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ABSTRACT: We investigated the fluorescent dissolved organic
matter (FDOM) composition in two watersheds with variable land
cover and wastewater infrastructure, including sanitary sewers and
septic systems. A four-component parallel factor analysis model was
constructed from 295 excitation−emission matrices recorded for
stream samples to examine relationships between FDOM and
geospatial parameters. The contributions of humic acid- and fulvic
acid-like fluorescence components (e.g., C1, C2, C3) were fairly
consistent across a 12 month period for the 27 sampling sites. In
contrast, the protein-like fluorescence component (C4) and a
related ratiometric wastewater indicator (C4/C3) exhibited high
variability in urban tributaries, suggesting that some sites were
impacted by leaking sewer infrastructure. Principal component analysis indicated that urban areas clustered with impervious surfaces
and sanitary sewer density, and cross-covariance analysis identified strong positive correlations between C4, impervious surfaces, and
sanitary sewer density at short lag distances. The presence of wastewater was confirmed by detection of sucralose (up to 1,660 ng
L−1) and caffeine (up to 1,740 ng L−1). Our findings not only highlight the potential for C4 to serve as an indicator of nearby,
compromised sanitary sewer infrastructure, but also suggest that geospatial data can be used to predict areas vulnerable to
wastewater contamination.
KEYWORDS: humic substances, fluorescence, contaminants of emerging concern, geostatistical analysis, sewer, septic system

1. INTRODUCTION
While a large fraction of dissolved organic matter (DOM) is
derived from decomposition of plant and animal debris,1

anthropogenic activities also contribute DOM to urban
watersheds. The introduction of untreated wastewater, waste-
water effluent, and stormwater runoff to streams can significantly
influence the amount and composition of DOM.2−4 As
untreated wastewater stems from sanitary sewer leaks and
overflows, we hypothesized that the presence of wastewater-
derived DOM in urban streams that do not directly receive
wastewater effluent was correlated to sewer and septic system
density. Stormwater runoff, which is related to impervious area,
facilitates transport of DOM deposited on urban surfaces. To
differentiate DOM sources, some have adopted parallel factor
analysis (PARAFAC) of excitation−emission matrices (EEMs)
to identify unique components that can be collectively used to
model the fluorescence signatures of environmental samples.5

Using EEM-PARAFAC, previous studies have evaluated the
composition of fluorescent DOM (FDOM) in aquatic environ-
ments influenced by agriculture,6 forests,7 wastewater effluent,8

sewer leaks,9−11 and septic systems.12

Land cover and land use affect the concentrations of organic
and inorganic contaminants in the aquatic environment.13,14 For

example, percent urban area, population density, and wastewater
discharge locations were associated with antibiotic levels in
Twin Cities rivers (MN, USA).13 A field sampling campaign in
Baltimore (MD, USA) demonstrated that chloride, sulfate, and
nitrate concentrations in streams were related to impervious
surfaces, sanitary sewer infrastructure, and urban fill.14 Because
DOM coexists with the aforementioned contaminants, we
hypothesized that EEM-PARAFAC components could be used
in conjunction with geospatial land cover and wastewater
infrastructure data to identify urban streams that do not receive
wastewater effluent but are impacted by sanitary sewer leaks and
overflows. Other aspects, including nutrient concentrations,15

soil properties,16 and light availability,17 can also affect the
FDOM pool in aquatic systems.
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Previous work demonstrated that ratiometric parameters
related to EEM-PARAFAC components with tryptophan- and
fulvic acid-like fluorescence could be employed to identify the
impacts of failing sewer infrastructure on water quality in low-
order streams.9 However, relationships were not explicitly
examined between FDOM composition, land cover (e.g.,
cropland, impervious surfaces), and wastewater infrastructure
(e.g., sewer density, septic system density). Such relationships
could enable a priori identification of areas vulnerable to
wastewater contamination and improve on-the-ground efforts to
maintain wastewater infrastructure. Conventional approaches to
correlate land cover features with FDOM composition include
the Wilcoxon signed-rank18 and Kruskal−Wallis tests,19

redundancy analysis,4 and partial least-squares,20 generalized
least-squares,21 and autoregressive22 models. These techniques
do not account for the upstream-to-downstream flow direction
or the spatial cross continuity or variability of geospatial
attributes. Cross-covariance analysis between sampled sites and
upstream land cover characteristics can address this gap.
The objective of this study was to assess spatiotemporal

patterns of FDOM in urban watersheds with variable land cover
and wastewater infrastructure to identify areas impacted by
sanitary sewer leaks and overflows and septic systems. To

achieve this objective, we collected 295 surface water samples
from 27 sites in twowatersheds over a one year period, measured
EEMs for each sample, developed a global EEM-PARAFAC
model to explain FDOM composition, and applied principal
component analysis (PCA) and cross-covariance functions to
relate FDOM composition, impervious surfaces, septic system
density, and sewer density. Because the sampling sites were
located in adjacent watersheds characterized by similar geology,
land cover, land use, and climate, we posited that the FDOM
profiles for natural organic matter and, separately, raw
wastewater would be similar in each watershed. However, we
hypothesized that the two watersheds would exhibit different
relationships with FDOM due to their variable land cover
patterns (e.g., impervious surfaces) and wastewater infra-
structure (e.g., sewer density, septic system density). The
inclusion of 27 sampling sites across two watersheds was meant
to strengthen the outcomes of this work by confirming changes
in urban water quality, regardless of differences in the spatial
patterns of land cover and wastewater infrastructure present in
the drainage areas.
While 66 contaminants of emerging concern (CECs) were

analyzed, sucralose (artificial sweetener) and caffeine (stimu-
lant) were the most frequently detected and, therefore, used as

