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EXECUTIVE SUMMARY
Sag Harbor is a village of historic significance and a popular regional destination. During the past
decade, there has been increasing concern regarding water quality on eastern Long Island and a
study from 2018 – 2019 revealed a series of water quality impairments within Sag Harbor
including harmful algal blooms, hypoxia, and fecal bacterial contamination. Here, a follow-up
study was designed to affirm water quality observations made from 2018 to 2019 and to gain a
refined understanding of bacterial contamination within Sag Harbor surface water. Water quality
observations were largely consistent with prior monitoring with primarily good water quality
conditions but also some dissolved oxygen measurements falling below the NYSDEC chronic
standard of 4.8 mg L-1 and some measurements of algae (i.e. chlorophyll a) exceeding federal
guidelines put forth by NOAA and EPA. The later condition was associated with a dense rust tide
that occurred during July and August with cell densities frequently exceeding the threshold of
harm to marine life of 300 cells mL-1. The occurrence of the rust tide and other water quality
impairments affirmed the need to reduce watershed nitrogen (N) loads to improve water quality.
Bacteriological measurements affirmed prior observations but also provided evidence to support
new conclusions. Enhanced spatial sampling identified the Havens Sump and Little Northwest
Creek as strong sources of potentially pathogenic bacteria to surface waters with fecal bacterial
being levels more than an order of magnitude above state standards and microbial source tracking
(MST) indicating these bacteria were largely derived from dogs and small mammals. While the
Haven Sump did not impair water quality at a site 500 feet from shore, it is likely contaminating
Havens Beach when draining to surface waters. Likewise, elevated Enterococcus levels outside
of Little Northwest Creek suggests this drainage could be a recreational hazard. Fecal bacterial
levels were elevated within breakwater of Sag Harbor with MST analyses indicating the bacteria
were derived from a combination of sources including dog and small mammals delivered via road
runoff and human fecal bacteria from boats. Effluent from the sewage treatment plant contained,
high levels of human-derived bacterial DNA, but low levels of fecal indicator bacteria. Given the
breakwater area is closed to shellfishing, preventing swimming in this region seems warranted.
This study has provided a refined indication of where future efforts should focus with regard to
both remediation and monitoring. Efforts to reduce N loads to surface waters are warranted and
given the performance and capacity of the sewage treatment plant, a combination of extending
sewer lines and upgrading onsite septic systems to low N systems seems warranted. The Havens
Sump is a strong source of fecal bacterial contamination to surface waters that does not
contaminate waters 500 feet offshore but may contaminate neighboring beaches; this requires
affirmation in parallel with an effort to mitigate the outflow of this sump. The dynamics of
contamination of surface waters by Little Northwest Creek is unknown but could influence the
extend to which bathing or shellfishing may be impaired in receiving waters. Continued
monitoring of Sag Harbor surface waters is critical to assess the extent to which ongoing mitigation
efforts are realized as improved water quality.
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1. WATER QUALITY
1.1. Background
During 2018 and 2019, the Gobler Laboratory performed a comprehensive study of Sag Harbor
surface waters that was designed to 1. Assess water quality across Sag Harbor and Sag Harbor
Cove, 2. To identify causes of water quality impairment, and 3. To identify managerial actions that
could be taken to improve water quality. A series of impairments (measurements below state or
federal guidance values) during each summer were observed. Hypoxia (dissolved oxygen < 3 mg
L-1) and anoxia (<0.5 mg L-1) were observed both years in Upper Sag Harbor Cove, and, to a lesser
extent, within Sag Harbor Cove and the inner harbor. Water clarity at most stations was < 2 meters
during summer and sometimes < 1 meter within Upper Sag Harbor Cove. Levels of algae
(chlorophyll a) were always above the EPA ideal value of 5 µg L-1 and at times exceeded the
maximal guidance value of 20 µg L-1 in Upper Sag Harbor Cove and Otter Pond. While levels of
harmful algal blooms caused by Alexandrium and Dinophysis never rose to a level of concern
either year, high levels of the ichthyotoxic rust tide algae, Cochlodinium, were detected both years
in Upper Sag Harbor Cove and in the inner harbor in 2019. The Peconic Estuary has a target total
N level of 0.4 mg L-1 and this level was occasionally exceeded in Otter Pond, the inner harbor, and
at Haven’s Beach. Experiments performed during both summers demonstrated that nitrogen was
clearly the element limiting the growth of algae in Sag Harbor Cove and Upper Sag Harbor Cove.
Levels of fecal coliform bacteria exceeded guidance values for shellfishing on occasion in Otter
Pond, the inner harbor, and at Haven’s Beach, with the later location being open to shellfishing.
Microbial source tracking revealed the sources of fecal bacteria differed by time and location and
primarily included dogs, small mammals, humans, and birds. The human signal was strongest
within the inner harbor, while dogs, small mammals, and birds were strongest for Otter Pond and
Haven’s Beach. Sediment surveys revealed the presence of thick and organic rich muds in Upper
Sag Harbor Cove as well as isolated regions in the Cove and inner harbor. Nitrogen loading
analyses indicated that septic tanks and cesspools were the strongest source of N for both the Cove
and the Harbor, representing 70 and 90% of the total load, respectively. Given the ability of N to
increase phytoplankton biomass, the exceedance of guidance values for total N, algae, and water
clarity, and the occurrences of harmful rust tides that are promoted by excessive N, reductions in
N loading across the region are warranted. Given the that overwhelming majority of N entering
this region emanates from onsite septic systems, upgrading these systems and/or connecting homes
to the sewage treatment plant would be the most effective approaches. While a more fine-scale
study of pathogenic bacteria may be needed to optimize remedial approaches, minimizing or
rerouting surface discharge of water from the Haven’s Beach sump or Otter Pond may be effective
management approaches.
Given these findings and given that there are presently efforts to mitigate nitrogen loading
due to septic systems, a 2020 study was undertaken to affirm some trends from the 2018-2019
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report but also to gain a refined understanding of fecal bacterial contamination and microbial
source tracking, with a new array of sites focusing on the area within the breakwater (see below),
and potential influence from the sewage treatment plant. Water quality parameters were monitored
through the summer and fall of 2020 in the waters surrounding Sag Harbor. Regions covered in
this study include Havens Beach, within the breakwater, Sag Harbor Cove, and Little Northwest
Creek. Measurements were taken for temperature, salinity, and dissolved oxygen; discrete samples
