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• Water managers must identify wastewater
inputs to the environment for remediation.

• Traditional wastewater tracers (E. coli, F−)
are costly, slow, or complex to measure.

• Optical brightener fluorescence is an inex-
pensive and easy to use wastewater tracer.

• It is better for identifying wastewater in the
environment than traditional tracers.

• Water managers can use optical brightener
fluorescence as a reconnaissance tool.
Field optical brightener fluorescence readings are the most effective way to
rapidly detect wastewater inputs to water resources.
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Untreatedwastewater entering the environment through leaking infrastructure and sewer overflows threatens both human
and aquatic health.Watermanagers therefore need low cost, in situmethods to detect sewage contamination in real time to
promptly employ mitigation strategies. However, wastewater has traditionally been identified in waterbodies using chem-
ical and microbial tracers and indicators that can be non-unique to wastewater and often require complex and expensive
analyses. Optical brighteners (synthetic brightening compounds present in laundry detergents and paper products) are
emerging as ideal tracers ofwastewater because of their quick and inexpensivefield detection using handheldfluorometers.
To test the efficacy of optical brighteners as standalone, in situ wastewater tracers, field readings of their fluorescence were
compared with traditional wastewater analytes (e.g., B, F−, microbial indicators) at multiple points in time and space for a
suburban watershed (Fishpot Creek, Saint Louis, Missouri, United States). We also used chemical tracers in three mixing
models of endmembers to assess the wastewater fraction across the watershed. Compared to other analytes, optical bright-
ener fluorescencemeasurements had the strongest correlation with wastewater infrastructure density (r=0.71, p< 0.05),
indicating their utility as tracers. All our endmember mixing models employing optical brightener readings predicted
positive and significant correlations between the untreated wastewater fraction in streamflow and sewer pipe density at
each site (r ≥ 0.77, p < 0.05). While using optical brightener readings for wastewater detection has some limitations
(e.g., minor photodegradation), we found them to be more robust tracers than other analytes. Thus, optical brightener
fluorescencemeasurements are an ideal initial screening tool for identifying wastewater contributions to the environment.
mospheric Sciences, Saint Louis
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1. Introduction

Waterbodies contaminated with untreated wastewater threaten human
and aquatic health due to the presence of pathogens, excess nutrients, phar-
maceutical compounds, and heavy metals. Thus, water management
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authorities are particularly concerned with identifying locations where un-
treated wastewater enters the environment so that they can remediate
infrastructure issues that jeopardize water resources and aquatic ecosys-
tems. While point sources of untreated wastewater are readily identifiable
in watersheds (e.g., sewer overflows), detecting sewage exfiltration from
leaking septic systems or sewer mains and laterals presents a considerable
challenge to water managers.

To locate untreated wastewater inputs to waterbodies, chemical and
biological tracer and indicator studies are often employed. “Ideal”
wastewater tracers are conservative (non-reactive), either unique to waste-
water or present in markedly different amounts in wastewater versus other
water sources, at concentrations above instrument detection limits, and at
consistent concentrations in the endmembers over time (Rabiet et al.,
2005; Dickenson et al., 2011; Van Stempvoort et al., 2013). However,
water managers also benefit from tracers that are quick, easy, and inexpen-
sive tomeasure on site so that they can rapidly evaluate potential sources of
untreated wastewater to areas of concern.

Traditional wastewater tracers and indicators often present multiple
challenges for water managers, including confounded signatures due to
sources other thanwastewater, the need for highly technical equipment, ex-
pensive analyses, or the lack of real-time data. For instance, fecal indicator
bacteria, like Escherichia coli (E. coli), are relatively inexpensive to measure,
easy to quantify, and recommended by the United States Environmental
Protection Agency (USEPA) to detect fecal contamination of recreational
waters (USEPA, 2018). However, high levels of E. coli in water resources
can be the result of inputs from agricultural runoff, urban runoff, pet and
wildlife waste, or untreated sewage (Anderson et al., 2005; Dickerson
et al., 2007), convoluting attempts to identify the wastewater signature in
many settings. Fecal contamination sources can be distinguished with mi-
crobial source tracking (MST; Dickerson et al., 2007; Bird et al., 2019;
Devane et al., 2019), but these analyses are too laborious, technical, expen-
sive, and slow for many applications. Inorganic species like F−, from fluori-
dated drinking water that enters wastewater systems (Meenakshi and
Maheshwari, 2006), and total B, from B-containing bleaching agents in
cleaning products introduced during water use (Vengosh et al., 1994;
Petelet-Giraud et al., 2009; Hasenmueller and Criss, 2013; Lockmiller
et al., 2019), are normally elevated in wastewater compared with most
natural waters, but they cannot be detected in the field, limiting real-time
assessments of wastewater inputs.

Optical brighteners may be ideal tracers for identifying wastewater
inputs to the environment because they are unique to anthropogenic
sources, with few common origins other than sewage. They are a
group of synthetic fluorescent compounds that absorb near-ultraviolet
light (360–365 nm) and fluoresce blue light (415–445 nm; Tavares
et al., 2008). Because of these properties, 90 % of optical brighteners
in the United States are used in laundry detergents to whiten and
brighten clothing, with other uses including whitening paper products
like toilet paper (Hagedorn et al., 2005a). When clothing is washed,
25–95 % of the optical brighteners in the detergent bind to the clothes
and the remainder is transported with wastewater to sewage or septic
systems (Poiger et al., 1998). The breakdown of toilet paper after use
adds additional optical brighteners to wastewater (Hagedorn et al.,
2005b). High concentrations of optical brighteners thus occur in influ-
ent wastewater, making them a suitable tracer of untreated sewage
(Poiger et al., 1998).

