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Abstract

Urbanization reshapes dissolved organic matter (DOM) sources, transport, and transformations through
changes in vegetation, hydrology, and management of waste and water. Yet the impacts of urbanization on
DOM are variable within and among cities. Predicting heterogeneous responses to urbanization is challenged by
diverse human activities and underlying biophysical variation along stream networks. Using data from the
486 largest urban areas in the continental United States and seven focal cities, we identified macro and local
scale urban gradients in social, built, and biophysical factors that are expected to shape DOM. We used these
gradients and the literature to develop hypotheses about heterogeneity in DOM quantity and quality within
and among cities. Interactions among landscape and infrastructure attributes across spatial and temporal scales
result in heterogeneous responses in DOM. Characterizing and quantifying these inconsistent responses to
urbanization in contrasting settings may help to better understand heterogeneity and identify generalities

among urban watersheds.

Despite the relatively small land footprint of cities (only
5.8% of the conterminous United States was classified as
“developed” in 2021; Dewitz 2023), urbanization impacts a
large proportion of waterways in the United States (Hill
et al. 2016). Even small proportions of urban land cover
(< 10% impervious cover) can significantly impact stream eco-
systems (Booth and Jackson 1997; King et al. 2011). Early syn-
theses of urban impacts on streams initially focused on the

*Correspondence: haler@si.edu

This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

Associate editor: Raoul Couture

role of impervious surfaces and the dramatic hydrological
impacts of land cover changes on stream ecosystems (Walsh
et al. 2005; Schueler et al. 2009). However, urban watersheds
are diverse and complex (Hopkins et al. 2025), and relationships
between land cover and outcomes such as water quality, hydrol-
ogy, and biotic communities can vary depending on climate,
geomorphic template, and development patterns (Cuffney
et al. 2011; Hopkins et al. 2015; Blaszczak et al. 2019b;
Delesantro et al. 2021). Therefore, generalizable and synthetic
predictions are needed to assess when, where, and how various
aspects of urbanization are likely to matter.

Macrosystems ecology refers to the study of multiscale ecosys-
tems, including regional to continental macroscales and how
broad-scale patterns interact with finer-scale patterns (Heffernan
et al. 2014). Within these systems, cross-scale interactions occur
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when processes at one scale interact with or affect processes at
another scale, which can cause nonlinear dynamics (Heffernan
et al. 2014; Soranno et al. 2014). Cross-scale interactions can be
used to understand variable ecosystem behavior across regional
to continental scales. For example, the region-specific relation-
ship between wetland cover and lake phosphorus concentrations
across the United States is strongly predicted by the region’s agri-
cultural landcover, where wetlands are positively associated with
lake phosphorus in regions with low agricultural land use, but
negatively associated with phosphorus in regions with high agri-
cultural land use (Soranno et al. 2014). In urban streams, cross-
scale interactions also explain variable relationships between
stream biotic communities and urbanization gradients among
cities (Cuffney et al. 2011). Climate and antecedent agricultural
land use set the background conditions with which urbanization
interacts, such that urbanization in areas with forested land
cover, cooler temperatures, and higher precipitation had stronger
declines in biotic communities with urbanization compared to
cities with already reduced biotic assemblages due to agricultural
land cover, warmer temperatures, and lower precipitation
(Cuffney et al. 2011). The promise of macrosystems ecological
approaches is therefore to enable translation of finer-scale pro-
cesses to broader scales that enable ecological predictions across
scales (Dodds et al. 2021).

Watershed- and river network-scale approaches have
expanded understanding of processes across spatial scales in
flowing waters. Continental gradients of precipitation and tem-
perature set a template of water availability and watershed vege-
tation that can drive streamflow regimes and light availability
(Dodds et al. 2019), but stream ecosystems are influenced by
their position in river networks as much as they are shaped by
continental gradients (Vannote et al. 1980; Raymond et al. 2016;
Dodds et al. 2019). Streams are also influenced by both local
instream and watershed-scale processes, and by connectivity
between upstream and lateral systems that can vary with hydrol-
ogy and physiography (Kaushal and Belt 2012; Raymond
et al. 2016; Ledford et al. 2020; Thorp et al. 2023). Understand-
ing the proximate drivers of ecosystem function, such as light,
temperature, and streamflow regimes, which vary from local to
macroscales, can inform predictions about ecosystems functions
over space (Bernhardt et al. 2022), within watersheds, river net-
works, and through time (Raymond et al. 2016).