were collected to measure phytoplankton biomass, harmful algae, and bacterial contamination (see
Chapter 2: Microbial Source Tracking).
1.2. Methods
1.2.1. Field sampling
A new array of sites was selected for 2020 which included two sites at Havens Beach
(Sump and Buoy), four in the breakwater (Outfall, Breakwater Yacht Club, Sag Harbor Yacht
Club, and Mooring Field), one within the upper cove (Ship Ashore), and two in Little Northwest
(Creek and Outlet) (Fig. 1.1). Discrete sampling was performed twice a month from May 15th
through October 14th, for all sites with the exception of Little Northwest sites which were added
September 22nd. Physical parameters of temperature, salinity, and dissolved oxygen were
measured using a YSI handheld meter at surface (and depth where applicable). Continuous data
for dissolved oxygen was recorded at the Ship Ashore site by a HOBO sonde that recorded at 15
minute intervals. Water samples were collected by use of 1 L bottles, which were washed with
10% HCl, liberally rinsed with deionized water prior to use. Once the water was collected on-site,
the sampling bottle was transferred and kept in a dark, cool container (~5°C) until laboratory
analyses could be performed within <6 hours of collection.
1.2.2. Quantification of chlorophyll a
Upon the return of water samples to the laboratory at Stony Brook Southampton, 200 mL
of water from each site, in triplicate, were passed through a glass fiber filter (size GFF = pore size
= 0.7 µm) within a filter tower. A vacuum pump was used to drain the water through the filter
tower, which was thoroughly rinsed with 0.2 µm filtered seawater. Upon complete filtration, filters
were removed, placed in scintillation vials, and frozen at -20°C until analysis could take place. For
analysis, 4 mL of 90% acetone was added to each scintillation vial and placed back in the freezer
for 24 h. After 24 h, 1.5 mL of sample was extracted and placed in a 1.8 mL glass scintillation vial.
Vials were placed into a Trilogy fluorometer for final analysis.
1.2.3. Quantification of harmful algal bloom species
Upon receiving water samples collected from field sites, a whole water sample was
preserved in acidic Lugol’s solution. Cell densities of Cochlodinium, Alexandrium, and Dinophysis
were enumerated using a 1 mL Sedgewick-Rafter slide under a compound microscope and were
quantified as cells mL-1.
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1.2.4. Water quality standards
For water quality parameters, there are various standards for marine waterbodies in New
York. According to the New York State Department of Environmental Conservation (NYSDEC),
levels of fecal coliform bacteria should not exceed 49 colony forming units (CFU) per 100 mL and
should be, on average, below 14 CFU per 100 mL for shellfishing. According to the NYSDOH,
levels of Enterococcus should not exceed 104 CFU per 100 mL for recreational swimming.
According to the NYSDEC, dissolved oxygen concentrations are considered not conducive for
aquatic life below 4.8 mg L-1 and should never fall below 3.0 mg L-1. The NYSDEC and the
National Oceanic and Atmospheric Administration (NOAA) state that secchi disk depth, a proxy
for water clarity, should be above 2.0 m. According to NOAA, the maximum concentration for
chlorophyll a should be 20 µg L-1. For harmful algal blooms, such as Cochlodinium, standards for
what is considered a bloom varies by species. For Cochlodinium, the alga does not pose a threat to
human health but has been shown to cause mortality in finfish and shellfish at densities at or
exceeding 300 cells mL-1, which is what would be considered a bloom for the alga (Tang and
Gobler, 2009).
1.3. Results
1.3.1. Discrete monitoring
Surface temperatures were 14 ± 1℃ on May 15th, rose through June and July to a maximal
peak of 27 ± 1℃ on July 24th, and declined thereafter to 16 ± 1℃ on October 14th (Fig. 1.2a).
Bottom temperatures where applicable (marina sites) were roughly 0.5℃ cooler than surface, and
followed surface temperature. Surface temperatures in the cove at Ship Ashore were 1 - 2℃ higher
than other sites from May through July, but were similar from August on. Average summer (June
20 – Sept 22) surface temperatures were 24 ± 1℃ (Fig. 1.2b), in keeping with observations from
2018 (25 ± 1℃) and 2019 (25 ± 1℃).
Surface salinity values started at 28 ± 1 PSU on May 15th and rose gradually over the
summer to around 32 ± 1 PSU on September 22nd (Fig. 1.3a). Average surface salinity values
across sites was 30 ± 1 PSU (Fig 1.3b). Bottom salinities where applicable (marina sites) were
around 1 - 2 PSU higher (avg. 32 ± 1 PSU) and tracked with surface salinities. The lowest salinities
and greatest fluctuations occurred at the STP Outfall, and LNW Creek. Surface salinity at these
sites fluctuated with tidal cycle and freshwater inputs from the STP and creek, respectively, though
bottom salinity at the Outfall was stable and followed nearby waters. The sampling locations in
2020 represented, on average, higher salinity waters compared to those sampled in 2018 (28 ± 1
PSU) or 2019 (25 ± 1 PSU).
Dissolved oxygen levels started at 9 mg L-1 on May 15th and decreased into June (Fig.
1.4a). Average summertime (June 20 – Sept 22) dissolved oxygen was 6 ± 1 mg L-1. (Fig. 1.4b).
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Bottom dissolved oxygen measurements were on average 0.3 mg L-1 lower than surface values.
The only discrete measurement that was below the NYSDEC standard of 4.8 mg L -1 was taken
from LNW Creek on October 1st (3.4 mg L-1; Fig. 1.4a). This measurement was taken at dawn
during a low spring-tide, and represents an extreme of freshwater influence and biological
respiration. Sampling generally occurred during daylight hours, and although other sites did not
fall below the 4.8 mg L-1 standard, many minimum measurements were near that threshold (Fig.
1.4b) and may fall below during the night when photosynthesis is suspended and respiration is at
a maximum. This was observed in the continuous dataset from Ship Ashore in the cove, where
nighttime dissolved oxygen concentrations fell below 4.8 mg L-1 several times during the summer,
and even fell below the hypoxia threshold of 3 mg L-1 once on July 20th (Fig. 1.4c). Compared to
previous years, average dissolved oxygen was slightly lower in 2020 (6 ± 1 mg L-1) than 2018 (7
± 1 mg L-1) or 2019 (7 ± 1 mg L-1).
Secchi depth measurements were limited to marina sites (Ship Ashore, Breakwater YC,
Sag Harbor YC, and Outfall, dependent on tide). Secchi depths within the breakwater were
generally good at 2.1 ± 0.1 m, near or above the 2 m NOAA standard. Clarity was somewhat
worse in the cove, with an average secchi depth of 1.6 ± 0.1 m.
Algal biomasses as measured by chlorophyll a concentrations were 2.5 ± 0.1 µg L-1 in May
(Fig. 1.5a). Values increased across sites to a small peak mid-June at 8.8 ± 0.6 µg L-1.
Concentrations rose again in July to a peak bloom period between July and August. Chlorophyll
remained below the 20 µg L-1 NOAA standard for eutrophic waters at most sites, with the
exception of the Outfall and Sag Harbor YC within the breakwater. Concentrations at the Outfall
peaked on July 24th at 29.4 µg L-1, and Sag Harbor YC saw a bloom on August 20th with a
concentration of 21.5 µg L-1 (Fig. 1.5a), increases linked to the rust tide (see below). The average
