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Abstract: Urban riverine systems are heterogeneous, and the substantial variability in impervious cover, riparian
cover, wetlands, and wastewater and stormwater infrastructure affect sources and transport of dissolved organic
matter (DOM), of which dissolved organic C (DOC) is a substantial component. An understanding of the quantity,
bioavailability, and timing of DOM inputs (a key energy source for food webs and a component of nutrient cycling)
to streams within cities can help to better evaluate drivers of DOM variability. We sampled 100 stream sites in the
greater Boston (Massachusetts, USA) area spanning a range of land cover, riparian vegetation, stream size, hous-
ing and infrastructure age, and sociodemographic characteristics. Water samples collected during 4 seasonal syn-
optic events in 2021 and 2022 were analyzed for DOC concentration and DOM characteristics (using fluorescence
excitation—emission matrices and absorbance spectra). Temporally, we observed more-autochthonous DOM and
lower DOC concentrations in the summer, possibly due to low precipitation and streamflow disconnecting streams
from humic wetland and soil C sources. Consistent with other studies, we observed that more-urbanized streams had
DOM that was less humic and more autotrophic. Higher wetland cover was associated with more-humic, higher-
molecular-weight DOM and was the strongest predictor of DOM characteristics, suggesting that managers should
consider the impacts of development on DOM, stream ecological functions, and CO, emissions. Interestingly, except
during the very dry summer, sites downstream of combined sewer outfalls showed distinctly higher concentrations of
protein-like DOM, suggesting the influence of sewage overflows and highlighting the potential for monitoring waste-
water contamination using protein-like DOM. Although sociodemographic variables were not strong predictors of
DOM composition, we observed a possible association between lower-income areas with less canopy cover and more-
autochthonous DOM and between areas with older housing, more canopy cover, and more-humic DOM. These pat-
terns suggest that equitable repair of wastewater infrastructure and restoration of riparian vegetation is needed.
Key words: urban hydrology, dissolved organic carbon, combined sewer overflows, impervious cover, wetlands,
stream metabolism, PARAFAC, wastewater, stormwater, riparian vegetation, fluorescence, sociodemographics

INTRODUCTION

Urban development alters the physical structure of river and 2002, Hasenmueller and Robinson 2016) and stream burial
stream ecosystems through increases in the surface area of (Roy et al. 2009, Napieralski et al. 2015, Forgrave et al.
impervious cover, more frequent channelization (Hancock 2022), and removal of wetlands and natural riparian buffers
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(Johnson et al. 2020, Birch et al. 2022). These physical im-
pacts strongly influence stream hydrology and biogeo-
chemistry, which has myriad impacts on stream ecosystem
structure and function, sometimes referred to as the Urban
Stream Syndrome (Walsh et al. 2005). In particular, urbaniza-
tion can shift dissolved organic matter (DOM) sources and
bioavailability (e.g., Hosen et al. 2014, Parr et al. 2015, Roe-
buck et al. 2020, Coble et al. 2022), which can have cascad-
ing ecosystem effects because of the role of organic matter as
an energy source (Allan et al. 2021) and links to nutrient pro-
cessing (Kaushal et al. 2014, Flint and McDowell 2015,
Graeber et al. 2021). Urban watershed and ecosystem man-
agement can be improved with a mechanistic understanding
of how various aspects of urbanization shape ecosystem
structure and function, including controls on DOM.

Many studies have examined how human activities influ-
ence DOM inputs, as well as instream processing and pro-
duction of organic matter. Generally, urbanization is associ-
ated with a shift from terrestrial and humic organic matter to
more-autochthonous organic matter (Hosen et al. 2014, Parr
et al. 2015, Coble et al. 2022), especially as streams are chan-
nelized and decoupled from riparian zones (Roebuck et al.
2020). Novel urban anthropogenic sources include inputs of
C and other nutrients from human infrastructure (e.g., waste-
water treatment plants, leaky sewers, septic systems, storm
drains; Griffith et al. 2009, Regnier et al. 2013), landscaping ac-
tivities (e.g, fertilizer runoff, grass clippings), and potentially
from plastic litter that leaches DOM (Egea et al. 2024). Ac-
tivities such as street sweeping can also alter the inputs of
leaf-litter leachate downstream of gutters (Bratt et al. 2017).
Infrastructure changes designed to alter hydrologic flow in
urban areas (e.g., channelization, stormwater conveyances,
stream burial) generally lead to higher and more rapid flows
(e.g., Bhaskar et al. 2020) that are disconnected from soils
and hyporheic zones, altering the relative contributions of
allochthonous DOM, such as leaf-litter leachate and soil or-
ganic matter, and the residence time for sorption or degrada-
tion of organic matter (Xenopoulos et al. 2021).

Urbanization also affects light availability (increased through
removal of riparian vegetation or decreased through stream
burial), which can affect autochthonous C sources (Arango
etal. 2017). Autochthonous DOM is produced in the stream
by algae, microbes, or phytoplankton (Sondergaard and Mid-
delboe 1995, McKnight et al. 2001, Mostofa et al. 2013). The
shift from allochthonous to autochthonous DOM with urban-
ization, where canopy cover has been reduced and there are
elevated anthropogenic nutrient inputs, may be due to higher
instream primary productivity (Hosen et al. 2014, Parr et al.
2015). DOM is also increasingly labile in urban streams, with
more protein-like fractions in streams with more impervious
cover (Hosen et al. 2014, Kaushal et al. 2014, Smith et al.
2021). The increase in protein-like DOM may be due to more
wastewater leakage in developed areas with more impervious
cover or more light availability for growth of algae and mi-

A. M. Quick et al.

crobes in streams where riparian vegetation has been removed
(Petrone et al. 2011, Eckard et al. 2017, Batista-Andrade et al.
2024).

Although there are emerging predictable patterns of DOM
with urbanization, DOM is also likely to vary within cities.
As a result of variation in the type of development and infra-
structure, vegetative cover, and social demographics, urban-
ization could have variable impacts on DOM for individual
streams (Xenopoulos et al. 2021). For example, infrastruc-
ture age and type, which often varies between city centers and
younger suburbs, strongly influences potential contamination
from leaky sewer pipes or combined sewer overflow (CSO)
events (Kaushal and Belt 2012, Parr et al. 2016, Hopkins and
Bain 2018). Varying social demographics within a city may
also influence past and present investment in infrastructure
and vegetation (e.g., Locke et al. 2021, Napieralski et al. 2024),
with important consequences for DOM inputs and process-
ing. For example, lower investment in repairing infrastructure
may increase the likelihood of leakage from aging waste-
water pipes. An understanding of drivers of within-city var-
iability in DOM may reveal important mechanisms of urban
impacts on streamwater quality and suggest management in-
terventions that minimize alteration from natural conditions.

