a water body by pathogens, due to their ubiquitous presence in the feces of warm-

blooded animals and typical low abundance or absence in pristine water bodies. FIB are generally

assumed to have limited environmental persistence, so their detection has long been interpreted to

indicate recent fecal pollution (e.g.Litsky et al. 1953). However, prolonged persistence reported

under some conditions (Bordalo et al. 2002; Anderson et al. 2005; Chudoba et al. 2013) complicates

their use as sewage pollution indicators. Commonly used FIB include total coliforms, fecal

coliforms,Escherichia coli, andEnterococcus sp. Enterococcus sp.is currently the only microbial

group approved by the US Environmental Protection Agency (EPA) for testing water quality in

brackish to salty water bodies (USEPA 2012). Enterococci occur at104 - 106 bacteria per gram wet

1An adapted version of Chapter 1 can also be found in the journal Water Research (Myers and Juhl 2020).
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weight in human feces (Layton et al. 2010), and the abundance of enterococci in recreational waters

correlates with increasing incidence of gastrointestinal illness in swimmers, particularly when the

source is sewage or other wastewater (Wade et al. 2003; Cabelli et al. 1982a; Colford et al. 2012).

Effectively predicting concentrations of FIB and co-occurring pathogens in surface waters

requires consideration of their ecological dynamics when they transition from their primary envi-

ronment, the gastrointestinal tract, to secondary habitats (Gordon et al. 2002), like storm water,

wastewater, and receiving waters. These ecological dynamics, described as "extra-enteric ecology"

(e.g.O'Mullan et al. 2017; Boehm et al. 2005), are dominated by loss (Gordon et al. 2002) through

a combination of processes, including inactivation (e.g.Evison 1988; Howell et al. 1996), predation

(e.g. McCambridge and McMeekin 1981), transport (e.g. Cho et al. 2010), and dispersion (e.g.

Nevers and Boehm 2010). While physical advection and diffusion are critical for understanding

FIB distribution in most aquatic settings, models that omit FIB inactivation typically perform poorly

relative to observations, even over very short time and space scales (e.g.over a few hours and only

100s of meters, Rippy et al. 2013a). Such results suggest that FIB inactivation or growth can be at

least as important for predicting FIB distributions as hydrodynamics, though the relative importance

of physiological and ecological processes vs. hydrodynamics probably varies from highly advective

(e.g.Boehm et al. 2005; Thupaki et al. 2010) to quiescent (e.g.Zhu et al. 2011) settings. In many

FIB models, bacteria are transported with the water, while the population decays according to a

constant rate (e.g. Bedri et al. 2011; Banas et al. 2015), or a decay rate that varies consistently

with temperature (e.g.Chen and Liu 2017; Wen et al. 2017) and/or light exposure (e.g.Cho et al.

2010) along the �ow path. However, if FIB movement diverges from that of the water, or if the

inactivation rates are incorrectly parameterized, then numerical simulations will deviate from actual

conditions, even if the model accurately represents complex hydrodynamics.

Light exposure of fecal indicator bacteria and their associated potential pathogens has long been

considered the dominant physiological cause of inactivation (e.g.Kay et al. 2005; Sinton et al. 2002;

Evison 1988; Harm 1969), making photoinactivation rates critical to FIB models. Sunlight exposure

can cause inactivation through two pathways: 1) direct solar radiation damage to nucleic acids and
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other cellular components (Schuch and Menck 2010; Malloy et al. 1997), 2) the photochemical

generation of reactive oxygen species from organic matter (Maraccini et al. 2012; Appiani and

McNeill 2015), and 3) UV damage to the respiratory pathways (Berney et al. 2006; Bosshard et al.

2009). All mechanisms are likely important for enterococci inactivation, as both UV radiation and

visible light have been found to cause enterococci decay (i.e. negative light-dependent growth;

Davies-Colley et al. 1999; Fujioka and Yoneyama 2002; Sinton et al. 2002). Proportional increases

in light inactivation rates with higher oxygen concentrations support the importance of the second

mechanism (Davies-Colley et al. 1999). Carotenoid pigments, found in some species of enterococci,

have been shown to decrease photoinactivation rates (Maraccini et al. 2012), possibly due to their

ability to quench reactive oxygen species. Similarly, suspended solids and higher turbidity in the

water column decrease FIB light-induced inactivation rates. Light inactivation rates of FIB also

decrease with water column depth (Davies-Colley et al. 1994) and change with varying sunlight

intensity levels throughout a day cycle (Sinton et al. 2002).

FIB growth or decay rates in the absence of light exposure are also important aspects of extra-

enteric ecology impacted by abiotic and biotic water properties. Dark period growth rates are net

growth rates and encompass a wide variety of processes, such as cell division rates, predation, and

stress-induced losses. Generally, increasing temperatures are linked to higher FIB inactivation

(Auer and Niehaus 1993; Schulz and Childers 2011, Boehm et al. 2018) while lower temperatures

tend to increase FIB persistence (e.g. Bordalo et al. 2002; Lleo et al. 2005). Increased nutrients

(e.g. phosphate) have been shown to enhance FIB persistence and growth in the dark (Chudoba

et al. 2013). Meanwhile, elevated salinity has been reported to increase (Okabe and Shimazu 2007;

Schulz and Childers 2011), decrease (Bordalo et al. 2002; Anderson et al. 2005) or minimally/not

impact (Noble et al. 2004; Ahmed et al. 2014; Chen and Liu 2017) growth rates of various FIB. Net

growth rate measurements in ambient waters in darkness thus encompass the effects of multiple

abiotic and biotic properties impacting FIB persistence.

High frequency of FIB particle association (Fries et al. 2006; Cizek et al. 2008; Walters et

al. 2014), often greater than that of the background bacterial community (Ducklow et al. 1982;
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Suter et al. 2011), further complicates these dynamics. Particle association is thought to prolong

environmental persistence of FIB (O'Mullan et al. 2017) because particles may provide a more

favorable environment than the surrounding water, indicated by higher concentration bacterial

communities (Lyons et al. 2007; Lyons et al. 2010). The advantages of particle-association for

bacteria may be similar to those found in bio�lms (Hall-Stoodley and Stoodley 2005; Balzer et al.

2010). Particles might support more persistent microbial “hot spots” due to increased nutrient

availability (or solute concentrations – Shanks and Reeder 1993; Kiørboe and Jackson 2001),

physical stability (Craig et al. 2002), and protection from predation (Davies and Bavor 2000) or

other stressing factors like chemical disinfectants (Hess-Erga et al. 2008). However, bacterivory

can also increase on particles (Lee et al. 2011), potentially mitigating some advantages. Actual

measurements of particle-associated and free-living FIB decay rates are rare. Garcia-Armisen and

Servais 2009 found particle-associatedE. coli dark decay rates in river water to be about 2.5 times

slower than rates for free-living cells. Similar rates for enterococci or other FIB have not previously

been reported.

Particle-associated FIB are also likely to have appreciable sinking rates (Auer and Niehaus 1993;

Garcia-Armisen and Servais 2009). Previous research demonstrated that particle-associated FIB

transport is more similar to the transport of particles than passive tracer transport (Drummond et al.

2014). Although many FIB are associated with smaller particles (Auer and Niehaus 1993; Jamieson

et al. 2004; Ahn et al. 2005; Mote et al. 2012), implying relatively slow sinking, any sinking could

impact horizontal transport and eventually lead to deposition in sediments, particularly in shallow

water. It is now well-established that sediments can constitute a reservoir of settled FIB that can

be resuspended (Jamieson et al. 2005b; Fries et al. 2008; O'Mullan et al. 2019), highlighting the

importance of FIB particle association. Particularly in shallow water, resuspension of sediment FIB

(Palmateer et al. 1989; Roslev et al. 2008; Phillips et al. 2011; Abia et al. 2016b) could signi�cantly

impact water quality and public health outcomes.

Given widespread appreciation of the importance and implications of bacterial particle associa-

tion, predictive models of FIB transport and persistence might bene�t by treating particle-associated
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and free-living FIB as separate populations with different growth rates. Unfortunately, the empirical

observations needed to separately parameterize particle-associated and free-living FIB populations

are very limited to date. Some models used for stream water quality research and assessment

incorporate FIB particle association using a free-living FIB population transported with the water

and a second FIB population transported with sediment (Jamieson et al. 2005b; Jamieson et al.

2005a; Yang et al. 2008; Wu et al. 2009; Kim et al. 2010). However, as pointed out in a recent

review by Cho et al. 2016, while different growth rates for these two FIB populations could readily

be included in such models, “at the current time we cannot populate such parameter values because

investigations are not yet robust enough to effectively determine rate constants for both bacteria

populations.” Two recent estuarine FIB distribution models (Brauwere et al. 2014; Chen and Liu

2017) included explicit representation of particle-associated and free-living populations; however,

neither model included light inactivation. As such, particle association in these models was primarily

a mechanism to bring FIB to the sediments. Both studies acknowledged the potential importance of

light-dependent rates, but also cited a lack of information for appropriate parameterization. We are

aware of only one previous study that investigated light inactivation in combination with particle

association. Using arti�cial sunlight, Walters et al. 2014 found greater light-induced inactivation of

FIB that were free-living or associated with small particles (Ÿ 12 ` m) in sewage ef�uent compared

to those on larger particles (12–63` m). Separate dark growth rates for particle-associated and

free-living FIB have not been previously measured. With the exception of the aforementionedE.

coli study (Garcia-Armisen and Servais 2009), separate dark growth rates for particle-associated

and free-living FIB have also not been previously measured. In addition, while a few empirical

FIB sinking rate measurements are available (Auer and Niehaus 1993; Garcia-Armisen and Servais

2009), enterococci sinking rates have not yet been reported.

In this chapter, I address the hypothesis that particle association increases the persistence of

enterococci by providing a more favorable environment. This study combines empirical quanti�-

cation of growth and sinking rates with a 1-dimensional model simulating persistence according

to those rates under conditions representing different types of water bodies. This is the �rst work
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to separately quantify the rates of light-dependent growth, dark, temperature-dependent growth,

and sinking for both free-living and particle-associated fractions of enterococci. Further, I use

these rates in simulations to examine how water column persistence of each enterococci fraction

could change in water bodies with different levels of turbidity and turbulence. Model sensitivity

to growth and sinking rate parameterization was tested through additional simulations. Finally, I

use simulations to examine the potential impact of discharge timing within a diel cycle on overall

enterococci persistence.

1.2 Methods

1.2.1 Empirical Rate Determination

1.2.1 Study Site

Near-surface water samples were collected from May 2017 to August 2019 at three sites: two

sites along the Piermont Pier (Piermont, NY, USA) that are subject to intermittent municipal sewage

pollution (1) near the Orangetown and Rockland County Sewer District Wastewater Treatment

Plant Outfalls and 2) near a sewage pump station that occasionally over�ows), and a third nearby

site along the frequently sewage-contaminated tributary, Sparkill Creek (Figure 1.1 -O'Mullan

et al. 2019 provides additional information about these sites). Salinity near Piermont Pier ranged

from 0.2 to 10 ppt, consistent with its location in the brackish, tidal portion of the Hudson River

Estuary (HRE). At each sample collection, either a Hydrolab HQ 40D meter (light and temperature

growth rates) or Hydrolab DS5 (sinking rate experiments) was used to measure temperature, salinity,

and dissolved oxygen (HQ 40D) or turbidity (DS5). Water clarity was measured using a 300-mm

diameter Secchi disk. See table 1.1 and 1.2 for environmental data for experiments.

1.2.1 Microbial Culturing

Near-surface water samples were collected via bucket cast and stored in sterile polypropylene

bottles that were triple rinsed with sample water directly prior to collection. Samples were immedi-
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ately transferred to dark coolers until laboratory processing, within 2 hours of sample collection.

Particle-associated and free-living bacterial fractions were separated following Crump et al. 1999

and Suter et al. 2011. Water samples were �ltered gently under gentle vacuum pressure through

47-mm diameter, 3-` m pore polycarbonate membrane �lters. Filtration was paused when a thin �lm

of liquid remained above the �lter. The �ltrate, containing the free-living fraction, was collected.

Then, the particle-associated fraction (above the �lter) was diluted with sterile Phosphate Buffered

Saline (PBS, 0.1M phosphate in 0.73%NaCl) and gently �ltered again until a thin �lm of liquid

remained above the �lter. The separation step resulted in small losses from both fractions; in tests

of this method (n=8), a mean of 12.8% of the total count passed through the �lter on the second

�ltration step. This minor loss from both fractions did not affect the outcome of our experiments,

which only required separating the two subpopulations from each other. The particle-associated

fraction was rinsed from the �lter surface three times with PBS and this supernatant was transferred

into sterile 250-mL polypropylene bottles on a shaker table (80 rpm for 6 minutes) to detach the

microbes from the particles. No viable enterococci cells remained on the rinsed polycarbonate

membrane �lters (processed following EPA Method 1600 (EPA 2009), n=6).

For each fraction, 1-3 subsamples (ranging 1-100 mL) were �ltered onto 0.45-` m gridded

mixed ester cellulose membrane �lters. Filters were aseptically removed from the �lter stand and

incubated on sterile, solid mEI media for 24 hours at 41°C, following EPA Method 1600 (EPA

2009). Colony forming units (CFUs) on each plate were normalized to��*  100<! in the original

sample. Total enterococci counts (the sum of both fractions) were also calculated for each water

sample for comparison with previous work.

1.2.1 Quantifying Dark, Temperature-Dependent Growth Rates

Because FIB concentrations typically decline over time in experiments, other studies use

terminology such as “inactivation”, “mortality”, “die-off”, or “decay” rates to describe the dynamics.

In these experiments, counts occasionally increased over time, so I use the term “growth rate” in this

study; negative growth rates imply a decline in enterococci concentration over time. Temperature-
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dependent growth rates were experimentally quanti�ed from February to March 2018.

To quantify dark, temperature-dependent growth rates, a water sample was mixed and divided

into 3 sterile, 250-mL polypropylene bottles, that were then placed into 3 dark incubators set to 5,

18, and 28°C, respectively. Aliquots (125 mL) were removed from gently homogenized bottles after

24 and 48 hours. The free-living and particle-associated enterococci remaining in each aliquot were

separated and enumerated as described above. For every timepoint of each experiment, multiple

subsamples of different volumes were �ltered to ensure some plates would be countable. Values

used in rate calculations were then averaged from 2-3 plates per timepoint.

1.2.1 Quantifying Light-Dependent Growth Rates

For each experiment, a water sample was mixed and subsamples (approximately 250 mL)

were added to sterile, UV-permeable Whirlpack sampling bags that were then placed into an

outdoor, 18°C water bath exposed to full sun. This temperature was chosen for experiments because

enterococci dark, temperature-dependent growth rates at 18°C are relatively low. Experiments were

started near mid-day on days with minimal cloud cover and were conducted from May to August

2018 and 2019. Downwelling photosynthetically active radiation (PAR) was measured using a

Li-COR Quantum cosine-corrected sensor recording to an LI-1400 Data Logger for normalization

between experiments (Table 1.3) so that solar insolation could be normalized between experiments.

Subsamples collected from the bags after 1 and 2 hours of sunlight exposure were processed to

separate and enumerate free-living and particle-associated enterococci as described above. Also as

described above, for every timepoint of each experiment, multiple subsamples of different volumes

were �ltered. When multiple plates were countable, the values were averaged.

1.2.1 Growth Rate Calculation

For both temperature- and light-dependent growth rate experiments, the concentrations of

particle-associated and free-living enterococci in each container were natural log (ln) transformed

and plotted against time. The slope of the linear best �t to the ln-transformed data provided the
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�rst-order exponential decay date (day-1), as in other decay rate studies (Sinton et al. 2002; Anderson

et al. 2005; Maraccini et al. 2016). Positive growth rates indicate an increase in the enterococci

population; negative growth rates indicate mortality or inactivation.

1.2.1 Statistical Analysis of Growth Rates

Statistical analysis was conducted using R statistical software. Normal distribution of empirically-

determined growth rates was con�rmed via a Shapiro-Wilk test (p¡ 0.1). Two-way analysis of

variance (ANOVA) test withU=0.05 were used to compare mean growth rates for temperature-

dependent experiments followed by Fisher's Least Signi�cant Difference (LSD)post hocpairwise

comparisons. An unequal variances t-test without pairing (due to unequal sample numbers), was

used to test the impact of light on mean growth rates of the two fractions.

1.2.1 Quantifying Sinking Rate Distributions

Approximately 25 L of near-surface water was collected from the end of Piermont Pier (Figure

1.1), on 5 dates (Table 1.2). Experiments began within 2 hours of collection in a temperature-

controlled room set to match the original sample temperatures (� 2°C). Following Aumack et al.

2014, a homogeneous suspension (Bienfang et al. 1977; Chancelier et al. 1998) approach was

used to measure the sinking rates of inorganic particles, organic particles, particle-associated, and

free-living enterococci. A series of replicate 0.4 meter high (2.3 L total volume) graduated cylinders

were used as settling columns, with one column per time point. To set up each column, the carboy

with HRE water was gently mixed and then the column was �lled approximately half way. The

carboy was mixed again and then the column was �lled to the top. Initial samples (t = 0) were

collected immediately after setting up the �rst columns. Columns for additional time points were set

up after the t = 0 samples had been collected. At each time point, the upper 2-L portion of a given

settling column was carefully pumped off, leaving an undisturbed 300-mL bottom layer, containing

all particles that had settled by that time point. This bottom layer was then refrigerated until it could

be processed, generally within 30 minutes of collection.
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Particle mass accumulated in the bottom layer at each time point was measured using volumetric

subsamples �ltered onto pre-weighed, combusted Whatman GF/F �lters (25 mm diameter). A small

volume of deionized water passed through the �lter removed salts, and dried �lters (100°C for

¡ 24 hours) were reweighed to calculate the total particle mass collected. Inorganic and organic

particle masses were then estimated by Loss On Ignition (APHA, 2005) after combusting dried

�lters (450°C for 4 hours). Inorganic and organic particle concentrations in the bottom layers of

successive settling columns were calculated for each time point and used to calculate the percent of

initial particle mass that remained in suspension (1 � (B4CC;43<0BB)  (C>C0;<0BB) � 100%) at each

time point.

To distinguish particle-associated and free-living enterococci, a portion of the 300-mL bottom

layer sample was processed for total enterococci, and a second subsample was passed through a 3-

µm pore diameter membrane �lter. Free-living enterococci were those that passed through the �lter

and the particle-associated fraction was calculated by subtraction from the total count. Quantifying

enterococci of both fractions used Enterolert with Quantitray 2000 (IDEXX Laboratories) for most

probable number. Because all samples had salinities¡ 5 ppt, all samples were diluted 1:10 with

sterile, deionized water before mixing with the media, following the manufacturer's instructions.

Because FIB measurements are generally recommended to be conducted within 6 hours of sample

collection (EPA 2009), the longest settling duration with enterococci measurements was 4 hours

after set up of the columns (i.e., no more than 6 hours after collection). This temporal limitation for

enterococci counts, combined with the processing time for enterococci samples, limited the number

of enterococci samples to the initial and 1-2 subsequent time points per experiment. Data across

experiments were therefore pooled for analysis.

Sinking rate estimation began by plotting the percent of each particle or enterococci fraction that

remained suspended through time in successive settling columns (Owen 1976; Aumack et al. 2014).

As settling progressed, the percent suspended would be expected to decline, which was observed in

all cases except for free-living enterococci. Best-�t curves, regressing the percent suspended against

time, pooling data across experiments, were �t to each type of data. Statistical comparisons were
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based on the slopes of these best-�t regressions. The mean sinking velocity distribution for each

type of particle was then calculated following Owen 1976; Jones and Jago 1996 and Malarkey et al.

2013.

1.2.2 1-Dimensional Persistence Model

1.2.2 Model Framework

To simulate the fate of enterococci in a 1-dimensional water column, I employed an advection-

diffusion-decay framework that incorporated the empirically determined �rst-order growth rates.

While some previous studies have used similar �uid dynamic based approaches for modeling

enterococci persistence (Rippy et al. 2013a; Rippy et al. 2013b; Cho et al. 2010), this work notably

advances the �eld by distinguishing free-living and particle-associated growth rates and explicitly

incorporating sinking. Sinking (B), represented as vertical advection, only affected the particle-

associated fraction. Consistent with previous studies (Fuchs et al. 2007; Rippy et al. 2013a; Rippy

et al. 2013b) vertical mixing was simulated via turbulent diffusivity (� ) and impacted both fractions.

The general framework is represented by:

(1.1)
m� � !

mC
= � �

m2� � !

mI2
� _� ! � � � !

(1.2)
m�%�

mC
= � �

m2� %�

mI2
� B�

m�%�

mI
� _?0 � � %�

where� � ! or � %� = the % of the initial input of free-living or particle-associated enterococci,

� = turbulent diffusivity (meters2/second), z= depth (meters),_ = total growth rate (second-1), and

s = sinking rate (meters/second). In these equations, both the light- and temperature- dependent

growth rates are incorporated, as_� !>A%� =
P

_;86�C+ _C4<?4A0CDA4. See Table 1.4 for all parameter

de�nitions. A Forward-in-Time-Centered-in-Space (FTCS) Taylor Expansion was used to enable

simulations with diffusivity. For higher temporal resolution during model iterations, all time values

are converted to seconds. The upper boundary of the simulated water column only had mixing of

enterococci downwards, with the mixing upwards (via diffusivity) set to 0. No enterococci could
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escape from the bottom of the simulated water column and could only be mixed upwards. As an

example, the FTCS for free-living enterococci not at the bottom or top boundary layer was:

(1.3)� [C+1–I] = � �
� C

(� I )2
� (� [C–I+1] � 2� � [C–I] +� [C–I� 1])+(1+3C� (_;86�C(I ) � �84; (C)+_C4<?)) � � [C–I]

The �84; (C) function is a light curve multiplier for the light-induced loss parameter with a

maximum value of 1 and minimum value of 0.�84; (C) is constrained as a sinusoidal function

for 16 hours and has a value of 0 for the subsequent 8 hours to simulate a realistic diel cycle (e.g.

summer at 45°latitude). The default is for enterococci discharge to occur immediately prior to

sunrise (i.e. as solar radiation increases). Discharge timing was manipulated in later simulation

runs. Light-dependent growth rates (_;86�C) throughout the water column were modeled similarly to

diffuse light attenuation with depth ( 3), such that light-dependent growth was directly proportional

to light level:

(1.4)_;86�C(I ) = _;86�C(0) � 4(�  3 � I )

where 3 is the diffuse attenuation coef�cient (meters� 1 and z is depth (meters). Note that I

did not specify the wavelength for 3, as the action spectrum for enterococci inactivation is not

known, and may vary between species ofEnterococcus sp.and between water bodies. Nevertheless,

water bodies of higher turbidity have higher values of 3. To simulate enterococci persistence in

conditions that represent many water body types, the model was run over wide ranges of 3 (0-2

<4C4A� 1, or in�nite to 2.3 meter 1% light level) and� (0-0.01<4C4AB2 B42>=3) values that are

consistent with literature values (Table 1.5).

At C= 0, there is a simulated point source discharge of enterococci at the surface, which then

advected, diffused, and decayed following the empirically-determined parameters. I used) 90,

de�ned as the time it takes for 90% of the initial discharge of enterococci to decay, to compare

across model runs and with previous studies (Kay et al. 2005; Brooks and Field 2016).) 90 is

a standard metric used in pollutant monitoring, including for fecal indicator bacteria (Guillaud

et al. 1997; Kay et al. 2005) and chemical pollutants (Trapido et al. 2014). Concentrations were

integrated throughout the water column and the �rst time point where
P / =20<

/ =0< � (I ) � 10 is ) 90.
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Simulations subjected to variations in parameter values and water body characteristics yield distinct

) 90 values (Figure 1.2). The maximum) 90 was set at 100 hours, as other environmental factors,

such as horizontal transport, would have a greater role in determining enterococci concentrations

so long after introduction into a receiving water body. Accordingly, enterococci populations that

would require over 100 hours to decay to 10% and those increasing in concentration (i.e. growing),

were assigned) 90 = 100hours.