Figure 1. Sampling locations in the Gwynns Falls and Jones Falls watersheds of Baltimore, MD, USA. Streams are indicated by blue lines. Sites located
in the main stem and tributaries have ″(M)″ and ″(T)″ in their names, respectively. Subcatchments associated with tributaries are outlined in bold
lines. Land cover data were obtained from the Chesapeake Conservancy Conservation Innovation (CCCI) Center high-resolution database.27
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indicators to confirm the presence of wastewater and validate
conclusions from FDOM analysis. The novelty and impact of
this study stem from (1) the cross-covariance analysis of Fmax
values for EEM-PARAFAC components and geospatial data
related to land cover (i.e., impervious surfaces) and wastewater
infrastructure (i.e., sewer density, septic system density), (2)
deployment of geostatistical analyses to differentiate the
influence of natural- and wastewater-related sources of FDOM
in urban watersheds that do not receive treated wastewater
effluent, and (3) the reported correlations between a particular
EEM-PARAFAC component, sewer density, and impervious
surfaces, which enable smart design of future monitoring studies
to identify the locations of sewer leaks. Overall, this study
pioneers the adoption of EEM-PARAFAC and cross-covariance
tools to identify wastewater contamination in urban streams that
do not receive wastewater effluent, a challenging task that
requires highly resolved data sets and intricate data analysis
compared to rivers that directly receive wastewater or
wastewater effluent from point sources. The corresponding
approaches can be applied to other urban watersheds to extend
the impact of our work to predict and confirm the effects of
sanitary sewer leaks and overflows on water quality.

2. MATERIALS AND METHODS
2.1. Sampling Sites. This study was based in the Gwynns

Falls and Jones Falls watersheds of Baltimore, MD, USA (Figure
1). Neither watershed has permitted discharges for wastewater
effluent; therefore, any observed wastewater signatures would
stem from sanitary sewer leaks or overflows, illegal wastewater
discharges, or partially treated septic system effluent. From
September 2020 to August 2021, monthly surface water samples
were collected from 14 sites in Gwynns Falls and 13 locations in
Jones Falls. For both watersheds, seven sampling sites were
located in tributaries and the remainder were in the main stem.
More details on site classification, hydrological connectivity,
stream order, subcatchment area, distance from the outlet, and
land cover are presented in Table S1. Sampling sites were
classified as urban, suburban, and rural in Table S1 according to
holistic analysis of proximity to the Baltimore Urban Rural
Demarcation Line,23 percent impervious surface area (i.e., <
20% for rural, 20−40% for suburban, > 40% for urban sites), and
observations from field visits. Discharge data (Table S2) were
retrieved from the United States Geological Survey (USGS)
National Water Information System database for stream gages
located in the Jones Falls (USGS 01589440)24 andGwynns Falls
(USGS 01589300, USGS 01589352).25,26

Due to age and insufficient maintenance, the 5000 km
Baltimore sanitary sewer system is subject to leaks and
overflows. In fact, 33% of the sanitary sewer lines in the Gwynns
Falls and Jones Falls watersheds were built before 1953,28,29

increasing the likelihood of infrastructure issues that introduce
raw wastewater into shallow groundwater and, ultimately, urban
streams; however, some of these sewers have been lined to
prevent leaks. To assign FDOM signatures observed in the
stream network to natural processes or wastewater inputs, raw
wastewater samples were collected from two manholes in the
middle (WW-1) and near the outlet (WW-2) of the Gwynns
Falls watershed and at upstream (WW-3) and downstream
(WW-4) pumping stations in Jones Falls (Figure 1).
2.2. Sample Collection. For EEM analysis, surface water

samples were collected by immersing 100 mL, amber-glass
bottles 8−10 cm below the water surface until the bottles were
filled. The samples were stored on ice and transported to the lab.

Due to logistical constraints that precluded immediate analysis,
surface water samples were frozen at −20 °C to prevent
biodegradation of FDOM before EEM analysis. Previous studies
have reported contrasting effects of freeze−thaw processes on
fluorescence intensity.30−34 Spencer et al.34 reported changes in
fluorescence after one year of storage, whereas Otero et al.30 did
not observe differences in fluorescence after 1 month. In this
study, EEMs were recorded within 48 h of collection for all
surface water samples. A total of 295 samples were analyzed
during the 12month campaign; note, samples were not collected
from some sites due to unsafe weather conditions in particular
months. Field blanks containing deionized water were prepared
each month, transported to the sites, transferred to another
bottle, and analyzed for quality assurance and quality control.
EEMs were recorded within 48 h of sample collection.
To confirm the presence of wastewater, 11 sites were selected

for analysis of 66 contaminants of emerging concern (CECs),
including 43 antibiotics, 9 hormones, 13 UV filters, and
sucralose, during the full campaign. Caffeine analysis was
included for the last fourmonths of sampling.More details of the
CECs are provided in Table S3. The sites selected for CEC
analysis were situated in rural (i.e., JON-32, JON-33), suburban
(i.e., JON-39, GWN-46, and GWN-48), and urban (i.e., JON-
42, JON-43, JON-45, GWN-55, GWN-58, and GWN-60) areas.
Samples were collected by immersing 1-L, amber-glass bottles
8−10 cm below the water surface. Field blanks composed of
deionized water were included for quality assurance and quality
control. Samples were stored at 4 °C for up to 24 h before
preprocessing for CEC analysis by liquid chromatography with
triple quadrupole tandem mass spectrometry (LC-MS/MS).