The magnitude and direction of human impacts on stream
DOM dynamics also varies with seasonal and hydrologic con-
ditions. For example, across a range of forested to developed
catchments, DOM was unrelated to land use during periods
of low flow, presumably because of disconnection from ter-
restrial sources (Coble et al. 2022). DOM characteristics may
also change with flow conditions. During high flows, less pro-
cessing of labile DOM in natural systems may result in DOM
with higher bioavailability (Raymond et al. 2016, Chen et al.
2019), or storm events may result in an increased contribu-
tion of humic DOM from terrestrial sources (Inamdar et al.
2011). In urban stream systems, high flows can shape DOM
sources and characteristics because of the activation of new
flow paths, such as stormwater runoff and groundwater con-
nectivity (Smith et al. 2021). On a global scale, prolonged dry
periods or increased flooding caused by anthropogenic cli-
mate change may indirectly influence the characteristics of
stream DOM (Xenopoulos et al. 2021). Studies that show
both minor seasonal effects (Coble et al. 2022) and substantial
and varying seasonal effects (e.g, Hosen et al. 2014, Kaushal
et al. 2014, Arango et al. 2017, Smith et al. 2021) suggest that
temporal variability in DOM sources can affect how urban
sources of DOM change under different flow conditions.

In this study, we investigated spatial and temporal driv-
ers of streamwater DOM variability in the Boston (Massachu-
setts, USA) metropolitan area. Specifically, we addressed the
following questions: How do the quantity and characteristics
of urban stream DOM vary 1) temporally among 4 sampling
seasons with different hydrology and phenology conditions
and 2) spatially within a city where watersheds vary in phys-
ical and sociodemographic characteristics? We hypothesized



that temporal variation would be tied to humic leaf-litter in-
puts in the autumn. Spatially, we hypothesized that more-
urbanized watersheds, as indicated by impervious cover, would
be characterized by more-autotrophic DOM and lower dis-
solved organic C (DOC) concentrations (in line with previous
research such as Hosen et al. 2014, Parr et al. 2015, Coble
et al. 2022) and that streams downstream of CSOs would
have wastewater signatures. We also hypothesized that so-
ciodemographic characteristics would influence DOM char-
acteristics in the following 2 ways: watersheds with older
infrastructure would contribute more-humic DOM, and lower-
income areas with less canopy cover would have alarger con-
tribution of autotrophic DOM. The results of this study pro-
vide insight into mechanisms of urban impacts on riverine
DOM and may guide within-city management decisions re-
garding development of wetland areas and equitable mainte-
nance of infrastructure and riparian restoration, particularly
because many cities are undergoing shifts in water manage-
ment paradigms necessitated by aging infrastructure and ex-
panding development (Parr et al. 2016).

METHODS

To elucidate drivers under various urban and hydrome-
teorological conditions, we sampled 100 urban stream sites
during 4 synoptic events over 1y (early autumn, late autumn,
spring, and summer) and tested for differences in the sources,
quantity, and characteristics of riverine DOM, which are rel-
evant to many biogeochemical processes, such as denitrifi-
cation (Bernhardt and Likens 2002), light penetration and
photosynthesis (Mostofa et al. 2013), and the transport and
release of contaminants (Findlay 2006, Kaushal et al. 2018).
We used analysis of variance (ANOVA) to assess seasonal
differences between both DOM optical properties and par-
allel factor analysis (PARAFAC) modeled components and
multiple linear regression modeling to assess relationships
between watershed characteristics and DOM.

Study area

The study area included the greater Boston metropolitan
area (42.0-42.6°N, 71.0-71.6°W) and encompassed the wa-
tersheds of 3 major rivers: the Charles River, the Mystic River,
and the Neponset River (Fig. 1A). The combined watershed
area is ~1300 km? and has a population of nearly 5 million
people (USCB 2010). The area has a temperate climate and re-
ceives an average of 111 cm of annual precipitation, typically
without distinct wet and dry seasons (NOAA 2024; Table S1).

Rivers and streams in the Boston area have experienced
>400 y of urban influence, including construction of canals
and dams beginning in the 1600s and infilling of marshes
beginning in the 1700s. In Massachusetts, statewide, ~28%
of wetlands have been lost since the 1780s, and based on ae-
rial imagery from 1990 to 2012, commercial and residential
development continues to cause loss of wetlands (NAWM
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2015, Rhodes et al. 2019). Beginning in the mid-1830s, com-
bined sewers carried waste and stormwater directly into the
rivers. The first wastewater treatment plants were constructed
in the mid-1900s. Since 2000, except for scattered septic sys-
tems (mostly in the upper Neponset watershed), nearly all
wastewater has been routed to the Deer Island Treatment Plant
in Boston Harbor (USEPA 2023b, BWSC 2024). The current
sewer infrastructure includes both combined (stormwater and
wastewater) and separated systems, with stormwater pipes
routing stormwater to streams and CSOs releasing wastewater
into streams and rivers during heavy precipitation (Fig. 1C, D).
Efforts to remove illicit discharges, close CSO outfalls, and
separate combined sewer systems began in the late 1980s and
1990s. Since 1987, CSO discharge has been eliminated from
~40 of 84 outfalls (MWRA 2024b); however, millions of gal-
lons of untreated wastewater are released every year into these
watersheds, amounting to hundreds of millions of gallons in
wet years (MWRA 2022, Mystic River Watershed Association
2022). As such, contamination from aging sewer pipes and
CSOs is a major concern in this area.

Sampling locations

To represent the range of urban conditions in the greater
Boston area, 100 stream and river sites were selected for syn-
optic sampling, with sites distributed among the 3 watersheds
based roughly on the watershed size: 40 sites in the Charles
River watershed (809 km?), 35 sites in the Neponset River
watershed (311 km?), and 25 sites in the Mystic River water-
shed (197 km?). To reflect a range of streams from headwa-
ters to large river orders, 26 sites were located in the main
stems of the 3 rivers (Charles, Neponset, and Mystic), and
74 sites were located in tributaries to those rivers. Drainage
areas ranged from 0.3 to 800 km?. Watersheds for the sam-
pling locations reflected a range of impervious cover (0-88%),
wetland cover (0-33%), population density (0-8120 people/
km?), median housing age (12.1-70.8 y) as a proxy for infra-
structure age, and other physical and sociodemographic char-
acteristics (see Table S2).

Watershed characteristics

We delineated watersheds for each of the synoptic sites
with a % arc second (~10 m) digital elevation model (DEM)
obtained from the United States Geological Survey National
Map (USGS 2021b). We used the least cost path tool in the
whitebox package (version 2.4.0; Lindsay 2016, Wu and Brown
2022) for R statistical software (version 4.4.1; R Project for
Statistical Computing, Vienna, Austria) in the RStudio® Inte-
grated Development Environment for R (version 2024.12.1;
Posit® Software, PBC, Boston, Massachusetts) to delineate
watershed by breach depressions in the DEM. We then used
the breached and filled DEM to generate an 8-direction flow
pointer and flow accumulation raster. We snapped the syn-
optic sampling locations to the flow accumulation raster by
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Figure 1. Study area showing land cover (from 2021 National Land Cover Database [NLCD]; Dewitz 2023) and the synoptic sampling
sites (n = 100) in the greater Boston, Massachusetts, USA, area (A). Green circles show the locations of active and closed combined
sewer overflow (CSO) outfalls that are upstream of sampling sites. Portions of the study area that include CSO outfalls are outlined
by boxes C and D. The 3 main watersheds, outlined in thick black lines, are from north to south: Mystic River watershed, Charles
River watershed, and Neponset River watershed. These 3 watersheds are shown on the inset map of the northeastern United States
(B). CSO outfalls along Alewife Brook, a tributary of the Mystic River (C). CSO outfalls along the Muddy River (tributary on the south
side) and the Charles River (D). The gray shading in the background of panels C and D shows impervious cover, and numbers indicate

site numbers.

hand to ensure proper placement along the flow path. We
then used the unnested basins tool to generate the upstream
drainage area for each synoptic sampling location.