1.2.2 Sensitivity Tests

Two different sensitivity tests addressed: 1) how sensitive is model output to changes in

individual parameter values (growth and sinking rates)? and 2) given the observed variability in

parameter values, how robust is the conclusion that particle association results in longer modeled

enterococci persistence?

For the �rst question, one parameter (light- or temperature-dependent growth, or sinking rate)

was allowed to vary, while other parameters were held constant at the experimentally determined

mean values, referred to as standard run values. 3 and � values in sensitivity tests were set

to represent two environmentally-relevant extremes: a clear, quiescent lake ( 3 = 0•087< � 1),

� = 1•34� (10� 4)< 2 B) using parameter values from Lake Tahoe (Abbott et al. 1984; Swift et al.

2006) and a turbid, turbulent estuary ( 3 = 2•02< � 1,� = 0•01< 2 B) like the Hudson River Estuary

(Orton and Kineke 2001; Stross and Sokol 1989).

Using means and standard deviations of the empirical data, a vector of light-dependent and

temperature-dependent growth rates with a normal distribution was generated. Light growth rates

were represented as a truncated normal distribution, with values constrained toŸ0, representing the

assumption that light will not enhance enterococci growth (supported by high light-induced mortality

of FIB - Davies-Colley et al. 1994; Sinton et al. 2002 and this study - Myers and Juhl 2020). Sinking

rates followed a gamma distribution of shape = 0.5 and scale 2. A vector of randomly-sampled rates

from each distribution was generated and the mean and variances of each vector were compared

to the empirical observations to ensure similarity. For each of the 1000 simulations per parameter
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(6000 total simulation runs), a single growth or sinking rate was selected at random from this

vector and then the model was run forward 96 hours, with all other parameters held constant at

standard run values. Sensitivity was quanti�ed using the deviation (range-normalized, root mean

squared deviation) of sensitivity test simulation runs from standard run values, yielding a measure

of variability V in modeled) 90 based on N variations of the empirically-determined parameters:

(1.5)+ =

s

(

P ==#
==1 () 90(<40=) � ) 90(=))2

#
)  () 90<0G � ) 90<8=)

A value of+ = 0 would indicate that the model output is fully insensitive to changes in a given

parameter.

A second set of sensitivity tests assessed the importance of particle association on enterococci

persistence throughout the parameter space de�ned by variability in all empirically-measured pa-

rameters simultaneously. In the 1000 simulations for these tests, light- and temperature-dependent

growth and sinking rates were all randomly selected from new vectors of the rates that had distri-

butions similar to the empirical observations. Simulations were run for the lake and estuarine 3

and� conditions, with the difference in) 90 (i.e. � ) 90) between particle-associated and free-living

fractions as the output. The distribution of these differences was then compared to the difference in

persistence for simulations using standard value runs. Variability in) 90 predictions and� ) 90 for

simulations where all rates varied were also computed.

1.3 Results

1.3.1 Empirical Rates

1.3.1 Dark, Temperature-Dependent Growth

Environmental conditions for samples used in dark growth rate experiments are shown in Table

1.1. Table 1.6 shows mean dark growth rates of the free-living, particle-associated, and total

enterococci at each experimental temperature. Raw data from each experiment are shown in Table

1.7. Free-living enterococci experienced positive growth only at 5°C (0•01•30H� 0•24), compared to
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positive growth for particle-associated enterococci at all temperatures (5°C: 0•30 30H� 0•66, 18°C:

0•33 30H� 0•62, 28°C: 0•14 30H� 0•67). At the higher temperatures of 18°C and 28°C, free-living

enterococci experienced loss/mortality (-0•36 30H� 0•52, -0•29 30H� 0•45, respectively). At

18°C and28°C, the difference between free-living and particle-associated enterococci was most

pronounced, with positive vs. negative growth.

A two-way ANOVA with fraction (particle-associated vs. free-living) and temperature (5, 18,

or 28°C) as factors demonstrated a signi�cant effect of fraction (� 1–30 = 6•48– ?= 0•016), but not

temperature (� 2–30 = 0•58– ?= 0•57) on enterococci growth rates.Post hoctesting con�rmed that the

particle-associated fraction had signi�cantly more positive growth rates than the free-living fraction.

1.3.1 Light-Dependent Growth Rates

Environmental conditions for samples used in light-dependent growth rate experiments are

shown in Table 1.1. Raw data, incident light for normalization, and normalized light-dependent

growth rates are shown in Table 1.3. Table (1.6) shows mean, normalized light-dependent growth

rates for the free-living, particle-associated, and total enterococci at 18°C. Light-dependent growth

rates were all negative and 1-2 orders of magnitude smaller (i.e. more negative) than dark growth

rates at the same temperature (previous section). The growth rate for free-living enterococci

(� 27•21 30H� 12•92) was more negative than the growth rate for particle-associated enterococci

(� 16•48 30H� 6•26). Light-dependent growth rates for total enterococci (� 21•88 30H� 12•88)

more closely resembled free-living rates, likely due to the low proportion of particle-associated

enterococci during these experiments (average = 14.07%). Using an unequal variances, unpaired

t-test, free-living and particle-associated light-dependent growth rates were found to be signi�cantly

different (C11–9 = 2•4– ?= 0•032) from one another.

1.3.1 Sinking Rates

Environmental conditions for samples used in sinking rate experiments are shown in Table

1.2. Inorganic and organic particles remaining in suspension declined signi�cantly over time, with
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organic particles sinking signi�cantly slower (� 1–50 = 28•24– ? Ÿ0•001) (Figure 1.3B). At any given

time (afterC= 0), a larger fraction of the organic particles remained suspended, indicating that

organic particles tended to have slower sinking rates than inorganic particles. A similar analysis for

particle-associated enterococci remaining in suspension (Figure 1.3B), produced an exponential best

�t with a signi�cantly negative slope (� 1–23 = 119•2– ? Ÿ0•0001). In contrast, a linear regression

applied to free-living enterococci indicated no signi�cant change over time (? = 0•12). The best �t

curves from Figure 1A-B were used to estimate the mean sinking rate spectra of inorganic particles,

organic particles, and particle-associated enterococci (Figure 1.3C). Free-living cells did not sink

appreciably during these experiments, while at least some particle-associated cells sank at rates

greater than 1 meter/day, though it is also likely that many particle-associated cells had negligible

sinking rates.

1.3.2 Model Results

1.3.2 Free-Living Enterococci) 90 (FL) 90)

Generally, FL) 90 (i.e. persistence of free-living enterococci) increased with diffuse light attenu-

ation ( 3) and turbulent diffusivity (� ) (Figure 1.4A). When turbulent diffusivity was near 0 (i.e.

limiting vertical motion of free-living enterococci), variation in 3 had minimal impact on FL) 90

(� 1% increase). However, even slight increases in turbulent diffusivity above zero dramatically

increased the effect of 3 on prolonging FL) 90. Meanwhile, for most values of 3, increasing�

prolonged FL) 90.

1.3.2 Particle-Associated Enterococci) 90 (PA) 90)

Patterns of PA) 90 were similar to those of FL) 90, though for nearly all combinations of 3

and� , PA) 90 was longer (Figure 1.4B). In addition, PA) 90 was more sensitive to changes in 3

or � , in the sense that a given change in 3 or � increased PA) 90 more than FL) 90. Above

� = 5 � 10� 6 meters2/second, PA) 90 often exceeded the model's maximum simulation time of 100

hours, effectively reaching in�nite persistence within the modeled domain (indicated by the pink
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color contour).

1.3.2 Difference in Enterococci) 90 (� ) 90)

The difference in simulated) 90 of each fraction (� ) 90 = %�) 90 � � !) 90) was consistently

greater than 0, indicating that particle-associated enterococci persisted longer than free-living

enterococci in standard simulation runs at all values of 3 and� (Figure 1.4C). The difference

in persistence between fractions ranged 1.7 - 96 hours (1.5-13 x greater). The difference between

fractions was minimized overall when 3 or � were near zero. The difference between fractions

was also most sensitive to changes in 3 when� was low. Speci�cally, under low to moderate�

(0 � 5 � 10� 5 meters2/second), PA) 90 increased more (up to 15x greater) than FL) 90 (up to 6.5 x

greater), as 3 increased from 0 to 2 meters-1. At higher� values, changes in 3 had less effect on

the difference between fractions. The greatest difference in) 90 between fractions (blue contour,

Figure 1.4C) occurred with low� and moderate to high 3 values. A region of similar difference

also extended throughout the diffusivity range at moderate 3 values.

1.3.2 Diel Effects on Enterococci) 90

In addition to the default discharge immediately prior to sunrise presented above, simulations

were run with inputs of enterococci occurring at different times throughout the 16-hour day and

8-hour night cycle. Simulated discharges occurring later in the day consistently increased) 90 of both

free-living and particle-associated fractions (Figures 1.5, 1.6, 1.7), relative to the default discharge

scenario (sunrise, Figure 1.4), with the greatest difference for discharge at 16 hours (sunset, Figure

1.5). Simulated discharge at 16 hours increased the minimum simulated) 90 for both free-living (4.6

to 12.5 hours) and particle-associated (6.4 to 14.5 hours) fractions. Later discharges had a greater

effect on FL) 90 than on PA) 90, particularly in regions of moderate to high 3 and low diffusivity. In

general, FL) 90 was more variable across the range of 3 and� values and over various discharge

times than PA) 90. Therefore, patterns in the� ) 90 plots primarily re�ect the patterns of FL) 90.
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1.3.2 Sensitivity Tests

The �rst set of sensitivity tests, that examined model sensitivity to changes in one set of rates at

a time, demonstrated a greater sensitivity (i.e. increased variability,+ ) of ) 90 to dark, compared to

light-dependent, growth rates. In addition, FL) 90 was more sensitive to rate changes than PA) 90,

and sensitivity of both fractions was greater for the higher 3 and� values representing estuarine

conditions, compared to the simulations representing a clear, quiescent lake (Figure 1.8). For

example, allowing dark growth rates to vary under the estuarine conditions generated greater+ for

FL) 90 (+ = 0•33) than PA) 90 (+ = 0•24). Variability in ) 90 values was lower in sensitivity tests

using the clear, quiescent lake conditions, though changes in dark growth rates still caused more

variability in FL) 90 (+ = 0•145) than in PA) 90 (+ = 0•139).

Allowing light-dependent growth rates to vary had the greatest impact on FL) 90 under estuarine

conditions (+ = 0•248), though persistence of the particle-associated fraction was always in�nite in

those conditions, resulting in 0 computed variability within the sensitivity runs. In lake conditions,

free-living (+ = 0•081) and particle-associated (+ = 0•070) persistence was relatively insensitive to

varying light-dependent growth rates (Figure 1.8).

Only PA) 90 under lake conditions was measurably sensitive to varying sinking rates (+ =

0•0897), as PA) 90 in turbid, turbulent estuarine conditions consistently reached the maximum (or

in�nite) ) 90 values, regardless of sinking rate. The simulated free-living fraction did not sink, so

FL) 90 values did not change with different sinking rates.

In the second set of sensitivity tests, where all rates were allowed to vary between successive

simulation runs, PA) 90 was greater than FL) 90 for 80.7% of lake trials and for 88.5% of estuarine

trials. In some runs,) 90 of both fractions exceeded 100 hours. Because of the negative mean dark

growth rates for free-living vs. positive mean dark growth rates of particle-associated enterococci,

trials with ) 90 of both fractions exceeding 100 hours (� ) 90 = 0) were counted towards greater

persistence by the particle-associated fraction in the percentages given above. FL) 90 and PA) 90

were more sensitive to rate changes under estuarine (V=0.35 and V=0.28, respectively) than lake

(+ = 0•09 and+ = 0•12, respectively) conditions. Also, using equation 5 for� ) 90, sensitivity of
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� ) 90 values to rate changes was lower for the lake vs. estuarine conditions (+ = 0•073and0•243,

respectively).

1.4 Discussion

1.4.1 Empirically-Determined Growth and Sinking Rates

While numerous studies have quanti�ed growth or decay rates of enterococci and other FIBs,

this is the �rst study to separately quantify growth rates for particle-associated and free-living

enterococci populations. The higher light-dependent and dark growth rates of particle-associated

vs. free-living enterococci in this study are consistent with arguments that particles provide a

more favorable environment for bacteria, including FIB. The two fractions also differed because

particle-associated enterococci had measurable sinking rates, while the free-living fraction remained

suspended. These quantitative differences in rates that are critical for FIB ecological dynamics in

receiving water bodies highlight the important distinctions between these two fractions.

1.4.1 Particle Association of Enterococci

An improved understanding of the impact of particle association on transport and the extra-

enteric ecology of sewage-derived organisms has previously been called for in the literature

(O'Mullan et al. 2017). High particle association rates of fecal indicator bacteria in various water

bodies underscore the importance of quantifying the effects of particle association and incorporating

them in dynamic models. Enterococci particle association rates vary in the literature, including 10%

in Lake Michigan (Liu et al. 2006), 9% in stormwater (Jeng et al. 2005), 20-55% in stormwater and

water samples (Characklis et al. 2005), 1-95% (mean 34%) in the Skidaway River estuary (Mote

et al. 2012), 16-77% in a sewage discharge (Cho et al. 2010), and 50% in the Hudson River estuary

(Suter et al. 2011). Enterococci particle association in this study fell within these ranges at at 32%

across all samples for growth and sinking rate experiments.

There are con�icting results on particle size preference for association by sewage microbes

in the literature. In some studies, fecal bacteria have been found to more frequently associate
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with �ne sediments and particles (Jamieson et al. 2004; Ferguson et al. 1996). More speci�cally,

Goldscheider et al. 2010 and Muirhead et al. 2006 found that fecal coliform bacteria, likeE. coli,

were predominantly associated with particles that areŸ 2` m in size. Walters et al. 2014 found that

80-90% of enterococci andE. coli were associated with particles less than or equal to 12` m in size,

with less than 1% over 63̀m. However, enterococci have also been reported to associate most with

larger size fractions (¡ 30` m) in an estuarine system (Mote et al. 2012). For particle chemical

composition, Ferguson et al. 1996 and O'Mullan et al. 2019 found that greater concentrations

of fecal bacteria in sediments correlated with higher organic matter content, which could alter

particle density and structure. Association with different size and composition particles will alter

the transport and dispersal of the fecal bacteria throughout the water body.

1.4.1 Dark, Temperature-Dependent Growth

The temperature dependence of mean dark growth rates measured in this study for the total

fraction of enterococci was consistent with previous empirical studies. Many studies have reported

more negative dark growth rates at high temperatures and growth rates closer to 0 at low temperatures

(Craig et al. 2002; Noble et al. 2004; Boehm et al. 2018, see Table 1.8). Further, greater persistence

of FIB observed in winter than summer (Maïga et al. 2009; Maraccini et al. 2016; Ballesté et al.

2018) has been partially attributed to lower temperatures. However, my results demonstrate that

temperature-dependence of total fraction growth rates in our experiments was primarily driven by

the free-living fraction, as mean particle-associated enterococci growth rates were more consistent

across the temperature range. Note that mean dark growth rates of the particle-associated fraction

were positive at every temperature, while those of the free-living fraction became negative at higher

temperatures. Therefore, some of the variability of temperature-dependent growth rates in previous

studies may be due to the variable degree of particle association of FIB in the population studied.

Based on results of this study, dark growth rates measured for a predominantly free-living population

of enterococci could show greater temperature dependence and overall be more negative, while

less temperature dependence and even positive growth rates could be found in a population of
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enterococci that was predominantly particle-associated.

Dark growth rates of total enterococci measured in this study were also comparable to the means

and variability reported in other studies at similar temperatures for total populations (Table 1.8).

In my data, mean dark growth rates were towards the higher end of the range of values at each

temperature presented in Table 1.8, implying longer persistence. This was most notable at 5°C,

where all fractions of enterococci experienced positive growth, contrary to the low negative growth

for FIB commonly observed at this temperature (e.g.Evison 1988; Menon et al. 2003). Positive

extra-enteric growth of enterococci has been observed in sediments (e.g.Jeng et al. 2005; Yamahara

et al. 2009; Hartz et al. 2008; Palmateer et al. 1989), in association with organic rich substrates,

such as algae and vegetation (e.g.Byappanahalli et al. 2003; Byappanahalli and Whitman 2009;

Imamura et al. 2011), and in treated wastewater with high dissolved nutrients (Surbeck et al. 2010).

Therefore, this study's relatively high growth rates could be related to high levels of dissolved

organic matter in the Hudson River (Findlay 2005).

Similarly, higher substrate availability on particles could contribute to the elevated dark growth

rates of particle-associated vs. free-living enterococci by releasing organic substrates that support

bacterial growth. Because dark growth rates aggregate numerous ecological and physiological

processes, other potential advantages of particle association (Davies and Bavor 2000; Craig et al.

2002; Hess-Erga et al. 2008) may also drive differences in dark growth rates observed between

the two fractions. In any case, my data support the hypothesis that particle association bene�ts

enterococci survival, similar to results reported for particle-associatedE. coli (Garcia-Armisen

and Servais 2009). Furthermore, positive growth for the particle-associated fraction of enterococci

contradicts the general assumption that the extra-enteric ecology of FIB populations is dominated

by loss, which is important to consider in the use of the particle-associated fraction as indicators

of fecal contamination (alluded to in Anderson et al. 2005). It remains an open question if other

sewage-derived bacteria have similar particle association and ecological dynamics.
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1.4.1 Light-Dependent Growth

Consistent with previous studies, enterococci growth rates under sunlight exposure were sig-

ni�cantly more negative than dark growth rates. As for dark growth rates, direct comparison of

this study's light-dependent growth rates is only possible via the total fraction of enterococci. The

mean and variance of light-dependent growth rates of total enterococci observed in this study fall

within ranges reported in the literature (Table 1.8), though are on the lower end (i.e. faster decay).

High variability of reported rates within and between studies is unsurprising, as different factors

can interact with light to alter light-induced inactivation rates (Davies-Colley et al. 1994; Maïga

et al. 2009; Yeh et al. 2011; Fujioka et al. 1981). Further complicating comparison across studies,

there is not a consistent standard within the �eld for reporting light-dependent growth rates and

corresponding irradiance values, with many studies only indicating high or low light exposure

ranges. Furthermore, this study is based on short experiments during maximum sunlight exposure

and minimal cloud cover, so the rates we report were likely the maximum for the day.

The more negative light-dependent growth rates of free-living enterococci in this study are

consistent with size fractionation studies that report the most negative FIB light-dependent growth

rates for the smallest size fractions, which include free-living cells (Qualls et al. 1983; Madge

and Jensen 2006; Walters et al. 2014. Differing growth rates reported for various size fractions

could relate to differences in shading ef�cacy. The general shading effect of particles may be

responsible for less negative light-dependent growth rates in turbid water columns (Kay et al. 2005;

Gutiérrez-Cacciabue et al. 2016) and could bene�t free-living and particle-associated populations

similarly.). In inoculated water samples, Gutiérrez-Cacciabue et al. 2016 determined that water

with particles prevented immediate sunlight inactivation and increased long-term survival ofE. coli

andEnterococcus sp.This is further supported by higher concentrations of total coliform bacteria

observed when bacteria are attached to and/or shaded by bio�lms and macrophytes (Yeh et al. 2011).

Some experiments showed that sunlight induced differences in water pH, temperature, and dissolved

oxygen (Yeh et al. 2011), which may exacerbate light-induced inactivation of fecal bacteria, as

seen in Maïga et al. 2009. From this study's experiments, however, I cannot resolve the mechanism
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responsible for the higher mean light-dependent growth rates of particle-associated vs. free-living

enterococci, indicating future research is warranted.

1.4.1 Sinking Rate Distribution

Direct observations of FIB sinking rates are rare, but the reported range of 0.5 to 1.6 meters/day

for particle-associated fecal coliforms andE. coli (Auer and Niehaus 1993; Garcia-Armisen and

Servais 2009) encompasses particle-associated enterococci sinking rates found in this study. This

is slightly faster than the range reported for in situ bacterial sinking rates of 0.1-1.0 meters/day

(Ducklow et al. 1982). From our experiments, we found that only particle-associated enterococci

has quanti�able sinking rates. Some modeling studies have used ideal calculations of particle

deposition and resuspension (Steets and Holden 2003; Sanders et al. 2005) or Stokes' law (Cho

et al. 2010) for estimating sinking of FIB. Much higher particle-associated FIB sinking rates have

been estimated in streams where the particles are predominantly resuspended sediment (Jamieson

et al. 2005b).

Particle size preference of FIB likely in�uences sinking rates. FIB sinking rates that are slow

relative to the rest of the particle �eld, like in this study, suggest dominant FIB attachment to

smaller particles. Previous studies have often found FIB to be more frequently associated with �ne

sediments and particles (Davies and Bavor 2000; Jamieson et al. 2004; Walters et al. 2014), though

not always (Mote et al. 2012). Particle composition also very likely plays a role in altering sinking

rates through particle density and structure. By assessing a sinking rate distribution rather than a

mean rate, this study encompasses some of the variability in enterococci sinking due to particle

composition. Further research on particle size or type preference of sewage microbes would better

constrain sinking rates that should be used in models of FIB persistence.

1.4.2 Simulated Persistence of Particle-Associated and Free-Living Enterococci

Recent FIB modeling studies cite a lack of con�dence in parameterizing distinct growth rates for

particle-associated and free-living FIB. This is the �rst modeling study to 1) incorporate empirically-
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quanti�ed, distinct growth rates for particle-associated and free-living enterococci and, 2) simulate

how variation in light exposure with time of day and depth could affect FIB persistence. Results of

these simulations demonstrate distinct ecological dynamics for particle-associated vs. free-living

enterococci, stemming from quantitative differences in critical rates, which supports measuring

the two fractions as distinct populations and considering the impacts of FIB particle association in

water quality management.

1.4.2 Modeled Dark Growth

Many models represent FIB growth via background rates that depend on temperature (Neitsch

et al. 2005; Hipsey et al. 2008; Kim et al. 2010; Niazi et al. 2015), and sometimes salinity (Chen

and Liu 2017). My total enterococci growth rates support the former, though temperature in�uenced

dark growth rates less than particle association. Salinity impacts were not included in my model

because I found no impact of salinity in my experiments and literature reports of the impact of

salinity are inconsistent, suggesting lower enterococci sensitivity to salinity than other FIB (Noble

et al. 2004; Anderson et al. 2005).

1.4.2 Modeled Light-Dependent Growth

Some previous FIB models have highlighted the importance of light effects on FIB growth

rates, including light variability due to day vs. night, sunlight intensity, depth, and water column

turbidity (Auer and Niehaus 1993; Hellweger and Masopust 2008; Cho et al. 2010; Gao et al. 2015).

However, light-dependence was also omitted, or not explicitly incorporated, in other previous

modeling studies (Russo et al. 2011; Wen et al. 2017; Chen and Liu 2017), at least partly due

to insuf�cient data. Including variable light-dependent growth rates improved model validation

against �eld data in some cases (Cho et al. 2010), though not in others (Hellweger and Masopust

2008; Rippy et al. 2013a). In Rippy et al. 2013a the lack of impact of varying light-dependent

growth rates on model outputs could be due to the relatively short study duration (5 hours sunlight

exposure), while Hellweger and Masopust 2008 argued that their model may have been biased by
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using a single water column 3 throughout their study region. This study's simulations indicated

that varying 3 notably altered FIB persistence, supporting the argument that use of a single 3

value could weaken model validation against �eld data. Moreover, the combined dependence in my

model of light-dependent growth rates on time of day, light attenuation, and depth in water column

underscored the importance of including variability of light and 3 in FIB persistence predictions.

