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ABSTRACT

Failing sewer infrastructure introduces raw wastewater into streams. We used fluorescence excitation-emission
matrix (EEM) spectroscopy and parallel factor analysis (PARAFAC) to track hotspots of raw wastewater in
low- and medium-order urban streams that do not receive wastewater effluent but are impacted by sanitary
sewer overflows, septic systems, and sewer exfiltration. After analyzing 296 surface water samples from 27 sites
in two watersheds over a one-year period, we proposed that the (i) area-normalized ratio of soluble microbial
product-like to humic acid-like fluorescence (R4/R5 > 0.85) and (ii) ratio of EEM-PARAFAC components with
tryptophan-like and fulvic acid-like fluorescence (C4/C3 > 1.45) could distinguish when and where untreated
wastewater is introduced to urban streams. The proposed ratios were validated by co-detection of contaminants
of emerging concern, such as sucralose, antibiotics, and UV filters, at concentrations as high as 1354, 108, and
212 ng L™}, respectively. Based on the aggregate data, we identified three sites in rural/suburban areas that were
impacted by septic systems and ten sites in urban sections affected by sanitary sewer overflows and/or sewer
exfiltration. Moreover, the ratiometric C4/C3 and R4/R5 parameters were immune to dilution effects caused by
rain events. Impacts on upstream sites were mostly identified in spring and early summer, but urban hotspots
occurred in almost every month. These findings confirmed the potential for EEM-PARAFAC-based wastewater
indicators as a quick, easy, cost-effective, and scalable technique to screen for failing sewer infrastructure in low-
order streams.

1. Introduction

76%, meaning 24% of wastewater was discharged without treatment
(Wu et al., 2018). The United States Environmental Protection Agency

Sanitary sewer overflows (SSOs), sewer exfiltration, and failing
septic systems are common occurrences in urban areas with aging
infrastructure and result in the introduction of raw wastewater to the
environment, threatening ecological and public health (Ogidan and
Giacomoni, 2016; US EPA, 2022). These issues occur due to failures in
the wastewater collection system stemming from substandard con-
struction materials, insufficient maintenance budgets, and logistical
difficulties involved with replacement of aging infrastructure (Sercu
et al., 2011). The risk of SSOs increases with precipitation events,
flooding, and improper disposal of fats, oils, grease, and "flushable"
wipes (Ashley et al., 2000; Durukan and Karadagli, 2019; Jagai et al.,
2017; Sercu et al., 2011). Wastewater conveyance efficiencies have been
documented for select locations. For example, the average efficiency of
sewer infrastructure in 70 Chinese megacities was determined to be
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(US EPA) estimated 23,000-75,000 SSOs per year, representing a loss of
3-10 billion gallons of raw wastewater (US EPA, 2022). These events
directly introduce pathogens, primary pollutants (e.g., carbon, nitrogen,
phosphorus), and contaminants of emerging concern (CECs), such as
antibiotics, hormones, and UV filters that raise antimicrobial resistance
(Berendonk et al., 2015) and endocrine disruption (de Cock and van de
Bor, 2014) concerns, into urban and suburban streams.

Some cities provide transparent data about SSOs. For example, Bal-
timore City (USA) maintains a publicly accessible, web-based dashboard
(Baltimore City, 2020). Tracking sewer leaks, however, is a major
challenge in urban areas because exfiltration occurs underground and is
not easily identified or quantified. To assess the influence of failing
sewer infrastructure on water quality, previous efforts have attempted to
estimate the location and the quantity of wastewater lost through sewer
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exfiltration and SSOs via groundwater modeling (Karpf and Krebs, 2011;
Roldin et al., 2012; Thorndahl et al., 2016) and tracer studies with in-
organics (Rieckermann et al., 2007) and fluorescent dyes (Sercu et al.,
2011). These strategies require extensive groundwater, hydrogeological,
and wastewater datasets that contain high uncertainty (Rutsch et al.,
2006). Furthermore, the logistical complexities of large-scale tracer
studies inhibit adoption especially in low-order streams, which are more
vulnerable to the impacts of failing sewer infrastructure. To address
these knowledge gaps, we propose spatiotemporal analysis of the dis-
solved organic matter (DOM) in urban streams as a quick, easy, and
economical strategy to screen for raw wastewater.

Sewer exfiltration, SSOs, and septic systems introduce wastewater-
derived DOM into urban streams. DOM is a complex mixture of carbo-
hydrates, proteins, soluble microbial products, fulvic and humic sub-
stances, and other small molecules (Hudson et al., 2007). Previous
research has shown that the fluorescence characteristics of
wastewater-derived DOM are different than those of "natural" DOM
stemming from plant and animal decay (Barbosa et al., 2018; Retelletti
Brogi et al., 2019). Excitation-emission matrix (EEM) fluorescence
spectroscopy has become a powerful tool to characterize the source and
composition of fluorescent DOM (FDOM) in municipal wastewater (Guo
et al., 2010), surface water (Singh et al., 2010), groundwater (Lapworth
et al.,, 2008), and marine systems (Goncalves-Araujo et al., 2016).
Characterization and monitoring of FDOM could, therefore, provide an
alternative strategy to understand the impacts of sewer exfiltration,
septic systems, and SSOs on water quality in both the headwaters and
also downstream sections of urban streams that do not receive waste-
water effluent.