We completed all watershed characteristic calculations
in ArcGIS® Pro (version 3.1.3; Environmental Systems Re-
search Institute [ESRI®], Redlands, California). We charac-
terized land cover (wetland cover, forest cover) and imper-
vious cover with the 2021 National Land Cover Dataset
(NLCD; https://doi.org/10.5066/P9JZ7A03; Dewitz 2023).
Tree canopy cover was characterized using the NLCD
2021 United States Forest Service Tree Canopy Cover data
(https://www.mrlc.gov/data/nlcd-2021-usfs-tree-canopy
-cover-conus; USGS 2021a). We calculated annual precipi-
tation, minimum and maximum air temperature, and mean
elevation in each watershed from a 4-km-resolution DEM
obtained from the parameter-elevation regressions on inde-
pendent slopes model (PRISM Climate Group 2023; https://

prism.oregonstate.edu/), which was available for all of the cit-
ies included in a larger study of DOC in urban rivers (Hopkins
etal. 2024, Royetal. 2025, LDOM, RLH, and SH, unpublished
data). The density of CSOs (no./km?) was determined from
CSO outfalls reported within the United States Environmental
Protection Agency (EPA) Enforcement and Compliance His-
tory Online (https://echo.epa.gov/; USEPA 2014). We calcu-
lated the volume of CSO flows in the 30 d prior to sampling
based on CSO reports from local reporting agencies (CDPW
2024, City of Somerville 2024, MEOEEA 2024, MWRA
2024a). We calculated drainage density for each watershed
with the National Hydrography Plus High Resolution National
Release 1 (https://www.usgs.gov/national-hydrography/nhdplus
-high-resolution) using flow types coded as stream/river, ca-
nal, and artificial path (USGS 2023).

To investigate the potential role of sociodemographic
variables in stream DOM, we calculated variables potentially
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related to the age, condition, and maintenance of infrastruc-
ture and to canopy cover for watersheds using data from
EPA and census records. Low-income population (%) and
people of color (%) were summarized from the EPA’s Envi-
ronmental Justice Screening and Mapping Tool (EJ Screen;
https://doi.org/10.7910/DVN/RLR5AX) at the block group
level (USEPA 2023a). We estimated sociodemographic
variables for median household income (in USD) and hous-
ing density (housing units/km?) from tract-level data from
the 2010 United States Census American Community Sur-
vey, downloaded using the tidycensus package (version 1.7.1;
Walker and Herman 2025) in R and joined to United States
Census Topologically Integrated Geographic Encoding and
Referencing System (TIGER)/Line® tract boundaries (https://
www.census.gov/geographies/mapping-files/time-series
/geo/tiger-line-file.html). We estimated % owner-occupied
housing from block-level census data (USCB 2010). Other
studies have found that street sweeping influences the input
of leaf-litter leachate to urban streams (Bratt et al. 2017), and
we estimated street-sweeping frequency for each watershed
as low, medium, or high based on sweeping frequencies re-
ported by municipalities within the watershed boundaries.
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Watershed boundaries and watershed characteristics are pro-
vided in Hopkins et al. (2024).

Field methods

All 100 sites were sampled over a 1-to-2-wk period (7-
13 d) to capture a snapshot of stream biogeochemistry at
4 times over 1 y with different vegetative and hydrological
conditions: September 2021 (late summer of a wet year),
November 2021 (during leaf fall), April 2022 (during green
up), and July 2022 (full canopy cover, midsummer). Because
of the large number of sampling locations and frequent rain-
fall during the first 3 synoptic event seasons, it was impractical
to collect all samples during baseflow conditions, although
no samples were collected during active rainfall (Fig. 2). Al-
though discharge hydrographs were only available at a few
sites, we assume that some of the samples were inevitably
collected during rising or falling discharge, which limits our
interpretation of seasonal trends as described in the Discus-
sion section. Several CSO events occurred during the year,
particularly in 2021 (Fig. 2B), though these overflow events
were only upstream of a few of the sampling sites (see Fig. 1).
There were dry conditions during the final sampling event in
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Figure 2. Daily precipitation at Boston Logan Airport from September 2021 to July 2022 (NOAA 2024), with horizontal bars show-
ing the timing of the 4 synoptic sampling events (S1 through S4) (A). Daily mean discharge at the United States Geological Survey
(USGS) stream gauge located on the Charles River at Waltham, Massachusetts, USA (USGS station 01104500, watershed area = 645 kmz),
from August 2021 through July 2022 (https://waterdata.usgs.gov/monitoring-location/01104500) (B). The dates for each of the 4 synoptic
sampling events (S1 through S4) are overlain on the hydrograph with symbols. Combined sewer overflow events that occurred in the
greater Boston area (not upstream of this USGS station) are shown along the top as x symbols. This hydrograph should not be interpreted
as showing flow conditions (stormflow or baseflow) at individual sampling sites, which may look very different (an example hydrograph

at a smaller stream during the same time period is shown in Fig. S6).
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July 2022, and 3 of the streams could not be sampled because
the channels were dry.

During synoptic sampling, we measured physicochem-
ical stream parameters (pH +0.2 units, water temperature
+0.2°C, dissolved O, [DO] +0.1 mg/L, specific conductivity
+0.002 mS/cm) with a ProDSS multiparameter digital water
quality meter (YSI 626870; Yellow Springs Instruments, Yel-
low Springs, Ohio) and collected water samples at each site
during daylight hours. We collected water samples from the
thalweg with a swing sampler (model B01366; Nasco Sam-
pling LLC, Fort Atkinson, Wisconsin) or Van Dorn-type bridge
sampler (model 031868; Wildco®, Yulee, Florida). For large
rivers where we could not sample from a bridge, we sampled
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from the bank, using a swing sampler to sample as far as pos-
sible toward the center of the river (~4 m). Sampling methods
at specific sites are published in Quick et al. (2025). Collec-
tion devices were triple rinsed with site water prior to sample
collection. Using new, triple-rinsed plastic 60-mL syringes,
we filtered sample water through pre-combusted and pre-
weighed 0.7-pm glass fiber filters (catalog no. AP4004700;
MilliporeSigma®, Burlington, Massachusetts) and then fil-
tered the samples through 0.2-pm polyethersulfone disposable
syringe filters (catalog no. 9915-2502; Cytiva®, Marlborough,
Massachusetts) for analysis of DOC. We collected sam-
ples for DOC concentration and fluorescent DOM (fDOM)
in new, sample-water-rinsed, 60-mL amber high-density

Table 1. Dissolved organic matter (DOM) optical properties, including calculation methods and references.