1.4.2 Distinguishing Particle-Associated and Free-Living Enterococci

Incorporation of subpopulations with different growth rates, as in this study, is rare in FIB models.

Uniform growth rate parameters are commonly imposed across total FIB populations (Hipsey et al.

2008; Coffey et al. 2010; Bougeard et al. 2011; Pandey et al. 2016), though some models have

simulated FIB populations of differential persistence (Sadeghi, Ali M. and Arnold, Jeffrey G. 2002;

Hellweger and Masopust 2008; Bucci et al. 2012; Rippy et al. 2013b) or distinguished particle-

associated and free-living FIB (Brauwere et al. 2014; Chen and Liu 2017). When included in FIB

fate models, particle association is primarily linked to transport processes, like resuspension and

deposition to the sediments (Jamieson et al. 2005b; Jamieson et al. 2005a; Yang et al. 2008; Cho et al.

2010; Kim et al. 2010; Feng et al. 2016), though Brauwere et al. 2014 included a positive impact of

particle association on growth rates ofE. coli. The divergent persistence between independently

parameterized particle-associated and free-living fractions in this study's simulations suggests that

future FIB modeling studies should distinguish these subpopulations, whether or not sediment

resuspension is incorporated within the model.

1.4.2 Simulated Impacts of 3 and � on Persistence

In my model, 3 and� , re�ective of literature values (Table 1.5), control enterococci persistence,

as all fractions can be transported vertically via turbulent motion (� ) and particle-associated cells

also sink, both processes that alter light exposure in accordance with 3. Because solar inactivation

of FIB is caused by both UV and visible light (Fujioka et al. 1981; Davies-Colley et al. 1994;

Sinton et al. 2002), 3 values in these simulations can be contextualized by comparisons to 3PAR.
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However, the conclusions of this study are not based on wavelength-speci�c 3, and predictions for

any wavelength band could be extracted by selecting an appropriate 3 value. In our simulations,

high  3 values lowered the effect of light exposure on growth rates at each depth, making net

growth rates more dependent on dark growth rates. These trends are consistent with experiments

demonstrating that light-dependent growth rates of enterococci are less negative with increasing

turbidity (Alkan et al. 1995; Whitman et al. 2004; Kay et al. 2005; Gutiérrez-Cacciabue et al. 2016)

and that rates in turbid water were similar to dark growth rates (Kay et al. 2005). In addition, the

proportionality of light-dependent growth rates in our model as light exposure changes due to depth

and time of day is supported by commensurate changes in FIB growth rates with varying light

exposure due to turbidity (Kay et al. 2005), depth (Davies-Colley et al. 1994), and exposure time

(Auer and Niehaus 1993; Sinton et al. 2002).

Turbulence, as represented by� , primarily affected enterococci persistence in my model by

impacting their depth distribution, which altered light exposure according to 3. Our simulations

suggest interactive effects of 3 and� as seen by the greater increase in) 90 (of both fractions)

when 3 and� increased together, as opposed to separately. Impacts of turbulence on enterococci

growth rates or water column concentrations in previous studies have also been linked to changes

in turbidity (Palmateer et al. 1989; Whitman et al. 2004), demonstrating empirical support for an

interaction between turbulence and turbidity on FIB. Direct effects of turbulence on FIB growth

rates have been suggested (Al-Homoud and Hondzo 2008), though are not included in this model.

Vertical mixing has also been previously connected to increased water column concentrations of FIB

through resuspension of sediment-bound FIB (Steets and Holden 2003; Craig et al. 2004; O'Mullan

et al. 2019). While the source potential of longer persisting enterococci at depth is acknowledged

in our model by the mixing up from deeper layers of both fractions, we did not explicitly include

deposition or resuspension from sediments.

At every value of 3 and� in the standard run simulations, particle-associated enterococci

persisted longer than free-living enterococci. Minimal� ) 90 corresponded to when 3 or � were

close to 0, re�ecting clear and/or quiescent conditions, while greater� ) 90 corresponded to higher
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 3 and� , representing more turbid and/or turbulent waters. Variation in� ) 90 between fractions

predominantly re�ected patterns of FL) 90 and was greatest at the transitions from low to moderate

values of both 3 and � . It is worth noting that the sharp contrast surrounding the regions of

maximal� ) 90 (transition from dark blue to lighter blue contours in the upper portion of Figure

1.4C) is partially due to the imposed maximum) 90 value of 100 hours in these simulations. Had

simulations been run longer, the dark blue region of maximum difference would likely extend

further along the axis of increasing 3.

1.4.2 Simulated Diel Cycle Effects on Persistence

In urban areas, where FIB abundance is dominated by intermittent point source discharges (e.g.

combined sewer over�ows), sewage discharges can occur at different times throughout the diel

cycle, with correspondingly altered light exposure for discharged FIB. In this study, persistence

for both fractions increased for simulated discharges occurring closer to sunset (16 hours), due to

the interaction between turbulence and light exposure. For example, simulated discharges at sunset

(16 hours) allowed a portion of both enterococci fractions to be transported deeper in the water

column (to low-light, deep layers) before sunrise, decreasing cumulative light-induced inactivation

and increasing) 90 values by at least 24 hours (compared to modeled sunrise discharge). Simulated

free-living enterococci bene�ted the most from mixing during dark period hours. The greatest

increase in simulated FL) 90 occurred at low to moderate� and high 3, when some cells were

transported into low-light, deep layers. As in the sunrise discharge scenario, at high� , vertical

transport increased cumulative light exposure of simulated enterococci and decreased persistence.

Results from these simulations suggest that discharge timing within a diel cycle may be an important

factor in predicting enterococci persistence. Future FIB studies could include high frequency

sampling within a diel cycle to test this hypothesis against �eld measurements.
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1.4.2 Model Sensitivity Testing

In model sensitivity tests, FL) 90 was generally more variable than PA) 90, and simulated estuarine

conditions led to greater FL) 90 variability than in the lake simulations. Higher variability under

estuarine conditions was due to the steeper vertical gradient in light exposure with depth than in the

lake conditions. The differential light exposure of cells over the course of a simulation then led to

more divergent) 90 predictions than under the lake conditions with more homogenous light exposure.

Similarly, there was greater variability in FL) 90 in the estuarine conditions when light-dependent

growth rates were altered. One caveat to these tests was that variability in PA) 90 was not calculated

for the estuarine simulations because the time scale exceeded 100 hours. Nevertheless, in both

estuarine and lake conditions 80-90% of simulations from the second set of sensitivity tests, where

all rates were allowed to vary, resulted in greater persistence of particle-associated than free-living

enterococci. The consistency of this result across wide parameter ranges strongly supports the

hypothesis that particle association can prolong FIB environmental persistence.

In general, of the parameters manipulated in sensitivity testing, our model was most sensitive

to changes in dark growth rate. However, the lower model sensitivity to variable light-dependent

growth rates does not indicate a lack of importance of these rates for predicting persistence. In

simulations where light-dependent growth rates were omitted from our model,) 90 was100+hours

for both fractions throughout the range of 3 and� (data not shown). Similarly, the importance

of light-dependent growth rates on persistence is shown by the effect of 3 on ) 90 patterns of

both fractions. Sinking rates only affected the particle-associated fraction and, under the lake

conditions, resulted in PA) 90 variability that fell between light and dark PA) 90 variability. Sinking

rate sensitivity tests, therefore, suggest that empirically well-constrained sinking rates are more

important for predicting particle-associated FIB persistence under lake compared to estuarine

conditions. Overall, simulations in which sinking rate was omitted led to similar) 90 predictions

of particle-associated enterococci, except at relatively low 3 and � conditions (Figure 1.9).

Sensitivity tests where all rates were modi�ed resulted in variability similar to sensitivity tests where

only dark growth rates varied, underscoring the relative importance of quantifying dark growth rates
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for modeling FIB persistence.

1.4.3 Conclusions

Particle association of enterococci increased critical growth rates and induced sinking, leading to

longer simulated persistence of the particle-associated vs. free-living fraction across a wide range of

physically-relevant values of diffuse light attenuation and turbulent diffusivity. Future experiments

could especially focus on constraining fraction-speci�c dark, temperature-dependent growth rates,

due to the high sensitivity of simulated persistence to this rate. The generally higher sensitivity

of simulated persistence to changes in all rates in the estuarine scenario suggests that empirical

rate determination is especially critical in turbid and turbulent water bodies. Further, increased

simulated persistence of both enterococci fractions with discharges later in the day suggests that

further research should examine the effects of sewage discharge time within the diel cycle on

downstream FIB persistence. The important role of particle association in the extra-enteric ecology

of enterococci persistence revealed in this study suggests that future research should assess the

impacts of particle association for other sewage-derived microbes, especially potential pathogens

that pose human health risks.
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Figure 1.1: Map of Field Sites. A map noting the location of the two Hudson River sampling
sites on Piermont Pier in Piermont, NY and one site in Sparkill, NY. The �eld sites are: 1) near
the combined outfall of the Orangetown Wastewater Treatment Plant and the Rockland County
Sewer District (41.043, -73.896), 2) near a sewage pump station that occasionally over�ows (State
Pollutant Discharge Elimination System, Permitted Discharge Point No. NY 002605; 41.041,
-73.906), and 3) the commonly contaminated tributary, Sparkill Creek (41.031, -73.924). Map
copyright GoogleMaps.
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Figure 1.2: Example Measurement of Simulation) 90. Enterococci population decays according to
model parameter values. The time when 90% of the population has decayed is then marked at) 90,
denoted here by the horizontal black line. This example holds 3 constant at 2 meters-1 and varies
diffusivity. Each pairing of 3 and� values will have a different) 90 calculation, marked along the
x-axis by the colored vertical lines.
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Figure 1.3: Empirical Sinking Rate Data. Data from sinking rate experiments conducted using water
collected from the HRE. Percent of initial suspended particles (inorganic and organic) remaining in
suspension at each time point (A). Percent of initial particle-associated and free-living enterococci
remaining in suspension at each time point (B). Solid lines in A and B are the best-�t curves for
data pooled across 5 experiments, dashed curves indicate the 95% CI of each curve. Distribution
of sinking rates (solid curves) and 95% CI (dashed curves) were calculated using the regressions
shown in A and B (C). The curves indicate the particle population fraction with a sinking rate greater
than the value shown by the respective curve. For example, approximately 43% of the inorganic
particles, 22% of the organic particles and 14% of the particle-associated enterococci had sinking
rates¡ 1 meter/day.
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Figure 1.4: Standard Model Run) 90. Simulated persistence () 90 is shown for free-living (A) and
particle-associated (B) enterococci under the default discharge scenario (at sunrise) for standard
run values. Color bar indicates) 90 the time it takes for 90% of enterococci to decay.) 90 is plotted
against a wide, physically-relevant range of 3 (diffuse attenuation coef�cient) and� (diffusivity).
The difference in) 90between particle-associated and free-living enterococci (B-A) is always greater
than 0 (C).

44



Figure 1.5: Later Discharge Model Run) 90. Simulated persistence,) 90, for free-living (A) and
particle-associated (B) enterococci is shown using standard run values and a discharge time of
16 hours, immediately prior to sunset.) 90 values are shown via color bar and are plotted along
a wide range of 3 (diffuse attenuation coef�cient) and� (diffusivity). The difference in) 90 for
particle-associated and free-living enterococci (B-A) is consistently greater than 0 (C).
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Figure 1.6: Diel Cycle) 90 with 4 Hour Delay.) 90for free-living (A) and particle-associated (B)
enterococci is plotted along a wide range of physically-relevant 3 and� values. The difference
in PA) 90and FL) 90 (B-A) is consistently greater than 0 (C). Discharge occurred 4 hours following
sunrise and the simulation was run using standard run values.
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Figure 1.7: Diel Cycle) 90 with 12 Hour Delay.) 90 for free-living (A) and particle-associated (B)
enterococci is plotted along a wide range of physically-relevant 3 and� values. The difference
in ) 90 between particle-associated and free-living enterococci (B-A) is always greater than 0 (C).
Discharge occurred 12 hours following sunrise, so 4 hours prior to sunset in the 16-hour day/8-hour
night cycle. The simulation was run using standard run values.
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Figure 1.8: Model Variability from Rate Manipulation. Model variability (V), measured by
comparing standard run value model outputs to 1000 different runs per sensitivity test (calculated
using the range-normalized, root mean squared deviation formula, equation 5), is plotted against
each sensitivity test. Outputs are grouped according to which rates were manipulated over the
1000 simulations: all rates, temperature-dependent growth, light-dependent growth, or sinking.
Variability outputs are labeled to denote if tests were performed for approximated lake or estuary
conditions. Particle-associated predictions are denoted by stippling. Sensitivity tests where all
simulations resulted in) 90 ¡ 100hours are denoted by the symbolœ.
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Figure 1.9: Standard Model) 90 with Sinking Rate Removal.) 90 or free-living (A) and particle-
associated (B) enterococci is plotted along a wide range of physically-relevant 3 and� values.
The difference in PA) 90 and FL) 90 (B-A) is consistently greater than 0 (C). For this model run,
the sinking term was removed, altering PA) 90, but not FL) 90 from Figure 1.2. Discharge occurred
directly prior to sunrise in the 16-hour day/8-hour night cycle and the simulation was run with
standard run values.
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Table 1.1: Environmental data. Environmental data for temperature- and light-dependent growth rate experiments. Note the variability in
starting concentration of enterococci and how it does not correlate to the variability in particle association (A2 = 0•15). It is noted for each
experiment which fraction was tested.
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Table 1.2: Initial Conditions for Settling Experiments. Note that mass-based TSS was linearly
related to turbidity measured optically in the original sample (A2 = 0•99).

Table 1.3: Light-Dependent Experiments Data. Raw data and light-normalized growth-rates with
incident solar irradiance measured for the duration of each experiment.
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Table 1.4: Parameter De�nition and Values. Empirically-determined and literature-based values
used in the model are shown alongside parameter de�nitions.
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Table 1.5: Survey of Empirically-Determined Diffuse Attenuation and Diffusivity Values. A
summary table of values of diffuse attenuation of light coef�cients ( 3) and turbulent diffusivity
values (� ) reported from different water body types. Units for 3 are m-1 and units for� are m2/s.
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Table 1.6: Growth Rates. Summary data from dark, temperature-dependent and light-dependent
growth rate experiments, separated for each fraction.

Table 1.7: Temperature-Dependent Experiments Data. Raw data from each temperature-dependent
growth experiment for all fractions. Growth rates are reported as (day-1).
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Table 1.8: Survey of Empirically-Determined Enterococci Growth Rates. A summary table of dark
and light-dependent enterococci growth rates with temperature, enterococci source, and matrix
distinction. Rates are reported as: mean (standard deviation, when available).� denotes unpublished
data
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Chapter 2: Particle Association Prevalence and Impact on Critical

Ecological Dynamics of Microbial Potential Pathogens in the Hudson River

Estuary

2.1 Introduction

Sewage pollution in coastal water bodies is a consistent and pressing public health concern

arising from contact with contaminated water. Contamination via sewage occurs through a variety

of point (e.g.combined sewer over�ows (CSO), industrial discharges, wastewater treatment plants,

permitted discharges) and nonpoint sources (e.g. leaking septic tanks and runoff). Even in countries

with extensive wastewater and stormwater management infrastructure, sewage contamination still

occurs, especially where stormwater and sanitary sewer systems are combined in CSOs (McGinnis

et al. 2018; Madoux-Humery et al. 2013; Newton et al. 2013; Al Aukidy and Verlicchi 2017). For

example, from New York City alone, the urban Hudson River Estuary (HRE) receives an estimated

7•9 � 107<4C4AB3 H40Aof untreated CSO discharges annually (NYCDEP 2016). Human contact

with sewage-contaminated water causes disease through fecal-associated pathogens and viruses

(Shuval 2003). Globally, insuf�cient water, sanitation, and hygiene has been estimated to cause

about 4% of all deaths (Prüss et al. 2002) and, more broadly, water impairment has been projected

to hinder economic growth and development (Damania et al. 2019). Economically, in the United

States (U.S.) alone, recreational waterborne illness costs an estimated $2.2-3.7 billion annually

(DeFlorio-Barker et al. 2018). With increasing urbanization (Wang et al. 2017) and precipitation

intensity (Kharin et al. 2007), wastewater systems will face higher and more variable loading,

increasing contamination of neighboring water bodies via more frequent planned or unplanned

sewage discharges (Vermeulen et al. 2015).

Environmental managers use fecal indicator bacteria (FIB), likeEnterocococus sp.andEs-
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cherichia coli, to indicate the presence of sewage in water bodies. FIB are easy to grow, robust

bacteria found in the guts of warm-blooded animals that are rarely detected, or at low concentra-

tion, in pristine waters. Regulating authorities, like the United States Environmental Protection

Agency (EPA), set thresholds of these indicator bacteria below which water bodies are considered

safe for recreation (USEPA 2012). Below these thresholds, the risk of gastrointestinal illness for

swimmers following contact with a water body is minimal. In the U.S., enterococci are the only

EPA-approved FIB for use monitoring sewage contamination in waters spanning fresh to marine,

which includes estuarine systems (USEPA 2012). While enterococci concentrations correlate with

the risk of gastrointestinal, skin, and other illness after contact with sewage-contaminated water

(Cabelli et al. 1982b; Fleisher et al. 2010), this genus is rarely pathogenic in recreational settings,

in that it is less likely to directly cause illness, unlike some strains of the FIBE. coli (Olsen et al.

2002). Criteria from Bonde et al. 1966 require that ideal FIB not be able to multiply in aquatic

environments, but research demonstrating the growth or adaptation of FIB to non-host environments

(Myers and Juhl 2020; Bordalo et al. 2002; Chudoba et al. 2013) indicates that a full understanding

of the extra-enteric ecology of FIB and co-occurring pathogens is necessary for prediction and

management to protect public health.

Co-occurring enteric pathogens in fecal matter and sewage, like species within the genera

Salmonella(non-typhoidal),Shigella, andCampylobacter(Cui et al. 2019), are more often the

cause of disease than FIB (Laine et al. 2011; Said et al. 2003). Measuring environmental pathogen

presence via FIB proxy is more advantageous than measuring the pathogens themselves (Straub and

Chandler 2003) because of the low concentrations and high diversity of sewage-derived pathogens

found in recreational waters. This is especially true for spatial and temporal scales relevant for

public health management. Previous research has highlighted the importance of researching the

inactivation of potential pathogens upon introduction to an aquatic environment (Ferguson et al.

2003). Through recent research, particle association of the FIB enterococci was found to increase

temperature-dependent and light-induced enterococci growth rates, plus induce sinking from the

well-lit surface layers (Chapter 1, Myers and Juhl 2020). Together, these different dynamics resulted
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in increased persistence and altered transport of the particle-associated (vs. free-living) fraction

of enterococci, which has public health and management implications. Particles are thought to

provide a more favorable environment than the surrounding water column, as indicated by higher

concentration bacterial communities, including potential pathogens (Lyons et al. 2007; Lyons

et al. 2010). Elevated pathogen and other bacteria concentrations may be supported by particles'

increased nutrient or solute availability (Kiørboe and Jackson 2001), physical stability (Craig et al.

2002), and protection from stressing factors like chemical disinfectants (Hess-Erga et al. 2008).

The advantages of particle-association for bacteria may be similar to those found in bio�lms (Hall-

Stoodley and Stoodley 2005; Balzer et al. 2010). It is unclear if sewage-derived potential pathogens

like Salmonella sp.andShigella sp.have similar particle-associated fractions and differences in

persistence due to particle association as co-occurring enterococci.

Many species within the largely entericSalmonellaandShigellagenera can be pathogenic to

humans (Slinko et al. 2009; García-Fulgueiras et al. 2001; Reller et al. 2006) and transmission

is commonly attributed to fecal contamination (Keene et al. 1994; Levantesi et al. 2012). The

U.S. Centers for Disease Control (CDC) estimates that about 1.35 million infections, 26,500

hospitalizations, and 420 deaths are caused annually bySalmonella sp.(CDC 2021). Species within

the genera ofSalmonella sp.andShigella sp.are known to cause disease in humans often through

food or drinking water contamination, likeSalmonella enterica(Slinko et al. 2009),Salmonella

anatum(Hassan et al. 2017),Shigella sonnei(García-Fulgueiras et al. 2001; Alamanos et al. 2000),

andShigella �exneri(Reller et al. 2006).Salmonella spp.have also been commonly detected

in a variety of recreational waters (Dionisio et al. 2000; Polo et al. 1999; Jiménez et al. 2014;

Levantesi et al. 2012), though detection in environmental waters is less commonly reported for

Shigella sp.(Faruque et al. 2002). BothSalmonella sp.andShigella sp.have also occasionally

been identi�ed as etiological agents in illness outbreaks stemming from water recreation in the U.S.

(Sorvillo et al. 1988; Denno et al. 2009; Hlavsa et al. 2018; Keene et al. 1994; Ralston et al. 2011),

though such illnesses are likely highly underreported (Kubota et al. 2011; Gibbons et al. 2014).

Contamination of recreational and drinking water by allochthonousSalmonella sp.andShigella sp.

58



is likely more prevalent under insuf�cient hygiene and sanitation conditions (Denno et al. 2009;

Faruque et al. 2002), which are now more common in developing regions. Thus, the global disease

burden associated with these genera in recreational waters is likely much higher than what can be

extrapolated from U.S. data alone.

Some genera with pathogenic species that cause human illness, likeVibrio, Aeromonas, and

Plesiomonas, are naturally-occurring in ambient waters, so have been found to be largely unrelated

to FIB concentrations and fecal contamination (Lipp and Rose 1997; Cabelli et al. 1982b; Dumontet

et al. 2000; Lizárraga-Partida et al. 2009).Vibrio sp.are naturally abundant (tens to thousands/mL)

potentially pathogenic organisms in warm, coastal ocean waters, estuaries and rivers (Rivera et al.

1989; Wietz et al. 2010; Jiang and Fu 2001; Lizárraga-Partida et al. 2009) and are largely considered

to be of marine or estuarine origin (Lizárraga-Partida et al. 2009). However, in some cases,Vibrio

sp. concentrations have been found to correlate with fecal bacteria concentrations (Rivera et al.

1989; Watkins and Cabelli 1985). TheVibrio sp.originating from fecal contamination of drinking

water, food, or surfaces can cause illness, especiallyVibrio choleraeandVibrio vulni�cus (Sugimoto

et al. 2014; Cañigral et al. 2010). Multiple species withinVibrio sp.have been commonly linked

to shell�sh-related disease and fatalities (Lipp and Rose 1997; Daniels et al. 2000; Jones and

Oliver 2009) and also to wound infections through contact with contaminated water (Oliver 2005;

Daniels et al. 2000). NonfoodborneVibrio sp. infections, arising from contact with contaminated

environments or seafood (not consumption), pose serious risks to human health and account for

approximately 25% ofVibrio sp. related illnesses in the U.S. (Dechet et al. 2008). Because of their

high prevalence, it unsurprising thatVibrio spp.are estimated to be the costliest marine pathogens

in the U.S. in terms of economic impact (Ralston et al. 2011). Understanding the persistence and

ecological dynamics ofVibrio sp. is increasingly important under climate change due to projected

faster growth under warmer water temperatures, shifting ranges of ideal growth (Baker-Austin et al.

2013; Deeb et al. 2018; Baker-Austin et al. 2017), and increasing human contact via coastal �ooding

(Froelich and Daines 2020).

