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Executive Summary

Water quality degradation due to widespread urbanization is a global issue. Coastal areas in Florida have
experienced an unprecedented amount of population growth over the last several decades concurrent with
declines in water quality and increases in harmful algal blooms (HABS). Since 2010, the population of Lee
County has increased by 29% and continues to grow at an annual rate of 2%. Coincident with this growth,
signs of degrading water quality have been increasingly observed. High concentrations of fecal indicator
bacteria have raised concerns over the safety of engaging in water-based activities, leading to the closure
of affected waterbodies for recreational use. Further, increasingly high nutrient concentrations (nitrogen
and phosphorus) and low dissolved oxygen levels have led to the classification of the Caloosahatchee River
Estuary as an impaired waterbody by the Florida Department of Environmental Protection (FDEP).

To assess sources contributing to these water quality issues, a microbial source tracking (MST) study was
conducted between 2017 and 2020 in North Fort Myers through a partnership between Harbor Branch
Oceanographic Institute at Florida Atlantic University, Lee County Department of Natural Resources, and
FDEP. This study concluded that human waste contamination from septic systems was adversely impacting
water quality in North Fort Myers, which prompted the Lee Board of County Commissioners to request
more information regarding the extent of similar impacts throughout the county. Therefore, an MST study
with a larger geographic scale was designed for the purpose of assessing sources contributing to the
recurring nutrient and bacterial pollution observed in surface waters throughout Lee County. This study
involved the identification of 24 key locations with impaired water quality where contamination by septic
system effluent was feasible and one reference site in a sewered area. Surface water samples were then
collected during eight sampling events from January 2020 through January 2021 and analyzed for fecal
indicator bacteria, nutrients, the molecular human waste marker HF183, chemical tracers of human waste,
and stable nitrogen and oxygen isotopes. These data were compared between seasons (wet vs. dry) and
against the reference site to better understand the prevalence of human waste contamination within Lee

County surface waters. A detailed analysis by site is provided in the Appendix of this report.

Evidence of human waste contamination was observed at every site, although to varying degrees of severity.
High median concentrations of fecal indicator bacteria, exceeding FDEP water quality standard threshold
values, were present at 68% of all sites. Additionally, the human specific HF183 molecular marker was
detected at least once at 88% of all sites and positively correlated with fecal indicator bacteria, indicating a
potential human waste source. High median concentrations of HF183 were detected at San Carlos Park
(1600 copies/100mL) and Heritage Farms (694 copies/100mL), demonstrating persistent human waste

contamination at these locations. High HF183 concentrations were observed sporadically at other sites as
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well. For example, the highest single sample HF183 concentration was observed at Tidewater Island 02
(23,700 copies/100mL), but 75% of all samples collected from this site contained HF183 at concentrations
that were below the detection limits (<3 copies/100mL). These data suggests that, while human waste may
not be a persistent problem at some sites, periodic loadings may still present a threat to surface water quality

and warrant continued monitoring.

The presence of human waste throughout Lee County was further demonstrated by the detection of
sucralose in 99% and pharmaceuticals in 44% of all samples. High median concentrations of sucralose,
exceeding 380 ng/L, were found at 60% of sites, including the Reference site. The highest median
concentrations of sucralose were observed at Heritage Farms (3,750 ng/L) and Overlook Drive (3,400
ng/L), demonstrating persistent human waste contamination at these locations. High median concentrations
of ammonium were also observed at 52% of sites and were positively correlated with HF183 (Spearman r
= 0.24, p = 0.001), suggesting that a statistically significant fraction of these nutrients originate from a
human waste source. Interestingly, few seasonal differences were observed suggesting that sources of
contamination are present year-round. Potential human waste sources may include septic systems, aging
sewer infrastructure, reclaimed water application, or upstream inputs from wastewater treatment plant
effluent. A detailed site analysis is provided as an appendix to this report which examines the evidence to

identify potential human waste sources at each site.

Prior research in North Fort Myers demonstrated that ammonium concentrations in groundwater exceeded
nitrate by a factor of 6.5 in some residential areas serviced by septic systems, indicating significant nutrient
pollution from the leachate. Five sites in the present study were found to have ammonium enriched surface
water with median ammonium to nitrate ratios exceeding 2, indicating incomplete ammonium oxidation
that may result from rapid transport of ammonium rich septic system effluent to surface water. The sites
with the highest median ammonium to nitrate ratios were Summerwood Drive (74.3) and San Carlos Park
(15.0). Median nitrogen isotope values >7%o in dissolved nitrate (5'*N-NOg?) implicate human waste
influence at Fort Myers Shores, Mobile Manor, and Page Park. Median nitrogen isotope (5*°N) values
>4.9%o in particulate organic matter (POM) and macrophytes implicate human waste influence at Deep
Lagoon, Fort Myers Shores, Heritage Farms, Lake McGregor, Laurelin Court, Ligon Court, Mobile Manor,
North Town & River, Orange River, Overlook Drive, Page Park, San Carlos Park, Summerwood Drive,

Waterway Estates 02, Yacht Club, and the Reference site.

Though the study provides evidence showing contamination of Lee County surface waters with human
waste, there were some important differences between locations. Some sites demonstrated human waste
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influence that could readily be attributed to septic systems due to a lack of other sources (e.g., Fort Myers
Shores and Mobile Manor), whereas in other locations primary contaminant sources were not as easily
identified (e.g., Heritage Farms, Lake McGregor, Overlook Drive) and further investigation could yield
better understanding. In some of these locations the nearby application of reclaimed water makes it
challenging to identify the source of the human waste indicators. A fine scale source tracking effort could
provide more information. Additionally, sites along the Caloosahatchee River Estuary (e.g., Reference site,
Deep Lagoon, North Town & River, Yacht Club) tended to exhibit lower concentrations of nutrients and
bacteria, yet human waste indicators were regularly observed, and sucralose was found in moderate to high
concentrations. These results may indicate an upstream source in the Caloosahatchee River Estuary.

Additional sampling may be useful to determine if the contaminant sources are localized or exogenous.

This study provides compelling evidence of human waste pollution in Lee County surface waters.
Wastewater infrastructure upgrades and septic to sewer conversion programs in highly impacted areas could
help reduce pollutant loading to nearby surface waters. These changes should yield improvements in water
guality and help minimize the occurrence and intensity of HABs in downstream waterbodies. Lee County
has been proactive in the development of a Countywide Wastewater Management Plan and this report may
aid resource managers in making decisions for improved wastewater infrastructure. As local populations
continue to grow, effective use of these data and continued water quality research will be essential for the

health of the community and a sustainable economic future.



Summary Table. Median and overall average values for key water quality parameters for each site in the Lee County Microbial Source Tracking Study. The relative concentrations
of each analyte are indicated by red shading, with low concentrations in white and high concentrations in red. High and low threshold values were derived from FDEP water quality
standards and statewide surface water quality values for rivers and streams as described in the Methods. BDL = Below Detection Limits. No Data = samples unable to be analyzed.

Carbama-  Acetami- .

Site Name Enterococci E. coli BOD HF183 Sucralose zepine nophen lbuprofen  Naproxen NH, NO, SRP TN TP §°N-NOy’
Reference 0.9 BDL - BDL BDL BDL BDL 4.5
Billy Creek 1.1 106 140 BDL BDL BDL BDL 2.9
Briarcliff 1.1 BDL BDL BDL BDL BDL 0.088 BDL 0.89 0.03 4.4
Daughtry Creek 0.8 BDL BDL BDL BDL BDL 0.081 - 0.90 _
Deep Lagoon 1.2 BDL BDL BDL BDL BDL 0.042 0.031 0.055 0.97 0.08 4.0
Fort Myers Shores 1.0 60 215 BDL BDL BDL BDL 0.050 1.02 0.08 -

Hendry Creek 1.2 BDL BDL BDL 0.068 0.022 0.89 0.06 4.2
Heritage Farms 1.2 BDL BDL BDL 0.020 - 0.06 2.1
Lake McGregor 0.8 128 130 BDL BDL BDL BDL 0.040 0.80 4.7
Laurelin Court 0.8 BDL BDL BDL BDL 1.20 3.9
Ligon Court 1.1 BDL BDL BDL BDL
Mobile Manor 0.7 64 BDL BDL BDL
North Town & River 1.0 BDL BDL BDL BDL
Orange River 0.8 122 BDL BDL BDL
Overlook Drive 68 BDL BDL BDL 0.035
Page Park 0.7 BDL BDL BDL BDL 0.008 0.62 0.03
Pine Island 0.9 34 BDL BDL BDL 0.039 0.016 0.017 0.91 0.05 1.0
Pine Island 02 1.3 BDL BDL BDL BDL 0.012 0.030 0.93 0.07 0.2
San Carlos Park 0.7 BDL BDL BDL 0.069 0.010 0.71 0.04 2.2
Summerwood Drive 1.1 BDL BDL BDL BDL _ No Data
Tidewater Island 01 0.8 BDL BDL BDL 0.050 0.008 0.77 0.03 4.2
Tidewater Island 02 0.7 BDL BDL BDL 0.057 0.007 0.77 0.03 4.6
Waterway Estates 01 1.2 41 BDL BDL BDL 0.114 4.8
Waterway Estates 02 1.0 15 BDL BDL BDL 0.068 4.4
Yacht Club 1.2 BDL 200 BDL BDL BDL BDL 4.4
Overall Average 1.1 363 _ BDL BDL BDL 0.110 1.11
Low <22 <97 <1 <94 <23 <04 <8 <20 <8 <0.012 <0.021 <0.014 <0.69 <0.031 <2
High >130 >410 >2 >525 >380 >1.0 >8 >20 >8 >0.061 >0.21 >0.081 >1.54 >0.120 >7
Units MPN/100mL MPN/100mL mg/L copies/100mL ng/L ng/L ng/L ng/L ng/L mg/L mg/L mg/L mg/L mg/L %o
Low Moderate High
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1. Introduction

Sustainable coastal population growth and development continues to be a global challenge as nearly 40%
of the world’s population lives within 100 km of a coast (Stauber et al., 2016). Humans have significantly
contributed to increased concentration of pollutants flowing into surface and groundwater, resulting in the
worldwide degradation of water quality in rivers, estuaries, and coastal oceans (Meybeck, 2004). These
pollutants, including nutrients, pathogens, and chemical contaminants, present a global environmental and
human health concern (Wade et al., 2003; Kaown et al., 2012; Buxton et al., 2016; EPA, 2017). Excess
loading of nitrogen (N) and phosphorus (P) accelerates eutrophication, promotes harmful algal blooms
(HABS), and depletes dissolved oxygen (DO) in urbanized watersheds, resulting in fish kills, habitat loss,
and overall water quality degradation (Howarth et al., 2000; NRC, 2000; Heisler et al., 2008).

Human enteric pathogens may be found in untreated domestic wastewater and can cause serious illness
(Gerardi & Zimmerman, 2004; Gerardi, 2006; Wen et al., 2009; Al-Gheethi et al., 2018). The abundance
of fecal indicator bacteria (FIB), such as Escherichia coli and enterococci, is commonly used to gauge the
potential risk to human health from fecal pathogens, as these bacteria are present in high concentrations in
the feces of mammals (Sadowsky & Whitman, 2011; Byappanahalli et al., 2012). Gastrointestinal diseases
and infections in swimmers are linked with elevated FIB concentrations in surface waters (Haile et al.,
1999; Wade et al., 2003; Zmirou et al., 2003). Fecal pathogens from wastewater are responsible for a variety
of waterborne diseases including cholera, hepatitis, shigellosis, encephalitis, and others (Yates, 1985;
Ferguson et al., 2003). Over 60% of the United States population engages in water sports like swimming
and boating (DeFlorio-Barker et al., 2018), so waterborne illnesses caused by pathogenic microorganisms

represent a substantial human health and economic risk.

Onsite sewage treatment and disposal systems, commonly called “septic systems,” are a significant source
of nutrient and pathogenic pollution in surface waters via subsurface transport through contaminated
groundwater (Griffin et al., 1999; Lipp et al., 2001; Drake & Bauder, 2005; Hossain et al., 2010). In the
United States, 20% of homes (26.1 million) currently rely on septic systems to treat and dispose of human
waste (EPA, 2008). The U.S. Bureau of the Census reports that at least 10% of septic systems are
dysfunctional and state agencies report that these systems are the third most common source of groundwater
contamination (EPA, 2000b). Florida accounts for 12% of the United States’ septic systems (2.6 million;
FDOH, 2020) and statewide, septic systems discharge more than 426 million gallons of effluent per day

into the subsurface soil environment (Meeroff et al., 2008).



Florida’s coastal areas are especially vulnerable to pollution from septic tanks because of shallow water
tables and porous soils that allow for rapid transport of contaminants to groundwater and adjacent surface
waters (Lapointe et al., 1990; Corbett et al., 2002; Meeroff et al., 2008). Improperly located septic systems
may contaminate groundwaters and surface waters even when functioning properly, as they are not designed
to remove nutrients and pathogens from the effluent (Mallin, 2013). A septic system that is installed in an
area with a high water table decreases the efficiency of effluent treatment by reducing the unsaturated soil
depth through which the effluent moves before mixing with groundwater (Bicki and Brown, 1990). Florida
State code requires a minimum of 6” of cover on top of a septic system drainfield, a ~1” drainfield depth
(may be less in some soil types), and 2’ of separation from the bottom of the drainfield to the seasonal high
water table (FAC Rule 64E-6). Therefore, at least 3.5” of separation is needed from the ground surface to
the water table to meet the minimum requirements for adequate treatment of septic system effluent.
Similarly, the US EPA recommends between 2 to 5’ of separation between the drainfield and groundwater
for adequate treatment of septic system effluent, depending on soil conditions and other factors (EPA,
2002). In some coastal systems, up to 80% of septic systems do not meet the minimum separation
requirements with variation throughout the year and 30% of those systems are never in compliance (Cox et
al., 2020).

In Florida nearly 40% of the septic systems are found in susceptible coastal areas with high water tables
(Toor et al., 2011). Accordingly, prior studies have found evidence of improperly sited septic systems
leading to groundwater and surface water contamination in various watersheds throughout the state
(Lapointe et al., 1990; Anderson, 1998; Arnade, 1999; Lipp et al., 2001; Lapointe & Bedford, 2007;
Lapointe et al., 2015; Lapointe et al., 2016; Lapointe et al., 2017; Lapointe et al., 2021). For example, septic
systems in Jupiter (Lapointe & Krupa, 1995) and Port St. Lucie (Lapointe et al., 2020) were found to often
not meet the minimum separation needed for septic system effluent treatment due to high water tables
during the wet season. In North Fort Myers this issue persisted throughout the year with ~87% of depth to
groundwater measurements made from October 2017 to April 2020 not meeting the minimum FAC
requirements (Lapointe et al., 2021). Similarly, surface water contamination issues relating to high water
tables have been documented in other locations, such as coastal North Carolina (Mallin, 2013), Cape Cod,
MA (Swartz et al., 2006), Long Island, NY (Gobler & Safiudo-Wilhelmy, 2001), upstate New York (Chen,
1988), Rhode Island (Cox et al., 2020), and other locations, demonstrating that this issue is widespread in
urbanized waterfront areas. Furthermore, rising groundwater tables and increased precipitation due to
climate change are expected to increase the threat of pathogen and nutrient pollution from coastal septic
systems (Cox et al., 2019).
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With a population of 770,577 (as of 2019; US Census), Lee County is the 8th largest county in Florida and
the estimated number of septic systems within the county exceeds 100,000 units (FDOH, 2018). A four-
year study in North Fort Myers demonstrated that improperly located and aging septic systems in waterfront
developments negatively impacted water quality (Lapointe et al., 2021). High water tables and porous sandy
soils in this area facilitate rapid percolation of septic system effluent to the groundwater (Wedderburn et
al., 1982; EPA, 2000a). The Caloosahatchee River and Estuary, which flows east to west from Lake
Okeechobee to the Gulf of Mexico and bisects the county, is a major discharge area for contaminated
groundwater and surface water, especially during the wet season (Wedderburn et al., 1982). High dissolved
nutrient concentrations are characteristic of the Caloosahatchee River Estuary, contributing to increased
HABs (Lapointe & Bedford, 2007) and decreased DO levels (Liu et al., 2009). Additionally, elevated
concentrations of FIB that do not meet the FDOH safety criteria are often observed in the Caloosahatchee

River Estuary, indicating a potential risk to human health from fecal pathogens (Braun, 2015, 2016).

While water quality in Lee County has degraded over the last several decades (W. Dexter Bender and
Associates, 1995; Bailey et al., 2009; Liu et al., 2009), the occurrence of HABs has increased. Blooms of
the dinoflagellate Karenia brevis are often reported annually off the Lee County coast. Commonly referred
to as “red tides,” K. brevis blooms can contain high concentrations of brevetoxins, a type of neurotoxin that
causes fish kills, shellfish contamination, and human respiratory ailments when aerosolized (Lee et al.,
1989). In the last 30 years, these blooms have become increasingly common, especially in nearshore
environments (Brand & Compton, 2007; Yentsch et al., 2008) where they are fueled by terrestrial nutrient
sources (Medina et al., 2020). Additionally, red drift macroalgae blooms have occurred along beaches and
coastal waters of Lee County (Lapointe & Bedford, 2007) and blooms of the blue-green algae Microcystis
aeruginosa have occurred in the Caloosahatchee River, Estuary, and residential canals (Lapointe et al.,
2006; Urakawa et al., 2020; Lapointe et al., 2021). These HABs can negatively impact local economies
through the mortality or closure of commercial seafood fisheries and by inhibiting ecotourism activities
(Anderson, 1998). Therefore, it is important to minimize excess nutrients flowing into these coastal

ecosystems to mitigate HABs.

To address these human and environmental health concerns, Lee County Department of Natural Resources

partnered with Harbor Branch Oceanographic Institute at Florida Atlantic University (HBOI-FAU) and

Florida Department of Environmental Protection (FDEP) to conduct a microbial source tracking (MST)

study to determine the source(s) of nutrient and fecal bacterial pollution in Lee County surface waters.

Source identification of nutrient and fecal pollution is necessary to determine human health and

environmental risks for the development of mitigation strategies. Because FIB are found in a variety of
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animals, they provide no reliable indication regarding the source of fecal pollution where many potential
non-point sources of fecal contaminants exist (Hagedorn et al., 2011; Tran et al., 2015). Therefore, more
sophisticated tools must be employed to determine the source. MST methods utilize source-specific gene
fragments, synthetic chemical compounds, and stable isotope values to identify sources of pollution
(Bernhard & Field, 2000; McQuaig et al., 2006; Albertin et al., 2012).

Molecular markers are valuable tools for determining fecal pollution sources. The HF183 gene fragment is
found within the 16s rRNA gene of the Bacteroides sp. that reside exclusively in the human colon as part
of the normal gut microbiota. These bacteria are expelled in excrement and because they are obligate
anaerobes, they are unable to survive outside of their human hosts. Therefore, detection of the HF183
molecular marker in oxygenated groundwater and surface waters serves as a reliable indicator of human
fecal pollution (Ahmed et al., 2008; Sauer et al., 2011; Ahmed et al., 2019). Some of the limitations of this
method include relatively short half-life of HF183 in the environment (from 0.4 up to 8 days; Seurinck et
al., 2005; Walters & Field, 2009). Thus, due to long holding times, the abundance of HF183 in septic system
and wastewater treatment plant effluent may be less than in fresh, raw wastewater (Boehm et al., 2013).
Additionally, humic acid (which can be prevalent in the Caloosahatchee River and its tributaries) is
detrimental to HF183 gPCR analysis (Green & Field, 2012). Therefore, it is useful to supplement HF183
analyses with other MST methods.