Preliminary applications of optical brighteners to testwastewater inputs
to the environment have relied on comparisonwith only a few other tracers
(e.g., E. coli) or analyses with complex and costly laboratory equipment
(Hartel et al., 2007; Tavares et al., 2008; Cao et al., 2009; Dubber and
Gill, 2017). Laboratory studies comparing optical brightener fluorescence
measurements using both inexpensive field equipment and training-
intensive and expensive laboratory instrumentation have shown the
methods to be equally effective (Hartel et al., 2007; Cao et al., 2009).
However, to our knowledge, no one has tested the application of handheld
fluorometers as a standalone technique for in situ detection of optical
brighteners in waterbodies.
2

Our study therefore investigates if field fluorescence measurements
for optical brighteners with an inexpensive, handheld fluorometer can
be used as in situ tests to detect non-point sources of untreated wastewa-
ter inputs to the environment. Rapid and inexpensive field assessments
for wastewater releases is an urgent need for water managers to proac-
tively remediate infrastructure problems. We compare high resolution
spatial and temporal field fluorescence data for optical brighteners
with their laboratory fluorescence readings, traditional wastewater
tracers and indicators (e.g., B, F−, E. coli, MST), and the apportioned
wastewater contributions estimated from endmember mixing analyses
for a suburban watershed that features an aging wastewater infrastruc-
ture system.

2. Study site

We tested the use of optical brighteners for detection of wastewater
exfiltration frommunicipal infrastructure (e.g., leaks frommain and lat-
eral sewer lines) and septic systems in the Fishpot Creek watershed,
which is located near Saint Louis, Missouri, (Fig. 1a) in the suburb of
Valley Park, Missouri. The basin is 28.2 km2, has 30.4 % impervious sur-
face area (ISA), and is in a suburban-residential area. Watershed ISA
(Fig. 1b) is the highest in the northern portion of the basin, where
high intensity developed areas along a busy road (Missouri Route 100)
intersect the stream. The southern portion of the catchment features
lower ISA and development, having parks with wooded wetlands, pas-
tures, and mixed forests. A stream reach near the outlet of the basin
that is classified for use (whole body contact category B; WBC-B) has
been included on the Missouri Department of Natural Resources'
(MoDNR) 303(d) list of impaired waters for E. coli geometric means ex-
ceeding the recreational season (April 1 to October 31 in a given year;
Missouri Department of Natural Resources MoDNR, 2016a) regulatory
limit of 206 colony-forming units (CFU) per 100 mL (Missouri
Department of Natural Resources MoDNR, 2016). Fishpot Creek is an
ideal study site for testing the use of optical brighteners as a rapid recon-
naissance tool to locate wastewater inputs because of its history of E. coli
contamination and the need to update wastewater infrastructure in the
watershed (see Supplemental Material Section 1.1 for additional detail).

The Fishpot Creek catchment features differing drainage attributes
based on its geology (see SupplementalMaterial Section 1.2 for information
on watershed geology) and topography, so we hereafter describe segments
of the basin as the: “east branch”, “west branch”, and “outlet” (Fig. 1c). The
east and west branches are separate drainage subbasins that combine in the
south section of the watershed to form the outlet. The southern portions of
the east and west branches are ephemeral, often resulting in no surface
water flowing through these reaches during dry weather. The outlet is fed
by karst springs, including Pettys Spring (Site 0) and nearby Bright Spring
(Missouri Department of Natural Resources MoDNR, 2016a). Fishpot
Creek drains into the Meramec River, which is a direct tributary to the Mis-
sissippi River.

The watershed has separate sanitary and stormwater sewer lines, with
raw sanitary sewage conveyed to the Metropolitan Saint Louis Sewer
District's (MSD) Grand Glaize Wastewater Treatment Plant for treatment,
while stormwater is drained directly into the stream. The plant's proc-
essed effluent is released into another catchment (i.e., Grand Glaize
Creek), so Fishpot Creek does not feature any discharge sites for treated
wastewater effluent. Thus, the only potential wastewater sources to the
watershed are exfiltration from municipal sanitary sewers (e.g., leaks
from main or lateral sewer lines) or septic systems and discharges
from stormwater sewer lines.

Drinking water distributed to homes and businesses in the Fishpot
Creek basin is known to enter the stream (Lockmiller et al., 2019), which
is potentially due to infrastructure leaks or lawn irrigation practices. The
drinking water is sourced from the Missouri River and fluoridated during
treatment to 700 μg/L F− (USDHHS, 2015; Missouri American Water,
2019). This F− concentration is an order of magnitude higher than the
natural background level of F− for regional streams that have limited



Fig. 1. The Fishpot Creek watershed with (a) its location in relation to the
state of Missouri, Saint Louis County, and the City of Saint Louis, (b) ISA
(data from Homer et al., 2015), (c) delineated subbasins with sampling
locations and their identification codes, and (d) sewer pipe density (data
from MSD, 2019).
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municipal water inputs (~75 μg/L; Lockmiller et al., 2019). The Missouri
River source water also features naturally higher concentrations of some
major (e.g., Na+, SO4

2−) and minor (e.g., total B) ions and elements com-
pared to local water types (Criss et al., 2001; Hasenmueller and Criss,
2013). The local drinking water is therefore chemically unique from the
stream water.
3

3. Methods

3.1. Field procedures

In situ measurements and samples from the Fishpot Creek basin were
collected at high spatial and temporal resolution to assess variations in op-
tical brightener levels and their relationship to other chemical and biologi-
cal tracers and indicators of wastewater. We sampled 26 sites in the
watershed (Sites 0–25; Fig. 1), including sites on the mainstem of Fishpot
Creek, tributary streams, and groundwater inflow (i.e., Pettys Spring; Site
0), monthly from June 2019 through October 2020. Sites were chosen to
maximize coverage across the watershed, the range in nearby sewer infra-
structure density (see Supplemental Material Section 2.1 for methodology
to determine infrastructure density), and accessibility. To avoid the con-
founding effects of recent precipitation, which could result in stormwater
inflow to the stream, monthly site visits occurred during “baseflow” condi-
tions. We define baseflow as streamflow at least 3 days following a precip-
itation event that is near the seasonal average for discharge. To understand
any rapid changes in analyte values in the streamwater, weekly sample col-
lection and continuous water quality monitoring occurred near the basin
outlet (Site 2; Fig. 1), where a United States Geological Survey (USGS)
stage and discharge gauging station is located (gauge number 07019120;
USGS, 2022).