While human management of rivers, such as dam construc-
tion and management, shapes all river ecosystems (McCluney
et al. 2014; Wohl 2019), urban watersheds represent an extreme
of human modification because of the comprehensive changes
to soils, vegetation, land surfaces, and flow routing. Urban eco-
systems are spatial mosaics of land uses, land covers, supporting
surface and subsurface infrastructure networks, and dynamic
human communities (Cadenasso et al. 2007; Steele and
Wolz 2019). Spatial heterogeneity results from complex histories
of interactions between social, biophysical, and technological
processes and systems operating at scales from years to centuries
(Capps et al. 2016; Parr et al. 2016; Grove et al. 2018).
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Biophysical patterns and processes such as underlying geomor-
phic (Steele and Wolz 2019), topographic, and climate heteroge-
neity (Hale et al. 2016) can place physical limits on urban
development patterns, vegetation, and infrastructure (Burchfield
et al. 2006). Shifting paradigms (Parr et al. 2016) and legacies of
past water management, such as river corridor alterations
(Wohl 2019), agricultural irrigation canals (Armstrong and
Jackson-Smith 2017), and wastewater infrastructure (Brown
et al. 2009), continue to shape present-day urban watersheds.
Water management is closely linked to social, political, and eco-
nomic legacies and their continued impacts on urban systems
today (Grove et al. 2018). Processes such as displacement, migra-
tion, and segregation have shaped sociodemographic patterns
at neighborhood to macroscales, which continue to influence
patterns of infrastructure and service investment and thus eco-
system structure and function (Grove et al. 2018; Heck 2021;
Hendricks and Van Zandt 2021). A macrosystems approach to
urban watershed ecology can collectively consider biophysical
and social gradients, watershed structure, and interactions to
better understand biogeochemical patterns in cities.

Here, we synthesized existing spatial datasets to identify
local to macroscale gradients along which we expected
urban watershed function and urban dissolved organic
matter (DOM) to vary. We included sociodemographic vari-
ables (e.g., income, race/ethnicity), biophysical variables
(e.g., precipitation, temperature, elevation, canopy cover),
and features of the built environment (e.g., housing den-
sity, housing age, canal infrastructure, wastewater infra-
structure). To identify these gradients, we compiled data
from the 486 urban areas in the conterminous United States
with greater than 50,000 residents (defined as 2010 U.S. Census
Bureau urban areas; U.S. Census Bureau 2022), along with seven
focal cities distributed across the United States (Hopkins
et al. 2024). We used these macroscale (continental) and local
(census tracts within urban areas) gradients to develop hypothe-
ses about how urban DOM might vary within and among cit-
ies. Finally, we hypothesized how cross-scale interactions might
shape DOM responses to urbanization, specifically how within-
city predictors of urban DOM might vary along continental
gradients of climate and development. While our examples are
US-centric and focused on relatively large urban areas, the gra-
dients and principles of this approach may apply more broadly
even as development patterns and climate gradients vary glob-
ally. Ultimately, we hope this framework provides a helpful
construct for placing local studies within a broader geographic
context, enhances understanding of mechanisms of urban
impacts, and identifies approaches and opportunities for urban
planning, management, and restoration.

Dissolved organic matter sources, transport, and
transformations are shaped by urbanization

Rivers and streams are major contributors to continental
and global carbon cycling. Inland streams function as major
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sources and sinks of carbon dioxide and deliver 900 Tg/yr of
organic carbon to coastal ecosystems globally (Butman
et al. 2016). Streams receive allochthonous organic matter
(OM) from adjacent terrestrial systems in dissolved and
particulate forms and produce autochthonous OM through
primary production. The balance of these sources deter-
mines the quality and processing rates of DOM, which can
vary depending on watershed and stream characteristics
(Vannote et al. 1980; Bernhardt et al. 2022). Furthermore, the
quality (e.g., source, composition, and lability) and quantity
of DOM regulate many ecosystem functions in streams
(Vannote et al. 1980; Duan et al. 2014; Ortiz Mufioz and
Kominoski 2025). For example, DOM influences the cycling of
other elements and is a primary energy source for microorgan-
isms (Bernhardt and Likens 2002). Through modifications to
watershed land cover, hydrology, vegetation structure, soils,
nutrient loads, and direct changes to streams and riparian
zones, urbanization can shape the quality, quantity, transport,
and fate of DOM through river networks (Duan et al. 2014;
Hosen et al. 2014). Here, we review variation in the sources,
transport, and processing of DOM in urban watersheds (Figs. 1,
2), highlighting interactions between biophysical, social, and
built features of cities that could generate heterogeneity in
these patterns within and among cities. Importantly, this depic-
tion of urbanization was derived from data from the contermi-
nous United States and may be most relevant for temperate
regions in higher-income economies.

Urbanization can shift the inputs of “natural” DOM
sources, such as instream primary production, vegetation,
and soils, as well as introduce novel sources of DOM (Figs. 1,
2). For example, in some cities, urbanization can decrease
the production and export of terrigenous DOM into river
drainage networks (Hosen et al. 2014) due to deforest-
ation (Pisani et al. 2020), wetland losses (Bhattacharya and
Osburn 2020), and stream burial (Beaulieu et al. 2014).
Where cities retain (or plant) substantial tree canopy, how
the fluxes of leaf fall are managed (i.e., by street sweeping)
has important implications for water quality (Bratt
et al. 2017; Hobbie et al. 2023). Loss of riparian forests can
also increase light availability in urban streams, increasing
instream primary production as an autochthonous source of
DOM (Alberts et al. 2017), while stream burial can decrease
light and instream production (Beaulieu et al. 2014). Waste-
water can represent a major input of highly labile DOM
to urban streams from leaking septic systems and sewage
pipes, treatment plant discharges, and combined sewer over-
flow (Capps 2019; Smith et al. 2021), contributing most or
even all of stream discharge, and therefore OM loads, in
low-flow systems (Griffith et al. 2009). Urbanization is also
associated with additional novel or anthropogenic sources
of aquatic OM from household products and plastics
(Griffith et al. 2009).