chlorophyll a concentration for the sampling season was 7.2 ± 0.6 µg L-1, and 8.9 ± 0.9 µg L-1 for
the summer months alone (Fig. 1.5b). These values are comparable to previous years when
average summer chlorophyll a values were 9.0 ± 1.0 µg L-1 (2018), and 8.1 ± 0.7 µg L-1 (2019).
Average concentration was highest in the cove at Ship Ashore (10.7 ± 1.9 µg L-1), followed by the
area within the breakwater (avg. 9.7 ± 0.4 µg L-1; 10.6 ± 3.6 µg L-1 at the Outfall). Sampling of
Little Northwest was added after the peak bloom season, and observed values were low (≤5 µg L1
).
1.3.2. Harmful algal blooms
Cochlodinium was not detected at any site from June through July 9th (Fig. 1.6a).
Cochlodinium quickly bloomed in the weeks following, and was observed at maximum
concentrations across all sites on July 24th, coinciding with the peaks observed in algal biomass.
Blooms were in excess of 300 cells mL-1 in the cove (Ship Ashore, 900 ± 40 cells mL-1), within
the breakwater (Outfall, 1770 ± 40 cells mL-1; Breakwater YC, 620 ± 10 cells mL-1), and Havens
Beach (Buoy, 740 ± 20 cells mL-1); concentrations dangerous to fish and wildlife. Cochlodinium
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decreased in density and persisted in the tens to hundreds range (<300 cells mL-1) through until
September 22nd. Mean summer Cochlodinium density was 130 ± 50 cells mL-1 (Fig. 1.6b), similar
to values observed in 2018 and 2019 (avg. 110 ± 70 cells mL-1, max. 1560 cells mL-1).
Cochlodinium was the only HAB that bloomed during the 2018-2019 study and was the
sole focus here. Two samples were collected in May 2020 to examine the prevalence of spring
HABs, Dinophysis and Alexandrium. As was the case in 2018 and 2019, both of these HABs was
present only at low densities, < 100 cells mL-1. COVID restrictions prevented more intense
sampling for HABs during the spring of 2020.
2. MICROBIAL SOURCE TRACKING
2.1. Background
Pathogenic bacteria that commonly co-occur with indicator bacteria are a hazard to humans
recreating within affected waters by infecting the alimentary canal, ears, eyes, nasal cavity, skin
or upper respiratory tract, which can be exposed through immersion or the splashing of water
(Thompson et al., 2005). Fecal coliform bacteria and Enterococcus are the recommended
indicators for human pathogens in marine waters (Thompson et al., 2005). The presence of high
levels of fecal coliform bacteria and/or Enterococcus may trigger action by a municipal agency to
remediate such conditions. One key obstacle to generating a successful remediation plan for high
levels of indicator bacteria such as fecal coliform bacteria and/or Enterococcus is that the source
of the potentially pathogenic bacteria is often unknown. That is, pathogenic, fecal bacteria copresent with fecal coliform bacteria and/or Enterococcus may be derived from any animal,
including humans and remedial plans for mitigating bacteria from human wastewater will differ
radically from plans focused on the mitigation of animal feces. Moreover, mitigation of fecesderived bacteria from birds that live on the waterbody would differ radically from plans to
minimize dog or deer feces that might emanate from road run-off. Recently, advances in molecular
techniques have facilitated the identification and quantification of the ultimate source of bacterial
contamination derived from feces (Harwood et al., 2014). For this project, microbial source
tracking has been implemented to identify the source of fecal contamination in Sag Harbor. Using
cutting-edge approaches and a newly acquired digital polymerase chain reaction machine, the
genes associated with fecal bacteria originating from humans, dogs and small mammals, deer, and
birds have been quantified across multiple locations and dates, building upon data acquired in
2019. This definitive and quantitative information will now allow concrete and successful plans to
be developed to greatly reduce fecal bacterial contamination of Sag Harbor.
2.2. Methods
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2.2.1. Sample collection
Samples from each site (Fig. 1.1) were collected in sterile 2 L containers and kept cold
(<5°C) until analysis could be performed. The filtration units used to concentrate the water samples
were sterilized with 70% ethanol and liberally rinsed with deionized water. Triplicate whole water
samples were collected for DNA analysis in which samples were well-mixed to ensure even
distribution of biomass prior to filtering 25 – 100 mL onto a 0.2 µm Millipore polycarbonate filter,
dependent on water turbidity. Fecal coliform and Enterococci bacteria were quantified using
Colilert-18 and Enterolert / Quanti-tray kits, respectively, and were incubated at 44.5°C (fecal
coliforms) and 41°C (Enterococci).
2.2.2. DNA Extraction
Total cellular genomic DNA was extracted using the Qiagen DNeasy PowerWater Kit per
the manufacturer’s instructions. Briefly, the polycarbonate filters were transferred to a 5 mL bead
beating tube and treated with a lysis buffer, including a detergent to chemically lyse all cells and
remove non-DNA organic and inorganic material, for chemical and mechanical lysis. The
supernatant was then treated with an inhibitor removal solution to remove remaining proteins and
other inhibitors. The total genomic DNA was subsequently captured on a silica column via
centrifugation (13.00 g; Polycarbonate filters using a high-concentration salt solution, washed with
ethanol to remove residual salts and contaminants, followed by elution of high-quality DNA with
75 µL nuclease free water. The eluted samples were analyzed on a Qubit Fluorometer (Invitrogen,
Carlsbad, CA, USA) and Nanodrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA)
to ensure nucleic acid recovery and quality. The purified DNA samples were stored at -80°C until
digital polymerase chain reaction (dPCR) analysis.
2.2.3. Digital PCR
Digital PCR analysis was conducted using the chip-based Applied Biosystems™
QuantStudio™ 3D Digital PCR System (Applied Biosystems, Foster City, CA, USA) to
quantitatively identify sources of fecal contamination originating from human, avian (gulls, geese,
chickens, and ducks), ruminant (deer) and dog (small mammals) fecal-associated bacterial phyla.
Specifically, one general and four host-specific qPCR assays targeting conserved genetic regions
in the 16S rRNA region were adapted for use with digital PCR; the Enterococcus marker used as
a total fecal indicator (EPA. Washington 2012, Cao, Raith et al. 2016), the HF183 (Haugland,
Varma et al. 2010, Layton, Cao et al. 2013, Green, Haugland et al. 2014, Harwood, Staley et al.
2014), BacR (Reischer, Kasper et al. 2006, Mieszkin, Yala et al. 2010, Boehm, Van De Werfhorst
et al. 2013) and BacCan-UCD (Kildare, Leutenegger et al. 2007, Boehm, Van De Werfhorst et al.
2013) markers used to identify human-, ruminant- and canine- fecal-associated Bacteroidales, and
the GFD marker used to identify avian fecal-associated Heliobacter (Green et al. 2012; Ahmed et
al. 2016). These four host-specific assays were chosen as they have been previously shown to have
the greatest sensitivity and specificity of assays developed for each host to date and have been
validated with both fecal and environmental water samples (reviewed in Boehm et al. 2013).
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Samples were amplified using a Taqman-based assay and the exact primer and probe sequences