Chen et al. (2003) established five major fluorescence regions in
EEMs: (1) tyrosine-like; (2) tryptophan-like; (3) fulvic acid-like; (4)
soluble microbial product-like; and, (5) humic acid-like (Fig. S1). Baker
(2001) measured FDOM in six English rivers and concluded that sites
impacted by wastewater effluent exhibited higher tryptophan-like and
fulvic acid-like fluorescence than upstream sites. The regional fluores-
cence volumes can be integrated to facilitate quantitative analysis of
FDOM composition. Yang et al. (2013) reported that the cumulative
volumes of aromatic protein-like (Regions 1 and 2) and soluble micro-
bial product-like (Region 4) fluorescence were directly correlated to
pharmaceutical concentrations in the Pearl River (China). For example,
Regions 1, 2, and 4 were positively correlated to caffeine concentration
R? = 0.86), but the humic and fulvic acid-like fluorescence (Region 3
and 5) were not associated with caffeine. Nevertheless, EEM regions are
generally defined, and the observed fluorescence peaks often occur at
different wavelengths (within the region) or cross the regional bound-
aries, potentially resulting in non-linear relationships with FDOM
concentration.

To improve the specificity of fluorescence quantitation in EEMs,
parallel factor analysis (PARAFAC) has been increasingly employed to
identify independent components that can be used to reconstruct the
observed fluorescence signals of real samples (Murphy et al., 2013).
Chen et al. (2017) studied the influence of paved overflow and sanitary
sewers on FDOM characterization during rain events and identified
tryptophan- and tyrosine-like EEM-PARAFAC components as waste-
water markers. Sgroi et al. (2017) found that maximum intensities of
humic acid- and tyrosine-like fluorescence components were well
correlated with other wastewater indicators (e.g., chemical oxygen de-
mand, caffeine, ibuprofen) in two rivers that receive wastewater
effluent. The aforementioned studies have focused on river networks
(>seventh order streams) impacted by wastewater effluent; neverthe-
less, low-order urban streams warrant more attention due to their
proximity and, therefore, vulnerability to failing sewer infrastructure.
Specific fluorescence signals have only recently been explored as in-
dicators of SSOs and sewer exfiltration in urban streams that do not
receive wastewater effluent (Mendoza et al., 2020; Mladenov et al.,
2022). No studies have been reported in urban watersheds with septic
systems.
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The specific objectives of this study were as follows: (1) to develop
novel EEM-based parameters to identify the presence of wastewater-
derived FDOM in urban streams; (2) to generate an EEM-PARAFAC
model to improve the sensitivity and selectivity of fluorescence pa-
rameters as wastewater indicators; and (3) to compare spatiotemporal
patterns in FDOM composition with CEC concentrations to confirm the
presence of wastewater and validate the proposed fluorescence in-
dicators. Importantly, EEM spectroscopy only requires 4-mL sample
volumes, 10-min analysis times, and no major consumable costs. For
these reasons, FDOM-based parameters were pursued as quick, easy, and
cost-effective wastewater indicators compared to CECs. To address the
objectives, monthly samples were collected from 27 sites in two urban
watersheds over a one-year period. This large, spatially- and temporally-
resolved FDOM dataset will not only address important knowledge gaps
about the introduction of raw wastewater into urban streams from
failing sewer infrastructure, but also provide key insights to FDOM
composition in low-order urban streams.

2. Materials and methods
2.1. Chemicals and reagents

Suwannee River Natural Organic Matter (SRNOM) was purchased
from the International Humic Substances Society (Denver, USA), and a
400 mgc L™ stock solution was prepared by reconstituting the freeze-
dried isolate with deionized water following protocols similar to those
reported by Apell et al. (2019). Then, the stock solution was diluted with
deionized water to 4 mgc L' and used (i) as a natural organic matter
reference and (ii) for quality control purposes during EEM analysis.
Oasis hydrophilic-lipophilic balanced cartridges (150 mg, 6 cm®) were
acquired from Waters Corp. (Milford, USA) for solid-phase extraction of
CECs in water samples. LC-MS grade water, methanol, and acetonitrile
were procured from Fisher Scientific (Hampton, USA) for analysis of 66
CECs by liquid chromatography with tandem mass spectrometry
(LC-MS/MS). Additional details on the CECs, which included 43 anti-
biotics, 9 hormones, 13 UV filters, and 1 artificial sweetener, are
available in Text S1 and Table S1.

2.2. Site information

The Baltimore sewer system was first constructed in 1915 and placed
along stream valleys, including those of the Jones Falls and Gwynns Falls
watersheds in Maryland, USA (Baltimore City, 2018b). Due to its age
and poor maintenance, the 5000-km system suffers from regular SSOs
and leaks (Baltimore City, 2018b, 2020; Baltimore County, 2020b).
From April 2019 to March 2020, monthly water samples were collected
from 27 locations in the Jones Falls (13 sites) and Gwynns Falls (14 sites)
watersheds. These locations included 21 sites in first-, second-, or
third-order (i.e., low-order) streams and 6 sites in medium-sized,
fourth-order streams (Strahler, 1957). Raw wastewater samples were
also collected from the sanitary sewer system at one site in the middle of
the Gwynns Falls watershed (GWN-WW1), one site in the middle of the
Jones Falls watershed (JON-WW1), and one site near the mouth of the
Jones Falls (JON-WW2). Daily discharge data were obtained from two
United States Geological Survey (USGS) flow gauges located in the Jones
Falls (USGS 01589440) and Gwynns Falls (USGS 01589352). The sam-
pling sites, wastewater collection locations, and USGS flow gauges are
shown in Fig. 1. Detailed descriptions of land use, population, stream
order, and other site-specific information are available in Text S2 and
Table S2.