3.1.1. In situ measurements
For both the monthly and weekly watershed sampling events, we mea-

sured in situ water quality parameters using a Turner Designs AquaFluor
Handheld Fluorometer (optical brightener fluorescence), a YSI Professional
Plus Multiparameter Instrument (temperature, specific conductivity, pH,
dissolved O2, Cl−), and a Hach 2100P Portable Turbidimeter (turbidity).
We also tested the variability of optical brightener fluorescence readings
over short periods in the field during site visits. To do so, readings were
made 3–4 times within a 15-min period for a subset of the monthly (August
2020 through September 2020) and weekly (August 2020 through October
2020) sampling events. A YSI EXO2Multiparameter Sonde collected in situ
water quality measurements at the weekly sampling site (Site 2), including
temperature, specific conductivity, pH, Cl−, turbidity, and fluorescing dis-
solved organic matter (fDOM), every 5 min.

3.1.2. Sample collection and preservation
Optical brightener photodecay test samples were collected for a subset

of the monthly sampling events (January 2020 to February 2020 and
June 2020 to October 2020) using 500-mL opaque low-density polyethyl-
ene bottles. During all sampling events, water samples for ion and elemen-
tal analyses were field-filtered through 0.2-μm cellulose acetate membrane
filters. Subsamples for anion chemistry via ion chromatography (IC) re-
ceived no further treatment, while subsamples for metal and metalloid
chemistry via inductively coupled plasma optical emission spectrometry
(ICP-OES) were acidified to 1 % with HNO3. Total organic C (TOC), as
non-purgeable organic C (NPOC), samples were collected only for the Octo-
ber 2020 monthly sampling event. Water samples for E. coli enumeration
were collected formonthly spatial samplings during part of the recreational
season of 2019 (June 2019 to October 2019) and during the complete rec-
reational season of 2020 (April 2020 to October 2020). The samples for
E. coli testing were placed in autoclaved 500-mL polypropylene bottles.
Water samples for MST were collected during the October 2020 monthly
sampling event in the same manner as the E. coli samples. The optical
brightener photodecay, ICP-OES, and E. coli samples were stored at 4 °C
until analysis, while IC, TOC, and MST samples were frozen until analysis.

We also collected samples to characterize three potential endmember
contributions to Fishpot Creek's flow: “natural water”, wastewater, and
drinking water. The “natural water” endmember represents baseflow sup-
plied to the streamwithout contributions frommunicipal water sources. Be-
cause of high development throughout the basin, none of our sites were
suitable to serve as the natural endmember. We instead used groundwater
samples from a nearby (13 km west) rural karst spring (Rockwoods Spring;
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Wildwood, Missouri) with 3 % catchment-wide ISA (Robinson and
Hasenmueller, 2017) to characterize the natural endmember. Samples
from Rockwoods Spring were collected within a week of the monthly sam-
pling events. Within 2 days of the monthly sampling suites, 24-h composite
influent, untreatedwastewater sampleswere obtained from theMSDGrand
Glaize Wastewater Treatment Plant to determine the chemistry of any po-
tential contributions from the municipal wastewater endmember. Only in-
fluent wastewater samples were considered in our study because the
watershed does not have any treated effluent discharge sites and our
baseflow sampling regime was designed to preclude stormwater contribu-
tions. Treated drinking water samples were collected from businesses
within the Fishpot Creek watershed in June 2021 and July 2021 to charac-
terize the drinking water endmember, which can enter the stream through
infrastructure leaks or irrigation.

3.2. Laboratory measurements

3.2.1. Optical brighteners
All our presented optical brightener values are the raw, uncorrected

fluorescence measurements reported in reference fluorescence units
(RFU). We did not correct our field optical brightener readings for temper-
ature, turbidity, or organic matter content in the laboratory because we
wanted to understand the utility of using in situ optical brightener readings
as a standalone reconnaissance tool without introducing additional (and
potentially expensive, time consuming, or laborious) analyses. Following
the methods of Cao et al. (2009) and Dubber and Gill (2017), photodecay
tests were conducted in the laboratory immediately upon our return from
the field in an attempt to distinguish optical brightener and organic matter
fluorescence signals in the water samples. These studies found that optical
brighteners and organicmatter can fluoresce at similar wavelengths but dif-
fer in their photodecay patternswhen exposed to an ultraviolet light source.
The specific details of the photodecay testing methodology are outlined in
Supplemental Material Section 2.2.

3.2.2. Other chemical species
Anion (F−, Cl−, SO4

2−) concentrations were measured using a Thermo
Scientific Integrion Dionex HPIC IC. Total metal and metalloid (B, Ca,
Mg, Sr, K, Na) concentrations were measured using a PerkinElmer Optima
8300 ICP-OES. Check standards, replicate samples, and blanks were in-
cludedwith all runs to assess instrument accuracy and precision. Both accu-
racy and precision were within 5 % for the IC, while accuracy was within
10 % and precision was within 5 % for the ICP-OES. Samples collected in
October 2020 for TOC were sent frozen to the National Great Rivers Re-
search and Education Center (NGRREC) for analysis on an Elementar
vario TOC cube (as NPOC). Accuracy and precision were within 8 % and
1 %, respectively.

3.2.3. Bacteria
Total coliform and E. colimost probable numbers (MPN) were analyzed

in the laboratory immediately following sample collection using the
USEPA-approved IDEXX Colilert and Quanti-Tray 2000 system (IDEXX
Laboratories, 2013, 2017). The measurement range is from <1.0 to
>2,419.6 CFU/100 mL, with concentrations derived from the method's
MPN table. While coliform bacteria are indicative of fecal contamination,
they can have multiple sources, making these bacteria a non-unique tracer.
To constrain human-derived fecal contamination in the Fishpot Creek wa-
tershed, water samples collected during the October 2020 sampling event
(i.e., on October 26, 2020) underwent MST analysis of the HF183 marker
in the fecal-associated bacteria, Bacteroides, using quantitative polymerase
chain reaction (qPCR) assay. We filtered 100 mL of sample from each site
within 6 h of collection using a 0.4-μm cellulose acetate membrane filtra-
tion funnel assembly. Filters were folded, placed in extraction tubes con-
taining glass beads, stored at −80 °C, then shipped overnight on dry ice
to the Northeastern Ohio Regional Sewer District (NEORSD) for DNA ex-
traction and purification using a modified version of USEPA Method 1696
(USEPA, 2019; see Supplemental Material Section 2.3 for more detail).
4