Urban stream DOM is also influenced by altered flow paths,
which strongly influence the quality, quantity, and timing of

Urban dissolved organic matter heterogeneity

the DOM entering surface water (Khamis et al. 2017; Chen
et al. 2019). Water infrastructure can make novel connections
in watersheds and provide new opportunities for DOM
processing, affecting the quality and quantity of DOM trans-
ported to streams (Fork et al. 2018). Impervious surfaces dis-
connect soils from streams, cutting off a major source of OM
to streams (Hosen et al. 2014), and curbed roads especially
shunt storm flow to streams (Blaszczak et al. 2019b). The
design of stormwater systems directly influences the transport
of terrestrial DOM to streams, through impacts on urban
hydrology (Eger et al. 2017), as well as potential opportunities
for DOM processing and retention along those flow paths
(Hobbie et al. 2014; Fork et al. 2018). For example, urbaniza-
tion can increase the relative importance of stormflows (com-
pared to baseflow) for DOM export, which could decrease the
capacity of streams to process these fluxes (Delesantro
et al. 2024). Canals in urban areas can transport water and
OM long distances across drainage divides and create new
opportunities for OM processing (Kelso and Baker 2020; Smith
et al. 2021).

In streams, DOM is transformed by a variety of physical
and biological processes and can be taken up by heterotrophic
organisms (Tank et al. 2010) (Fig. 2). The processing and fate
of DOM in streams are affected by the quality of DOM, micro-
bial and other biological communities, and physical stream
characteristics such as light, temperature, streamflow, and sur-
face water—groundwater interactions (Duan et al. 2014; Cory
and Kling 2018). Instream DOM primary production, mea-
sured as gross primary production, depends on local stream
conditions, especially light availability, stream substrate, and
flow regimes. Gross primary production may be elevated in
urban compared to nonurban streams due to increased light
availability (i.e., the loss of riparian canopy) and elevated
nutrient concentrations (Ledford et al. 2021) or decreased by
scouring of biofilms at high flows and elevated turbidity
(Blaszczak et al. 2019a). Ecosystem respiration, which encap-
sulates the biological breakdown of particulate and DOM at
the ecosystem scale, is driven by DOM availability and lability.
Ecosystem respiration is often correlated with allochthonous
inputs of DOM and nutrients, such as from wastewater treat-
ment plants (WWTPs) (Ledford et al. 2021). In contrast, in sys-
tems where allochthonous inputs are decreased or scoured,
ecosystem respiration is closely tied to gross primary produc-
tion because autotrophs respire and produce DOM for hetero-
trophs (Beaulieu et al. 2014). Lining or channelizing streams
can affect connectivity to DOM sources, disconnecting ripar-
ian and groundwater sources of DOM and changing instream
and hyporheic zone DOM processing (Duan et al. 2014). Some
fractions of the DOM pool are particularly photosensitive
(e.g., chromophoric, aromatic, and high molecular weight
DOM), such that photodegradation can be a major loss path-
way in some aquatic systems (Cory and Kling 2018). The loss
of more terrigenous, photosensitive DOM with urbanization
may decrease the importance of DOM photodegradation
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Fig. 1. Sources and transport of organic matter in urban watersheds and within and adjacent to urban streams. Concentrations and sources of organic
matter in urban streams will vary within and among cities depending on the location of potential natural and anthropogenic organic matter sources in
the watershed, the routing of water (the main transport vector for organic matter), and the processing of organic matter along those flow paths.

Figure art by Hiram Henriquez.

in urban areas, even with changes in light availability with
urbanization.

As illustrated in the above review, urbanization substan-
tially changes the sources, transport, and transformations of
DOM through watersheds. Yet, the nature of these changes is
likely to vary among cities because of differences in initial
conditions (e.g., whether the natural landscape contains for-
ests or wetlands) and patterns of development including land
cover changes and the routing and treatment of stormwater
and wastewater. In the next section, we characterize
macroscale and local scale gradients of urban heterogeneity
and consider how these might drive variation in urban DOM
sources, transportation, and transformations.

Urban heterogeneity at macro and local scales is
likely to affect urban DOM

Macroscale variations in the biophysical, social, and built
characteristics of cities alter DOM

At continental scales, freshwater DOM quantity and com-
position vary across macro scale gradients of land cover (such
as forest, grassland, wetland) and precipitation (Jaffé
et al. 2012; Kurek et al. 2024; Orlova et al. 2024), and anthro-
pogenic land uses, including agricultural and urbanization,
can disrupt these gradients (Wagner et al. 2015; Vaughn
et al. 2023). We expect that urbanization will reshape macro
scale gradients by changing the sources, transport, and
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Fig. 2. Sources and transport of organic matter within and adjacent to urban streams. Infrastructure affects connectivity to upstream urban sources,
while channelization can disconnect surface and groundwater. Stream biota can affect rates of in-stream processes and respiration. Light exposure can
affect photodegradation and rates of primary production. Figure art by Hiram Henriquez.

transformations of DOM, and that variation in patterns of
urbanization, for example, variation in wastewater infrastruc-
ture, could create new macroscale gradients.