The HRE is an ideal environment for constraining the environmental population dynamics of
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pathogenic bacteria because of its regularly high sewage-related inputs, indicated by FIB (O'Mullan

et al. 2019). Historically,Salmonella sp.(Brezenski and Russomanno 1969; Knight et al. 1990),

Shigella sp.(Young et al. 2013), andVibrio sp. (Cabelli et al. 1982b; DePaola et al. 2000; Lyons

et al. 2007), including some species known to infect humans, have been detected in the HRE and

Long Island Sound. Gastrointestinal illness following contact with contaminated water also has

been documented historically in the HRE (Jones et al. 1985), including typhoid fever that was

partially attributed toSalmonella sp.from contaminated water or shell�sh (Schoenen 2002; Kochiss

1974; Lumsden et al. 1925).Vibrio sp. in the HRE have previously been implicated in human

illness through contact with contaminated shell�sh (Vibrio parahaemolyticus, DePaola et al. 2000)

and has also been linked to wound infections byVibrio cholerae(Azeem et al. 2019) following

direct contact with contaminated water. Generally, most severe illnesses caused bySalmonella

sp., Shigella sp., andVibrio sp.are now rare in the HRE region, which indicates fewer pathogenic

bacteria from each genus are present in the HRE. Nevertheless, because each genus includes many

potential pathogens, interrogating the persistence dynamics of these genera in HRE waters may

improve understanding of pathogen dynamics in other water bodies where disease outbreaks are

more common. Also, especially because particle association signi�cantly increases environmental

persistence of enterococci (Myers and Juhl 2020), it is important to determine the prevalence and

impact of particle association on the ecology of co-occurring pathogenic bacteria indicated by

enterococci, likeSalmonella sp.andShigella sp.. Further, comparison of population dynamics

between these genera and the FIBEnterococcus sp.would provide insight into how well enterococci

dynamics represent the dynamics of pathogenic bacteria in sewage contaminated waters.

In this chapter, I address the hypotheses that 1) abundances and particle association proportions

of enteric pathogens are similar to those found for enterococci, 2) particle association increases the

growth rates of enteric and non-enteric microorganisms by providing a more favorable habitat, 3)

enterococci have similar extra-enteric growth rates to the enteric bacteria that they indicate, and 4)

enteric bacteria have different growth rates as compared to naturally-abundant, non-co-occurring

pathogens. For hypothesis 4, bacteria naturally found in the water column are more likely to have
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lower sunlight mortality which, as the primary mortality rate for fecal indicator bacteria, is likely to

create notably different ecological dynamics. To address these hypotheses, I present data on the

ambient abundance and particle association proportions of the fecal indicator bacteriaEnterococcus

sp., two enteric pathogens (Salmonella sp.andShigella sp.) and one naturally-occurring potential

pathogen (Vibrio sp.) found in the HRE. I also present empirical quanti�cation of dark, temperature

dependent and light-dependent growth rates ofSalmonella sp., Shigella sp., andVibrio sp. Growth

rates were quanti�ed for total, particle-associated, and free-living fractions of these three genera.

This is the �rst study to quantify the impact of particle association on these growth rates for

Salmonella sp.andShigella sp.genera in ambient water. Further, I compare the fraction-speci�c

growth rates forSalmonella sp.andShigella sp.to those determined for free-living and particle-

associated enterococci in previous work (Myers and Juhl 2020) to determine how representative

extra-enteric enterococci dynamics are for these enteric potential pathogens.

2.2 Methods

2.2.1 Study Sites

Near-surface water samples for experiments were collected from three sites: two along the

Piermont Pier (Piermont, NY, USA) that are subjected to intermittent municipal sewage pollution

(one near the Orangetown and Rockland County Sewer District Wastewater Treatment Plant Outfalls

and the other near a sewage pump station that occasionally over�ows), plus a third site at the

commonly contaminated freshwater tributary, Sparkill Creek. These locations coincide with stations

for Myers and Juhl 2020 and Chapter 1 (see Figure 1.1 on page 41 for map). A dataset was compiled

of all estuarine samples taken between May 2017 and May 2021 from the 2 sites at Piermont, NY

and an additional sampling site in Nyack, NY (41.088, -73.915, see Table 2.2).

At each sample collection, a Hydrolab HQ 40D meter was used to measure temperature, salinity,

and dissolved oxygen. When possible, water clarity was measured using a 300-mm diameter Secchi

disk. Precipitation data were sourced from the Westchester County Airport Station (KHPN) in

Harrison, NY and was found in Weather Underground's historical dataset. Precipitation data was
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summed for the day of sampling and the prior 3 days. See Table 2.1 for environmental data for

experiments.

2.2.2 Microbial Culturing

Near-surface water samples were collected via bucket cast and stored in sterile polypropylene

bottles that were triple rinsed with sample water directly prior to collection. Samples were immedi-

ately transferred to dark coolers until laboratory processing, within 2 hours of sample collection.

The particle-associated and free-living bacterial fractions were separated by �ltration following

the method described in Myers and Juhl 2020 for separating particle-associated and free-living

enterococci. This separation procedure resulted in minimal loss from both fractions that does not

affect growth rate experiments. From each processed free-living and particle-associated fraction, 1

to 3 subsamples (generally 1-150 mL) for each type of selective growth media (see next paragraph)

were �ltered onto 0.45̀ m gridded, mixed-ester cellulose membrane �lters. Filtered volumes

Ÿ1mL were occasionally used forVibrio sp., when concentrations were high enough to prohibit

enumeration at 1mL. In these cases, the sample was diluted to 10 ml with sterile PBS buffer before

�ltration.

Filters were incubated on sterile, solid media in petri dishes for 24 hours.Vibrio sp. was

identi�ed by growth of green or yellow colonies on Fisher Scienti�c Thiosulfate-citrate-bile salts-

sucrose (TCBS) Agar plates at 35°C (Eaton 2005, as in Cañigral et al. 2010; Julie et al. 2010),

while Salmonella sp.andShigella sp.were identi�ed by growth at 35°C of black or clear colonies,

respectively, on SS media, a modi�cation of the deoxycholate citrate agar (Eaton 2005, as in Polo

et al. 1999). Enterococci were identi�ed by growth at 41°C for 24 hours on mEI agar according

to EPA Method 1600 (EPA 2009). As a reference, an image of the resultant bacterial colonies

from each type of plate can be found as Figure 2.1. Total genera-speci�c counts (the sum of

both particle-associated and free-living fractions) were also calculated for each water sample for

comparison with previous research. Particle association proportion per genus was calculated by

dividing the concentration of particle-associated colonies by the summed total colony count. Not
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every genus was measured at each sampling point, so paired analysis was not possible for all dates.

2.2.3 Quanti�cation of Growth Rates

Growth rates of particle-associated and free-livingSalmonella sp., Shigella sp., andVibrio sp.

were experimentally quanti�ed. Experiments closely followed the approach used in Myers and Juhl

2020 to facilitate direct comparison to growth rates of enterococci measured in that study. Because

sewage-derived bacteria concentrations typically decline over time in experiments, other studies use

terminology such as “inactivation”, “mortality”, “die-off”, or “decay” rates to describe the dynamics.

However, consistent with Myers and Juhl 2020, in these experiments, counts occasionally increased

over time, so I use the term “growth rate” in this study. Negative growth rates imply a decline in

concentration of living/viableSalmonella sp., Shigella sp., or Vibrio sp.over time.

2.2.3 Quantifying Dark, Temperature-Dependent Growth Rates

Following Myers and Juhl 2020 each water sample was homogenized and divided into 3 sterile,

250-mL polypropylene bottles, that were then separated into 3 dark incubators set to 5, 18, and

28°C, respectively. Aliquots (125 mL) were removed from gently homogenized bottles after 24 and

48 hours. The free-living and particle-associated bacteria remaining in each aliquot were separated

andSalmonella sp., Shigella sp., andVibrio sp. were enumerated as described above. Multiple

subsamples of different volumes were �ltered at each timepoint to ensure some plates would be

countable. Values used in rate calculations were then averaged from 2 to 3 plates per timepoint. For

greater accuracy, plate counts were only included in growth rate calculations if there were at least

10 colonies on the plate. Experiments were replicated on different dates with 3-7 dark growth rate

experiments conducted per genus (Tables 2.3 and 2.4).

2.2.3 Quantifying Light-Dependent Growth Rates

For each experiment, a near-surface water sample was mixed and subsamples (approximately

250 mL) were added to sterile, UV-permeable Whirlpak sampling bags, that were then placed
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into an outdoor, 18°C water bath exposed to full sun. This temperature was chosen to match

experiments in Myers and Juhl 2020. Experiments began near midday on days with minimal

cloud cover. Downwelling photosynthetically active radiation (PAR) was measured using a Li-

COR Quantum cosine-corrected sensor recording to a LI-1400 Data Logger so that light exposure

between experiments could be normalized (Table 2.5). Whirlpak bags were removed after 1 and

2 hours for subsampling. Subsamples were processed to separate and enumerate free-living and

particle-associatedSalmonella sp., Shigella sp., andVibrio sp., as in the dark, temperature-dependent

experiments. Also, as described above, multiple subsamples of different volumes were �ltered

for every timepoint of each experiment. When multiple plates were countable, the values were

averaged.

2.2.3 Growth Rate Calculation

For both temperature- and light-dependent growth rate experiments, the concentrations of

particle-associated and free-livingSalmonella sp., Shigella sp., or Vibrio sp. in each container

were natural log (ln) transformed and plotted against time. The slope of the linear best �t to the

ln-transformed data provided the �rst-order exponential growth rate (30H� 1), as in other studies

(Anderson et al. 2005; Maraccini et al. 2016; Myers and Juhl 2020; Sinton et al. 2002).

2.2.4 Statistical Analysis

Statistical analysis was conducted usingScipypackages in Python. Shapiro-Wilk testing was

used to test for normality (? ¡ 0•1). Because temperature-dependent growth rates for all genera

were con�rmed to follow a normal distribution, a two-way analysis of variance (ANOVA) test with

U = 0•05was used for comparison, followed by the conservative Tukeypost hoctesting. Because

light-dependent growth rates did not follow a normal distribution, non-parametric statistical tests

were employed. Mann-Whitney-Wilcoxon (MWW) tests, which accommodate uneven sample sizes,

were used to directly compare 1) free-living vs. particle-associated light-dependent growth rates

and 2) light vs. dark growth rates across fractions. Comparison of growth rates measured in both
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temperature- and light-dependent experiments vs. previously reported enterococci growth rates was

also conducted via the non-parametric MWW test. Parametric correlation analysis for estuarine

data was conducted using R statistical software, including visualization using thecorrplot package

with hierarchical clustering.

To assess the universally-observed impact of particle-association on growth rates, Z-tests were

used- one each for temperature-dependent and light-dependent growth rates. Because growth rates

were inherently different for different genera and temperatures, a mean growth rate was calculated for

either each genus (light-dependent growth) or each genus and temperature combination (temperature-

dependent growth), pooling data across both fractions. Growth rates from each experiment were then

normalized to the respective means. Results of each experiment were then converted to binomial

values: +1 if the growth rate exceeded the mean, -1 if not. If the fraction had no effect on growth,

the likelihood of any given experiment resulting in a growth rate greater than the mean (for the

conditions) would be equal for both fractions.

2.3 Results

2.3.1 Bacterial Concentrations and Particle-Association

Across all estuarine samples taken across multiple seasons, average concentrations ofVibrio

sp. were highest (5,550 CFU/100mL), followed byShigella sp. (1,626 CFU/100mL). Mean

concentrations ofSalmonella sp.andEnterococcus sp.were similar (94 and 126 CFU/100mL).

Bacterial concentrations were high across the subset of samples used in growth rate experiments,

which allowed for more accurate growth rate calculations.

Across the full estuarine dataset in the HRE (Table 2.2), total concentrations ofShigella sp.and

Vibrio sp. were positively correlated with temperature (Pearson'sA = 0•35, ? = 0•027, = = 40;

andA = 0•45, ? = 0•0029, = = 42, respectively (Figure 2.5 and Table 2.6). In contrast, total

concentrations of enterococci (Pearson'sA= 0•17– ?= 0•22– == 51) andSalmonella sp.(Pearson's

A= 0•33– ?= 0•073– == 30) were not signi�cantly correlated with temperature. Concentrations of

all fractions ofVibrio sp.were strongly correlated with secchi depth measurements (total: Pearson's
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A= 0•65– ? Ÿ0•001– == 34). No signi�cant correlations were found with bacterial concentrations

and salinity (Table 2.6). Total enterococci concentrations were signi�cantly positively correlated

with total Salmonella sp.(Pearson'sA = 0•91– ? Ÿ 0•001– == 23), Shigella sp. (Pearson's

A = 0•69– ? Ÿ0•001– == 35), andVibrio sp. (Pearson'sA = 0•55– ? Ÿ0•001– == 38). For

Salmonella sp.andEnterococcus sp., the respective free-living and particle-associated fractions

were very strongly positively related (free living: Pearson'sA= 0•95– ? Ÿ0•001– == 18; particle-

associated: Pearson'sA = 0•95– ? Ÿ0•001– == 18). The free-living fractions ofShigella sp.

andVibrio sp. were positively correlated with free-living enterococci concentrations (Pearson's

A= 0•77– ? Ÿ0•001– == 37 and Pearson'sA= 0•71– ? Ÿ0•001– == 35, respectively). However,

the particle-associated fractions ofShigella sp.andVibrio sp. were not signi�cantly related to

particle-associated enterococci concentrations.

Particle association rates for each genus varied between the extremes of 100% and 0% particle

associated (Table 2.2).Salmonella sp.andShigella sp.had the highest mean particle association

proportion (49%), followed byVibrio sp. (44%) and then enterococci (34%). All genera had

similarly high variability in particle association proportion, as noted by the standard deviations in

particle-association proportions between 23-40%. The freshwater tributary, Sparkill, was measured

to have low particle association, especially of enterococci (0-1%) andShigella sp.(4-15%).

The proportions of each genera that were particle-associated were not signi�cantly correlated

with temperature or salinity. Particle association proportion ofVibrio sp.was signi�cantly positively

correlated with particle association proportion ofShigella sp.(Pearson'sA= 0•49– ?= 0•0061– ==

30) andSalmonella sp.(Pearson'sA= 0•52– ?= 0•015– == 21). Enterococci particle-associated

proportion was only signi�cantly correlated with the particle-associated proportion ofShigella sp.

(Pearson'sA= 0•49– ?= 0•0030– == 35).

2.3.2 Temperature-Dependent Growth Rates

Environmental conditions for samples used in all temperature-dependent growth rate experiments

are shown in Table 2.1. Mean dark period growth rates at each experimental temperature of the
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free-living, particle-associated, and total fractions ofSalmonella sp., Shigella sp., andVibrio sp.

are shown in Tables 2.3 and 2.4. Data are repeated and summarized in the following subsection (in

addition to tables) for ease of reading. Data from all genera are plotted in Figures 2.2 and 2.3, with

the latter demonstrating the trend in growth rates vs. temperature. Mean particle-associated growth

rates were consistently higher than the corresponding mean free-living growth rate, across all genera

and temperatures. According to a Z-test, 69% of the 48 experiments with particle-associated growth

rates that were higher than the mean, indicating a signi�cant (/ = 2•60– ?= 0•003) effect of particle

association on dark growth rates across all dark experiments.

2.3.2 Salmonella sp.

Free-livingSalmonella sp.experienced negative mean growth rates at all three temperatures

(Table 2.3), with the greatest loss occurring at 28°C (� 1•09 30H� 0•35) and decreased loss at 18°C

(� 0•28 30H� 0•48) and at 5°C (� 0•14 30H� 0•68). Similarly, the particle-associated fraction had

decreased loss with decreasing temperature (18°C: � 0•06 30H� 0•30; 28°C: � 0•57 30H� 0•55) and

experienced positive mean growth rates at 5°C (0•32 30H� 0•10). The total fraction ofSalmonella

sp.experienced positive mean growth rates at 5 and 18°C (0•22 30H� 0•23and0•05 30H� 0•26),

but negative growth at 28°C (� 0•61 30H� 0•48).

A two-way ANOVA with fraction and temperature as factors demonstrated thatSalmonella

sp. growth rates were signi�cantly affected by both temperature (� 2–11 = 10•36– ?= 0•003) and

fraction (� 1–11 = 10•04– ?= 0•009). Post hocTukey testing con�rmed that mean growth rates

were signi�cantly different between 5°C and 28°C (? = 0•01) and between free-living and particle-

associated fractions (? = 0•038). MWW testing demonstrated that free-livingSalmonella sp.and

enterococci growth rates were signi�cantly different (? = 0•011), but growth rates of the two

genera were not signi�cantly different when comparing their respective particle-associated and total

fractions (? = 0•07and? = 0•223, respectively).
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2.3.2 Shigella sp.

Both free-living and particle-associated fractions ofShigella sp.experienced positive mean

growth rates at all temperatures (Table 2.3), with the smallest growth rates at 5°C (free-living

0•09 30H� 0•42, particle-associated0•41 30H� 0•60). At all temperatures, the particle-associated

fraction's mean growth rates (041 30H� 0•60, 0•65 30H� 0•61 and0•54 30H� 0•77, at 5, 18, and

28°C, respectively) were larger than those of the free-living fraction (0•09 30H� 0•42, 0•41 30H�

0•41and0•21 30H� 0•94, at 5, 18, and 28°C, respectively). The total fraction ofShigella sp.also

had positive mean growth rates across all experimental temperatures within the range of 0.31 -

0.65/day.

A two-way ANOVA with fraction and temperature as factors demonstrated that meanShigella

sp. growth rates were not signi�cantly affected by temperature (� 2–35 = 0•62– ?= 0•543) or by

fraction (� 1–35 = 2•081– ?= 0•158). Free-living, particle-associated, and total fractionShigella sp.

growth rates were found, via MWW testing, to be statistically signi�cantly different than the growth

rates of enterococci within the same fractions (? = 0•0108, ? = 0•0464, ? Ÿ 0•001).

2.3.2 Vibrio sp.

Vibrio sp. exhibited positive mean growth rates across all experimental temperatures and for

almost all fractions (Table 2.4). For each fraction, the maximum growth rate measured was at 18°C

(free-living0•16 30H� 0•22, particle-associated0•30 30H� 0•14). Only at 28°C did the free-living

fraction experience negative growth (� 0•05 30H� 0•43), though the particle-associated fraction

still grew (0•35 30H� 0•36). As was consistently observed at all temperatures, particle-associated

Vibrio sp.growth rates were greater at 5°C (0•05 30H� 0•35) than growth rates of the free-living

fraction (0 30H� 0•20).

A two-way ANOVA with fraction and temperature as factors demonstrated that meanVibrio

sp. growth rates were not signi�cantly affected by fraction(� 1–30 = 3•689– ?= 0•0643) or by

temperature (� 2–30 = 1•414– ?= 0•259). MWW testing demonstrated that free-living and total

growth rates (? = 0•0164and? = 0•0223, respectively), but not particle-associated growth rates
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(? = 0•301) of Vibrio sp.were signi�cantly different from enterococci growth rates within the same

fraction.

2.3.3 Light-Dependent Growth Rates

Environmental conditions for all water samples used in light-dependent growth rate experiments

are shown in Table 2.1. Normalized light-dependent growth rates (both mean and per experiment)

for both the free-living and particle-associated fractions ofSalmonella sp., Shigella sp., andVibrio sp.

are shown in Table 2.5 and Figure 2.4. Shapiro-Wilk testing demonstrated that the light-dependent

growth rates of the three studied genera were not normally-distributed. Mann-Whitney-Wilcoxon

testing was used for 1) comparing fraction-speci�c light-dependent growth rates, 2) comparing

light vs. dark growth rates across fractions, and 3) comparison with enterococci light-dependent

growth rates. Under light exposure, there was consistently high mortality for each genus (Figure

2.4). Similarly to temperature-dependent growth, mean light-dependent particle-associated growth

rates were higher than the free-living fraction. Of 22 particle-associated growth rates, 77% resulted

in growth rates that were higher than the mean, indicating a signi�cant (/ = 2•56– ?= 0•001) effect

of particle association on light-dependent growth rates across genera.

2.3.3 Salmonella sp.

Salmonella sp.exhibited negative growth (i.e. loss) under light exposure. The free-living

fraction demonstrated the greatest loss and was similar in magnitude to the loss for the total fraction.

The particle-associatedSalmonella sp.mean loss rate was 46% less than the mean loss rate of

the free-living fraction (� 12•77 30H� 10•19 and� 23•64 30H� 17•33, respectively). However,

MWW testing demonstrated that there was not a signi�cant difference between the free-living and

particle-associated mean growth rates (? = 0•28). Mean light vs. dark rates for both free-living

(? = 0•0092) and particle-associated fractions (? = 0•014) were signi�cantly different (via MWW

testing). MWW testing demonstrated that the mean light-dependent growth rates for free-living,

particle-associated, and total fractions forSalmonella sp.were not signi�cantly different from those
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of enterococci (? = 0•15– ?= 0•23and? = 0•352, respectively).

2.3.3 Shigella sp.

The mean negative growth ofShigella sp.under light exposure across all fractions was smaller

in magnitude than that ofSalmonella sp.The free-living fraction demonstrated the greatest loss

(� 15•79 30H� 13•65) and was similar to that for the total fraction ofShigella sp.The particle-

associated fraction had about 49% lower light-induced loss as compared to the free-living fraction

(� 8•08 30H� 13•01). However, MWW testing demonstrated that the mean free-living and particle-

associated light-dependent growth rates were not signi�cantly different (? = 0•112). Mann-Whitney-

Wilcoxon testing also demonstrated thatShigella sp.mean light vs. dark rates were signi�cantly

different for the free-living (? = 0•0011) and particle-associated fraction (? = 0•050). MWW testing

demonstrated that the mean free-living and total growth rates forShigella sp.were signi�cantly

different than those for free-living and total enterococci (? = 0•012and? = 0•0356, respectively),

but this was not true for the particle-associated fraction (? = 0•15).

2.3.3 Vibrio sp.

All fractions of Vibrio sp. experienced negative growth under sunlight exposure, with the

free-living fraction experiencing the greatest loss (� 9•92 30H� 7•33). The total fraction of Vibrio

sp. had a slightly more negative mean growth rate (� 7•11 30H� 8•74) than the particle-associated

fraction (� 6•20 30H� 10•13). Free-living vs. particle-associatedVibrio sp. fractions did not have

signi�cantly different light-dependent growth rates, according to Mann-Whitney-Wilcoxon testing

(? = 0•202). Mann-Whitney-Wilcoxon testing also demonstrated that light vs. dark growth rates

were signi�cantly different for both the free-living (? = 0•0041) and particle-associated (? = 0•041)

fractions ofVibrio sp.Mann-Whitney-Wilcoxon testing demonstrated that the free-living and total

growth rates forVibrio sp.were signi�cantly different from growth rates of enterococci (? = 0•0060

and? = 0•00846, respectively), but not the particle-associated fraction of each genus (? = 0•089).
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2.4 Discussion

2.4.1 Ambient Bacterial Particle Association and Environmental Trends

2.4.1 Correlations Between Genera

Total fractions of all genera were correlated in this study, including the naturally-occurring

Vibrio sp. This both af�rms the power of enterococci to indicate concentrations of the enteric

bacteriaSalmonella sp.andShigella sp.and suggests a fecal source of some portion of theVibrio

sp. population. Previous studies have commonly documented a correlation between enterococci

andSalmonella sp.(Liang et al. 2015, Wu et al. 2011 and references therein) or between FIB

andShigella sp.(Patra et al. 2009; Borade et al. 2015; Abia et al. 2016c). Further, abundances

of Salmonella sp.are also found to positively correlate withShigella sp.(Shahryari et al. 2017;

Borade et al. 2015) andVibrio sp. (Elmanama et al. 2005). ReportedVibrio sp. relationships with

enterococci are more complicated, with different studies noting strong positive (Shaw et al. 2014;

Ramirez et al. 2009; Watkins and Cabelli 1985), weakly positive (Cui et al. 2013; Wetz et al. 2014)

or no (Shaw et al. 2014; Lipp and Rose 1997; Ristori et al. 2007; Lizárraga-Partida et al. 2009)

correlation between the enterococci and differentVibrio species. Every fraction ofSalmonella

sp. correlated with the respective fraction of enterococci, but only the free-living fractions of

Shigella sp.andVibrio sp.correlated with the respective enterococci fractions. These relationships

support the use of all fractions of enterococci as good indicators of all fractions ofSalmonella sp.,

consistent with expectations due to commonly reported overall correlation between these genera

(Wu et al. 2011 and references therein). Further, the subpopulation ofVibrio sp. of fecal origin

may be predominantly free-living, suggested by the correlation of this fraction with enterococci.