Several chemical compounds are suitable tracers of human waste pollution in surface water. Widespread
human consumption of the artificial sweetener sucralose in conjunction with its resistance to degradation
and frequent detection in wastewater makes it a reliable indicator of human waste pollution (Scheurer et
al., 2009; Wolf et al., 2012; White et al., 2019; Yuan et al., 2020). In Florida, multiple studies have
successfully used sucralose to identify areas where septic systems are leaching into surface water (Stoner
et al., 2016; Lapointe et al., 2016; Lapointe et al., 2017; Silvanima et al., 2018; Lapointe, et al., 2020;
Herren et al., 2021). In Singapore, raw wastewater and surface water samples were analyzed to determine
presence of pharmaceutical contaminants in a highly urbanized area and rural forested area. Acetaminophen
and carbamazepine were not detected in any of the rural samples but were detected in 90% of the sewered
area samples and all the raw wastewater samples (Tran et al., 2014). This suggests that these chemical
compounds can also be used as indicators of human waste pollution. Ibuprofen is also useful for source
tracking human waste contamination because it is mostly removed during wastewater treatment (>85%
removal; Mhuka et al., 2020) but only slightly removed by microbes in saturated soils (18% removal; Carr
et al., 2011). Therefore, the detection of ibuprofen in the environment is indicative of untreated human
waste. By contrast, naproxen is resistant to degradation and removal by traditional wastewater treatment,
12



and may be found in both raw human waste or wastewater treatment plant effluent (Kanakaraju et al., 2015;
Xu et al., 2019; Mhuka et al., 2020; Wojcieszynska & Guzik, 2020).

Stable isotope values are an effective tool for source identification of reactive N species in urbanized
watersheds (Luu et al., 2020). Dual stable isotope analysis of nitrate (5:°N-NO3™ and 5'¥0-NOg’) in water
samples can discriminate between different pollution sources, such as fertilizers and human waste (Heaton,
1986; Aravenaetal., 1993; Olsen et al., 2010; Li et al., 2016). Further, analysis of stable carbon and nitrogen
isotopes (8°C and &'N) in macrophyte tissue can be used to discriminate between natural and
anthropogenic nutrient sources (Risk et al., 2009; Lapointe et al., 2015; Lapointe et al., 2017). Enriched
SN values of +3%o to +19%o are indicative of a human waste N source (Heaton, 1986; Costanzo et al.,
2001), whereas N from synthetic fertilizers ranges from -2%o. to +2%o. (Bateman & Kelly, 2007),
atmospheric N ranges from -3%o to +1%o (Paerl & Fogel, 1994), and natural N source values are close to
0%o (Heaton, 1986; France et al., 1998).

This MST study combines the use of molecular marker, chemical indicators, and stable isotopes to identify
sources of nutrient and bacterial pollution in Lee County surface waters. The goal of this research was to
better understand the drivers contributing to degraded surface water quality throughout Lee County. The
results of this study will be useful for Lee County resource managers and elected officials as they strive to

maintain and improve surface water quality and mitigate worsening HABs.

2. Methods

2.1 Sampling sites

Twenty-four sites within Lee County were selected for water quality sampling. One site that was in an area
serviced by centralized sewer served as a Reference site (site 24) and the remaining 23 sites were in
residential areas serviced by septic systems (Figure 1). Site selection involved extensive preliminary
assessment of the study area, including surveying areas with documented water quality issues and
identifying available sampling locations with surface water access. Sixteen sites were accessible by land,
while eight sites in the Caloosahatchee River Estuary were sampled by boat. Detailed site descriptions are

provided as an Appendix.
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Figure 1. Surface water sites within Lee County, FL, sampled during the 2020-2021 Microbial Source Tracking study.

2.2 Sample collection and handling

Surface water samples were collected at 24 sites during eight sampling events from January 2020 to January
2021 and were evenly divided between wet and dry seasons. The sampling schedule was interrupted due to
the coronavirus pandemic, resulting in no sampling events occurring from March through June 2020. All
sampling events occurred over three days with approximately eight sites sampled per day. One sampling
event was split between October and November 2020 due to staff illness. For this event, 8 of 24 sites were

sampled in October and the remaining 16 sites were sampled in November.

Sampling was conducted following FDEP standard operating procedure (SOP) FS 2100 for surface water.
At each site, temperature (°C), salinity (ppt), conductivity (uS/cm), pH, and DO (% saturation, mg/L) were
measured with a calibrated YSI ProPlus or YSI Pro1030. Water samples were collected by hand or using a
pole sampler into clean high-density polyethylene (HDPE) bottles for analysis of biochemical oxygen
demand (BOD), HF183, enterococci, E. coli, ammonium (NH4*), nitrate + nitrite (NO,), total Kjeldahl
nitrogen (TKN), total nitrogen (TN), total phosphorus (TP), color, and soluble reactive phosphorus (SRP).
Upon collection, enterococci and E. coli samples were preserved with sodium thiosulfate; NH4*, NO,, TKN,

TN, and TP samples were acidified to a pH of <2 with sulfuric acid; and color and SRP samples were field-

14



filtered with 0.45um filter. Water samples were also collected into amber glass bottles for analysis of
sucralose, acetaminophen, carbamazepine, ibuprofen, and naproxen. For analysis of %C, %N, %P, §*3C,
and 8N, particulate organic matter (POM) samples were coarse filtered through a 200 um sock filter to
remove macrodetritus per Savoye et al. (2003) and collected into HDPE bottles. When present, macroalgae
and/or macrophytes were collected and stored in plastic bags for analysis of %C, %N, %P, 5'*C, and §*°N.
For determination of dissolved 8!°N and &80, additional water samples were field-filtered (0.45um) into
amber glass vials containing 18% (v/v) aqueous hydrochloric acid solution to lower the pH to < 3. Samples
for dissolved 8°N and 820 were not collected in January or February 2020. All water samples were
immediately submerged in ice in a dark cooler, while macrophytes and algae were placed on a towel or in
a bin above the ice to prevent cell rupture due to freezing. Samples were transported to Lee County
Environmental Laboratory (LCEL) in Fort Myers, Florida or processed at the HBOI-FAU temporary field

laboratory within required holding times for analysis.

2.3 Sample analysis

Water samples for BOD, enterococci, E. coli, NHs*, NOx, SRP, TKN, TN, TP, and color were hand-
delivered within five hours to LCEL. In brief, the following National Environmental Laboratory
Accreditation Conference (NELAC) approved standard methods were used for analyses: 5-Day BOD Test
(Standard Method 5210 B), Enterolert™ for enterococci (ASTM D6503-19), Colilert-18™ for E. coli (1ISO
standard 9308-2:2012), EPA Method 350.1 for NH4*, EPA Method 353.2 for NOy, EPA Method 365.1 for
SRP and TP, EPA Method 351.2 for TKN, and Standard Method 2120 C for color. Method detection limits
(MDLs) were 0.3 mg/L for BOD, 2 MPN/100mL for enterococci and E. coli, 0.014 mg/L for NH4*, 0.01
mg/L for NOy, 0.004 mg/L for SRP, 0.05 mg/L for TKN, and 0.006 mg/L for TP. TN was calculated by
LCEL as TKN + NOx.

HF183 samples were shipped overnight to Source Molecular Corporation (SMC), Miami Lakes, FL. At
SMC, samples were prepared by filtering through a 0.45um membrane filter(s) and placing each filter in
separate, sterile 2 ml disposable tubes containing a mix of beads and lysis buffer. Each sample was
homogenized for 1 min before extracting DNA using the Generite DNA-EZ ST1 extraction kit (GeneRite,
NJ), as per manufacturer's protocol. Extracted DNA was then amplified and analyzed with a Bio-Rad
QX200 Droplet Digital PCR System (Cao et al., 2015). Absolute quantification of HF183 was achieved by
software Poisson Distribution Analysis (Sivaganesan et al., 2011). The MDL for HF183 was 3 copies/100
mL.
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At HBOI-FAU, water samples for dissolved 8'°N and 580 were stored at 4°C until NOy data for the samples
was received from LCEL. After which, samples with nitrate concentrations > 0.04 mg/L were shipped to
Beta Analytic Testing Laboratory (BATL), Miami, FL. At BATL, samples were analyzed by the chemical
reduction of nitrate to nitrous oxide followed by continuous flow (CF) Isotope Ratio Mass Spectrometry
(IRMS) (Altabet et al., 2019; Casciotti et al., 2002; Foreman et al., 2016).

Sucralose, acetaminophen, carbamazepine, ibuprofen, and naproxen samples were shipped overnight to the
FDEP laboratory in Tallahassee, FL. At the FDEP lab, samples were analyzed by high performance liquid
chromatography (HPLC), coupled with both thermospray-mass spectrometry (TS-MS) and an ultraviolet
(UV) detector (EPA method 8321B). MDLs were 100 ng/L for sucralose, 8 ng/L for acetaminophen, 0.8

ng/L for carbamazepine, 20 ng/L for ibuprofen, and 8 ng/L for naproxen.

POM samples were vacuum filtered onto a pre-combusted 0.45 um glass fiber filter within 12 h of collection
and dried in an oven at ~65°C. The dried filters were folded and cut in half. One half was shipped to the
University of Georgia’s Stable Isotope Ecology Laboratory (UGA-SIEL) where they were analyzed for
%C, %N, 8'°C, and 8N by Isotope Ratio Mass Spectrometer (Thermo Delta V Environmental Analysis)
coupled to a Carlo Erba NA1500 CHN Elemental Analyzer via a Thermo Conflo 111 Interface. The other
half was shipped to the University of Missouri’s Soil and Plant Testing Laboratory (UM-SPTL) for analysis
of %P by Inductively Coupled Plasma Atomic Emission Spectroscopy (Viso & Zachariadis, 2018). The
resulting stable isotope and C:N:P data were used to identify nutrient sources and characterize temporal and
spatial variation in phytoplankton nutrient status, which allow for inferences regarding nutrient availability
in relation to various natural and anthropogenic nutrient sources and climate-related phenomena. Results
were compared to the Redfield ratio of 106:16:1 (Redfield, 1958) where C:N ratios >6.6 indicate increasing

N-limitation.

Macroalgal and macrophyte tissue were held in a cooler until return to HBOI-FAU where they were rinsed
briefly in DI water, cleaned of extraneous materials, and dried at 65°C. The dried tissue was finely ground
with mortar and pestle and shipped to the UGA-SIEL and UM-SPTL, where they were analyzed similarly

to the POM samples as described above.

2.4 Precipitation
Precipitation data for Lee County from December 1, 2019 to January 31, 2021 was obtained from the
National Oceanic and Atmospheric Administration National Centers for Environmental Information

(https://www.ncdc.noaa.gov/data-access). Fourteen weather stations within Lee County were selected and
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mean daily precipitation across all stations was calculated. These stations included US1FLLEO0OG,
US1FLLEO010, USIFLLEQ0022, US1FLLEO0029, USI1FLLEQ0037, US1FLLEO0055, USI1FLLEOQ057,
US1FLLEO0058, US1FLLEO0059, US1FLLE0062, USIFLLEO065, US1FLLE0068, USW00012835, and
USW00012894.

2.5 Data analysis

For nutrient and bacterial parameters, half of the MDL was substituted for any results flagged as below
detection limits. For chemical tracers, zeros were substituted for any results flagged as below detection
limits. This is because the chemical tracers measured in this study are not naturally occurring (unlike
nutrients and bacteria) and therefore a concentration of zero is feasible. Molar ratios (DIN:SRP, TDN:TDP)
of dissolved nutrients were calculated using molar concentrations (uM). NH4":NOx was calculated and sites
with low values (< 0.5) were considered to have high or near-complete ammonium oxidation, whereas sites

with high values (> 2) were considered to have low ammonium oxidation.

Water quality parameter classifications of low, moderate, and high were established to provide context for
observed values. These classifications were defined based on numerical FDEP water quality standards,
statewide data, and the Redfield ratio (Redfield, 1958). For enterococci, E. coli, TN, and TP, the high
concentration thresholds were defined to align with the requirements for Class 111 waters and peninsular
streams as found in FDEP 62-302 Surface Water Quality Standards. For HF183, no surface water quality
standard threshold value is established by FDEP, therefore a high concentration threshold value of 525
copies/100mL is used to align with recent work by Boehm and Soller (2020). Elemental ratios of carbon to
nitrogen to phosphorus (C:N:P) in POM and macrophytes were compared to a modified Redfield ratio as
described in Geider and La Roche (2002), where C:N values < 6 and > 8 were interpreted as being indicative
of C and N-limitation, and N:P values < 15 and > 30 indicative of N and P-limitation, respectively. For
dissolved 3'°N values, the high and low concentration thresholds were defined as 7%o and 2%o based on
previous work by Heaton (1986), Kendall (1998), Kendall et al. (2007), Aravena and Mayer (2009), and
Zhang et al. (2018). Where 6"°*N-NOs" values greater than 7%o are interpreted as having a human waste N
source, 8N values less than 2%o are interpreted as having a fertilizer N source, and §*°N values between 2
and 7%o are interpreted as having a mixed or soil N source. Stable nitrogen isotope values (§*°N) found in
POM and macrophyte tissue were interpreted as having an untreated domestic waste N source if greater
than 4.9%o based on previous work by Hinkle et al. (2008).

For all other parameter values: high, moderate, and low classification thresholds were derived from

statewide surface water quality values for rivers and streams in Florida as described below.
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Statewide surface water quality data for Florida’s rivers and streams were accessed from the FDEP WIN
WAVES database with a date range from 2010 to present. Where possible, data were filtered to include
only water quality data which were analyzed by the same standard methods used in this study. Regional
differences were not considered. Descriptive statistics were calculated on the filtered data to determine the
first quartile (Qq) and third quartile (Qs) values for each parameter. Parameters in this study were compared
to statewide data and considered low if below the statewide Q1 value, high if above the statewide Qs value,

and moderate if between the statewide Q; and Qs values.

Descriptive statistics, including mean (average), median, standard deviation, standard error, minimum, and
maximum, were calculated for all parameters. Prior to statistical analyses, normality, skewness, kurtosis,
and other parametric assumptions were assessed. Paired sample t-test (normal data) or Mann-Whitney U
tests (non-normal data) were conducted to determine if water quality parameters varied significantly
between seasons (wet/dry) and sites (septic/reference). A Spearman correlation was conducted to determine
the pairwise correlation coefficients between water quality parameters. Differences were considered
significant at p < 0.05. Analyses were conducted in MiniTab v. 19, figures were created in GraphPad Prism
9, and maps were created in ArcMap v. 10.8.1.

3. Results

3.1 Precipitation

Precipitation during the study period was seasonally variable (Figure 2). A cumulative total of 61.93 in. of
precipitation was recorded from January 1, 2020, to January 31, 2021. A wet season from approximately
May 15 to November 15, 2020, was evident, with some anomalous precipitation events occurring outside
of this window. Dry seasons persisted from January 1 to May 14, 2020, and from November 16, 2020, to
January 31, 2021. A cumulative total of 52.87 in. of precipitation was recorded during the wet season with
a daily mean of 0.29 in., whereas a cumulative total of 9.06 in. of precipitation was recorded during the dry
season with a daily mean of 0.04 in. The cumulative rainfall 10 days prior to the wet season sampling events
were 2.98 in., 1.64 in., 2.35 in., 3.1 in., and 0.8 in. for July, August, September, October, and November,
respectively. The cumulative rainfall 10 days prior to the dry season sampling events were 0.02 in., 0.03

in., 0.20 in., and 0.17 in. for January (2020), February, December, and January (2021), respectively.
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Figure 2. Daily precipitation (mean) across fourteen weather stations within Lee County, FL from January 1, 2020 to January 31,
2021. Dashed bars represent sampling events. Note that sampling efforts in October and November 2020 were combined as one
event. Red and grey shaded areas represent dry and wet seasons, respectively.

3.2 Environmental parameters

Surface water measurements for environmental parameters, including pH, temperature, salinity, DO, and
color, varied by location and sampling event (Table 1). Mean pH ranged from 7.05 £ 0.12 at Pine Island to
7.80 + 0.06 at Mobile Manor and was significantly higher in the dry season (7.55 * 0.03) than the wet
season (7.43 £ 0.03; t-test, p = 0.004). Mean temperature ranged from 21.4 £ 1.7°C at Summerwood Drive
to 27.4 + 1.7°C at Orange River and was significantly lower in the dry season (20.7 + 0.3°C) than the wet
season (27.90 £ 0.3°C; t-test, p < 0.001). Mean salinity ranged from 0.3 + 0.02 at Billy Creek to 25.3 £ 2.3
at Pine Island with no significant difference between the dry season (4.7 = 0.7) and wet season (4.0 £ 0.8;
t-test, p = 0.51). Mean DO concentrations ranged from 1.11 + 0.15 mg/L at San Carlos Park to 6.58 + 0.40
mg/L at North Town & River and were significantly higher in the dry season (4.74 £ 0.20 mg/L) than the
wet season (3.29 + 0.17 mg/L; t-test, p < 0.001). Mean DO saturation ranged from 14.64 + 2.17% at San
Carlos Park to 82.24 + 3.75% at North Town & River and was significantly higher in the dry season (54.89
+ 2.3%) than the wet season (42.64 + 2.18%; t-test, p < 0.001) Mean color ranged from 19.05 + 4.06 at Pine
Island to 120.7 £ 17.3 at Orange River and was significantly lower in the dry season (59.1 + 2.8) than the
wet season (84.1 + 4.9; t-test, p < 0.001).

19



Table 1. Environmental parameters (mean + standard error) measured in surface water at each site within the Lee County study
area.