To describe continental gradients in urban heterogeneity,
we compiled national-scale datasets for biophysical, social,
and built characteristics that we hypothesized could shape
freshwater DOM (Supporting Information Table S1; Hopkins
et al. 2024). These included biophysical variables such as land
use and land cover (e.g., forest, wetland cover), climate (mean
temperature and precipitation), topography (elevation and
slope), and hydrography (e.g., stream drainage density, canali-
zation) that are known to shape DOM quantity and composi-
tion (Gergel et al. 1999; Aitkenhead-Peterson et al. 2005;
Kothawala et al. 2015; Creed et al. 2018). We also included

sociodemographics (e.g., income, race/ethnicity), housing char-
acteristics (e.g., housing density, housing age, availability of
indoor plumbing), and wastewater infrastructure (e.g., WWTDs,
combined sewer outfalls) that we hypothesized would directly
or indirectly shape DOM composition (details in Supporting
Information Table S1; Hopkins et al. 2024). We summarized
these variables for the 486 largest urban areas in the contermi-
nous United States and used a principal components analysis
to identify macro scale gradients of urbanization for the con-
terminous United States (Supporting Information, Detailed
Methods, Table S2).

Our goal in this analysis was to generate hypotheses for
how urban freshwater DOM composition might vary at mac-
roscales. The specific gradients we observed are influenced by
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the boundaries used to define cities (we use census urban areas
for this analysis), as well as the datasets used to describe those
cities. We used national-scale datasets, yet stormwater man-
agement, including both infrastructure and behavioral prac-
tices such as street sweeping, for example, is a very important
control on urban DOM for which national datasets do not
exist and for which local datasets are not comparable (Choat
et al. 2023; Hopkins et al. 2025). As a result, measures such as
drainage density do not include stormwater infrastructure
(which can represent most of the drainage network in cities).
While these data considerations shape the specifics of
the gradients described here, the core value of this approach
is to develop hypotheses that can later be tested with field
observations.

How the sources, transport, and processing of DOM mani-
fest in each city depends on the background ecological condi-
tions coupled with patterns of urban development. We
identified five significant macroscale gradients along which
large US cities vary (Fig. 3; Supporting Information Table S2).
Notably, the gradients highlight the need to consider urban
environments as social-ecological-technical systems, as each
gradient represents a combination of social, built, and bio-
physical characteristics that co-vary across the landscape.
Here, we describe these gradients and hypothesize how they
could shape DOM composition in urban freshwaters.

Among cities, we expect that dominant DOM sources
should vary across macroscale gradients. The first macroscale
gradient, which explained ~ 22% of the variation among cit-
ies, primarily represents the East-West gradient of climate
(wetter in the East and along the West Coast, drier in the
Intercontinental West), tree canopy cover (higher in the East
and coastal West, lower in the West), and population density
and imperviousness (because of the urban area boundaries
and patterns of urbanization, these are higher in the West
and lower in the East and coastal West). Along this East-West
US gradient of precipitation and canopy cover (gradient 1),
we expect higher DOM concentrations and greater terrestrial,
humic DOM in areas with greater canopy cover and precipita-
tion and lower imperviousness, aligning with previous work
on nonurban freshwater DOM (Jafté et al. 2012) (Fig. 4a). The
second gradient (12% of variation) primarily describes
the North-South gradient in temperature and is also associ-
ated with newer housing in the South, greater proportions of
minority populations (people of color and Hispanic), and
fewer combined sewer outfalls. Along this gradient (gradient
2), we expect that newer cities without combined sewers will
have generally lower inputs of raw wastewater from failing
sanitary systems, while older cities with older combined
sewer systems are more likely to have higher inputs of micro-
bial, wastewater-derived DOM (Fig. 4b). In contrast, warmer
temperatures are often associated with greater degradation of
soil OM (Orlova et al. 2024), which could provide a natural
source of microbial OM for cities with higher gradient
2 values.

Urban dissolved organic matter heterogeneity

The third gradient (9% of variation) has a more complex
spatial pattern, in which areas with reduced forest cover, less
steep slopes, and lower household incomes are concentrated
in the middle part of the country, as well as central California
and Florida. Along this gradient (3), we might expect to find
generally lower DOM from cities with low slopes and lower
forest cover (high values for gradient 3) due to reduced DOM
inputs and greater landscape retention (Fig. 1). Overall, we
expect that household income is associated with municipal
resources for infrastructure to manage anthropogenic DOM
inputs (Elliott et al. 2023), and therefore we might expect that
increased (generally microbial) anthropogenic DOM inputs
would strengthen a gradient from more terrestrial and humic
DOM (higher slopes and forest cover, higher incomes) to more
microbial (lower slopes and forest cover, lower incomes).