2.3. EEM Analysis and EEM-PARAFAC Modeling. The
100 mL surface water samples were thawed to room temper-
ature, and then a 10 mL aliquot was passed through a 0.45-μm
polyvinylidene fluoride syringe filter. EEMs were recorded for
the filtrates using an Aqualog fluorometer (Horiba Scientific;
Edison, NJ, USA) in accordance with prior protocols.9

Following collection, wastewater samples were immediately
analyzed after 4× dilution to decrease inner-filter effects; these
samples were not frozen. No appreciable fluorescence was
measured in field or laboratory blanks.
Dissolved organic carbon (DOC) concentrations were

measured as nonpurgeable organic carbon by a Shimadzu
TOC-L analyzer (Shimadzu; Kyoto, Japan). Six other spectral
properties were evaluated to inform DOM composition:
absorbance at 254 nm (A254); biological index (BIX);
fluorescence index (FI); humification index (HIX); ratio of
absorbance at 250 nm to that at 365 nm (E2/E3); and spectral
slope at 275−295 nm (S275−295). A254 is directly related to DOM
aromaticity.35 E2/E3 and S275−295 are inversely proportional to
the molecular weight distribution of DOM.35,36 FI denotes the
relative contributions of terrestrial and microbial sources to the
DOM pool.37 BIX and HIX are indicators of autotrophic
productivity38 and humic substances,37 respectively. The DOC
content and spectral properties are reported for each sample in
Table S4.
With the 295 EEMs from surface water samples, a four-

component EEM-PARAFAC model was developed and
validated using the drEEM toolbox (version 0.6.4) in Matlab.5

The EEM-PARAFAC components (Figure S1) were compared
to previous models in OpenFluor.39 Component 1 (C1) had
maximum excitation (λex,max) and emission (λem,max) wave-
lengths of 250 and 395 nm, respectively, similar to terrestrial
humic acid-like fluorescence.40,41 Components 2 (C2) and 3
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(C3) exhibited similar λex,max at 262−265 nm, but the emission
peaks for C2 (i.e., λem,max at 346 nm, 435 nm) were at lower
wavelengths than those for C3 (i.e., 382 nm, 490 nm). Based on
those characteristics, C2 was similar to humic acid-like
fluorescence derived from biological processes,42,43 and C3
corresponded to fulvic acid-like fluorophores from terrestrial
and microbial sources.44,45 Component 4 (C4) demonstrated
tryptophan-like fluorescence46,47 with λex,max at 277 nm and
λem,max at 335 nm. The components were remarkably similar to
those in the EEM-PARAFAC model from a previous sampling
campaign in the same watersheds9 (Figure S2). The C4/C3
ratiometric parameter was calculated and used as a wastewater
indicator.9 The maximum fluorescence intensity of each
component (Fmax,i) and fractional Fmax,i values (Fmax,f rac,i) were
used to describe differences in FDOM composition between
samples. While the Fmax,i values indicated the magnitude of each
component in streamwater samples, the Fmax,f rac,i ratios reflected
the relative abundance of each component in a sample (eq 1).

F
F

Ffrac i
i

i i
max, ,

max,

max,
=

(1)

2.4. CEC Analysis.The 1 L samples were passed through 1.2
μm glass-fiber filters, and the filtrates were acidified to pH ≤ 3.0
with 3 M HCl. The solid-phase extraction and LC-MS/MS
protocols followed previously reported methods48 with minor
modifications to enable caffeine quantitation (Text S2). CEC
analysis was completed within 7 days of sample collection. No
CECs were detected in field and laboratory blanks.
2.5. Cross-Covariance Analysis. A series of pour points

was created at 500 m intervals along the stream networks of the
two watersheds using ArcGIS Pro v3.0.2 (Environmental
Systems Research Institute (ESRI); Redlands, CA, USA), as
shown in Figure S3. The pour points were user-designated
locations in the stream network. For each sampling site and pour
point, the upgradient drainage areas were delineated with the fill,
flow direction, flow accumulation, snap pour point, and
watershed functions in the ESRI Hydrology toolbox using a
LiDAR-based digital elevation model with 5 m resolution.49 The
distances between each sampling site and all upstream pour
points were designated as lag distances and measured as one-
dimensional curvilinear functions of stream length (Tables S5
and S6). In the Jones Falls, the 13 sampling sites and 164 pour
points resulted in 722 lag pairs. The 14 sampling sites and 202
pour points in Gwynns Falls generated 959 lag pairs. Short lag
distances occurred throughout the watersheds and mostly
corresponded to locations with similar geospatial features. Long
lag distances were more likely to span rural, suburban, and urban
areas and therefore exhibited greater heterogeneity in land cover
and wastewater infrastructure.
For the drainage area of each sampling site and pour point, the