2.3. Sample collection
Monthly water samples were collected by partners at Blue Water

Baltimore, placed on ice in a cooler for transport to the laboratory, and
subsequently analyzed for FDOM (April 2019 to March 2020) and CECs
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Fig. 1. Sampling locations in the Gwynns Falls and Jones Falls watersheds of Baltimore, Maryland, USA. The number in parentheses after each site code is the stream
order. Land cover data were obtained from the Conservation Innovation Center Land Cover Data Project (https://www.chesapeakeconservancy.org).

(August 2019 to February/March 2020). For FDOM analysis, 100-mL
samples were added to amber-glass containers and frozen at —20 °C
until sample preprocessing for EEM analysis. A total of 296 water
samples were analyzed during the 12-month sampling campaign; note,
another 28 samples were either lost during transport/storage (i.e.,
broken bottles) or not collected due to weather conditions. No appre-
ciable fluorescence was measured in the laboratory/field blanks. Based
on the first four months of FDOM results, four sites were selected for
monthly analysis of 66 CECs. The sites were chosen to examine CEC
concentrations in urban (i.e., GWN-60, JON-45) and suburban/rural (i.
e., GWN-55, JON-33) locations of each watershed. Samples were
collected by submerging 1-L amber-glass bottles just below the water
surface. A total of 16 wastewater samples were collected to enable
FDOM and CEC comparisons between stream samples and raw waste-
water from the same watershed. The samples were kept at 4 °C until
sample preprocessing for LC-MS/MS analysis.

During sample collection, the dissolved oxygen, pH, specific
conductance, and temperature were recorded using a multimeter YSI
Pro-Plus Quatro (YSI Incorporated; Yellow Spring, USA). An AquaFluor
fluorometer (Turner Design; San Jose, USA) was used to measure
turbidity and the concentration of optical brighteners (wastewater in-
dicators). A parallel set of water samples were collected for analysis of
Enterococcus spp., total nitrogen, and total phosphorus. These data were
obtained from a publicly-available database (Blue Water Baltimore,
2022).

2.4. Analysis of fluorescence EEMs

The water samples were thawed to room temperature, a 10-mL
aliquot was passed through a 0.45-pm glass-fiber syringe filter, and
the filtrate was added to a quartz cuvette with a 1-cm pathlength.
Fluorescence EEMs were recorded for the filtered water samples using
an Aqualog fluorometer (Horiba Scientific; Edison, USA). The excitation
and emission wavelength ranges were 230-500 and 250-600 nm,
respectively. To ensure highly resolved data, the excitation and emission
wavelengths were incremented by 3.0 nm and 3.2 nm, respectively. The
integration time was set to 2 s to ensure sensitivity and avoid photo-
bleaching. A sealed Raman water fluorescence standard (Agilent Tech-
nologies; Santa Clara, USA) was used to convert all data to Raman Units
(RU). The 1% and 2™ order Rayleigh scattering lines were removed by
the Horiba masking tool. The fluorescence spectrum of deionized water
was subtracted from the spectra of environmental samples to minimize
the background response. Wastewater samples were diluted two times
with deionized water to decrease inner-filter effects. SRNOM was
analyzed between every six environmental samples for quality control
purposes. The corrected EEM spectra were plotted and integrated in
Matlab R2018b (Mathworks; Natick, USA). Due to the low CEC con-
centrations, fluorescence EEMs were solely attributed to FDOM.

The regional volumes (®;) for each EEM were calculated using Eq.
(1) (Chen et al., 2003). To improve the resolution of FDOM in Regions
1-4 relative to Region 5, the regional volumes were normalized to (i) the
total volume under each EEM to obtain "fractional” volumes (®f,c 5 Eq.
(2)), (ii) the regional area to calculate "area-normalized" volumes
(@area—norm,i; EQ. (3)), and (iii) the total volume of the area-normalized
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EEMs to identify "fractional area-normalized" volumes (®f;ac area norm.i;
Eq. (4).

(Di = ZZIFL (lex»ﬁem)A/lex A/‘Lem (1)
ex(i)em(i)
D;
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In Egs. (1)-(4), IpL(dex, 4em ) is the fluorescence intensity at a particular
excitation wavelength (1e) and emission wavelength (Aep), the sum-

mation terms (i.e., Y, > ) cover the boundaries of Region i, Alex and
ex(i) em(i)

Alem were 3.0 nm and 3.2 nm, respectively, Ade) and Alemg) are the
range of excitation and emission wavelengths for Region i, respectively,
and, Y @urea_norm, iS the total volume under the area-normalized EEM.

The calculated areas (i.e., Adex()Adem()) for Regions 1, 2, 3, 4, and 5 were
1600, 1000, 4400, 8450, and 47,800 nmz, respectively, for the bound-
aries shown in Fig. S1.