Abbreviation

Parameter

Calculation

Description

References

BIX

HIX

FI

SR

E2:E3

S2757295

S350—400

Biological index

Humification index

Fluorescence index

Slope ratio

Ratio of absorbance
at 250 nm to absor-

bance at 365 nm

The ratio of emission intensity
at 380 nm divided by 430 nm
at excitation 310 nm

The area under the emission
spectra at 435-480 nm divided

by the peak area at 300-345 nm

and 435-480 nm, at excitation
254 nm

Calculated as emission intensity
(470 nm/520 nm) at 370 nm
excitation

Best-fit slope of In(absorbance)
at 275-295 nm divided by
best-fit slope of In(absorbance)
at 250—-400 nm

Ratio of absorbance at 250 nm
to absorbance at 365 nm

Nonlinear slope of absorbance
at 275-295 nm

Nonlinear slope of absorbance
at 350—400 nm

An indicator of autotrophic pro-
ductivity. High values (>1) cor-
respond to recently produced
DOM of autochthonous origin.
Ranges from 0.6 (low produc-
tivity) to >1 (high productivity).

An indicator of humic substance
content or extent of humifica-
tion. Higher values indicate an
increasing degree of humifica-
tion. Note: The Ohno (2002)
method corrects for secondary
inner-filter effects, is concen-
tration independent, and ranges
between 0 and 1. Values range
from 0 (less humic) to
1 (more humic).

Ratio ~1.2 reflects terrestrially
derived fulvic acids, ~1.8
reflects microbially derived
fulvic acids.

Negatively correlated with mean
molecular weight. Very sensi-
tive to photobleaching, which
increases SR values. Values
range from 0.7 (blackwater)
to 10 (open ocean).

Negatively correlated with
molecular weight and
aromaticity.

Proxy for DOM molecular
weight. Very sensitive
to photobleaching.

Typically, higher S350_400 values
indicate low molecular
weight material, decreasing
aromaticity, or both.

(Fellman et al. 2010,
Hansen et al.
2016)

(Ohno 2002)

(Cory and McKnight
2005, Cory et al.
2010)

(Helms et al. 2008)

(De Haan and De
Boer 1987, Li
and Hur 2017)

(Helms et al. 2008)

(Blough and Del
Vecchio 2002,
Helms et al.
2008)




polyethylene bottles. We collected duplicate samples at
10% of the sites, and we used the same filtration procedures
as the experimental samples to create field blanks of ultra-
pure Milli-Q (MilliporeSigma) water daily. Field samples for
DOC and fDOM were shipped on ice to Florida International
University, Miami, Florida, where they were refrigerated
(4°C) until analysis (mean holding time = 43 d).

Laboratory methods

We analyzed filtered water samples for DOC concen-
tration using a total organic C analyzer (Shimadzu TOC-V;
Shimadzu®, Kyoto, Japan), which reported concentrations in
mg/L with a precision of 0.001 mg/L following methods de-
scribed by Smith et al. (2021) and Anderson et al. (2023) at
Florida International University. Because of analytical issues,
the sample size for DOC concentration analysis was re-
duced for the spring and summer events (1 = 26 for each
season). We analyzed all samples collected in early autumn
and late autumn for DOC concentration (z = 100 for each
season).

We measured the fluorescent optical properties of fil-
tered water samples (# = 100 for early autumn, late autumn,
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and spring; n = 97 for summer) to understand the chemical
composition of DOM. We examined samples using fluores-
cence excitation—emission matrices (EEMs) with a fluorom-
eter (Horiba Aqualog 2; Horiba®, Kyoto, Japan) at Florida
International University. We measured EEMs at room tem-
perature (~21°C) in a 1-cm quartz cuvette and simulta-
neously recorded fluorescence emission spectra from 212.719
to 620.797 nm in increments of 1.64 nm with an integra-
tion time of 2 s. We removed excitation wavelengths below
260 nm or above 500 nm and emission wavelengths below
280 nm or above 530 nm from the analysis to remove light
scattering effects. For processing of EEM spectra, we used
the DrEEM toolbox (version 6.1; Murphy et al. 2013) in
MATLAB® (version R2022a; Mathworks®, Natick, Massa-
chusetts) for instrument correction, inner-filter correction,
blank correction, and Raman normalization (McKnight
et al. 2001, Cory and McKnight 2005). We calculated fluo-
rescence indices to assess the DOM composition, as de-
scribed in Table 1. The fluorescence index (FI; Cory and
McKnight 2005) provided insights into terrestrial and mi-
crobial sources, the humification index (HIX; Ohno 2002)
explained humification and decomposition, and the bio-
logical index (BIX) offered information on autotrophic
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Figure 3. Dissolved organic C (DOC) concentration (A) and dissolved organic matter optical properties (described in Table 1)
(B—F) for each sampling period (early autumn = September 2021, late autumn = November 2021, spring = April 2022, summer = July
2022). The n = 100 for all seasons and parameters, except # = 26 for DOC concentration in spring and summer. BIX = biological index
(B), HIX = humification index (C), FI = fluorescence index (D), E2:E3 = ratio of absorbance at 250 nm to absorbance at 365 nm (E),
SR = slope ratio (F). The 2 sites with very low HIX values in panel C are sites 49 and 50 (shown in Fig. 1C). Seasons with different
lowercase letters differed, as determined by Tukey’s honestly significant difference pairwise post-hoc test with p < 0.05).
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production quality (Hansen et al. 2016). The natural log of
the slope of absorbance spectra in 2 wavelength ranges
(S275-205, S3s50-200) Vielded the spectral slope ratio (SR).
SR and absorption spectral slopes can be indicators of
molecular weight and photochemical processing of chro-
mophoric DOM (Helms et al. 2008). The absorption ratio be-
tween 250 and 365 nm (E2:E3) provides information about
the DOM molecular size (De Haan and De Boer 1987).

Parallel factor analysis methods

Absorbing and fluorescing properties of CDOM have
been used to fingerprint organic C sources, and often to
track terrestrial DOM fluxes into the ocean (Coble 2007).
We subjected the corrected EEM spectra from the sam-
ples collected in this study (~400), together with ~3410 ad-
ditional samples from urban streams in Atlanta, Georgia,
and Miami, Florida, USA, collected as part of a larger project
examining urban influences on stream organic matter, to
PARAFAC modeling using the DrEEM toolbox in MATLAB
(Murphy et al. 2013) to distinguish overlapping fluoro-
phores in the EEMs as individual components identified by
their excitation and emission peaks. We chose the final 5-
component model based on split-half analysis by S4C4T3
(Split -4, Combination -4, Test -3) validation (Fig. S1) as
described in the appendix of Murphy et al. (2013) and the
Fig. S2 caption.

A. M. Quick et al.

Data analysis

To assess how characteristics of DOM varied among
seasons (question 1), we used mixed-effects ANOVA with
the Imer function from the /me4 package in R (version 1.1-
37; Bates et al. 2015), with season as a fixed effect and site
and watershed as random effects. We used the lmerTest
package (version 3.1-3; Kuznetsova et al. 2017) to extract
Type III ANOVA tables for fixed effects and Tukey’s honestly
significant difference pairwise tests to compare seasonal var-
iance of DOM characteristics, including DOC concentration,
fluorescence indices BIX, FI, HIX, SR and E2:E3, and the
relative contribution of the 5 PARAFAC components (% C1,
% C2, % C3, % C4, and % C5). DOC concentration, % C4,
and % C5 were natural log transformed to achieve normal-
ity, and all other variables were approximately normal. For
all tests, linear relationships were visually assessed with scat-
terplots, and homoscedasticity was visually assessed by plot-
ting residuals against predicted values.