The fourth gradient (8% of variation) is associated with cit-
ies with higher canal drainage density, a greater proportion of
homeownership, and higher elevation. While canal density
drives higher values of this gradient for some low-lying areas
(South Florida is a notable area where canals provide flood
control and navigation), the overall association between canal
density and elevation is driven by greater canal densities in
the intermountain West, where canals are primarily used to
distribute surface water. Regardless of the type of canals, along
this gradient we expect autochthonous DOM to be positively
associated with high-light availability and canal infrastructure,
which is expected to promote high rates of primary produc-
tion (Bernot et al. 2010) (gradient 4).

Finally, the fifth gradient (8% of variation) describes areas
with greater wetland and surface water cover, higher incomes,
higher rates of home ownership, higher rates of complete
plumbing (i.e., housing with hot and cold running water, a
flush toilet, a bathtub or shower, and a sink with a faucet),
and lower forest cover. Areas with high values tend to be in
coastal and glacial-impacted landscapes. Along gradient 5, we
hypothesize that wetland cover will be associated with higher
DOM concentrations overall and greater humic-like DOM,
given the well-known role of wetlands as humic DOM sources
(Gergel et al. 1999; Kothawala et al. 2015). As in gradient
3, human dimensions gradient 5 is likely to exacerbate the
biophysical sources of DOM variation, in this case due to wet-
lands, since cities with greater availability of plumbing will be
expected to have less microbial wastewater DOM compared to
cities with lower values.

Within cities, local biophysical and social gradients
provide local controls on DOM

Gradients of urban conditions vary among and within cit-
ies. To better understand local gradients of urbanization, we
compared seven focal cities across the continental
United States (Atlanta, GA; Boston, MA; Phoenix, AZ; Miami,
FL; Portland, OR; Salt Lake City, UT; San Francisco, CA). We
chose these cities because they represent a range of conditions
across the macro scale gradients (Supporting Information
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Gradient 2 (12%): Hotter, newer housing,
more minorities, fewer CSOs
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Fig. 3. Five macroscale gradients along which urban areas vary in the continental United States, identified through a principal components analysis
(PCA). % represents percent of variation explained by each PCA axis. Subtitles describe characteristics of high values of each gradient (light colors), low
values of each gradient have opposite characteristics. Colors represent values on each PCA axis. CSO, combined sewer outfall.

Fig. S1). Focusing on relatively large cities also provided the
data resolution needed to identify within-city gradients
(i.e., because Census tracts are based on population, smaller

cities may only have a few Census tracts). Within cities, there
are three local scale sources of variation: (1) local-scale urban
gradients, (2) stream network structure, and (3) seasonal
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climate and phenology. Here we discuss these three sources
of local heterogeneity as well as potential cross-scale
interactions—that is, where we expect macroscale gradients
(such as canopy cover) to predict variation in local
gradients (such as the relationship between canopy cover
and imperviousness) or relationships between local gradients
and DOM (such as the local relationship between DOM and
canopy cover).

Imperviousness provides a common benchmark for
assessing “degree of urbanization.” Yet, among cities, local-
scale urban gradients can be quite variable, and impervious-
ness does not correlate with the same variables in the same
way across cities (Fig. 5). To explore local-scale heterogeneity,
we used the same national datasets as for the continental-scale
gradient analysis summarized for Census tracts within each
urban area and identified gradients with principal compo-
nents analysis independently for each of the seven focal urban
areas. A substantial portion of the local variation within cities
was explained by a common pattern of urbanization in which
impervious surface cover and population density were posi-
tively associated with minority populations and negatively
associated with household income, elevation, tree canopy
cover, and stream density (Fig. 5; Supporting Information
Table S3 and Fig. S2). As a result, we might expect some con-
sistency in patterns in DOM quality along a gradient of
increased imperviousness, such as a loss of soil DOM inputs
and higher bioavailability (Hosen et al. 2014; Parr et al. 2015;
Coble et al. 2022).

However, while many characteristics of the urban envi-
ronment were correlated in similar ways among cities
(e.g., imperviousness, population density, and canopy cover;
Supporting Information Table S3), the slopes and intercepts
of these relationships varied substantially (Fig. 5), suggesting
that the ecological and social impacts of the relationships
(e.g., between imperviousness and canopy cover) may be
heterogeneous among cities. Further, we hypothesize that
this heterogeneity can be described by predictable cross-
scale relationships (Fig. 4a). For instance, while canopy
cover decreased with impervious cover in all cities, the slope
of this decline was strongest for cities with overall greater
canopy cover, such as Atlanta and Boston (Fig. 5). These

Urban dissolved organic matter heterogeneity

differences in canopy cover may moderate DOM responses to
urbanization among cities. For example, shifts from more ter-
restrial humic to more microbial and autochthonous DOM
with impervious surface cover have been observed in forested
urban watersheds due to declines in canopy cover with urbani-
zation (Hosen et al. 2014; Parr et al. 2015). However, relation-
ships between terrestrial DOM and canopy cover (Fig. 4a) may
be weaker in desert cities such as Phoenix and Salt Lake City,
which have overall low canopy cover and likely lower back-
ground terrestrial DOM. The hypothesized cross-scale interac-
tion suggests that this heterogeneity is predictable: the slopes
of the local scale relationship between canopy cover and humic
DOM are expected to vary predictably along the macroscale gra-
dient of canopy cover (Fig. 4a).