following land cover and wastewater infrastructure attributes
were calculated: (1) fraction of impervious surface area (i.e.,
impervious area divided by total drainage area); (2) sewer
density (i.e., sum of sewer pipe length divided by drainage area,
km−1); and (3) septic system density (i.e., number of septic
systems divided by drainage area, km−2) (Tables S7 and S8).
Land cover data were obtained from the CCCI database at 1 m
resolution.27 The impervious surface category was redefined to
include impervious roads, impervious structures, tree canopy
over impervious surfaces, and pervious developed surfaces
classifications in the CCCI database. The locations of sanitary
sewer pipes and septic systems were obtained from the

Baltimore County Department of Environmental Protection
and Sustainability28 and Baltimore City Enterprise Geographic
Information Services.29

Cross-covariance is a measure of the spatial continuity or
variability of two attributes separated by a known lag
distance.50−52 In this case, one-dimensional cross-covariance
analysis was conducted along the stream network using (i) Fmax,i
values of EEM-PARAFAC components measured at a sampling
site and (ii) geospatial land cover and wastewater infrastructure
features associated with the drainage areas of upstream pour
points. Following best practices,14,53 cross-covariance was
calculated using eq 2 for 20 lag classes with each containing
36 lag pairs for the Jones Falls and 10 lag classes containing 96
lag pairs for the Gwynns Falls.

C h
N h

x y m m( )
1
( ) i

N h
i i h h1

( )=
= +

(2)

In eq 2, C(h) is the cross-covariance, N(h) is the number of
data pairs in a lag class, xi is the value of the attribute at the tail of
the data pair, yi is the value of the attribute at the head of the data
pair, h is the average lag distance between the head and tail, m−h

is the mean of the tail attribute values (i.e., x
N h i

N h
i

1
( ) 1

( )
= ), and

m+h is the mean of the head attribute values (i.e., y
N h i

N h
i

1
( ) 1

( )
= ).

The coordinate of the tail in the lag separation vector was
defined as the sampling site location, and the 12 month average
Fmax values of the C1, C2, C3, and C4 EEM-PARAFAC
components were used as the attribute values (Table S9). Cross-
covariance analysis is not appropriate for evaluating dynamic,
event-driven relationships between variables. Therefore, the 12
month average Fmax values were employed to determine the
consistent, long-term influence of upstream land cover and
wastewater infrastructure on FDOM composition. The head of
the lag separation vector was located at an upstream pour point,
and the fraction of impervious area, sewer density, or septic
system density of the upgradient area draining to the pour point
were defined as the attribute values (Tables S7 and S8); these
attributes do not influence each other in cross-covariance
analysis. Spatial cross-covariance analysis was carried out
between each of the four EEM-PARAFAC components and
each of the three land cover and wastewater infrastructure
parameters, yielding 12 sets of independent cross-covariance
calculations for each watershed. This approach captures the
directional influence of upstream land use and land cover on
downstream sampling points. Because of the disparity in units
between attributes, dimensionless z-scores were calculated for
use in eq 2. Positive cross-covariance values indicated positive
correlations, and larger numbers implied stronger relationships.

2.6. Statistical Analysis. A paired sample Wilcoxon signed-
rank test was conducted to compare FDOM composition at the
main stem sites to that in the tributaries. PCA and Spearman
correlations were assessed using land cover and wastewater
infrastructure data for the drainage areas of sampling sites
(Table S1), Fmax values for the EEM-PARAFAC components,
caffeine and sucralose concentrations, and spectral properties of
DOM. For PCA, the principal components were obtained for
eigenvalues greater than 1. Biplots of the PC1 and PC2
components were created using the loadings for each variable
and the scores for each sample. All statistical analyses were
performed in OriginPro 2023 (Northampton, MA, USA), and
differences were considered significant when p < 0.05.
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3. RESULTS AND DISCUSSION
3.1. Relationships between Sucralose, Caffeine, EEM-

PARAFAC Components, Land Cover, and Wastewater
Infrastructure. Sucralose and caffeine were the most detected
CECs with frequencies of 34.7% (43/124) and 78.0% (32/41),
respectively. The concentrations ranged from <33 to 1,660 ng
L−1 for sucralose and <3 to 1,740 ng L−1 for caffeine; full
concentration summaries are available in Table S10. These two
wastewater indicators were detected in every sample from the
GWN-60 urban tributary. Sucralose was primarily found in
urban areas, but 19% of detections (8/43) were recorded at rural
sites with high septic system density (i.e., JON-32, JON-33),
where concentrations ranged from <100 to 753 ng L−1. Caffeine
was only detected in one rural sample (i.e., JON-33), and the
lower prevalence was attributed to its biodegradable nature.54

Other studies have employed these two CECs as wastewater
indicators. For example, similar sucralose (e.g., 590−3,360 ng
L−1) and caffeine (e.g., 40−1,650 ng L−1) levels were reported in
the San Diego River watershed, and their presence was
attributed to sanitary sewer leaks and overflows.11 The
wastewater-impacted Simeo and San Leonardo Rivers in Italy
contained 32−1032 ng L−1 sucralose and 24−4,478 ng L−1

caffeine.55 However, the CEC levels were lower than those
reported in Florida, where up to 35,666 ng L−1 sucralose and
30,293 ng L−1 caffeine were measured in surface water and
groundwater impacted by wastewater effluent and septic
systems, respectively.56