3.3. Endmember mixing analyses

The percent contribution of wastewater to the total flow for each site in
the Fishpot Creek catchment was calculated using three models of
endmember mixing. A simple, two component mixing model, using field
optical brightener fluorescence values as the only chemical tracer (C),
was used to determine the wastewater fraction for stream and spring
water samples. The mixing model, modified from Sklash et al. (1976), de-
termines an endmember's fraction (α) of the total flow using the equation:

CS ¼ αNCN þ αWCW (1)

The subscripts represent the sample (S), natural water endmember (N),
and wastewater endmember (W). The natural water endmember signifies
unimpacted baseflow to the catchment and was characterized by the
Rockwoods Spring samples. The wastewater endmember data for this cal-
culation were the 24-h composite untreated influent wastewater samples
fromMSD's Grand GlaizeWastewater Treatment Plant.We did not consider
treated wastewater because effluent discharge sites are not present in the
Fishpot Creek basin, have locations known to water managers, and do not
present the same environmental risks as untreated wastewater. Inputs
from the stormwater sewers were not expected during baseflow conditions,
so we did not characterize this water type. The two component mixing
model approach was tested as a simple endmember separation method
for water managers to quickly assess untreated wastewater inputs to a site
using only in situ optical brightener data.

We also employed three component and inverse mixing models that in-
cluded natural water and wastewater contributions, like the two compo-
nent mixing model, but accounted for potential inputs of a second
municipal water type: a drinking water endmember (D), which is known
to enter Fishpot Creek (Lockmiller et al., 2019) likely due to leaking infra-
structure or lawn irrigation practices. For bothmodels, the endmember sig-
natures in the stream or spring water samples are expressed as:

CS ¼ αNCN þ αWCW þ αDCD (2)

While wastewater originates, in part, from drinking water, the drinking
water endmember is geochemically distinct from the influent wastewater
endmember because of additions during water use (e.g., inputs of optical
brighteners and B from detergents). The three component and inverse
mixing models included more analytes than the two component mixing
model and are therefore generally considered more robust analyses of
endmember inputs.

Our three component mixing model, after Lee and Krothe (2001), used
two tracers to determine endmember proportions for each model run. We
used three combinations of tracer data in the model: optical brighteners
and B, optical brighteners and F−, and B and F−. These tracers were chosen
because they have few non-municipal water sources, differ substantially
among the endmembers, and are generally considered to be conservative
(Kennedy et al., 1991; Cao et al., 2009; Dubber and Gill, 2017;
Guinoiseau et al., 2018; Lockmiller et al., 2019).

For the inverse mixing model, we used optical brightener, B, F−, Ca,
Mg, Sr, and K values (i.e., a total of seven tracers used simultaneously in
the model) to determine natural water, wastewater, and drinking water
contributions to flow. Other studies that have used inverse mixing models
have included additional analytes, like Na+, Cl−, and SO4

2− (Négrel
et al., 1993; Roy et al., 1999). We did not include these analytes in our in-
verse mixing model because other sources for these tracers (e.g., basin-
wide winter road deicing applications of Na+ and Cl− and atmospheric
and fertilizer inputs of SO4

2−) confound the results. Following the work of
Lockmiller et al. (2019) and references therein, a least squares method
was used to solve for the proportions of different endmembers for the in-
verse mixing model because the system is over-constrained. For both the
three component and inverse mixing models, 10,000 random endmember
composition combinations were sampled from uniform distributions of
endmember values to account for the uncertainty and high variability in
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endmember compositions. From those endmember combinations, 10,000
Monte Carlo simulations were calculated and averaged to get final propor-
tions of the different endmembers. We discarded model results when
endmember proportions were negative or did not sum to 1.00 ± 0.05.

4. Results

4.1. Infrastructure distribution

The sewer pipe density for the Fishpot Creek basin was calculated and
mapped to help characterize possible untreated wastewater inputs to the
sample sites (Fig. 1d; data from MSD, 2019). We defined “sewer pipe den-
sity” as the combination of both the sanitary and stormwater infrastructure
draining to a given site. We chose to include the stormwater sewers in our
calculations because we sampled the catchment at baseflow, eliminating
the potential for direct stormwater runoff to the stream. However, the
stormwater infrastructure can still convey municipal waters to the stream
during low flow conditions due to contributions from sanitary sewer
exfiltration, drinking water infrastructure exfiltration, or lawn irrigation
practices. We found that sewer pipe density was lowest in the outlet and
highest in the west branch (Fig. 1d). We were unable to map treated drink-
ing water infrastructure in the catchment because pipe location data were
unavailable for security reasons.

4.2. Endmember characterization

We characterized the natural water, untreated wastewater, and drink-
ing water endmembers (Table 1) that could potentially contribute to flow
in the Fishpot Creek watershed. Of the three endmembers, the untreated
wastewater had the highest average optical brightener fluorescence value
and B concentration, while the drinking water had the highest average
F− concentration (Table 1). The average F− concentration in the wastewa-
ter endmember was ~10 % lower than the drinking water endmember but
was within 1 % of wastewater F− data collected for another study in the
region (Lockmiller et al., 2019). Natural water had the lowest values for
these analytes of all the endmembers. While we only discuss optical bright-
eners and the traditional wastewater tracers B and F− here, additional
endmember geochemical data used in our inverse mixing model are pro-
vided in Table 1.

4.3. Wastewater tracer and indicator distributions

4.3.1. Chemical tracers
In addition to classifying endmember chemistries, we also characterized

the Fishpot Creek sites during monthly samplings to assess the spatial pat-
terns of optical brightener fluorescence values compared to the concentra-
tions of the traditional wastewater tracers B and F−. The west branch
typically had the highest andmost variable average optical brightener fluo-
rescence readings (Fig. 2a, b), B concentrations (Fig. 2c, d), and F− con-
centrations (Fig. 2e, f), with the most elevated tracer values occurring in
the subbasin's headwaters. The outlet had the lowest average optical
brightener fluorescence and F− levels, but featured B concentrations
that were elevated relative to the east branch (Fig. 2a–f). Site-specific
monthly averages and standard deviations for additional geochemical
data are in Table 1, and Pearson's correlations for various parameters
are in Table S1. We note that temperature, turbidity, and organic matter
content are known to impact fluorescence measurements of optical
brighteners. Data for these parameters are given in Tables 1 and 2,
and we compare their variations across the catchment in Supplemental
Material Section 3.1.