Specific ratios of the fractional area-normalized volumes were
calculated using Egs. (5) and (6) to investigate their utility as waste-
water indicators.
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2.5. EEM-PARAFAC model development

Data from 296 EEMs were used to develop and validate an EEM-
PARAFAC model according to the protocols of Murphy et al. (2013)
with the drEEM (version 0.2.0) and N-way (version 3.30) toolboxes in
Matlab. Due to high signal-to-noise ratios, preprocessing corrections
were made by removing data for excitation wavelengths lower than 250
nm (Text S3). More details on the development and validation of the
four-component EEM-PARAFAC model are available in Text S3. In
accordance with best practices (Murphy et al., 2013), the maximum
intensity (Fpax) of the four fluorescent components was used to explore
spatiotemporal changes in FDOM composition.

2.6. CEC analysis

The 1-L samples were passed through a 0.45-um glass-fiber filter and
acidified to pH 3.0 (or lower) with 3 M HCL. Solid-phase extraction of 43
antibiotics, 9 hormones, 13 UV filters, and sucralose was conducted
according to previous protocols (He et al., 2019; Mitchelmore et al.,
2019). The selected CECs and their corresponding isotopically labeled
standards are listed in Table S1. Extracts were stored in amber vials at
—20 °C until analysis by LC-MS/MS (He et al., 2019; Mitchelmore et al.,
2019). Laboratory and field blanks were prepared and analyzed ac-
cording to the same protocols, and no CECs were detected.

3. Results and discussion

3.1. New EEM parameters to resolve spatiotemporal changes in FDOM
composition

Fig. 2 shows EEMs measured in samples from a representative site,
JON-45, across the 12-month campaign; note, EEMs from the other 26
sampling sites are provided in Fig. S2. The FDOM concentration
exhibited clear differences from month to month, with higher levels
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Fig. 2. EEMs measured in monthly samples from JON-45. White lines represent the boundaries of Regions 1, 2, 3, 4, and 5, which are defined in the April 2019
EEM (upper left corner). Note, EEMs for the other 26 sampling sites are available in Fig. S2.
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present in April, June, July, August, and December. The fluorescence
signatures, however, were similar for most months, with the exceptions
of Regions 1, 2, and 4 for June. For example, the Region 4 volume for the
June sample was 5007 RU nm?, 2.3x the average value from other
months (2194 RU nm?). The distributions of regional volumes calculated
with Eq. (1) are presented in Fig. 3a.

The regional volumes in Fig. 3a are a function of FDOM concentra-
tion; therefore, these values were normalized to the total volume under
each EEM using Eq. (2) to improve comparison of fluorescence responses
in Regions 1-5. The "fractional" volume (®f,;) distributions are re-
ported in Fig. 3b. The humic acid-like fluorescence responses (Region 5)
were dominant, accounting for 77.1 + 4.2% (average + standard devi-
ation) of the total EEM volume across all samples. The fulvic acid-like
(Region 3) and soluble microbial product-like (Region 4) fluorescence
comprised 9.86 + 2.70% and 9.66 + 0.54% of the total fluorescence,
respectively. The contributions of protein-like fluorescence were 2.43 +
0.71% (Region 2) and 0.98 + 0.59% (Region 1). The narrow inter-
quartile ranges in Fig. 3b prevented clear interpretation of differences in
Region 1-5 fluorescence between sampling sites and times. To improve
comparison of regional differences, the "area-normalized" fluorescence
(®area—norm i) Volumes were calculated using Eq. (3). The corresponding
distributions (Fig. 3c) showed a larger overlap between regions, indi-
cating better spatiotemporal resolution.

Because the flow rate of each stream varied with time (Fig. S3), the
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®; and Pyrea—norm,i fluorescence parameters, which are directly related to
FDOM concentration, were naturally variable. For example, the area-
normalized fluorescence (®urea—norm,i) responses at GWN-58, which is
in a fourth-order stream, were 0.13, 0.69, 0.62, 0.33, and 0.46 RU for
Regions 1, 2, 3, 4, and 5, respectively, in September; however, these
values increased to 0.23, 1.02, 0.81, 0.44, and 0.58 RU, respectively, in
December. Because the responses were linearly correlated to each other
R? = 0.97), the observed differences were attributed to changes in
FDOM concentration and not FDOM composition. The 24-h geometric
mean discharges measured at USGS station 01589352, which is adjacent
to GWN-58, were 0.524 and 3.115 m® s~! in September and December
(Table S3), respectively. Given the change in fluorescence magnitude
(35% increase) and flow rate (495% increase), the increased discharge
mobilized more FDOM into the stream but did not introduce new
sources of FDOM.

Different trends were observed at other sites. For example, the June
sample from JON-36, which is in a third-order stream, exhibited area-
normalized fluorescence of 0.44, 1.08, 0.59, 0.53, and 0.32 RU for Re-
gions 1, 2, 3, 4, and 5, respectively, but the fluorescence decreased to
0.02, 0.25, 0.25, 0.09, and 0.21 RU, respectively, in July. Unlike GWN-
58, these fluorescence responses were not linearly correlated (R? =
0.21). The Jones Falls flow rate was measured at USGS station 01589440
in June (0.953 m® s~ 1) and July (1.744 m3s™ ). The change in flow rate
(83% increase) was driven by rain events (Fig. S3); however, the dilution
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Fig. 3. Distribution of the five EEM regions quantified as (a) regional volumes, (b) fractional regional volumes, (c) area-normalized regional volumes, and (d)

fractional, area-normalized regional volumes (n = 296).
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factor could not fully account for the change in FDOM composition,
suggesting inputs from other DOM sources in June.