To assess how watershed characteristics affect DOM char-
acteristics (question 2), we used both principal component
analysis (PCA) and linear mixed-effects models. First, to
reduce the complexity and number of DOM characteristics,
we conducted a PCA. We scaled DOM-characteristic data
(FL, BIX, HIX, Sy75_295 S3s0-200 SR, E2:E3, % C1, % C2, %
C3, % C4, and % C5) and conducted the PCA with the
prcomp function from the stats package in R. We selected

Table 2. Excitation—emission (Ex/Em) spectra of 5 fluorescence components (C1-C5) identified by parallel factor analysis (PARAFAC)
modeling compared with previously published similar PARAFAC components from the OpenFluor database (https://openfluor.lablicate
.com/; Murphy et al. 2014), using a minimum similarity score of 0.90. Component 1 (C1) contained Ex/Em maxima at <250 nm and
300/396 nm, describing microbial humic-like dissolved organic matter (DOM) (Murphy et al. 2011, Lambert et al. 2016, Zhou et al.
2019). Component 2 (C2) was characterized by Ex/Em maxima at <250 nm and 396/488 nm, and the spectral Ex/Em maxima of
component 3 (C3) were 261 nm and 399/455 nm. Both C2 and C3 resembled terrestrial humic-like fluorophores (Osburn et al. 2011,
Lambert et al. 2016, Romero et al. 2017, Zhou et al. 2019, Retelletti Brogi et al. 2020, Zhuang et al. 2021). Component 4 (C4) had
peak fluorescence (Ex/Em = 279/377 nm) in a region analogous to proteins and tryptophan-like DOM (Murphy et al. 2011, Zhou et al.
2019, Retelletti Brogi et al. 2020). Component 5 (C5) had 1 Ex maximum at 255 nm and 1 Em maximum at 321 nm, which over-
lapped benzoic acid-like DOM or monolignol-like DOM (D’Andrilli et al. 2017, Romero et al. 2017, Zhuang et al. 2021), suggesting
fresh lignin-like precursors with low humic content but high bioavailability.

Peak excitation
wavelength (A.x)/emission

Similar components

Component wavelength (A.,,) (nm) Description characterized in other studies

C1 <250, 300/396 Microbial, humic-like DOM C2 (Lambert et al. 2016); G2 (Murphy
et al. 2011); C4 (Zhou et al. 2019)

Cc2 <250, 396/488 Terrestrial, humic-like DOM C2 (Zhuang et al. 2021); C2 (Romero
et al. 2017); C2 (Retelletti Brogi
et al. 2020)

C3 261, 339/445 Terrestrial, humic-like DOM C1 (Osburn et al. 2011); C3 (Lambert
et al. 2016); C1 (Zhou et al. 2019)

C4 279/337 Protein-like, tryptophan-like DOM G5 (Murphy et al. 2011); C4 (Retelletti
Brogi et al. 2020); C5 (Zhou et al.
2019)

C5 255/321 Fresh, lignin-like DOM C4 (Zhuang et al. 2021); C1 (D’Andrilli

et al. 2017); Benzoic acid (Wiinsch
et al. 2015)



https://openfluor.lablicate.com/
https://openfluor.lablicate.com/

principal components (PCs) with eigenvalues >1 for further
analysis. We used variable loadings and visualizations to in-
terpret the PCs. The first 3 PCs that explained the most var-
iation were then used to characterize DOM composition and
assess DOM variation with watershed characteristics.

We then used linear mixed-effects models and model
selection using Akaike’s information criterion (AIC) to iden-
tify the combination of watershed characteristics that was
most associated with each PC. Predictor and response var-
iables were assessed for normality and transformed as needed
to improve normality (transformations are noted in the results).
Linear relationships were visually assessed using scatterplots,
and homoscedasticity was visually assessed by plotting re-
siduals against predicted values. To account for repeated mea-
sures, we include site and watershed as random effects in all
models. We proceeded with model selection in a stepwise
manner. First, we compared linear mixed-effects models for
each of the 3 PCs and all 17 individual watershed character-
istics (variables described in Table S2; Spearman’s correlation
coefficients shown in Fig. S3). We included season as a fixed
effect in these models and compared models with AIC and
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marginal R* values. We then identified a best-fit model for
each PC using stepwise model selection. We started by
building an initial model for each PC that included all non-
correlated predictors, as well as random effects of site and
watershed. For correlated predictor variables (defined as
p > 0.4; Table S2, Fig. S4), we chose the variable with a
stronger association with the dependent variable. The best
model for each PC was selected using the step function in R,
and random effects were retained for all models. Because 2 of
our watershed characteristics (housing age and % owner oc-
cupied) were not available for all sites (and thus made AICs
incomparable), we ran model selection without these mod-
els and then compared the selected model with and without
housing age and % owner occupied added back in.

RESULTS
DOM characteristics across sampling events

Precipitation patterns varied across the year, with con-
ditions much wetter than normal (257% of mean monthly
precipitation based on 2006-2020 data) during the early
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Figure 4. Percentages of the 5 dissolved organic matter (DOM) components (% C1-% C5) identified by parallel factor analysis model-
ing (based on ~3800 samples from this study area and 2 other urban areas using the same collection methods; see Table 2 for descrip-
tions) for each sampling period (early autumn = September 2021, late autumn = November 2021, spring = April 2022, summer = July
2022). The 2 sites with high % C4 in panel D are sites 49 and 50 (shown in Fig. 1C). Seasons with different lowercase letters differed,
as determined by Tukey’s honestly significant difference pairwise post-hoc tests with p < 0.05). C1 = microbial, humic-like DOM (A),
C2 = soil-derived terrestrial, humic-like DOM (B), C3 = plant-derived terrestrial, humic-like DOM (C), C4 = protein-like DOM (D),

C5 = fresh, lignin-like DOM (E).
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autumn (September 2021) sampling event, and conditions
much drier than normal for the area (16% of mean precipita-
tion) during the summer (July 2022) sampling event (NOAA
2024; see Table S1). DOC concentrations and DOM optical
indices (described in Table 1) varied among some of the
4 synoptic sampling events (Tables S3, $4, Fig. 3A—F), corre-
sponding to variability in precipitation and discharge among
sampling events (Fig. 2). DOC concentrations were higher
in late autumn than in the spring (n = 100 for each season;
Table S4, Fig. 3A), though it should be noted that analytical
issues resulted in a smaller sample size for DOC concentra-
tions for the spring and summer events (# = 26 for each sea-
son; these analytical issues did not affect the {DOM samples
used for PARAFAC modeling). Among the seasons, the dry
summer synoptic event was the most distinct, showing higher
BIX (reflecting more recent, autochthonous production;
Fig. 3B), higher E2:E3 (lower molecular weight; Fig. 3E),
and lower HIX (less humic; Fig. 3C) compared with other
seasons. The spring samples had distinctly lower FI (Fig. 3D),
indicative of a more-terrestrial, less-microbial source of DOM.
Sites 49 and 50 (downstream of CSOs on Alewife Brook;
Fig. 1C), had exceptionally low HIX values for all but the dry
summer sampling event.