Figure 2 reports Spearman correlations between sucralose
levels, caffeine concentrations, Fmax values for the EEM-
PARAFAC components, land cover, and wastewater infra-

Figure 2. Spearman correlations (color) between measured (a) sucralose and (b) caffeine concentrations, Fmax values for EEM-PARAFAC
components, land cover features, and wastewater infrastructure in the Jones Falls and Gwynns Falls watersheds. Correlations were evaluated only for
sites andmonths with quantifiable detections of sucralose (n = 43) and caffeine (n = 32). The *, **, and *** symbols indicate ρ ≤ 0.05, ρ ≤ 0.01, and ρ
≤ 0.001, respectively.
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structure. Sucralose levels were positively correlated to
impervious surface area (ρ = 0.528, p < 0.001), sewer density
(ρ = 0.472, p < 0.01), and Fmax values for C4 (ρ = 0.479, p <
0.01); conversely, negative associations were found between
sucralose concentrations and forested area (ρ = −0.503, p <
0.001) and septic system density (ρ = −0.482, p < 0.01) (Figure
2a). The C4/C3 parameter was positively correlated to
impervious surfaces (ρ = 0.584, p < 0.001) and sewer density
(ρ = 0.477, p < 0.001). These outcomes reinforce the use of C4

and C4/C3 as wastewater indicators and suggest that higher
impervious surface area and sewer density lead to greater
impacts on water quality. While caffeine concentrations were
positively correlated to impervious surface area (ρ = 0.480 p <
0.01) and the Fmax values for all EEM-PARAFAC components
(ρ ≥ 0.680, p < 0.001), no significant relationships were
identified between caffeine, sucralose, and sewer density (p >
0.05) (Figure 2b).

Figure 3. Fmax values for the C1, C2, C3, and C4 EEM-PARAFAC components as a function of distance from the outlet of the Gwynns Falls. The Fmax
values are reported as seasonal average ± standard deviation (n = 3) according to the following categories: fall (i.e., September, October, November);
winter (i.e., December, January, February); spring (i.e., March, April, May); and summer (i.e., June, July, August). The filled, circular symbols
connected by lines represent data from the main stem sites, whereas the unfilled diamonds are data from tributaries. Data are reported from upstream
(left) to downstream (right).
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3.2. Distribution of FmaxValues across theWatersheds.
In Figure 3, the Fmax values for the four EEM-PARAFAC
components are plotted as a function of season and upstream
distance for the Gwynns Falls watershed. The prevalence of all
four components in the main stem increased moving down-
stream, highlighting FDOM mobilization from upstream
drainage areas. Greater and more variable Fmax values were
recorded in the tributaries. Notably, tributaries with small

drainage areas (i.e., < 15 km2), such as those that feed GWN-49,
GWN-50, GWN-56, and GWN-60, displayed prominent
fluorescence intensity in the fall and summermonths, suggesting
greater vulnerability to intermittent inputs of FDOM. The
differences between Fmax values in the main stem and tributaries
were significant (p < 0.05) for each EEM-PARAFAC
component (Figure S4). This outcome was attributed to the
(i) proximity of tributaries to small drainage areas with high

Figure 4. Fmax values for the C1, C2, C3, and C4 EEM-PARAFAC components as a function of distance from the outlet of the Jones Falls. The Fmax
values are reported as seasonal average ± standard deviation (n = 3) according to the following categories: fall (i.e., September, October, November);
winter (i.e., December, January, February); spring (i.e., March, April, May); and summer (i.e., June, July, August). The filled, circular symbols
connected by lines represent data from the main stem sites, whereas the unfilled diamonds are data from tributaries. Data are reported from upstream
(left) to downstream (right).
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impervious surface area and sewer density and (ii) main stem
sites being more affected by dilution from the large upstream
drainage areas. The proximity explanation in (i) was evaluated
by PCA (Section 3.3) and cross-covariance analysis (Section
3.4). The dilution explanation in (ii) was supported by the 157%
lower 24 h geometric mean discharge measured at the USGS
01589300 stream gage, which is near the upstreamGWN-50 and
GWN-52 sites, compared to that measured at USGS 01589352,
located near the downstream GWN-58 site (Table S2, Figure
S5).
Changes in FDOM composition across the Gwynns Falls

watershed were also investigated as Fmax,f rac,i values (Figure S6).
C1 was the dominant fraction and accounted for 51.7 ± 5.1% of
the summed Fmax values, with C2, C3, and C4 comprising 18.1±
3.4%, 18.4 ± 3.6%, and 11.7 ± 4.4%, respectively. The C1, C2,
and C3 components exhibited relatively stable Fmax,f rac values,
suggesting consistent inputs of natural organic matter. At most
main stem sites, the highest Fmax values for the four EEM-
PARAFAC components were observed in summer (Figure 3).
The high Fmax values were especially influenced by the samples
from June, when high discharge was recorded at upstream
(1.003 m3 s−1) and downstream (3.442 m3 s−1) locations (Table
S2). The lowest Fmax values for the EEM-PARAFAC
components occurred in winter and were greatly influenced by
samples collected in January, when discharge was low both
upstream (0.725 m3 s−1) and downstream (1.428 m3 s−1). These
outcomes suggest that stormwater runoff, which transports
natural organic matter, was an important driver of naturally-
derived FDOM mobilization.
The Fmax and Fmax,f rac parameters for C4 in the Gwynns Falls