To decouple FDOM concentration and composition, the fractional
area-normalized volumes (®fac areanorm.i> EJ- (4)) were calculated; the
corresponding distributions are plotted in Fig. 3d. Regions 1, 2, 3, 4, and
5 comprised 7.3 + 3.1%, 29.8 + 4.1%, 27.8 &+ 2.9%, 14.4 + 1.7%, and
20.7 + 4.0% of the total area-normalized fluorescence volume, respec-
tively. The more even distribution of regional fluorescence enabled
better identification of differences in FDOM composition between
samples.

3.2. Application of new EEM parameters to assess FDOM in urban
streams

An initial analysis of the 296 EEMs highlighted a prominent and
unique fluorescence response in Region 4 for 42 samples (e.g., JON-45 in
June, Fig. 2). The raw wastewater samples also showed a strong fluo-
rescence response in Region 4 (Fig. S4). To determine the relative
presence of wastewater-derived FDOM against that of natural organic
matter, the fractional area-normalized fluorescence volume of Region 4
was divided by the corresponding value for Region 5, and the resulting
parameter was designated R4/R5 (Eq. (5)). Region 5 was employed in
this ratiometric parameter due to the consistent fluorescence response of
humic acid-like molecules in all samples. After evaluating the inflection
point of the cumulative distribution of R4/R5, the top 20 percentile (i.
e., R4/R5 = 0.85) was selected as a threshold to designate samples that
are potentially influenced by wastewater (Fig. S5a). The 64 samples with
R4/R5 greater than 0.85 included the 42 samples identified through
initial EEM analysis. For example, R4/R5 was 1.30 for the June sample
from JON-45. Although a prominent Region 4 response was not initially
noted at JON-45 for the May sample due to the low FDOM concentra-
tion, the R4/R5 ratio was 0.88, highlighting a key advantage of the
proposed ratiometric parameter.

Other ratios of fractional, area-normalized fluorescence volumes
were also considered. In particular, R2/R5 (Eq. (6)) demonstrated po-
tential for identification of wastewater inputs, as evidenced by the raw
wastewater EEM in Fig. S4, which exhibited notable fluorescence in-
tensity in Region 2. The cumulative distribution of R2/R5 (Fig. S5b) was
used to determine a threshold at the top 20" percentile (i.e., R2/R5 =
1.85). Using the R2/R5 parameter, 60 samples were identified as being
potentially impacted by wastewater, including JON-45 in May (R2/R5
= 2.30) and June (3.14). In total, 46 samples exhibited high R4/R5 and
R2/R5.

Previous reports have also used the ratio of fluorescence responses to
screen for changes in FDOM composition and water quality; however,
those efforts employed the ratios of peak intensities at specific, pre-
selected excitation/emission wavelengths (Aex/em). For example, Baker
(2001) proposed the ratio of tryptophan-like (Aex/em = 275/350 nm) to
fulvic acid-like (Aex/em = 320-340/410-430 nm) fluorescence peaks to
identify wastewater effluent in rivers. Similarly, Mendoza et al. (2020)
developed a fluorescence sensor that employed the tryptophan-like
(Aex/em = 280/340 nm) to humic acid-like (Aex/em = 325/470 nm)
ratio to detect untreated wastewater inputs in urban streams during
storm events. The proposed R2/R5 parameter is functionally similar to
the above approach but serves as a more robust indicator due to the use
of wider excitation and emission ranges, which are less likely to be
influenced by local variability in measured EEMs.

The proposed fluorescence indicators were contextualized by
analyzing SRNOM and raw wastewater (Fig. S4). The R4/R5 ratios
measured in SRNOM and raw wastewater were 0.22 + 0.05 (n = 20) and
1.64 £+ 0.25 (n = 16), respectively; similarly, the R2/R5 ratios were 0.38
+ 0.05 (n = 20) and 4.13 + 0.35 (n = 16), respectively. Clearly, the
SRNOM exhibited low R4/R5 and R2/R5, and the raw wastewater
exceeded the proposed thresholds (Fig. S6). These results support the
utility of the R4/R5 and R2/R5 parameters as "first-pass" indicators of
wastewater in low- and medium-order streams. Nevertheless, the
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observed fluorescence peaks in Regions 2, 4, and 5 often cross the
regional boundaries (Fig. S1), which may affect the accuracy of EEM-
based parameters. To improve the specificity of fluorescence-based
wastewater indicators, an EEM-PARAFAC model was developed to
deconvolute the data into distinct fluorescence components.