4.3.2. Bacterial indicators and tracers
We analyzed bacteria in Fishpot Creek water samples only during the

recreational season (April 1 to October 31 for a given year; Missouri
Department of Natural Resources MoDNR, 2016a). While our bacterial
sample suite includes one partial recreational season (June 2019 toOctober
6

2019) and one full recreational season (April 2020 to October 2020), we
describe only the 2020 dataset here because it represents a full recreational
season and the data patterns in space and time are similar to those of the
2019 partial recreational season (see Supplemental Material Section 3.2
for information about the entire E. coli dataset). While only a small reach
in the outlet of thewatershed is classified for use (WBC-B), E. coli concentra-
tions across the basin commonly exceeded the regulatory value of
206 CFU/100 mL, particularly in the basin headwaters (Fig. 2g, h). Like
most of the chemical tracer distributions, we found that the west branch
featured the highest geometric mean E. coli concentrations, followed by
the east branch, then the outlet (Fig. 2g, h).

Since fecal indicator bacteria can originate from multiple sources, we
used MST to identify bacterial contamination specifically from humans
(i.e., wastewater; see Table 2). General Bacteroides was detected in
all Fishpot Creek water samples (using the GenBac marker), but
human-sourced Bacteroides was only detected in three samples (using the
HF183 marker). For those three sites, human-associated Bacteroides ranged
from 0.85 % to 5.07 % of the total Bacteroides detected. However, the
HF183 concentrations were below the lower limit of quantification,
meaning that their concentrations were below the lowest calibration
standard.

4.4. Temporal fluctuations in the monitored analytes

Data from high-resolution temporal monitoring at Site 2 (Table 1;
Fig. 3) were used to assess the potential variability of our tracers over
time. The Site 2 weekly samples had average optical brightener fluores-
cence, B, and F− values that were indistinguishable from the monthly
data collected at the site (Table 1). Other analyte averages and standard de-
viations were also consistent between the weekly and monthly sample sets
collected at Site 2 (Table 1).

Following flood events (Fig. 3a), optical brightener fluorescence read-
ings tended to increase (Fig. 3b). While we did not find a significant corre-
lation between optical brightener fluorescence measurements and
discharge (r=0.23, p > 0.05), we did detect a positive and significant cor-
relation with stage (r = 0.63, p < 0.05; Table S2). We did not observe any
seasonally driven patterns in our optical brightener fluorescence readings,
despite higher temperatures (Fig. 3c) and ultraviolet radiation in the sum-
mer months that could respectively interfere with optical brightener mea-
surements or enhance optical brightener photodecay. Turbidity (Fig. 3d)
and fDOM (Fig. 3e) tended to peak during discharge events, potentially
leading to interferences with optical brightener fluorescence readings.
The optical brightener fluorescence measurements at Site 2 did not corre-
late significantly with turbidity (r = 0.12, p > 0.05), but did positively
and significantly correlatewith fDOMvalues (r=0.78, p< 0.05; Table S2).
However, we did not collect our monthly samples during high flow events
when turbidity and fDOM levels were highest.

4.5. Optical brightener fluorescence measurement variability and photodecay tests

We tested the consistency of optical brightener fluorescence mea-
surements over time and accounted for potential organic matter detec-
tion by measuring both fluorescence reading variability over short
periods in the field as well as photodecay behavior in the laboratory.
Field optical brightener fluorescence values did not change more than
an average of 5 % on short timescales (i.e., over 15–20 min) at the
Fishpot Creek sites during baseflow conditions. We used the laboratory
photodecay tests from Cao et al. (2009) and Dubber and Gill (2017) in
an attempt to corroborate if samples were positive for optical bright-
eners. However, these photodecay methods had a detection limit of
5 μL/L for optical brighteners (equivalent to 17.2 RFU on our field in-
strument). Most of the watershed samples (i.e., 80 % of the monthly
samples and 95 % of the weekly samples) were below this threshold.
Thus, we found that these tests were not applicable to our study site. Ad-
ditional details for the photodecay laboratory experiments are outlined
in Supplemental Material Section 3.3 and Table S3.



Fig. 2.Optical brightenerfieldfluorescence value (a)median and range for each site (colored bybranch; see Fig. 1 for the stream segment color scheme and site locations) and
(b) spatial distribution of averages for each site. The optical brightenerfluorescence data are for the entire sampling period. The same style plots are shown for B (c and d) and
F− (e and f) concentrations for the whole sampling period. The 2020 recreational season (i.e., April 1, 2020 through October 31, 2020) E. coli concentration (g) median and
range and (h) geometric mean for each site are also shown. Lines in g indicate the upper limit of the test at 2419.6 CFU/100mL (solid line) and the regulatoryWBC-B limit at
206 CFU/100mL (dashed line). In the watershedmap scales, parameters range from the lowest to the highest average observed value on a linear scale, with the exception of
the E. coli results, which start at the WBC-B limit of 206 CFU/100 mL and range to the highest average value observed.
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Table 2
The MST, E. coli, field optical brightener fluorescence, and TOC measurements for the October 26, 2020 watershed samples and method blank.

Sample GenBac
(copies of 16S rRNA/100 mL)

HF183
(copies of 16S rRNA/100 mL)

HF183
(%)

E. coli
(CFU/100 mL)

Optical brighteners (RFU) TOC
(mg/L)

Site 0 (Pettys Spring) NA NA NA 65.1 9.0 16.9
Site 1 4.70 × 105 ND ND 122.2 11.3 19.9
Site 2 2.00 × 105 ND ND 77.6 11.3 12.7
Site 3 5.16 × 105 ND ND 98.4 11.4 13.3
Site 4 NA NA NA 26.5 14.0 13.9
Site 9 7.79 × 105 ND ND 272.3 30.7 28.2
Site 10 5.26 × 105 2.67 × 104 5.07% 1046.2 22.8 24.9
Site 12 1.33 × 106 ND ND 1119.9 15.5 21.9
Site 13 9.71 × 105 ND ND 980.4 33.1 17.4
Site 14 6.08 × 105 ND ND 517.2 19.3 13.8
Site 15 3.52 × 105 ND ND 307.6 19.8 14.0
Site 16 2.43 × 106 2.06 × 104 0.85% 1986.3 21.1 17.2
Site 17 5.62 × 105 ND ND 1553.1 19.3 20.4
Site 18 5.22 × 105 ND ND >2419.6 19.0 19.1
Site 19 1.95 × 105 ND ND 365.4 18.8 18.1
Site 20 5.19 × 105 2.06 × 104 3.98% 2419.6 19.9 18.7
Site 21 1.09 × 105 ND ND 435.2 19.1 17.9
Method Blank ND ND ND <1.0 NA NA