Although the dominant urbanization gradient was similar
among cities, there was important variation in local gradi-
ents (i.e., local PCls) among cities (Supporting Information
Table S3, Fig. 5), and within cities, these local-scale patterns
of watershed DOM sources, such as vegetation, wastewater
infrastructure, and wetlands, are likely tied to spatial patterns
in the quantity and quality of DOM in streams (Hosen
et al. 2014). Inconsistent local-scale patterns among cities are
likely to drive city-specific gradients of DOM quality. In Miami
and Boston, cities built upon existing wetland areas, wetland
cover was negatively associated with imperviousness
(Supporting Information Table S3). We expect that the loss of
wetlands with urbanization will be an important control on
local DOM heterogeneity in these cities, and that the local
importance of wetlands will be related to macroscale gradients
of wetland cover (Fig. 4c). In some cities, development age cor-
related with a climate gradient, but these varied among cities:
in Phoenix, newer development was associated with a cooler
and wetter climate, as development moves into higher eleva-
tion areas, while in Salt Lake City and San Francisco, newer
development was associated with drier and warmer conditions,
as development expands into lower elevation areas. These gra-
dients of temperature and precipitation may be important con-
trols on DOM in cities that cover a strong elevation gradient,
such as Salt Lake City and San Francisco, since precipitation
and temperature are important controls on the production and
transport of DOM generally (Creed et al. 2018).

(Figure legend continued from previous page.)

Fig. 4. Macrosystem approach for understanding urban heterogeneity, considering variation in urban ecosystems across macroscales, local scales, and
the role of cross-scale interactions. (a) Macroscale differences in watershed canopy cover across cities are related to climate (gradient 1). In cities with low
canopy cover (e.g., Salt Lake City, Utah [UT]), canopy may be a poor predictor of dissolved organic matter (DOM), whereas in cities with higher and vari-
able (e.g., Portland, Oregon [OR] and Atlanta, Georgia [GA]) canopy may be a better predictor of DOM, although other factors may also explain variabil-
ity in DOM (as implied by the greater scatter in the relationship in Portland compared to Atlanta). As a result, we expect cross-scale interactions, such
that the local relationship between DOM concentrations and canopy cover within each city (e.g., the slope between DOM and canopy) will be correlated
to the mean city canopy (e.g., a macroscale gradient). (b) Combined sewer outfalls (CSOs) are primarily located in the Northeast and Pacific Northwest
of the United States (gradient 2). The relationships between discharge and DOM quality are expected to vary with CSO density, due to overflow events
during high flows. The increase in microbial DOM during storms is expected to be correlated with CSO density among cities. (c) Housing age, canal den-
sity, wetland cover, and seasonal synchrony, are all expected to have cross-scale interactions that affect DOM quantity and quality. Here lines represent
local scale relationships for different cities, with macroscale characteristics indicated by the color of the line.
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that impervious surface cover alone is insufficient to characterize urban gradients.
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The location of wastewater facilities, and whether they are
generally distributed (such as septic systems) or centralized
(such as wastewater treatment facilities), as well as their age
and condition (Capps 2019) may also influence spatial pat-
terns of sources of nutrients and OM across a city (Smith
et al. 2021). For example, septic systems are generally placed
in uplands, while sewers are often placed near streams where
generally wetter conditions increase connectivity and waste-
water leakage to streams (Delesantro et al. 2022). Along the
North-South US gradient of housing age and combined sewer
systems (gradient 2), we expect that in cities with higher CSO
densities, high flows will lead to increases in microbial DOM
from sewer overflows, and the increase in microbial DOM dur-
ing storms will correlate with CSO density among cities
(Fig. 4b). Because older infrastructure is more likely to leak,
becoming a source of microbial DOM, we expect stronger local
effects of sewer density on DOM in older cities than in newer
cities (Fig. 4c). In some cities, DOM quality may also be associ-
ated with sociodemographic gradients due to historic and
ongoing racial segregation that shapes infrastructure invest-
ments and maintenance (Parr et al. 2016; Heck 2021; Hen-
dricks and Van Zandt 2021). Inequitable infrastructure
investment has been observed for wastewater (Silver 2021),
stormwater (Heck 2021), tree canopy (Locke et al. 2021), and
green space in general (Nardone et al. 2021), all urban features
that shape the concentration and character of DOM. The pres-
ence and distribution of other hydrologic infrastructure, such
as canals (providing a high-light environment that could sup-
port autochthonous DOM production) and concrete-lined
streams (reducing terrestrial DOM inputs from riparian zones
and promoting the transport of wastewater effluents), are also
likely to generate heterogeneity in DOM quality within cities
(Duan et al. 2014; Smith et al. 2021), and we expect that canal
density will be a stronger predictor of autochthonous DOM in
cities with greater overall density of canals (Fig. 4c).