3.3. EEM-PARAFAC model

More details about the preliminary EEM-PARAFAC models are
available in Text S3, Table S4, and Fig. S7. The three- and five-
component EEM-PARAFAC models exhibited a higher sum of the
squared errors and a lower core consistency than the four-component
model, respectively; furthermore, the six-, seven-, and eight-
component models contained unrealistic spectral features. The four
components of the final, validated EEM-PARAFAC model are presented
in Fig. 4a, and the corresponding excitation and emission loadings are
provided in Fig. S8. Watershed-specific models were also evaluated and
found to match the global model (Table S4). Component 1 (C1) had an
excitation peak at 250 nm and an emission peak at 410 nm. With two
excitation peaks at 262 and 355 nm, Component 2 (C2) primarily
emitted at 455 nm. The excitation loading of Component 3 (C3) was
similar to C2 with one peak at 262 nm, but the second peak shifted up to
394 nm; in addition, the wavelength of the emission peak increased to
495 nm. Component 4 (C4) displayed excitation and emission peaks at
274 nm and 335 nm, respectively. The fluorescence responses of C1, C2,
and C3 were primarily located in Region 5 (®g,.5 > 0.98 for all three
components), but the fluorescence of C4 was split between Region 4
(@frac4 = 0.723) and Region 5 (Pgac5 = 0.248). The co-occurrence of
three unique components in Region 5 and the split-presence of another
component between two regions reinforced concerns about the lack of
specificity when using regional volumes for quantitative FDOM analysis.
Importantly, the unique fluorescence spectra of C1, C2, and C3 suggest
that these components stem from different sources and exhibit variable
fate and transport in urban watersheds. Correlation analysis of compo-
nent scores before (Fig. S9) and after (Fig. S10) data normalization
confirmed the independent nature of the components. Due to its high
excitation and emission wavelengths, C3 was comprised of more hy-
drophobic, high molecular weight compounds than C1 and C2 (Ishii and
Boyer, 2012; Wu et al., 2003).

The excitation and emission loadings of C1, C2, C3, and C4 were
uploaded to the OpenFluor database (Murphy et al., 2014) and gener-
ated matches (Tucker’s correlation coefficient > 0.95) with previously
reported spectra from 60, 10, 62, and 45 studies, respectively (as of July
2022). The top 10 matches for each component are shown in Table S5.
For example, C1 was similar to a terrestrial humic-like component from
the Neuse River estuary (USA) (Osburn et al., 2012), a microbial
humic-like component from the Otonabee River (Canada) (Peleato et al.,
2016), and a microbial humic-like component from the Nakdong River
watershed (South Korea) (Derrien et al., 2019). C2 aligned with a
humic-like component from Lake Lillsjon (Sweden) (Wiinsch et al.,
2017) and a terrestrial humic-like component in the Meuse River
(Belgium) (Lambert et al., 2017). With the highest number of matches,
C3 exhibited spectral similarities to terrestrial fulvic-like components
reported for water bodies in Quebec (Canada) (Lapierre and del Giorgio,
2014), soil extracts from a forested watershed in Costa Rica (Osburn
et al., 2018), and water from the Arno River (Italy) (Retelletti Brogi
etal., 2020). C4 was similar to tryptophan-like fluorescence components
reported in studies that involved biological wastewater treatment pro-
cesses (Jia et al., 2017; Murphy et al., 2011) or wastewater-impacted
rivers (Retelletti Brogi et al., 2019; Yu et al., 2015); however, this
component was also related to decomposition of aquatic plants in China
(Yuan et al., 2020), highlighting the importance of developing
EEM-PARAFAC models at the watershed scale. The primary associations
of C1, C2, and C3 with natural DOM and C4 with wastewater confirmed
the potential for C4 to be used as a wastewater indicator.

The distributions of Fy,x values for each component are presented in
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Fig. 4. The (a) fluorescence signatures of the four EEM-PARAFAC model components and (b) Fyax distributions for each component across all samples (n = 295). The

excitation and emission loadings are available in Fig. S8.

Fig. 4b, and the Fpa values are plotted for each site in Fig. S11. As
indicated above, tryptophan-like fluorescence has been associated with
wastewater-impacted groundwater (Lapworth et al., 2008; Lee et al.,
2015) and surface water (Baker 2001; Baker and Inverarity 2004). The
Fax values of C4 in some samples (e.g., GWN-60 in June; JON-33 in July
and December; and, JON-45 in June) were obviously greater than at
other sites and times. For example, the Fp,,y values of C4 at JON-45 and
GWN-60 in June were about 4x the average of the other samples, sug-
gesting unique sources of this fluorescence component in those samples.

3.4. Ratiometric EEM-PARAFAC indicators and their spatiotemporal
trends

To account for differences in FDOM concentration, the ratios of C4
with the other components were evaluated. The cumulative distribu-
tions of the C4/C1, C4/C2, and C4/C3 ratios were assembled (Fig. S12)
and used to identify thresholds at the top 20t percentiles, namely 0.37,
1.35, and 1.45, respectively. The wider range and higher threshold of
the C4/C3 parameter provided more resolution and better specificity.
According to the C4/C3 threshold, 29 samples from the Jones Falls and
30 samples from the Gwynns Falls were potentially impacted by
wastewater. Importantly, the R4/R5 and C4/C3 parameters were well
correlated (R% = 0.88; Fig. $13). While both metrics suggested waste-
water influence, the slope of C4/C3 vs. R4/R5 (4.14) was greater than
1.0, confirming the better sensitivity of the C4/C3 parameter.