Site Name pH Color Salinity Conductivity Temperature Do Do
(cv) (ppt) (ps) (°c) (mg/L) (%)

Reference 7.66 £ 0.07 79.3 £ 17.7 T G2 At 12225 + 3634 25.2 + 1.85 6.16 + 0.53 74.3 + 4.36
Billy Creek 7.51 £ 0.09 90.9 + 3.8 0.3 £ 0.0 578 + 32 24.6 + 2.22 3.25 £ 0.29 37.7 £ 2.98
Briarcliff 7.53 £ 0.04 61.8 + 4.0 0.3 £ 0.0 665 + 24 26.0 + 1.60 4,10 + 0.49 50.1 + 5.30
Daughtry Creek 7.62 £ 0.05 97.7 £ 249 0.8 £ 0.3 1555 * 545 24.0 + 1.61 3.39 £ 0.48 38.8 + 4.59
Deep Lagoon 7.64 £ 0.09 74.3 + 16.8 10.8 £ 2.6 17788 * 4175 249 + 1.94 5.79 £ 0.58 72.6 t 5.66
Ft Myers Shores 7.38 + 0.08 74.3 + 10.0 0.8 £ 0.3 1526 + 540 234 + 1.57 4.47 + 0.40 53.0 + 4.05
Hendry Creek 7.41 + 0.03 64.8 + 4.9 3.8 059 6734 * 1550 23.7 + 1.55 2.38 £ 0.36 28.7 + 4.08
Heritage Farms 7.47 £ 0.04 101.1 + 3.7 0.7 £ 0.0 1382 £ 79 23.5 + 1.60 2.17 + 0.32 26.4 + 3.98
Lake McGregor 7.39 £ 0.12 533+ 15 0.4 + 0.0 868 + 38 224 + 1.68 1.86 + 0.40 21.3 + 416
Laurelin Court 7.47 £ 0.05 114.3 £ 20.6 1.1+05 1896 *+ 829 244 + 1.90 4.61 + 0.58 54.1 + 5.47
Ligon Court 7.32 £ 0.07 118.2 £ 39.1 1.3 +01 2598 + 202 20.7 + 3.54 3.15 + 1.06 39.6 + 12.00
Mobile Manor 7.80 + 0.06 60.2 + 4.9 1.0+ 04 1669 + 690 244 + 142 2.81 + 048 32.6 £ 5.19
MNorth Town & River  7.75 + 0.06 66.3 + 18.5 10.8 £ 2.7 16501 + 3770 24.7 + 1.90 6.58 + 0.40 82.2 £ 3.75
Orange River 7.04 £ 0.04 120.7 £ 17.3 1.1+04 2130 £ 787 27.4 + 1.69 3.32 £ 0.43 42.7 + 4,98
Overlook Drive 7.27 £ 0.18 61.3 £+ 3.4 0.5 £ 0.0 1013 £ 43 22,3 + 2.13 4,25 + 0.49 50.9 + 6.42
Page Park 7.54 £ 0.09 279+t 1.9 0.6 £ 0.0 1125 + 53 24.7 + 1.53 4,81 + 0.68 57.1 £ 7.26
Pine Island 7.05 £ 0.12 191+ 4.1 25.3 + 2.3 39626 = 3343 24.9 + 1.82 4.42 + 0.67 58.4 = 7.59
Pine Island 02 742 +0.12 26.5 £ 5.2 234 + 3.3 36891 + 4931 26.2 + 2.30 2.48 + 0.66 34.8 + 9.02
San Carlos Park 741 + 0.06 45.4 + 3.7 0.3 £ 0.0 578 £ 78 26.2 + 1.60 1.11 + 0.15 14.6 + 2.17
Summerwood Dr 7.18 £ 0.14 66.1 £ 3.8 0.6 £ 0.0 1249 * 65 21.4 + 1.68 2.48 + 0.58 28.7 + 6.15
Tidewater Isl 01 7.49 + 0.05 55154 6.6 + 1.6 11443 + 2556 24.1 + 1.69 4.57 + 0.49 56.6 + 5.53
Tidewater Isl 02 7.65 £ 0.05 55.8 £ 5.0 6.5t 1.5 11149 + 2512 23.5 1 154 4.63 + 0.62 554 t+ 6.78
Waterway Ests 01 7.37 £ 0.06 84.3 + 143 47 15 8235 * 2585 24.6 + 1.77 4.81 + 0.55 58.4 + 5.81
Waterway Ests 02 7.65 £ 0.08 84.0 + 164 48 £ 1.5 7888 * 2316 24.5 + 1.89 6.08 + 0.66 73.4 t 6.15
Yacht Club 7.56 £ 0.06 97.1 £ 14.5 15+ 0.7 2572 = 1104 249 + 1.80 5.37 £ 0.52 64.9 + 5.54
3.3 Bacteria

The overall median enterococci concentration in surface water across all 25 sites was 276 MPN/100mL,
with some individual counts exceeding the upper limits of detection (>4840 MPN/100mL; Figure 3).
Enterococci concentrations exceeding the FDEP 62-302 ten percent threshold value for Class 11l waters (>
130 MPN/100mL) were detected in 63% of all samples and at least once at every site, except Yacht Club.
The mean enterococci concentration at the Reference site was 75 £ 41 MPN/100mL (Table 2). There were
18 sites with mean enterococci concentrations that exceeded FDEP standards. Of those sites, 16 had
significantly higher mean enterococci concentrations than the Reference site (Mann-Whitney U, p < 0.05).
No significant differences in enterococci concentrations were observed between the dry season (760 + 132
MPN/100mL) and wet season (817 £ 108 MPN/100mL; Mann-Whitney U, p = 0.15).
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Figure 3. Enterococci concentrations in Lee County, FL surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

The overall median E. coli concentration in surface water across all 25 sites was 172 MPN/100mL, with
some samples exceeding the upper limits of detection (>4840 MPN/100mL; Figure 4). Concentrations of
E. coli exceeding the FDEP 62-302 ten percent threshold value for Class 111 waters (> 410 MPN/100mL),
were detected in 31% of all samples and at least once at 71% of sites with septic systems. The mean E. coli
concentration at the Reference site was 54 + 16 MPN/100mL (Table 2). There were 16 sites with
significantly higher mean E. coli concentrations than the Reference site (Mann-Whitney U, p < 0.05), of
which 12 had concentrations that exceeded FDEP standards. Four sites had low mean E. coli concentrations
(< 97 MPN/100mL), including Briarcliff (43 £ 18 MPN/100mL), Deep Lagoon (49 £ 19 MPN/100mL),
North Town & River (32 + 14 MPN/100mL), and Yacht Club (49 £ 9 MPN/100mL). However, none of
these four sites had significantly lower concentrations than the Reference site (Mann-Whitney U, p > 0.05).
There were no significant differences in E. coli concentrations between the dry season (496 = 92
MPN/100mL) and wet season (478 £ 81 MPN/100mL; Mann-Whitney U, p = 0.52).
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Figure 4. Escherichia coli concentrations in Lee County surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

The overall median BOD in surface water across all 25 sites was 1.00 mg/L, with individual values ranging
from 0.3 to 4 mg/L (Figure 5; Table 2). Mean BOD at Overlook Drive (2.20 + 0.36 mg/L), Pine Island 02
(1.84 £ 0.48 mg/L), and Waterway Estates 01 (1.25 £ 0.11 mg/L) were all significantly higher than the
mean BOD at the Reference site (0.93 = 0.07 mg/L; Mann-Whitney U, p < 0.05). Apart from the Reference
site, there were 12 other sites with BOD < 1 mg/L. Mobile Manor (0.60 + 0.07 mg/L) was the only site with
significantly lower mean BOD than the Reference site (Mann-Whitney U, p = 0.011). There were no
significant differences in BOD between the dry season (0.97 + 0.06 mg/L) and wet season (1.10 + 0.06
mg/L; t-test, p = 0.12).

Figure 5. Biochemical oxygen demand (BOD) in Lee County surface water. Whiskers show the maximum and minimum measured
value at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded areas
represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site (Mann-
Whitney U, p < 0.05).
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HF183 was detected in 50% of all samples collected in this study. The overall median human Bacteroides
HF183 concentration in surface water across all 25 sites was 12.6 copies/100mL; however, values ranged
up to 23,700 copies/100mL (Figure 6; Table 2). Concentrations of HF183 >525 copies/100mL were
detected in 10% of samples, and at least once at 32% of all sites. Heritage Farms (680 + 214 copies/100mL),
San Carlos Park (1,903 + 412 copies/100mL), Summerwood Drive (1,455 + 1322 copies/100mL), and
Tidewater Island 02 (2,993 + 2,958 copies/100mL) had high mean HF183 concentrations > 525
copies/100mL. Only Heritage Farms, San Carlos Park, and Hendry Creek had significantly higher mean
HF183 concentrations than the Reference site (55.7 + 43.8 copies/100mL; Mann-Whitney U, p < 0.05).
Although Tidewater Island 02 had the highest mean HF183 concentration, the difference from the
Reference site was not statistically significant (Mann-Whitney U, p = 0.772). Apart from the Reference
site, there were 14 other sites with a low mean HF183 concentration (< 94 copies/100mL). Of these sites,
three had no HF183 detections across all sampling events, including Laurelin Court, Ligon Court, and North
Town & River. There were no significant differences in HF183 concentrations between the dry season (314
+ 117 copies/100mL) and wet season (411 £ 252 copies/100mL; Mann-Whitney U, p = 0.40).

100000

10000

1000 @

F183

10

H
(copies / 100mL)

I ;
I
* ==
> |
=
=
E=h

R SR S R SR P & o
& @ O @ o & @ 3 2
& O @ G e G O N~ AR
& £ i) SRS A e S P & NN
P TS Qe S F S G 0 O P 0 S & @
3 F W ae P VS S ¢ S

Figure 6. Human Bacteroides HF183 gene fragment concentrations in Lee County surface water. Whiskers show the maximum
and minimum measured concentration at each site. The line in each box shows the median concentration at each site. The red,
yellow, and green shaded areas represent high, moderate, and low. Asterisks (*) indicate a significant difference from the Reference
site (Mann-Whitney U, p < 0.05).
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Table 2. Bacterial parameters (mean + standard error) measured in surface water at each site within the Lee County study area.
Sites with no detections are labeled ‘BDL’ for ‘below detection limits.” Green up arrows indicate a mean that is significantly higher
than the Reference site. Red down arrows indicate a mean that is significantly lower than the Reference site (Mann-Whitney U, p
< 0.05).

Site Name BOD HF183 Enterococci Escherichia coli
{mg/L) (copies/100mL) (MPN/100mL) (MPM/100mL)

Reference 0.93 + 0.07 56 + 44 75 + 41 54 + 16
Billy Creek 1.09 + 0.13 220 + 128 3752 + 790 Ah 2945 + 708 Ah
Briarcliff 0.98 + 0.11 30 + 28 54 + 21 43 + 18
Daughtry Creek 0.81 + 0.11 21 + 16 438 + 168 fAh 430 + 140 Ap
Deep Lagoon 1.15 + 0.13 16 + 14 62 + 36 49 * 19

Ft Myers Shores 0.91 + 0.13 65 + 20 1162 + 431 #Ah 793 + 286 fp
Hendry Creek 1.30 £ 0.10 277 + 178 #p 310 + 82 #h 443 + 105 A
Heritage Farms 1.13 + 0.09 680 £ 214 #Ap 659 £ 97 #Ap 106 + 24
Lake McGregor 0.98 + 0.22 187 + 64 1979 + 462 #Ap 357 + 56 M
Laurelin Court 0.83 + 0.04 BDL 303 + 61 #h 153 + 22 #h
Ligon Court 1.50 + 0.61 BDL 3227 + 403 #Ah 641 + 282 fp
Mobile Manor 0.60 + 0.07 W 125 + 60 1119 + 301 #ph 796 + 170 AR
North Town & River 0.98 + 0.12 BDL 51 + 19 32+14
Orange River 0.81 + 0.14 112 + 29 1025 + 397 #h 699 + 231 fp
Overlook Drive 2.20 + 0.36 A 98 + 37 2049 + 322 #h 257 + 50 #Ap
Page Park 0.71 + 0.09 39 + 18 1012 + 467 #Ap 903 + 248 M
Pine Island 0.89 + 0.13 92 + 41 100 + 68 625 + 441
Pine Island 02 1.84 + 0.48 fp 18 + 17 201 + 190 774 + 715
san Carlos Park 0.93 £ 0.27 1903 + 412 #Ap 670 + 196 Ah 244 + 54 #p
Summerwood Dr 1.37 + 0.30 1455 + 1322 1029 + 392 #Ah 222 +55 #p
Tidewater Is| 01 0.4 + 0.15 19 + 9 124 + 54 126 + 29
Tidewater Isl 02 1.10 + 0.33 2993 + 2958 194 + 108 625 + 225 fp
Waterway Ests01  1.25 + 0.11 A 236 + 196 667 + 242 A 528 + 254 A
Waterway Ests02 101 + 0.11 18 + 7 709 + 208 Ap 394 + 125 fp
Yacht Club 1.13 + 0.09 26 + 16 a4 + 12 49 + 9

3.4 Chemical tracers of human waste

The overall median sucralose concentration in surface water across all 25 sites was 415 ng/L, with
individual values ranging up to 5,900 mg/L (Figure 7; Table 3). High concentrations of sucralose (>380
ng/L) were detected in 54% of all samples and at least once at every site, except Billy Creek, Daughtry
Creek, Pine Island, Pine Island 02, and Yacht Club. The mean sucralose concentration at the Reference site

was 504 + 91 ng/L. In addition to the Reference site, 15 other sites had high mean sucralose concentrations
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(> 380 ng/L). Of these sites, five had very high mean sucralose concentrations that were significantly higher
than the Reference site (Mann-Whitney U, p < 0.05), including Heritage Farms (3613 + 207 ng/L), Ligon
Court (1900 £ 400 ng/L), Mobile Manor (1120 + 184 ng/L), Overlook Drive (3725 *+ 361 ng/L), and
Summerwood Drive (919 + 50 ng/L). Although no sites had low mean sucralose concentrations (< 23 ng/L),
seven sites in the moderate range (23 — 380 ng/L) had significantly lower mean sucralose concentrations
than the Reference site (Mann-Whitney U, p < 0.05), including Billy Creek (158 + 27 ng /L), Daughtry
Creek (262 + 30 ng/L), Fort Myers Shores (182 + 48 ng/L), Lake McGregor (172 + 45 ng/L), Pine Island
(121 £ 17 ng/L), Pine Island 02 (160 + 15 ng/L), and Yacht Club (221 £ 28 ng/L). There were no significant
differences in sucralose concentrations between the dry season (719 £ 93 ng/L) and wet season (733 £ 108
ng/L; Mann-Whitney U, p = 0.73).
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Figure 7. Sucralose concentrations in Lee County surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

The overall median carbamazepine concentration in surface water across all 25 sites was below the limits
of detection (< 0.8 ng/L); however, some high individual values were detected ranging up to 18 ng/L (Figure
8; Table 3). Carbamazepine was detected in 41% of all samples, including one detection at the Reference
site. The mean carbamazepine concentration at the Reference site was 0.136 + 0.136 ng/L. There were eight
sites with high mean carbamazepine concentrations (> 1.0 ng/L), including Heritage Farms (3.19 £+ 0.35
ng/L), Ligon Court (4.43 £ 0.75 ng/L), Mobile Manor (3.96 = 0.73 ng/L), Overlook Drive (4.63 = 0.60
ng/L), Page Park (12.2 + 1.35 ng/L), San Carlos Park (1.05 + 0.37 ng/L), Tidewater Island 01 (1.35 £ 0.34
ng/L), and Tidewater Island 02 (1.14 £ 0.33 ng/L). All these sites had significantly higher mean
carbamazepine concentrations than the Reference site (Mann-Whitney U, p < 0.05). There were 14 sites

with a low mean carbamazepine concentration (< 0.8 ng/L), including seven sites where carbamazepine
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was not detected. These were Billy Creek, Briarcliff, Fort Myers Shores, Lake McGregor, Pine Island, Pine
Island 02, and Summerwood Drive. There were no significant differences in carbamazepine concentrations
between the dry season (0.66 + 0.42 ng/L) and wet season (0.09 + 0.09 ng/L; Mann-Whitney U, p = 0.37).
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Figure 8. Carbamazepine concentrations in Lee County surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

Acetaminophen, ibuprofen, and naproxen were rarely detected in surface water samples (Table 3).
Acetaminophen was only detected in four samples, including Briarcliff (21 ng/L, Jan 2021), Daughtry
Creek (8.9 ng/L, Oct 2020), Hendry Creek (9.1 ng/L, Dec 2020), and Lake McGregor (33 ng/L, Dec 2020).
Ibuprofen was only detected in three samples, including Summerwood Drive (100 ng/L, Jan 2021; 87 ng/L,
Dec 2020) and Waterway Estates 02 (58 ng/L, Sep 2020). Naproxen was only detected in one sample at
Heritage Farms (42 ng/L, Feb 2020).
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Table 3. Chemical tracers of human waste (mean + standard error) measured in surface water at each site within the Lee County
study area. Sites with no detections are labeled ‘BDL’ for ‘below detection limits.” Green up arrows indicate a mean that is
significantly higher than the Reference site. Red down arrows indicate a mean that is significantly lower than the Reference site
(Mann-Whitney U, p < 0.05).

Site Name Sucralose Acetaminophen  Carbamazepine  Ibuprofen Naproxen
(ng/L) (ng/L) (ng/L) (ng/L) (ng/L)
Reference 504 + 91 BDL 0.1+0.1 BDL BDL
Billy Creek 158 + 27 ¥ BDL BOL BOL BDL
Briarcliff 438 + 68 2.63 + 2.63 BOL BOL BDL
Daughtry Creek 62+30 @ L1111l 0.4 % 0.3 BDL BDL
Deep Lagoon 489 * 68 BDL 0.4 % 0.2 BOL BDL
Ft Myers Shores 182 +43 @ BDL BOL BOL BDL
Hendry Creek 504 + 72 114 + 1.14 0.8 £ 0.3 BDL BDL
Heritage Farms 3613 + 207 Ap BDL 3.203 M BOL 5.25 * 5.25
Lake McGregor 172 +45 ¥ 413 + 413 BOL BDL BDL
Laurelin Court 301 £ 64 BDL 012 0.1 BDL BDL
Ligon Court 1900 + 400 A BDL 44 0.3 fh BOL BDL
Mobile Manor 1120 + 134 Ap BDL 40 + 0.7 Ap BDL BDL
North Town & River 458 + 80 BDL 0.2 0.1 BDL BDL
Orange River 277 + 54 BDL 0.5 + 0.2 BOL BDL
Overlook Drive 3725 + 361 Ap BDL 4.6 + 0.6 Ap BDL BDL
Page Park 564 + 57 BDL 122+ 1.4 #p BDL BDL
Pine Island 12117 @ BDL BOL BOL BDL
Pine Island 02 160 £ 15 BDL BOL BOL BDL
San Carlos Park 424 + 66 BDL 1.0 £ 04 fh BDL BDL
Summerwood Dr 919 + 50 A BDL BDL 23.4 + 15.4 BDL
Tidewater Isl 01 589 + 70 BDL 1.4 203 fh BDL BDL
Tidewater Isl 02 656 + 82 BDL 1.1+ 03 A BDL BDL
Waterway Ests 01 466 + 90 BDL 0.8 £ 0.3 BOL BDL
Waterway Ests 02 443 + 84 BDL 0.2 0.2 7.3+ 7.3 BDL
Yacht Club 21+28 BDL 0.1+ 0.1 BDL BDL

3.5 Nutrients and stable isotopes

The overall median NH4* concentration in surface water across all 25 sites was 0.067 mg/L, with some
individual values ranging up to 1.34 mg/L (Figure 9; Table 4). The mean NHjs*concentration at the
Reference site was 0.05 + 0.02 mg/L. There were 15 sites with high mean NH.* concentrations (> 0.06
mg/L), seven of which were significantly higher than the Reference site (Mann-Whitney U, p < 0.05),
including Billy Creek (0.24 + 0.06 mg/L), Hendry Creek (0.10 £ 0.01 mg/L), Heritage Farms (0.36 + 0.05
mg/L), Ligon Court (0.61 + 0.30 mg/L), Overlook Drive (0.36 £ 0.08 mg/L), Page Park (0.09 + 0.01 mg/L),
and Summerwood Drive (0.60 + 0.17 mg/L). Additionally, we identified eight NH4* rich sites with mean

NH4":NOx > 2, including Heritage Farms (2.2), Lake McGregor (6.82), Ligon Court (18.46), Overlook
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Drive (3.76), Pine Island (2.15), Pine Island 02 (2.84), San Carlos Park (22.63), and Summerwood Drive
(95.16). NH4* concentrations in the dry season (0.12 + 0.02 mg/L) were significantly lower than
concentrations in the wet season (0.15 = 0.02 mg/L; Mann-Whitney U, p < 0.001).
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Figure 9. Ammonium (NH4*) concentrations in Lee County surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

The overall median NOx concentration in surface water across all 25 sites was 0.085 mg/L, with some
individual values ranging up to 0.487 mg/L (Figure 10; Table 4). The mean NOy concentration at the
Reference site was 0.14 = 0.05 mg/L. Billy Creek (0.24 £+ 0.05 mg/L) was the only site with a high mean
NOx concentration (> 0.21 mg/L), although the difference from the Reference site was not statistically
significant (Mann-Whitney U, p = 0.272). Summerwood Drive (0.009 £ 0.003 mg/L) was the only site with
a low mean NOy concentration (< 0.02 mg/L) and the only site with a significantly lower mean NOy
concentration than the Reference site (Mann-Whitney U, p = 0.007). The NOx concentration across all sites
was 0.11 mg/L in both wet and dry seasons and there was no significant difference between seasons (Mann-
Whitney U, p =0.75).
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Figure 10. Nitrate + nitrite (NOx) concentrations in Lee County surface water. Whiskers show the maximum and minimum
measured concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green
shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference
site (Mann-Whitney U, p < 0.05).