The decoupling of particle-associated enterococci andShigella sp., but notSalmonella sp., was

surprising. One explanation could be disparate sourcing of the particle-associated bacteria, like

from particle-laden discharges (Characklis et al. 2005; Lahet and Stramski 2010; Liu et al. 2020a)

or resuspension (Jamieson et al. 2005b), though, for the latter, previous studies have found a strong

correlation between resuspended enterococci andVibrio sp. in bottom water (Fries et al. 2008).
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Alternatively, very different extra-enteric ecology for enterococci vs.Shigella sp.could lead to

these differences, despite similar sourcing.

2.4.1 Particle Association Proportions and Correlations

Particle association for the four genera studied were generally high, though variable, throughout

the study period. The complete bacteria community in the HRE has previously been estimated to

be 23.8% (� 15%) (Suter et al. 2011) and 27% (Ducklow et al. 1982) particle-associated. Within

estuaries and rivers, the fecal bacteria subset of the complete bacteria community commonly have a

high frequency of particle association (Krometis et al. 2007; Krometis et al. 2010; Cizek et al. 2008;

Fries et al. 2006; Walters et al. 2014). Speci�cally in the HRE, the FIB enterococci were found to be

much more particle-associated (52.9%� 20.9%) than the complete HRE bacteria community. Mean

particle association proportions for fecal bacteria (enterococci,Salmonella sp., andShigella sp.) in

this study were not as high as in Suter et al. 2011, though still higher than those for the complete

bacteria community (Ducklow et al. 1982; Suter et al. 2011). Krometis et al. 2010 found 35.6% of

enterococci were particle-associated, very similar to this study, though they noted lower particle

association forSalmonella sp.(23%). In contrast, in this study,Salmonella sp.had the highest mean

particle association proportion, followed byShigella sp.andVibrio sp., with enterococci having the

lowest mean particle association proportion. The higher particle association of the co-occurring

fecal bacteria (Salmonella sp.andShigella sp.) may have persistence implications, as suggested by

previous research demonstrating increased particle-associated enterococci persistence (Myers and

Juhl 2020).

Generally, particle association proportions correlated across all genera, indicating a broader

mechanism for particle association of bacteria. This correlation is supported by notable particle

association commonly measured for the complete bacteria community in estuarine systems and

particle-rich water columns (Suter et al. 2011; Ducklow et al. 1982; Crump et al. 1998; Waidner and

Kirchman 2007; Selje and Simon 2003). High bacteria abundance associated with increased solute

concentrations in the wake of particle (Kiørboe and Jackson 2001) suggests nutrient availability
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encourages particle attachment. The especially elevated particle association of fecal bacteria may

also be related to bacteria sources. Fecal bacteria in stormwater discharges have higher particle

association rates than those found in the water column (Characklis et al. 2005). Also, resuspension

from sediments with high concentrations of fecal bacteria (Ferguson et al. 1996; O'Mullan et al.

2019) can contribute particle-associated fecal bacteria to the water column (Jamieson et al. 2005b).

Though ecologically distinct from the enteric genera,Vibrio sp. also had very high particle

association, higher thanEnterococcus sp.and similar toShigella sp.High particle association of

Vibrio sp.has been measured in freshwater (Colwell et al. 2003), estuarine (Watkins and Cabelli

1985), and marine aggregates (Venkateswaran et al. 1990), with high levels of attachment also noted

on phytoplankton (Heidelberg et al. 2002), zooplankton (Watkins and Cabelli 1985; Lizárraga-

Partida et al. 2009), and resuspended sediment populations (Fries et al. 2008). Particle and aggregate

association ofVibrio sp. has been connected to increased pathogen presence in shell�sh (Lyons

et al. 2007; Lyons et al. 2005), likely because of shell�sh uptake of high bacterial concentrations on

aggregates. Particle attachment ofVibrio sp.has also been found to increase with temperature (Hood

and Winter 1997; Julie et al. 2010) and phytoplankton abundance (Main et al. 2015), but decrease

with secchi depth (Oberbeckmann et al. 2011). Data in this study did not support a correlation

betweenVibrio sp.particle association and either temperature or secchi depth.

2.4.1 Bacterial Concentrations and Environmental Relationships

Previous studies depict a complicated relationship betweenSalmonella sp.and water temper-

ature. Isolation frequency ofSalmonella sp.from water samples has been found to positively

(Martinez-Urtaza et al. 2004), negatively (Simental and Martinez-Urtaza 2008), and not (Jiménez

et al. 2014) correlate with temperature. Data from this study did not show a signi�cant relationship

betweenSalmonella sp.concentrations and water temperature. Similarly, Sharma et al. 2020 and

McEgan et al. 2013 did not �nd an effect of temperature on waterborneSalmonella sp.concen-

trations. In contrast, concentrations ofShigella sp.andVibrio sp. in this study were higher at

warmer temperatures. Previous studies commonly �nd higher concentrations ofVibrio sp. in higher
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temperature waters (Julie et al. 2010; Blackwell and Oliver 2008; Hsieh et al. 2008; Oberbeckmann

et al. 2012), though some studies have not found a clear temperature relationship (Deeb et al. 2018).

Higher Vibrio sp. uptake by oysters observed in summer vs. winter Froelich and Noble 2014

also supports the temperature relationship withVibrio sp.concentrations. Further supporting this

relationship was the peakVibrio sp.concentration measured in late summer in this study, consistent

with previous research (Oberbeckmann et al. 2011). Fewer studies have examined the relationship

betweenShigella sp.and water temperature. In a study on wastewater and irrigation water, higher

Shigella sp.recovery occurred with lower temperature waters (Wang et al. 1966). In contrast, higher

reported incidence of shigellosis in warmer weather (Kelly-Hope et al. 2008; Aminharati et al. 2018)

indicates increased ambientShigella sp.concentrations at higher temperatures.

Samples in this study indicated the salinity did not signi�cantly in�uence concentration of

the genera measured. Salinity is often positively associated withVibrio sp.concentrations, when

salinity variation is broad and sample size is large (Lizárraga-Partida et al. 2009; Julie et al. 2010;

Hsieh et al. 2008; Oberbeckmann et al. 2012), likely due toVibrio sp.marine and estuarine sourcing

(Lizárraga-Partida et al. 2009). The lack of positive association ofVibrio sp.with salinity in this

study may be due to the limited sample size. Other studies have also not observed a relationship

with salinity (Blackwell and Oliver 2008) or observed a negative relationship (Asplund et al. 2011).

Salinity has largely not been linked to water column concentrations ofShigella sp.andSalmonella

sp., though some species ofShigella sp.are known to be more salt tolerant (Zaika 2002).

Concentrations ofVibrio sp. in this study also increased with water transparency (measured via

secchi depth). Previous research has also noted higherVibrio sp. concentrations with low water

column turbidity (Deeb et al. 2018) and greater secchi depth (Oberbeckmann et al. 2012). This

relationship is likely related to the sourcing ofVibrio sp. from marine, high transparency waters.

However, some studies note the opposite relationship and attribute greaterVibrio sp.concentrations

to higher organic matter under high turbidity conditions (Julie et al. 2010; Blackwell and Oliver

2008).

Rainfall is commonly positively correlated with sewage-derived bacteria because of precipitation-
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driven sewage over�ows, runoff, and other anthropogenic discharges (McGinnis et al. 2018; Newton

et al. 2013; Al Aukidy and Verlicchi 2017; Madoux-Humery et al. 2013). Previous studies have

speci�cally linked waterborneSalmonella sp.andShigella sp.concentrations with rainfall and storm

events (Martinez-Urtaza et al. 2004; Baudart et al. 2000; Krometis et al. 2010; Rose 2003; Simental

and Martinez-Urtaza 2008; Karkey et al. 2016).Salmonella sp.has also been detected along with

enterococci and other fecal bacteria in stormwater runoff (Sidhu et al. 2020). Despite the in�uence

of precipitation on FIB concentrations (Brooks et al. 2020) and large CSO inputs (NYCDEP 2016)

documented in the HRE, my data do not suggest a relationship. McEgan et al. 2013 similarly did

not �nd a relationship of bothSalmonella sp.concentrations and rainfall in surface waters. A

larger sample size of data, especially with greater precipitation �uctuations may be needed to see a

relationship with fecal bacteria concentrations.

2.4.2 Empirically-determined growth rates

Growth rate data in this study increase the understanding of population dynamics of pathogens

in receiving waters, addressing a critical gap previously highlighted (Ferguson et al. 2003). Particle

association consistently increased light-dependent and dark, temperature-dependent growth rates

across all genera, which is consistent with arguments that particles provide a more favorable

environment for bacteria, including pathogens (Lyons et al. 2007) and FIB (Myers and Juhl 2020).

The positive impact of particle association on growth was generally lower forVibrio sp. than

for the enteric genera measured, indicating a lesser bene�t of particle association for non-enteric

pathogens. Differences in growth rates were also observed between genera for both enteric and

non-enteric groups. Growth rates ofSalmonella sp.were largely found to be similar to those of

enterococci (Myers and Juhl 2020), while growth rates for the other enteric group,Shigella sp.,

were very different fromSalmonella sp.and enterococci. As expected due to their different source,

growth rates ofVibrio sp. largely diverged from those of enterococci. The quantitative differences

in free-living and particle-associated fractions of these pathogenic genera emphasize the need

for management to consider these populations distinctly. Further, the similarities and differences
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observed in growth rates between indicated pathogens and the FIB enterococci provide important

context for the use of enterococci in monitoring environmental persistence of sewage-derived

bacteria.

2.4.2 Dark, Temperature Dependent Growth

Temperature dependence of mean dark growth rates for total fractions ofSalmonella sp.in this

study was consistent with previous empirical studies depicting increased mortality (or decreased

growth) at higher temperatures (Wait and Sobsey 2001; Evison 1988 and reviewed in Pachepsky

et al. 2014). This trend with temperature is also consistent with growth rates reported for enterococci

(Myers and Juhl 2020; Craig et al. 2002; Noble et al. 2004; Boehm et al. 2018). This observation, in

combination with no signi�cant difference from enterococci growth rates, suggests thatSalmonella

sp.dark growth is well-approximated by dark growth of enterococci. It is worth noting, however,

that my data only showed total fraction negative growth at 28°C, while a literature survey of

Salmonella sp.dark period growth rates in comparable experiments revealed negative growth at

all temperatures (Table 2.7). When separated by fraction, the free-living fraction ofSalmonella

sp.exhibited negative growth at all temperatures, while negative growth occurred for the particle-

associated fraction at the two warmer temperatures (Table 2.3), demonstrating that all fractions of

Salmonella sp.dark period dynamics are dominated by loss.

Mean total growth rates ofShigella sp.andVibrio sp. largely had the opposite temperature

dependence toSalmonella sp.in this study. Many studies report wide ranges of dark rates forVibrio

sp., but generally show mortality at lower temperatures and growth at high temperatures (Chase and

Harwood 2011; Vital et al. 2007; Kirschner et al. 2008, and in Table 2.7), consistent with dark rates

for the total fraction ofVibrio sp. in this study. However, dark growth rates ofVibrio sp. in this study

were more aligned with the low end of net growth rates reported in coastal and offshore water ranges

(Worden et al. 2006; Mourino-Pérez et al. 2003), as opposed to higher rates in freshwater sources

(Vital et al. 2007). This result is unexpected, as previous research reported increasedVibrio sp.

growth with temperature in organic matter treatments (Eiler et al. 2007; Kirschner et al. 2008). The
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high, though variable, organic matter found in the HRE (Findlay 2005), which has been previously

been shown to impact bacterial activity (Kirchman et al. 2004), would then have been expected to

support highVibrio sp.growth rates in this study, relative to literature values. ForShigella sp., in

food science studies with abundant nutrients,Shigella sp.dark growth rates were similarly faster at

higher temperatures (19-37°C) and minimal at lower temperatures (Ÿ10°C, Zaika 2002; Zaika et al.

1989). However, more directly comparable studies of waterborneShigella sp.report an inverse

relationship between survival and water temperature (Nakamura et al. 1964; Islam et al. 1996).

Additionally, Evison 1988 measured negative growth for waterborneShigella sp.across a wide

range of temperatures, all of which contradicts the positive relationship observed with temperature

in this study. Positive growth ofShigella sp.observed in this study demonstrated that, like some

fecal bacteria, this pathogenic genus is able to grow and adapt to non-host environments, which

is contradictory to the general assumption of FIB population dynamics (Gordon et al. 2002). The

more positive growth rates for both enteric genera (Shigella spandSalmonella sp.) in this study,

as compared to literature values (2.7), is consistent with previous �ndings for enterococi in the

HRE (Myers and Juhl 2020) and may be related to the high levels of dissolved organic matter in the

Hudson River Estuary (Findlay 2005) sustaining these populations. Overall, higher concentrations

of bothVibrio sp.measured in warmer waters (Julie et al. 2010; Blackwell and Oliver 2008) and

of shigellosis disease in warmer weather (Kelly-Hope et al. 2008; Aminharati et al. 2018) further

support results in this study. The largely positive relationship with temperature for bothVibrio

sp.andShigella sp.abundance is expected to increase occurrence of shigellosis and cholerae, in

conjunction with increased �ooding, in climate projections (Cash et al. 2014).

2.4.2.1.1 Particle Association Impacts on Dark Period Growth

Across all groups, dark period growth rates were elevated for the particle-associated vs. free-

living fractions, possibly related to high substrate availability or other ecological advantages of

particle association by bacteria (Craig et al. 2002; Hess-Erga et al. 2008; Kiørboe and Jackson

2001; Davies and Bavor 2000). Data in this chapter support the hypothesis that particle association
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bene�ts survival of fecal bacteria, similar to results reported for particle-associatedE. coli (Garcia-

Armisen and Servais 2009) and enterococci (Myers and Juhl 2020). Moreover, in this study, particle

association was also found to bene�t growth of naturally-occurringVibrio sp., suggesting a more

universal impact of particle association on bacterial growth. Because of the disparate, fraction-

speci�c growth rates, across temperature treatments, all genera were more particle-associated at the

end of the 48 hour experiment, exceptSalmonella sp.at 18°C. Longer surviving bacteria following

a sewage discharge may then become progressively more particle-associated over time.

Particle-associated and free-living fractions ofSalmonella sp.had signi�cantly different growth

rates and, across experiments, dark growth for the particle-associated fraction was about 0.40/day

higher than for the free-living fraction. Consistent with data for enterococci (Myers and Juhl

2020), particle association notably increased dark period survival ofSalmonella sp.to the point of

positive growth at 5°C. The positive growth observed forSalmonella sp.in the particle-associated

fraction is similar to that previously reported for enterococci in association with organic substrates

(Byappanahalli et al. 2003; Imamura et al. 2011), in treated wastewater with high dissolved nutrients

(Surbeck et al. 2010), in sediments (Jeng et al. 2005; Yamahara et al. 2009), and on particles (Myers

and Juhl 2020).Salmonella sp.populations in previous studies (Table 2.7) then may have been

predominantly free-living, resulting in more negative dark period growth rates. Further, variability

in previously reported dark period growth rates ofSalmonella sp.may be partially attributed to the

variable degree of particle association in the studiedSalmonella sp.population.

For bothShigella sp.andVibrio sp. there was not a signi�cant impact of particle association

on dark period growth rates. However, dark growth rates for particle-associatedShigella sp.and

Vibrio sp. were an average of 0.19/day or 0.23/day greater than the growth of the free-living

fraction, respectively. Despite the lack of signi�cance of fraction in statistical tests for bothShigella

sp. andVibrio sp., the higher dark growth rates for the particle-associated fraction suggests that

particle association has a non-negligible impact on dark period survival of these genera. Substrate

availability on particles could support higher particle-associated vs. free-living growth rates,

similarly to previous observations for increasedVibrio sp. growth with elevated organic matter
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(Eiler et al. 2007; Kirschner et al. 2008) and other nutrients (Oberbeckmann et al. 2012).

2.4.2.1.2 Direct Growth Rate Comparison Across Genera

Studies directly comparing dark period growth rates between these 3 genera show similar

temperature effects on survival. Previous work on persistence in riverbed sediments measured

higher persistence ofSalmonella typhimuriumandVibrio choleraeat 30°C, thoughSalmonella

typhimuriumwas the only group able to survive at 4°C (Abia et al. 2016a). In this same study, at 20

and 30°C, Vibrio sp.was found to persist the longest. The extended survival ofVibrio sp.at higher

temperatures is consistent with this study, though my data differ by indicating shorter survival of

Salmonella sp.thanShigella sp. My �nding is supported by another study that measured longer

survival ofShigella �exnerithanSalmonella typhiat multiple temperatures and under different

salinity conditions (Uyanik et al. 2008).

2.4.2.1.3 Comparisons to Enterococci

Dark growth rates for particle-associatedSalmonella sp.andVibrio sp., plus totalSalmonella sp.

were not signi�cantly different from the respective rates for enterococci. Dark period persistence

dynamics of only these fractions ofSalmonella sp.andVibrio sp.may then be well-approximated by

dark period dynamics of the respective fractions of enterococci. The similarity withSalmonella sp.

was consistent with my hypothesis, thoughVibrio sp.was expected to differ from enterococci for all

rates because of its different source. This similarity could indicate that someVibrio sp. in this study

originated from fecal sources (Rivera et al. 1989; Watkins and Cabelli 1985). Unexpectedly, dark

period growth rates ofShigella sp., the other enteric group, were signi�cantly different than dark

period rates for enterococci at all temperatures. Based on results of this study, while enterococci

may be a good indicator of river impairment by sewage due to its general correlation with potential

pathogens likeSalmonella sp.andShigella sp., it may be less useful for monitoring dark period

persistence, especially forShigella sp.This �nding is consistent with a study by Wait and Sobsey

2001, which found that bothShigella sonneiandSalmonella typhisurvived longer than the indicator
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E. coli. Also, across data from 17 studies, Pachepsky et al. 2014 found thatSalmonella sp.had less

negative growth than enterococci in marine waters. Despite the similarity of particle-associated

dark period growth rates forSalmonella sp.and enterococci, particle-associated enterococci was

previously found to be largely temperature-independent (Myers and Juhl 2020), while all fractions

of Salmonella sp.demonstrate temperature dependence. This connection to temperature may

become more relevant to the use of enterococci as an indicator ofSalmonella sp.survival in water

columns under different temperature conditions.

2.4.2 Light-Dependent Growth

All mean total light-dependent growth rates for the 3 genera studied were more negative than

dark period growth rates, indicating excess mortality due to light exposure. The high variance

in light-dependent growth rates in this study is unsurprising because of the many factors that

interact with light and can in�uence light-dependent growth (Davies-Colley et al. 1994; Yeh et al.

2011; Maïga et al. 2009). Similarly high variance in light-dependent growth has been reported for

Salmonella sp.andShigella sp.(see Table 2.7) and also for enterococci (see Table 1.5).

As expected for enteric groups, both totalSalmonella sp.andShigella sp.had high negative

light-dependent growth in this study. Previous work reported similarly high negative light-dependent

growth for other fecal bacteria (Myers and Juhl 2020 and references therein). Other studies focused

on these speci�c genera reported less negative light-dependent growth rates forSalmonella sp.and

more negative light-dependent growth rates forShigella sp.than observed in this study (see Table

2.7). The excess mortality ofSalmonella sp.in this study may relate to my experimental design that

captures maximal light-dependent effects due to the short period exposure with maximum sunlight,

minimal cloud cover, and shallow mesocosms. The decreased mortality observed forShigella sp.

may instead relate to the conditions that resulted in the surprisingly positive dark growth ofShigella

sp.observed in this study. Studies have reported thatShigella spp.persist either longer (Adesioye,

Ogunjobi, et al. 2013) or shorter (Berney et al. 2006) thanSalmonella spp.under sunlight exposure,

with the former being consistent with more negative light-dependent growth ofSalmonella sp.vs.
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Shigella sp.in this study.

Negative mean light-dependent growth was also observed for totalVibrio sp., in contrast to

positive growth reported in many previous studies. Net growth rates (i.e. that included light

exposure) for previous experiments on environmentalVibrio sp.population dynamics ranged from

0.6-2.9/day in coastal waters (Worden et al. 2006), 0.3-14.3/day in offshore marine waters (Mourino-

Pérez et al. 2003), and 5.2-10.8/day in freshwater (Vital et al. 2007). When combining this study's

light and dark growth rates measured, net negative growth of totalVibrio sp. is indicated. It is

possible that this more negative net growth is a combination of the maximal light exposure in these

experiments and the decreased dark period growth observed. Further, other studies incorporated

water mixing and day/night cycles (Worden et al. 2006), which both could decrease the effect of

light exposure onVibrio sp.. Finally, previous light-dependent growth studies onVibrio sp.used

laboratory light (Mourino-Pérez et al. 2003) or UV/solar lamps (Wang et al. 2004, which may not

have encompassed all wavelength effects of light-dependent growth.

2.4.2.2.1 Particle Association Impacts on Light-Dependent Growth

Across all genera, the particle-associated fraction had less negative light-dependent growth

than the free-living fraction, similar to previous work on enterococci (Myers and Juhl 2020). This

�nding is consistent with FIB size fractionation studies in which the smallest size fractions, which

includes free-living cells, experience the most negative light-dependent growth (Qualls et al. 1983;

Madge and Jensen 2006; Walters et al. 2014). Particle association increased light-dependent growth

rates, as compared to the free-living fraction, most forSalmonella sp.and had a decreasing impact

for Shigella sp.andVibrio sp., respectively. This suggests that the bene�t of particle association

decreases fromSalmonella sp.to Shigella sp.to Vibrio sp. In previous work, particle association

decreased light-dependent growth of enterococci (compared to the free-living fraction) by about

50% (Myers and Juhl 2020). This effect is very similar to the difference forSalmonella sp.and

Shigella sp.but greater than that observed forVibrio sp.Together, this indicates that the impact of

particle association on light-dependent growth rates is similar for the enteric bacteria, but less for
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the naturally-occurringVibrio sp.. While we cannot resolve the mechanism for higher mean growth

rates for particle-associated fractions, results from this study indicate a consistent bene�t of particle

association on growth of these three genera under light exposure.

2.4.2.2.2 Comparisons to Enterococci

All fractions of Salmonella sp.had similar light-dependent growth rates to the respective

enterococci fractions (Myers and Juhl 2020). In contrast, light-dependent growth rates of free-

living and totalShigella sp.in this study were signi�cantly different than the respective rates for

enterococci (Myers and Juhl 2020). Based on these results, enterococci could be used to approximate

longer term survival under light exposure ofSalmonella sp.and maybe the particle-associated

fraction of Shigella sp.. However, these results also suggest that using enterococci to monitor

Shigella sp.persistence has limitations, consistent with the dark period growth �nding. As expected,

Vibrio sp. light-dependent growth rates were largely different than the light-dependent growth rates

for enterococci because of the different source and ecology. Less negative light-dependent growth

for Vibrio sp. is consistent with its natural occurrence in surface waters and resultant greater light

exposure than for enteric organisms like enterococci,Salmonella sp., andShigella sp..