PARAFAC analysis resulted in 5 DOM components, based
on EEMs (Table 2). Based on previous work, these compo-
nents represent different types or characteristics of DOM.
As with the fluorescence indices, PARAFAC components
varied among seasons (Tables S3, S4, Fig. 4A-E). The
dry summer sampling event was most distinctive, having
higher percentages of C1 (microbial, humic-like; Table S4,
Fig. 4A) and C5 (fresh, lignin-like; Fig. 4E) and lower per-
centages of C2 (soil-derived terrestrial, humic-like; Fig. 4B)
and C3 (plant-derived terrestrial, humic-like; Fig. 4C) DOM.
The percentage of C4 (protein-like) DOM was low (<20%)
across all samples and seasons (Fig. 4D) except for sites 49
and 50. In Alewife Brook, % C4 increased 2- to 5-fold between
1 site upstream (site 51) and 2 sites downstream (sites 49
and 50) of CSO outfalls, but only during the wetter seasons
when there were CSO events (Figs S5-S7).

In the PCA, the first 3 principal components of the DOM
characteristics had eigenvalues >1 and cumulatively ex-
plained 85% of the variation in DOM characteristics (Ta-
ble S5, Fig. 5A, B). PC1 explained >% (52%) of the variation
in DOM characteristics across the dataset, and it represented
a gradient from more-microbial and autochthonous, lower-
molecular-weight DOM (higher values of BIX and FI, lower
E2:E3) to more-humic and terrestrial DOM (higher values of
HIX, % C2, % C3). PC2 explained 20% of the variation in
DOM characteristics. Higher values of PC2 had higher val-
ues of SR and S350_400, Which other studies (Blough and Del
Vecchio 2002, Helms et al. 2008) have associated with lower
molecular weights and photobleaching (Table 1). PC3 ex-
plained 13% of the DOM characteristics, reflecting a gradient
from higher PARAFAC component C1 (microbial, humic-
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Figure 5. Principal component analysis of dissolved organic
matter (DOM) characteristics for stream samples across seasons
(symbols), with explanatory power shown for each of 3 principal
components (PC1, PC2, and PC3): PC1 and PC2 (A) and PC1
and PC3 (B). PCI1 represents a gradient from more-microbial
and autochthonous DOM to more humic-like and allochthonous
DOM. Higher values in PC2 reflect lower molecular weights and
photobleaching (high SR and S350_400). For PC3, low values re-
flect a higher % C1 (microbial humic-like DOM), and high values
reflect higher % C4 (protein-like DOM). BIX = biological index,
HIX = humification index, FI = fluorescence index, E2:E3 = ratio
of absorbance at 250 nm to absorbance at 365 nm, SR = slope ra-
tio, Sy75 205 = nonlinear slope of absorbance from 275 to 295 nm,
S350-400 = nonlinear slope of absorbance from 350 to 400 nm.

like DOM) values to higher component C4 (protein-like DOM)
values, likely driven by contributions from CSOs, as explained
in the Discussion.

Watershed characteristics and DOM variability

Based on the single-predictor models that included the
variation explained by season, PC1 was most highly corre-
lated with % wetland cover (marginal R* = 0.58, conditional
R* = 0.82; Table 3), indicating that watersheds with more
wetland cover had more humic-like and allochthonous
DOM in their streams (Fig. 6A). PC2 was not well corre-
lated with any single watershed variable (Tables 3, S6),
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Table 3. Summary statistics for watershed characteristics and results from the top single-predictor linear mixed-effects models be-
tween each watershed characteristic and principal component (PC1, PC2, PC3; PCs represent gradients in dissolved organic matter
optical properties and parallel factor analysis components; Table S5). Fixed effects include single watershed predictor variable and
season, and random effects include site and watershed. Data are from 100 stream sites sampled 4x over 1 y (September 2021, No-
vember 2021, April 2022, and July 2022) in the greater Boston, Massachusetts, USA, area. Models were compared using marginal R?
(i.e., variation explained by the fixed effect only), and models for each PC are listed in order of increasing Akaike information crite-
rion (AIC) value. The highest marginal R* value for predictor variable is in bold. DOM = dissolved organic matter, CSO = combined
sewer overflow, MG = millions of gallons (1 MG = 3.8 million L?). See Table S6 for full modeling results for all watershed character-
istics. A dash (-) indicates not applicable.

PC1
High values = more-humic DOM, low values = more-microbial/autochthonous DOM

Model Predictor
Predictor variable intercept Intercept p coefficient Predictor p Marginal R Conditional R*> Model AIC AAIC
Housing age (y) —4.30 0.0004 0.09 <0.0001 0.33 0.83 1309.70 0.00
Wetland (%) —2.33 <0.0001 0.23 <0.0001 0.58 0.82 1369.76 60.06
Season alone —0.17 0.8 - - 0.13 0.84 1439.97 130.27
PC2

High values = lower-molecular-weight/photobleached DOM, low values = higher-molecular-weight DOM

Housing age (y) 0.38 0.4 —-0.01 0.3 0.05 0.38 1203.92 0.00

Owner-occupied housing (%) 0.76 0.1 —1.16 0.08 0.06 0.31 141096  207.04

CSO density (no./km?)" —-0.17 0.3 1.68 0.005 0.08 0.31 1414.62  210.70

Season alone —0.07 0.7 - — 0.05 0.31 1421.44 217.52
PC3

High values = lower-molecular-weight/photobleached DOM, low values = higher-molecular-weight DOM

Housing age (y) 1.09 0.02 —0.01 0.07 0.14 0.66 999.96 0.00
30-d CSO flows (MG/km?)"" 0.13 0.2 4.37 <0.0001 0.22 0.66 1014.10 14.14
CSO density (no./km?)™ 0.10 0.4 3.28 <0.0001 0.30 0.65 1055.18 55.22
Season alone 0.31 0.1 - - 0.10 0.65 1091.25 91.29
though CSO outfall density explained the most variation age and negatively associated with % low income and CSO