The overall median DIN concentration in surface water across all 25 sites was 0.186 mg/L, with some
individual values ranging up to 1.35 mg/L (Figure 11; Table 4). The mean DIN concentration at the
Reference site was 0.189 + 0.069 mg/L. There were six sites with high mean DIN concentrations (> 0.271
mg/L), including Billy Creek (0.474 + 0.090 mg/L), Heritage Farms (0.555 + 0.047 mg/L), Ligon Court
(0.682 £ 0.335 mg/L), Overlook Drive (0.465 + 0.097 mg/L), San Carlos Park (0.300 = 0.018 mg/L), and
Summerwood Drive (0.608 £ 0.171 mg/L). However, of these sites, only Billy Creek, Heritage Farms, and
Overlook Drive had significantly higher DIN concentrations than the Reference site (Mann-Whitney U, p
< 0.05). Although Ligon Court had the highest mean DIN concentration of any site, the difference between
the Reference site was not statistically significant (Mann-Whitney U, p = 0.111). There were no sites with
a low mean DIN concentration (< 0.033 mg/L). Likewise, there were no sites with a significantly lower
mean DIN concentration than the Reference site. DIN concentrations in the dry season (0.229 + 0.025

mg/L) were significantly lower than in the wet season (0.259 + 0.020 mg/L; t-test, p = 0.04).
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Figure 11. Dissolved inorganic nitrogen (DIN) concentrations in Lee County surface water. Whiskers show the maximum and
minimum measured concentration at each site. The line in each box shows the median concentration at each site. The red, yellow,
and green shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the
Reference site (Mann-Whitney U, p < 0.05).

The overall median SRP concentration in surface water across all 25 sites was 0.045 mg/L, with some
individual values ranging up to 0.32 mg/L (Figure 12; Table 4). The mean SRP concentration at the
Reference site was 0.075 £ 0.013 mg/L. There were nine sites with high mean SRP concentrations (> 0.081
mg/L), including Billy Creek (0.127 + 0.019 mg/L), Daughtry Creek (0.139 £ 0.027 mg/L), Laurelin Court
(0.094 £ 0.021 mg/L), Mobile Manor (0.138 + 0.035 mg/L), Orange River (0.104 + 0.016 mg/L),
Summerwood Drive (0.098 + 0.019 mg/L), Waterway Estates 01 (0.127 + 0.024 mg/L), Waterway Estates
02 (0.092 £ 0.016 mg/L), and Yacht Club (0.086 £ 0.016 mg/L). Of these sites, only Daughtry Creek had a
significantly higher mean SRP concentration than the Reference site (Mann-Whitney U, p = 0.043). There
were 11 sites with significantly lower mean SRP concentrations than the Reference site (Mann-Whitney U,
p < 0.05). The mean wet season SRP concentration (0.075 £ 0.004 mg/L) was significantly higher than the
mean dry season SRP concentration (0.047 = 0.007 mg/L; Mann-Whitney U, p = 0.01).
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Figure 12. Soluble reactive phosphorus (SRP) concentrations in Lee County surface water. Whiskers show the maximum and
minimum measured concentration at each site. The line in each box shows the median concentration at each site. The red, yellow,
and green shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the
Reference site (Mann-Whitney U, p < 0.05).

The overall median DIN:SRP in surface water across all 25 sites was 9.6, with individual values ranging
from 0.4 to 240 (Figure 13; Table 4). The mean DIN:SRP in surface water at the Reference site was 5.2 +
1.7. There were seven sites with a high mean DIN:SRP (> 32), including Briarcliff (140.4 + 24.4), Heritage
Farms (82.7 + 19.2), Ligon Court (59.9 + 21.6), Overlook Drive (54.5 £ 27.0), Page Park (44.3 + 8.7), San
Carlos Park (74.0 £ 13.7), and Tidewater Island 02 (38.3 £ 3.3). Additionally, the mean DIN:SRP ratio at
all seven of these sites was significantly higher than the Reference site (Mann-Whitney U, p < 0.05). Hendry
Creek (30.6 + 15.6), Lake McGregor (16.5 = 4.4), and Tidewater Island 01 (29.7 + 5.7) also had mean
DIN:SRP that were significantly higher than the Reference site, but in the moderate range (8 — 32). Apart
from the Reference site, there were nine other sites with a low mean DIN:SRP (< 8), including Daughtry
Creek (3.0 £ 0.8), Deep Lagoon (4.3 £ 1.1), Laurelin Court (6.4 = 1.2), Mobile Manor (5.1 £+ 1.2), North
Town & River (4.2 £ 1.3), Orange River (6.3 + 0.9), Waterway Estates 01 (4.6 £ 0.9), Waterway Estates
02 (4.4 £ 1.1), and Yacht Club (4.3 £ 0.9). However, the differences between these sites and the Reference
site were not statistically significant (Mann-Whitney U, p > 0.05). There were no significant differences in
mean DIN:SRP between the dry season (29.1 + 4.7) and wet season (23.5 = 3.9; Mann-Whitney U, p =
0.83).
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Figure 13. Dissolved inorganic nitrogen to soluble reactive phosphorus ratio (DIN:SRP) in Lee County surface water. Whiskers
show the maximum and minimum measured ratio at each site. The line in each box shows the median concentration at each site.
The red, yellow, and green shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant
difference from the Reference site (Mann-Whitney U, p < 0.05).

The overall median TKN concentration in surface water across all 25 sites was 0.9 mg/L, with individual
values ranging up to 3.3 mg/L (Figure 14; Table 4). The mean TKN concentration at the Reference site was
0.96 + 0.10 mg/L. There were five sites with high mean TKN concentrations (> 1.10 mg/L). Of these sites,
four had mean TKN concentrations that were significantly higher than the Reference site (Mann-Whitney
U, p < 0.05), including Heritage Farms (1.36 £ 0.07 mg/L), Ligon Court (2.67 £ 0.41 mg/L), Overlook
Drive (2.08 £ 0.19 mg/L), and Summerwood Drive (1.60 + 0.20 mg/L). Page Park (0.53 £+ 0.03 mg/L) and
San Carlos Park (0.59 + 0.06) had significantly lower mean TKN concentrations than the Reference site
(Mann-Whitney U, p < 0.05), although these concentrations were still in the moderate range. There were
no sites with a low mean TKN concentration (< 0.52 mg/L). There were no significant differences in mean
TKN concentrations between the dry season (0.94 + 0.05 mg/L) and wet season (1.06 + 0.04 mg/L; t-test,
p =0.057).
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Figure 14. Total Kjeldahl nitrogen (TKN) concentrations in Lee County surface water. Whiskers show the maximum and minimum
measured concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green
shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference
site (Mann-Whitney U, p < 0.05).

The overall median TN concentration in surface water across all 25 sites was 1.00 mg/L, with individual
values ranging up to 3.4 mg/L (Figure 15; Table 4). Concentrations of TN exceeding the FDEP 62-302 ten
percent threshold value for peninsular streams (> 1.54 mg/L) were detected in 12% of all samples collected
during this study and at least once at 38% of sites with septic systems. The mean TN concentration at the
Reference site was moderate (1.10 £ 0.14 mg/L). Four sites exhibited a high mean TN concentration which
exceeded FDEP standards, including Heritage Farms (1.58 + 0.07 mg/L), Ligon Court (2.73 = 0.41 mg/L),
Overlook Drive (2.19 + 0.19 mg/L), and Summerwood Drive (1.60 + 0.20 mg/L). Of these sites, all except
Summerwood Drive had mean TN concentrations which were significantly higher than the Reference site
(Mann-Whitney U, p < 0.05). Mean TN concentrations at Page Park (0.60 + 0.03 mg/L) were significantly
lower than the Reference site (Mann-Whitney U, p = 0.018). Page Park was the only site with a low mean
TN concentration (< 0.69 mg/L). The mean TN concentration in the dry season (1.05 + 0.05 mg/L) was not

significantly different from the wet season (1.17 £ 0.04 mg/L; t-test, p = 0.088).
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Figure 15. Total nitrogen (TN) concentrations in Lee County surface water. Whiskers show the maximum and minimum measured
concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded
areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site
(Mann-Whitney U, p < 0.05).

The overall median TP concentration in surface water across all 25 sites was 0.091 mg/L, with individual
values ranging up to 0.380 mg/L (Figure 16; Table 4). Concentrations of TP exceeding the FDEP 62-302
ten percent threshold value for peninsular streams (> 0.12 mg/L) were detected in 35% of all samples
collected during this study and at least once at 64% of all sites, including the Reference site. The mean TP
concentration at the Reference site was 0.114 + 0.016 mg/L. Mean TP concentrations that exceeded FDEP
standards were observed at 11 sites. Of these, three sites had significantly higher mean TP concentrations
than the Reference site (Mann-Whitney U, p < 0.05), including Billy Creek (0.233 + 0.029 mg/L), Mobile
Manor (0.219 £ 0.028 mg/L), and Overlook Drive (0.184 + 0.019 mg/L). Eight sites had significantly lower
mean TP concentrations than the Reference site (Mann-Whitney U, p < 0.05), including Briarcliff (0.032 £
0.004 mg/L), Hendry Creek (0.064 £ 0.004 mg/L), Heritage Farms (0.065 + 0.009 mg/L), Page Park (0.035
+ 0.005 mg/L), Pine Island (0.050 + 0.004 mg/L), San Carlos Park (0.036 + 0.004 mg/L), Tidewater Island
01 (0.031 £ 0.003 mg/L), and Tidewater Island 02 (0.048 £+ 0.015 mg/L). The mean TP concentration in the
dry season (0.096 £+ 0.007 mg/L) was significantly lower than the mean TP concentration in the wet season
(0.123 + 0.008 mg/L; Mann-Whitney U, p = 0.02).
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Figure 16. Total phosphorus (TP) concentrations in Lee County surface water. Whiskers show the maximum and minimum
measured concentration at each site. The line in each box shows the median concentration at each site. The red, yellow, and green
shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference
site (Mann-Whitney U, p < 0.05).

The overall median TN:TP in surface water across all 25 sites was 27, with individual values ranging from
5to 115 (Figure 17; Table 4). The mean TN:TP at the Reference site was 22 + 2. There were ten sites with
a high mean TN:TP (> 32), of which nine were significantly higher than the Reference site (Mann-Whitney
U, p < 0.05), including Briarcliff (67 + 8), Hendry Creek (32 % 2), Heritage Farms (59 + 6), Ligon Court
(60 £ 17), Page Park (43 £ 6), Pine Island (39 * 3), San Carlos Park (50 £ 7), Tidewater Island 01 (60 = 7),
and Tidewater Island 02 (51 £ 6). Pine Island 02 (32 + 3) had a mean TN:TP that was significantly higher
than the Reference site (Mann-Whitney U, p = 0.023), but in the moderate range (8 — 32). Although no sites
had a low mean TN:TP (< 8), Billy Creek (14 + 2), Daughtry Creek (13 + 2), and Mobile Manor (9 + 1)
were all significantly lower than the Reference (Mann-Whitney U, p < 0.05). The mean TN:TP in the dry
season (34 + 2) was not significantly different from the wet season (30 + 2; Mann-Whitney U, p = 0.19).
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Figure 17. Total nitrogen to total phosphorus ratio (TN:TP) in Lee County surface water. Whiskers show the maximum and
minimum measured ratio at each site. The line in each box shows the median concentration at each site. The red, yellow, and green
shaded areas represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference
site (Mann-Whitney U, p < 0.05).

The overall median §**N-NOs™ value in surface water across all 25 sites was +4.4%o, with individual values
ranging from -6.5 to +14.5%o (Figure 18; Table 4). §*®N-NOs" values in the range of human waste (> +7%o)
were detected in 17% of all samples and at least once at 46% of sites with septic systems. The mean
dissolved 8°N-NOjs value at the Reference site was +4.76 + 0.80%o. There were three sites with a mean
8®N-NOjs value in the range of human waste (> +7%o), including Fort Myers Shores (+10.73 £ 1.76%o),
Mobile Manor (+8.76 = 1.01%o), and Page Park (+9.66 + 0.21%0). Additionally, all these sites had a mean
8°N-NOs" value that was significantly higher than the Reference site (Mann-Whitney U, p < 0.05). There
were four sites with a low mean 3°®N-NOj value (< +2%o), including Overlook Drive (+0.39 = 0.684%o),
Pine Island (+1.01 % 0.10%o), Pine Island 02 (+0.22 % 0.98%.), and San Carlos Park (-2.19 + 4.29%o).
However, of these sites, only Overlook Drive had a mean §°N-NOs" value that was significantly lower than
the Reference site (Mann-Whitney U, p = 0.03). Only two of eight samples each for Pine Island, Pine Island
02, and San Carlos Park were analyzed for 3'°N-NO3" because in all other samples from these sites the NOy
concentration was not high enough to meet the minimum threshold required for analysis (0.04 mg/L). No
samples from Summerwood Drive were assessed for §°N-NO3 due to low NOy concentrations and Ligon
Court was not assessed for §*°N-NO3" due to no overlapping sampling dates. There were no significant
differences in mean 8°N-NOj values between the dry season (+4.27 £ 0.52%o) and wet season (+4.96 +

0.44%o; t-test, p = 0.312).
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Figure 18. Nitrate isotope (5°N-NOsz") values in Lee County surface water. Whiskers show the maximum and minimum measured
value at each site. The line in each box shows the median concentration at each site. The red, yellow, and green shaded areas
represent high, moderate, and low classifications. Asterisks (*) indicate a significant difference from the Reference site (Mann-

Whitney U, p < 0.05).
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Table 4. Nutrient concentrations and ratios, as well as nitrate isotope values (mean * standard error) measured in surface water at each site within the Lee County study area.
Green up arrows indicate a mean that is significantly higher than the Reference site. Red down arrows indicate a mean that is significantly lower than the Reference site (Mann-
Whitney U, p < 0.05).

. NH," NO, TKN DIN SRP ™N ™ §°N-NO;
Site Name DIN:SRP TN:TP
(mg/Las N) (mg/Las N) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%o)

Reference 0.05 + 0.02 0.14 + 0.05 0.96 + 0.10 0.19 # 0.07 0.07 + 0.01 5+2 1.10  0.14 0.11 + 0.02 22.0 + 2.0 +4.8 + 0.8
Billy Creek 0.24 £ 0.06 0.24 * 0.05 1.05 + 0.06 0.47 £ 0.09 #p 0.13 + 0.02 1+3 1.30 + 0.09 023+003 fh 142+22 W +282+11
Briarcliff 0.06 + 0.01 0.09 + 0.02 0.79 + 0.03 0.16 + 0.03 000+000 M 140+244n  0.88 £ 0.03 003+0004 8 67.4+78 # +43+05
Daughtry Creek 0.06 + 0.01 0.09 * 0.02 0.89 * 0.07 0.15 + 0.03 0.14 + 0.03 #p 321 0.97 + 0.07 0.19 + 0.03 127+18 ¥ +61+1.0
Deep Lagoon 0.04 + 0.01 0.08 + 0.04 0.89 * 0.10 0.12 + 0.04 0.05 + 0.01 4+1 0.96 + 0.11 0.08 + 0.01 27.2 22 +4.4 + 0.6
Ft Myers Shores 0.04 + 0.01 0.14 + 0.03 0.82 + 0.07 0.18 + 0.04 0.06 + 0.02 9+2 0.96 + 0.10 0.09 + 0.02 27.9 + 4.8 +107 £ 1.8
Hendry Creek 0.10 + 0.01 #p 0.07 + 0.01 0.84 + 0.03 0.17 + 0.02 0.02 + 0.00 Wk 31+16 091 + 0.02 006 +0004 M 325+19 #Ah +43+06
Heritage Farms 0.36 + 0.05 #h 0.19 * 0.03 1.36 + 0.07 fp 0.56 + 0.05 #p 0.03 £ 0.01 W 83+ 19 fh  1.58 + 0.07 006001 ¥ 588+59 #fh +26+15
Lake McGregor 0.13 # 0.03 0.09 * 0.04 0.77 + 0.02 0.22 + 0.07 0.03 +0.01 W 17+4 Ar 086+ 0.05 0.07 + 0.01 324 + 7.7 +3.9 % 1.6
Laurelin Court 0.06 + 0.01 0.16 + 0.02 1.12 + 0.07 0.22 + 0.03 0.09 + 0.02 6+1 1.27 + 0.09 0.16 + 0.02 19.9 + 2.3 +4.6 + 0.8
Ligon Court 0.61 + 030 #p 0.07 + 0.04 2.67 + 0.41 A 0.68 + 0.34 0.03 + 0.01 Wk 60 £22 Ah 273 + 0.41 A 0.12 + 0.04 59.6 + 16.8 #h No Data
Mobile Manor 0.04 + 0.01 0.17 + 0.03 0.65 + 0.03 Ah 0.21 + 0.03 0.14 + 0.04 5+1 0.82 + 0.04 0.22 + 0.03 #h 90+09 W +88+10 #
North Town 0.03 # 0.01 0.10 * 0.05 0.90 * 0.08 0.13 * 0.05 0.06 + 0.01 4+1 1.00 £ 0.11 0.09 + 0.01 259 + 2.3 +5.0 £ 0.9
Orange River 0.05 + 0.01 0.20 + 0.03 1.03 + 0.02 0.25 + 0.02 0.10 + 0.02 6+1 1.25 + 0.03 0.14 + 0.02 20.9 + 2.2 +4.4 + 0.9
Overlook Drive 0.36 + 0.08 #h 0.10 + 0.02 2.08 + 0.19 #h 0.46 + 0.10 #p 0.05 + 0.01 55 +27 Ah 219 + 0.19 A 0.18 + 0.02 Hp 285+ 3.2 +04+07 Wb
Page Park 0.09 + 0.01 #p 0.08 + 0.02 0.53 + 0.03 Wy 0.17 + 0.02 0.01 + 0.00 Wk 44+9 Ap 060 + 0.03 W 003+000 W 432+61 #h +97:02 #p
Pine Island 0.06 + 0.02 0.03 + 0.01 0.83 + 0.07 0.09 + 0.03 0.02 +0.00 W 9+2 0.86 + 0.07 005+000 ¥ 386+28 #Ah +1.0+01
Pine Island 02 0.10 # 0.05 0.04 + 0.02 0.95 + 0.08 0.14 * 0.07 0.03 +0.01 W 8+2 0.99 # 0.10 0.07 % 0.01 316 +26 #Ah +02+£1.0
San Carlos Park 0.17 + 0.05 0.12 + 0.05 0.59 + 0.06 W 0.30 + 0.02 0.01 £+ 0.00 Wk 74+ 14 fh  0.71 + 0.05 004+000 ¥ 500%73 #fh -22+43
Summerwood Dr 0.60 = 0.17 #h 0.01 * 0.00 1.60 + 0.20 #p 0.61  0.17 0.10 * 0.02 15+ 4 1.60 + 0.20 0.16 + 0.02 229126 No Data
Tidewater Is| 01 0.06 + 0.01 0.05 + 0.01 0.72 + 0.05 0.11 + 0.02 0.01 + 0.00 W 30+6 Ah 078 £ 0.05 003+000 ¥ 599+71 #h +43+04
Tidewater Isl 02 0.05 + 0.01 0.06 + 0.01 0.82 + 0.12 0.11 + 0.02 0.01 £ 0.00 W 38+3 b 0.88+0.11 005+001 ¥ 506+65 #h +3.7%09
Waterway Ests 01 0.12 + 0.03 0.15 + 0.04 1.08 + 0.08 0.27 + 0.07 0.13 + 0.02 5+1 1.22 £ 0.12 0.18 + 0.03 17.5 + 2.5 +4.7 + 0.4
Waterway Ests 02 0.07 % 0.02 0.14 * 0.05 1.02 + 0.09 0.21 + 0.06 0.09 + 0.02 4+1 1.17 £ 0.14 0.14 + 0.02 20.6 + 2.8 +4.6 + 0.6
Yacht Club 0.04 + 0.01 0.10 * 0.01 1.02 + 0.05 0.14 + 0.02 0.09 + 0.02 4+1 1.11 £ 0.06 0.13 + 0.02 20.5 + 2.2 +4.1 + 1.0