2.5 Conclusions

This paper represents an important advancement in the understanding of 1) the ambient abun-

dances and particle association proportions of enteric pathogens in the HRE, 2) the impact of

particle association on environmental growth rates of select enteric and non-enteric microorganisms,

3) the similarities between enterococci and enteric pathogen growth rates, and 4) the differences

between growth rates of enteric and non-enteric pathogens. Data in this chapter established that

particle association proportions were largely similar across all genera and signi�cantly positively

correlated forSalmonella sp., Shigella sp., andVibrio sp. Further, enterococci concentrations

correlated with concentrations of all groups measured, even the naturally-occurringVibrio sp.,

which suggests potential sewage sourcing for some portion of theVibrio sp. populations. The
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correlation of free-living, but not particle-associatedVibrio sp., points to free-living subpopula-

tions as the potentially sewage-derivedVibrio sp. Experiments in this chapter demonstrated that

particle association consistently increased the primary growth rates (dark, temperature dependent

and light-dependent growth) for both enteric pathogens in this study (Salmonella sp.andShigella

sp.), similar to previous observations for enterococci (Chapter 1). While particle association also

increased growth rates for the naturally-occurringVibrio sp., the bene�t was not as great as observed

for all enteric genera. Of the enteric bacteria, onlySalmonella sp.had similar growth rates to

enterococci, which suggests that enterococci is likely a good indicator for monitoring persistence

of Salmonella sp.In contrast, the consistent dark period growth ofShigella sp.and the very

different light-dependent growth, as compared to enterococci, demonstrates limitations for the use

of enterococci in survival monitoring ofShigella sp.As expected,Vibrio sp.growth rates were very

different than enterococci growth rates. However, surprisingly, the naturally-occurringVibrio sp.

had similar growth rates to the entericShigella sp.Together, the prevalence and growth rate impacts

of particle association presented this chapter demonstrate that particle association of pathogens

must be incorporated when predicting their persistence in receiving waters. Further, the consistency

of the results forSalmonella sp.andShigella sp.with work on enterococci (Chapter 1) con�rms

that particle association is an important aspect of extra-enteric ecology. Findings from this study are

important for management efforts to monitor surface waters following discharge events to predict

when water is safe for human contact again. Quanti�cation of the differences in critical growth

rates between indicators and potential pathogens is important to limit underprediction of human

exposure risk to enteric pathogens likeSalmonella sp.andShigella sp.Future work should address

how these disparate growth rates across enteric genera translate into persistence under different

conditions, especially for free-living and particle-associated fractions, using methods similar to

those in Chapter 1.
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Figure 2.1: Petri Dishes withSalmonella sp., Shigella sp., Vibrio sp.andEnterococcus sp.colonies.
SS media, a modi�cation of deoxycholate citrate agar (Eaton 2005, as in Polo et al. 1999) was used
to growSalmonella sp.andShigella sp., which presented as black or clear colonies, respectively
(A). Pink colonies on the SS media plates (A) were general lactose fermenters. Green and yellow
colonies ofVibrio sp. (B) grew on Thiosulfate-citrate-bile-salts-sucrose (TCBS) agar plates (Eaton
2005, as in Cañigral et al. 2010; Julie et al. 2010).Enterococcus sp.colonies were surrounded by a
blue halo (C) and were grown on mEI agar (EPA 2009).

84



Figure 2.2: Temperature-Dependent Growth Rates. Dark period growth rates ofEnterococcus sp.,
Salmonella sp., Shigella sp., andVibrio sp.are plotted separately for 5, 18, and 28°C incubations.
Data are grouped by genus. Particle-associated growth rates are denoted by stippling.
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Figure 2.3: Dark Growth Temperature Trends. Dark period growth rates trends with temperature
are plotted separately for the free-living and particle-associated fractions ofEnterococcus sp.,
Salmonella sp., Shigella sp., andVibrio sp.
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Figure 2.4: Light-Dependent Growth Rates. Light-dependent growth rates ofEnterococcus sp.,
Salmonella sp., Shigella sp., andVibrio sp.are plotted, grouped by free-living and particle-associated
fraction. Particle-associated growth rates are denoted by stippling. Light-dependent growth rates
for the free-living fractions ofShigella sp.andVibrio sp.are signi�cantly different than the growth
rate of free-livingEnterococcus sp.
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Figure 2.5: Ambient Data Correlation Heat Map. Pearson's r correlation coef�cient is shaded
(red as negative correlation and blue as positive correlation) between each of the bacterial groups
and ambient parameters measured. Groups are numbered to allow for ease in determining data
pairs. Signi�cance is denoted by asterisk with * for pŸ0.05, ** for pŸ0.01, and *** for pŸ0.001.
Hierarchical clustering was used for mapping.
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Table 2.1: Environmental and Bacterial Data for Growth Rate Experiments. Environmental data for temperature- and light-dependent
growth rate experiments. Secchi disk depth was only able to be measured at Piermont Pier, as Sparkill and SPDES samples were from
shallow water columns. Numbers in the "Genera Data Collected For" column indicate the temperature-dependent growth experiment
number per genus, which is consistent with numbering in other tables. Light-dependent growth experiment numbers correspond
directly with the number of samples ("n(#") column. Note that on 7/23 for SPDES (temperature-dependent experiment), theShigella
sp.concentration couldn't be determined because the particle-associated fraction ofShigella sp.was too abundant to enumerate at all
volumes �ltered.
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Table 2.2: Estuarine Ambient & Bacterial Data Set. Environmental data across estuarine sampling
sites (Piermont Pier, SPDES, and Nyack, NY) between May 2017 and May 2021. Ambient data
reported here extend beyond data from experiments. Secchi disk depth could only be measured
at the Piermont Pier and Nyack, NY stations. Concentrations of each bacterial fraction and the
particle-association proportion is reported. This dataset was used for correlation analysis, reported
in Table 2.6 and Figure 2.5. Note that on 7/23 for SPDES (temperature-dependent experiment),
theShigella sp.concentration couldn't be determined because the particle-associated fraction of
Shigella sp.was too abundant to enumerate at all volumes �ltered.

Table 2.3: Temperature-Dependent GrowthSalmonella sp.andShigella sp.Raw and summary
data from each temperature-dependent growth experiment for all fractions ofSalmonella sp.and
Shigella sp.Growth rates are reported as (day-1).
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Table 2.4: Temperature-Dependent GrowthVibrio sp.Raw and summary data from each temperature-
dependent growth experiment for all fractions ofVibrio sp.Growth rates are reported as (day-1).
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Table 2.5: Light-Dependent Growth. Raw and summary data from each light-dependent growth experiment for all fractions ofSalmonella
sp., Shigella sp.andVibrio sp.Growth rates are reported as (day-1). Data are presented as both raw and normalized according to reported
light measurements.
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Table 2.6: Pearson's r Correlation Table. Paired Pearson's r correlation coef�cients are reported for
all estuarine data (2.2). Dark shading and white text denote pŸ0.01, while light shading and black
text denote pŸ0.05. Data are also graphically depicted in Figure 2.5.
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Table 2.7: Survey of Empirically Determined Growth Rates. A summary table of dark and light-
dependent growth rates forSalmonella sp., Shigella sp., andVibrio sp., with source and matrix
distinction. Rates (30H� 1) are reported as: mean (standard deviation, when available). *Denotes
that data for growth rate calculation was limited to 2 days
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Chapter 3: Spatial and Temporal Variability of Water Transparency, its

Primary Drivers, and Other Optical Properties in the Hudson River Estuary

3.1 Introduction

Water clarity (or water transparency) describes underwater light transmission and is a critical

aspect of water quality. The underwater availability of light controls biological, chemical, and

physical processes, like photosynthesis, �sh navigation, nutrient cycling and transformation (e.g.

photolysis of organic matter), and heat transfer (Kirk 1994; Vähätalo and Wetzel 2004; Molen

et al. 1998; Tunney et al. 2018; Pilla et al. 2018; Wondie et al. 2007). The three primary drivers

of water clarity are suspended particulate matter (SPM), phytoplankton, and colored dissolved

organic matter (CDOM). SPM is comprised of inorganic and organic particulates that scatter

and absorb light. Phytoplankton abundance is approximated by chlorophyll, an optically-active

pigment found in phytoplankton. Higher chlorophyll concentrations indicate greater light scattering

via phytoplankton and light absorption by chlorophyll, leading to overall decreased water clarity.

CDOM is operationally-de�ned as dissolved organic matter (DOM) smaller than 0.2` m and that

absorbs UV and visible light. Low water clarity can be due to any one of these components or to a

combination (e.g.Allende et al. 2009). Depending on the dominant component in�uencing water

clarity, global waters are broadly categorized as Case 1 (open ocean) and Case 2 (all other waters).

In Case 1 waters, inherent optical properties (IOPs) co-vary with phytoplankton (i.e. chlorophyll

concentrations), while Case 2 waters' IOPs are in�uenced by CDOM and particles, in addition to

phytoplankton, and the three drivers vary independently.

Water clarity has been extensively measured since the 1860s via secchi depth (/ B3, Wernand

2010; Aas et al. 2014; Philippart et al. 2013), the depth to which a contrastingly-colored disk can

be seen in the water column. Water clarity has also been measured via 3, the diffuse attenuation
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coef�cient of light, a measure of the exponential decrease in downwelling irradiance with depth.

Despite some size and color standardization for secchi disks, these measurements are subjective,

as they depend on an observer's visual interpretation. Some studies have attempted to address this

subjectivity by relating/ B3directly to light transmission and attenuation (Larson et al. 2007; Lee

et al. 2015)./ B3and 3 have long been understood to be inversely proportional, though studies

report varying coef�cients, partially due to inconsistency in wavelengths used for 3 measurement

(Poole and Atkins 1929; Zhang et al. 2011; Holmes 1970). In recent work, by incorporating contrast

reduction into classic underwater visibility theory, Lee et al. 2015 demonstrated that 3–CA0=B?0A4=C

(i.e.  3–400� 700=< or  3%�' ) is most useful for approximating/ B3. In the literature, 3 is frequently

measured spanning or within the range of photosynthetically active radiation (PAR) (Poole and

Atkins 1929; Holmes 1970; Zhang et al. 2011; Saulquin et al. 2013), with many remote sensing

studies specifying 490 nm (Gomes et al. 2018; Kratzer et al. 2003) and/or converting from 3490=<

measurements to 3%�' (Morel et al. 2007; Wang et al. 2009; Son and Wang 2015). Water clarity

as measured by 3 and / B3 accounts for the impact of both particulate and dissolved optically

active constituents, which cause light scattering and absorption, respectively, in the water column.

It is important to note that both 3%�' and secchi depth are spectrally-integrative measures of

light attenuation, as opposed to wavelength-speci�c 3 measurements. Changes in attenuation for

speci�c wavelengths can indicate water properties, such as high 3 in the blue/green (450-550 nm)

bands, which indicates a higher concentration of CDOM and suspended sediments (Wang et al.

2009). Additionally, certain wavelengths are important for speci�c processes, like UV light and

its role in CDOM breakdown (Gonsior et al. 2013; Vähätalo and Wetzel 2004), underscoring the

potential importance of wavelength-speci�c 3 in certain studies.

Previous studies, predominantly conducted in Case 1 waters, have empirically determined an

inverse relationship between chlorophyll concentration and secchi depth (Aas et al. 2014; Morel

et al. 2007) with the general form��; � �4C0 / 1� 3
B3 . These empirical relationships have been

found in the open ocean (Falkowski and Wilson 1992), seas (Megard and Berman 1989; Sandén and

Håkansson 1996), and some lakes (Carlson 1977) - systems in which chlorophyll predominantly
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determines water clarity.

In contrast, a common assumption in studies where chlorophyll concentration and water trans-

parency measurements are not well-correlated is that/ B3 or  3%�' is assumed to more re�ect

changes in either of the other main drivers: SPM (Collin et al. 2009) or CDOM (Paavel et al.

2011). Generally, in Case 1 waters, increased SPM is due to phytoplankton degradation, while

Case 2 waters have a wide variety of sources of particulate matter that include algal degradation

products and non-pigmented and non-algal particles (Sun et al. 2011). As in this study, the optical

contribution of SPM is widely measured as nephelometric turbidity, a standardized index of the

angular scattering of light due to particulates. High turbidity measured in Case 2 waters also can

be sourced from terrestrial runoff due to erosion (Sun et al. 2001) or bed resuspension related to

internal disturbance (Wu et al. 2007; Islam 2007), removal of submerged aquatic vegetation (Hestir

et al. 2016; Madsen et al. 2001), and wind-driven mixing (Collin et al. 2009; Kobashi et al. 2006).

The third major component affecting water clarity, CDOM, is typically described as a measure

of absorption at a given wavelength, with some of the most commonly-used wavelengths being

between 350-450 nm (e.g.Dias et al. 2020; Asmala et al. 2012; Ahn et al. 2008). Though CDOM

can either be terrestrially-derived or produced in-situ, high concentrations of CDOM are largely due

to the former through mechanisms like river runoff (Granskog et al. 2007), tidal marshes (Tzortziou

et al. 2008), rainwater or groundwater (Birdwell and Engel 2010; Miller et al. 2009; Gaiser et al.

2009), sediment resuspension (Conmy et al. 2009) and plant decay (Zhang et al. 2009; Sasaki

et al. 2005). CDOM can also be anthropogenically-sourced, like through sewage discharges (Guo

et al. 2010; Baker 2001) or physical bed disturbance (Coble 2007; Chiranjeevulu et al. 2014).

However, dramatically increasing CDOM values along transects from the coast to upper estuary

(Del Vecchio and Blough 2004) and more, broadly from high to low salinity waters (Bowers et al.

2000), demonstrate the dominance of terrestrial CDOM sources in estuarine systems. CDOM in

coastal waters is typically lower, as compared to rivers and estuaries, and is predominantly produced

in-situ (Dias et al. 2020). In-situ CDOM generation processes include phytoplankton production

(Castillo et al. 2010), phytoplankton and macrophyte degradation (Zhang et al. 2009; Sasaki et al.
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2005; Zhang et al. 2013), heterotrophic bacterial activity in the microbial loop (Matsuoka et al.

2015; Nelson et al. 2004), and consumption of phytoplankton via zooplankton (Steinberg et al.

2004).

CDOM is comprised of low and high molecular weight compounds that vary depending on

CDOM origin. Allochthonous CDOM (i.e sourced outside the water body) like terrestrially-derived

CDOM, tends to have higher molecular weight, as it is comprised of large molecules referred to as

"fresher" because they have yet to be degraded or transformed (Tzortziou et al. 2008). In contrast,

autochthonous CDOM (i.e. produced in-situ) is composed predominantly of lower molecular weight

organic matter. While microbial degradation of phytoplankton-derived precursors can form some

larger, more complex CDOM molecules initially (Kinsey et al. 2018; Hama et al. 2004), CDOM

molecules have been shown to rapidly degrade to lower molecular weight compounds via diagenesis

(Hama et al. 2004). More broadly, photodegradation in clear waters results in lower molecular

weight DOM (Dias et al. 2020), which likely includes CDOM. Further, wastewater treatment

processes like oxidation also result in decreased molecular weight DOM compounds (González

et al. 2013), though less is known about the effect on optically-active DOM (i.e. CDOM).

In addition to CDOM absorption magnitude, spectral slopes and slope ratios taken between

speci�c wavelengths are used to interpret CDOM sources and degradation. CDOM spectral slope

refers to the change in absorption across a speci�c wavelength range. Common ranges for reporting

CDOM slopes are 275-295 nm and 350-400 nm, called( 275� 295 and( 350� 400. Generally, lower

values of these or other slopes and their ratio (( 275� 295/( 350� 400 or ( A) are interpreted as CDOM

sourced from soil organic matter and other terrestrial inputs (Green and Blough 1994; Dias et al.

2020). In contrast, higher slopes (speci�cally for( 275� 295 and( A) indicate photochemical or other

transformation of CDOM (Helms et al. 2008; Del Vecchio and Blough 2002; Yamashita et al. 2013)

and can be measured in water with long enough residence times for microbial and photochemical

degradation and generation (Castillo et al. 2010). More broadly,( A Ÿ 1 has been measured in

high-CDOM, terrestrially dominated samples, while( A ¡ 1 correlates with marine-dominated

samples (Helms et al. 2008). E2:E3, a commonly reported slope ratio between 250-365 nm, is
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used to determine relative molecular weight of CDOM (Zhang et al. 2013; De Haan and De Boer

1987). Similarly to( A and( 275� 295, the E2:E3 ratio is negatively correlated to CDOM molecular

weight (Erlandsson et al. 2012) because larger CDOM molecules cause substantial light absorption

at shorter wavelengths.

The Hudson River Estuary (HRE) is an ideal �eld site to examine the spatial and temporal

variability of water transparency and its primary drivers because of its mix of coastal and fresh

waters, seasonality in the northeastern U.S., and heavy anthropogenic in�uences. Low water clarity

in the HRE is primarily attributed to signi�cant terrestrial inputs from various tributaries and

runoff (Stross and Sokol 1989; Bianchi et al. 1993; Abood 1974), indicating that light attenuation

throughout the HRE is predominantly due to CDOM and turbidity. Phytoplankton biomass is

generally considered light-limited in the HRE (Scho�eld et al. 2013) because of the high attenuation

of light, a lack of water column strati�cation (Howarth et al. 2000), and short water residence time

(Malone 1977). Stross and Sokol 1989 determined that 60% of light attenuation at 12 stations

throughout the HRE was due to non-pigmented suspended particles, 20% to CDOM, and 20% to

phytoplankton. Since then, there have been dramatic changes in the HRE, including reduced fecal

contamination inputs (NYCDEP 2012), increased dissolved organic carbon (Findlay 2005), and

dramatically decreased chlorophyll concentration, coupled with minimal change in SPM, due to

invasive zebra mussels (Caraco et al. 1997), all of which alter contributions of the primary drivers

to water transparency in the HRE. Further, higher spatial resolution could offer a more nuanced

view of water transparency drivers and demonstrate generally expected patterns for estuaries, like

turbidity and CDOM dominance in the fresher, up-estuary end of the HRE due to runoff inputs,

but increased chlorophyll importance to water transparency in the ocean-in�uenced, down-estuary

portion.

Examination of water clarity and its drivers in the HRE also has important management implica-

tions, especially for sewage-related pollution in estuarine environments. Sewage-derived bacteria

decay rapidly in light and previous work has demonstrated that water clarity critically determines

fecal bacteria persistence (Myers and Juhl 2020). Like other urban water bodies, the HRE is subject
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to signi�cant inputs of sewage-derived bacteria through untreated or partially treated wastewater

discharges. In particular, the lower HRE receives inputs of 1.3 billion gallons (4.9 billion liters) of

treated sewage per day from wastewater treatment plants (NYCDEP 2012) and 18 billion gallons

(70 billion liters) of untreated combined sewer over�ows each year (NYCDEP 2016). The HRE's

overall low water clarity likely increases persistence of potentially pathogenic, sewage-derived

bacteria (Myers and Juhl 2020), though spatial and temporal heterogeneity in water clarity would be

hypothesized to result in similar heterogeneity in persistence of sewage bacteria. More speci�cally,

sewage pollution and ef�uent discharges have been reported to in�uence CDOM absorption (Guo

et al. 2010), slopes (Chon et al. 2017; Imai et al. 2002), and molecular size (Ulliman et al. 2020).

Understanding how sewage pollution discharges impact optical properties in the HRE could enable

a powerful additional tool for water quality monitoring.

Motivating this chapter are two main questions: 1) what are the primary drivers of water

transparency in the HRE? and 2) how does water transparency and its primary drivers vary spatially

and temporally throughout the HRE? To address these questions, I analyzed water samples and data

collected during monthly cruises from May to October 2020, extending from NY Harbor to Albany,

NY. At each station, the optically-relevant components of suspended particulate matter (measured

via turbidity), phytoplankton abundance (chlorophyll concentration measured via �uorescence), and

CDOM absorption at 445 nm (0� �$" (445)), along with water transparency via secchi depth and

 3%�' were measured. I determined the relative contributions of turbidity, chlorophyll concentration,

and0� �$" (445) to  3%�' . Also, using CDOM slopes and slope ratios, I examined the sources

and degradation of CDOM throughout the HRE and over the season. I also analyzed the impact of

sewage treatment plant (STP) outfalls and Tropical Storm Isaias on all optical properties analyzed.

This study is an important update to the current understanding of water transparency in the HRE

(Stross and Sokol 1989), especially with the dramatic changes in sewage inputs (NYCDEP 2012),

dissolved organic carbon (Findlay 2005), and chlorophyll concentrations (Caraco et al. 1997)

since that study. Further, this study encompasses broader spatial and temporal variability of water

transparency and its drivers, and, uniquely, addresses CDOM sourcing in the HRE.
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3.2 Methods

3.2.1 Sample Locations

Near-surface water samples were collected from the 74 sites distributed along 155 miles (� 250

km) of the Hudson River Estuary (HRE) between New York City, NY (U.S.) and Waterford,

NY (Figure 3.1). Samples were collected by Carol Knudson during monthly cruises aboard the

Riverkeeper vessel, R. Ian Fletcher. This section of the HRE changes from brackish tidal to

freshwater tidal while traveling up-estuary (or north). Samples were from the mid-channel and near-

shore of the HRE, in the tidal mixing zones of several tributaries to the HRE, and from mixing zones

where STP outfalls enter the HRE (miles 17.5, 26, 52.5, 92, Table 3.3). Samples were collected over

5 days each month from May to October of 2020. At each sample collection (n = 438), a Hydrolab

data sonde, calibrated monthly according to the manufacturer's instructions, was used to measure

temperature, salinity, dissolved oxygen, turbidity, and in-vivo chlorophyll �uorescence (referred to

as chlorophyll in later sections) in near-surface water. Samples for measuring extracted chlorophyll

concentration (n = 97) were made at select stations by �ltering 100 mL of near-surface water onto

Whatman GF/F �lters, which were transferred to sterile 2-mL Corning cryovials and immediately

submerged in liquid nitrogen for storage. Chlorophyll-a was extracted in 100% methanol and

assayed by �uorescence on a solid standard calibrated Turner TD700 �uorometer with a near

UV lamp, following the protocol similar to that in Arar and Collins 1997. In vivo chlorophyll

�uorescence data from the Hydrolab were compared with extracted chlorophyll samples (Figure

3.2). Optical brighteners were �uorometrically detected following Hartel et al. 2007. Opaque

sample bottles were used to collect water about 10 cm below the surface. Water was then �ltered

through a Sterivex 0.22̀m polyethersulfone pore �lter and stored in dark coolers (� 0°C before

processing. Samples were brought to room temperature before reading on a Turner AU �uorometer

(excitation wavelength, 300-400 nm; emission wavelength, 410-600 nm). Samples were exposed to

light for 20-30 seconds for the reading to stabilize before taking the measurement.

Additional near-surface samples (n = 444) were collected by hand with sterile 250-mL polycar-
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bonate bottles. Enumeration of the fecal indicator bacteria (FIB)Enterococcus sp.was based on

Enterolert media and Quantitray/2000 (IDEXX Laboratories), similar to Suter et al. 2011. Trays

were incubated at 41°C for 24 hours and counted using Enterolert's Most Probable Number (MPN)

method. Samples with salinityŸ 5 ppt were diluted 1:10 with sterile, de-ionized water, following

the manufacturer's instructions.