from the qPCR assays found in Kildare et al. (2007), Leutenegger et al. (2007), Mieszkin et al.
(2010), Yala et al. (2010), Green et al. (2012), Dick et al. (2012), Layton et al. (2013), and Cao et
al. (2013) with the exception of the GFD probe which was created during this study using Primer
Quest software and modifications to fluorescent dyes attached to the HF183 and BacR probes to
allow for assay duplexing (Table 2.1).
Each assay was validated and optimized using the dPCR system prior to sample analysis
using synthetic double-stranded DNA fragments of the target genes as standards (gBlocks,
Integrated DNA Technologies). Specifically, the target sequences specified in the original qPCR
studies for the HF183 (Green, Haugland et al. 2014), GFD (Ahmed, Harwood et al. 2016) assays
were used while target sequences for the BacR, BacCan-UD and enterococcus assays were
constructed in house as they were not specified in the original studies (Table 3.1). Lyophilized
gBlocks were resuspended in 25 μL of IDTE buffer + 100 ng/μL polyA carrier (Roche, Catalog
no.10108626001) used to increase the recovery of the synthetic standards (Miyaoka, Berman et al.
2016), quantified using a Qubit, and serially diluted to prepare standards with final concentrations
of 800 copies µL-1. Optimization trials testing gradients of annealing temperature, primer-probe
concentrations and numbers of cycles were conducted to identify optimal thermocycling
conditions for each assay. Additionally, to confirm the ability to multiplex the Entero/HF183 and
BacR/BacCan-UD assays these assays were run in simplex and multiplex to identify any assay
inhibition or cross reactivity.
Digital PCR amplifications were performed in 14.5 µL reaction mixtures consisting of 7.25
µL of Quanti Studio 3D digital PCR Master mix v2 (2x stock solution), 0.725 µL Taq Man assay
primer and probe mix (20x stock solution, see Table 3.1 for final concentrations), 1.525 µL
nuclease free water and 5 ul sample DNA. All samples were originally run using maximum 5 µL
of extracted DNA to try to achieve an on-chip concentration in the optimal range of 200-2000
c/µL; if target concentrations exceeded this concentration samples were rerun using 2.5 µL DNA/
2.5 µL NFW. The dPCR reactions were loaded onto QuantStudio™ 3D Digital PCR Chip V2 chips
containing 20,000 well partitionings with the QuantStudio™ 3D Digital PCR Chip loader (Applied
Biosystems, Foster City, CA, USA), sealed with immersion fluid and the chip lid per the
manufacturer’s instructions. All chip preparation was performed in less than one hour per
manufacturer’s recommendations to prevent against degradation. Loaded chips were then
amplified using a ProFlex™ 2x Flat PCR System thermocycler (Applied Biosystems, Foster City,
CA, USA) using thermocycling conditions adapted from previously published qPCR assays (Table
3.1). Amplified chips were brought to room temperature to prevent condensation before imaging
on the QuantStudio™ 3D Digital PCR instrument (Applied Biosystems, Foster City, CA, USA).
All samples were run in duplicate, along with a negative (nuclease free water) and positive (dBlock
standards, 800 copies µL-1 concentration) control.
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2.2.4. Sample analysis
Imaging data derived from the QuantStudio™ 3D Digital PCR instrument was analyzed
using the Applied Biosystems QuantStudio® 3D AnalysisSuite™ cloud software. This software
provided quality control steps on a per chip basis determining wells suitable for further analysis.
In this study the default quality threshold of 0.5 was used for all chips. Chips were also manually
inspected for equal distribution of positive wells across the chips and chip damage, such as large
bubbles or evaporation, resulting in loss of readable wells in which chips were omitted and the
sample rerun. Software derived fluorescence (call) thresholds delineating the unamplified wells
(negative calls) and amplified wells (positive calls) were manually reviewed for each chip and
adjusted to a common threshold per assay based on the ranges of the positive control and negative
control clusters. Additionally, spread of reads along the secondary assay (non-target dye) was
manually reviewed in which wells identified as positive located largely outside the range of the
positive control clusters on the secondary axis were identified as no amplification to reduce false
positives. The negative and positive well count was then converted to absolute quantification
(copies µL-1) by the software using Poisson statistics, and corrected for dilution/concentration
factors during sample collection (filtration), DNA extraction, and PCR reaction preparation.
Sample concentrations have been reported in copies per 100 mL per host marker.
2.3. Results and Discussion
Fecal coliform bacteria were <2 CFU 100 mL-1 beginning on May 15th (Fig. 2.2a).
Measurements in May for the Havens Beach Sump were taken from the bay where the outflow
emptied, and values were low. From June onward, values were measured from the outflow rivulet
itself and values were high in excess of the NYSDEC shellfishing standard for individual dates of
49 CFU 100 mL-1, and frequently >1000 CFU 100 mL-1 (Fig. 2.2a). The summertime average for
the Sump was 920 ± 390 CFU 100 mL-1 (Fig. 2.2b). Fecal coliform concentrations remained below
the standard for all other sites through June. The NYSDEC shellfishing standard was also
surpassed at the STP Outfall, Sag Harbor YC, LNW Creek, and LNW Outlet. Fecal coliforms at
the Outfall reached 65 CFU 100 mL-1 on August 6th, and 62 CFU 100 mL-1 (Fig. 2.2a).
Concentrations were generally in the 10 – 20 CFU 100 mL-1 range, with the mean summertime
concentration at the Outfall being 25 ± 8 CFU 100 mL-1 (Fig 2.2b). This value is also over the
NYSDEC standard for mean fecal coliform concentrations of 14 CFU 100 mL-1. Values at the
Sag Harbor YC spiked earlier and more intensely with a concentration of 370 CFU 100 mL-1 on
July 9th, and 140 CFU 100 mL-1 October 14th (Fig. 2.2a). There was a greater fluctuation in values
at the Sag Harbor YC compared to the Outfall, ranging from 4 – 40 CFU 100 mL-1, with an average
summertime concentration of 70 ± 51 CFU 100 mL-1 (Fig 2.2b). LNW Creek sampling started on
September 22nd, and fecal coliform concentrations were excessively high (>520 CFU 100 mL-1)
for all three dates sampled. The greatest concentration measured was 2830 CFU 100 mL-1,
measured on October 1st, which was taken during a spring low-tide and represents a maximum
influence of freshwater from the creek (Fig 2.2a). Likewise, the LNW Outlet where the creek
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meets the bay experienced a peak of 70 CFU 100 mL-1 on the same date. The average
concentration of fecal coliforms in LNW Creek was 1700 ± 670 CFU 100 mL-1, and 30 ± 20 CFU
100 mL-1 at the LNW Outlet, both in excess of the 14 CFU 100 mL-1 NYSDEC mean standard for
shellfishing (Fig 2.2b). The region within the breakwater, including the Outfall, is classified as
Uncertified by the NYSDEC, and Little Northwest Creek is classified as Seasonally Uncertified
from May 1st through November 30th, which includes all dates sampled.
The concentration of Enterococcus bacteria followed similar trends to fecal coliform
bacteria. The NYSDOH standard for bathing beaches is <104 CFU 100 mL-1. Sites generally