Spatial patterns of urbanization across stream networks
Urban streams and watershed networks interact with urban
infrastructure, which adds unique considerations for thinking
about scale and heterogeneity beyond spatial patterns of land
cover. The dominant flowpaths connecting terrestrial and
aquatic habitats in cities likely vary from urban headwaters to
urban rivers (Fig. 6a) due to a layering of human activity
(Kaushal and Belt 2012) over natural variation across stream
networks and the location of the city within the watershed
network (Vannote et al. 1980). For example, surface runoff is
likely to dominate small headwater streams (which may be
zero-order stormsheds) (Fork et al. 2018), with groundwater
generally increasing with watershed area (Kaushal et al. 2014;
Gabor et al. 2017). Flow contributions from infrastructure,
such as stormwater outfalls, combined sewers, and wastewater
treatment facilities will increase with watershed area, as will
contributions from upstream areas (Kaushal and Belt 2012;
Hale et al. 2015). Such changes in dominant flowpaths are
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expected to be associated with variation in material inputs,
such as OM or nutrients, such that urban headwaters are dom-
inated by surface materials, such as leaf litter (Fork
et al. 2018), while additional sources, such as groundwater,
wastewater, and instream processes become more important
downstream (Fig. 6a) (Griffith et al. 2009; Kaushal et al. 2014;
Hale et al. 2015).

Scaling relationships are likely to vary substantially among
cities depending on the location of the city in the broader
stream network, the location of relevant flowpaths, and the
network position of important infrastructure such as WWTPs
(Fig. 6b, ¢). For example, Atlanta, GA is located within the
upper watersheds and upper reaches of several large rivers (the
Altamaha, Chattahoochee, and Flint Rivers) and therefore has
fewer upstream inputs. Thus, scaling relationships with water-
shed area in Atlanta are likely to differ from those in Boston,
MA, where the urban core is located near the coast where large
rivers meet the ocean, and where there are substantial inputs
from upstream of the city. Similarly, the location of infrastruc-
ture, such as WWTPs, will also shape the form and function of
river networks (Fig. 6¢). Even though Boston and Atlanta differ
in the location of the city within the watershed, WWTPs in
both cities discharge to relatively smaller streams higher up in
the network (watershed areas 160-388 km?), potentially
increasing flow heterogeneity among streams within the city.
In contrast, WWTPs in Salt Lake City are nearly all located
along the Jordan River (watershed area ~ 10,000 km?), so
WWTP impacts are absent from headwaters and are more con-
sistent because there is only one river flowing through the city
(Fig. 60).

Variation in seasonality and temporal patterns among
cities

In addition to spatial patterns, heterogeneity within and
among urban watersheds is expected due to differences in sea-
sonality that will shape material inputs, transport, and trans-
formations. For example, seasonal patterns of stream
discharge vary substantially among the focal Ccities
(Supporting Information Fig. S3a). Some discharge patterns
are a direct result of urbanization, such as the flashy hydrol-
ogy of Peachtree Creek in Atlanta. In other cities, flashy urban
discharge overlays a seasonal discharge pattern that might
reflect seasonal variation in precipitation or evapotranspira-
tion. In general, we expect greater connectivity to terrestrial
DOM sources during higher flow conditions, whether that is
seasonal or during storms (Raymond et al. 2016; Fork
et al. 2018; Wise et al. 2019), and greater proportions of
autochthonous DOM during dry periods. Where WWTP efflu-
ent is a dominant source of DOM, seasonal variation in DOM
may be lower due to more consistent fluxes (Capps 2019),
while combined sewer systems could lead to storm-driven
pulses in microbial DOM, in addition to pulses of allo-
chthonous DOM (Fork et al. 2018).



Hale et al. Urban dissolved organic matter heterogeneity

(a) (b) 33°S8'N

Flowpaths 3356
33°54'N
33°52'N
33°50'N |

T184°8W

33%48'N feiaa e

Surface runoff (stormwater)

33°46'N

33°%44'N

Organic matter sources
33°42'N

33°40'N 84°10'W

33°38'N|

o o A

33036'N | Kilon L :
84°42W  B4°36W  84°30W  B4°24W  BACIBW  B4C12W

42040 | s
Boston, MA
42°35N| e 1.9
70°45'W
42030N T
42905 )
42920'N i) e | 1700s0w
. 420150
sy Urban Rivers v
Headwaters
(c) 42°10'N
— -
426N Kilometers ! = o o T ) e i W Ml
= 71°50W  71°40W  71°30W  71°20W  71°10W  71°W
Atlanta 2 41°N 41°10N
alt Lake Ci g :
& 10 . Salt,,Lak,e Clty, |
% aont b [ | ;
— 40°20N |-/
@]
@ 5 40°10'N |/ ’
o
£ 112950'W
=]
Z 39°50N
39°40N
0 DOTTID 240 WED D IS N OENE J— 50!
10 100 1000 10000 [t G e i 7 Sy pt
Watershed Area (kmz) 112°40W 112°20W  112°W 111°40W 111°20W 111°W 110°40W
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wastewater treatment plants discharge into streams with different watershed areas in different cities (points are sampled subwatersheds within
each city).