The spatiotemporal trends of C4/C3 and R4/R5 are presented for
both watersheds in Fig. 5. In the Jones Falls watershed, 20 of the samples
with C4/C3 greater than 1.45 were located in the more rural/suburban
upper stretch (i.e., JON-32 to JON-39), and the other nine were in the
more urban lower section (i.e., JON-40 to JON-45). The upstream sites
were generally in first- and second-order streams situated in areas with
less sewers and more septic systems. In fact, the Jones Falls watershed
has 3244 septic systems (Topolski 2021), and they are primarily located
in the upstream area (Fig. S14). Previous literature has confirmed that
septic systems (i) increase nutrient inputs and contribute to eutrophi-
cation in rural headwaters (Withers et al., 2011; Withers et al., 2012),
(ii) introduce CECs into rural streams (Ramage et al., 2019; Spoelstra
et al., 2020), and (iii) impact water quality in other regional watersheds
(Harrison et al., 2012; Reay 2004; Shields et al., 2008). The prevalence
of the high C4/C3 signals in the upstream locations may, therefore, stem
from septic system discharges. The Jones Falls watershed has 3.5x more

septic systems than the Gwynns Falls watershed (Topolski, 2021), which
did not exhibit high C4/C3 at the upstream locations. While 21/29
samples with high C4/C3 were recorded in the spring and early summer
months (i.e., April, May, June, July), only eight samples demonstrated
high C4/C3 in the late summer, fall, and winter (i.e., August 2019 to
March 2020). These results suggested the potential influence of seasonal
precipitation and/or stream flow rate on the C4/C3 parameter.

To further investigate this phenomenon, the 24-h geometric average
discharge (prior to sample collection) was calculated using data ob-
tained from USGS flow gauges located near JON-36 and GWN-58
(Table S3). The C4/C3 ratios were plotted against stream flow rate in
Fig. S15. For JON-36, the April, June, and January samples demon-
strated high C4/C3, but no discernable trends were observed with flow
rate. At GWN-58, 8/9 samples exhibited C4/C3 values lower than the
threshold. The April sample had a high C4/C3, but the flow rate (2.057
m? s~1) was in the middle of the range (0.524-3.115 m? s 1). Accord-
ingly, no influence of volumetric flow rate was noted with respect to the
C4/C3 parameter.

In the Gwynns Falls watershed, 30 samples exhibited high C4/C3,
with clear evidence of hotspots at GWN-53 (4/12 months), GWN-54 (5/
12 months), and GWN-60 (10/11 months). These three sites are fourth-,
second, and first-order streams located in a high-density urban section of
Baltimore City where SSOs have been frequently reported (Baltimore
County, 2020a; Lien et al., 2005). In fact, the average Enterococcus spp.
count at these three sites was 1600 most probable number (MPN)/100
mL (Blue Water Baltimore, 2022), 11x higher than the human health
threshold for body-contact water recreation (Maryland, 2022), sup-
porting the relationship between high C4/C3 ratios and wastewater
content. The four GWN-53 samples with high C4/C3 were collected in
spring and early summer (i.e., April-July); however, no obvious tem-
poral patterns were ascertained for C4/C3 at GWN-54, where the highest
values were recorded in August and November. At GWN-60, the January
sample was the only one that did not exceed the C4/C3 threshold. The
consistently high C4/C3 ratios at GWN-54 and GWN-60 suggested
continuous inputs from sewer exfiltration or SSOs in these low-order
streams.

3.5. Occurrence of CECs and water quality indicators at sites of interest

Four of the 27 sites were selected for monthly analysis of 66 CECs in
urban (i.e., GWN-60, JON-45) and suburban/rural (i.e., GWN-55, JON-
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Fig. 5. Spatiotemporal trends for the (a,b) C4/C3 and (c,d) R4/R5 ratios in the (a,c) Gwynns Falls and (b,d) Jones Falls watersheds. The white color is associated with
the threshold values (i.e., C4/C3 = 1.45, R4/R5 = 0.85), and the red and blue colors indicate higher and lower values, respectively. Note, the March sample from
GWN-54 was confirmed as an outlier by the EEM-PARAFAC model (Text S3); therefore, C4/C3 was not reported for this sample.

33) locations of each watershed. Of the measured CECs, the artificial
sweetener sucralose, which is regularly used as an indicator of waste-
water effluent (Ramage et al., 2019; Spoelstra et al., 2020), was detected
most frequently (19/28 samples) and at concentrations of 207-1354 ng
L~! (Fig. 6). In fact, sucralose was present in every sample from the
urban GWN-60 site. Two UV filters, octocrylene (up to 141 ng L™) and
oxybenzone (up to 212 ng L™1), and the antibiotic sulfamethoxazole (up
to 42 ng L™1) were also detected at GWN-60. Illicit drugs (Lee et al.,
2016) and pharmaceuticals (Fork et al., 2021) have been previously
reported in the Gwynns Falls; furthermore, UV filters and estrogenic
hormones were found to accumulate in crayfish from this watershed (He
et al, 2017). These findings reinforced the presence of
anthropogenically-derived compounds in this first-order stream that
does not receive wastewater effluent. Importantly, GWN-60 exceeded
the C4/C3 and R4/R5 thresholds in 10/11 months (Fig. 5), supporting
the application of ratiometric EEM-PARAFAC parameters as wastewater
indicators.