stayed below this limit, increasing from May to peak concentrations in August and September, and
decreased slowly thereafter (Fig. 2.3a). The 104 CFU 100 mL-1 standard was exceeded at Havens
Sump, the STP Outfall, and LNW Creek & Outlet. The Sump, as it was for fecal coliforms, was
consistently high in Enterococci bacteria, with an average of 390 ± 110 CFU 100 mL-1 (Fig. 2.3b).
Enterococci concentration surpassed the limit once on August 20th, with a value of 115 CFU 100
mL-1 (Fig. 2.3a), and the mean concentration was lower at 42 ± 15 CFU 100 mL-1 (Fig. 2.3b).
Enterococcus at Little Northwest followed the trends described above with fecal coliforms. From
the start of sampling, values were in excess of 320 CFU 100 mL-1 in LNW Creek, with a peak
concentration on October 1st with 2400 CFU 100 mL-1, which coincided with a peak at the LNW
Outlet of 104 CFU 100 mL-1 (Fig. 2.3a). The mean Enterococcus concentration observed in LNW
Creek was 1090 ± 660 CFU 100 mL-1, and 48 ± 28 CFU 100 mL-1 at the LNW Outlet (Fig. 2.3.b).
The abundances of Enterococcus measured by genetic copies determined through dPCR
generally paralleled the results of the IDEXX method above, with some distinct differences (Fig.
2.4). Firstly, there was a large spike in genomic copies on October 14th at the Havens Buoy that
was not reflected in cellular counts (Figs. 2.4, 2.3a). Secondly, and most notably, genomic
concentrations were very high in the STP effluent (Fig. 2.4) with peaks on May 15th and September
3rd which were not reflected in IDEXX-derived colony counts (Fig. 2.3a). Average abundances
also reflect these trends and exceptions (Fig. 2.5b) with Havens Sump having the most
Enterococcus (56,000 ± 35,000 genomic copies 100 mL-1), followed by Havens Buoy (29,000 ±
28,000 genomic copies 100 mL-1), and the STP Effluent (11,000 ± 7,000 genomic copies 100 mL1
). This is in contrast to the very low Enterococcus concentration of 2.0 ± 0.9 CFU 100 mL-1
enumerated through well-tray analysis (Fig. 2.3b)
Microbial source tracking in 2020 revealed a mixture of human and animal-derived
bacterial influence that varied between sites, regions, and dates. The human fecal bacterial gene
copy densities were extremely high in the STP effluent with the highest peak of more than 40,000
gene copies mL-1 in May and multiple dates to > 1,000 gene copies mL-1 (Fig 2.5a). The second
highest peak in human-derived fecal bacteria was in the STP outfall with levels there being nearly
an order of magnitude lower than the STP effluent but peaking several similar dates (e.g. May 15th
and 28th (Fig 2.5a). A similar source-to-outflow pattern was seen at the Havens Sump and Sump
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outfall site with the exception that the bacterial population in the Sump was dominated by the dogsmall mammal with in the sump peaks during summer and fall exceeding 1,500 gene copies mL-1
and levels in the outfall exceeding 100 gene copies mL-1 (Fig 2.5a). Finally, this same source-tooutflow pattern was observed at Little Northwest Creek which had high levels of bird and small
mammal bacteria and levels about half as high in the outflow of the Creek (Fig 2.5a). On average,
the STP effluent had the highest levels of human and total bacterial gene copies) while the Haven’s
Sump had the highest levels of small mammal bacteria and the second highest level of total
bacterial gene copies (Fig 2.6b).
Across all sites sampled in 2020 the strongest source of fecal bacteria was from dog / small
mammal-derived (43 ± 7%), followed by human-derived (25 ± 8%), bird-derived (21 ± 4%), and
ruminant-derived (11 ± 2%). This is the same hierarchical order observed in microbial source
tracking done in 2019. Havens Sump bacteria was on average 82 ± 7% dog / small mammal-, 7 ±
2% bird-, 6 ± 3% ruminant, and 5 ± 4% human-derived (Fig 2.6a). The nearby Havens Buoy was
also dog / small mammal-dominant with 53 ± 12% from that source, but also had the strongest
ruminant signal (23 ± 9%) of any site, and greater signals from human and bird sources (9 ± 4%
and 15 ± 13%, respectively). Effluent from the sewage treatment plant was primarily humanderived (81 ± 7%), with a lesser dog / small mammal (10 ± 4%) and ruminant signal (7 ± 3%).
Effluent flows from the STP into the waters within the breakwater. The signal at the Outfall
receives a strong human signal from the effluent (44 ± 11%), but also has increasing dog / small
mammal (27 ± 9%), bird (17 ± 12%), and ruminant signal (13 ± 6%) as it mixes with surrounding
waters. Moving further from the Outfall, similar trends are seen at both the Breakwater and Sag
Harbor Yacht Clubs. Dog / small mammal became dominant at 45 ± 7% (Breakwater YC) and 43
± 10% (Sag Harbor YC), and human-derived lessened to 32 ± 10% and 30 ± 9% (Fig. 2.6a). There
was also a stronger bird-derived signal (24 ± 16%) at the Sag Harbor YC. Further from the Outfall
is the West Mooring Field, which had the most mixed assemblage of bacteria with 28 ± 12%
human-, 28 ± 9% bird-, 23 ± 10% ruminant-, and 18 ± 8% dog / small-mammal-derived. In Sag
Harbor Cove at Ship Ashore, had even less of a human signal with 41 ± 12% dog / small-mammal, 34 ± 15% bird-, 15 ± 5% ruminant-, and 10 ± 6% human-derived bacteria. The region of Little
Northwest Creek had the second highest average dog / small mammal signal compared to Havens
Beach, and the greatest average bird-derived bacteria signal. Bacteria at LNW Creek were 51%
dog / small mammal, and 44% bird-derived with other sources <4%. At the LNW Outlet, dog /
small mammal-derived made up 56%, bird-derived 34%, and human-derived 9% (Fig 2.6).
There were some findings during 2020 with regard to potentially pathogenic bacteria that
were concerning, while others were less problematic. While Havens Sump consistently harbored
very high levels of indicator bacteria, well over regulatory limits, the site 500 feet offshore never
exceeded regulatory limits. Still, the samples collected at Havens Beach in 2019 exceeded
regulatory limits for swimming and shellfishing on multiple occasions, and while clean water 500
feet from shore demonstrates that the halo effect of the sump is small, most of Havens Beach is
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less than 500 feet from the sump outflow. Also, dPCR approaches indicated high levels of
potentially pathogenic bacteria, even at the Havens Buoy site, suggesting bacteria are transported
that far, but may be inactive. Given this region is open to shellfishing and that the Havens Sump
discharges into a public bathing beach, the collective findings of this study indicate east-west halo
of the Sump must be understood and that the outfall of Haven’s Sump must be mitigated to protect
public health.
The situation for Little Northwest Creek is similar to Havens Sump / Beach. Levels of
indicator bacteria were extremely high in the Creek, consistently above regulatory limits for
shellfishing and bathing, and the discharge zone of the creek also exceeded these limits on one of
three sampling occasions. While this region is closed to shellfishing from May 30th to November
1st, it is possible individuals may swim in this region during summer which could be a public health
risk.
A final bacterial issue to consider is within the breakwater zone. Sites in this zone were
consistently over the shellfishing standard, but shellfishing is not allowed in this region. One