Monthly freshwater �ow data were retrieved from USGS station at Green Island (01358000),

near the up-estuary end of the tidal portion of the system. Flow near Green Island typically

represents 80% of the freshwater input to the system (Wall et al. 2008). See Tables 3.1 and 3.2 for

environmental data at each station and Tables 3.4 - 3.15 for a summary of environmental data per

month. Based on CDOM absorption data, the river was divided into 4 regions (Figure 3.1): -1 to

17.5 miles (-1.5 to 28 km), 17.5 to 52.5 miles (28 to 84.5 km), 52.5 to 122.5 miles (84.5 to 197 km),

and 122.5 to 155 miles (197 to 250 km). For consistency with previous studies and management,

miles will be used, though km conversions appear in Table 3.3 and both imperial and metric scale

bars are included in Figure 3.1.

3.2.2 CDOM Measurement

Amber glass bottles for water samples were rinsed 4 times with ultrapure water (Barnstead

Nanopure, equivalent to Milli-Q) and combusted for 5 hours at 500°C. Near surface water samples

(n = 227) were collected by submerging the bottles about 10 cm below the water surface. Water

samples were then �ltered through a Sterivex 0.22` m pore polyethersulfone �lter into a second

combusted amber glass bottle. Bottles were capped and immediately stored in a dark cooler during

cruise until transferred (within 6 hours) to a 5°C incubator until processing (within 48 hours).

CDOM absorption spectra were acquired using a Shimadzu UV-VS Recording Spectrophotome-

ter (UV-2401PC) with cuvettes of 10 cm length and a wavelength range of 250 to 800 nm, with

0.5 nm resolution. Ultrapure water was used for reference and baseline measurements, with new

baselines run every 9 samples. Samples were warmed to room temperature in a water bath in the

dark. Between samples, cuvettes were rinsed three times with ultrapure water. To process optical
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density spectra for all samples and blanks, a 50-nm window average was taken over a �atter region

of the spectrum within 600-675 nm and then this average was subtracted from the spectra. Sample

spectra were then blank corrected. Sample spectra values were then converted to absorption by using

the functionU� �$" (_) = 2•303� U ! , whereU� �$" is absorption per meter,U is optical density,

and! is path length (10 cm). An exponential �t of the absorption was determined in R and used to

determine modeled absorption values following Del Vecchio and Blough 2002, called absorption

in this paper. Absorption of CDOM at 445nm (0� �$" (445)) is used to examine CDOM patterns

and contributions to water transparency. Absorption ratios (E2:E3,i.e. 0� �$" (250) 0 � �$" (365)),

spectral slopes (( 275� 295 and( 350� 400), and the ratios of the slopes (( A, ( 275� 295 ( 350� 400) were

calculated for interpretation of molecular weight, source, and photodegradation state of CDOM

compounds. Spectral slopes were calculated via a linear regression of log-transformed absorption

spectra, following Helms et al. 2008.

Absorption slopes and slope ratios do not require DOC measurements for calculation, unlike

another commonly used CDOM metric, speci�c ultraviolet absorbance ((*+ � 254) which divides

UV absorbance at 254 nm by dissolved organic carbon concentration. This normalization to the

overall organic load in the water minimizes the impact of measurement error in CDOM analysis.

However, slope analysis using shorter wavelength ranges is sensitive to changes in molecular

weight, so allows for high precision (Helms et al. 2008; Twardowski et al. 2004), despite the lack of

normalization.

3.2.3 Generalized Additive Model (GAM) of 3%�'

A generalized additive model (GAM) was employed to relate Kd(PAR) to0� �$" (445), turbidity,

and chlorophyll concentration from concurrently measured sampling data. The general structure

follows that of typical GAMs:

(3.1)6(� (. )) = V+ 51(G1) + 52(G2) + •••+ 5< (G< )

in which the expectation of the response variable E(Y) is related to smoothing functions (f) of

predictor variables (xm) with either a parametric or nonparametric form. Before implementing
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the GAM, testing for correlations between the three explanatory variables was conducted to avoid

including highly correlated variables in a model. We chose a thin plate spline (TPS) function as the

smoothing function and the estimation method for the smoothing parameter was set as restricted

maximum likelihood (REML). The number of knots was set at 10, following adjustments to con�rm

that 10 were suf�cient, though the knots were not manually placed because of the use of TPS.

A series of models with different combinations of smooth and linear functions of0� �$" (445),

turbidity, and chlorophyll concentration were evaluated using statistical data including adjusted' 2,

percent deviance explained, and analysis of deviance. GAM analyses used R statistical software,

speci�cally themgcvpackage (Wood 2001), to �t smooths of multiple variables. An analysis of

deviance test (anova.gam) was run to con�rm the ideal model selection.

3.3 Results

Over the 6-month sampling period (May-October) and throughout the estuary, surface water

salinity ranged from 0.08 to 24.1 ppt, demonstrating that sampling extended through the brackish

to freshwater sections of the HRE. The spatial and seasonal variability captured in this study

also resulted in wide-ranging dissolved oxygen (28.5 to 172.8%, 2.5 to 14.67 mg/L), chlorophyll

(1.4-185 RFU), temperature (14.86 to 29.2°C), and turbidity (2.7 to 52.8 NTU) measurements.

Spatially-grouped environmental data (with average and standard deviation) are shown in Tables 3.1

and 3.2. Monthly data are also presented in Tables 3.4-3.15. Monthly �ow data were highest in May,

though also was elevated in August and October (Figure 3.3). Compared to the past 10 years, �ow

was similar in magnitude over the winter months, but lower than average for May through November.

Chlorophyll concentrations varied widely over time, but were generally higher down-estuary in

regions 1 and 2, especially below river mile 40 (� 64 km), and at mile 102 (� 164 km) in the Esopus

Creek tributary. Despite higher chlorophyll concentrations in the brackish portion of the HRE

(salinity ¡ 1 ppt, largely regions 1 and 2), oxygen saturation was more commonly lower, ranging

from 70.8 to 128.3%. Higher chlorophyll concentrations most commonly were measured at near-

shore and tributary sites, while all site types could have high turbidity. Chlorophyll concentrations
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were also elevated in August, in which �ow was relatively high following Tropical Storm Isaias

(Figure 3.3). Tropical Storm Isaias reached the mid-Atlantic region of the United States on August

4, 2020 and was reported to have contributed 2-4 inches (� 5-10 cm) of rain with an isolated

maximum storm total of 6 inches (� 15 cm) in eastern New York (NOAA 2020). High chlorophyll

concentrations in August corresponded with low turbidity values, while September's high turbidity

values corresponded to lower chlorophyll concentrations. Turbidity, especially in September and

May, generally decreased up-estuary with a turbidity maximum located near river mile 26 (� 42 km)

and another turbidity peak near river mile 17 (� 28 km) (Figure 3.4). Concentrations of enterococci

also spanned a large range (not detected to 10,000+ CFU/100 mL), with higher concentrations more

likely in tributaries, pointing to tributaries as a source of elevated enterococci concentrations, as in

Brooks et al. 2020. Enterococci concentrations were lower at nearshore and mid-channel sites in

region 3. Optical brighteners were low down-estuary and increased up-estuary, with anomalous

peaks at 88W, 92-RC1 at the Kingston STP outfall and in the surrounding Rondout Creek tributaries,

and 146W (Figure 3.4). Except for 26W, outfalls had consistently elevated optical brighteners

(Figures 3.4 and 3.5), compared to the range of all other samples.

3.3.1 Water Transparency

Water transparency, measured by both 3%�' and/ B3 ranged widely throughout the HRE in

this study: 0.47-5.84<4C4A� 1 and 25 - 295 cm, respectively. Greater variability in 3%�' and/ B3

was common in down-estuary portion of the HRE (regions 1 and 2, especially below river mile 30

or � 48 km), with values for both 3%�' and/ B3 spanning almost the entire range measured within

the lower 30 miles of the river (Figure 3.4). Secchi depth also reached maximal values around river

mile 90 (� 145 km) up-estuary (in region 3) and above river mile 130 (� 209 km) up-estuary (in

region 4). Correspondingly, 3%�' was low in regions 3 and 4, with an uptick around river mile 133

(� 214 km). 3%�' values were also high around 25-27, 55-60 and 155 miles up the river (� 40-43.5,

88.5-96.5, and 249.5 km, respectively)./ B3 and 3%�' had a hyperbolic relationship described by

/ B3= 1•24  3%�' with adjusted' 2 = 0•50and? Ÿ 0•001. Lower / B3and higher 3%�' correlated
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to higher turbidity (Pearson'sA = � 0•58– ? Ÿ0•001 andA = 0•70– ? Ÿ0•001, respectively)

measurements. Chlorophyll concentration was not signi�cantly correlated with turbidity (Pearson's

A= 0•024– ?= 0•62). Overall, samples with low values of 3%�' relative to the range observed

also tended to have relatively high0� �$" (445), but low turbidity and chlorophyll. Elevated

 3%�' values corresponded more to relatively low0� �$" (445)and moderate to high turbidity and

chlorophyll (Figure 3.6). Accordingly, in regions 3 and 4 where 3%�' was lower, CDOM was

likely a more dominant contributor, while turbidity (and chlorophyll, more limitedly) became more

important down-estuary in regions 1 and 2 and part of region 3 (below� river mile 80, Figure 3.7).

3.3.2 CDOM Absorption at 445nm

CDOM absorption measured at 445 nm (0� �$" (445)) was higher in the upper portion of the

river (regions 3 and 4, especially above 80 miles (� 129 km) upriver), moderate between 17.5 to

52.5 miles upriver (region 2, 28-84.5 km), and low from river mile 17 to river mile 0 (� 27.5-0

km, region 1, Figure 3.4). Accordingly,0� �$" (445)was higher in lower salinity water. Maximal

CDOM was measured at river mile 92 (� 148 km) at the Kingston STP outfall.0� �$" (445)also

loosely had a hyperbolic relationship with turbidity 3.8. In region 2,0� �$" (445)did not increase

much over a wide range of turbidity; in region 4,0� �$" (445)spanned a large range while turbidity

values remained low (Figure 3.8).0� �$" (445)and chlorophyll concentration were not signi�cantly

correlated, though August0� �$" (445)and chlorophyll concentration were notably higher than the

other months (Figure 3.9). In the lower portion of the river (regions 1 and 2, below river mile 52.5

or � 84.5 km),0� �$" (445)was highest in May, then decreased from one month to the next (minus

elevated0� �$" (445)in August), reaching a minimum in October. For the upper portion of the river

(regions 3 and 4, river mile 52.5 or� 84.5 km),0� �$" (445)was similarly lowest in September

and October, but generally increased from May to a peak in August.0� �$" (445), compared to

surrounding stations, was low at river mile 52.5 or� 84.5 km and elevated at river miles 17.5, 26W,

92, and 151.5 (� 28, 42, 148, 244 km, respectively); of these 5 locations noted, only 151.5 is not

a sewage treatment plant outfall. Including all sampling sites, 3%�' and0� �$" (445)were not
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correlated (A2 = 0•0001– ?= 0•88). However, the brackish sampling sites (regions 1 and 2) showed

an increase in0� �$" (445)with  3%�' , while  3%�' showed minimal change with0� �$" (445)

for freshwater sampling sites (regions 3 and 4, Figures 3.4 and 3.6).

3.3.2 Spectral Slopes and Absorption Ratios

( 275� 295 and0� �$" (445)across all samples were positively, linearly correlated (A2 = 0•34– ? Ÿ

0•001), with values both increasing with salinity (A2 = 0•34? Ÿ 0•001andA2 = 0•37– ? Ÿ0•001,

respectively) and generally up-estuary (Figure 3.10). When separating by month,( 275� 295 and

0� �$" (445)are strongly positively correlated for all months (A2 ¡ 0•57? Ÿ 0•0001), but more

weakly positively correlated in August (A2 = 0•35– ? Ÿ0•0001, Figure 3.11). Measurements at

outfalls commonly diverged from the relationship between( 275� 295 and0� �$" (445) (Figures

3.10 and 3.11). However, the strong, positive correlation between( 275� 295 and0� �$" (445) is

still consistent with the monthly relationship stated above, even when STP outfalls are omitted

(A2 = 0•556– ? Ÿ0•001). ( 350� 400 and0� �$" (445)across all samples were largely uncorrelated

(A2 = 0•152– ? Ÿ0•001), but were more strongly positively correlated when STP outfalls were

omitted (A2 = 0•393– ? Ÿ0•001). When separating out the freshwater (salinityŸ 1 ppt) portion of

the river (region 4 and much of region 3),( 350� 400 and0� �$" (445)were more strongly, linearly

correlated (A2 = 0•76– ? Ÿ0•001). ( 350� 400was elevated and had an opposite trend with0� �$" (445)

for the month of August.( A did not trend with0� �$" (445), but slightly increased with salinity

(A2 = 0•27? Ÿ 0•0001). Overall,( 275� 295, ( 350� 400, and( A show no distinct relationship with secchi

depth. Throughout the estuary, temporally-averaged( 275� 295 remained fairly consistent, with peaks

at river miles 52 and 92, though there was a wide range through the study period (Figure 3.4).

Temporally-averaged( 350� 400 was slightly higher near the harbor (river miles -1 to 18) and was

anomalously high at river mile 26 (� 42 km). ( 350� 400 was lowest at river mile 52 (� 83.5 km) and

had a similar range for all other portions of the river.

For most months, highest E2:E3 and( A combinations were found in saltier waters, though this

trend was not seen in August (Tables 3.10 and 3.11) following the increased �ow (Figure 3.3) and
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inputs related to Tropical Storm Isaias. E2:E3, similar to( 350� 400 and( 275� 295, did not show a

distinct trend along the river (Figure 3.4). From May to October,( 275� 295, ( A, and E2:E3 increased,

though only slightly for( 275� 295. E2:E3 CDOM ratios were inversely related to0� �$" (445)at 445

nm (A2 = 0•57? Ÿ 0•0001), with higher E2:E3 to lower absorption found in regions 1 and 2, while

region 4 had the lowest E2:E3 ratio and highest0� �$" (445). E2:E3 did not have a signi�cant

relationship with( A, except when removing the August data (A2 = 0•58? Ÿ 0•001).

3.3.3 GAM Primary Drivers of  3%�'

The GAM format with the greatest adjusted' 2 (0.72) and highest percent deviance explained

(73.6%) consisted of two effectively linear smooth functions (435= 1) relating chlorophyll �u-

orescence and0� �$" (445) to  3%�' and one smooth function (435= 6•202) relating turbidity

and 3%�' . The smooth functions for turbidity and chlorophyll were both statistically signi�cant

(� = 58•07– ? Ÿ0001and� = 41•43– ? Ÿ0•001, respectively). The smooth function of this model

incorporating0� �$" (445)was not signi�cant (� = 0•94– ?= 0•33). GAM residuals were well

distributed around 0 and a quantile-quantile plot showed minimal deviance. An analysis of deviance

test con�rmed that this model composed of three smooth functions relating0� �$" (445), turbidity,

and chlorophyll to 3%�' is ideal (? = 0•0076).

3.4 Discussion

Of the three major optical components in this study, the dominant driver of water transparency

was turbidity across all study data, followed by chlorophyll. The GAM Model that best repre-

sented how these three components relate to 3%�' demonstrated that turbidity and chlorophyll

both signi�cantly in�uenced 3%�' , while 0� �$" (445)had an insigni�cant relationship, which

corroborates ternary (Figures 3.6 and 3.7) and statistical results. Generally, increasing turbidity

values corresponded to an increase in 3%�' and a decrease in water transparency, while increasing

chlorophyll has a similar, though much weaker relationship with 3%�' . These results are consistent

with studies in Chesapeake Bay tidal waters and the North Sea-Baltic Sea estuarine transition, which
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found light attenuation to be most closely related to total suspended sediments and chlorophyll-a

concentrations (Wang et al. 2013; Lund-Hansen 2004). Further, light attenuation in an arctic

fjord-estuary in Greenland and the Delaware Estuary was found to be dominated by suspended

particulate matter (Lund-Hansen et al. 2010; Sharp et al. 2009). Figure 3.6, which depicted each

component as range normalized, demonstrated how increasing turbidity and chlorophyll within the

measured range tended to increase 3%�' , while 0� �$" (445)varied widely with an inconsistent

in�uence on 3%�' . As visible in Figure 3.6, the majority of samples were in the lower range of

chlorophyll concentrations (20% of maximum chlorophyll measured and below).

Estuarine water bodies like the HRE at the down-estuary end more closely resemble the

properties of the coastal ocean, with the up-estuary end more re�ecting terrestrially-in�uenced

rivers. In this study, down-estuary stations (regions 1 and 2), more in�uenced by water from the

Atlantic Ocean, were more likely to have lower 3%�' (i.e. greater water transparency) along with

lower 0� �$" (445)and turbidity, but with moderate chlorophyll. Up-estuary 3%�' (regions 3 and

4) was also lower, though it was accompanied by lower turbidity and chlorophyll concentrations,

but higher0� �$" (445)(Figure 3.4). In the fresher regions 3 and 4, water transparency was then

more clearly in�uenced by0� �$" (445). This trend of greater water transparency by the marine

end-member has been observed in other estuarine systems (e.g. Pawcatuck River - Branco and

Kremer 2005, Danshuei River Estuary - Liu et al. 2005). Ranges of 3%�' (0•47� 5•84< � 1) were

comparable on the lower end with other estuarine ecosystems, like shallow New England estuaries

(Ÿ 0•5� 3•5< � 1, Branco and Kremer 2005), the Chesapeake Bay (� 0•5� 3•25< � 1, Gallegos 2001),

and the Danshuei River Estuary (0•38� 10•2< � 1, Liu et al. 2005).

Results of the GAM in this study are largely consistent with work by Stross and Sokol 1989 in

the HRE, in which water transparency was 60% attributed to non-pigmented, suspended particles

and 20% each to0� �$" (445)and chlorophyll. In their study, water transparency (as 3 at 425

nm) remained similar across stations, but the contributions of chlorophyll and suspended sediments

to  3425 shifted dramatically, with chlorophyll dominant in May and turbidity more dominant in

June and July. Data from this study may indicate the opposite pattern, with higher turbidity than
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chlorophyll in May and elevated chlorophyll with lower turbidity in July (Figure 3.8). In this study,

 3%�' experienced some notable variability, especially with Tropical Storm Isaias in August (Figure

3.12).0� �$" (445)was not found to signi�cantly determine 3%�' at any time in this study.

3.4.1 Turbidity

Consistent with the results in this study, light attenuation in turbid estuarine systems is dominated

by suspended sediments (Sharp et al. 2009; Lund-Hansen 2004; Lund-Hansen et al. 2010). High

turbidity in the HRE and its dominant in�uence on light attenuation, as measured in this study, has

been attributed to freshwater runoff inputs throughout the system (Stross and Sokol 1989). This

contribution to turbidity is supported by previous estuarine and riverine studies linking turbidity

and increased �ow due to increased terrestrial inputs (e.g.The Columbia River Estuary in Hudson

et al. 2017; Davies-Colley and Smith 2001). In addition, resuspension from bottom sediments in

the HRE has been highlighted as a major sediment source in the HRE (Ralston and Geyer 2009),

with high resuspension noted in tributaries (Findlay et al. 1991). Studies in shallow regions of

estuarine systems also indicate that higher turbidity is due to sediment resuspension (Whipple et al.

2018; Brand et al. 2010; Doxaran et al. 2006). The presence of high turbidity measurements at

nearshore stations in this study support the strong in�uence of sediment resuspension on water

column turbidity, generally supporting the �nding by Findlay et al. 1991.

3.4.1 Spatial and Temporal Variability of Turbidity

Previous studies have shown that the HRE has two estuarine turbidity maxima (ETM, also called

turbidity maximum zone or TMZ): one near river mile 37 (� 60 km) upriver at the head of the salt

wedge and one in the lower estuary around river mile 5-12.5 (� 8-20 km) upriver (Bokuniewicz

et al. 1996). Maximal mid-channel turbidity values in this study were generally both located a bit

further up-estuary, with one maximum between 12-17.5 miles (� 19.5-28 km), and the other further

down-estuary at about 26 miles (� 42 km). In May, highest mid-channel turbidity was furthest south

at river mile 12 (� 19.5 km), but migrated up to river miles 17-18 (� 27.5-29 km) by August and
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back to about river mile 12 (� 19.5 km) in September following the higher August discharge. In

October, turbidity measurements mid-river (regions 2 and 3) were generally low, though they were

higher in nearshore sites. The �uctuation in maximal turbidity location in this study is consistent

with previously measured seasonal migration of the ETM in the HRE (Woodruff et al. 2001). ETMs

are commonly measured to move seasonally like this, with up-estuary progression during the late

summer/fall, under low �ow conditions, and down-estuary progression during the winter to spring,

under higher precipitation and freshet conditions (Hudson et al. 2017; Lu and Gan 2015; Doxaran

et al. 2006). The slightly up-estuary digression of maximal turbidity values during this sampling

year, as compared to other studies (Woodruff et al. 2001), is likely due to the decreased discharge in

2020, relative to the past 10 years. ETM position could also �uctuate depending on the time in a

tidal cycle of the measurement. Reduced freshwater inputs, like in 2020, could lead to further up

estuary intrusion of the salt wedge and, by extension, the region of greater �occulation and turbidity

(Geyer et al. 2001). Overall, data from this study show elevated and more variable turbidity in the

lower, down-estuary regions (below� river mile 80 or� 129 km), similar to previous �ndings in the

HRE (Lampman et al. 1999), but contrary to �ndings in other estuarine systems (Lu and Gan 2015;

Fisher et al. 1988). Turbidity in this study was anomalously high at river mile 27.5 (� 44 km) in

September, though this is possibly due to high turbidity input from a tributary at river mile 28 (� 45

km).

High turbidity values in this study were measured both during the spring freshet (May) and later

in the season (August and October) when there also was increased freshwater �ow (Figure 3.3).

Turbidity values in estuaries are generally found to follow the seasonal trend of being higher in the

wet season and freshet period, but lower in the dry season (Hudson et al. 2017; Chen et al. 2007;

Priya et al. 2015). Speci�c to the HRE, Stross and Sokol 1989 found that turbidity was higher in

late winter and early spring due to increased in�ow. Data in this study also demonstrated higher and

more variable turbidity following higher river �ow and elevated turbidity at some mid-channel sites,

which suggests an in�uence of freshwater inputs on HRE water column turbidity, as observed in

Stross and Sokol 1989. In combination with higher turbidity measured at nearshore sites, results
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of this study indicate that turbidity in the HRE is signi�cantly related to both freshwater inputs

and resuspension. Despite this connection to freshwater inputs, precipitation measurements in my

data were not correlated to increased turbidity, in contrast to observations in other estuarine studies

(Valente and Silva 2009; Herbeck et al. 2011). However, it is worth noting that maximal turbidity in

this study was recorded 2 weeks following the Tropical Storm Isaias. Possibly due to the overall

reduced �ow in 2020, my data were not fully aligned with seasonal increases in turbidity during the

freshet that have been previously observed in the HRE (Geyer et al. 2001; Woodruff et al. 2001). A

more temporally-resolved data set that encompasses more variability in precipitation could reveal a

positive, potentially episodic relationship (as an acute storm response) between precipitation and

turbidity in the HRE.

3.4.1 Turbidity at STP Outfalls

No increase in turbidity at STP outfalls was observed in this study, which is consistent with

previous studies relating turbidity to sewage ef�uent (Hubeny et al. 2017) and treated wastewater

discharges (Reopanichkul et al. 2010). Though some studies in clearer water columns have noted

increased turbidity at industrial outfalls (Hozumi et al. 2018; Washburn et al. 1992; Pluhowski

1976), more studies af�rm our �nding that turbidity measured at outfalls falls within the measured

turbidity range for the surrounding region in the HRE (e.g.Hubeny et al. 2017; Reopanichkul et al.