ND= not detected.
NA = not applicable.
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4.6. Wastewater contributions to the watershed determined with endmember
mixing models

Three mixing models were used to evaluate the fraction of untreated
wastewater entering the Fishpot Creek watershed (Fig. 4). Given that the
basin does not feature any treated effluent discharge sites or combined
sewer overflows, the only potential origin of sanitary sewage is non-point
source exfiltration from wastewater infrastructure or septic systems. The
two component mixingmodel utilized optical brightener fluorescencemea-
surements as the wastewater tracer to calculate the contributions of natural
water and untreated wastewater to the basin. This approach was tested as a
simple endmember separationmethod for watermanagers to quickly assess
untreated wastewater inputs to a site using only optical brightener fluores-
cence data. The three component and inverse mixing models included
additional tracers to assess natural water and untreated wastewater contri-
butions to the catchment as well as a third potential endmember input to
the stream of significance to water managers: drinking water derived
from infrastructure leaks or lawn irrigation.

4.6.1. Variations in wastewater inputs across the watershed
The two component mixing model, using only optical brightener

fluorescence measurements as the wastewater tracer, predicted that
untreated wastewater contributions to the watershed for all monthly
samples was, on average, 7 % of the flow, with a standard deviation of
±4 %. Calculated wastewater inputs were highest and most variable
among sites in the west branch, particularly at Sites 9 and 13 (Fig. 4a).
The lowest and least variable wastewater input predictions for the wa-
tershed were observed at the outlet.

For the three componentmixingmodel, we tested three combinations of
tracers (optical brighteners and B, optical brighteners and F−, and B and
F−) that had markedly different concentrations among our endmembers
(Fig. 5).We found the best model output resulted from using optical bright-
ener and F− data (Fig. 4b), meaning we were most frequently able to con-
verge on an answer for the model. Specifically, when running 10,000
iterations of the three component mixing model, the model converged on
an answer 32 % of the time using optical brighteners and F− as the tracers
for the monthly samples, with the other combinations converging 12 %
(optical brighteners and B) and 10 % (B and F−) of the time. The average
basin-wide untreated wastewater input predicted using monthly optical
brightener and F− data for the three component mixing model was 3 ±
2 % of flow (Fig. 4b), with 92 ± 2 % natural water and 5 ± 2 % drinking
water inputs. While calculated untreated wastewater contributions were
systematically lower and less variable using the three component mixing
8

model compared to the two component mixing model, the spatial patterns
across the basin were similar.

The inverse mixing model (using optical brighteners, B, F−, Ca, Mg,
Sr, and K as tracers) successfully converged on a result 45 % of the time
for the monthly spatial samples, returning a solution more frequently
than the three component mixing model. The inverse mixing model
indicated an average untreated wastewater input to flow of 5 ± 3 %
(Fig. 4c), with 67 ± 6 % natural water and 28 ± 7 % drinking water
contributions across the basin. While the average untreated wastewater
input calculated with the inverse mixing model was only slightly higher
than the three component mixing model, the inverse mixing model sug-
gested a much larger drinking water contribution to the watershed. The
spatial patterns of untreated wastewater inputs among sites predicted
by the inverse mixing model were similar to the two and three compo-
nent mixing model results.

4.6.2. Variations in wastewater inputs over time
The same three mixing models were used to assess untreated wastewa-

ter inputs at high temporal resolution for Site 2. While the calculated un-
treated wastewater contributions were similar among all the models,
ranging 1–4 % of the total flow on average, the inverse mixing model indi-
cated higher drinkingwater contributions for the site than the three compo-
nent mixing model. These observations of the relative proportions of each
endmember fraction were consistent with model outputs for our spatial
data. Overall, our higher resolution temporal data showed relatively little
change in untreated wastewater inputs to stream baseflow over time. Addi-
tional results for the endmember fractions at the weekly sampling site are
outlined in Supplemental Material Section 3.4.

5. Discussion

5.1. Comparison of optical brightener fluorescence readings with traditional
wastewater tracer and indicator measurements

We assessed the relationships between optical brighteners and
traditional tracers and indicators of wastewater for our samples to deter-
mine the utility of using optical brightener fluorescence measurements as
an in situ tool for rapid wastewater detection. We expected that as
untreated wastewater inputs increased in a given portion of the watershed,
so would the optical brightener fluorescence values detected by our hand-
held field instrument. Likewise, if other analytes were sufficient tracers of
wastewater, their concentrations would also increase with more sanitary
sewage contributions to the catchment.



Fig. 3. Data collected from the temporal monitoring site (Site 2; see Fig. 1 for the site location). (a) Discharge data are from USGS gauge 07019120 (USGS, 2022), while
(b) optical brightener field fluorescence values are from weekly site visits. Continuous measurements of (c) temperature in °C, (d) turbidity in Formazin Nephelometric
Units (FNU), and (e) fDOM in quinine sulfate units (QSU) are also provided as these parameters have been reported to influence optical brightener fluorescence
measurements.
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5.1.1. Chemical tracers
When all samples were considered, optical brightener fluorescence values

andBwere not correlated (r=−0.06 and p>0.05 for themonthly samples in
Table S1 and r=−0.01 and p> 0.05 for theweekly samples in Table S2).We
9

note that the B concentrations in our Fishpot Creek samples were often lower
than those observed for the natural endmember, Rockwoods Spring (Fig. 5a,
c). Lower B concentrations in the Fishpot Creek samples than the selected nat-
ural endmembermay be the result of differences in natural water composition