sample was over the swimming standard, but it would seem swimming may be rare in this zone
and the mooring field site was never over the shellfishing or swimming standard.
Upon first inspection, the preponderance of bacterial data might provide a mixed answer with
regard to the source of bacterial to the region inside the breakwater. Fecal coliform bacteria levels
and Enterococcus levels of the sewage treatment plant (STP) effluent were all low and lower than
the levels at the outfall or any of the yacht clubs, indicating the STP was not a source of bacteria
to this region. By contrast, the microbial source tracking data indicated high levels of humanderived bacteria in the STP effluent, much higher than the levels found in the surface waters of the
breakwater, suggesting the STP might be a source of bacteria. This seeming contradiction is
resolved by considering the methods used to generate the data. Microbial source tracking
quantified DNA from bacteria, not actual live bacteria, whereas the assays for fecal coliform
bacteria and Enterococcus are growth assays with concentrations of bacteria quantified based on
the growth of the bacteria within the water. As such, the STP effluent had very high levels of
human-derived bacteria DNA, but those bacteria were not viable and could not grow in the assays,
likely due to the UV disinfection within the STP that damages the microbes, resulting in dead cells
with DNA intact that would be harmless to humans. This finding is consistent with other studies
that have measured bacteria using DNA probes and growth assays (Kauser et al., 2019; Acharya
et al 2020). Therefore, while the human-derived bacteria accounted for 30 – 40% of the total
bacteria within the breakwater region, the percentage of viable bacteria was likely lower. Also,
importantly, the contribution of bacteria from other animals was often higher than the human
bacteria for surface waters indicating that street and stormwater run-off is also contributing to the
high bacterial loads within the breakwater, a conclusion consistent with the topography of the
region, as the entire Village slopes down from the south, east, and west to converge on the Harbor.
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Given that areas with the greatest tidal flushing (Mooring, Ship Ashore) had the lowest
concentrations of bacteria, particularly compared to areas within the breakwater, it would seem
that tidal flushing also influences bacterial levels.
The 2020 study reinforces several findings of the 2019 microbial source tracking project,
and the impact of both human- and animal-derived fecal bacteria. Results from 2019 likewise had
found dog / small mammal-derived bacteria to be the greatest influence at most sites, making up
20 – 90% of gene copies. Dog / small mammal-, deer-, and bird-derived bacteria can be washed
into systems through surface runoff, and the strong animal-derived signals from sites, especially
the Havens Sump and LNW Creek sites, shows that influence. In 2019, the presence of a dog park
at Havens Beach was thought to contribute to the heightened signal observed as the dog / small
mammal assay detects other small mammals common to the region in addition to dogs (i.e. cats,
mice, raccoons, rabbits), whose waste may be directly washed into the drainage area served by the
sump. The measurement of exceedingly high bacterial levels within the sump suggests this is a
strong source of bacteria to the region. The viability of these bacteria, however, is unknown. It is
possible some of these freshwater bacteria perish upon discharge to marine waters, a hypothesis
consistent with the high Enterococcus DNA levels at the buoy but lower levels of Enterococcus
detected during growth assays. This hypothesis, however, needs to be affirmed, particularly for
Havens Beach where high levels of fecal bacteria were detected in 2019.
Fluctuations in precipitation, runoff, and bird movement and migration may contribute to
observed shifts in relative contribution of animal- versus human-derived bacteria over time (Fig.
2.6b). The largest fluctuations appear in bacterial contributions from birds. Large peaks occurred
at the Havens Buoy from an average around 2% spiking to 65%, the Outfall (5% to 74%), Sag
Harbor YC (8% to 100%), and Mooring (20% to 67%). Bird-derived bacteria is contributed in
part through runoff, but also directly through the movement and activity of birds on the coast.
Influxes of migratory birds may also contribute to increases in fecal load, but there does not appear
to be a consistent seasonal trend in the data presented here.
Microbial source tracking has been a molecular technique used to identify bacteria in
aquatic water bodies for more than two decades and has become more advanced and refined
through the years, particularly with the advent of digital PCR (Huggett et al., 2015) which was
used in this study. Still, one of the on-going challenges of microbial source tracking is designing
primer sets that maximize specificity and minimize cross-reactivity. All primer sets used in the
current study have proved to be highly specific, generating 100% positive results when bacteria
from a source in question was present (Bohem et al., 2013). Moreover, of multiple dog-specific
primer sets available, the primer set used in this study (BacCan-UCD) has been shown to be the
most precise and specific (Bohem et al., 2013). In multiple studies it was shown to always detect
the presence of dog-derived bacteria (100% specificity; Schriewer et al., 2013). Moreover, as a
quality control measure, our dog primers were tested against plasmids containing sequences from
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deer, humans, and birds and displayed no cross-reactivity. Still, these primers have also been
shown to have minor cross-reaction with fecal bacteria derived from other animals including cats,
cattle, pigs, humans, and gulls. Since the human- and bird-specific primers used in this study were
designed to detect the latter two groups and since those primers are generally 100% specific
(Bohem et al., 2013), the dog signal may be indicative of other mammals including cats, raccoons,
opossum, and possibly rodents, which may be numerically one of the largest groups of animals
within the watershed.
3. MANAGEMENT OPTIONS
Management of pathogens in surface waters of Sag Harbor Village is warranted. Levels
of fecal coliform bacteria exceeded guidance values for shellfishing at the Havens Beach outlet in
2019 and the Little Northwest Creek outlet, with the former location being open to shellfishing
and a bathing beach locale and the latter open to swimming but seasonally closed to shellfishing.
Only one sample within the inner harbor, however, exceeded NYS Department of Health
swimming standard. Microbial source tracking revealed the sources of fecal bacteria differed by
time and location and primarily included dogs, small mammals, humans, and birds. The human
signal was strongest within the inner harbor, while dogs, small mammals, and birds were the
primary sources for Little Northwest Creek and Havens Beach.
Potential remediation options for pathogens differ by site. For example, the Havens Sump
site had elevated levels of pathogens originating from birds, dogs, and small mammals. While the
buoy site 500 feet from the beach had low fecal bacteria levels, the bathing beaches are likely
exposed to high levels during storms. In 2019, Haven’s Beach had consistently high levels of