2010). The lack of impact of outfalls on turbidity is likely because wastewater and sewage treatment

removes the majority of total suspended solids before being released as ef�uent (Campbell et al.

2015).

3.4.2 Chlorophyll

Because water transparency in other Case 2 estuarine waters is largely related to CDOM and

turbidity (Lund-Hansen et al. 2010; Sharp et al. 2009; Stedmon et al. 2000), the signi�cant

dependence of water transparency on chlorophyll concentrations measured in this study was

somewhat surprising. However, results in this study are supported by previous observations that
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phytoplankton contribute about 20% of light attenuation at 3425 in the HRE (Stross and Sokol

1989). Since the study by Stross and Sokol 1989, a sharp decline of phytoplankton biomass and

chlorophyll concentrations in the HRE was observed following the introduction of zebra mussels

(Caraco et al. 1997; Smith et al. 1998). The observed increase in water transparency concomitant

with declining phytoplankton 93 miles up-estuary (� 150km, upper region 3 and region 4, in this

study, Caraco et al. 1997) further supports a signi�cant relationship between chlorophyll and water

transparency in the HRE. Because of the introduction of zebra mussels, chlorophyll concentrations

in this study, especially in freshwater regions, were thus likely lower than those reported in Stross

and Sokol 1989, which could weaken chlorophyll's role in determining water transparency. It is

likely then that the relative importance of chlorophyll to water transparency in the HRE was higher

in the past, at least in freshwater portions of the system. It should also be noted that phytoplankton

biomass in the HRE varies considerably with climatic factors and freshwater discharge (Howarth

et al. 2000), so the relative importance of chlorophyll to water transparency may vary interannually.

3.4.2 Spatial Variability of Chlorophyll

Chlorophyll concentrations were predominantly on the low end of the range measured in this

study (around 10 RFU or below) (Figure 3.6, 3.9, and 3.13), though occasionally high concentrations

were measured, especially in regions 1 and 2. In these same regions, oxygen saturation was

lower, potentially indicating increased heterotrophy (relative to autotrophy) in the lower HRE,

as has previously been observed in estuarine systems (Caffrey 2004; Figure 3.14). Increased

heterotrophy in the lower regions of the HRE is also consistent with predictions and observations of

estuarine metabolic changes, following increased organic anthropogenically-derived (Hopkinson

and Vallino 1995) or river discharge-derived nutrient inputs (Sarma et al. 2009). Low chlorophyll

concentrations were measured in region 3, where moderate turbidity measurements may have limited

light availability, as previously observed in up-estuarine regions of the HRE (Cole and Caraco

2006). Low chlorophyll concentrations were also more prevalent in the dredged, mid-channel (vs.

nearshore and tributary sites), where lower temperatures and higher salinities (Tables 3.1 and 3.2)
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indicate greater mixing that could drive lower chlorophyll concentrations. In contrast, nearshore and

tributary stations in this study had higher chlorophyll concentrations (especially in the mesohaline

region near river mile 12,� 19.5 km), possibly due to increased salinity strati�cation and decreased

mixing. Low chlorophyll concentrations commonly measured in the HRE (Fisher et al. 1988;

Malone 1977; Sirois and Frederick 1978) have been largely attributed to turbidity and mixing-driven

light limitation of phytoplankton growth (Cole and Caraco 2006; Howarth et al. 2006; Malone 1977)

and a short water residence time that limits the buildup of high chlorophyll concentrations. Light

limitation and residence time control on phytoplankton blooms also have been observed in other

turbid estuarine systems (McSweeney et al. 2017; Gameiro et al. 2004; Fisher et al. 1988).

Though nutrient limitation plays a role in some estuarine systems (e.g.Chesapeake Bay, Fisher

et al. 1988; Tagus estuary, Gameiro et al. 2004), it is largely thought to not apply in main channel

of the HRE (Fisher et al. 1988), so would not explain low chlorophyll measurements. However,

elevated chlorophyll measured in nearshore and tributary sites from May to July, may relate to

greater nutrient input in these shallower water columns from terrestrial runoff or resuspension

(Figure 3.13). Nutrients may also have a greater in�uence on chlorophyll concentrations closer river

mile 0, where clearer Atlantic Ocean water diminishes light limitation of phytoplankton nutrients

exported from the HRE (Scho�eld et al. 2013).

The overall spatial distribution of chlorophyll in this study is similar to observations in the

Delaware Estuary (Pennock and Sharp 1994). In the Delaware Estuary, this pattern is attributed to

light limitation in the turbid portion of the upper estuary (this study's counterpart - region 3 between

� 75-120 river miles in the HRE) and a lack of light limitation from spring through fall in the lower

and mid-estuary (this study's counterpart - regions 1 and 2 from� � 1-50 river miles in the HRE,

Pennock and Sharp 1994) that can sustain higher phytoplankton growth. Consistent with other

estuarine systems, my data showed higher chlorophyll concentrations down estuary from the ETM

and lower chlorophyll concentrations in the upper estuary, the latter possibly related to higher light

limitation from elevated SPM (McSweeney et al. 2017) and/or CDOM (measured up-estuary in this

study).
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3.4.2 Temporal Variability of Chlorophyll

In addition to varying spatially throughout the HRE, chlorophyll concentrations across this

study varied temporally, with the greatest concentrations measured in August in the mid-low river

(mostly region 2, between� river mile 15 to 30). In addition to the August maximum, chlorophyll

concentrations were also elevated in May at both nearshore and mid-channel sites, in June in

tributaries, and in July at nearshore and tributary sites (Figure 3.13. In the HRE, the annual

chlorophyll maximum is delayed, commonly occurring in July, though it has been documented

as early as May and as late as October (Cole and Caraco 2006). Also, chlorophyll concentrations

in the HRE have been observed to have two peaks, in the mid and late summer (Findlay et al.

1996). Chlorophyll data from the past 5 years, measured in the same river transects as this study,

show a similar pattern of bloom onsets and demonstrate multiple blooms between May to October.

A phytoplankton bloom in July located around the 25-40 river mile range was common, with a

second bloom in this area in 2018 during June and in 2016 and 2020 in August, plus a third bloom

in September in 2016 (Figures 3.15 and 3.16). Similar phytoplankton spatial patterns have been

described in other estuaries (Lu and Gan 2015). This study's maximum chlorophyll in August

coincided with decreased salinity throughout the HRE and elevated �ow relative to surrounding

months, which is generally in contradiction with previous studies in other estuaries in which

phytoplankton blooms corresponded to reduced river discharge (Acharyya et al. 2012; Sin et al.

1999). Following the maximum in August, chlorophyll concentrations in this study decreased

dramatically, accompanied by an increase in turbidity, suggesting restoration of the more typical

turbid, high mixing, and light-limited state in the fall.

3.4.2 Chlorophyll Interaction with Turbidity

A potential complication of chlorophyll and turbidity measurements in this study is that turbidity

incorporates all particulate-derived light scatter, which includes scattering by phytoplankton. So, a

portion of the turbidity signal can be attributed to phytoplankton and, in analyses, this may convolute

the effects of each parameter on water transparency. In both marine and fresh end members of the
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HRE, low turbidity was commonly measured along with low chlorophyll. However, data from this

study show decoupling of turbidity and chlorophyll in regions 1 and 2. In this case, higher turbidity

in regions 2 and 3 of the HRE may then have contributed to light limitation and the subsequent

decrease in chlorophyll, as has been observed in the Delaware Estuary (McSweeney et al. 2017).

Turbidity anomalies were more common in nearshore and mid-channel sites, while chlorophyll

anomalies were more likely in tributaries and nearshore sites. This further indicates that turbidity

and chlorophyll effects can be considered somewhat separately in this study.

3.4.3 CDOM Absorption at 445 nm

The limited overall relationship observed between0� �$" (445)and 3%�' in the HRE was

unexpected because of the high terrestrial inputs into the HRE that can contribute both CDOM and

particulates. In other estuarine and coastal systems with high terrestrial inputs, CDOM was found to

be a primary driver of light attenuation (Sempéré et al. 2015; Branco and Kremer 2005). However,

CDOM absorption measured in this study was similar in magnitude to that measured in other

terrestrially-in�uenced water bodies with large contributions (Granskog et al. 2007).0� �$" (445)

in this study ranged from 0.32 to 3.15< � 1, which is similar to ranges reported for coastal (0.01-3.9

< � 1 at 440 nm - Wang et al. 2019 and 029-4.52< � 1 at 375 nm -Stedmon et al. 2000) and estuarine

waters (0.38-1.69< � 1 at 440 nm- Menon et al. 2011). Further, the relative importance of CDOM to

water transparency would be expected to be higher in this study, as compared to Stross and Sokol

1989. Dissolved organic carbon (DOC) transport in the HRE has increased since the late 1980s

(Findlay 2005) and CDOM, as the subset of DOC compounds that is optically-active, would be

expected to have increased concomitantly. Higher CDOM absorption is commonly measured in

estuaries near the estuarine turbidity maximum (Xie et al. 2012), though this was not observed in

this study at either ETM (at about river mile 37 (� 59.5 km) and river miles 5-12.5 (� 8-20 km)).

CDOM concentrations are also generally known to increase dramatically from the coastal ocean

into estuarine and bay systems (e.g.Dias et al. 2020; Stedmon et al. 2000), suggesting a greater

importance of CDOM for water transparency further into these coastal water bodies.0� �$" (445)
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in this study similarly increased up-estuary, with higher0� �$" (445)in the fresher region 3 and 4,

especially above river mile 75 (� 120.5 km).

3.4.3 CDOM Spatial Variability and Origins

Unlike some other estuarine systems (Stedmon et al. 2000), water transparency measured in

the HRE via 3%�' in this study cannot be largely attributed to0� �$" (445), as con�rmed by

GAM results. In up-estuary sites where0� �$" (445)was higher, turbidity and chlorophyll were

commonly lower (Figure 3.7), which suggests that water transparency in the upper regions (regions

3 and 4) of the HRE may be more in�uenced by CDOM. The higher, though variable,0� �$" (445)

measurements in the upper, freshwater portions of the HRE imply that much of the CDOM in the

lower HRE (regions 1 and 2) likely originates from the freshwater portion (Figure 3.17). Additional

estuarine CDOM inputs can be sourced from features including along estuary salt marshes (Gardner

et al. 2005), like the wetlands found along the HRE (Laba et al. 2008; Hunsinger et al. 2010), which

adds complexity to the dominant freshwater CDOM sourcing.

Negative linear relationships measured between CDOM and salinity in estuaries indicate CDOM

being sourced primarily up estuary and distributed via mixing (Xie et al. 2012), while a diver-

gence from this relationship could indicate other sources along estuary (Gardner et al. 2005) or

heterogeneity in sinks (D'Sa and DiMarco 2009). In this study, all data were well-represented by

a linear, negative relationship (A2 = 0•647, Figure 3.17), largely due to the strong relationship in

the down-estuary regions (Figure 3.18). When viewed per month and restricting the data to when

salinity ¡ 0•2 ppt (to more speci�cally examine variation in CDOM sourcing in the brackish region),

the slopes and �t of the relationship between0� �$" (445)and salinity varied (Figure 3.11), with

slopes higher in May and June. These elevated slopes around the spring freshet was in contrast to

previous work (Stedmon et al. 2000) and may be related to microbial degradation of labile CDOM

discharged in the freshet. Later in the season the slope declines, possibly due to increased discharge

or declining photobleaching. Relatedly, the increased out�ow during August (Figure 3.3) may

explain the poor relationship between0� �$" (445)and salinity seen in August (Figure 3.11).

117



The observed increase in( 275� 295 up-estuary (regions 3 and 4) indicated that higher CDOM

absorption measured up-estuary was predominantly derived from soil organic matter and other

terrestrial inputs, as has been observed in some other estuarine systems (Dias et al. 2020; Yang et al.

2013; Zhou et al. 2018). Values of( 275� 295 measured in this study were similar to those measured

in the Georgia Bight (0.013-0.019=< � 1), but lower than those measured in the Chesapeake Bay

(0.019-0.031=< � 1, Helms et al. 2008). Higher( 350� 400 measurements (i.e. UV absorption between

350-400 nm) were also observed in the freshwater portion of the HRE (largely region 3 and 4),

which indicates larger molecular weight CDOM compounds, consistent with fresh terrestrial inputs,

as in other systems (Guo et al. 2007). In August, however,( 350� 400 was negatively related to

CDOM, so higher0� �$" (445)was likely more attributable to smaller molecules. This could be

due to CDOM release from bacterial degradation of large phytoplankton blooms (Kinsey et al. 2018;

Danhiez et al. 2017), like those that were observed in August in this study, or photodegradation

of CDOM (Helms et al. 2008). Overall,( 350� 400 measurements were within range of previous

measurements in the Chesapeake Bay (0.014-0.032=< � 1) and Georgia Bight (0.015-0.019=< � 1,

Helms et al. 2008) and the wastewater treatment discharge subjected River Wylye (0.0139=< � 1,

Yates et al. 2019).

3.4.3 CDOM Temporal and Seasonal Variability

Consistent with other polluted rivers (Li et al. 2016),( 275� 295 and E2:3 increased seasonally

from summer to fall months, though my data showed only a minimal increase in( 275� 295. In

this study,0� �$" (445)and chlorophyll concentrations both reached maximum values in August.

In other brackish, mixed water bodies CDOM absorption exhibited a similar seasonal pattern to

chlorophyll (Chen et al. 2007), though some studies have noted a time lag after increased chlorophyll

concentrations before absorption by CDOM and detritus increased, which was attributed to microbial

degradation CDOM sourcing (Sasaki et al. 2005). However, it should be noted that the maximal

chlorophyll concentrations in this study were measured in lower regions of the HRE (regions 1 and

2), while higher0� �$" (445)was measured in the upper regions (regions 3 and 4) than in lower
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regions. The spatial separation of high chlorophyll and0� �$" (445) indicates that, despite the

similarity in seasonal dynamics,0� �$" (445)and chlorophyll concentrations are largely uncoupled

in this system.

In previous studies, precipitation has also been found to impact CDOM absorption, with

absorption increasing in rainy and monsoon seasons, co-occurring with lower slopes and slope

ratios (Dias et al. 2020; Menon et al. 2011) that indicate the presence of fresh CDOM. In contrast,

data from this study did not show a signi�cant impact of precipitation on any of the three major

optical parameters of water transparency. However, it is worth noting that the �ow of the HRE was

low during the year of this study, as compared to the previous 10 years (Supplemental Figure 3.3).

It is possible that, in a year with higher precipitation and higher terrestrial inputs, the impact of

CDOM on water transparency would be greater than indicated by this study.

3.4.3 CDOM and STP Outfalls

Interestingly,0� �$" (445) values at sewage treatment plant (STP) outfalls were commonly

anomalous, either lower or higher relative to surrounding stations. STP outfalls can contribute a

signi�cant amount of dissolved organic matter to water bodies (Thupaki et al. 2010) with some of

the DOM being optically active (Tao et al. 2021). At both the Orangetown STP (river mile 26,� 42

km) and Kingston STP (river mile 92,� 148 km),0� �$" (445)was higher than surrounding stations,

while 0� �$" (445)was lower at West Point STP (river mile 52.5,� 84.5 km).0� �$" (445)at the

remaining STP outfalls sampled (Yonkers STP at river mile 17.5,� 28 km, and North River STP at

river mile 8,� 13 km) fell within the range of0� �$" (445)for the surrounding stations. Treated

ef�uent from STPs then only notably elevated0� �$" (445)at 2 of the 5 STP outfalls measured.

A previous study on urban sewage treatment showed that the sedimentation steps of treatment

minimally impacted CDOM absorption, though secondary treatment (aeration and a grit chamber)

decreased CDOM absorption by about 30% (Guo et al. 2010).

West Point STP also had lower( 350� 400, indicating that the lower CDOM there was dominated

by smaller molecules; Orangetown STP's high0� �$" (445)instead was likely dominated by larger
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molecular weight compounds. In this case, the higher( 350� 400 does not appear to be associated

with increased fresh, terrestrial input because the down-estuary sample would be expected to have

lower ( 350� 400 in comparison. As further evidence, previous studies have commonly measured

ef�uent organic matter molecules to be lower weight than terrestrially-derived organic matter (Chon

et al. 2017; Imai et al. 2002). It is possible that differences in ef�uent treatment processes at

West Point STP may lead to smaller CDOM molecules than those released at Orangetown STP.

( 275� 295 was most notably elevated for all STP outfalls, with greater differences between the outfalls

and surrounding stations while progressing up-estuary (Figure 3.4). Higher( 275� 295 at outfalls,

commonly used to indicate more photochemical transformation of organic matter, in this case likely

re�ects transformation during ef�uent treatment at the different STPs. However, this does not align

with previous �ndings that( 275� 295, ( 350� 400, ( A, and E2:E3 were all lower in ef�uent relative to

ambient source water (Ulliman et al. 2020).

3.4.4 Comparison to Previous Water Transparency Study

In the 35 years since data collection for Stross and Sokol 1989, the HRE has gone through

numerous changes that could impact water transparency. These changes include large decreases in

sewage inputs following the Clean Water Act (NYCDEP 2012) and large declines in phytoplankton

abundance and chlorophyll concentrations in the freshwater section of the HRE (regions 3 and 4)

as a result of the invasion of zebra mussels (Caraco et al. 1997; Smith et al. 1998). Additionally,

transport of DOC has increased (Findlay 2005), which likely also increased CDOM, the optically-

active fraction of DOC. Despite these dramatic changes affecting the primary drivers of water

transparency, values of 3%�' in this study were similar to those in Stross and Sokol 1989. Further,

both studies found turbidity to be the primary driver of water transparency, with chlorophyll and

CDOM playing lesser roles, though this study does not �nd a signi�cant role of0� �$" (445).

Despite the documented dramatic changes that affected chlorophyll and CDOM in the HRE since

Stross and Sokol 1989, SPM discharge from the HRE has not dramatically changed since the 1960s

(Caraco et al. 1997, Wall et al. 2008 and references in their Table 1). Together, the historical context
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of changes (or lack thereof) for each water transparency driver, the study by Stross and Sokol 1989,

and results in this study indicate that signi�cant changes in water transparency in the HRE are

unlikely without signi�cant changes in SPM. SPM changes in estuarine systems are largely related

to changes in sediment input from tributaries (Schäfer et al. 2002) or changes in resuspension within

the estuary (Li and Zhang 1998; Whipple et al. 2018). In other estuarine systems where water

transparency is also dominated by SPM, water transparency and the contributions of each driver

are also unlikely to change in response to ecosystem changes, unless those changes impact SPM

loading and resuspension.

3.5 Conclusions

Water transparency (measured as 3%�' ) throughout the Hudson River Estuary, a turbid and

urban-in�uenced narrow estuary, is controlled predominantly by turbidity, partially by chlorophyll,

and minimally by0� �$" (445). However, it may be important to consider that CDOM may have a

more dominant role in determining 3 at shorter wavelengths in the HRE, where the optically-active

windows are more aligned. This study represents an important update and extension of previous

work on the HRE by Stross and Sokol 1989. Despite dramatic changes in the 35 years since

Stross and Sokol 1989 that likely affected both chlorophyll and CDOM, this study reported similar

values of 3%�' and similarly found that water transparency was dominated by SPM (measured via

turbidity in this study), with chlorophyll and CDOM playing lesser roles. Results in this chapter

also provide important insights into the spatial and temporal variability of water transparency and

its primary drivers in the HRE. Turbidity showed some seasonal variation, especially with the up-

estuary migration of the ETM throughout the season, and also increased with freshwater discharge.

Long-term monitoring of the HRE with precipitation and freshwater �ow data may enable closer

comparison with precipitation-in�uenced water transparency and related optical properties in other

estuaries, beyond the precipitation and turbidity relationship reported in this study. Though there

was high variability, nearshore and tributary sites commonly had higher turbidity,0� �$" (445), and

chlorophyll concentrations than mid-channel stations, possibly due to a combination of increased
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shallow bed resuspension and terrestrial runoff. The up-estuary portions of the HRE were found to

have higher levels of0� �$" (445), indicating a greater importance of CDOM on water transparency

up-estuary, which should be further explored via shorter wavelength 3. This �nding could justify

future studies dividing between up- and down-estuary regions for assessing which drivers control

water transparency, especially when measured at shorter wavelengths.

Seasonally, CDOM was fresher and comprised of larger molecules early in the season and then

changed to re�ect either decreasing sources or increased photobleaching. Chlorophyll concentration

in the HRE had two peaks, one each in May and August which is consistent with previous studies

and the 5-year time series reported here. The earlier peak is indicative of commonly-observed

annual maximal phytoplankton dynamics, while the later peak is likely related to the maximal river

discharge following Tropical Storm Isaias captured in these observations. Further, results in this

chapter demonstrate that the excess precipitation and resultant river discharge from Tropical Storm

Isaias led to maximal chlorophyll concentrations and0� �$" (445)in the same month and maximal

turbidity and minimal 3%�' the following month. This is consistent with previous studies in other

water bodies in which large storms decreased water transparency and increased the main drivers.

This chapter also reveals distinct optical signatures at sewage treatment plant (STP) outfalls. In

particular, STP outfalls commonly had elevated optical brighteners and( 275� 295, the latter indicating

excess smaller CDOM molecules likely related to the treated discharge input. These �ndings also

con�rm the use of optical brighteners as modern indicators of sewage contamination. In contrast,

0� �$" (445)at STP could be anomalously higher or lower than surrounding sampling stations.

The common divergence, despite inconsistency in the direction or magnitude of divergence, in

0� �$" (445)and composition (indicated by slope ratios) suggests that future studies should examine

how STP outfalls cause variation in CDOM absorption, how this is impacted by different treatment

processes, and how changes in CDOM at STP affect water transparency. The effect of STP on

water transparency could be important to understand because extra-enteric fecal bacteria mortality

is dominated by light and altered water transparency at outfalls could alter fecal bacteria persistence.

As demonstrated in Chapter 1, water transparency critically determines fecal bacteria survival and,
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as presented in this chapter, water transparency in the HRE is found to be spatially and temporally

variable, but largely dependent on SPM. Together, this suggests that future work to predict the

variability of extra-enteric sewage-derived fecal bacteria persistence in the HRE should focus on

quantifying variability in SPM, which can be done continuously and synoptically via remote sensing.
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Figure 3.1: Map of the Hudson River Estuary. Surface water in the lower Hudson River Estuary (A)
is saltier, due to river water mixing with water from the Atlantic Ocean and Long Island Sound. In
the mid- (B) and upper Hudson River Estuary (C), there is still a tidal in�uence until the Federal
Dam at Troy (� river mile 153), but the water is much fresher. Four regions used for analysis are
denoted by colored bars: -1 to 17.5 miles (-1.5 to 28 km), 17.5 to 52.5 miles (28 to 84.5 km), 52.5
to 122.5 miles (84.5 to 197 km), and 122.5 to 155 miles (197 to 250 km). Metric equivalents to
station sites can be found in Table 3.3.
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Figure 3.2: Comparison of chlorophyll measured by the Hydrolab (in RFU) vs. chlorophyll extracted
in 100% MeOH. Though there is general agreement, inconsistencies led me to not use a conversion
of RFU to ` g/L for chlorophyll data in this study.
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Figure 3.3: Monthly Hudson River freshwater �ow measured at Green Island station (near the
up-estuary end of the tidal portion of the HRE) in NY Harbor for 2020 (bars) and then averaged
over the previous 10 years (line).
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