(marginal R* = 0.08, conditional R* = 0.31; Fig. 6B). The density. PC2, which described a gradient of low molecular
best single variable predictor for PC3 was also CSO outfall weight (high values of PC2) to high molecular weight (low

density (marginal R* = 0.30, conditional R* = 0.65; Fig. 6C). values of PC2), was positively associated with elevation and
Housing age had the lowest AIC for all PC models (Ta- CSO density and negatively associated with % watershed can-
ble 3), but these low AIC scores were due to smaller sample opy cover. PC3, which described a gradient of higher protein-
size, and the explanatory power of housing age was compara- like DOM to microbial, humic-like DOM, was positively
tively low for all PCs. associated with % wetland cover and CSO density.
Best-fit mixed-effects multiple linear regression mod-

els for each of the DOM characteristics PCs varied in pre- DISCUSSION

dictors and overall explanatory power (Table 4). PC1 was This research expands on previous urban stream studies
the best predicted by watershed characteristics (marginal by incorporating sociodemographic, infrastructure, and in-
R*> = 0.68, conditional R* = 0.83), compared with PC2 frastructure management variables to identify which aspects
(marginal R* = 0.13, conditional R* = 0.32) and PC3 (mar- of development contribute to DOM properties and how these
ginal R* = 0.36, conditional R* = 0.65). PC1 (higher values drivers change with temporal variation in inputs and hydro-
associated with humic-like DOM, lower values associated logic connectivity. We found that decreased connectivity
with microbial and autochthonous DOM) values were pos- to wetlands and terrestrial sources during dry periods is

itively associated with % wetland cover and median housing likely the strongest temporal control on DOM quantity and
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Figure 6. Single-predictor linear regression models, controlling
for season, showing the best watershed predictors for each princi-
pal component (PC) based on marginal R* (see Tables 3 and 4):
% wetland cover in the watershed vs PC1 (A), 4™ root of com-
bined sewer overflow (CSO) outfall density (no./km?) vs PC2 (B),
and 4™ root of CSO outfall density (no./km?) vs PC3 (C). The cir-
cled symbols in panels B and C show values at sites 49 and 50 in
early autumn, late autumn, and spring (see Fig. 1C). PCs represent
gradients in dissolved organic matter optical properties and ab-
sorbing and fluorescing properties determined by parallel factor
analysis (Table S5).

characteristics. In the Boston metropolitan area, increased im-
pervious cover and decreased wetland cover resulted in
stream DOM that was more autotrophic, had lower molecu-
lar weight, and was likely more bioavailable. During higher
flow conditions, CSOs introduced a large amount of protein-
like DOM in streams with active outfalls (Figs S5, S7).

Seasonal variation in DOM
Our interpretations of seasonal effects on urban stream
DOM are somewhat limited because our samples were not
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all collected during baseflow conditions. In other studies,
DOC concentration and humic DOM characteristics were
elevated in samples collected during the rising limb of storm
hydrographs (Inamdar et al. 2011, Raymond et al. 2016, Chen
et al. 2019). Because we cannot be certain when each sample
was collected on its respective stream hydrograph, our inter-
pretations about seasonal shifts in DOM sources are limited
to generalizations about wet and dry conditions and the ap-
proximate timing of events such as leaf fall.

In the autumn and spring, stream DOM was predomi-
nantly terrestrially sourced (higher HIX, % C2, and % C3;
lower BIX), likely from soil and groundwater DOM pools
or possibly from leaf litter directly deposited on the stream
or flushed through stormwater systems (Smith et al. 2021).
Compared with the autumn and spring, DOM in the sum-
mer was derived from more-autotrophic, microbial sources
(higher BIX, FI, and % C1) with lower molecular weight
(higher E2:E3), possibly because of higher rates of instream
photosynthesis associated with warmer temperatures and
more hours of daylight (Arango et al. 2017).

The observed seasonal shifts in DOM characteristics are
likely related to changes in streamflow and hydrologic con-
nectivity. Our early autumn (September 2021) sampling event
took place under unusually wet conditions, which can in-
crease connectivity to terrestrial sources, including wetlands
(Zarnetske et al. 2018, Leibowitz et al. 2019) and upslope
areas (Stieglitz et al. 2003), and increase discharge from dis-
tributed stormwater systems. Such connectivity may be re-
sponsible for larger DOM fluxes (Zarnetske et al. 2018) and
more-humic and aromatic DOM during high discharge
events (Raymond et al. 2016). In contrast, our summer (July
2022) sampling took place during dry conditions. Under these
low-flow conditions, contributions of terrestrial sources via
connectivity to wetlands, upslope areas, and stormwater likely
decreased. Relatively lower allochthonous contributions would
help explain why the characteristics of the autochthonous
DOM (higher BIX, FI, and % C1) were more prevalent in the
samples collected during the dry summer season, consistent
with other observations (Xenopoulos et al. 2021).

Watershed characteristics and DOM

Our results are largely consistent with previous observa-
tions (e.g., Kaushal et al. 2014, Parr et al. 2015) of the effects
of urbanization: decreased DOC concentrations (Fig. S8) and
more-autochthonous, recently produced, lower-molecular-
weight, microbial DOM (Fig. S9). Distinct observations from
this study include the substantial role of wetland loss in shift-
ing DOM sources, clear CSO markers, and the observed in-
fluence of sociodemographic variables.

DOC concentrations were most strongly positively cor-
related with % wetland cover (Fig. S8) for all seasons except
the dry summer (when streams were likely hydrologically
disconnected from wetlands), suggesting that the draining
of wetlands for development in the Boston area has resulted
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Table 4. Best mixed-effects multiple regression models for each principal component (PC1, PC2, PC3; PCs represent gradients in
dissolved organic material (DOM) optical properties and parallel factor analysis components; Table S5) as determined by highest mar-
ginal R? (fixed effects alone). Random effects of site and river were included in all models. Data are from 100 stream sites sampled

4x over 1y (September 2021, November 2021, April 2022, and July 2022) in the greater Boston, Massachusetts, USA, area. A dash
(-) indicates a single predictor, for which a parameter does not apply. MW = molecular weight.

Model parameter Coefficient Coefficient p Marginal R* Conditional R AIC

PC1 Intercept —0.54 0.57 0.68 0.83 1240.33
High values = more humic-like % wetland cover 0.16 <0.0001 - - -
DOM, low values = microbial/ 9 low income —0.87 <0.0001 _ _ _
autochthonous-like DOM Housing age 0.03 0.03 _ _ _
CSO density —3.48 <0.0001 - - -
Late autumn 0.79 <0.0001 - - -
Spring 0.91 <0.0001 - - -
Summer —1.56 <0.0001 - - -

PC2 Intercept —0.39 0.3 0.13 0.32 1421.63
High values = lower MW/ % watershed canopy cover —0.02 0.02 - - -
photobleached, low Elevation 0.02 0.0003 - - -
values = higher MW CSO density 1.72 <0.001 - - -
Late autumn 0.61 0.001 - - -
Spring —0.08 0.7 - - -
Summer —0.30 0.10 - - -

PC3 Intercept —0.34 0.03 0.36 0.65 1049.46
High values = protein-like % wetland cover 0.04 <0.001 - - -
DOM, low values = microbial, CSO density 3.79 <0.0001 - - _
humic-like DOM Late autumn ~0.09 0.4 - - -
Spring —0.12 0.2 - - -
Summer —0.99 <0.0001 - - -

in lower DOC concentrations in the most urbanized water-
sheds. This finding is consistent with previous research show-
ing wetlands as important DOM sources to freshwater sys-
tems (Findlay 2006, Flint and McDowell 2015, Zarnetske
et al. 2018). Wetlands were also the strongest predictor of
humic and allochthonous DOM (PC1; Figs 6 and S10, which
are generalized in Fig. 7 using the slopes from mixed-effects
models as shown in Table S7). The relationship between wet-
lands and DOM may be most pronounced in metropoli-
tan areas like Boston, where much of the development
has taken the place of wetlands (Rhodes et al. 2019, Zou
et al. 2024). The draining of wetlands for urban development
is associated with stream channelization, which decreases
groundwater—surface-water connections (Kaushal et al. 2014),
helping to explain the decrease in wetland and soil-derived
(% C2 and % C3) humic components in developed water-
sheds. Other studies have reported that legacy humic organic
matter in areas that have been recently developed may con-
tinue to contribute to streams, but that this contribution de-
creases over time (Petrone et al. 2011). These studies and our
results suggest that the impacts of urbanization on stream