Fig. 4. The (a) two component (tracer: optical brightener fluorescence values),
(b) three component (tracers: optical brightener fluorescence and F− values), and
(c) inverse (tracers: optical brightener fluorescence, B, F−, Ca, Mg, Sr, and K values)
mixing model results for the percent untreated wastewater in the Fishpot Creek
watershed monthly samples by site. See Fig. 1 for the stream segment color scheme
and site locations. Fig. 5.Mixing diagrams for (a) optical brightenerfluorescencemeasurements and B

concentrations, (b) optical brightener fluorescence measurements and F−

concentrations, and (c) B and F− concentrations for the monthly Fishpot Creek
watershed samples. Boxes indicate the analyte value ranges for the three
endmembers: natural water (triangles), untreated wastewater (diamonds), and
drinking water (squares). A plot of (d) optical brightener fluorescence values and
E. coli concentrations is also provided, but we note that E. coli data were only
collected during the recreational season and endmember E. coli values are not
available.
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across the study region. These observations indicate that B cannot be univer-
sally used on its own to identify wastewater contributions to watersheds as
B inputs may come from sources other than bleaching agents in detergents
(e.g., rock weathering or fertilizers; Hasenmueller and Criss, 2013). For exam-
ple, we observed relatively elevated B levels near the spring-fed outlet of the
watershed (Fig. 2c, d), where optical brightener fluorescence signals were
the lowest (Fig. 2a, b). A longer residence time for the groundwater that enters
the stream could increase B concentrations through water-rock interactions
thereby convoluting the sanitary sewage-related B signature and decreasing
the efficacy of B as a wastewater tracer.
10
Most of thewatershed samples fell within the bounds of the endmember
mixing diagram for optical brightener fluorescence and F− data (Fig. 5b).
Nevertheless, some of our stream samples had lower F− concentrations
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than the natural water endmember, again indicating that the natural
endmember used for the study may not be ideal. Watershed optical bright-
ener fluorescence values and F− concentrations had a significant (p< 0.05)
but weak positive correlation (r=0.18 for themonthly samples in Table S1
and r=0.34 for the weekly samples in Table S2). This weak relationship is
likely due to contributions of F− to the catchment from sources other than
wastewater. Indeed, we observed two clusters of data in our mixing
diagram, predominantly comprised of samples from the west branch
(Fig. 5b). In both groupings, F− concentrations correlated with optical
brightener fluorescence measurements, but the regressions trended
towards either the wastewater endmember or the drinking water
endmember. These data trends suggest that some reaches of the stream
may be more impacted by wastewater inputs, while other areas of the
basin may receive higher drinking water contributions. Because F− can
be sourced from both wastewater and drinking water, it consequently can-
not be used by itself to determine wastewater inputs to the environment.

5.1.2. Bacterial indicators and tracers
Fecal indicator bacteria, like E. coli, are commonly used to help de-

tect wastewater infrastructure issues. While E. coli measurements are
an inexpensive and straightforward test to understand fecal contamina-
tion of water resources, they cannot be used to distinguish human-
sourced bacteria from other origins. We observed a positive (r = 0.30)
and significant (p < 0.05) correlation between optical brightener fluo-
rescence levels and E. coli concentrations, but the correlation r value
was low and the data scatter was high (Fig. 5d; Table S1), indicating
E. coli sources to the catchment other than untreated wastewater. Evi-
dence for non-human origins of E. coli to the watershed was demon-
strated by our MST results (Table 2). While the sites that were positive
for human-associated Bacteroides also had relatively high E. coli concen-
trations of≥1046.2 CFU/100 mL, 75 % of the sites that were above the
WBC-B limit of 206 CFU/100 mL and 50 % of the sites with E. coli con-
centrations ≥1046.2 CFU/100 mL contained no human-associated
Bacteroides. Thus, most of the sites with elevated E. coli levels had bacte-
rial contamination from non-human sources (e.g., pet or wildlife waste).
This result illustrates that use of fecal indicator bacteria alone could
confound water manager's efforts to identify faulty wastewater infra-
structure.

When comparing optical brightener fluorescence values with the MST
results for the October 2020 samples (Table 2), we found that the highest
optical brightener sensor response values (>30.0 RFU at Sites 9 and 13)
did not correspond with samples that were positive for human fecal inputs.
Both Sites 9 and 13 featured large stormwater sewer lines that drained to
the stream sampling locations, implying that the observed optical bright-
ener signatures may have had other sources besides sanitary sewage
(e.g., detergents used to wash vehicles that subsequently entered the
stormwater sewer system). While Site 9 featured a high TOC concentration
of 28.2 mg/L, which could potentially interfere with field optical bright-
ener fluorescence readings, Site 13's TOC value of 17.4 mg/L was below
the average for all sites (Table 2), indicating organic matter interferences
may not be the cause of high optical brightener fluorescence readings at
these sites. The next three highest optical brightener fluorescence measure-
ments (19.9–22.8 RFU at Sites 10, 16, and 20) correspond with the three
basin locations that were positive for HF183, the human-associated
Bacteroides. These sites did not feature prominent stormwater inputs,
indicating that optical brightener fluorescence signals and human-derived
bacteria at these locations are likely sourced from sanitary sewage. We ob-
served that all sites with optical brightener fluorescence values≤19.8 RFU
tested negative for human-associated Bacteroides, suggesting a potential
threshold optical brightener fluorescence signal for indicating the presence
of untreated sanitary sewage in the watershed.

5.2. Wastewater tracer and indicator relationships with infrastructure distribution

We compared wastewater tracers and indicators with infrastructure
density through the basin because areas of high sewer pipe density likely
11
represent reaches of the stream that aremore prone to receive inputs of san-
itary sewage from leaks in the system. Of the wastewater tracers and indi-
cators we used (i.e., optical brighteners, B, F−, E. coli), we found that
optical brightener fluorescence values had the strongest correlation with
sewer infrastructure density (r=0.71, p < 0.05; Table S1). Other chemical
tracers, like B and F−, had no to weak, non-significant correlations with
wastewater infrastructure density (r≤ 0.25, p> 0.05; Table S1), suggesting
other sources for these analytes such as rock weathering, fertilizer, or
treated drinking water inputs. While E. coli levels had a significant
(p < 0.05) and positive correlation with wastewater infrastructure density,
the correlation was weak (r = 0.29; Table S1) due to multiple sources of
E. coli in the watershed (e.g., pet or wildlife waste). Our findings imply
that optical brightener fluorescence measurements may not only be a
rapid, in situ test for untreated wastewater, but they are likely more effec-
tive tracers in catchments where traditional wastewater tracer and indica-
tor signatures are confounded by other sources.