The maximum sucralose concentration (1354 ng L) was measured
at GWN-55; furthermore, sulfamethoxazole (up to 108 ng L’l), octoc-
rylene (up to 148 ng L™ 1), and oxybenzone (up to 192 ng L1) were also
detected at this site (Fig. 6). The average Enterococcus spp. counts at

GWN-55 (824 MPN/100 mL) (Blue Water Baltimore, 2022) were
2.5-5.3x higher than the average for the upper Gwynns Falls and the
bacterial threshold for Maryland recreational waters (Maryland, 2022).
However, the EEM-PARAFAC parameters at GWN-55 were below the
identified thresholds. Similar results were reported in a previous study,
in which sucralose and sulfamethoxazole concentrations did not corre-
late to a tryptophan-like wastewater indicator in specific locations
(Sgroi et al., 2017).

The contrasting conclusions from the CEC concentrations, bacteria
levels, and EEM-PARAFAC parameters at GWN-55 were considered ac-
cording to (i) the locations of potential wastewater sources in upstream
areas, (ii) the hydrological and land cover features in the sampling area,
and (iii) the persistence of the CEC and EEM-PARAFAC indicators. The
area immediately adjacent to GWN-55 contained the highest percentage
of tree canopy and vegetation for the Gwynns Falls watershed (Fig. S16),
but this site was also located downstream of the highly urbanized Dead
Run subwatershed. The presence of sucralose and sulfamethoxazole at
GWN-55 suggested that wastewater inputs occur upstream and undergo
transport to downstream locations. These two CECs are conservative
wastewater indicators that persist in surface water (McCance et al.,
2018; Oppenheimer et al., 2011). In contrast, tryptophan-like FDOM
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(C4) is more labile (Baghoth et al., 2011; Huang et al., 2015), which may
explain the low C4/C3 ratios relative to the high sucralose and sulfa-
methoxazole contents. The other sites with high EEM-PARAFAC ratios
were located in first- and second-order streams, but GWN-55 is in a
third-order stream with further transport distances from primary
wastewater sources. These data suggest that the EEM-PARAFAC pa-
rameters are sensitive indicators of nearby wastewater sources,
providing more specific information about the locations of failing sewer
infrastructure.

The detection frequency and concentrations of sucralose in the Jones
Falls were lower than in the Gwynns Falls. At the JON-33 site, sucralose
was detected in 4/7 samples at concentrations as high as 290 ng L1,
These findings were somewhat surprising because JON-33 is located in a
rural/suburban section of the upper Jones Falls, but the presence of
sucralose at this site bolstered the conclusions developed from the C4/
C3 data, namely that septic systems (Fig. S14) serve as an important
source of wastewater-derived chemicals. This conclusion was also sup-
ported by a report from a rural area in Canada, where septic systems
were the main source of sucralose in streams that do not receive
municipal wastewater effluent (Spoelstra et al., 2020). Sucralose was
also detected in 3/7 samples from the urban JON-45 site at concentra-
tions up to 265 ng L™}, with wastewater exfiltration and SSOs being
likely sources based on known occurrences in this area (Baltimore City,
2018a; Dance, 2017; Wells, 2015). High C4/C3 values and Enterococcus
spp. counts (Blue Water Baltimore, 2022) were also recorded at JON-45,
providing convincing evidence of sewer leaks at this site.

4. Conclusions

e We used novel EEM and EEM-PARAFAC parameters to distinguish
between natural and wastewater-derived FDOM in low-order, urban
streams that do not receive wastewater effluent but are impacted by
SSOs, sewer exfiltration, and septic systems.

e The specific thresholds for the proposed EEM-PARAFAC ratios (C4/
C3 > 1.45 and R4/R5 > 0.85) were evaluated using a large dataset of
296 samples collected from 27 sites over a one-year period in two
watersheds with variable land use. The proposed ratiometric pa-
rameters directly informed FDOM composition and were robust with
respect to dilution effects caused by precipitation.

e Given the aging infrastructure and under-resourced maintenance of
sewer systems in locations around the world, the R4/R5 parameter
represents a quick, easy, and scalable "first-pass" technique to
investigate the presence of wastewater in streams. For long-term
monitoring and evaluation of water quality in the sampled water-
sheds, C4/C3 represents a more sensitive option. While the specific
FDOM signatures may vary in other urban watersheds, the reported
approach will enable quick and economical screening for the pres-
ence of wastewater.

The FDOM parameters, measured CEC concentrations, and bacterial
indicators confirmed wastewater influences at JON-45, GWN-54,
and GWN-60. At GWN-55, CEC concentrations (up to 1354 ng L_l)
suggested the presence of wastewater, but this conclusion did not
match the low response of fluorescence indicators. This outcome was
postulated to stem from the higher lability of FDOM, which allowed
more specific identification of nearby wastewater sources. As a
result, we hypothesized that the wastewater inputs in this tributary
occurred further upstream. Future efforts are recommended to
evaluate quantitative correlations between fluorescence parameters,
CEC concentrations, and bacterial indicators to enable implementa-
tion of quick, easy, and cost-effective FDOM-based wastewater in-
dicators in low- and medium-order urban streams.

The FDOM analysis suggested wastewater was present in rural/
suburban sections of the Jones Falls watershed (e.g., JON-32, JON-
33, JON-35), an unexpected phenomenon due to the low population
density and development. The presence of sucralose up to 290 ng L'
at these sites validated the FDOM results and provided important
insight into the influence of septic systems on urban/suburban
streams.
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