Enterococcus. Moreover, studies by the Gobler Lab a decade ago also identified high levels of
fecal bacteria in this region. Given the location of the sump adjacent to these waters, the creation
of an expanded buffer system to intercept and divert run-off from these sites into surface water
would reduce the delivery of pathogens.
Fecal contamination within the inner harbor presents a situation that is more
straightforward in some respects, but more complex in others. As outlined above, the sewage
treatment plant is not a source of viable bacteria for this region and while boats are likely a source
of bacteria, they are likely less important than street run-off. Since this region is closed to
shellfishing and since regions further away like the Ship-a-shore site or the Mooring Field site
never exceeded the swimming standard, a simple mitigation approach for within the breakwater
might be to ensure there is no swimming there.
As was the case in 2020, there continues to be multiple lines of evidence indicating that
excessive nitrogen (N) loading is impairing surface water quality across Sag Harbor. Dissolved
oxygen levels fell below the NYSDEC chronic standard, chlorophyll levels were occasionally
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above federal standards, and high levels of the ichthyotoxic rust tide algae, Cochlodinium,
occurred during summer. This alga has been shown to be promoted by excessive N loading (Gobler
et al., 2012). All of these findings were despite the focus on the more open and well-flushed
waters of Sag Harbor rather than Sag Harbor Cove which showed a higher level of impairment in
2020.
Given the connection between excessive N and water quality impairments, reductions in N
loading across Sag Harbor are warranted. Nitrogen loading analyses indicated that septic tanks
and cesspools were the strongest source of N for the Harbor, representing 90% of the total load.
Given this, upgrading these systems and/or connecting homes to the sewage treatment plant would
be the effective mitigation approaches.
In 2016, Suffolk County adopted Article 19 of the sanitary code which permitted the use
of innovative and alternative septic systems. Such systems must reduce total nitrogen levels in
septic effluent to less than 19 mg L-1 and, to date, five such commercially available systems have
been approved for use. Additional systems are in the piloting stage of approval, making the array
of choices even larger in the future. For example, the NYS Center for Clean Water Technology at
Stony Brook University is piloting Nitrogen Removing Biofilters as onsite septic systems which
have been achieving septic effluent of < 10 mg L-1 as well as >90% removal of drugs,
pharmaceuticals, personal care products, and other organic contaminants. Presently, Suffolk
County, the Town of East Hampton Town and the Town of Southampton all have grants available
to homeowners to install any of the Article 19-approved low nitrogen septic systems. The cost of
a ‘simple’ installation of the low nitrogen systems is presently ~$25,000. The sum total of grants
available is often in excess of the cost of the full installation of the systems meaning that, in many
cases, they can be installed for free. In some cases, however, installation can become more
expensive if, for example, major infrastructure or landscaping must be moved or replaced during
the installation process.
Beyond upgrading septic systems, there are likely opportunities to connect parts of Sag
Harbor Village to the existing sewage treatment plant. The plant is currently discharging very low
levels of N to surface waters, on average < 5 mg L-1, which is better than any approved onsite
septic system. For regions near the sewage treatment plant, it may be cost effective to hook up
homes and facilities to the existing plant. This must be fully investigated, however, as for some
parts of Long Island such costs can exceed $50,000 per home and the installation of sewage lines
can be disruptive to neighborhoods. Still, once connected, the installation would create a
maintenance-free solution for homeowners although the connection to the sewage treatment plant
will represent an additional utility fee. For onsite systems, Suffolk County requires homeowners
to purchase operation and maintenance contracts with certified companies who will inspect
systems one-to-two times per year to assure systems are functioning properly.
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Recently, Suffolk County completed its Subwatersheds study and declared that Sag Harbor
Cove should strive for a 62% to 81% N reduction to achieve water quality improvements, levels
that could be achieved by upgrading septic systems. In contrast, the same study declared Sag
Harbor was not a high priority for water quality improvement due to an absence of HABs and
hypoxia during Suffolk County monitoring during the past decade. These findings are generally
consistent with those of this study which also found water quality impairment was more significant
in Sag Harbor Cove and Upper Sag Harbor Cove compared to Sag Harbor. Our utilization of more
high frequency monitoring compared to Suffolk County allowed for the detection of transient
harmful algal blooms and hypoxia in Sag Harbor. Collectively, both studies prioritize N reductions
in Sag Harbor Cove over Sag Harbor.
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Site
Latitude
Longitude
1. Havens Sump
41.000474°N 72.283182°W
2. Havens Buoy
41.002059°N 72.282721°W
3. Outfall
41.001977°N 72.291304°W
4. Breakwater YC 41.002530°N 72.290804°W
5. Sag Harbor YC 41.003112°N 72.292333°W
6. Mooring
41.006711°N 72.297180°W
7. Ship Ashore
41.000189°N 72.307287°W
8. LNW Creek
41.001648°N 72.270472°W
9. LNW Outlet
41.001095°N 72.274478°W
Figure 1.1. List of discrete sampling sites for Sag Harbor, NY, 2020.
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Figure 1.2. Time-series of 2020 surface temperatures (a), and mean summer surface and bottom
temperatures (b).
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Figure 1.3. Time-series of 2020 surface salinities (a), and mean summer surface and bottom
salinity (b).
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Figure 1.4. Time-series of 2020 discreet dissolved oxygen measurements (a), mean and minimum
summer dissolved oxygen measurements (b), and continuous dissolved oxygen data from Ship
Ashore marina site (c). Dashed line shows guidance level of 4.8 mg L-1.
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Figure 1.5. Time-series of 2020 Chlorophyll a measurements (a), and mean and maximum
summer Chlorophyll a (b). Dashed line shows maximum guidance level of 20 µg L-1. Sampling
dates in A were 5/1, 5/12, 5/27, 6/10, 6/24, 7/8, 7/20, 8/5, 8/19, 9/2, 9/21, 10/15.
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Table 1.1. Densities of Alexandrium and Dinophysis during May 2020.
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Figure 1.6. Time-series of 2020 Cochlodinium cell counts (a), and mean and maximum summer
cell counts (b). Dashed line shows ichthyotoxic guidance level of 300 cells mL-1. Sampling dates
in A were 7/24, 8/5, 8/19, 9/2, 9/21, 10/15.
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Table 2.1. Primers (F: Forward, R: Reverse), probes (P), and PCR conditions for each microbial
source tracking assay.
Assay