3.6 Spearman correlations

Spearman correlations revealed many significant relationships between variables (Table 6). Enterococci
concentrations were negatively correlated with salinity (Spearman r = -0.47, p < 0.001) and DO (Spearman
r =-0.37, p <0.001), but positively correlated with TN (Spearman r = 0.31, p < 0.001), TP (Spearman r =
0.33, p < 0.001), and NH4* (Spearman r = 0.48, p < 0.001). Enterococci was additionally positively
correlated with E. coli, NOy, DIN, TKN, and SRP (p < 0.05). E. coli concentrations were negatively
correlated with salinity (Spearman r = -0.24, p = 0.001) and DO (Spearman r = -0.24, p = 0.001), but
positively correlated with TP (Spearman r = 0.154, p = 0.03) and NH,* (Spearman r = 0.18, p = 0.01).
HF183 was positively correlated with enterococci (Spearman r = 0.32, p < 0.001), E. coli (Spearman r =
0.29, p <0.001), NH4" (Spearman r = 0.24, p = 0.001), and NOy (Spearman r = 0.15, p = 0.04). A negative
correlation between HF183 and salinity was also observed (Spearman r = -0.22, p = 0.002). NH4* exhibited
a positive correlation with rainfall (Spearman r = 0.32, p < 0.001) and negative correlation with salinity (r
=-0.31, p < 0.001). Additionally, NH" was positively correlated with BOD, NOy, DIN, TKN, SRP, and
TP, and negatively correlated with DO (p < 0.05). NOs™ was positively correlated with DIN, TKN, TN,
SRP, and TP, and negatively correlated with salinity (p < 0.05). TP exhibited a strong positive correlation
with TN (Spearman r = 0.6, p < 0.001). Sucralose was positively correlated with BOD, NH.*, DIN, TKN,
and TN (p < 0.05). HF183 was positively correlated with E. coli, enterococci, NH4*, NOy, and DIN, and
negatively correlated with DO, salinity, and temperature (p < 0.05).



Table 5. Matrix showing the Spearman Rank correlation coefficients (r) for water quality parameters tested.

Sucralose BOD HF183 E::,i:i) E. coli NH," NO, SRP TN TP Salinity Rainfall DO Temp
BOD 0.14
HF183 0.07 -0.05
Enterococci  0.09 0.06 0.32
E. coli -0.04 -0.10 0.29 0.70
NH,* 0.31 0.18 0.24 0.48 0.18
NO, 0.00 -0.19 0.15 0.23 0.08 0.21
SRP -0.12 0.01 -0.12 0.19 0.05 0.14 0.35
TN 0.20 0.26 0.01 0.31 -0.03 0.50 0.45 0.45
TP 0.00 0.17 -0.08 0.33 0.15 0.25 0.30 - 0.60
Salinity 0.03 0.05 -0.22 -0.47 -0.24 -0.31 -0.46 -0.12 -0.23 -0.18
Rainfall 0.05 0.27 -0.02 0.11 -0.06 0.32 0.03 0.19 0.27 0.19 -0.13
DO -0.10 -0.18 -0.34 -0.37 -0.24 -0.47 0.00 -0.04 -0.12 -0.10 0.27 -0.42
Temp -0.07 0.19 -0.14 -0.10 -0.13 0.05 -0.13 0.09 -0.01 0.08 0.05 0.72 -0.33
615N-N03' 0.06 -0.24 -0.05 0.11 0.25 -0.46 -0.16 -0.05 -0.53 -0.09 0.03 0.03 0.13 0.14
Negative No Positive
Correlation Correlation Correlation
[ |
r=-1 r=0 r=1



3.7 Particulate organic matter stable isotopes and elemental composition

The overall median C:N ratio in POM collected from surface water across all 25 sites was 8.5, with
individual values ranging from 2.4 to 27.7 (Figure 19). C:N ratios > 8 (indicating N-limitation) were
detected in 55% of all samples and at least once at 96% of sites, including the Reference site. The mean
C:N ratio at the Reference site was 8.3 + 1.0. There were 15 sites with a mean C:N ratio > 8. The highest
ratios were found at San Carlos Park (14.9 + 2.8), Billy Creek (13.1 £ 0.7), and Mobile Manor (12.6 + 1.1).
Billy Creek and Mobile Manor were the only sites with a mean C:N ratio that was significantly higher than
the Reference site (Mann-Whitney U, p < 0.05). C:N ratios < 6 (indicating C-limitation) were detected in
7% of all samples and at least once at 36% of sites, including the Reference site. There were no sites with
a mean C:N ratio < 6. There were no sites with a mean C:N ratio that was significantly lower than the
Reference site (Mann-Whitney U, p > 0.05). There were no significant differences in mean C:N ratios
between the dry season (9.5 + 0.4) and wet season (8.9 + 0.3; t-test, p = 0.23).
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Figure 19. Particulate organic matter (POM) carbon to nitrogen elemental ratios (C:N) in Lee County surface water. Whiskers
show the maximum and minimum measured value at each site. The line in each box shows the median concentration at each site.
The red, yellow, and green shaded areas represent N-limited, balanced, and C-limited nutrient regimes. Asterisks (*) indicate a
significant difference from the Reference site (Mann-Whitney U, p < 0.05).

The overall median N:P ratio in POM collected from surface water across all 25 sites was 14.9, with
individual values ranging from 1.8 to 148 (Figure 21). N:P ratios > 30 (indicating P-limitation) were
detected in 2% of all samples and at least once at 8% of sites with septic systems. The mean N:P ratio at
the Reference site was 11.8 = 1.7. There were four sites with a significantly higher mean N:P ratio than the
Reference site, including Briarcliff (17.7 + 0.8), Ligon Court (68.8 + 40.3), Overlook Drive (19.3 + 0.9),
and Tidewater Island 02 (20.6 £ 4.1). Ligon Court was the only site with a mean N:P ratio > 30. N:P ratios

< 15 (indicating N-limitation) were detected in 50.1% of all samples and at least once at 92% of sites,



including the Reference site. Billy Creek (6.9 + 2.7) and Mobile Manor (5.4 £ 0.8) were the only sites with
a mean N:P ratio that was significantly lower than the Reference site (Mann-Whitney U, p < 0.05). There
were no significant differences in mean N:P ratios between the dry season (16.2 + 1.8) and wet season (14.1
+ 0.6; t-test, p = 0.25).
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Figure 20. Particulate organic matter (POM) nitrogen to phosphorus elemental ratios (N:P) in Lee County surface water. Whiskers
show the maximum and minimum measured value at each site. The line in each box shows the median concentration at each site.
The red, yellow, and green shaded areas represent P-limited, balanced, and N-limited nutrient regimes. Asterisks (*) indicate a
significant difference from the Reference site (Mann-Whitney U, p < 0.05).

The overall median §*°N value in POM collected from surface water across all 25 sites was +4.1%o, with
individual values ranging from -3.8 to +16.0%o (Figure 22). POM %N values in the range of human waste
(> +4.9%0) were detected in 39% of all samples and at least once at 88% of all sites, including the Reference
site. There were 8 sites with a mean POM &*°N value in the range of human waste, including Deep Lagoon
(+6.0 = 0.8%o), Fort Myers Shores (+6.9 £ 1.9%o.), Lake McGregor (+5.3 + 0.8%o), Laurelin Court (+6.8 +
1.5%o0), North Town & River (+8.2 £ 1.5%o), Orange River (+5.6 + 1.0%o0), Waterway Estates 02 (+5.7
0.5%o), and the Reference site (+5.2 + 0.9%o0). There were no sites with a significantly higher mean POM
85N value than the Reference site. There were six sites with a mean POM 3*°N value that was significantly
lower than the Reference site (Mann-Whitney U, p < 0.05), including Billy Creek (+2.5 + 0.7%o), Briarcliff
(+2.5 £ 0.7%0), Daughtry Creek (+2.6 £ 1.0%0), Hendry Creek (+2.8 + 0.5%0), Heritage Farms (+1.4 *
0.5%o), and Pine Island 02 (+1.6 % 0.8%o). There were no significant differences in mean POM 3*°N values

between the dry season (+3.9 £ 0.3%o) and wet season (+4.1 + 0.3%o; t-test, p = 0.62).
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Figure 21. Particulate organic matter (POM) nitrogen stable isotopes (5'°N) in Lee County surface water. Whiskers show the
maximum and minimum measured value at each site. The line in each box shows the median concentration at each site. Values
above the dotted line indicate a human waste source. Asterisks (*) indicate a significant difference from the Reference site (Mann-

Whitney U, p < 0.05).

The overall median 3*3C value in POM collected from surface water across all 25 sites was -28.7%o, with
individual values ranging from -39.2 to -18.0%0 (Figure 23). Depleted POM &%C values indicating a
terrestrial origin (< -25%o) were detected in 90% of all samples and at least once at 96% of all sites,
including the Reference site. The mean POM 83C value at the Reference site was -26.8 + 0.4%o. Pine Island,
Pine Island 02, and Ligon Court were the only sites with a mean POM 8"3C value > -25%o. In the case of
Pine Island and Pine Island 02 this is likely reflective of a marine origin, whereas for Ligon Court this is
indicative of increased relative abundance of C,4 plants (St. Augustine grass, Stenotaphrum secundatum).
There were no significant differences in mean POM §'°C values between the dry season (-28.8 £ 0.4%o)

and wet season (-28.9 £ 0.3%o; t-test, p = 0.88).
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Figure 22. Particulate organic matter (POM) carbon stable isotopes (33C) in Lee County surface water. Whiskers show the
maximum and minimum measured value at each site. The line in each box shows the median concentration at each site. Values
below the dotted line indicate a terrestrial C source (Cs plants) and values above the dotted line indicate a marine or Cs plant C
source. Asterisks (*) indicate a significant difference from the Reference site (Mann-Whitney U, p < 0.05).

3.8 Macrophyte stable isotopes and elemental composition

Elemental (C:N:P) and isotopic (83C and &™N) composition of macrophyte tissue collected
opportunistically from Lee County waterbodies is displayed in Table 5. Molar C:N ratios ranged from 11.3
to 32.5 with a median value of 14.8. Molar N:P ratios ranged from 12.5 to 64.4 with a median value of 21.9.
There were no C-limited macrophytes (C:N < 6). N-limited macrophytes are identified by a C:N ratio > 8
and N:P ratio < 15. P-limited macrophytes are identified by a N:P ratio > 30. Stable carbon isotope values
(8**C) ranged from -37.6 to -11.7%o with a median value of -24.0%o. Depleted POM &'3C values < -25%o
indicate a terrestrial origin. Values > -25%o likely indicate a marine origin for Fort Myers Beach. For all
other sites (freshwater), POM &C values > -25%o indicate a C4 plant origin (e.g., St. Augustine grass,
Stenotaphrum secundatum). Stable nitrogen isotope values (8'°N) ranged from +3.9 to +18.4%o with a

median value of +8.8%.. Human waste influence is indicated by §*°N values > 4.9%o.
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Table 6. Macrophyte elemental (C:N:P) and isotopic (5'*C and §*°N) composition (mean + standard error). The algal mats found
at several sites are nondescript filamentous algae.

Site Species C:N N:P 83C (%o) 8N (%o)
Briarcliff Algal mat 25.2 £ 0.3 58.7 + 3.2 -17.4 £ 0.2 +4.6 = 0.0
Fort Myers Beach Hydropuntia secunda 13.7 + 0.2 17.0 £ 0.8 -23.9 £ 0.1 +4.5 £ 0.1
Fort Myers Beach Ulva lactuca 319 £ 0.5 25.5 + 0.7 -20.7 £ 0.4 +4.6 £ 0.1
Heritage Farms Algal mat 16.8 £ 1.2 285 + 2.9 -18.6 £ 0.6 +9.4 + 0.1
Heritage Farms Pistia stratiotes 14.2 £ 0.1 19.9 + 0.2 -30.3 £ 0.1 +13.4 £ 0.2
Lake McGregor Cladophora prolifera  13.8 + 0.2 23.4 £ 0.5 -36.8 £ 0.4 +9.5 £ 0.2
Lake McGregor Hydrilla verticillata 11.7 £ 0.1 17.0+ 0.4 -37.3 1+ 0.1 +8.0 £ 0.4
Mobile Manor Halodule wrightii 12.0 £ 0.2 148 £ 14 -31.4 £ 0.1 +11.1 £ 0.0
Overlook Drive Algal mat 18.2 £ 0.9 279 £ 5.5 -12.0 £ 0.2 +5.9 + 0.2
Page Park Algal mat 209 + 1.8 349+ 11 -18.8 + 0.9 +7.8 £ 0.6
San Carlos Park Pistia stratiotes 159 + 0.4 219 + 0.8 -29.1 £ 0.2 +8.4 + 1.3
Summerwood Drive  Algal mat 15.4 + 0.8 19.6 £ 2.6 -19.2 £ 0.5 +7.4 + 1.3
Summerwood Drive  Pistia stratiotes 12.8 + 0.1 13.8 £+ 04 -283 + 0.1 +9.0 £ 0.1
Overall Average 17.0 + 0.6 25.0 + 1.3 -24.8 + 0.9 +8.0 + 0.4
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4. Discussion

This study provides the first extensive evaluation of water quality parameters to assess human waste
contamination in Lee County surface waters. Indicators of human waste influence, such as high fecal
bacteria, HF183, chemical tracers, elevated NH4* concentrations, and elevated §°N-NOs™ values, were
observed at many of the study sites. Many of these indicators were not found to be seasonally variable,
which demonstrates the influence of human waste contamination throughout the year. A detailed analysis

of the results is provided for each individual site in the Appendix of this report.

4.1 Fecal indicator bacteria

Fecal indicator bacteria concentrations exceeding the FDEP 62-302 ten percent threshold value for Class
111 waters were detected in 66% of samples collected during this study with no seasonal variability. The
highest bacterial counts were found at Billy Creek, Lake McGregor, Ligon Court, and Overlook Drive.
Bacteria at these sites often exceeded the upper limits of detection. Common sources of enterococci and E.
coli include septic systems, aging sewer infrastructure, wastewater treatment plant effluent, animal waste,
and other environmental sources (Byappanahalli et al., 2012). In this study, NH4" significantly correlated
with enterococci (r = 0.48) and E. coli (r = 0.18), suggesting a common source. Septic systems adjacent to
Lake McGregor, Ligon Court, and Overlook Drive may contribute to the high bacterial counts observed at
these sites. Enterococci and E. coli can survive wastewater treatment and can be found in wastewater
treatment plant effluent and reclaimed water (Nagulapally et al., 2009; Carey et al., 2016). However,
wastewater treatment plants that utilize chlorination in tertiary treatment have demonstrated effectiveness
in reducing these bacteria to undetectable levels (Tree et al., 2003; Goldstein et al., 2014). Municipal
wastewater treatment in Lee County utilizes chlorination. Therefore, it is unlikely that wastewater treatment
plant effluent is a significant contributor of bacteria in the study area. By extension, reclaimed water
application is also an unlikely source of bacteria in the study area because this too receives chlorination
during treatment. Apart from the Reference site, other sites with low concentrations of fecal indicator
bacteria include Briarcliff, Deep Lagoon, North Town & River, Pine Island, Pine Island 02, and Yacht Club.
Of all sites sampled in this study, Deep Lagoon, North Town & River, Pine Island, and Pine Island 02 had
the greatest marine influence, with mean salinities >10 ppt (mean salinity at the Reference site was 7.2).
Negative correlations have been reported between salinity and fecal indicator bacteria (Lapointe et al.,
2012; Price et al., 2021). Further, in the presence of ultraviolet radiation, E. coli survival rates have been
shown to decline sharply as salinity increases above 10 ppt (Chan and Killick, 1995). This agrees with the

results from this study, as we found that salinity was negatively correlated with enterococci and E. coli



concentrations in surface water samples. This suggests that, although fecal indicator bacteria concentrations
are low at these marine influenced sites, this may be explained by low survival rates rather than decreased
loading. It has also been shown that dilution from tidal flushing plays a role (Coelho et al., 1999; Wilhelm
et al., 2002; Mill et al., 2006). Enterococci and E. coli concentrations in surface water are often positively
correlated with rainfall (Lipp et al., 2001; Stumpf et al., 2010; Mance et al., 2021). However, no such
correlations between fecal indicator bacteria and rainfall were found in this study, even when sites with
mean salinities >5 ppt were excluded from analysis. Further, there were no seasonal differences observed
in fecal indicator bacteria concentrations. These observations may be attributed to a lack of sampling in
May or June (due to COVID-19 travel restrictions). It is possible that if our sampling had captured the “first
flush” of the wet season, we might have observed a relationship between fecal indicator bacteria and
rainfall. Fecal indicator bacteria populations also tend to increase in the environment where P
concentrations are high (Lebaron et al., 1999; Ishii et al., 2006; He et al., 2007; Toothman et al., 2009;
Surbeck et al., 2010; Chudoba et al., 2013; Mallin and Cahoon, 2020). Therefore, at sites with high P,
enterococci and E. coli populations may not be indicative of recent human waste pollution; rather, these
populations are sustained by P inputs that allow them to persist and grow in the environment. The results
from this study show a similar relationship, as enterococci and E. coli were positively correlated with TP.
The relationship between fecal indicator bacteria and the environment is demonstrably complex, as many
factors can affect concentrations in surface water. This highlights the importance of using additional

parameters to assess water quality.