were 0.03−1.22 RU and 3.2−29.5%, respectively. C4 has been
identified as an autochthonous component of natural organic
matter in pristine environments57,58; however, this tryptophan-
like component has also been employed as an indicator in
wastewater-impacted streams.9 High Fmax,f rac values were
recorded for C4 in November, April, and July at GWN-54 and
in most months at GWN-60, where caffeine and sucralose were

also detected in every sample, suggesting that these tributaries
contained elevated wastewater content due to sanitary sewer
leaks or overflows in the densely populated drainage areas.
Moreover, these locations were estimated to contain 1−35%
wastewater based on multilinear regressions developed from
EEMs for samples collected between April 2019 and March
2020.59 During the current campaign, we observed active repairs
to the sanitary sewer system adjacent to GWN-54 in January
2021 (Figure S7); however, no notable differences were
observed in the Fmax and Fmax,f rac profiles for C4 before and
after that date, suggesting that further improvements to the
sewer system are needed at or upstream of this location to
improve water quality.
Figure 4 plots the Fmax values of each EEM-PARAFAC

component according to season and distance from the outlet of
Jones Falls. Major differences were noted between the Fmax
profiles in the Gwynns Falls and Jones Falls watersheds. First,
high Fmax values were more prevalent in tributaries of Gwynns
Falls. Second, Fmax values for C1, C2, and C3 demonstrated
abrupt changes between JON-36 and JON-41 for most seasons.
Downstream of JON-36, tributaries from densely populated
subwatersheds that feed JON-38 and JON-39 join the main
stem, flow into Lake Roland, and drain to the JON-41 sampling
site. Except for C1, the Fmax values were significantly different
between themain stem and tributaries (Figure S4); however, the
Fmax values at JON-38 and JON-39 were lower than those at
JON-41, suggesting that biological processes produce natural
FDOM in Lake Roland and cause the observed changes between
JON-36 and JON-41.
The dominant EEM-PARAFAC component in the Jones Falls

was C1, which contributed 48.2 ± 6.5% of the summed Fmax,
with C2, C3, and C4 accounting for 19.5 ± 3.3%, 18.0 ± 3.0%,
and 14.2 ± 7.3%, respectively (Figure S8). While the ranges of
Fmax (i.e., 0.02−1.62 RU, Table S4) and Fmax,f rac (i.e., 4.6−
65.2%) for C4 were wider and more variable in the Jones Falls
than in the Gwynns Falls, these findings were greatly influenced
by measurements at the JON-43 tributary in October and

Figure 5. Fluorescence EEMs and DOC content for samples collected at JON-43 (tributary), JON-44 (main stem), and the WW-3 and WW-4
pumping stations.
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January. In fact, EEMs measured for those samples demon-
strated fluorescence spectra similar to those of raw wastewater
(Figure 5), although the C4 peak shifted from excitation/
emission at 277/335 to 275/350 nm. At JON-43, the C4/C3
ratiometric parameter, a proposed wastewater indicator,9 was
8.35 in October and 7.29 in January (Table S4). Wastewater
collected from theWW-3 andWW-4 pumping stations exhibited
C4/C3 values of 2.27−4.00, reinforcing the presence of
wastewater at JON-43. Spatiotemporal trends for the C4/C3
parameter are presented in Figure S9 for both watersheds, and
the data underscore the role of tributaries in delivering
wastewater-derived FDOM to the main stem.
3.3. PCA of FDOM Parameters and Geospatial

Information. The PCA identified four principal components
that explained 80.8% of the variance. The first (PC1) and second
(PC2) components explained 40.0% and 21.9% of the variance,
respectively; the third (PC3) and fourth (PC4) components
explained only 12.4% and 6.5% of the variance, respectively.
Figure 6 shows the biplot for PC1 and PC2 generated from the

Fmax values for EEM-PARAFAC components, spectral indices
(i.e., A254, BIX, E2/E3, FI, HIX, and S275−295), land cover
features (i.e., cropland, forest, and impervious surfaces), and
septic system and sewer densities. The loadings for A254, C1, C2,
C3, and C4 were colocated in Quadrant A, whereas Quadrant B
contained loadings for BIX, C4/C3, E2/E3, impervious surfaces,
sewer density, and S275−295. C4 was close to the boundary
between Quadrants A and B, which were mostly associated with
urban sites. These findings suggested that fresh, labile, low
molecular weight FDOM and the C4/C3 wastewater indicator
were related to sewer density. Loadings for cropland, forested
land, septic system density, and HIX were in Quadrant D and
associated with sites in rural subwatersheds.
Certain sites contained more outliers in the PCA (Figure 6).