Final
concentration
900 nM

Primers and Probes

Target
F

EnteroF1A

Reference

PCR Conditions

Assay type

95°C for 10 min,
45 cycles of
94°C for 30 s/ 60°C for 1 min,
98°C for 10 min,
10°C hold

multiplex

50°C for 2 min,
95°C for 10 min,
45 cycles of
95°C for 15 s/ 58°C for 1 min,
10°C hold

multiplex

95°C for 10 min,
45 cycles of
95°C for 15 s/ 57°C for 30 s,
98°C for 10 min, 10°C hold

singleplex

5-GAGAAATTCCAAACGAACTTG-3
R
General
(Enterococcus)
P
Entero/
HF183

EnteroR1

900 nM

5-CAGTGCTCTACCTCCATCATT-3
GPL813TQ

Cao et al. 2016,
EPA method 1611, 2012

250 nM

[FAM]-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-[QSY]
F

HF183-1

900 nM

5-ATCATGAGTTCACATGTCCG-3
R
Human
(Bacteriodetes)
P

BthertR1

900 nM

5-CGTAGGAGTTTGGACCGTGT-3
BthetP1

Haugland et al. 2010,
Layton et al. 2013

250 nM

[VIC]-CTGAGAGGAAGGTCCCCCACATTGGA-[QSY]
F

BacCan-545f1

900 nM

5-GGAGCGCAGACGGGTTTT-3
R
Dog / small
mammal
R
(Bacteriodetes)

BacUni-690r1b

900 nM

5-CAATCGGAGTTCTTCGTGATATCTA-3
BacUni-690r2

900 nM

Kildare et al. 2007,
Boehmn et al. 2013

5-AATCGGAGTTCCTCGTGATATCTA-3
BacCan/
BacR

P

BacUni-656p

250 nM

[FAM]-TGGTGTAGCGGTGAAA-[TAMRA-MGB]
F

BacB2-590F

900 nM

5-ACAGCCCGCGATTGATACTGGTAA-3
R
Deer
(Bacteriodetes)
P

Bac708Rm

900 nM

5-CAATCGGAGTTCTTCGTGAT-3
BacB2-626P

Meiszkin et al. 2010,
Boehmn et al. 2013

250 nM

[VIC]-ATGAGGTGGATGGAATTCGTGGTGT-[QSY]
F

GFDF

900 nM

5-TCGGCTGAGCACTCTAGGG-3
GFD

R
Bird
(Heliobacter)
P

GFDR

900 nM

5-GCGTCTCTTTGTACATCCCA-3
GFD

250 nM

[FAM]-AAGGAGGAGGAAGGTGAGGACGA-[QSY]

27

Green et al. 2012, Ahmed
et al. 2016, This Study

Figure 2.2. Time-series of fecal coliform bacteria concentrations from all sites (a), and
summertime mean concentrations (b). Dashed lines show individual date limit of 49 CFU 100
mL-1 (a), and average concentration limit of 14 CFU 100 mL-1 (b) for shellfishing. Asterisks
indicate dates not sampled. Sampling dates in A were 5/1, 5/12, 5/27, 6/10, 6/24, 7/8, 7/20, 8/5,
8/19, 9/2, 9/21, 10/15.
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Figure 2.3. Time-series of Enterococcus bacteria concentrations from all sites (a), and
summertime mean concentrations (b). Dashed lines show bathing safety limit of 104 CFU 100
mL-1. Sampling dates in A were 5/1, 5/12, 5/27, 6/10, 6/24, 7/8, 7/20, 8/5, 8/19, 9/2, 9/21, 10/15.
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Figure 2.4. Enterococcus bacteria concentration enumerated through dPCR genomic copies.
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A

B

Figure 2.5. Gene copies of each bacteria type at each location: A. As a time series and B. As an
average for the sampling season
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Figure 2.6. Average relative abundance of fecal derived bacteria emanating from human, birds,
deer, dogs / small mammals for sites across Sag Harbor in 2020 (a). Time-series of relative
abundance of fecal derived bacteria for each date analyzed (b).
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Figure 2.7. NYSDEC shellfish bed closures in Sag Harbor.
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