HF183 was detected in half of the samples collected in this study and did not vary seasonally, indicating
year-round influence of human waste. Most sites had isolated or sporadic detections of HF183 in high
concentrations, but two sites had consistently high concentrations: Heritage Farms and San Carlos Park.
The San Carlos Park site was located in a residential neighborhood with high densities of septic systems.
Therefore, it is likely that the high concentrations of HF183 observed at this location originated from septic
system leachate. The Heritage Farms site was also near septic systems that may have been the source of
HF183 at this location. However, septic systems adjacent to the Heritage Farms site are relatively sparse.
Reclaimed water application on the adjacent golf course represents another potential HF183 source. The
highest concentrations of HF183 were detected at Tidewater Island 02 (23,700 copies/100mL, September
2020) and Summerwood Drive (10,700 copies/mL, January 2021). While these were isolated events and
may not represent a chronic issue, these extremely high detections demonstrate that periodic human waste
inputs occur at these locations. HF183 was positively correlated with enterococci and E. coli, confirming
that a significant portion of these bacterial detections originate from a human waste source. Positive
correlations with HF183 were also observed for NH4*, further connecting these detections and N loading to
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human waste, as NH," concentrations in untreated sewage and septic system effluent are generally high
(Heaton et al., 2012). A negative correlation between HF183 and salinity was also observed. This is in
alignment with other studies (Mika et al., 2014) and may be explained by higher dilution at sites with tidal
flushing rather than decreased loading from human waste sources.

4.2 Using chemical tracers to identify human waste sources

Sucralose concentrations in Lee County surface waters were generally high and positively correlated with
NH4* (Spearman r = 0.31, p < 0.001). Prior studies have found a similar relationship between sucralose and
NH4* that was attributed to non-functioning, poorly sited septic systems (Lapointe et al., 2017; Herren et
al., 2021). High concentrations of sucralose (>380 ng/L) were found in 54% of samples and at least once at
every site, except Billy Creek, Daughtry Creek, Pine Island, Pine Island 02, and Yacht Club. The highest
and most consistent sucralose concentrations were found at Heritage Farms, Ligon Court, Mobile Manor,
and Overlook Drive. The Mobile Manor site is in a drainage ditch adjacent to a residential community with
very high densities of septic systems, thus the sucralose observed here is likely attributable to human waste
contamination from septic systems. Heritage Farms, Ligon Court, and Overlook Drive are all also adjacent
to septic systems, but the density is lower. Additional sources of sucralose may also exist at these sites,
including reclaimed water application on nearby golf courses or leaky municipal sewer infrastructure.
Therefore, sucralose concentrations alone may not be enough to determine the exact human waste source(s)

affecting these sites.

Other chemical tracers of human waste were found in surface waters throughout Lee County.
Carbamazepine was detected at least once at every site, except Billy Creek, Briarcliff, Fort Myers Shores,
Lake McGregor, Pine Island, Pine Island 02, and Summerwood Drive. The highest concentrations were
observed at Page Park (12 ng/L). Septic system leachate is a likely source of carbamazepine at many of
these sites, but alternative sources also are possible, such as reclaimed water runoff, leaky sewer
infrastructure, and background concentrations in the Caloosahatchee River from upstream sources, such as
wastewater treatment plant effluent. Carbamazepine concentrations in wastewater are usually around 1
mg/L (Fenz et al., 2005). Accordingly, carbamazepine is a useful indicator of human waste contamination,
but it is not useful for differentiating between septic system effluent and treated municipal wastewater
sources. Prior studies have found carbamazepine in both septic system and municipal wastewater treatment
effluent (Godfrey et al., 2007; Luo et al., 2014). Carbamazepine detection rates of 23% are reported in soil
pore water contaminated by septic system effluent (Yang et al., 2017), whereas detections in treated
wastewater are much higher due to low removal efficiencies (<10%; Ternes, 1998; Zhang et al., 2008). By

contrast, wastewater treatment removal efficiencies >90% are reported for acetaminophen and ibuprofen
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(Clara et al., 2005; Joss et al., 2006; Santos et al., 2007; Kasprzyk-Hordern et al., 2009; Du et al. 2014).
Acetaminophen removal in septic systems is much lower, as the reported detection rate in septic system
effluent is in the range of 53 — 83% (James et al., 2016; Yang et al., 2017). This makes acetaminophen a
useful tracer of septic system contamination, especially where multiple wastewater pollution sources exist.
Unfortunately, its usefulness is limited because dilution in surface water causes concentrations to rapidly
fall below detection limits. Even in the highly impaired Hudson River acetaminophen detection rates are
low and, of those detections that are found nearest human waste sources, concentrations are extremely low
(< 18 ng/L; Cantwell et al., 2018). These limitations are reflected in the results of this study, as
acetaminophen was only detected in 2% of samples. These detections occurred at Lake McGregor (33
ng/L), Briarcliff (21 ng/L), Hendry Creek (9 ng/L), and Daughtry Creek (9 ng/L). Thus, these
acetaminophen detections provide strong evidence of human waste contamination via septic system effluent

at these sites.

4.3 Nutrients and stable isotopes

Moderate to high concentrations of TN were observed throughout Lee County with no seasonal variability.
Consistently high TN concentrations occurred at Heritage Farms, Ligon Court, and Overlook Drive. Nearby
septic systems may be a contributing source of TN, as septic system effluent typically averages ~60 mg/L
(Robertson et al., 2012). However, septic system densities at Heritage Farms, Ligon Court, and Overlook
Drive are not high when compared to other sites in this study which have lower TN concentrations. For
example, San Carlos Park and Mobile Manor have very high septic density and no nearby application of
reclaimed water, but only moderate concentrations of TN (0.46 — 1.00 mg/L). Improperly functioning septic
systems directly adjacent to the Heritage Farms, Ligon Court, and Overlook Drive sites may account for
this discrepancy. Stormwater runoff is another potential source of TN, as other studies in Florida have found
TN concentrations in urban stormwater runoff typically average between 1 — 3 mg/L (Badruzzaman et al.,
2012; Jani et al., 2020). Notably, all three of the sites with high TN concentrations are adjacent to golf
courses on which fertilizers and/or reclaimed water are applied. Monthly average TN concentrations in
reclaimed water from the Fiesta Village Wastewater Treatment Plant that services this area range from 0.6
to 1.3 mg/L. Although nutrient uptake by turfgrass greatly reduces the amount of nitrogen that reaches
surface water through runoff (40 — 90% uptake; Sartain, 1985; Bowman et al. 2002; Wherley et al., 2009;
Stiegler et al., 2011), fertilizer and reclaimed water nitrogen sources may still contribute to the high TN
concentrations observed at these sites. Overall, mean TN concentrations were below the FDEP 62-302 ten
percent threshold value for Class Il waters. However, this study finds that there are limitations to

monitoring for only TN concentrations, as this ignores important N species such as NH4*.
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Moderate to high NH4* concentrations were also observed throughout Lee County with no seasonal
variability. Although no differences were observed between the wet and dry seasons, NH." was positively
correlated with rainfall and negatively correlated with salinity, indicating increased loading following rain
events. Nitrogen in septic system effluent is primarily in the form of NH4* and prior studies showed that
this reduced N form was 6.5-fold higher than NOs™ in North Fort Myers groundwater impacted by septic
systems (Lapointe et al., 2021). Improperly located septic systems in areas with high water tables and
porous sandy soils facilitate rapid transport of NH4* enriched groundwaters to nearby surface waters
(LeBlanc, 1985; Ptacek, 1998). In this study, we identified eight NH4* rich sites, including Heritage Farms,
Lake McGregor, Ligon Court, Overlook Drive, Pine Island, Pine Island 02, San Carlos Park, and
Summerwood Drive. Note that the three sites identified as having high TN (Heritage Farms, Ligon Court,
and Overlook Drive) are all included here, but examination of N speciation data revealed five additional
sites with potential human waste influence. This highlights the limitations of TN monitoring and the
advantage of including N speciation data (e.g. NH.*) in water quality analyses. Pine Island, Pine Island 02,
and San Carlos Park have high septic system density with no municipal sewer infrastructure nearby;
therefore, septic systems are likely the primary contributor of NH,* at these sites. While Pine Island and
Pine Island 02 were enriched in NH4*, the overall concentrations were lower compared to the other sites
listed above. This may be attributed to a dilution effect rather than reduced N loading, since these two sites
experience a greater influence of tidal pumping (Lapointe et al. 1990). The areas surrounding Heritage
Farms, Lake McGregor, Ligon Court, Overlook Drive, and Summerwood Drive are primarily serviced by
municipal sewer, but some septic systems are adjacent to these sites as well. The highest concentrations of
NH.* were detected at Summerwood Drive (up to 1.34 mg/L). Assuming proper functioning of municipal
sewer infrastructure, the most likely source of NHs" is nearby septic systems. While homes in the
Summerwood area are on relatively large lots resulting in low septic system density, placement of
drainfields close to surface water or high groundwater levels could explain the higher NH4" at this site.
Alternatively, the high NH.* observed here may be from another source, such as aging sewer infrastructure.
At other sites with high NH4*, such as Heritage Farms, Lake McGregor, Ligon Court, and Overlook Drive,
adjacent golf courses may also contribute NH4* to surface water through the application of fertilizers.
Depending on the level of treatment prior to application, secondary effluent that is used as reclaimed water
can be rich in NH," and poor in NOz™ (NH4* = 9.5 mg/L, NOs™ = 1.4 mg/L; Asano et al., 2007). However,
reclaimed water from the Fiesta Village Wastewater Treatment Plant is unlikely to serve as a significant

source of NH4* because it is treated to surface water discharge standards.

TP concentrations were moderate across all sites, but the highest concentrations approached 0.4 mg/L,
which is 3 times greater than the FDEP threshold for impaired waterbodies. Billy Creek, Mobile Manor,
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and Overlook Drive were identified as sites with consistently high TP concentrations and septic system
effluent is a likely P source at these sites. Mobile Manor has high density septic systems directly adjacent
and upstream of the site with no municipal sewer infrastructure. The areas surrounding Billy Creek and
Overlook Drive are primarily serviced by municipal sewer, but some septic systems are present directly
adjacent to both sites. Septic system effluent is P rich (Corbett et al., 2002; Efroymson et al., 2007) and
although soil adsorption may significantly reduce the amount of P that reaches groundwater and adjacent
surface water, improperly located septic systems in areas with high water tables and porous sandy soils may
facilitate rapid transport of unadsorbed P to nearby waterbodies. Further, installation of septic tanks in high
densities may cause the subsurface soil environment to transition from a P sink to a P source over long
periods of time as the soil becomes P saturated (Robertson et al., 1998; Robertson, 2008). Other potential
sources of P include fertilizers or natural weathering of soil minerals. A significant portion (if not the
majority) of dissolved phosphorus detected in this study may be derived from phosphate bearing geological
formations in or upstream from the Caloosahatchee River watershed (Odum, 1953). Nearby fertilizer
application on a golf course adjacent to Overlook Drive may also contribute to high TP. A gquantitative
analysis by Baris et al. (2010) found that 86% of surface water samples collected from waterbodies adjacent
to golf courses throughout the US were in exceedance of local water quality standards for P. Water quality
reports from the Fiesta Village Wastewater Treatment Plant that provides reclaimed water for this area
indicate that while their alum treatment for P removal is generally effective, resulting in effluent TP
concentrations < 0.1 mg/L, extended periods of high flow can yield concentrations up to 0.26 mg/L. TP
exhibited a strong positive correlation with TN, which is unsurprising given that these nutrients often

originate from a common source.

Stable nitrogen isotope values (3*°N) in dissolved NOs-, POM, and macrophytes suggest multiple nitrate
sources, including human waste, soil organics, and synthetic fertilizers (Kendall, 1998; Hinkle et al., 2008;
Aravena and Mayer, 2009; Zhang et al., 2018). The highest 5*°N values were detected at Fort Myers Shores
(up to +14.5%o0 in NOs and +16.0%0 in POM), Heritage Farms (up to 13.7%. in macrophytes), Laurelin
Court (up to +15.2%0 in POM) Mobile Manor (up to +11.3%o in NOs", +10.1%. in POM, and 11.1%. in
macrophytes), North Town & River (up to +13.7%o in POM), Page Park (up to +10.1%o in NO3’), San Carlos
Park (up to 18.4%o in macrophytes), and Summerwood Drive (up to 11.2%o in macrophytes). Based on
published N-isotope ranges, human waste is likely the primary source of N at these locations. This data is
in alignment with the land use directly upstream of many of these sites, which is mostly residential
communities serviced by septic systems. Other sources could include manure from livestock on upstream
pastureland or municipal sewer infrastructure. Although various bacterial and chemical human waste tracers
were detected at every site in this study, many of these sites exhibited moderate dissolved §°N values in
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the range of soil N. A few sites in this study exhibited low 8'°N values < +2%o in POM and NOs’, suggesting
fertilizers as the primary nitrate source. Due to frequently overlapping isotopic signals, §*°N data must be
analyzed in the context of other human waste indicator data to obtain a holistic picture of contaminant
sources at each site. Depleted §*3C values in POM (< -25%o) revealed that the primary C source for most
sites is Cs plants and therefore likely terrestrial in origin. By contrast, POM originating from C, plants or
marine organic matter is relatively more enriched (-13 to -23%.; Peterson and Fry, 1987; Lapointe et al.,
2021). Pine Island and Pine Island 02 were the most marine influenced sites sampled during this study.
Accordingly, these two sites had the highest mean §*3C values (-18 to -26%o). Ligon Court also had
somewhat enriched *3C values (-23 to -26%0) which may be explained by high relative abundance of St.
Augustine grass (Stenotaphrum secundatum), which is a C4 plant and therefore naturally enriched in 3*C
(about -13%eo; Peterson and Fry, 1987).

Fertilizers have previously been implicated as a significant contributor to HABs in Florida. Consequently,
policy makers have imposed residential fertilizer ordinances in several counties throughout the state
(Hochmuth et al., 2009), including Lee County. Unfortunately, in some coastal areas these ordinances have
not yielded the desired nutrient loading reductions, and water quality and HABs continue to worsen (Phlips
et al., 2015; Lapointe et al., 2020; Krimsky et al., 2021). Septic systems and other urban human waste
sources have been increasingly identified as another important factor contributing to HABs in Florida
(Lapointe et al., 2012, 2015, 2021). The present study finds that human waste sources contribute to nutrient
and bacteria loading in surface water throughout Lee County. This warrants close monitoring as these inputs
may drive HABs and hazardous conditions within the Caloosahatchee River Estuary and nearby coastal
waters. Overreliance on septic systems can result in elevated NH.* loading to groundwater and nearby
surface water (Lapointe et al., 2012, 2017, 2021); and because many primary producers prefer NH4* over
other N sources (Blomqvist et al., 1994; Beversdorf et al., 2015), this can play a critical role in the

development of HABs.

Nutrient loading from human waste sources may also cause stoichiometric shifts in C:N:P. Elemental C:N
ratios in POM samples were generally between 7 to 10 at most sites. The highest C:N values were found at
Billy Creek (up to 15.6 in POM), Mobile Manor (up to 16.5 in POM), and San Carlos Park (up to 27.7).
These elevated values (> 8) indicate N-limiting conditions. The highest DIN:SRP ratios were observed in
urban drainage ditches, while lower ratios were usually observed at sites within the Caloosahatchee River
Estuary. High DIN:SRP and TN:TP were observed in nearly a quarter of samples, specifically at Briarcliff,
Heritage Farms, Ligon Court, Page Park, San Carlos Park, Tidewater Island 01, and Tidewater Island 02.
Briarcliff had the highest DIN:SRP (up to 240) and TN:TP (up to 115) values. Notably, N:P ratios in POM
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and macroalgae rarely exceeded 30, indicating that these samples are not P-limited. This is expected since
the geology in Lee County is P-rich. These data indicate that nitrogen is the most limiting nutrient in Lee
County surface waters. The high NH4* concentrations in conjunction with low N:P ratios observed in this
study provide favorable conditions for the development of harmful algal blooms (Lapointe et al., 2012,
2015). This has local relevance, as blooms of M. aeruginosa have occurred in the Caloosahatchee River
Estuary in 2005, 2016, and 2018 (Lapointe et al., 2006, 2020). Coastal red tides can also be stimulated by
high NH4" inputs. This was demonstrated in January 2005 when a severe K. brevis bloom developed off
southwest Florida. This red tide event occurred after significant rain events from hurricanes Charley,
Frances, and Jeanne, which drove a six-fold increase in coastal NH4* concentrations in October 2004
(Lapointe and Bedford, 2007). The bloom persisted for much of the year and resulted in widespread hypoxia
and fish mortalities. This shows the importance of reducing local N inputs, especially NH4* from untreated

domestic wastewater sources.

5. Conclusions

This MST study showed widespread human waste contamination throughout Lee County to varying degrees
of severity. Accordingly, improvements to wastewater infrastructure may yield improved surface water
quality and diminished risks to human health. This report will aid Lee County in the development of a
focused master wastewater plan as described in Florida Senate Bill 712, also referred to as “The Clean
Waterways Bill.” A detailed site analysis is included in the Appendix of this report. The conclusions of this

study are summarized below.

= High levels of fecal indicator bacteria were present year-round in surface water at 76% of sites in Lee
County.

» The human fecal marker HF183 was present in surface water year-round at 52% of sites in Lee County
and was positively correlated with fecal indicator bacteria, indicating that a significant portion of these
bacteria originated from a human waste source.

= The widespread detection of sucralose and pharmaceuticals in surface water throughout Lee County
further demonstrated the presence of human waste.

= High concentrations of NH4* were observed throughout Lee County and positively correlated with
HF183, suggesting that a significant fraction originated from a human waste source.

= Dissolved nitrate isotope values showed that nitrate sources included wastewater, soil, and fertilizer.

= At sites with clear evidence of human waste pollution, infrastructure upgrades may improve water

quality in local and downstream waterbodies.
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= Atsites where the primary contaminant source remains unclear due to the presence of multiple potential

sources, additional fine scale sampling may be necessary to identify those sources.
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Appendix

Lee County MST Site Analysis

Table S1. Lee County MST site coordinates.