For example, JON-43 data were outside of the 95% confidence
domain for urban sites in October and January, when FDOM
composition was similar to wastewater (Figure 5). The

aforementioned data were present in Quadrant B, which
included loadings for sewer density, impervious surface area,
and the C4/C3 wastewater indicator. The C4/C3 values at
JON-43 were 8.35 in October and 7.29 in January, the highest
for the entire data set (Figure S9). Outliers were also apparent in
Quadrant B for the urban tributary at GWN-60 in January,
March, and April, and the corresponding C4/C3 parameters
were 2.20−2.69, similar to the 2.24−4.26 recorded for
wastewater samples from WW-1 and WW-2. These outcomes
supported the occurrence of sanitary sewer leaks or overflows at
JON-43 and GWN-60. Two PCA outliers at GWN-60 were
present in Quadrant A for September and June, which were the
only months that this site exhibited below-average C4/C3
(Figure S9). The abundance of C1 was high in those samples
(Figure S6), suggesting the possible influence of natural
processes. To further explore these phenomena, the cross-
covariance of Fmax values for the EEM-PARAFAC components
was evaluated with impervious surfaces, sewer density, and
septic system density.

3.4. Cross-Covariance Analysis of EEM-PARAFAC
Components, Impervious Surfaces, and Wastewater
Infrastructure. The cross-covariance data are plotted as a
function of lag distance for the Jones Falls watershed in Figure 7.
The Fmax values of C1 were positively correlated to impervious
surface area (+0.85 to +0.15) and sewer density (+1.05 to
+0.18) at all lag distances. The correlations were strongly
positive for lag distances of 0−3.0 km and minimal for lag
distances of 8.5−10.0 km. These results suggest that this
terrestrial humic acid-like fluorophore was preferentially
mobilized in areas with high impervious surface area and
sewer density. Similar trends were observed for C2 and C3,
although the cross-covariance with impervious surfaces and
sewer density was lower than that for C1 at most lag distances. In
fact, C2 and C3 exhibited weak negative correlations (−0.18 to
−0.15) with impervious surface area at lag distances of 8.5−10.0
km. The lower cross-covariance for the C1−C3 parameters with
impervious surface area and sewer density was explained by the
distribution of sampling sites and pour points. At lag distances of
8.5 km, 56% of the lag pairs were composed of main stem sites in
suburban and urban areas (i.e., JON-40, JON-41) and pour
points located in suburban and rural areas with 7.9−59.7% of
impervious surfaces and no sanitary sewer infrastructure (Table
S7). The correlations became moderately positive (up to +0.45)
for lag distances of 10.5−12.0 km, where more lag pairs involved
sampling sites in urban areas (i.e., JON-44, JON-45) and pour
points draining suburban areas with 13.3−72.7% impervious
surfaces and 0.60−15.1 km−1 sewer density. Overall, the cross-
covariance profiles of C1, C2, and C3 were quite similar,
suggesting common sources of these natural FDOM compo-
nents throughout the watershed.
The Fmax values of C4 demonstrated strong, positive

correlations with impervious surface area (+0.92 to +0.52)
and sewer density (+1.30 to +0.78) at lag distances of 0−3.0 km,
for which 75% of lag pairs were situated in urban areas. The
correlations at short lag distances were strongest for C4,
suggesting that C4 was more closely associated with impervious
surfaces and sewer density than C1, C2, and C3. At lag distances
of 3.0−5.0 km, the cross-covariance of C4 with impervious
surfaces and sewer density was moderately positive (+0.72) to
negligible (+0.01). The strong positive correlations at short
distances suggested that (i) C4 was derived from nearby sanitary
sewer leaks or overflows and (ii) regions with high impervious
surface area were more vulnerable to wastewater contamination.

Figure 6. Biplot of PC1 and PC2 from the PCA of land cover, sewer
density, septic system density, Fmax values, and spectral indices. The
data (colored circles) were separated by watershed, and the ellipses
represent 95% confidence intervals of the data according to rural,
suburban, and urban land use. Only sites with more than one outlier are
labeled.
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Fmax values for C1, C2, C3, and C4 were negatively correlated
to septic system density, with all four components demonstrat-
ing similar trends that involved strong or moderate negative
correlations at lag distances of 0−7.2 km. The negative cross-
covariance with septic system density was likely influenced by
the positive cross-covariance profiles for C1−C4 with
impervious surfaces and sewer density; that is, the negative
relationship between septic system density and sanitary sewer
density in the Jones Falls watershed could have caused the
observed cross-covariance trends between the C1−C4 compo-
nents and septic system density. No apparent correlations were
identified at longer lag distances, for which most pour points
were located in rural areas with more septic systems. The cross-
covariance profiles were similar for all four EEM-PARAFAC
components, suggesting that septic systems were not a major
contributor of C1−C4 to the rural upstream subwatersheds.
Figure 8 highlights the stronger cross-covariance profiles in

the Gwynns Falls. This outcome can be potentially explained by
the wider range of impervious surface area (38.7 ± 12.9%) and
sewer density (8.20 ± 3.24 km−1) compared to the Jones Falls