DOM may be shaped by linkages between predevelopment
physiographic conditions (e.g., Boston is characterized by a
low-relief landscape with numerous wetlands) and the char-
acteristics and timing of human development. These link-
ages vary with hydrology because of variable connectivity
to DOM sources (e.g., soils and wetlands) (Leibowitz et al.
2019). Because of the multiple physical and human factors
that vary across cities (Walsh et al. 2005), it is important to
consider the underlying landscape and developmental his-
tory when assessing potential C sources and transport in
urban settings.

A key observation of this study is that protein-like DOM
(C4) was likely an indicator of wastewater introduced by
CSOs and wastewater treatment plants. Our synoptic sam-
ples above and below CSO outfalls in Alewife Brook high-
lighted the effect of CSO events in the wetter seasons (Figs S5
and S7A-C). A site downstream of a small wastewater treat-
ment plant in the upper Charles River watershed showed el-
evated % C4 throughout the year, possibly due to consistent
wastewater effluent inputs. Notably, % C4 was not elevated
at the site upstream of the plant (Fig. S7A-D). Although
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Figure 7. Synthesis of general patterns of relative stream dissolved organic matter (DOM) sources, based on parallel factor analysis
(PARAFAC) components, across a gradient of wetland and impervious cover. The semitransparent vertical bar shows relative DOM
contributions during wet weather when combined sewer overflow (CSO) inputs dominate an urban stream. Slopes for mixed-effects
models of % PARAFAC components vs % wetland cover (Fig. S10) were calculated (excluding the 2 CSO-dominated sampling loca-
tions; Table S7) and used to draw lines for this figure. The maximum % wetland cover was 33% and the minimum was 0%. The gradient
from low to high % impervious cover only indicates a general inverse relationship with % wetland cover in this study area (Spearman’s

o = —0.77).

protein-like DOM may come from many sources, includ-
ing wastewater, algae, and microbes (Liao et al. 2021, Zhu
et al. 2021), the evidence suggests that in Boston, % C4
may be used as a tracer for sewage inputs, as also suggested
by other studies that associate protein-like DOM with waste-
water (Hosen et al. 2014, Batista-Andrade et al. 2023) and
wastewater indicators such as Escherichia coli (e.g., Smith
et al. 2021). In urban areas that still have CSOs, wastewater
discharge to streams may increase as climate change is ex-
pected to increase the intensity of storms (Gogien et al.
2023), which may be marked by increases in protein-like
DOM in streams.

This study also offered an opportunity to investigate
how sociodemographic factors may help explain DOM
characteristics. Older housing was associated with more-
humic and higher-molecular-weight DOM (Table 4), which
may be explained by the higher wetland cover, lower im-
pervious cover, and more canopy cover in areas with older
housing compared with newer developments (e.g., Lowry
et al. 2012, and data from this study; Fig. S4). Interestingly,
housing age was weakly negatively correlated with % C4,
which was counterintuitive given that housing age may be
used as a proxy for infrastructure age (Weller et al. 2022)
and wastewater leakage. Watersheds with higher % low-
income populations were associated with more-microbial,
autochthonous DOM. Lower-income communities may have
less canopy cover and more impervious surfaces (e.g., Ends-
ley et al. 2018, Culler et al. 2024, and spatial data from this
study; Fig. S4), which could help explain the correlation be-

tween % low income and more-autochthonous DOM. How-
ever, none of the sociodemographic variables we examined
had large predictor coefficients. The relationships between
sociodemographic variables and DOM likely vary in strength
and direction across cities, depending on their historical de-
velopment patterns. Stronger relationships may emerge with
alternative spatial classification schemes that combine physi-
cal and social characteristics (Cadenasso et al. 2007).

Broader implications

Our observations of varying DOM sources with urban-
ization and hydrological conditions have implications for
stream-management priorities. DOM may influence stream
metabolism, biochemical O, demand, and DO levels (McCabe
et al. 2021, Zhou et al. 2021), and may also therefore in-
fluence the concentrations of chemical species of concern,
such as NO3, N,O, and CO,, whose rates of production or
consumption depend on DO levels and DOM availability
(Quick et al. 2016). Contaminants may be sorbed to DOM
(Kaushal et al. 2018, Al-Amin et al. 2024), which influences
drinking water treatment (Findlay 2006, Gagliano et al.
2020, Leonard et al. 2022). It is therefore important for
environmental agencies and water-quality managers to ac-
knowledge shifts in DOM with urbanization.

Even though we observed that stream DOC concentra-
tions decreased with urbanization (as generalized by imper-
vious cover; Fig. S8), it is possible that DOM in urban areas
is more bioavailable because it is more microbially produced



and has lower molecular weight (McLaughlin and Kaplan
2013, Cataldn et al. 2021, Vaughn et al. 2023), as reported
in other urban areas (Hosen et al. 2014, Parr et al. 2015,
Smith et al. 2021, Coble et al. 2022, Vaughn et al. 2023).
Increasing DOM bioavailability leads to higher rates of bio-
geochemical processing, including heterotrophic denitrifi-
cation (Bernhardt and Likens 2002, Barnes et al. 2012) and
increased NO; ™ removal, but also higher CO, emissions due
to respiration (Hosen et al. 2014). Urbanization and its ef-
fects on CO, emissions from streams could be incorporated
into plans for meeting greenhouse gas emissions targets for
cities. The strong connection we observed between protein-
like DOM (% C4) and CSOs suggests that water managers
could incorporate similar markers to detect wastewater con-
tamination from CSOs or failing infrastructure in need of
repair. Combining DOM markers with sociodemographic
data could be used to monitor the equitable prioritization of
repairing wastewater infrastructure, closing CSOs, or restor-
ing riparian vegetation. Although it was not a strong pre-
dictor, we did observe that more frequent street sweeping
was associated with less-humic DOM in streams. Previous
studies have examined the impact of street sweeping on N
and P inputs (e.g., Bratt et al. 2017), but future studies are
needed to better understand its impact on DOM, specifi-
cally organic C.

In examining temporal and spatial variability in DOM in
urban streams, we observed the importance of novel anthro-
pogenic sources (CSOs and wastewater), the alteration of
wetland inputs due to urban development, and temporal var-
iation in hydrologic connectivity. These factors are all sub-
ject to change as municipalities manage aging wastewater
infrastructure systems and develop wetlands, and as climate
change introduces uncertainty in hydrologic conditions. As
demonstrated for the Boston metropolitan area, it is there-
fore critical to understand the drivers of stream DOM that
are specific to a city’s physiographic conditions and urban de-
velopment characteristics.
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