Site Name Site # Latitude Longitude
Billy Creek 1 26.663949 -81.81077
Briarcliff 2 26.506229 -81.849549
Daughtry Creek 3 26.7058 -81.8376
Deep Lagoon 4 26.5374 -81.92432
Fort Myers Shores 5 26.719939 -81.716584
Hendry Creek 6 26.51716 -81.879125
Heritage Farms 7 26.509791 -81.890957
Lake McGregor 8 26.541574  -81.91176
Laurelin Court 9 26.710209 -81.782493
Ligon Court 10 26.503397 -81.906561
Mobile Manor 11 26.691481 -81.858887
North Town & River 12 26.548333 -81.917888
Orange River 13 26.685743 -81.788933
Overlook Drive 14 26.544275 -81.895575
Page Park 15 26.575423 -81.867376
Pinelsland 16 26.491923 -82.081931
Pine lsland 02  16B  26.495158 -82.078043
San Carlos Park 17 26.478219 -81.813646
Summerwood Drive 18 26.513918 -81.963984
TidewaterlIsland01 19 26.47887 -81.861963
TidewaterIsland 02 20 26.480076 -81.862079
Waterway Estates 01 21 26.6499717 -81.8975495
Waterway Estates 02 22 26.634393 -81.913725
Yacht Club 23 26.694755 -81.832244
Reference 24 26.566226 -81.909797




Reference Site

The Reference site was located in a residential finger canal serviced by municipal sewer (Figure S1). There were no direct
septic system or reclaimed water influences at this site. Total nitrogen and total phosphorus were found in moderate to high
concentrations (Figure S2a). Dissolved inorganic nitrogen was primarily in the form of nitrate (Figure S2b) and soluble
reactive phosphorus comprised 65% of total phosphorus on average. Bacteria concentrations were predominantly low and
HF183 was detected in three out of seven total samples (Figure S2c¢). Sucralose was consistently found in moderate to high
concentrations and carbamazepine was detected in one sample (Figure S2d). Dissolved nitrate isotope values (§°N-NOg’)

were primarily in the range of wastewater and soil nitrogen, and to a lesser extent fertilizer nitrogen (Figure S2e).

The presence of sucralose, carbamazepine, and HF183 indicates a human wastewater influence at the Reference Site.
However, HF183 detections were sporadic, and concentrations of ammonium and bacteria were low. Assuming proper
functioning of municipal sewer infrastructure, this suggests that the wastewater influence at this location is transient and
may reflect background concentrations originating upstream in the Caloosahatchee River Estuary from other sources, such
as wastewater treatment plant discharge. Stable isotope data show that the primary nitrate source is likely a combination of

soil and wastewater, although fertilizers may also contribute.
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Figure S1. The Reference site located in a residential finger canal serviced by municipal sewer.
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Figure S2. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the Reference Site. Bars show mean values and triangles show individual detections.
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Billy Creek

The Billy Creek site was located in a fast-flowing drainage ditch at the entrance of a small residential neighborhood. The
surrounding and upstream area is largely serviced by municipal sewer but the homes adjacent to the Billy Creek site are
serviced by septic systems (Figure S3). There are no reclaimed water influences at this site. Total nitrogen was found in
moderate concentrations, whereas total phosphorus concentrations were very high (Figure S4a). Dissolved inorganic
nitrogen was evenly comprised of ammonium and nitrate (Figure S4b) and soluble reactive phosphorus comprised 54% of
total phosphorus on average. Bacteria concentrations were very high, frequently exceeding the upper limits of detection,
and HF183 was detected in five out of eight total samples (Figure S4c). Sucralose was consistently found in moderate
concentrations, but no other chemical tracers were detected (Figure S4d). 3°N-NOjs values were primarily in the range of

fertilizer nitrogen, and to a lesser extent soil and wastewater nitrogen (Figure S4e).

Very high phosphorus and bacteria concentrations at Billy Creek are concerning. Incomplete ammonium oxidation was
observed, suggesting rapid transport of nutrients to surface water. The detection of HF183 and sucralose in most samples
indicates human wastewater influence. Assuming proper functioning of municipal sewer infrastructure, the most likely
source of these contaminants is localized septic system effluent, but upstream sources may also contribute. Stable isotope

data suggest that the primary nitrate source is likely fertilizer, although soil organics and wastewater may also contribute.
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Figure S3. The Billy Creek site is located at the entrance of a small residential neighborhood.
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samples collected from the Billy Creek site. Bars show mean values and triangles show individual detections.
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Briarcliff

The Briarcliff site was located in a large drainage canal with sparsely placed septic systems servicing homes on large lots
to the north of the canal and pastureland to the south (Figure S5). There is ho municipal sewer infrastructure or reclaimed
water influences at this site. Total nitrogen was found in moderate concentrations, whereas total phosphorus concentrations
were low (Figure S6a). Dissolved inorganic nitrogen was evenly comprised of ammonium and nitrate (Figure S6b) and
soluble reactive phosphorus comprised 10% of total phosphorus on average. Bacteria concentrations were low and HF183
was detected in one out of eight total samples (Figure S6c). Sucralose was consistently found in moderate to high
concentrations and acetaminophen was detected in one sample (Figure S6d). 3'°N-NOs values were in the range of
wastewater, soil organics, and fertilizer nitrogen (Figure S6e).

The presence of sucralose at elevated concentrations, in addition to isolated detections of HF183 and acetaminophen,
provides evidence of human wastewater contamination. The most likely source of these contaminants is nearby septic
systems, but upstream sources may also exist. However, these sources appear to contribute minimally to nutrient and bacteria

pollution, as evidenced by the low concentrations of nitrogen, phosphorus, and bacteria found in surface water at this

location. Nitrate stable isotope data show that nitrate sources may include soil organics, wastewater, and fertilizers.
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Figure S5. The Briarcliff site in a large drainage canal with homes on large lots to the North of the canal and pastureland to the South.
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samples collected from the Briarcliff site. Bars show mean values and triangles show individual detections.
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Daughtry Creek

The Daughtry Creek site was located in a residential neighborhood serviced by septic systems. Land use in the surrounding
and upstream area includes residential, forest, and pastureland (Figure S7). There is no municipal sewer infrastructure or
reclaimed water influences at this site. Total nitrogen was found in moderate concentrations, whereas total phosphorus
concentrations were high (Figure S8a). Dissolved inorganic nitrogen was evenly comprised of ammonium and nitrate
(Figure S8b) and soluble reactive phosphorus comprised 69% of total phosphorus on average. Bacteria concentrations
ranged from low to high and HF183 was only detected in two of eight total samples (Figure S8c). Sucralose was consistently
found in moderate concentrations, carbamazepine was detected in two samples, and acetaminophen was detected in one
sample (Figure S8d). 5°N-NO3 values were in the range of human waste but may also include fertilizers and soil organics
(Figure S8e).

While bacteria concentrations varied widely between samples, the periodic detections of HF183, acetaminophen, and
carbamazepine provide evidence of contamination from septic system effluent at Daughtry Creek. Although nitrogen
loading does not appear to be excessive, stable isotope data show that human waste is a nitrate source. Soil organic matter
and fertilizers may also contribute. High phosphorus concentrations may possibly be explained by leaching from phosphorus

saturated soils where septic systems are present, but upstream sources of phosphorus may also exist.
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Figure S7. The Daughtry Creek site in a residential neighborhood serviced by septic systems.
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Figure S8. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water

samples collected from the Daughtry Creek site. Bars show mean values and triangles show individual detections.
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Deep Lagoon

The Deep Lagoon site was located in a residential finger canal serviced by septic systems, but the surrounding area is
primarily serviced by municipal sewer (Figure S9). There are no reclaimed water influences at this site. Total nitrogen and
total phosphorus were found in moderate concentrations (Figure S10a). Dissolved inorganic nitrogen was primarily in the
form of nitrate (Figure S10b) and soluble reactive phosphorus comprised 65% of total phosphorus on average. Bacteria
concentrations were predominantly low and HF183 was detected in one of eight total samples (Figure S10c). Sucralose was
consistently found in high concentrations and carbamazepine was detected in 3 of 8 samples (Figure S10d). §**N-NOs"

values were in the range of soil, wastewater, and fertilizer nitrogen (Figure S10e).

Although carbamazepine and HF183 were detected periodically and sucralose was found in high concentrations, these
values are very similar to those found at the Reference Site. Further, moderate nutrient concentrations and near-complete
ammonium oxidation are not indicative of localized septic system contamination. Inconclusive stable isotope data did not
allow for identification of specific nitrate sources. Therefore, we find that the presence of human wastewater indicators in
surface water at this site may be explained by background concentrations originating upstream in the Caloosahatchee River

Estuary. Septic systems may have an influence at this site, but this is not apparent in the data. Dilution may also play an
important role, as this site is tidally influenced.
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Figure S9. The Deep Lagoon site in a tidally influenced residential finger canal within the Caloosahatchee River Estuary.
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Figure S10. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Deep Lagoon site. Bars show mean values and triangles show individual detections.
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Fort Myers Shores

The Fort Myers Shores site was located in a residential finger canal serviced by septic systems (Figure S11). There are no
reclaimed water influences at this site. Total nitrogen and total phosphorus were found in moderate concentrations (Figure
S12a). Dissolved inorganic nitrogen was primarily in the form of nitrate (Figure S12b) and soluble reactive phosphorus
comprised 55% of total phosphorus on average. Bacteria concentrations were high and HF183 was detected in six of eight
samples (Figure S12c). Sucralose was found in mostly moderate concentrations, but no other chemical tracers were detected
(Figure S12d). 8'5N-NOs" values were in the range of wastewater nitrogen (Figure S12e).

Although neither sucralose nor nutrients were detected in high concentrations, and no other chemical wastewater tracers
were detected, very high concentrations of bacteria in conjunction with frequent detections of HF183 indicate a human
wastewater influence. Since there is no reclaimed water application or municipal sewer infrastructure at this site, septic
systems are likely the source of this contamination. This is further supported by stable isotope data which suggests that the

primary nitrate source is human waste.
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Figure S11. The Fort Myers Shores site located in a residential finger canal serviced by septic systems within the Caloosahatchee River Estuary.
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Figure S12. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the Fort Myers Shores site. Bars show mean values and triangles show individual detections.
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Hendry Creek

The Hendry Creek site was located in a meandering brackish tidal creek adjacent to several waterfront communities serviced
by septic systems (Figure S13). Some nearby upstream communities are serviced municipal sewer. There are no direct
reclaimed water influences at this site. Total nitrogen and total phosphorus were found in moderate concentrations (Figure
S14a). Dissolved inorganic nitrogen was evenly comprised of ammonium and nitrate (Figure S14b) and soluble reactive
phosphorus comprised 37% of total phosphorus on average. Bacteria concentrations ranged from moderate to high and
HF183 was detected in all samples (Figure S14c). Very high concentrations of HF183 were observed in January 2021.
Sucralose was consistently found in high concentrations, carbamazepine was detected in four of eight samples, and
acetaminophen was detected in 1 sample (Figure S14d). 3*°N-NOs™ values were in the range of wastewater, fertilizer, and
soil organic nitrogen (Figure S14e).

The detection of HF183 in all samples provides clear evidence of human waste contamination at Hendry Creek. Septic
systems located along the creek are the most probable source of this contamination. High concentrations of sucralose in
conjunction with frequent detections of carbamazepine and acetaminophen provides further evidence of this. Although the
stable isotope data shows that multiple potential nitrate sources may exist, we can conclude based on the prevalence of other
wastewater indicators that human wastewater is a significant contributor.
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Figure S13. The Hendry Creek site located in a meandering brackish creek adjacent to several waterfront communities serviced by septic systems.
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Figure S14. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Hendry Creek site. Bars show mean values and triangles show individual detections.
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Heritage Farms

The Heritage Farms site was located in a slow-flowing drainage ditch between a residential community serviced by septic
systems to the north and a golf course upon which reclaimed water is applied to the south (Figure S15). Total nitrogen was
found in moderate to high concentrations and phosphorus was found in moderate concentrations (Figure S16a). Dissolved
inorganic nitrogen was primarily in the form of ammonium (Figure S16b) and soluble reactive phosphorus comprised 36%
of total phosphorus on average. Bacteria concentrations were high for enterococci and low to moderate for E. coli. HF183
was detected in seven of eight samples and concentrations ranged from low to very high (Figure S16¢). High sucralose
concentrations were found in all samples, carbamazepine was also detected in all samples, and naproxen was detected in

one sample (Figure S16d). 3*°*N-NOs" values were in the range of soil and fertilizer nitrogen (Figure S16e).

Human waste contamination at Heritage Farms is evidenced by very high concentrations of sucralose, enterococci, and
HF183, as well as by detections of carbamazepine and naproxen. Incomplete ammonium oxidation suggests rapid transport
of these contaminants to the surface water. Assuming proper functioning of municipal sewer infrastructure, these
contaminants likely originate from either nearby septic systems and/or reclaimed water application. Stable isotope data
show that nitrate sources may include soil, fertilizer, and wastewater. However, based on the prevalence of other human
waste indicators, we can conclude that human wastewater is a significant contributor.
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Figure S15. The Heritage Farms site located in a drainage ditch adjacent to a residential community and golf course.
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Figure S16. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the Heritage Farms site. Bars show mean values and triangles show individual detections.
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Lake McGregor

The Lake McGregor site was located in a drainage ditch in a residential area serviced primarily by municipal sewer (Figure
S17). A small block of homes serviced by septic systems is located adjacent to the site and reclaimed water is applied on a
golf course directly upstream of the site. Total nitrogen and total phosphorus were found in moderate concentrations (Figure
S18a). Dissolved inorganic nitrogen was primarily in the form of ammonium (Figure S18b) and soluble reactive phosphorus
comprised 39% of total phosphorus on average. Bacteria concentrations were predominantly high, especially enterococci
which was found in very high concentrations, and HF183 was detected in seven of eight samples (Figure S18c). Sucralose
was consistently found in moderate concentrations and acetaminophen was detected in one sample (Figure S18d). 3*°N-
NO; values were in the range of soil and fertilizer nitrogen (Figure S18e).

Although nutrient concentrations at Lake McGregor were moderate, the prevalence of ammonium may be indicative of
human waste influence. Recurring detections of chemical tracers and HF183 in conjunction with high concentrations of
fecal indicator bacteria confirm the presence of human waste at this site. Assuming proper functioning of municipal sewer
infrastructure, the source of these contaminants is likely either septic systems directly adjacent to the site or from reclaimed
water application on golf courses directly upstream. However, stable isotope data indicate that nitrate sources may also

include soil and fertilizer.
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Figure S17. The Lake McGregor site located in a drainage ditch in a residential area.

81



4- r0.4 1.0 b
a
0.84
Zz 31 F03 5 =
& < 806
- 24 Fo2 ™
éﬁ 8 ‘E‘)OA-
1 AAA Raa Loq © 2 AA
ALAAR 0.2+
A I—A—ﬁ—ﬂ—‘ A
0 ; 2 0.0 4 ' z
TN TP NH,* NOy
40007 10007
AA
2 30001 8001
S AA — 6004
= 2000 =
- s g A
> A 400
© 1000- 2004
A A A B, AR E‘-"\‘q
T 9 AIA Iﬁ Q T T T
HF183 Enterococci E. Coli Sucralose Acetami- Carbama- |buprofen Naproxen
nophen zepine
50—
e
40 Precipitation
30
"o
Q Synthetic NO3
& 207 Fertilizer
@ R,
o Reduced : | Soll Septic |
104 N Fertihzeri A Sewage !
Manure !
4 A ;
0- ! ‘
E !
-10 T T T T T T 1
-10 -5 0 5 10 15 20 25
5'°N-NO,”

Figure S18. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Lake McGregor site. Bars show mean values and triangles show individual detections.
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Laurelin Court

The Laurelin Court site was located in a tidally influenced finger canal in North Fort Myers serviced by septic systems
within the Caloosahatchee River Estuary (Figure S19). Total nitrogen was found in moderate concentrations, whereas
concentrations of total phosphorus ranged from moderate to high (Figure S20a). Dissolved inorganic nitrogen was primarily
in the form of nitrate (Figure S20b) and soluble reactive phosphorus comprised 53% of total phosphorus on average. Bacteria
concentrations were predominantly moderate but were sometimes found in high concentrations for enterococci. HF183 was
not detected in any of the samples collected at this site (Figure S20c). Sucralose was detected in all samples at mostly
moderate concentrations and carbamazepine was detected in one sample (Figure S20d). 3*°N-NOj3" values were in the range
of both soil and human waste nitrogen (Figure S20e).

Detections of sucralose and carbamazepine are indicators of human waste pollution, but the concentrations observed here
are similar to those observed at the Reference site where no septic systems are present. This may indicate that sucralose and
carbamazepine originate upstream and are present in the Caloosahatchee River Estuary at background levels. High total
phosphorus and enterococci may possibly be explained by leaching from septic systems. However, if septic systems were
significantly contributing to waste contamination at this site, higher prevalence of ammonium and HF183 would be
expected. Further, isotope data suggests that soil or sediment may be a significant source of nitrate. High 3°N-NO3" (>7%o)

observed in one sample shows that human waste may periodically dominate as a nitrate source.

Fox -
3 e |
@ Laurelin Court

® Septic Systems d
: R ST
'

Y

8
<
=
()
5;
&
.
<
o

04
I Miles

Figure S19. The Laurelin Court site located in a tidally influenced finger canal in North Fort Myers serviced by septic systems within the
Caloosahatchee River Estuary.
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Figure S20. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (¢) measured in surface water
samples collected from the Laurelin Court site. Bars show mean values and triangles show individual detections.
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Ligon Court

The Ligon Court site was located in a shallow, seasonally wet drainage ditch in a residential neighborhood serviced by
septic systems (Figure S21). The area surrounding this neighborhood is serviced by municipal sewer and reclaimed water
is applied on a nearby golf course. This site was sampled three times before being discontinued due to the ditch being
seasonally dry. Total nitrogen was found in very high concentrations and total phosphorus concentrations were mostly high
(Figure S22a). Dissolved inorganic nitrogen was primarily in the form of ammonium (Figure S22b) and soluble reactive
phosphorus comprised 23% of total phosphorus on average. Bacteria concentrations were predominantly high, especially
for enterococci, yet HF183 was not detected in any samples (Figure S22c). Sucralose was consistently found in very high
concentrations and carbamazepine was detected in all three samples (Figure S22d). Samples were not analyzed for *°N-

NOs values at this site.

Although HF183 was not detected, several other parameters provide evidence of human waste contamination at Ligon Court,
including high concentrations of ammonium, sucralose, fecal indicator bacteria, and frequent detections of carbamazepine.
Assuming proper functioning of municipal sewer infrastructure, septic systems are a likely source for these contaminants.

Nearby reclaimed water application may also contribute as a contaminant source.
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Figure S21. The Ligon Court site located in a shallow, seasonally wet drainage ditch in a residential neighborhood serviced by septic systems.
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Mobile Manor

The Mobile Manor site was located in a residential drainage ditch serviced by septic systems (Figure S23). There are no
municipal sewer or reclaimed water influences at this site. Total nitrogen was found in moderate concentrations whereas
total phosphorus concentrations were very high (Figure S24a). Dissolved inorganic nitrogen was primarily in the form of
nitrate (Figure S24b) and soluble reactive phosphorus comprised 58% of total phosphorus on average. Bacteria
concentrations were high and HF183 was detected in six of eight samples (Figure S24c). Sucralose was consistently found

in high concentrations and carbamazepine was detected in all eight samples (Figure S24d). 5°N-NOjs values were in the
range of human waste (Figure S24e).