(i.e., 22.8± 12.3% and 3.94± 3.92 km−1, respectively). The Fmax
values of C1, C2, C3, and C4 were positively correlated with
impervious surface area at all lag distances in the Gwynns Falls;
furthermore, the cross-covariance profiles of C1, C2, and C3
were similar, with peaks around 7.0 km. The similar behavior of
these components in the two watersheds may derive from
fundamental properties that control the fate and transport of
natural FDOM. For C4, the correlation with impervious surfaces
was strongly positive (+1.10) at lag distances of 0−1.0 km,
before steadily decreasing at longer distances. The Fmax values
for C1, C2, C3, and C4 were also positively correlated to sewer
density at all lag distances. C4 exhibited a particularly strong
correlation with sewer density (+0.95) at short distances.
Wastewater transport from leaking sanitary sewers to the
streamsmay have been facilitated by preferential subsurface flow
channels formed along utility pipes and high permeability
trenches in urban areas. Kaushal and Belt60 suggested that
increased interactions between shallow groundwater and
underground sanitary sewer pipes in Baltimore can facilitate
the transport of carbon and nitrogen to streams. As suggested by

Figure 7. Cross-covariance of Fmax values for C1, C2, C3, and C4 at the sampling sites with impervious surface area, sewer density, and septic system
density at upstream pour points in the Jones Falls. The x-axis accounts for approximately half of the total length of the watershed, in accordance with
common practices related to the presence of fewer lag pairs at longer lag distances.
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the cross-covariance profiles, sewer density was well correlated
to impervious surface area (Spearman ρ = 0.826, p < 0.001;
Figure S10). The aggregate findings confirm that the labile,
protein-like C4 component can be used to identify nearby sewer
leaks and overflows.
The Fmax values for C1, C2, C3, and C4 were negatively

correlated to septic system density for all lag distances in the
Gwynns Falls (Figure 8). A similar result was found for shorter
lag distances in the Jones Falls watershed (Figure 7). While the
Jones Falls has 3642 septic systems, only 1304 are located in the
Gwynns Falls watershed,38 suggesting less potential for
downstream influences on FDOM composition. Therefore,
the strong-to-moderate negative correlations between Fmax
values and septic system density likely stemmed from inverse
relationships between septic system density and the primary
FDOM sources. Given the strong positive correlations with
impervious surfaces and sewer density, rural sources did not
exert any influence on FDOM levels in the Gwynns Falls
watershed.

4. ENVIRONMENTAL IMPLICATIONS
Aging wastewater infrastructure is a grand challenge for local and
national authorities, especially in urban settings. This study
reported novel chemical and geostatistical strategies to identify
areas vulnerable to sanitary sewer leaks and overflows. FDOM
composition was relatively consistent across the 12-month
sampling period for C1, C2, and C3, which displayed fulvic acid-
and humic acid-like fluorescence. The intensity of C4, which was
composed of tryptophan-like fluorescence and related to
signatures observed in municipal wastewater, varied throughout
the watersheds. Sites with elevated C4 were generally located in
tributaries that drained areas with high impervious surface area
and sewer density. This outcome suggests that these features
could be employed as measures of failing sewer infrastructure
that enable the transport of contaminants and wastewater-
derived FDOM to streams via preferential subsurface flow
channels. Since wastewater effluent is not discharged into the

Figure 8. Cross-covariance of Fmax values for C1, C2, C3, and C4 at the sampling sites with impervious surface area, sewer density, and septic system
density at upstream pour points in the Gwynns Falls. The x-axis only accounts for approximately half of the total upstream-to-downstream distance of
the watershed, in accordance with common practices related to the presence of fewer lag pairs at longer lag distances.
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Gwynns Falls or Jones Falls watersheds, the C4 signatures were
attributed to inputs from sanitary sewer leaks and overflows.
PCA confirmed the associations between EEM-PARAFAC

components, land cover features, and wastewater infrastructure.
In particular, C4/C3 clustered with sewer density and
impervious surfaces in urban areas. Cross-covariance analysis
highlighted similar profiles for C1, C2, and C3, indicating the
ubiquitous nature and common sources of these FDOM
components in the watersheds. However, C4 displayed a
markedly different profile, denoting unique sources related to
impervious surfaces and sewer density for short lag distances.
This outcome suggests that nearby sanitary sewer leaks and
overflows could be conveniently detected with C4, which is
faster, easier, and cheaper to measure compared to conventional
wastewater indicators. As a result, our findings provide a critical
tool to differentiate natural organic matter and FDOM derived
from raw wastewater that is introduced to urban streams via
sanitary sewer leaks and overflows. Sucralose and caffeine were
employed as confirmatory metrics, and strong positive
correlations were found between these CECs, impervious
surfaces, and sewer density. No major trends were observed
between FDOMcomposition and septic system density, but that
result may have been influenced by the lower prevalence of
sampling sites in areas served by nonsewered sanitation systems;
therefore, future studies are recommended to evaluate inputs
from septic systems. The overall results of this study reinforce
the potential for FDOM-based indicators to serve as effective
forensic tools for identifying wastewater inputs to urban streams.
Moreover, our reported approach can facilitate the smart design
of monitoring studies to a priori identify the likely locations of
sanitary sewer leaks and overflows in other urban watersheds.
Ultimately, this study provided broad new perspectives on
wastewater contamination in understudied systems, namely,
urban streams that do not receive wastewater effluent, through
analysis of highly resolved data sets and adoption of new
geostatistical tools to relate FDOM composition to upgradient
land cover and wastewater infrastructure. Importantly, the
reported methods and outcomes can be extended to inform
FDOM composition in other settings.
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