5.3. Characterization of wastewater inputs to the watershed using endmember
mixing models

Using our two component, three component, and inversemixingmodels
for the monthly spatial data, we found significant, positive correlations be-
tween the average percentage of wastewater toflow and sewer pipe density
at each subcatchment (Fig. 6). These results indicate that areas of the basin
with higher wastewater infrastructure densities have higher wastewater
inputs. While the calculated wastewater contributions for the sites were
similar among the models, the two component mixing model generally
yielded slightly higher wastewater fractions. This model also produced
the strongest correlation between the wastewater fraction and sewer in-
frastructure density (r = 0.86, p < 0.05; Fig. 6), suggesting the simpler
model may be ideal for wastewater detection studies conducted by
water managers.

For both the three endmember and inversemixingmodels, we observed
model success rates of <50 %, with some tracer combinations in the three
endmember mixing model converging on a result only 10 % of the time.
The higher success rate of 32 % for iterations of the three component
mixing model using optical brightener fluorescence measurements and
F− concentrations (compared to other tracer combinations) was likely be-
cause a majority of the watershed chemical data fell within the three
endmember concentration ranges for these analytes (Fig. 5b). In cases
where the models failed to converge on apportioned endmember results,
narrow ranges for some endmember chemistries and/or endmembers for
which we did not account (e.g., potential B inputs from rock weathering
or fertilizers) may be the cause. Indeed, B concentrations in our natural
endmember were often higher than those in our stream samples (Fig. 5a,
c). Nevertheless, we note that the chemical composition of wastewater
was highly variable for all analytes, including optical brightener fluores-
cence values (Table 1; Fig. 5), making wastewater tracer studies inherently
challenging.

5.4. Utility of in situ optical brightenerfluorescencemeasurements for wastewater
assessments

Optical brightenerfluorescence is a fast, easy, and inexpensivemeasure-
ment that can be used as an initial way to screenwaterbodies in the field for
wastewater contributions. Their readings are also the only option for in situ
wastewater testing. Not only do optical brightenerfluorescence values have
the strongest positive correlation with wastewater infrastructure density of
any parameter we measured (Table S1), but other tracers and indicators
(e.g., B, F−, E. coli) had contributions to the watershed from sources other
than wastewater (e.g., rock weathering, fertilizers, drinking water, pet
and wildlife waste) that caused their weaker correlations with wastewater
infrastructure density. Our data indicate that optical brighteners are ideal
tracers for detecting potential untreated wastewater inputs to the environ-
ment, likely because they have few (and no natural) sources to confound
in situ readings.



Fig. 6. Average untreated wastewater percentage of flow calculated from the
(a) two component, (b) three component, and (c) inverse mixing models as a
function of sewer pipe density in each sampling site's subcatchment. Bars indicate
the standard deviation of the wastewater endmember fraction at each site across
the sampling period.
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5.5. Limitations of in situ optical brightener fluorescencemeasurements for waste-
water assessments

Prior studies have observed that intense ultraviolet light, especially in the
summer, can degrade optical brighteners in water (Cao et al., 2009; Dubber
and Gill, 2017), both when samples were exposed to strong sunlight or kept
in the shade (Cao et al., 2009). However, we did not detect any seasonal oscil-
lations in optical brightener fluorescencemeasurements at our temporal mon-
itoring location (Site 2; Fig. 3). We suspect that either heavy shading from the
riparian zone or the short residence time of the water in the streammay have
reduced the potential for optical brightener photodecay at our study site. Nev-
ertheless, photodecay of optical brightenersmay be an issue for other systems.

Organic matter interferences have also been suggested as a potential
limitation for in situ optical brightener assessments (Hartel et al., 2007;
12
Dubber and Gill, 2017). We indeed observed a positive and significant cor-
relation between optical brightener fluorescence and fDOMmeasurements
at Site 2 (r=0.78, p< 0.05; Table S2), suggesting the potential detection of
dissolved organic matter with our handheld fluorometer. We note, how-
ever, that optical brightener fluorescence readings, fDOM, and stage were
all significantly and positively correlated with each other at the temporal
monitoring site (Table S2). These intercorrelations indicate that organic
matter interferences with the optical brightener fluorescence readings
were likely minimized during baseflow conditions (like when we sampled
across the watershed) because organic matter content in the water was
low. When we attempted to use photodecay patterns to assess these poten-
tial interferences in watershed samples (see Supplemental Material
Section 3.3 for more detail), we found that most of our samples were
below the method detection limit of 5 μL/L (17.2 RFU on our handheld
field instrument). Our findings indicate these photodecay tests may not
be appropriate for samples with low optical brightener concentrations.

6. Conclusion

We showed that in situ optical brightener fluorescence readings can be
used as a rapid reconnaissance tool to identify wastewater inputs in water-
sheds. Their measurements were more robust for wastewater detection
than traditional tracers and indicators (e.g., B, F−, E. coli), which often
have sources other than sanitary sewage. Indeed, our data showed that, of
all the tracers we measured, optical brightener fluorescence values had
the best correlation with wastewater infrastructure density, were elevated
when human-associated fecal bacteria were present in our watershed sam-
ples, and produced the best mixingmodel outputs, indicating their utility as
wastewater tracers. We therefore recommend the use of in situ measure-
ments of optical brightener fluorescence as an initial screening tool for san-
itary sewage inputs to the environment.

Users need to be aware of some limitations for this method, however,
including artificially low readings due to photodecay by ultraviolet light
or erroneously high readings due to interferences with organic matter.
These challenges can be reduced if sample collection occurs on days
when both ultraviolet light exposure and flow conditions are low. Water
samples that have high in situ optical brightenerfluorescence values should
be validated for the presence of wastewater with other tools, such as MST
and chemical analyses, to further investigate the potential for wastewater
contributions to the site of interest. Nevertheless, optical brighteners are
ideal tracers for reconnaissance studies to identify potential problems
with wastewater infrastructure because they are quickly, easily, and
inexpensively measured with handheld fluorometers in the field. Our
rapid detection technique can be used to guide further sampling and waste-
water infrastructure remediation efforts.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.163378.
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