Human waste influence at Mobile Manor is evidenced by high concentrations of sucralose and fecal indicator bacteria, as
well as by frequent detections of carbamazepine and HF183. Further, high total phosphorus is indicative of phosphorus-
saturated soils. High density septic systems directly adjacent to the study site are a likely source of these contaminants. This
is supported by high §°N-NOs" values, indicating that the primary nitrate source is human waste.
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Figure S23. The Mobile Manor site located in a residential drainage ditch serviced by septic systems.
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Figure S24. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Mobile Manor site. Bars show mean values and triangles show individual detections.
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North Town & River

The North Town & River site was located in a residential finger canal within the Caloosahatchee River Estuary that is
serviced by septic systems, but the surrounding area is primarily serviced by municipal sewer (Figure S25). Reclaimed
water is applied on a golf course to the north of the study site. Total nitrogen and total phosphorus were found in moderate
concentrations (Figure S26a). Dissolved inorganic nitrogen was primarily in the form of nitrate (Figure S26b) and soluble
reactive phosphorus comprised 68% of total phosphorus on average. Bacteria concentrations were low and HF183 was not
detected in any samples (Figure S26¢). Sucralose was consistently found in high concentrations and carbamazepine was
detected in two of eight samples (Figure S26d). §*°N-NO3" values were in the range of soil nitrogen (Figure S26e).

The data collected at North Town & River provide inconclusive evidence of human waste contamination from septic
systems. Although carbamazepine was detected sporadically and sucralose was routinely found in high concentrations, these
detections are similar to those observed at the Reference Site. Likewise, fecal indicator bacteria concentrations are also
similar to those observed at the Reference Site. Surface water contaminated by septic system effluent would be expected to
contain high ammonium and frequent detections of HF183, whereas neither was observed at this site. Therefore, the presence
of human waste indicators in surface water at this site may be explained by background concentrations originating upstream
in the Caloosahatchee River Estuary from other sources, such as wastewater treatment plant discharge. Septic systems at
this site may also contribute as a contaminant source, but this is not apparent in the data. Moderate 3*°N-NOs values in
combination with low concentrations of other human waste indicators suggests that the primary nitrate source may be soil
or sediment, although human waste may still contribute. Dilution may also play an important role, as this site is tidally

influenced.
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Figure S25. The North Town & River site located in a residential finger canal serviced by septic systems within the Caloosahatchee River Estuary.
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Figure S26. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the North Town & River site. Bars show mean values and triangles show individual detections.
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Orange River

The Orange River site was located in a residential neighborhood adjacent to the Orange River, a tributary for the
Caloosahatchee River Estuary (Figure S27). Homes in this area are primarily serviced by septic systems, but some municipal
sewer infrastructure exists nearby. Total nitrogen was found in moderate concentrations whereas total phosphorus
concentrations were often high (Figure S28a). Dissolved inorganic nitrogen was primarily in the form of nitrate (Figure
S28b) and soluble reactive phosphorus comprised 70% of total phosphorus on average. Bacteria concentrations were
predominantly high and HF183 was detected in six of eight samples (Figure S28c). Sucralose was consistently found in
moderate to high concentrations and carbamazepine was detected in three samples (Figure S28d). §*>N-NO3 values were in
the range of human waste and soil nitrogen (Figure S28e).

Human waste contamination at Orange River is evidenced by moderate to high detections of sucralose and fecal indicator
bacteria, as well as by frequent detections of carbamazepine and HF183. Nearby septic systems are likely a source of these
contaminants, but other upstream sources may also contribute. High total phosphorus may reflect phosphorus-saturated soils
in the surrounding area, as well as natural background phosphorus. Moderate 3*°N-NOs values suggest that nitrate sources
may include soil, sediment, or human waste. However, given the prevalence of other human waste indicators, it is likely a
significant source of nitrate at this location.
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Figure S27. The Orange River site in a residential neighborhood adjacent to the Orange River, a tributary for the Caloosahatchee River Estuary.
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Figure S28. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the Orange River site. Bars show mean values and triangles show individual detections.
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Overlook Drive

The Overlook Drive site was located in a drainage ditch in a residential neighborhood serviced by both septic systems and
municipal sewer (Figure S29). Reclaimed water is applied on a golf course directly upstream of the site. Total nitrogen and
total phosphorus concentrations were high (Figure S30a), dissolved inorganic nitrogen was primarily in the form of
ammonium (Figure S30b), and soluble reactive phosphorus comprised 28% of total phosphorus on average. Enterococci
concentrations were high, frequently exceeding the upper limits of detection, whereas E. coli concentrations were more
moderate. Additionally, HF183 was detected in six of eight samples (Figure S30c). Sucralose was consistently found in
very high concentrations and carbamazepine was detected in all eight samples (Figure S30d). 8*°N-NOjs values were in the
range of fertilizer nitrogen (Figure S30e).

Many of the parameters assessed at Overlook Drive indicate significant human waste contamination. High ammonium
concentrations suggest rapid transport of nutrients to surface water. Assuming proper functioning of municipal sewer
infrastructure, the most likely sources of these contaminants are septic system effluent and/or reclaimed water application.
Low 3N-NOs" values suggest that the primary nitrate source is from fertilizer, rather than human waste.
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Figure S29. The Overlook Drive site located in a drainage ditch in a residential neighborhood serviced by both septic systems and municipal sewer.
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Figure S30. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes (e) measured in surface water
samples collected from the Overlook Drive site. Bars show mean values and triangles show individual detections.
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Page Park

The Page Park site was located in a drainage ditch in an urban area serviced by both septic systems and municipal sewer.
The surrounding upstream area is mixed use, including residential homes, commercial businesses, a community golf course,
and a private school (Figure S31). There are no reclaimed water influences at this site. Total nitrogen and total phosphorus
were found in low concentrations (Figure S32a). Dissolved inorganic nitrogen was evenly comprised of ammonium and
nitrate (Figure S32b) and soluble reactive phosphorus comprised 29% of total phosphorus on average. Bacteria
concentrations were frequently high and HF183 was detected in three of eight samples (Figure S32c). Sucralose was
consistently found in high concentrations and carbamazepine was detected in all eight samples (Figure S32d). 8*°N-NO3°
values were in the range of human waste nitrogen (Figure S32e).

The presence of human waste at Page Park is evidenced by the high concentrations of sucralose and fecal indicator bacteria,
as well by the frequent detection of carbamazepine and HF183. However, this human waste influence does not appear to
contribute high nutrient loads to surface water. These may be removed by microbial activity or plant uptake in soil before
reaching the surface water. High 3°N-NOs values provide further evidence of human waste contamination. Assuming
proper functioning of municipal sewer infrastructure, septic systems are the most likely local source of this human waste
contamination.
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Figure S31. The Page Park site located in a drainage ditch in an urban area serviced by both septic systems and municipal sewer.
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Figure S32. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Page Park site. Bars show mean values and triangles show individual detections.
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Pine Island

The Pine Island and Pine Island 02 sites were located in tidally influenced residential finger canals with homes serviced by
septic systems (Figure S33). There is no municipal sewer infrastructure or reclaimed water application nearby. Total
nitrogen and total phosphorus concentrations were moderate (Figures S34a and S35a). Dissolved inorganic nitrogen was
primarily in the form of ammonium (Figures S34b and S35b) and soluble reactive phosphorus comprised 40% of total
phosphorus on average. Bacteria concentrations were predominantly low but very high concentrations of E. coli were found
in two samples. HF183 was detected in six of eight total samples at Pine Island and once at Pine Island 02 (Figures S34c
and S35c¢). Sucralose was consistently found in moderate concentrations, but no other chemical indicators were detected
(Figures S34d and S35d). §*>N-NOs™ values were in the range of fertilizer nitrogen (Figure S34e and S35e).

Human waste contamination at the two Pine Island sites is evidenced by the presence of HF183, as well as moderate
concentrations of sucralose and occasionally high concentrations of E. coli. Although nutrients were not found in
exceedingly high concentrations, the proportionately high amount of ammonium relative to nitrate suggests rapid transport
of nutrients to surface water before ammonium oxidation and uptake in soil can occur. Septic systems are a likely source of
human waste contaminants at these two sites; however, low §°N-NOs™ values suggest fertilizer as the primary nitrate source,
rather than human waste. Although the concentrations of many human waste indicators were lower at the Pine Island sites
compared to other sites in this study, this may be due in part to shorter residence times and a greater dilution effect rather

than decreased human waste loading, since these two sites have the greatest marine and tidal influence.
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Figure S33. The Pine Island and Pine Island 02 sites in tidally influenced residential finger canals within the Caloosahatchee River Estuary.
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Figure S34. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Pine Island site. Bars show mean values and triangles show individual detections.
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Figure S35. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate isotopes () measured in surface water samples
collected from the Pine Island 02 site. Bars show mean values and triangles show individual detections.
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San Carlos Park

The San Carlos Park site was located in a drainage ditch in a residential neighborhood (Figure S36). There is some municipal
sewer infrastructure upstream of the site but the area immediately surrounding the site is almost entirely serviced by septic
systems. Total nitrogen and total phosphorus were found in low to moderate concentrations (Figure S37a). Dissolved
inorganic nitrogen was primarily in the form of ammonium (Figure S37b) and soluble reactive phosphorus comprised 32%
of total phosphorus on average. E. coli concentrations were moderate, while enterococci concentrations were high, and
HF183 was detected in all samples at high concentrations (Figure S37c). Sucralose was consistently found in moderate to
high concentrations and carbamazepine was detected in six of eight samples (Figure S37d). §*>N-NOs™ values were in the
range of fertilizer nitrogen (Figure S34e).

Human waste influence at San Carlos Park is evidenced by the presence of chemical indicators and fecal indicator bacteria,
as well as by very high concentrations of HF183. Further, proportionately high concentrations of ammonium compared to
nitrate suggests rapid transport of nutrients to surface water before complete oxidation of ammonium in soil can occur.
Although high concentrations of total nitrogen and total phosphorus were not observed, this may possibly be explained by
rapid uptake by aquatic vegetation, as water lettuce and other aquatic macrophytes were observed at this site. It is likely that
high-density septic systems directly adjacent and upstream of the study site are contributing to the observed human waste

contamination. However, low 6*°N-NOj3" values suggest fertilizer as the primary nitrate source, rather than human waste.
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Figure S36. The San Carlos Park site located in a fast-flowing residential drainage ditch serviced by septic systems.
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Figure S37. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the San Carlos Park site. Bars show mean values and triangles show individual detections.
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Summerwood Drive

The Summerwood Drive site was located in a drainage ditch in a residential neighborhood that is serviced by both municipal
sewer and septic systems (Figure S38). Total nitrogen and total phosphorus were found in high concentrations (Figure S39a).
Dissolved inorganic nitrogen was primarily composed of ammonium (Figure S39b) and soluble reactive phosphorus
comprised 60% of total phosphorus on average. E. coli concentrations were moderate, while enterococci concentrations
were high. HF183 was detected in four of eight samples, including one extremely high detection in January 2021 (Figure
S39c). Sucralose was consistently found in high concentrations and ibuprofen was detected in two samples (Figure S39d).
8°N-NOs values were not assessed due to very low nitrate concentrations.

Human waste contamination at Summerwood Drive is evidenced by high concentrations of HF183, fecal indicator bacteria,
ammonium, sucralose, and ibuprofen. These human waste sources appear to contribute high nutrient loads to the surface
water. Very high ammonium concentrations found in surface water samples collected from this site suggests rapid transport

of human waste nutrients to surface water. Assuming proper functioning of municipal sewer infrastructure, the most likely
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Figure S38. The Summerwood Drive site located in a drainage ditch in a residential neighborhood serviced by municipal sewer and septic systems.
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Figure S39. Total nutrients (a), nitrogen speciation (b), bacteria (c), and chemical tracers (d) measured in surface water samples collected from the
Summerwood Drive site. Bars show mean values and triangles show individual detections.
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Tidewater Island

The Tidewater Island sites were located in tidally influenced residential finger canals serviced by septic systems. These sites
are found within the Mullock Creek watershed which drains into Estero Bay (Figure S40). There are no direct municipal
wastewater or reclaimed water influences at this site. Total nitrogen and total phosphorus were found in low to moderate
concentrations (Figures S4la and S42a). Dissolved inorganic nitrogen was evenly comprised of ammonium and nitrate
(Figures S41b and S42b) and soluble reactive phosphorus comprised 30% of total phosphorus on average. Bacteria
concentrations were moderate at Tidewater Island 01, whereas E. coli concentrations at Tidewater Island 02 were high and
enterococci were in the moderate range. HF183 was detected in three of eight samples at Tidewater Island 01 and in two of
eight samples at Tidewater Island 02 (Figures S41c and S42c). One sample taken from Tidewater Island 02 in September
2020 contained very high concentrations of HF183. Sucralose was consistently found in high concentrations at both sites
and carbamazepine was also regularly detected at both sites (Figures S41d and S42d). §°N-NOs values were in the range
of soil, human waste, and fertilizer nitrogen (Figure S41e and S42e).

The presence of human waste at Tidewater Island is evidenced by the presence of fecal indicator bacteria, HF183, and
sucralose in high concentrations, as well as by the regular detection of carbamazepine. Nutrient loading does not appear to
be high at Tidewater Island. Septic systems adjacent to finger canals are the likely a source of human waste at Tidewater
Island, although additional upstream sources may also exist. Moderate §°N-NOs values suggest soil, sediment, or fertilizers
as additional nitrate sources. These sites are tidally influenced, so short residence times and dilution may play a role in

removing human waste contaminants.

Figure S40. The Tidewater Island sites located in tidally influenced residential finger canals serviced by septic systems.
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Figure S41. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Tidewater Island 01 site. Bars show mean values and triangles show individual detections.
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Figure S42. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Tidewater Island 02 site. Bars show mean values and triangles show individual detections.
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Waterway Estates 01

The Waterway Estates 01 site was located in a tidally influenced finger canal in North Fort Myers serviced by septic systems
(Figure S43). Total nitrogen was found in moderate concentrations, whereas concentrations of total phosphorus ranged from
moderate to high (Figure S44a). Dissolved inorganic nitrogen was evenly comprised of ammonium and nitrate (Figure
S44b) and soluble reactive phosphorus comprised 70% of total phosphorus on average. Bacteria concentrations ranged from
low to high and HF183 was detected in four out of eight total samples (Figure S44c). Sucralose was detected in all samples
at moderate to high concentrations and carbamazepine was detected in five samples (Figure S44d). §*>N-NOs™ values were
in the range of soil, human waste, and fertilizer nitrogen (Figure S44e).

The presence of human waste contamination at Waterway Estates 01 is evidenced by high concentrations of HF183, fecal
indicator bacteria, and sucralose, as well as by the detection of carbamazepine in a majority of samples. Nutrient pollution
is evidenced by moderate and high concentrations of nitrogen and phosphorus. Nearby septic systems are likely a
contributing source for these contaminants, although upstream sources may also exist which contribute to background
contaminant levels in the Caloosahatchee River Estuary. Elevated ammonium and phosphate may indicate rapid transport
of contaminants to surface water before ammonium oxidation and phosphorus adsorption in soils can be completed.

Moderate §°N-NOs" values suggest soil or sediment may also contribute as a nitrate source.

Waterway Estates 01
® Septic Systems
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Figure S43. The Waterway Estates 01 site located in a tidally influenced residential finger canal serviced by septic systems.
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Figure S44. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Waterway Estates 01 site. Bars show mean values and triangles show individual detections.
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Waterway Estates 02

The Waterway Estates 02 site is located in a tidally influenced residential finger canal serviced by septic systems (Figure
S45). The surrounding area is serviced by municipal sewer. Total nitrogen was mostly found in moderate concentrations,
whereas total phosphorus concentrations ranged from moderate to high (Figure S46a). Dissolved inorganic nitrogen was
primarily in the form of nitrate (Figure S46b) and soluble reactive phosphorus comprised 64% of total phosphorus on
average. Bacteria concentrations were predominantly high for enterococci and ranged from moderate to high for E. coli.
HF183 was detected in four out of eight total samples at low concentrations (Figure S46¢). Sucralose was consistently found
in moderate to high concentrations, carbamazepine was detected in one sample, and ibuprofen was detected in one sample

(Figure S46d). §'°N-NOs™ values were primarily in the range of soil and human waste (Figure S46¢).

Moderate to high nutrient concentrations with elevated soluble reactive phosphorous at Waterway Estates 02 may originate
from nearby human waste sources, but moderate 3:°N-NOs values suggest that soil or sediment may also contribute as a
nutrient source. High concentrations of fecal indicator bacteria and sucralose in addition to detections of HF183,
carbamazepine, and ibuprofen provide some evidence of human waste contamination. Septic systems are likely a source of
human waste at Waterway Estates 02, but background levels in the Caloosahatchee River Estuary may also contribute.

Dilution may also play an important role, as this site is tidally influenced.

Waterway Estates 02
Septic Systems
Municipal Sewer

Figure S45. The Waterway Estates 02 site located in a tidally influenced residential finger canal serviced by septic systems.
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Figure S46. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Waterway Estates 02 site. Bars show mean values and triangles show individual detections.
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Yacht Club

The Yacht Club site is located in a residential finger canal serviced by septic systems within the Caloosahatchee River
Estuary (Figure S47). There are no direct reclaimed water or municipal sewer influences at this site. Total nitrogen and total
phosphorus were found in moderate concentrations (Figure S48a). Dissolved inorganic nitrogen was primarily in the form
of ammonium (Figure S48b) and soluble reactive phosphorus comprised 63% of total phosphorus on average. Bacteria
concentrations were low and HF183 was detected in two of eight samples at low concentrations (Figure S48c). Sucralose
was consistently found in moderate concentrations and carbamazepine was detected in one sample (Figure S48d). 3*°N-
NO; values were primarily in the range of soil nitrogen (Figure S48e).

Nutrient concentrations at this site are very similar to those found at the Reference site, and therefore may reflect background
concentrations within the Caloosahatchee River Estuary rather than loading from human waste sources. In fact, all
parameters exhibited similarity to the Reference site, except for sucralose, which was found in lower concentrations at Yacht
Club than at the Reference site. Further, moderate §°N-NOs values suggest soil or sediment may contribute as a significant

nitrate source. 3°N-NOj3" values also fall in the human waste range which may indicate periodic nitrogen loading from septic

systems.

@ Yacht Club
® Septic Systems [
&
el '
= ,-,...Aqonam.Rd

a«L-t-—-

"
»

pAgLEIUQ!

Figure S47. The Yacht Club site located in a finger canal serviced by septic systems within the Caloosahatchee River Estuary.
111



4+ r0.4 1.0+
a b
0.8+
= 34 F03 5 =
8 A < Bosd
-1 24 0.2 ™ -
- A 25} ~
o A A 7] o 0.4
S aaf A,R Lor ° F
a 'y 0.2
LA I—A—Q-A—A—A—|A
0 T T O-O Ll = T
TN TP NH," NOy
1000~ 1000+
c d
800+ 800+
E
S 600+ - 6001
S 400 2 400
& ab,
2004 200+ LY.
AIA AIA 2 T A T T lh T T
HF183 Enterococci E. Coli Sucralose Acetami- Carbama- Ibuprofen Naproxen
nophen zepine
50—
e v .
40 Precipitation
30
'™
Q Synthetic NO3
& 207 Fertilizer
@ R,
o Reduced  Soll Septic |
104 N Fertihzer“iéA A A Sewage !
; A Manure !
0+ i i
: !
. L[]
I. .................. ;
-10 T T T T T T 1
-10 -5 0 5 10 15 20 25
5'°N-NO,”

Figure S48. Total nutrients (a), nitrogen speciation (b), bacteria (c), chemical tracers (d), and nitrate stable isotopes () measured in surface water
samples collected from the Yacht Club site. Bars show mean values and triangles show individual detections.
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