12



Hale et al.

In other systems, such as Miami and Salt Lake City,
seasonal patterns may be driven less by variation in the avail-
ability of DOM sources on the landscape and more by sea-
sonal variation in water sources and management (Smith
et al. 2021). In Salt Lake City, this management consists of
water diversions during high spring streamflows for flood con-
trol (which are no longer visible in the resulting hydrograph)
and interbasin transfers to supplement streamflow during the
summer when snowmelt is diverted for water supply. In
Miami, the stream network is almost entirely canals, which
are managed for flood control, irrigation, recreation, and water
supply. In both Salt Lake City and Miami, water management
is largely designed to manage and minimize seasonal variation
in streamflow and directly impacts seasonal patterns in the
sources and quality of water and DOM (Kelso and Baker 2020;
Smith et al. 2021).

Seasonality in climate and phenology is also location
dependent and is expected to change the relative importance
of various DOM sources. In some cities, temperature and pre-
cipitation covary (Miami), while others have dry summers and
wet winters (Portland and San Francisco), and still others have
relatively consistent precipitation throughout the year (Boston
and Atlanta) (Supporting Information Fig. S3b). In urban
watersheds with substantial tree canopy, seasonal riparian for-
est phenology drives variation in DOM, where terrestrial, leaf-
derived DOM is highest during autumn leaf-off (Arango
et al. 2017). The timing of precipitation in relation to leaf-bud
and leaf-fall will influence seasonal DOM quality, with greater
protein-like DOM expected during wet leaf-bud and leaf-fall
seasons (Singh et al. 2014), whereas DOM from leaf-fall that
occurs during seasonal dry periods will be less likely to be rap-
idly transported to streams (Fig. 4c).

Implications: A macrosystems approach to urban
functional heterogeneity

Urban watersheds and the impacts of urbanization on
stream ecosystems are complex, and disentangling this com-
plexity is essential for effective watershed management (Roy
et al. 2016). Responses to urbanization among streams depend
on climate (Hale et al. 2016), the built environment (Parr
et al. 2016), socioeconomics (Capps et al. 2016), and interac-
tions among these factors. Effective management of urban
watersheds thus requires a better understanding of the sources
of problems and anticipated patterns, and a macroscale
approach provides a pathway for understanding when, where,
and how urbanization can shape stream ecosystems. This
understanding is essential not only for generalizing scientific
results, but also for effectively applying and transferring man-
agement activities. We have illustrated the utility of this
approach for making predictions about DOM in urban
streams, and the approach could be used to generate hypothe-
ses about any indicator of interest.
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Urbanization influences DOM through changing the pres-
ence and identity of DOM sources (e.g., soils, vegetation,
novel anthropogenic sources), the connectivity of sources to
streams (e.g., disconnection of soils, connectivity of wastewa-
ter), and processing of DOM in streams (e.g., rates of gross pri-
mary production and respiration). We have hypothesized that
the effects of urbanization on DOM will vary across local and
macroscale gradients due to background DOM conditions
and sources and the characteristics of urbanization itself.
Sources and concentrations of DOM naturally vary across bio-
physical gradients. For example, the relative importance of
forests, wetlands, or instream primary production as DOM
sources varies among ecosystems. We hypothesize that these
background conditions shape ecosystem responses to urbani-
zation, which may result in loss of DOM sources if forests
and wetlands are converted to urban land or may fuel DOM
sources by stimulating instream primary production. The sec-
ond key set of factors shaping DOM responses to urbanization
is the characteristics of urbanization itself, including the
nature and location of anthropogenic DOM inputs such as
wastewater, and how water and DOM are routed through cit-
ies. We expect that these variables at the macroscale will help
understand and predict local scale patterns (Fig. 4). For exam-
ple, with strong terrestrial DOM sources, such as wetlands
or forests, we expect that local gradients will be based on the
loss of these sources with urbanization. Similarly, with very
connected wastewater systems such as CSOs, we expect that
gradients of this infrastructure will drive local variation in
microbial DOM.

Importantly, these are hypotheses that need to be tested,
and additional research will likely identify additional sources
of DOM variation at local to macro scales. Testing these
hypothesized cross-scale interactions could enable a better
understanding of how urbanization shapes watershed func-
tion differently at local to macro scales. As DOM integrates
many elements of urbanization and water quality, it may offer
insight into other urban stream responses. For example,
changes in the dominant sources of DOM with urbanization
are likely to influence stream biogeochemical processes (Fufd
et al. 2017; Demars et al. 2020; Xenopoulos et al. 2021) and
stream food webs (Demars et al. 2020), and microbial DOM
signatures can be useful indicators of wastewater pollution
(Smith et al. 2021; Batista-Andrade et al. 2024), which has far-
reaching consequences beyond DOM. A macrosystems
approach may also facilitate more effective translation of man-
agement approaches among cities by identifying cities with
similar challenges where related management approaches are
likely to be successful.
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